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Summary

The work presented in this thesis is a study of homogenisation problems in electromag-
netics and elasticity with potential applications to the development of metamaterials.

In Chapter 1, I study the leading order frequency approximations of the quasi-static
Maxwell equations on the torus. A higher-order asymptotic regime is used to derive a
higher-order homogenised equation for the solution of an elliptic second-order partial differ-
ential equation. The equivalent variational approach to this problem is studied which leads
to an equivalent higher-order homogenised equation. Finally, the derivation of higher-order
constitutive laws relating the fields to their inductions is presented.

In Chapter 2, I study the governing equations of linearised elasticity where the periodic
composite material of interest is made up of a “critically” scaled “stiff’” rod framework
with the voids in between filled in with a “soft” material which is in high-contrast with the
stiff material. Using results from two-scale convergence theory, a well posed homogenised
model is presented with features reminiscent of both high-contrast and thin structure
homogenised models with the additional feature of a linking relation of Wentzell type. The
spectrum of the limiting operator is investigated and the establishment of the convergence
of spectra from the initial problem is derived.

In the final chapter, I investigate briefly three additional homogenisation problems.
In the first problem, I study a periodic dielectric composite and show that there exists
a critical scaling between the material parameter of the soft inclusion and the period of
the composite. In the second problem, I use of two-scale convergence theory to derive a
homogenised model for Maxwell’s equations on thin rod structures and in the final problem
I study Maxwell’s equations in R? under a chiral transformation of the coordinates and

derive a homogenised model in this special geometry.
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Introduction

0.1 DMotivation

The motivation for the work presented in this thesis is the relatively new innovation of
metamaterial science. Where conventional materials usually possess properties due to the
molecules from which they are constructed, metamaterials owe their properties to the
man-made structures which replace the role of the molecules. Depending on the purpose
of the metamaterial, these structures can range from being a few millimeters to a few
nanometers in length (Pendry [57]). The hope in creating metamaterials is to develop
materials with properties not usually found in nature. A property of particular interest is
that of negative refractive index. From Maxwell’s equations (Jackson [39]) it can be seen
that the refractive index n is given by the formula n = :l:\/m where € is the electric
permittivity, [ is the magnetic permeability and w is the propagation frequency. The sign
of n is determined by the signs of the real parts of the permittivity and permeability.
If both Re(¢€) < 0 and Re(j1) < 0 then materials will exhibit a negative refractive index
(Demetriadou & Pendry [27]).

Materials possessing a negative refractive index are desirable since it has been shown
through experiments that materials possessing such a property can exhibit characteristics
of cloaking (Demetriadou & Pendry [27]). Originally motivated by the work of Pendry,
Schurig & Smith [58] and Leonhardt [46], the cloaking of a region of space is (generally)
done in one of two ways; a material with prescribed properties “guides” waves around it
(passive cloaking) or wave sources (either inside or outside the cloaking region) negate the
field which is scattered from this region. For example, Parnell & Shearer [56] discuss the
passive cloaking of materials from so called antiplane elastic waves by means of a spatial
transformation. Another example of passive cloaking can be seen in DJ Colquitt, et al. [25]
where the authors consider also a spatial transformation in two dimensions for a square
domain. Further theory regarding the construction and developments of metamaterials

possessing cloaking properties can additionally be found in Milton, Briane & Willis [49].

One way in which the mathematical theory of metamaterials is being developed further



is through the theory of homogenisation of Maxwell’s equations under a ‘chiral’ transfor-
mation of the variables. To paraphrase Lord Kelvin [42], a figure or group of points is
said to be chiral if its image in a plane mirror cannot be brought to coincide with itself. It
has been suggested (Pendry & Demetriadou [27]) that electromagnetic waves propagating
through a domain with non-symmetry (chirality) will lead to a negative refractive index.
This avenue of research is briefly explored in the work presented. The study of twisted
electrostatic problems has been considered by Nicolet, Movchan, Guenneau & Zolla [52]
and Nicolet, Zolla & Guenneau [53] where the latter work is motivated by the study of
photonic crystals. Photonic crystals are periodic dielectric nanostructures which can effect
the propagation of electromagnetic waves (see Yablonovitch [80]). The use of homogenisa-
tion theory in the study of photonic crystals has been an active research area for some time
now (see for example Bouchitté, Guenneau & Zolla [15] and Guenneau, Zolla & Nicolet
[38]) and now due to the recent developments, authors have been using homogenisation
theory to gain insight into the effective (or averaged) properties of metamaterials also. The
small scale periodic nature of metamaterials makes the use of homogenisation theory a
practical tool for their study. For example, see Ouchetto, Ouchetto, Zhoudi & Sekkaki [55]
and Martini, Sardi & Maci [47] for some recent developments in the use of homogenisation
theory for the study of metamaterials.

Homogenisation theory is a well grounded subject and a short review of this rather

broad subject will now be presented.

0.2 A Brief Review of Homogenisation Theory

This brief discussion on the origins and methods of homogenisation theory are based
mostly on the sources and works which have been of particular relevance and inspiration
to the completion of the presented thesis. It is acknowledged that homogenisation theory
as a subject is both vast and diverse and so the review here should be regarded in no way
thorough and will be predominantly confined to the periodic setting.

It is regarded by most that homogenisation theory has its origins in the work of De
Giorgi and Spagnolo [36] wherein the authors proved a result on passing to the limit in
partial differential equations which contain a uniformly elliptic, rapidly oscillating coef-
ficient. This result was proven using the technical notion of G-convergence which was
introduced and examined by Spagnolo [71] in the context of symmetric linear partial
differential equations. It was not too long after this publication that the method of com-
pensated compactness was used to directly prove the homogenisation theorem. Indeed,

it was Tartar [72] who initially used the so-called energy method which, in conjunction



with the classical compactness lemma, takes a special class of chosen test functions in the
variational formulation of the problem in question before then passing to the limit.

The solution of homogenisation problems via the method of asymptotic expansions is
a well established theory. In 1974, Sanchez-Palencia [63] made use of a two-scale asymp-
totic expansion to construct a homogenised model for his equation but it was in 1975
that Bakhvalov [5] showed that the limit function was indeed the limit of the solutions
to the original heterogeneous problems as the period went to zero. Asymptotic theory is
a powerful tool in its own right (see for example Erdélyi [28] for its wide reaching appli-
cations) but in the context of homogenisation, the use of asymptotic methods in dealing
with problems involving multiple scales is invaluable. Using asymptotic methods to solve
problems in homogenisation can not only provide valuable insight into the structure of
solution but also the whole method can often be made rigorous through the bounding of
the relative error incurred between the true solution and a truncated asymptotic solution
by a small parameter (often the period of the material of study). Numerous applications
of the theory to a variety of physical problems can be found in the books of Bakhvalov
& Panasenko [6], Benoussan, Lions & Papanicolaou [9], Sanchez-Palencia [64] and, more
recently, in the book of Chechkin, Piatnitski & Shamaev [19].

A major development of the homogenisation theory is the introduction of the method of
two-scale convergence. Originally introduced by Nguetseng [51] and then further developed
by Allaire [1], two-scale convergence methods acknowledge the existence of a non-classical
limit as the solution to classes of homogenisation problems. Indeed, utilisng a variation of
the two-scale compactness lemma, a function which depends on a “microscopic” variable as
well as on a “macroscopic” variable can be shown to be the limit of some homogenisation
problems. Moreover, this scheme in turn recovers previously established results when
applied to equivalent variational formulations of partial differential equations containing
a rapidly oscillating coefficient.

The class of homogenisation problems for which two-scale analysis can be used with is
vast. In particular, high-contrast problems which exhibit a loss of uniform ellipticity may
be dealt with. A composite material is said to be in high-contrast if there is a sufficient
contrast between the material parameters in the constitutive material components. A
further class of problems which two-scale convergence handles well are problems on thin
structures with junctions. It was Zhikov [81] who extended the method of two-scale
convergence to a broader setting where more general spaces with arbitrary measures could
be considered. This approach has since been applied to problems on thin networks with

junctions by Zhikov [82] and by Zhikov & Pastukhova [84].

The treatment of homogenisation theory has been applied to a vast number physical
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problems, most often in the mathematical literature to elasticity theory (see also Oleinik,
Shamaev & Yosifian [54]) but in more recent history, it has become a growing trend
to apply this theory to the governing equations of electromagnetics. Homogenisation of
Maxwell’s equations with periodic rapidly-oscillating coefficients has been discussed in
brief in Bakvalov & Panasenko [6] and Sanchez-Palencia [64] but not in any extensive
detail. It might be argued that the application of homogenisation theory to a periodic
dielectric medium is analogous to the application of homogenisation theory to a periodic
composite structure, however, a number of significant technicalities arise in the analysis of
Maxwell’s equations which are not necessarily found in elasticity. One such difference in
the study of Maxwell’s equations is the nontrivial kernel of the curl operator in domains
which are not simply connected. The dependence of the kernel of the curl operator on the
geometry of bounded non-simply connected domains is addressed in Dautray & Lions [26,
Chapter IX] where it was shown that elements of this kernel will solve a particular problem
on domains called “cuts”. These cuts can be potentially complicated surfaces to identify
which can make finding a solution to this problem on the cuts difficult to find. Moreover,
this theory does not address the case of unbounded non-simply connected domains which

may also be of interest.

In the classical literature available [6, 9, 40, 64], the discussions on the homogenisa-
tion of Maxwell’s equations have been relatively brief when compared with the extensive
literature available on the homogenisation of the governing equations of elasticity theory.
However, in recent years, thanks to the development of the theory of photonic crystals and
the development of metamaterial science, a deeper and broader theory is being developed
for the homogenisation of Maxwell’s equations. In Wellander [75], the method of two-scale
convergence as introduced by Nguetseng [51] is extended to homogenise Maxwell’s equa-
tions with inhomogeneous initial conditions and prove corrector type results. Following on
from this paper, Wellander [76] used similar techniques to homogenise Maxwell’s equations
in a heterogeneous medium where the electric conductivity is nonlinear. This leads to the
development of new compactness results and corrector results are proved which are impor-
tant to numerical implementation. Other avenues of investigation into the homogenisation
of Maxwell’s equations include: the study of bianisotropic materials (Barbitis & Stratis
[7], and Bossavit, Griso & Miara [12, 13]); the study of random elliptic systems (Bar-
batis, Stratis & Yannacopoulos [8]) and the study of different techniques to homogenise
Maxwell’s equations including the use of Bloch waves (Sjoberg, et. al. [67]), and the
use of a singular value decomposition (Sjoberg [66]). More recently, Cherednichenko &
Cooper [23] proved results with regards a high-contrast problem wherein, the technicalities

regarding Maxwell’s equations are made even more apparent with regards the kernel of
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the operator of study. Moreover, the application of homogenisation theory to problems
involving metamaterials has been explored recently by Fernandes, Ottonello & Raffetto

[31] and Serrano [65].

0.3 An Overview of the Work Presented

In the broadest sense, the work presented in this thesis is a selection of problems from the
theories of electromagnetism and elasticity where a variety of techniques from homogeni-
sation theory are used to further understand and solve the problems in question. The first
chapter regards the derivation of “higher-order” homogenised equations for the quasistatic
system of Maxwell equations in a periodic medium via the method of two-scale asymptotic
expansions. The second chapter concerns the two-scale analysis of a high-contrast elastic-
ity problem on so-called “critically” scaled thin structures. In the final chapter, a selection
of problems are presented which all concern the homogenisation of Maxwell’s equations;
one as an extension to the work discussed in the first chapter of this thesis and two other
problems in which the geomtery plays an important role in the analysis. The treatment of
such problems requires deep mathematical notions including, e.g. homogenisation theory,
variational methods, tensor analysis, multiple-scale convergence methods, spectral theory,
etc.

In Chapter 1, higher-order homogenised equations are derived for Maxwell’s equations
on a three-dimensional torus T = [0,T]3, T > 0 with period cells @ of size ¢ such that
T'/e is a positive integer.

In Section 1.1, the vector problem is formulated and a two-scale asymptotic expansion
is given a priori for the solution of this problem. Initially, considerations are restricted
to a medium where the electric permittivity is constant and the magnetic permeability is
rapidly oscillating. The governing equation describes the behaviour of the electric field
in a periodic medium subject to some known external source of current density f. The

problem studied is to find a T-periodic solution to the second-order elliptic equation
curl (Aa(w)curl ue(az)) = f(z), =T,

divu® =0, / u®(x) de = 0.
T

The 3 x 3 matrix A°(x) = A(x/e) represents the inverse of the magnetic permeability
of the medium. The permeability matrix is symmetric, Q-periodic and uniformly elliptic
where Q = [0,1]3 is the associated unit cell of the problem. It is assumed that there is
some external source of current density f which is divergence free, has zero average over

T and is T-periodic.
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The asymptotic expansion used is

e

w(w) = v(.2) + YV, (KO ) Viv(.2) | + V. { K90 () Vi Mo(z,2) | + NO () V3 lewrlo(e,2) )|,

~ (0y.32.1)

where .
v(zx, ) = vo(x) + Zekvk(w). (0.3.2)

k=1

This expansion is similar to the expansions used for the classical homogenisation of the
governing equations of linearised elasticity (see Bakhvalov & Panasenko [6]) with the
noticeable difference that there are additional “gradient” terms added on. These extra
terms appear due to the non-trivial kernel associated with the curl operator on T. The
derivation of the homogenised equation is achieved using well established means seen in, for
example, Sanchez-Palencia [64]. The derivation of the higher-order homogenised equation
follows a similar path to that of Smyshlyaev & Cherednichenko [69]. The homogenised
equation of infinite-order takes the form

oo

curl \®curlv + Z gleurl WU Vicurl v = f,

j=1
where }Az(j“), j=1,2,... are the higher-order homogenised coefficients. It is also shown
that a truncation of (0.3.1) to order O(£%), denoted u, is a good approximation to the
solution of the original problem as ¢ — 0. This is done via a rigorous justification which
involves taking wx with a truncation of series (0.3.2) to order O(¢X) substituted in and
bounding the error incurred between this series and the true solution by a constant times
eK=1. This section is concluded with an example where the matrix A is piecewise constant
and the results of the calculation of the first higher-order term (which is of order O(g?))
of the higher-order homogenised equation are given.

In Section 1.2 the same problem is considered from a variational stand point. The
perturbative nature in which the higher-order homogenised equations are constructed via
the method of asymptotic expansions means that, should the expansion be truncated at
some finite-order, then the resulting operator may not be elliptic which can be an issue
with regards to numerical implementation. This difficulty is overcome however by using a
combination of asymptotic methods and variational techniques. The equivalent variational

formulation considered is

u

I(e, f) = min/T (%flscurlu -curlu — f- u), (0.3.3)

where the minimisation is taken over those T-periodic functions u with zero average and
zero divergence over T. Problem (0.3.3) possesses the same unique solution as the original

problem which leads to an alternative expression for I(e, f) only involving an integral of
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u® - f. Variational asymptotics are established by substituting the asymptotic expansions
(0.3.1) and (0.3.2) into this new expression. Motivated by the want to remove the effect
of the rapid oscillations from the asymptotic expansion (0.3.1), consideration is given
to a new family problems, equivalent to the original problem but with the matrix A
replaced by the matrix AZ() := A°(- + ¢). This in turn leads to the consideration of the
equivalent family of variational problems where making use of averaging properties with
respect to the variable ¢, brings about another homogenised equation of infinite order but
this time achieved via variational means. The final part of Section 1.2 is then dedicated
to illustrating that the two homogenised equations of infinite-order coincide to all orders
via a tensor symmetrisation process which is picked with the purpose of maintaining the

structure of the “curl curl” operator.

In Section 1.3 a brief overview of Maxwell’s equations is given and its relation to
the work presented in the first two sections is outlined. The section then goes on to
explore the constitutive relations and develop homogenised expansions of infinite-order
for said constitutive relations. To conclude the chapter, consideration is then given to
the homogenisation of the full system of Maxwell equations where details of the changes

needed to be made to the already established theory are documented.

In the second chapter of this thesis, the analysis of a periodic composite is presented
where the constitutive components of the composite comprise of a “stiff” thin structure
with the gaps inbetween filled in with a different “soft” material. The periodic rod frame-
work in question comprises of rods of thickness a = a(¢) > 0 where ¢ > 0 is the period
of the rod framework and, moreover, a — 0 as € — 0. The rod framework in question is
scaled such that a/e? — 6 > 0. This scaling is referred to as “critical” in the literature
(Zhikov [82]). Moreover, it is assumed that the ratio of the material stiffness of the soft
component to the stiff component is of order O(g2). For the purposes of the analysis of
Chapter 2, it is more convenient to deal with the scaled rod length h := a/e so that h — 0

and h/e — 6 as € — 0.

In Section 2.1, the problem of study is introduced along with the tools essential to the
derivation of the associated homogenised problem. The domain of consideration {2 is a
bounded Lipschitz domain in R? and is split into two subdomains Qi’h and Qg’h where
Qi’h is the set of all stiff inclusions (rods) contained in © and Qg’h is the set of all soft

inclusions contained in €. For each ,h > 0 and each f™¢ € [L?(Q,du")]?, the problem
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studied is to find u? € [H3(Q2)]? such that the following integral equation is satisfied:

Arelul)-elg)apl 2t [ Anelul) -clp) dul+
0

e,h
Ql

+/ng-sodu?—/ﬂfh’£-<pdu?, Ve € [H ()]

Here e(-) denotes the symmetric gradient, A; and Ay are constant, positive definite ma-
trices and d,u? is a composite measure comprised of the Lebesgue measure and a periodic
normalised measure concentrated on the stiff component. For each fixed ¢ and each fixed h,
the above problem is shown to posses a unique solution. Following the establishment of the
problem, details of the main definitions and results from the theory of two-scale analysis
are presented, including a result on two-scale compactness (see Allaire [1] or Zhikov [81])
which is key to proving the existence (up to possibly taking a subsequence) of a weak two-
scale limit. This is then briefly followed by a subsection containing definitions pertaining
to the theory of periodic rigid displacements which play a key role in the analysis.

In Section 2.2, it is shown that the sequences [, e(ul), ce(ul) are bounded in
[L2(9, dpl))2, [LA(Q5", dpl)]? and [L2(5", dul)]? respectively and therefore by the two-
scale compactness lemma, they possess weakly two-scale convergent subsequences. The
remainder of the section is devoted to proving results pertaining to the structure of the
two-scale limits. Amongst these results, it is shown that the weak two-scale limit of the
sequence u? when restricted to the stiff component is in fact the trace of the two-scale
limit of w. This is a new result and moreover, when combined with the already known
results presented in Zhikov [82] and Zhikov & Pastukhova [84], it is shown further that
this trace satisfies a fourth-order differential equation on each link of the limiting singular
structure. This type of condition is referred to as a Ventcel’ (Wentzell) boundary condition
(Ventcel’ [74]).

In Section 2.3, the homogenised problem for the high-contrast, critically scaled model
is derived which uniquely determines all the unknowns of the problem. This homogenised
problem can be expressed as a system of three partial differential equations; a macroscopic
equation, an equation on the period cell and an equation on the trace function. Following
this, the main homogenisation theorem is proven by taking the limit of various integral
functionals with different test functions which exhaust the so called energy space. This
proof involves several technicalities which take into account the shrinking rod structure to
the singular structure as well as the expanding soft regions.

In Section 2.4 a full description of the spectrum of the limiting problem is given and the
convergence of spectra is established which once again takes into account the intricacies

involved in the dimension reduction of the rod structure.
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In the final chapter of this thesis, results from three separate problems are presented
which all pertain to the homogenisation of Maxwell’s equations.

In Section 3.1, a modification of the problem presented in Chapter 1 is demonstrated
where the unit cell @ now comprises two given materials on two non-intersecting subdo-
mains: the stiff matrix @)1 and the soft inclusion @)g. The problem is to examine this
periodic dielectric medium when the magnetic permeability is of the form

01, if y € Qo,
Aly) = A%(y) = §>0.

I, ifye@,

In this study, it is shown that there exists a “critical” scaling between the contrast pa-
rameter § and the period €. This scaling is considered to be critical since the behaviour
of the asymptotic expansion for the solution of the problem of consideration is signifi-
cantly different from the behaviour of the asymptotic expansion for the solution of the
problem under consideration when any other scaling is chosen. The results of this section
are obtained using a combination of the asymptotic methods described in Chapter 1 and
additionally expanding the unit cell solutions N, j =1,2,... described in Section 1.1.2
and Section 1.1.3 in asymptotic series of the contrast parameter 6.

In Section 3.2, Maxwell’s equations on rod structures are studied and the homogenised
equation in the case when the rods are “thin” is given. This work makes use of the two-
scale convergence theory described in Chapter 2 to prove the existence of weak two-scale
limits to sequences bounded in particular L?-spaces. Forming a suitable energy space, the
homogenised equation is obtained by taking the limit of various integral identities against
suitable test functions. At the end of this section, the many possible extensions of this
work are briefly discussed.

In Section 3.3, Maxwell’s equations are studied under a transformation of coordinates
and a system of homogenised equations are derived. This problems separates itself from the
other problems studied in this thesis as it is the only one to be studied on an unbounded,
multiply connected domain which makes certain aspects of the analysis more tricky to

deal with and the results more complicated.
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Chapter 1

Full Two-Scale Asymptotic
Expansion and Higher-Order
Constitutive Laws in the
Homogenisation of the System of

Quasi-static Maxwell Equations

Introduction

In the following chapter, a higher-order homogenised system of equations for the solutions
to periodic problems with period € > 0 in a dielectric medium are derived. The homogeni-
sation theory of second-order periodic elliptic equations (see Bakhvalov & Panasenko [6],
Bensoussan, Lions & Papanicolaou [9], Sanchez-Palencia [64]), has amongst its crowning
results the derivation of the homogenised (or “averaged”) equation which captures the
effective behaviour of the original problem independently of the small scale structure in-
trinsic to the original problem. A higher-order homogenised equation, while retaining in
some sense the homogenised equation structure to leading order, has higher-order terms
present in increasing orders of magnitude of the period size. It has been suggested in the
theory of elasticity (see Smyshlyaev & Fleck [70]) that these higher-order effects or strain-
gradient effects can account for a variety of scale effects observed in multiply scaled media
when said scales are not “too widely separated” (Cherednichenko [21]). The role of strain
gradients in the theory of elasticity has been explored by the likes of Fleck & Willis [33],
Smyshlyaev & Fleck [70] and Smyshlyaev & Cherednichenko [69]. As a part of this work,

the strain-gradient theory associated with the homogenised elasticity problems discussed
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in the aforementioned works will be explored in the context of a dielectric medium.

Homogenisation via the method of asymptotic expansions has been used to explore
the role of higher-order effects in periodic media by Boutin [16] and Triantafyllidis &
Bardenhagen [73] wherein, the authors expect the solution in the form of a two-scale
asymptotic expansion of the small parameter € which is a ratio of the period cell size to
the domain size. The unknown function coefficients in the expansion are sought to depend
on the macroscopic (slow) variable, usually denoted = and the microscopic (fast) variable,
usually denoted y := x/e. Using some formal “averaging” process, a homogenised equation
is derived with this process made rigorous by bounding the difference between the true
solution and some finite truncation of the asymptotic expansion for the solution by some
power of . Using this theory, Boutin [16] and Triantafyllidis & Bardenhagen [73] justify
asymptotic expansions for higher-order stress-strain relations and note that this process
may breakdown close to the boundary of the domain under consideration. However, this
issue is rectified by considering an infinite periodic medium with a fixed large period 7" such
that the ratio 7" to the unit cell size ¢ is a positive integer and, moreover, provided the body
force f is T-periodic, the theory of Bakhvalov & Panasenko [6] can be applied throughout
the domain with remainder estimates guaranteed everywhere. The work carried out in
this chapter considers such a geometrical setup and indeed yields remainder estimates on

the whole domain.

The asymptotic approach has the advantage that it provides a rigorous way (in the
sense that the error incurred is small when ¢ is small) in which to gain insight into the
effect of strain gradients. However, there are two notable disadvantages which arise when
considering the problem from the perspective of potential applications. First of all, the
higher-order expansions for the homogenised solutions and higher-order constitutive rela-
tions are “perturbed” in the sense that by the addition of terms in increasing powers of
the period ¢, the expansion is only expected to be accurate if ¢ is sufficiently small and
so can’t be expected to retain the same level of accuracy if a larger period cell is desired.
One other disadvantage of the asymptotic procedure lies in the fact that a truncation of
the higher-order constitutive relations at some order of magnitude of the period may lead
to a loss of ellipticity of the corresponding operator obtained. This can be a complication
from both the point of view of numerical simulations and from the view point that the
truncated problem may even be ill-posed. Although for the Maxwell problem no example
is presented illustrating this loss of ellipticity, in Cherednichenko [21] when the elastic-
ity tensor takes the form A(y) = a(y2)l where a(y2) = 2 + sin(27ys) it was found that
the fourth-order truncation led to a loss of ellipticity of the governing operator. It has

been confirmed that if the same matrix is taken for the inverse of the permittivity in the
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Maxwell system, there too is a loss of ellipticity.

One way to overcome these difficulties is via a combination of asymptotics and vari-
ational calculus. Inspired by the similar considerations of Smyshlyaev & Cherednichenko
[69] where the authors derived higher-order homogenised solutions for an elastic body un-
der an “anti-plane” shear force, both an asymptotic approach and variational approach
are considered in combination during the analysis of a periodic composite. The use of vari-
ational asymptotics allows them to construct higher-order homogenised equations which
do retain their ellipticity and, moreover, the authors show that the homogenised solution
is “close” to the true solution in some variational sense. A further acknowledgment the
authors make is the fact that, by considering the energy functional for the problem, they
can show that not only does this functional converge to the homogenised energy (as e — 0)
but also that the higher-order asymptotics for the energy functional are determined solely
by the higher-order terms in the homogenised solution. All these observations carry over

to the equivalent considerations for the homogenisation of Maxwell’s equations.

Another consideration of the aforementioned authors is to cancel the effect of the
rapid oscillations in higher-order terms via the (ensemble) averaging of another family of
problems. This family of problems is given via a shift in the fast variable of the original
problem by a parameter which, in other words, is all possible realisations of the periodic
medium. This process does indeed remove all the rapid oscillations from terms of all orders
and moreover yields a higher-order homogenised solution whose truncation provides rigor-
ous asymptotics for the homogenised solution obtained through the asymptotic approach.
This all carries over to the considerations of this work wherein Maxwell’s equations are
studied. It is noted however that more care must be taken with the manipulation of the

formulae derived and higher-order homogenised tensors.

The solution of the problem of consideration is unique and moreover, the asymp-
totic and variational methods presented in this chapter are both rigorous and equivalent.
However, proving that the higher-order homogenised solutions derived via these two ap-
proaches are the same is not so straight forward. Indeed, a more involved tensor analysis
is required in order to establish this equality. In terms of differences between the ho-
mogenisation procedure carried out by Smyshlyaev & Cherednichenko [69] and the work
presented forthcoming, the full system of Maxwell equations is a much more involved sys-
tem than the linearised elasticity equation and constitutive stress-strain relation. Indeed,
the system of Maxwell equations considered in this work consists of six coupled first-order
equations; two field (curl) equations, two continuity (div) equations and two linear con-
stitutive laws which are then expressed (after substitution) as two second-order equations

for the fields plus the two continuity equations. Section 1.1-Section 1.2 are devoted solely
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to the consideration of one pair of equations which govern the behaviour of the electric
field when the electric permittivity is constant. The same consideration can be made for
the remaining pair of equations for the magnetic field intensity (now with the electric
permittivity rapidly oscillating and the magnetic permeability constant) however, a com-
plication arises in formulating the second-order equation. Indeed, the current density term
on the right-hand side of the equation now rapidly oscillates also meaning extra care must
be taken to yield a higher-order homogenised equation (this is detailed in Section 1.3.4).
The consideration of the full system of Maxwell equations (now with both the electric
permittivity and magnetic permeability rapidly oscillating) is then carried out requiring
a handful of modifications to be made to the analysis laid out for the individual systems.
The system of equations separates completely into two systems for the electric field and
the magnetic field intensity respectively as might be expected meaning that the procedure
carried out can be applied to a wide variety of problems, e.g. problems in the absence of
electric fields but still in the presence of a rapidly oscillating electric permittivity and a
rapidly oscillating magnetic permeability.

The system of Maxwell equations studied are restricted to the time harmonic formu-
lation and then further considered in the quasistatic approximation. In Carey & O’Brien
[18], the quasi-static limit (the limit as the frequency goes to zero) is described as being
“the physically interesting situation in which a wave process degenerates into a diffusive
process”. For the purposes of the work presented, if the electric field € = E(x, t), is written
in time harmonic form and the quasistatic approximation is then applied, it is assumed

that
E(x,t) = E*(x)et, where E“(x)= Ey(x)+iwE;(z)+ (iw)’Es(x) +. ...

The quasistatic approximation entails considering the amplitudes/phasors of the respec-
tive fields being expanded in asymptotic expansions of the small but fixed frequency w. In
essence, taking the quasistatic approximation means that it is assumed that the sources
in the problem vary sufficiently slowly such that the problem can be considered to be
static. Quasistatic theory can also be considered as an intermediary theory between the
static theory and the full Maxwell system (Larsson [43]). Rapetti & Rousseaux [59], have
considered quasistatic models of Maxwell’s equations in their work, however, where as
Rapetti & Rousseaux consider the dependence of the non-dimensional Maxwell equations
on the “small parameters” involved for some physical examples, the quasistatic approxi-
mation presented here considers the leading order governing equations obtained when the
frequency is small but finite.

With regards to notation, throughout Chapter 1 vectors will be written in boldface
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italics. All vectors will be three-dimensional and all higher-order tensors of order K will
contain 3% entries. The three-dimensional periodic torus is denoted T and the period cell
is denoted @ := [0,1]3. Averages over T and @ are denoted ( - )7 and ( - ) respectively.
Throughout Section 1.1 and Section 1.2, u® is used to denote the electric field, A‘f() =
A(-/e) will denote the inverse of the magnetic permeability and f will denote the source
of current density. In Section 1.3 the standard notation for the vector fields for Maxwell’s
equations will be written in a calligraphic font where as the amplitudes (or phasors) will
be written in usual boldface roman lettering. With regards the notation for the function
spaces, they will be denote in the form [X*(D)]>" where n denotes the tensor order of the
object in question. Predominantly, n will be equal to 1. Note however that the norms will

be denoted || - || x#(p) without reference to the order of the tensor.

1.1 Solution of the Problem by Asymptotic Expansion

In the following chapter, all vectors and domains will be three dimensional. Considera-
tion is given solely to the second-order linear partial differential equation which must be
satisfied by the electric field (denoted in this section as %) in the absence any magnetic
fluxes.

The highlights of this section include the formulation of the problem of interest, the
statement of a full two-scale expansion for the solution and the derivation of an infinite-
order homogenised equation. The analysis will then be justified by means of asymptotically
bounding the error incurred between the true solution and the truncation of the infinite-

order solution.

1.1.1 Formulation of the Problem

It is first noted that no regard is given to boundary effects in this text and so the domain
of consideration is that of a three-dimensional torus denoted T = [0,7]3, T > 0 where
the cell of periodicity is denoted @ = [0,1]3. Let the following notational conventions be

introduced for the averages over T and @ respectively:

1 1
(rei= gy [ @ o) = o [ gtw)dy.
IT| Jr Q[ Jo
Consider the following vector equation:

(Lu®)(x) = curlA(%)curlue(m) =f(x), z€T, ¢>0, T/eecN. (1.1.1)

The coefficient matrix A, with entries denoted «;; is @-periodic, symmetric:

aij(y) = aji(y), YyeQ, i,j=1,23,
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bounded and uniformly elliptic:
>0 vEf <o) <vTEP, VEERS yeq.

The notation A%(-) := A(-/e) will be used to denote matrix functions with the above
properties. Right-hand sides f € [C59(T)]* are assumed to have zero average on T and
to be divergence free. Equation (1.1.1) is a second-order equation satisfied by the electric
field in the quasistatic approximation (see Section 1.3). Here, the quantities A, u® and f
represent the inverse of the magnetic permeability /i, the electric field Ef and the current
density —J respectively at each point & € R?(mod T).

Weak solutions u® to equation (1.1.1) belong to the space’ X(T) C H} (T), where
X(T) = {u e [L*(T)P | dive =0, (u)r =0} N Heyn(T).
For u® € X (T), the following identity holds:
/Tflacurlua ~curlp = /Tf “p, Ve € [C(T)). (1.1.2)
When X (T) is equipped with the H!__-norm
lwllgr  (r) = llullz2er) + llcurlwl| g2, (1.1.3)

it is a Sobolev space.
Consider the following problem: given f € [ngr(’]r)]?’ N X(T), a solution is sought to

the problem
(Leu®)(x) = f(x), u° € X(T). (1.1.4)

For all € > 0, problem (1.1.4) is well posed as shown by the following theorem.

Theorem 1.1.1. For all f€ [C>(T)]> N X(T), there exists a unique solution of problem
(1.1.4).

Proof. Define a bilinear form B(u, ¢) on X(T) by the formula
B(u, ) = / Accurlu - curlp, wu,p e X(T).
T
A unique solution to the problem

B(u€7¢):Af¢7 VSOEX(T)7

LAL,(T) is defined as the closure of the space of continuously differentiable functions [C'°°(T)]® with
respect to the norm defined by (1.1.3). More concisely, Heypi (T) = {u € [L*(T)]? | curlu € [L*(T)]?} (see
for example Jikov, Kozlov & Oleinik [40]).
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exists by the Lax-Milgram Lemma (see Gilbarg & Trudinger [35, p. 83]). Indeed, coercivity
of B follows by the ellipticity of the matrix A as follows:

N 1 1
B(u,u) —/Agcurlu-curlu Z/V|curlu\2 > 1// |curlu5|2daz—i—V/ |curl v |*da.
T T 2 Jr 2 Jr

Using a Maxwell inequality (see Neff, Pauly & Witsch [50] or Appendix 1.A for further
details) and noting that divu® = 0, for some positive constant C' € R which depends on

|T]
B(u®,u®) > l1/ lcurl u®|?dz + 1IJC’ [uf 2 dx > Cy||u’|?
’ N 2 T 2 T - ! Héurl(’]r)’

where C1 = min{v/2, vC/2}.

The continuity of B(-,-) follows by the boundedness of A and the Cauchy-Schwarz

inequality:
B(u, ) Z/Aecurlu'curlﬁo
T
. 1/2 1/2
< Accurlul? /Cllr1<P2
( /T | ?) ([ Jeurtor?)
A 1/2 1/2
<Cv! /curlu2 /CUPI<P2
([ rewrta?) ™ ( [ jourt oP)
A1
< Cviwl i el )
for C' > 0. -

Remark. Note that in some circumstances, the following equation may want to be studied

as opposed to equation (1.1.1):
curlA°curlu® + \u® = f, A > 0.

This equation arises if consideration is given to the frequency dependent Maxwell equations
as opposed to the quasistatically approximated equation being studied here (see Section
1.3.1. It is further noted that in the consideration of the equation above, it suffices to

~ 1
consider u® € H_,(T).

1.1.2 Asymptotic Expansion of the Solution of Equation (1.1.1)

A solution of equation (1.1.1) is sought in the form of a two-scale power series in powers

of €, i.e., a solution is sought in the form
u(x) = Zoejuj (a:, g), zecT.
j:
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A particular form in the coefficients u; arises upon substitution of the above into (1.1.1).

Namely:

u®(x) =v(x,e) + Zej{vy(K(j)(y)V‘;v(m,s)) +V, (K(j_l)(y)Vé_lv(m,e))+

j=1
+ N(j)(y)V;_lcurlxv(w,e)}‘ . (1.1.5)
y=x/c
The divergence-free vector field v € [C52,(T)]? is sought in a power series:

oo

v(z,e) =vo(@) + Y _cMvp(x), z€ET, (1.1.6)
k=1

where the v;, do not depend on e, k = 1,2,.... The coefficients K are tensors of order

(j+1), j = 0,1,... whose components belong to the space {g € H2,.(Q) | (g) = 0}
and the coefficients N are divergence-free tensors of order (j+1),7=1,2,... whose
components belong to the space {g € H..(Q) | (g9) =0, }. Note that the coefficient K(©)

per

is assumed to be constant.

Remark. The following remark lists some technicalities regarding the tensors described

above.
1. The tensor products in (1.1.5) are evaluated in the following way:

KUWVip=KY) 2

7/1'L'2...ij+1vij+171:1 l] Y

N1 j
N(J)Vi curl,v = Ni(li)%ijﬂ (curlyv)i; iy,
forip =1,2,3, k=1,2,...,j7+1, where the Einstein summation convention is being

used for repeated indices and indices following a comma denote differentiation.

2. The divergence of a tensor of order (j + 1) is a tensor of order j and is evaluated in
the following way:
(le N(]))HZZU = Nggl)ig...ij,s'
Similarly, the curl of a tensor of order (j + 1) is a tensor of order (j + 1) and is

evaluated in the following way:

(curl N(j))i1¢2__.ij+1 = eilstN(j)

t’L’Q.A.Z‘j_‘_l,S'

In what follows, series (1.1.5) is formally substituted into equation (1.1.1) where the slow

variables @ = (x1, 2, x3) and the fast variables y = (y1, y2,y3) are treated independently,

2The notation V7 is used to represent the repeated use of the gradient operator: Vi = D2 =

3‘“'/8?11852285‘; where a = (a1, a2, a3) € N3 is a multi-index and la] == a1 + a2 + az = 7.

24



so that in particular V =V, +8_1Vy, curl = curl, +6‘1curly. Note also the following

identities
curl,(V,(-)) = curly(V,(-)) =0, curl,(Vy(:)) = —curl,(V,()). (1.1.7)

The arguments x and y will be omitted from the subsequent manipulations for brevity.

Performing the afore mentioned substitution yields

curl,Acurl,v + 5_1curlyA curl,v + Z el {curlwA curl, (N(j)V‘;_lcurlz'v)}
j=1

[e.e]
+ Z g1 {curlyA curl, (NYVIi " curl,v) + curl, A curl, (N(j)VZC_lcurlx'v)}
j=1
e - . .
+ Z 6372{curlyA curly(N(J)nglcurlx'v)} =f. (1.1.8)
j=1
All terms involving the tensors K@) have cancelled with one another as a result of identities
(1.1.7) except for one term curl, V(K © (y)v(z,)). This term vanishes by observing that

the vector K is constant. In equation (1.1.8), the coefficients of ¢ are equated and hence

O™ curlyA{curly(N(l)curlx'v) + curlx'v} =0. (1.1.9)

00 : curl, A curly(N(Q)Vzcurlxv) = f — curl, Acurl,v

— curl, A curl,(NWecurl,v) — curl, A curly(N(l)curlx'v). (1.1.10)

Equation (1.1.9) should be satisfied for all admissible vectors v and hence N satisfies

the so-called unit cell equation
curl Acurl NV = —curl 4, — <A (curl N 4 I) curl d)> =0, V¢e [C’Sgr(Q)]?’.

The matrix N is determined uniquely under the conditions that it is Q-periodic and
has zero average.

Viewing (1.1.10) as an equation for N ) applying the condition of solvability (see
Lemma 1.1.1 for full details) yields

curl A ¥curlv = f, v e X(T), h?) = <A<cur1N(1) +I)>. (1.1.11)

Equation (1.1.11) is referred to as the homogenised equation (c.f. Bakhvalov & Panasenko
[6] for the scalar homogenised equation and Wellander [75] for the Maxwell homogenised
equation) and h® is referred to as the homogenised matrix. The homogenised equation
captures properties of the original problem (1.1.4) in the limit as e — 0. In the next section,
the infinite-order homogenised equation will be derived. This equation will describe the

original problem in the case when a small but finite value for € is considered.
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1.1.3 Infinite-Order Homogenised Equation

Denote by H; = Hj(x,y) the expression for the coefficient of el, j = 0,1,... in the
expansion (1.1.8). Explicitly

H, = curl,Acurl,v + curl,Acurl, (N(l)curlmv)—i-

+ curl, A curly(N(l)curlx'v) + curl, A curly(N(z)Vggcurlx'v), (1.1.12)

H; = curl, A curl,(NYVI~lcurl,v) + curl, A curl, (NU DV curl,v)+

+curl, A curl,(NUFYVI curl,v) + curl, A curl, (NUF) Vit curl,v), j=1,2,....

(1.1.13)

The aim is to write H;(x,y) in the form h+2) (y)Vit curl,v(z) by commuting all
x-derivatives through to the right-hand sides of the tensors N) in expressions (1.1.12)-
(1.1.13). This is accomplished by introducing tensors M) = MU)(y) and LU) = LU)(y)

of order (j + 1), such that the following operator identities hold for all j =2,3,...:

MO =1, M9, = (eN(j_l)) = €iipsNUTY (1.1.14)
217541 i1~~-ij+1 S§3...1541
() _ j—1 j—1 _ i—1 i—1
Ll = (EA{curlN(J J+ MU )}>z‘1...z‘j+1 = €iipaAst {curl NV 4 U )}tz‘g...ijﬂ‘
(1.1.15)

In essence, these tensors commute derivatives in @ through the tensors N i.e.
MYV, = curl, NV=V LUV, = curl, A{curl NU~V + pMU-D1 " vj=23 .
Utilising definitions (1.1.14)-(1.1.15), the expression for H;, j = 0,1,... is rewritten as
Hj(z,y) = hU(y)Vitlcurl,v(x),

where

hUt2) = curld curl NU*2) 4 curlAMU+2) 4 [6+2), (1.1.16)

Formally, the left-hand side of equation (1.1.1) may be written as

(Leu®)(x) = Z e hU+2) (y)Vitlcurl,v(x).
5=0

By analogy with the matrix il(2), the tensors hUT2) are asked to be independent of the
fast variable y. The system of equations (1.1.16) can be used to recursively determine the

tensors NUT2) pU+2) 5 —0,1,..., uniquely as shown by the following lemma.

Lemma 1.1.1. Let FU) be a tensor field of order (j + 1) whose components are differ-

entiable and Q-periodic. Furthermore, assume that A is a positive definite, Q-periodic
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matriz. The divergence-free, Q-periodic tensor field N9 with zero average over Q solves
the equation

curl Acurl NV = F0), (1.1.17)

if and only if
div FV) =0, (FW)=o. (1.1.18)

Proof. Taking the divergence and the average of both sides of equation (1.1.17) and noting
that both A and N) are Q-periodic yields one half of the desired result. Since the operator
curl Acurl on X (Q) is self-adjoint, then it suffices that the right-hand side of (1.1.17) is
L?(Q)-orthogonal to all elements of the kernel of the left-hand side, namely?

/ FO(y) - V=D (z,y) dy = 0, / FO(y) - cW)(z)dy =0,
Q Q

for all smooth tensor fields w—Y of order (j — 1) and for all constant tensor fields ¢U/) of

order j. The result immediately follows by (1.1.18). O

Therefore, by Lemma 1.1.1, the following equation must hold:
< _ curl AMUT) _ [+ 4 h(j+2>> —0 = @ put_ < L<j+2>>,
Hence, it follows that

= curl <A{curl NUFD 4 M(j+1)}> Vieurlv(z, ¢).

The “infinite-order homogenised equation” for u® takes the form
curl X curlv(zx,e) + Zsjcurl WitdVicurlo(z,e) = f(z), €T, (1.1.19)
j=1

where
pU+2) — <A{curl NU+TD L ]\4(j+1)}>7 (1.1.20)

are the higher-order homogenised coefficients. These higher-order coefficients ht2) are
related to the tensors A2 via the relation curl hU+2) = plU+2)y.

All the calculations so far have been formal and it will be shown in Section 1.1.5
that the asymptotic expansion for the solution of (1.1.4) is “close” to the true solution
in a certain sense. Before doing so, a brief discussion on the system of equations which
determine the tensors K@) will follow. These equations arise as a result of taking the

divergence of the asymptotic expansion (1.1.5).

3The operation of convolution denoted - is defined as follows; if F¥) and GY) are two tensors of order

j, then FU) . GUW = (Fu))iligu.ij (G<j))¢1¢2...¢j.
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1.1.4 Recurrence Relations for K j =23 ...

The tensors KU), j = 0,1,... are determined by a system of recurrent relations which
arise in the consideration of the solvability condition that divu® = 0. Indeed, taking the
formal divergence of the asymptotic expansion (1.1.5) yields

divu® = Z sj{Axy(K(j)Vfcv) + A (KU=DVIi~ 1) 4 divz(N(j)Vg_lcurlxv)}+
j=1

+ Z Ejfl{Ay(K(j)Vfc'v) + A$y(K(j’1)Vg’1v)} =0,
j=1

where
0?2 0?2 9?2
Ox;0x;’ Y Oyiy; Y 00y,

Comparing terms with equal powers of €, in the above expression yields the following

Ag

system of recurrence relations

A (KWV,0) =0, (1.1.21)

Ay (KEVVEHLy) 424, (KOV v) + A (KYVVE L) 4 div, (NO VS eurl,v) = 0,
(1.1.22)

for { = 1,2,.... The Q-periodic solution K of equation (1.1.21) which has zero average
over @ is identically zero. Hence the first non-trivial tensor is the third-order tensor K )

which satisfies the equation
Ay (KDV20) = —div, (NWeurl,v),

for admissible vector v. Substituting series (1.1.6) into the system of equations (1.1.22)

above yields

> {Ay(KUH)vgjlvk) + 20,y (KDVIvg) + Ay (KU DV Ly )4
j+k=l
J€EN, keNp

+ divz(N(j)Vfc_lcurlka)} —0, 1=1,2,.... (1.1.23)

This system of equations will be pertinent to establishing a bound on div«® and in turn,

a bound on the remainder of the asymptotic series (1.1.5).

1.1.5 Rigorous Justification

The infinite-order homogenised equation (1.1.19) was obtained via a formal calculation in
which the infinite-order series (1.1.5) was substituted in to equation (1.1.1). It will now
be shown that series (1.1.5) considered is indeed close in the L?(T) sense to the exact

solution of problem (1.1.4).
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Theorem 1.1.2. Let K be a positive integer and define a remainder Ry by the relation

Ry (x,e) = v (x) — u(K)(ac,s),

where

K
u(z,e) = B (x,e) + z:Ej{Vy(K(j)(y)Vgﬂv(K)(a:7 £)) + Vo (KU () Vi 1o (g

J=1

N () Vi~ (curl,v®)(a, g))}]
and
v(K)( = vo(x) + Zs v (x
Then
(i) |leurl R | p2(ry < CVeK—1,
(i) |div Ricl|gr-1(zy < CSeX

(iii) YM, |(Ric)r| < C§f>aM

y=z/e

(1.1.24)

75))—’_

. (1.1.25)

(1.1.26)

where the constants C’fK), C’éK), C](VI[{) are independent of € but may depend on f.

Proof. (i) Substitution of series (1.1.6) into the homogenised equation (1.1.19) yields

the following sequence of recurrence relations on the coefficients on series (1.1.6):

curl A% curlvg = f,

curl ¥ curl v + Z curl fz(j+2)vjcurlvk =0, [=1,2,...

J+k=l
jEN, keNp

v € X(T), k=0,1,....

(1.1.27)

(1.1.28)

Lemma 1.1.2. The matriz h® is symmetric and positive definite. Hence for any

given right-hand sides f € | per(T)]?’ NX(T), there exists a unique solution sequence

v, k=0,1,... to equations (1.1.27)-(1.1.28).

Proof. Recall that h(?) is given by the formula in (1.1.11). By equation (1.1.9), it

follows by the periodicity of A that
<(Acur1 ND 4+ A) curl ¢> =0, Vo.
In particular, for ¢ = NI, it follows that
h?) = <A{curl NW 4 I} + (Acurl NO 4 A) curl N(1)>

- <A{ (curt NO 4 7) (curl N 1) }>

Since A is symmetric and positive definite, so is h(?). Applying the Lax-Milgram

Lemma to each problem (1.1.27)-(1.1.28) yields the result.
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Evaluating the expression for L.u) explicitly yields

K—2
L™ = curl,h®curlv ) + Z ecurl, hU? curlv ™ + €K_191(’U(K); e, K),

j=1
(1.1.29)

where

0:(+;¢,K) = ecurl, Acurl, (Vy (K(K)Vf-> + N(K)Vf_lcurlm-> +

+ curl, A curl, (Vy (K(K)Vf->> + (curlyAM(KH) + L(KH)) VEeurl, -

Substituting the expansion (1.1.26) into equation (1.1.29) yields

K
Leu(K) = curlziL(Q)curlxvo + Z Ekcurlxﬁ@)curll"vk—i_
k=1
K—2 K K
+ ZEJ‘H“curl hl+2 )Vjcurl 2V + 57 126k91 vg; €, K,
7=1 k=0 k=0

In view of the set of equations (1.1.27), the above can be shown to reduce to

Leu = £+ 5710y (z, e, K),

where
2K-2 ' ' K
0s(z,e,K) = Z eIt E+ eurl, hU 2 VI curl, vy, + Zekel(vk; e, K),
jtk=K—1 k=0

for 0 <j < K—-2 0<k<K. It can be shown that |02(x,e, K)| < ¢1(f) for all
x € T where ¢ is independent of €. Noting that u® satisfies the relation L.u® = f
yields

L.Ry(x,e) = —e5710y(x, ¢, K). (1.1.30)

Taking the scalar product of both sides of equation (1.1.30) with Rx and integrating
over T yields

/ curlA(E)curlRK ‘R dx = —ef1 / 05 - Ry dx.
T € T

Integrating by parts on the left-hand side and using the Cauchy-Schwarz inequality
on the right-hand side leads to the following inequality

/T A(?)curlRK ccurl R de < €K71H02”L2(T)HRKHLQ(T)
= v|curl Ry|[72p) < "0l p2m) | Ric | 2y
Using a Maxwell inequality yields
vlleurl R 72(p) < €K_IC(T)||92||L2(T)<||CUT1 Rk r2(r) + ||diVRK||L2(T)>a
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(i)

(iii)

where C(T) > 0. It will be shown in the proof of (i) that ||div Rx||2(r) < Cae®

Hence

()| 12 .
Jowrl Riclf3 oz <——— K feurl Rycllagr) + O,

= ||curl RK||L2('[[‘) §C£K)€K_1,

as required.

Note that divu® = 0 and so div Rx = —divuX). Denote by U; the coefficient of
el in the asymptotic expansion (1.1.25) once the series (1.1.26) has been substituted
in, i.e.

Up=wvo, U= ), {vy(K@)vg;Uk)+vx(K<J'*1>vg; Yop) + NYvIi-teurl 'vk}

jtk=1
1<j<K
0<k<K

l=1,2,.... Hence

2K
—div Ry = Y {eldiv,Uy + £ div, Uy ’

=1 y:w/z—:'

The vectors vy, satisfy the system of equations (1.1.23) and thus

2K
—div Ry = ¥ 05(x, ¢, K), (z,¢, K) {Zg Kdiv,U; + Z sl_K‘ldival}
I=K+1

y=x/e
Notice that U; is a finite sum of terms of the form U(y)V (x) for some tensors U

with elements in H'(Q) and tensors V with elements in C3%,(T). Furthermore, since

diVyUl|y:m/E = €diV(Ul|y:m/€) - €diVxUl’y:m/€,

it follows that 03 is a finite sum of terms of the form U(y)V (x) for some tensors
U with elements in L?(Q) and V with elements in Cper(T). Using a version of the
theorem proven in Smyshlyaev & Cherednichenko [69], (see Appendix 1.B) it follows
that the L?(T)-norm of 63 is bounded by a constant independent of e, C’éK) say.

Hence

1div Ryl r2ery < €™ 0]l 2(my < Coe™

Noting the Q-periodicity of K9) and the T-perioddicty of v, integrating (1.1.25) over
T yields

K
/Tu(K)(a:)dac:/T{ZEJN(])(:L'/E) ~curl o )(m))}dm

J=1

The result follows by once again using the theorem in Appendix 1.B.
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Corollary 1.1.1. For Rk as defined by relation (1.1.24), the following estimate holds:

K — K —
|Riclamy < C5O IRl ) < O,

where CéK), AEK) are independent of € but may depend on the function f.

Proof. This result is an immediate consequence of the previous theorem and the Maxwell

inequality (1.A.1). O

This concludes the construction of the infinite-order homogenised equation which has
now been made rigorous. It is worth noting however that truncating of (1.1.19) at some
finite order of € may not be the most suitable choice for the higher-order homogenised
equation as the corresponding operator may not be elliptic. One way in which to avoid
this loss of ellipticity is via the use of a variational approach which will be discussed in
Section 1.2.

The theory described above will now be illustrated with an example where the matrix

A is given by the formula A(y) = a(y2)I and where « is piecewise constant.

1.1.6 Example in a Two-Layered Medium

Consider the matrix A(y) defined as

ay, 0<y <1y,
A(y) = a(yZ)I7 a(y2) = 0<lhi<l, o, €R,.
az, I <y <1,

A higher-order homogenised expansion for the equation (1.1.1) will now be derived. As

already seen, this higher-order expansion takes the form of (1.1.19):
L.u® = curl A curl v + ecurl A®) Veurl v + e2curl A V2curl v + O(e?).

The first three tensors iL(j), j = 2,3,4 will now be derived for the two-layered medium.

For the term of order O(1), the matrices of interest are calculated as

0 0 —N (a=H=1 0 0
NY=19 0 o |, r®¥= 0 (@ 0 |,
N 0 0 0 0 (o 1)t

where N = N(y2) satisfies the differential equation —(aN’)’ = o’ and the prime notation

denotes differentiation with respect to y». Furthermore, it is straightforward to see that

(oY ={ar + o (1= 1)}7Y (o) = (arly + az(1 = 1)).
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For the term of order O(e), the related tensors are calculated as

M, ijk= {123},

M, ijk = {321}, a, ijk = {112, 332},
NS =3 L ijk={132}, hG) =19 b ijk={211, 233},

—L, ijk={312}, 0, otherwise,

0, otherwise,

where M = M/(yy) satisfies the ODE (aM') = (aN)', L = L(y2) satisfies the ODE
(al’) = {a) — a, and a = —(aL'), b= —(aN).

It can be confirmed that a = —b (see Appendix 1.C) and as a consequence the term
of order O(e) in the higher-order expansion vanishes. Thus, the first non-trivial higher-
order term in the infinite-order homogenised equation is the term of order O(e?) where

the relevant tensors in this case are calculated to be

P, ijkl = {1232},
—P, ijkl = {3212},
Q, ijkl = {1223},

¢, ijkl = {1212, 3232},
d, ijkl = {2121, 2323},

3 g (4 e, ijkl ={2112, 2332},

NS =1 —Q, ijkl = {3221}, his, = L
R, ijkl = {1311,1333}, [, ijkl = ’

3311, 3333

—R, ijkl={3111,3133)},

0, otherwise,

0, otherwise,

where P = P(y2) satisfies the ODE —(aP’) = a + oL’ + (aL), Q = Q(y2) satisfies
the ODE —(aQ’') = (aM)’, R = R(y2) satisfies the ODE (aR') = b+ aN and ¢ =
—(aP' + aL), d=(aQ’), e ={aL), f=—(aR).

It can be shown that the constants c¢,d, e and f are given by the formulae

1

e =plillar i+ ay ] N1 = A1) (B2 — 1),
1 _ _ _

d :El%lg[al 1ll +ay 1l2] 1(51 - 1)(B2— 1),
1 _ _

e :ﬁl%lg(al L+ a; 1l2)(a1 — a2)2,

1 T - - —_ —
f=758Blar M + a3 )21 = B1)(1 = Bo)(ag "l + a7 o),

where 1 + 1o = 1, and 51 = & = 51. Note that it can also be shown (see Appendix

a2

1.C) that ¢ = —d in the case when A(y) = a(y2)I. Hence the infinite-order homogenised
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equation takes the form

(a1 H(vg12 — v1,22) — (@) (v1,33 — v313)
Leu® = (a1 (3,93 — V2,33 — V211 + V1,12) +
(@)(v113 —v311) — (@) " (v3,20 — v2,23)
f(v3,1223 — v1,2233) — €(v1,1133 — V3,113 + V1,3333 — V3,1333)

+ €2 0 + 0(e3).
—f(vs1122 — v1,1223) + (V11113 — V3,111 + V1,1333 — U3,1133)

Remark. It was shown in Smyshlyaev & Cherednichenko [69], that in the case of a
scalar equation, all terms with odd powers of € are absent from the corresponding infinite-
order homogenised equation. The above two-layered case provides an example where, in
particular, there is a non-trivial term of order O(e?) in the homogenisation procedure for

the Maxwell system. The relevant tensors for the term of order O(e?) are calculated as

Ny, ijklm = {12232},

—N1, ijkim = {32212},
hy, ijklm = {12212,32232},

No, ijkim = {13121,13323},
N 11121, 11323
— Ny, ijklm = {31121, 31323}, ho, ijklm = ,
33121, 33323
Ny, ijklm = {13332,13112},
N 11112, 11332
—Ns, ijklm = {31332,31112}, hs, ijklm = ,
33112, 33332

Ni,  ijklm = {12311,12333), b ki (1212, 23232}
4, JRLM = ’ )

Nl =4 =N, ijkim = {32111,32133}, b}, =
hs, ijklm = {21221,23223},
Ns,  ijklm = {12223},
N 21111, 21133
—Ns, ijklm = {32221}, hg, ijklm = ,
23311, 23333
Ng, ijklm = {23212},
N 12111, 12133
—Ng, ijklm = {21232}, h7, ijklm = ,
32311, 32333

N7, ijklm = {23111,23133},
— N7, ijklm = {21311,21333},

0, otherwise.

0, otherwise,

The functions N; = N;(y2), i = 1,...,7, satisfy the ODEs
—(aNy) = (aP) +aP' +aL+¢, —(aNj) =aM+d, —(aN}) =aL —e,
~(aN})' = (@R) + aR + f, —(aN})' = (aQ), —(aNg) =aP' +aL+c.
—(aNy) =aR' + f,
and the constants h;, 1 =1,...,7 are
hy = —(aNj + aP), hy=—(aNj), hz=—{(aNj),
ha = (aP), hs={(aQ), he={(aR), hr=—(aN;+aR).
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It can be shown that h;y = —hs, ho = —hy and hg = —hg and hence the term of order

O(£3) in the infinite-order homogenised equation for a two-layered medium is

—ha(v1,11233 — U3,11123 + V1,23333 — V3,12333)

0 5

ha(v1,12333 — v3,11233 + V1,11123 — U3,11112)

where hy # 0.

1.2 Variational Approach

The work in the following section is driven towards the minimisation of the functional

E.(u, f) over all admissible functions uw. The energy functional of interest is defined as

Ee(u, f) = / (%flacurlu ~curlu — f - u),

T
and the class of admissible functions are those T-periodic functions with zero average over

T and zero divergence. Consider the following minimisation problem:

I(e, f) = min E¢(u, f), (1.2.1)

Equation (1.1.1) is the Euler-Lagrange equation for the minimisation problem (1.2.1) and
therefore there exists a unique solution u® € X (T) which coincides with the solution found

in Section 1.1. Hence, since u® satisfies equation (1.1.2), it follows that

1

I(e, f) = ) / Accurluf - curlu® = —% / f-ub. (1.2.2)
T T

1.2.1 Variational Asymptotics

In light of equation (1.2.2), variational asymptotics for I (e, f) will be established. Similarly

to (1.2.1), the solution of the homogenised equation (1.1.11) also minimises the functional

Ey(v, f) !=/ (%ﬁ(z)curlv -curlv — f- v),

T

over all divergence-free, T-periodic functions with zero average over T. Define

Io(f) == g&r; Eo(v, f). (1.2.3)
It is well known (see for example Jikov, Kozlov & Oleinik [40]) that in scalar homogeni-
sation theory, the energy functional converges to the homogenised energy functional as
¢ — 0. This is true too for the vector homogenisation presented here, i.e., as ¢ — 0, for

any function f it follows that I(e, f) — Io(f). This result will now be extended to all

finite orders of €.
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Remark firstly that substitution of u® = u®) + Ry into (1.2.2) yields

I(e, f) = —;/Tf w® dz + Ry (z,e),  |Ri| < Ox(f)eX. (1.2.4)

Proposition 1.2.1. For any T-periodic function f € [C*(T)]? and any positive integer
K, there exists a constant aK(f) such that

‘I(s,f)+;/Tf(:c)-v(K)(m,s)dw < Cx(f)eX.

Proof. Substituting series (1.1.25) into (1.2.4) yields

I(e, f) = —;/Tf(a:) . U(K)(:IJ,&“) dx + 1<]Z<K€j+kAN(j)(w/a)ij(w)dw + RK(cc,e),
0<k<K

(1.2.5)
where Fj = Vit eurl,vy, * f are infinitely smooth and T-periodic. As the NU) are Q-
periodic and have zero mean, the second term in (1.2.5) will decay as ¢ — 0 faster than

any power of ¢ (see Appendix 1.B), i.e.

/Tr N (z/e)Fy(zx)dz| < CHeX,
for any K, j and k and for some constants Cfg. Hence the result. O

As a result of the above proposition, the following asymptotic expansion for the energy

holds:

I(e, f) ~ Io(f) + > " Iu(f), (e —=0), Lu(f):= —;/Tf-vk, k=0,1,.... (1.2.6)
k=1

1.2.2 Infinite-Order Homogenised Solution

In this section, the effect of the rapid oscillations in the tensors NU) in the asymptotic
expansion (1.1.5) is removed by considering the solutions of another family of problems.
More precisely, for all ¢ € @, define A¢(y) = A(y + ), y € Q and consider the family of
equations

(LSu)(x) = curl fl%(m)curlu(a}) = f(x), =T, (1.2.7)

€

under the same assumptions on f and subject to the same conditions on the solution u
seen in Section 1.1. For any ¢ € @, (1.2.7) is equivalent to (1.1.1) and when ¢ is fixed,
equation (1.2.7) admits a unique solution in X (T) which will be denoted ug. Denote by

( - )¢ the average over @ with respect to ¢, i.e.

8 () = (uf) = @/ng(w) ¢, zeT.

This averaging process with respect to ¢ is analogous to “ensemble averaging” in proba-

bility, when the underlying probability measure is uniform over (). The following result
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illustrates how this translation averaging eliminates the oscillations due to the tensors N

and in fact shows that the asymptotics for u® are given by series (1.1.6).

Proposition 1.2.2. For a given T-periodic function f, the series (1.1.6) provides asymp-
totics for u® in the semse that for any positive integer K, there exists a positive constant

Ck(f) such that
/ [af — o 2da < Cx(f)e?X.
T

Proof. It is first noted that for all ¢ € @, the solution ug of (1.2.7) can be written as an
analogous asymptotic expansion to that of the series given by (1.1.5) with the tensors K ()
and NU) replaced by the translated tensors Kéj)(') = KW(.4+¢) and Néj)(-) =NU(+¢)
respectively. Moreover, remainder estimates similar to those seen in Section 1.2.1 will all
hold. In particular,
g = ul™ |2y < Cr (),
where Ck (f) is independent of ¢ and uéK) denotes the Kth-order truncated asymptotic
(

expansion of uz similar to (1.1.25). Since ch) and Nc(j) are @J-periodic and have zero

average over (), it follows that

af(x) — v ) (x, ¢) :/

Q
Therefore
2
/\ua(x)—v(m(x,g)‘?dm</ (/ \ui(w)_uéK)(x’g)\dg> dz
T T Q
< /Q [ lut(@) — ul @) Pdaac < ()2
as required. ]

1.2.3 Higher-Order Variational Problems

In this section, consideration is given to the equivalent family of variational formulations
for the family of equations (1.2.7). By analogy with Section 1.2, the “translated” energy

functional is defined as:

E.c(u, f) = / (% Azcurlu ~curlu — f- u> (1.2.8)

T

Define also
Ic(E, f) = um(iz%Ee,g‘(ua f)-

Obtained in exactly the same way, it can be shown that the asymptotics for I (e, f) are
analogous to the asymptotics (1.2.6) and that these asymptotics are independent of the

parameter (.
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Define the averaged functional to be I(e, f) := (I¢(e, f) )¢. Hence

e 8)= [ (minPectu )d¢ = min . 5), (1.2.9)
where
Q

It is obvious that I(e, f) also retains the asymptotics given in (1.2.6).

The variational problem (1.2.9) has as its minimiser the function u(z,¢) = ug(z)
where ug(z) is the solution of (1.2.7). Recall that uf can be expanded asymptotically in
a series analogous to (1.1.5). The idea now is to construct a higher-order homogenised
variational problem in light of such a series expansion for uz Fixing € > 0, define Ux to

be the set of trial fields u(x, ¢{):

K
Uk = { u(z, ¢) ‘ u(z,¢) = v( +Z<€J{ y)Viv(x)) +VI(Kéj_1)(y)Vflv(m))+

Jj=1

NI (Vi eurlvo(@)) )| for some v } (1.2.11)

y=z/e
Here, v belongs to the set of smooth, T-periodic, divergence-free vector fields with zero
average over T. Consideration is now given to the same minimisation problem (1.2.9) but
over the restricted set Uy . Directly substituting a trial field from the set (1.2.11) into
equation (1.2.10) yields
K K
E.(u,f) = /T { ZZ €J+kh3kvj(curlv)v (curlv) — f- v}, (1.2.12)
j=0 k= 0

where 7" is a tensor of order (j + k + 2) given explicitly by the formula
wk = <A(curl NUHD 4 MUH)) (curl NG+ M(k+1))> (1.2.13)
Whenever u and v are related by the expression in Uy, set

EE(U, f) = EK<U7 .f76)7

so that

Ix(f,e) :=minEg (v, f,e) = min  E.(u,f), ve[Coe(T)’NX(T).
v u(m7C)EUK

Moreover, for all €, any f and for any finite K, the functional Ex (-, f,¢) is convex with

respect to v as a result of the {-averaging of the convex functional £, ..

Denote by v (,)* the minimiser of Ic(f,¢). The following proposition demonstrates

that vg is in fact the best choice of a truncated approximation in a variational sense.

4The minimiser vx can be shown to exist and to be unique up to an arbitrary constant provided
f € [C>(T)]®. This result can be shown by, for example, using the Fourier transformation along with the

equation for Ex. A proof for the scalar homogenisation can be found in Cherednichenko [21].

38



Proposition 1.2.3. For K > 2 and all functions v it follows that

Ex (v, f,e) > Ex(vg, f,e) > I(e, f). (1.2.14)

Moreover

Ex(vk, f.e) = I(e, f) < ex(£)*, (1.2.15)

for some positive constant cx (f).

Proof. Inequalities (1.2.14) follow by observing that vy is the minimiser of I (f,e) and
Ik(e, f) > I(e, f) where the latter inequality follows since Ik (e, f) is considered over a re-
stricted set. To obtain inequality (1.2.15), substitute ug(x) = uéK)(a:, e)+ Rk (x, ¢, €) into
(1.2.8) and integrate by parts. The remainder Ry (x, ¢, ¢) satisfies estimates analogous to

those proven for Ry in Theorem 1.1.2 and hence

K

0< Bee(ul™, f) = I(e, f) < ex (e

Averaging the last inequality over ) with respect to ¢ and once again using the fact that

v is a minimiser yields the desired results. O
Remark. In formula (1.2.13), the expression for the tensor is evaluated as follows:

Rk = <A5t (curl NUHD 4 MUH)) (curl NG+ M(kﬂ))

1.kt

Si14..ij+1 tij+2.4.i]‘+k+2>'

Note also that h/% can be represented in an alternative way. Using integration by parts,

for j =1,2,..., the following formula can be shown to hold:

<A(curl NUFD 4 M(j+1))curl¢> = —<L(j+1)¢>, V¢, such that (¢) = 0.

Hence
R = (A(curl NUD 4+ 3UD) 3+ _ (1G+0 k4, (1210
where
(L(j+1)N(k+1)) _ ) k)
R E SUL-e b4l " SUj42e k42

1.2.4 Infinite-Order Variational Homogenised Equation

For each non-negative integer K, the functional Fx admits a unique minimiser vg. Con-

structing the Euler-Lagrange equation for functional (1.2.12) yields

K
/ {; Z gl tkpik (Vj(curlcp)vk(curlvl() +Vj(cur1vK)Vk(curl<p)) - f- <p} =0, (1.2.17)
T

J,k=0
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for all p € C2,(T)3. When K = 0, the following identity is obtained:

per
1700 L1500 oo 3
ih curlp - curlvy + §h curlvg-curlp — f - | =0, Vo € [Coe (T)]".
T
Writing the above in a differential formulation yields
curl 2%curlvg = I

By considering the formula (1.2.13) for h/*, it is seen that h% coincides with h(®). Fur-
thermore, the minimiser vy coincides with the leading order homogenised solution also
denoted vy.

Consider now when K = 1. In this case, the Euler-Lagrange equation reads
curl h%curl v + ecurl ;Lchurl v1 + e2curl K2 V2curlv, = I,
where
;Llljk = %{E%’lk - ﬁ%i - Bgl‘?k + il‘}]gi}7 Bzzjkl = _{hjl'ilkl + hlljlki}' (1.2.18)

In Section 1.2.5, it will be shown that the third-order tensor in (1.2.18) coincides with
the third-order tensor A(®) seen in the infinite-order homogenised equation (1.1.19). The
fourth-order tensor is in a sense “incomplete” since it does not include all the fourth-order

tensors A/¥ in its formula. When values of K are chosen, these tensors will be included.

Remark. For higher-order expressions, it is possible to have two different constant tensors
producing the same term at equal orders, i.e., in the case of third-order tensors, it can
happen that

curl h1Vcurlv = curl hoVecurlv, Vo,
where hy # ho. A simple example where this happens is

1, gk = {121, 323}, -1, ijk = {222},
(h1)ijk = 2)ijk =
0, otherwise, 0, otherwise.

This will be considered further in Appendix 1.D.

Consider formally when K = oo in equation (1.2.17) and denote the corresponding

minimiser by v(>). Remark that

HgnEm(v,f,e) = min E.(u, f) = I(c, f),

u(@,g

where the minimiser u(z,¢) = ug(x). Hence v(®) = 4. After a series of manipulations,

it follows that the Euler-Lagrange equation takes the form

0 ~
curl A%curl v(>) + Z e"curl A"V"curlv(>®) = f, (1.2.19)

n=1

40



1 . -
J kpik
hil...in+2 - 5 Z {(_1)]hij+1i2“‘ijilij+2...ij+k+2 + (_1) hij+1i2“‘ijij+k+2ij+2mij+k+1i1}' (1220>
i+k=n,
]j,kENTé
The infinite-order homogenised equation (1.1.19) will be shown to coincide with the vari-

ational infinite-order homogenised equation (1.2.19) in Section 1.2.5.

Remark. In order to interpret the change of indices in equation (1.2.20) correctly, it
should be observed that the n + 2 = j 4+ k + 2 indices are split into two groups of length
j+ 1 and k + 1 respectively:

1112 .. .’L'j+1 ij+2 - ij+k+2 .

7 + 1 indices k + 1 indices

So, for example, the term multiplying the factor (—1)7 has had indices i; and 141 swapped
and this should be interpreted as swapping the first index from the first group of (j + 1)

indices with the last index from the first group of (5 + 1) indices.

The concluding proposition concerns showing that the minimiser vg of Ix (e, f) ap-

proximates the infinite-order homogenised solution v(°) to all orders in ¢.

Proposition 1.2.4. Let K > 2 be a positive integer. Then for any function f, there

exists a positive constant cx such that
/ ‘v(oo)(m,e) - ’UK(ZIZ,E)‘QdiB < éxe?k,

Proof. Let u ( ) denote the vector with associated v(¥) from the set U & given in formula

(1.2.11). Deﬁne Ry (x,¢) to be the remainder

Ri(x,¢) = ui(z) — ul™ (x,e).

Clearly
Ex(vic, £,2) = Eo(ul), ) = /Q Eec(wl™, £)dc

/ / curlu 5. curl uéK) - f- uéK))dde

1. 1 .
= / /11‘ <§A2curl uz - curl uz — §A2curl uz -curl Ry —
1. 1.
— 5Afcurl Ryc - curluf + S Afcurl Ryc - curl Ric — f - uf + f - RK)dde.
Since u‘z solves (1.2.7), by integrating by parts, it can be seen that
_ 1 -
Fx(vk, f,e)=1(e, f) +/ (/ EAZcurlRK -curl Rk dw)dc.
Q \JT
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Using the positive definiteness of the matrix A¢

/(/ ~Acurl R - curlRde>dC> /(/ ]curlRK\de>dC
2/T</Q|curlRK|2dC>da:

v

/ lcurl (a° — vi)|*de.
T

Y

2

Invoking the remainder estimate (1.2.15) from Proposition 1.2.3 yields
2
/ lcurl (@ — vg)|* de < =2 K 2K
v

Making use of a Maxwell inequality (and noting that diva® = divog = 0) yields the
result. O

The last two propositions establish that the order K homogenised solution vx which
minimises Ik (g, f) is also the best approximation of the infinite-order homogenised so-
lution v in the sense of the functional asymptotics (Proposition 1.2.3) and furthermore
recovers the asymptotics for v to all orders of € for sufficiently large K.

The final part of this section looks to address the equality of the two series expansions
for the two infinite-order homogenised equations (1.1.19) and (1.2.19). It was already
shown that the solution to the original problem is unique and so these series must coincide
but proving so requires the introduction of a symmetrisation procedure individual to the

operator in question.

1.2.5 Tensor Analysis of the Infinite-Order Homogenised Equations

n+2) and h™ are equal after applying a symmetrisation

Before proceeding to show that h!
procedure, it will be confirmed that the two third-order tensors labeled h®) and ht appear-
ing in the respective infinite-order homogenised equations coincide. Recall the following

formulae:
~ (3
Bl = f{hwk P = Wi+ R b G = (Au(eur N® 4 M®) ),
where

hwk =(Ag(curl ND 4 I)gi(curl N®@ 4 M(2))t]~k),

Wl =(Ag(curl N® + M@ i (curl NU 4 1)),

The latter two tensors satisfy the symmetry property hljok = h{L. and moreover it can

kij»

be shown that ibgf])c

(1.1.14) and (1.1.15) and relation (1.2.16) yields

is expressible in terms of iL?jlk and h%jok. Indeed, using the definitions

e _

ijk h

hLo

igk — 'Yjik-
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Hence,

~

1~
(h( ) — hl)l]k - hzgk h]zk 2 {h?jlk - hkgz - hjlk? + h]kz}
= ~?jlk - BQ;Z {hwk hk]z - hk]z + hzyk} = 0.

A symmetrisation process will now be introduced in order to prove that the two infinite-
order homogenised equations obtained are equivalent. A standard symmetrisation proce-
dure can be seen in Wrede [79, p.309] however, this method of symmetrisation proved

unsuccessful in proving the desired result in this work.

Definition 1.2.1. For n > 2, the partial symmetrisation of a tensor A, .. k,;, denoted
Riky..kn)j» 1s defined by the relation:
1
Rihy..kn)j 7= o Z Rikey .. kens»
(k1,k2,...,kn)
where the summation is over all permutations of the indices k1, ko, ..., k,. The indices i

and j are known as the fixed indices.

Partial symmetrisation arises under consideration of the operator curl h("+2) g curl
which appears in the infinite-order homogenised equations. Indeed, if the partial sym-
metrisation of this operator is considered, then the structure of the operator remains
unchanged.

Recall the expression for the tensor appearing in the infinite-order homogenised ex-

pansion derived via the variational approach:

I~ 1 ~ ~
— pq pq
?klmknj - 5 Z {(_1)phk?pk?1...kp_1ikp+1...kp+qj + (_1)qhkpkl...k:p_ljkp+1...kp+qi}' (122]‘)

ptq=n,
p,9€Ng

Partially symmetrising the above expression gives

in _ 1\q7pa
Pithy.. )y = > { kpkl‘..kp_likpﬂ...k,,ﬂj +(=1) hkpkl.‘.k,,_ljk,,ﬂ‘..kpﬂi}~
(kl, k) pHa=n,
,9€Ng
(1.2.22)

In order to show that (1.2.22) is equal to the tensor obtained via the asymptotic approach

when symmetrised, the following lemma is needed.

Lemma 1.2.1. Let h?? be a tensor of order (p + q + 2) satisfying the symmetry property

pq _ pap
hikl...kpkp+1...kp+qj = hkp+1...kp+qjik1_.,kp' (1.2.23)
Then
=l Z E phpq Z Z thq
kpki.kp—1ikpi1.kprql Kk .. kp—15kp g1 Kepiqi®
(kh kn) PTa=n, (kl, kn) PHg=n,

P, qGNo D, qGNo
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Hence

I~ 1 ~
n _ E E _1\PpP4
hl(klkn)J ] ( 1) hkpkl---kp—likarl---ierqj'

" (k1yeeskn) =N,
P,g€Np

Proof. Consider the four terms appearing in equation (1.2.21) with upper indices pg and

qp-

_1)PRpPe _1)43P4
( 1) hkpkl...kp_likp+1...kp+qj’ ( 1) hkpk‘l..‘k‘p_ljkp_Fl...kp+qi7

_1)4}p9P _1)\PhaP
( 1) hqul...kqflikqul...k‘p_qu’ ( 1) hqul...k‘qfljqurl...kpﬁ_qi'

Making use of the symmetry property (1.2.23), the four terms above can be written as

_1)PRpPe _1\4}Pa
( 1) hkpkl...]Cp_lik:p_,_l..‘kp_‘_qj’ ( 1) hkpkl..,kp_ljkp+1...kp+qi’

_1)9}pPe _1)\PHPe
( 1) hkq+1...kp_;_qjqul...kq,ﬂ’ ( 1) hk‘q+1...kp+q7,'qu‘1...k‘q,1j'

Comparing the positions of the fixed indices in the above, the terms with ¢ and j in the
same positions can be “matched”. Hence, when (1.2.21) is symmetrised, a summation
over all index permutations will occur and so all terms in the first half of the sum will

“double up” with those terms in the second half of the sum. Hence the result. ]

It was shown that the third-order tensor labeled A®) could be expressed in terms of
a sum of the third-order tensors h°' and h'0 in some combination. In much the same
way, it can be shown that 2("*2) can be expressed in terms of the (n 4+ 2)th order tensors
iLO’”, ﬁl’"*l, e h™0. The construction requires the use of a recurrent procedure making
use of the definitions of these tensors, equations (1.1.14)-(1.1.15) and relation (1.2.16).

Omitting the details, it can be shown that

2(n+2) 7m0 7n—1,1 7n—22 7n—3,3
Pty keni = Pher kg = My denjeri T Pl o ibiakni — Mhoy o jhskokns + 00—
nyln—1 n70,n
= Uk kb T D i

Partially symmetrising the above and using the symmetry properties (1.2.23) yields

smt2) 1 ) Fn—1,1 70,
hi(kl...kn)j ! Z {hkl...knji B hk‘g...knjkli +o Tt (_1)nhjknkn,1,_,kli}
(k17~-~7kn)
1 =0,n “1n—1 =10
| Z {hikl...knj - hk1z‘k24..knj ot (_1)nhknkn71u.k1ij}
(k17-~~7kn)

1 ~
= § § _1\PpP1 n
n! ( 1) hkpkl...kpflikp+1‘..ip+qj hl(klkn)]

" (K1, kn) PHI=N,
p,g€Np

Hence the following result is established (c.f.[p. 1357][69], for the scalar case):

Theorem 1.2.1. Let h("*2) and h™ be the tensors given by expressions (1.1.20) and

(1.2.20) respectively. Then

7 (n+2) _ n
Pithy k)i = Milkrkn)j
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Furthermore, since the infinite-order homogenised equations (1.1.19) and (1.2.19) obtained
via the asymptotic and variational approaches respectively are invariant under partial sym-

metrisation, the two series expansions coincide.

The following section is devoted to discussions on Maxwell’s equations in general and
the derivation of higher-order constitutive laws. This work will then be complemented by

a discussion on the homogenisation of the full system of Maxwell equations.

1.3 Higher-Order Homogenised Constitutive Laws for the

System of Maxwell Equations

1.3.1 Maxwell’s Equations and the Quasistatic Approximation

The well known system of equations which govern the effects of electromagnetics are
Maxwell’s equations (see Jackson [39] for full details). Maxwell’s equations are derived
from conservation laws and can be formulated in two different ways; either in an inte-
gral formulation or, after applying Gauss’ Divergence Theorem and Stokes’ Theorem (see
Widder [77, Chapter 7]) to the integral formulation, in a differential formulation. In their
differential form, assuming the charge density (denoted p) is zero, Maxwell’s equations are

given by the following system:

curl E(x,t) = —%(az,t), curl H(x,t) = %(x,t) + J(x,t), (1.3.1)
div <§t®(m,t)> = —divd(z,1), divB(x,t) =0, (1.3.2)
B(x,t) = fi(x)H(x,t), D(x,t) = é(x)E(x, t). (1.3.3)

The vector fields € and B denote the electric field and magnetic field respectively while
the vector fields D and JH denote the electric field displacement and the magnetic field
intensity respectively. The matrices ji and € represent the magnetic permeability and
the electric permittivity respectively and the vector field J represents a source of current
density. The equations themselves represent a variety of physical laws also. Equations
(1.3.1) represent Faraday’s law of induction and Ampere’s law of circuitry respectively,
equations (1.3.2) are consistency equations known also as Gauss’ law and Gauss’ law for
magnetism respectively and equations (1.3.3) are referred too as the constitutive laws
which relate the fields to their respective field intensities.

The following assumptions will now be made:

e The unknowns &, B, D, H in Maxwell’s equations depend on the domain period

€ > 0. These unknowns will now be denoted &%, B*, D% H*,
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e The matrices ji and € will be symmetric, uniformly elliptic and depend periodically
on the variable & /e. The permeability and the permittivity will now be denoted [i®

and €° respectively,
e For A° € {€°, B, D, H"} and some frequency w € R,

Af(x, 1) = AYE (x)e!,

e (The Quasistatic Approximation) Each amplitude A“*® can be expanded in a power

series of the form
A (x) = Aj(x) + (lw)Af(x) + (iw)QAg(m) +..., (1.3.4)
where AS : T — R3, for all i € Nj.

e The current density J is assumed independent of € but expressible in a time harmonic
form with amplitude denoted J“. This amplitude may be expanded in an analogous

series to series (1.3.4) with it’s coefficients independent of e.

Written in time harmonic form, Maxwell’s equations are given by the following system:

curl E¥*® = —iwB“*, curl HY® = iwD“* + J¥| (1.3.5)
iwdiv D¢ = —div J¥, div B“* =0, (1.3.6)
B“* = [if H**, D¥¢ = EEYF, (1.3.7)

The following pair of second-order equations can be derived from system (1.3.5)-(1.3.7):
curl (7°) ! curl E¥¢ = W?EEYF —iwJ®, (1.3.8)

curl (¢) 7! curl H¥® = w?3f HY* + curl((e5) ™! J¥). (1.3.9)

Substituting in the frequency expansions (1.3.4) into equations (1.3.8)-(1.3.9), terms of
equal powers of w, are compared. The system is said to satisfy the quasistatic approxi-
mation if equations of equal orders of w are satisfied. For small frequencies w, the leading

order equations are

curl (2°) ! curl ES = —Jy, curl (¢¢) ! curl HS = curl((é) ' Jy), ( )
1.3.10

div(efEf) = —div Jo, div(gcHS) = 0.
Note that the following first-order equations are satisfied:
curlEf =0, curlHj=Jy, divJ; =0, fori=0,1....
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The zero divergence condition on the current density coefficients J; is justified by the
continuity equation divJ¥ = —%. Since the charge density p was assumed to be zero,
divJ® =0 and hence divJ; =0, i =1,2,....

The main focus of the work presented in Sections 1.1 and 1.2 is the first equation in

the system (1.3.10) where ES = u®, (i)' = A® and —J = f. Note also that under the

assumption that €€ = I, it follows that divu® = 0.

Remark. The form of the second-order equation for the magnetic field intensity is some-
what different to that of the second-order equation for the electric field. Indeed, the
dependence of the right-hand side on the permittivity matrix é€ means dependence on ¢.
A modified approach which deals with magnetic field intensity equation is described in

Section 1.3.4.

1.3.2 Energy Considerations

For a more detailed account about electromagnetic energy, including a discussion on Poynt-
ing’s Theorem, see Bleaney & Bleaney [11, p.232-234].
For the system of equations (1.3.5)-(1.3.7), the electric and magnetic energies are

defined as

1

1 . )
Ugloe = 2/T(E“”E'(D“”E) ), U = 2/T(B“”E-(H“”E) ), (1.3.11)

where the star notation denotes complex conjugation and the total energy u*¢ is defined as
the sum of the electric energy and the magnetic energy. Substituting equations (1.3.5) and
equations (1.3.7) into expressions (1.3.11) yields the following expressions for the electric

and magnetic energies:

1 *
= 55 /T () (curl H¥* — J¥) - (curl H¥* — J¥)"), (1.3.12)
1 7 - *
Uiyae = %2 |- (1) Leurl E¢ - (curl E¥¥) ). (1.3.13)

Substituting the formal power series for E“*° into the magnetic energy integral (1.3.13)

yields the following:

1 1
Q/BS-HS—l—O(wQ) — 2u12/(,15)1cur1Eg.curlEg+
T T
1
+3 /T([f)_lcurl E5 - curl E5 + O(w?).

Noting that curl Ef = 0, the leading order energy from the quasistatic approximation is
1 € € 1 ~ey—1 € €
— | By-Hy= = [ (°) ‘curl Ef - curl ES. (1.3.14)
2 Jr 2 Jr
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Hence, the energy functional which was minimised in Section 1.2 was a representation of
the leading order magnetic energy in the quasistatic approximation.

The next section will see the discussions on Maxwell’s equations in the last two sections
used in conjunction with the work derived in Section 1.1 and Section 1.2 to develop a
higher-order constitutive relation between H{ and Bf. This relation will be derived
in two separate ways which will be shown to coincide using the partial symmetrisation

procedure developed in Section 1.2.5.

1.3.3 Higher-Order Constitutive Relations

In Section 1.3.1, it was noted that the constitutive laws (1.3.3) relate the electric field and
magnetic field to the electric field displacement and magnetic field intensity respectively.
In this section, a higher-order expression between the {-averaged magnetic field intensity
H 8 and the (-averaged magnetic field B(E] will be derived.

Let fi be a Q-periodic, symmetric, elliptic matrix. Consider the following equation
curl (4°) " tcurl E5 = f,

where f = —Jo € [C3%,.(T)]> N X(T). Seeking a solution E] € X(T) leads to the consid-
eration of series (1.1.5). In turn, this yields a homogenised equation akin to (1.1.19).
Recall that Bj satisfies the equation B = —curl Ef. Hence the magnetic field can

formally be expressed as

Bj(x) = — Z 5j{curlyN(j+1)(y) + MU+ (y)}‘yiw/gvgccurlxv(m).
=0 N
Consider the family of problems seen in Section 1.2.2. To this end, let the parameter ¢

represent a shift in the microscopic variable and a suitable change in notation be reflected

by this shift, A Ei’c, etc. Note the following averages with respect to ¢:
Di = Ei =wv, (curl Ei’c)c = curl,v. (1.3.15)

where the bar notation once more represents averaging over () with respect to ¢. The
main result of this chapter is now presented where a higher-order constitutive law for the

¢-averaged magnetic field intensity H S’C is derived.

—H{:= —(H"); = (A7) "curl ES%)¢  (by Maxwell’s equations)

= Zsjﬁ(j“)vjcurl'u (making use of expansion (1.1.5))
=0
=> "l DVI (curl Ef)¢  (by (1.3.15))

J=0

o
= Zsjﬁ(j+2)vj<—38’<>< (by Maxwell’s equations).
=0
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Hence

Hj =) hUviB, (1.3.16)
j=0

The higher-order constitutive law (1.3.16) is of the form H = (u°%)~!Bg, where p°f
the “effective permeability operator”.

An alternative expression for the higher-order constitutive law will be derived using
the energy integral (1.3.14). All of the results of Section 1.2 hold but in particular when
substituting a trial field into (1.3.14), the averaged magnetic energy functional is given by

the following formula

Uspag = / Z IRV (curl v) VF (curlv), (1.3.17)
7,k=0

where h7* is the same tensor given by expression (1.2.13) with A = 2~!. Hence, integrating

the expression given in (1.3.17) by parts and using an appropriate rearrangement of indices

yields
&€ . n k7 jkon pE
Uppag = /550 B;,  $H5:= Y. "(-1)FWVBY, (1.3.18)

Jj+k=n
J,k€Np

where

77k — pik
i1i2...ij+k+2 T ij+1i2...’L'jij+k+2ij+2...ij+k+1i1'

It can be shown by making use of the partial symmetrisation procedure described in Section
1.2.5 along with Lemma 1.2.1, that the two expressions (1.3.16) and (1.3.18) obtained for
the magnetic field intensity coincide to all orders.

Similar results will now be illustrated for the second-order equation which governs the

magnetic field intensity with the amendments which have to be made being highlighted.

1.3.4 The Magnetic Field Intensity Equation

Assume that i = I and that é° is @Q-periodic, symmetric and uniformly elliptic. For

Ji € [ngr(T)]?’ N X(T), a solution is sought of the following:

curl(é®) 'curl HS = curl((¢°)"'J1), HS e X(T). (1.3.19)

Most of what is discussed in Section 1.1 is still valid, subject to a modification to the

asymptotic expansion (1.1.5). The expansion of consideration for HY is the following:

Hi(z) = w(@.e) + Y {V, (59 (y) Viw(@,2)) + Vo(ST) (y) Vi w(@, )+

J=1

+ T(j)(y)vgfl (curlx’w(ilf, €) — Jl(f”)) }‘

y:sc/a’
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where w € [ngr(ﬁr)P is divergence-free and may be expanded in an asymptotic series:

w(z,e) = wo(x) + Zskfwk(m), x e T.
k=1

Where SU) plays the role of K@) and TU) plays the role of N all the same properties
as seen in Section 1.1.2 are satisfied by these tensors. Applying the same procedure seen

in Section 1.1 the homogenised equation is found to be
curl k@ curlw = curl k? J, (1.3.20)

and where the infinite-order homogenised equation is found to be

Z el curl KUV curl w(x, e) = Z &/ curl (l;:(jH)Vle (:13)) ,
j=0 j=0

where

EG+2) — <é_1{curlT(j+1) + R(j+1)}>7

and R plays the role of M. A similar theorem to that of Theorem 1.1.2 regarding
the rigorous justification of the asymptotic procedure can be proven with analogous error
estimates.

The analogous variational considerations of Section 1.2 will now be presented. Re-
call the expression for the electric energy given by formula (1.3.11). Upon applying the

quasistatic approximation, the leading order energy is given by the expression

1 1
uglec = 5 /T(Eg ' DE) = 2/E(ég)_l (curlH‘i — Jl) . (cur]Hi — Jl)

Expanding the dot product under the integral on the right-hand side yields

1
uZlec = /T (5(65)_1(:“1‘1[{? : CurlHi — Curl<(€5)_lJ1> . I—I‘i)+

1

+2/T(é€)—1J1-J1. (1.3.21)

The first integral in equation (1.3.21) is the functional whose Euler-Lagrange equation is
(1.3.19) where as the integral on the right of equation (1.3.21) is something extra which
is independent of H]. Hence, the minimiser of the functional E.(H,J) defined as

E.(H,J,) = % /T(éf)—l(curlﬂ —J1) - (curl H — J4), (1.3.22)

will coincide with Hf € X(T), the solution of (1.3.19). Hence, all the same conclusions
made in Section 1.2 will hold and furthermore an infinite-order homogenised equation can

be obtained via these variational considerations. This infinite-order homogenised equation
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is obtained by considering the minimisation of functional (1.3.22) over restricted trial fields,

i.e., by considering the minimisation of functionals of the kind

K

_ 1 e

Ex(w,J1,¢) :—/{ g 2€]+lk‘ﬂvj(curlw—Jl)Vl(curlw—Jl)},

T | :
J,l=0

where k7 is a tensor of order (j + I + 2) defined by the following formula:
Kt = <€_1 (curl 7O+ 4 R(jﬂ)) (curl T 4 R(Hl)) >

Taking different values of K yields higher-order homogenised equations as seen in Section

1.2.4. In particular, when K = 0, it can be shown that
curl £%curl w® = curl kOOJl.

This equation coincides with the homogenised equation (1.3.20). Considering the case
when K = oo leads to the infinite-order homogenised equation

[e%¢) ~ o0 ~
curl k%%curl w™ + Z e"curl K"V curl w(®) = Z e"curl k"V"Jq,

n=1 n=0

where

kno
11..tn+2

B Z vl N\l

{( ]') kij+1i2...ijilij+2...i]-+l+2 + ( 1) k;ij+1i2...ijij+l+2ij+2...ij+l+1i1 :
Jj+l=n,
J,l€No

N

Applying the partial symmetrisation procedure of Section 1.2.5 once more yields that the
infinite-order expansions coincide to all orders.

The final consideration of this section concerns the derivation of a higher-order con-
stitutive law between Ef and Dj. See Section 1.3.3 for full details but by considering the
¢-shifted family of problems and averaging over () with respect to ¢ yields a higher-order
constitutive law of the following form:

oo
Ey=> &kUTIVID;.
j=0
Applying then the {-averaging to the equivalent family of {-shifted variational problems

also yields a higher-order homogenised equation:

=E . n/ N\ z.jlon pE 7.7 . Jl

e0 T Z € ( 1) k v DO’ kiliQ...ij+l+2 T k’ijJrl'L'Q...ijij+l+27:j+2.."L’j+l+1’L’1.
Jjt+l=n
7,leNg

Note that Dy = curlw — J;. Once more, these two higher-order constitutive laws are
shown to coincide to all orders by making use of the partial symmetrisation procedure of
Section 1.2.5 and Lemma 1.2.1.

In the concluding section of this chapter, it will be shown that the full system of
Maxwell equations can be homogenised and in turn that infinite-order homogenised equa-

tions for the electric field and magnetic field intensity can be derived simultaneously.
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1.3.5 Homogenisation of the Full System of Maxwell Equations

Assume that both the permittivity €€ and the permeability ¢ are periodic, symmetric

and uniformly elliptic. Moreover, consider the following space:

Vie () i= { € (LD | div, )V, o) = ~div,Ay). y= 2}, Ae (e

Given f,J; € [C°°(T)]3 N X(T), a solution is sought of

curl(4f)~tcurl ES = f, curl(¢®)~tcurl HS = curl((¢®)~1Jy),
div(e°E]) =0, div(a*HY) =0,
where
i€ {u € [L3e(T))° | curlu € [LA(T)P, u L Vee(T)},

HS € {u e [L2,(T)P | curlu € [L*(T)]?, u L Ve (T)}.

For the problem presented, the asymptotic expansions that should be considered for the

electric field and magnetic field intensity respectively are

Bi@) = (VKO w 1)

v(x,e) + Z sj{Vy(K(j) (y)Viu(x,e))+
j=1

+ Vo (KU () Vi v(@, <)) + N (y) V! (curlv(@, 2)) }|

y:$/57
HS(x) = (Vys@) (y) + [) ‘y:m/ew(x,g) + Zgj{vy(s(j) (y)Viw(z,e))+
j=1
+ Vx(S(j_l)(y)Vg;_lw(m, £)) + T (y) Vit (curlxw(m, g) — Jl(m)> } ‘y:m/a.

The following amendments are made to the assumptions presented in Section 1.1:

1. The tensors K(© and S satisfy the equations

divéeVK©® = —dive, divavs©® = —div . (1.3.23)

2. For all j € Ny, the elements of the tensors K, SU) belong to H! (Q).

per

Noting the above amendments, the majority of the work presented in the previous sections
holds. Amongst the differences is the work in Section 1.1.4 where the equations satisfied
by the tensors K ) will now be slightly modified to accommodate the amended divergence
conditions. It is also noted that it is not the Maxwell inequality (1.A.1) that is used to
establish uniqueness of the solution of the full system of equations but the more general

Maxwell inequality (1.A.2).
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Carrying out a procedure analogous to that seen in Section 1.1, the following ho-

mogenised system is obtained for the full system of Maxwell equations:

curl iL(_Q{ curlv + Zajcurl iL(_jIFQ)Vjcurl v=Ff,
i=1 (1.3.24)
div(k@wv) + Zsjdlv EUt2viv) =0,

curlk:( 1)curlw+z:gjcur'll<:(]Jr )Vicurlw = Zcurl ( )VJJl)
i=1 i=0 (1.3.25)

div(hPw) + Zsjdlv U+t Viw) = 0,

where

AUFD - <ﬂ—1 (Cur1N<j+1) + M(j+1))>, D) - <€—1 (curlT(j'H) + R(j+1))>7

>

H2 — < i (v 50 4 1)> (G+2) — < i (v SU) ¢ R(J’Jrl)) i Q(j+1>>,

£ — <g (VK(O) + ])>’ LU+2) — <g <VK(j) + M(j—irl)) + p(j+1)>‘

Here
(5+1 ~ i1 ~ i—1 i+1 N -1 N 1
]Diljig..?ij+2 = (E*K(] ))i1i2...ij+2 = 6i1i2Ki(j‘..ij)+27 Qz(iig..).ij+2 - (:U’*S(] ))i1i2...ij+2 = Mimszg z])+2
r+1) N9 . p(J+1) 70
i112.. ’L]+2 - ’Ll ’LJS 57’]+1'LJ+2’ i1i2...ij+2 S ZJS 57’]+1'LJ+2
Proposition 1.3.1. The four homogenised tensors iL(2), 15(2), iL(_Q% l%( ) satisfy the rela-
tions

. NP A (o) —1
A = (RC) T, R = (B
Proof. Recall that N1 satisfies equation (1.1.9). Hence, it follows that
ot (cur1N<1> n I) — Vi + C,

where ) is periodic and satisfies the equation div[i(Vp + C)] = 0. It is also clear that

C= iL(_Ql) Multiplying the above equation on both sides by /i and taking the average yields

I= <;1 (Vz/;+h(_2})>.

By comparing the equation satisfied by 4 with the equation satisfied by S in equation
(1.3.23), it is shown that 1 = 5928(0). Hence, noting that iL(E% is symmetric yields

1= (jp (V8O +1)) W% = @5,
as required. An analogous proof holds for the other pair of homogenised tensors. O

593



This concludes discussions on the higher-order homogenisation of Maxwell’s equations.
In comparison with the homogenisation of scalar elliptic equations via the method of
asymptotic expansions, homogenisation of Maxwell’s equations can be handled in much
the same way but it is clear that care must be given if true physical phenomena want
to be understood. In particular, if considerations are given to the second-order equation
for the magnetic field intensity, then the right-hand side of this equation must take an
appropriate form. Moreover, due to the more complicated form of the operator, attention
must be given to the two different constructions of the infinite-order homogenised equations

and the associated tensors involved in both cases.
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Appendices

1.A Maxwell Inequality

In order to prove that the solution of equation (1.1.4) was unique, the following inequality
was used:

”’UH%Q(T) < C(T)(HCUFIUH%%T) + HdiVUH%Q('H‘)>' (LA.1)

where C(T) is a constant which depends on the size of the domain T. It is noted that
inequality (1.A.1) is only required in the context of periodic domains but that more com-
plicated domains can be considered and Maxwell inequalities derived in for these domains

(see Neff, Pauly & Witsch [50]).

Lemma 1.A.1. Let v € [L2 (T)]*. If curlv € [L*(T)]?, dive € L*(T) and (v)T = 0

then inequality (1.A.1) holds.

Proof. As v € [L*(T)]3, (v)r it can be written in a Fourier series:
v(x) = Z cpel®®,
keZ3\ {0}
where cg = (Cpy, Chy» Cky) € C® are the Fourier coefficients and k = (ki, k2, k3) € Z3. Note

that for a constant vector k, it can be shown that
curl(cpe®®) = i(k x ¢p)e®®,  div(cge®®) = i(k - cg)e*?.

Assuming that curlv € [L*(T)]?,dive € L?(T), by Parseval’s Identity (see Gasquet &
Witomski [34, Chapter 4]) and Lagrange’s Identity® it follows that
lolZamy =CT) > lexl”
kez3\{0}

<om Y IkPlel?

kez3\{0}

=C(T) Y (kxecxl*+[k-ckl’)
kecz3\{0}

= C(T)([leurl w72y + l|divv[|Za (),

®Any two vectors u, v € R? satisfy Lagrange’s Identity: |u|?|v]? = |u x v|*> + |u - v|*
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as required. O

The following result is a Maxwell inequality pertinent to the study of the full system

of Maxwell equations in the quasistatic limit.

Lemma 1.A.2. Let v € [L2 (T)]® have zero average on T and let A be some bounded,

measurable, uniformly elliptic matriz field. If curlv € [L?(T)]3, div(Av) € L(T) then
the following inequality holds:

[0220r) < CCT)(leurl ]2 + div(Av) 3. (LA2)

Proof. Let v be expressed as a sum vg + v + vo where vg € C3, vy is curl free and Avsy
is divergence free. The ability to write v as such a sum is guaranteed by a version of
de Rham’s theorem (see Amrouche, Ciarlet & Mardare [3] for further details). Note that
since (v)T = 0 it immediately follows that vg = 0.

Consider the T-periodic functions ¢ and 1 which solve the following problems:
curlA~'curl ¢ = curlw, divAVYy = div(Av),

divp =0, (y) =0,
Considering the above equations in their weak form and using ellipticity estimates and

the Cauchy-Schwarz inequality, the following estimates are obtained:
A curl @] 2(ry < Chlleurlol| 2y, [Vl 2m) < Caolldiv(Av)|L2r),
where the constants C, Cs depend on the size of T and the ellipticity and boundedness
constants for the matrix field A. Hence,
[0l 72y < l01llZ2er) + l02lF20m) = IVl L2y + A7 curlel| 2y
< (1) (Jleurl vl p + [div(Av)|Fr) )

as required. ]

1.B  Proof of Theorem 1.1.2 (iii)

The result presented in this appendix completes the proof presented in Section 1.1.5. An
analogous proof of this result can be found in Smyshlayaev & Cherednichenko [69] for the

scalar homogenisation.

Theorem 1.B.1. Let M(z /<) € [L2(T))?* be a Q-periodic tensor of order j whose com-
ponents have zero average over @ and let g(x) be a smooth, T-periodic tensor of order

j — 1. Then there exists a constant C, such that

< Cpe", Vr € N. (1.B.1)

/M(w/e)g(ac)dw
T
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where

(M($/5)9($))2 = M(x/€)iyiy...i;9(T)inis...i;-

1

Proof. Each element of M (x/e) can be represented as a convergent Fourier series, i.e., for

N eN as N = o0

N

N N
(JMN("E/f5 1122 13 ) Z Z Ck’ BEPRRY eXp(lk :E/E) ( (:I:/(C:))iliz---ij7

|k1]=0|k2|=0 |k3|=0

where k = (k1, ko, k3) € Z3 and ¢, are the Fourier coefficients. Note that since M has
zero average over @ it follows that co = 0. Let Q%, p = 1,...,(T/¢)3, denote the period

cells of T. Hence for all p and any € > 0, all elements of M” (z/¢) converge:

MN(x/e)g(x) dz — M(xz/e)g(x)dx, (N — o0).
QF QF

Omitting all fixed subscript indices, fixing all repeated indices of M and ¢ and fixing
N e N, p and € > 0 yields

N
‘/QP MN(x/e)g(x) dz| = Z C(k1,0,0) /QP g(x) exp(ikix /e)dz+
: 1 ]=1 :

N N
+ Z C(0,k2,0) /ng(cc) exp(ikexe/c)dx + Z C(0,0,k3) /QP g(x) exp(iksxs/e)dx+

|k2|=1 c |ks|=1 c

+ Z C (k1 ,k2,0) /pg(a:)exp(i(k'lwl+k2$2)/€)dw+

k. |k2\ 1 Q=

+ Z C(k1,0,k3) /pg( )exp(i(k1z1 + ksxs)/e)dx+

Ik, |k3\ 1 Q=

* Z €(0,k2,ks3) /pg( ) exp(i(kowo + kzxs)/e)dx+

|kal, s |=1 Q=

N N N
+ Z Z Z / x)exp(ik - x/e)dx
[k1]=1[ka|=1|ks|=1

Integrating by parts an appropriate number of times in the above and adopting the nota-
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r+s+
tion 9"%tg(x) = (%1857;2((’9%)&; for any r € N, it follows that

N

ie)" .
Z C(kl,o,o)%/par’o’og(w) exp(ikiz1/e)dz+
|]€1‘:1 1 3

MN(x/e)g(x) dx

‘Q?

T N 3 T
. ie . .
+ Z €0,k 0)(k2 /Q” V0 (x) exp(ikoxa/e)da + Z c<0’0’k3)7(k§) /Qp %07 g(x) exp(iksxs/e)dz+

|k2|=1 ove |ks|=1

2r

ie
+ Z Clky k2,0) (krz{/.r / 0" 0g(x) exp(i(ky1 + kows)/e)da+
|k1Hk2| 1

)27

+ Z C(k1,0 ks) krkr

/ 0707 g @) expli(kazs + kaws) o) da-+
\kll\ks\ 1

s 2\2r

1€ rr
D ST |, ot esplitas + ko) )
k2|, k3|=1

+ Z Z Z kkrkrkd/par’“g(w)exp(ik-:z:/e)d:c

|k1|=1 |k2|=1 [ks|=1

3

SE’"(Z%)UQ(ZZI{}W"‘ Z Z 722w ZM)UQX

kc73 i=1 k;eZ * ,]# 1k k;€Z Z J kecZ3
1£]

X <max |07"" ()| + max [0""0g(x)| + max [0"*" g(x)| + max |0°""g(x)|+
zeT zeT zeT zeT
+ max|9"0g (@) + max [0 g (@)| + max|0°°" g(@)| ) Q2]
zeT zeT
g CT€T+3

9

for any p, € > 0 and any r € N. Hence

/M(a:/e)g(a:) dx
T

as required. ]

(T/e)?

<y

p=1

M(x/e)g(x)de
QF

< Qe

1.C Example in Section 1.1.6

It will now be shown that a = —b where a, b are the constants from the example considered

in Section 1.1.6.

Consider the differential equation and solvability conditions for L = L(y2):
—(aLl’)' =a—{(a), L(0)=L(1), (L)=0.

Solving explicitly yields



where the constant is chosen such that (L) = 0. Therefore

(oL} // o))didy — (a 1>_1/01a(1y)/0y(a(t)—<a>)dtdy

1 y
= [a= a7 ) [ et = (a)dray. (1.C.1)
Consider now the differential equation and solvability conditions for M = M (ys):
(aM") = (aN)', M(0)= M(1), (M)=0.

Again, solving explicitly yields

_ /O  N()dt /O 1 /O ' N(t)didy,

and, moreover, using the explicit formula for N, it can be shown that

bz—(aM’>:/011—a(y)/oy(<a1>1a1 t))dtdy — / / (1—(a Y Ta~l(t))dtdy

= 1a — (v ! —a_l_lofl .
- /0 (a(y) — () /0 (1 - (™Y "ta~ (1)) dtdy

Changing the order of integration in (1.C.1) and renaming ¢ as y and vice versa yields

1 1
o= / (a(y) - (a) / (1— (0 Yy Lo Y (1)) dtdy.
0 y
Hence
1 1
a = « —( — ail 710471 = 0.
+b /0< () — { >>/0 (1— (oY) ta}(1))didy = 0

Hence a = —b as required.
It was also stated in Section 1.1.6 that the two constants labeled ¢ and d were related

via the equality ¢ = —d. This will also now be illustrated for completeness. Recall that
c=—{aP +al), d={(aQ")=—(aM).
Recall also that the following differential equations and solvability conditions are satisfied:

—(aN"' =d/, N(0)=N(1), (N)=0

—(aP") =a+al' + (aL)', P(0) = P(1), (P)=0.

Consider the differential equation for P = P(y2). Both sides of this equation will be
multiplied by N and then both sides will be averaged over [0,1]. Using integration by

parts multiple times and noting the 1-periodicity and zero average of N, M, L, and P

99



yields the following argument:

—{((@P')Y'N + (aL)N) = {(aNL)
— ((aP")N' + (aN")L)  =—{(aN)'L) (Using the ODE for M)
— —(P(aN")Y —(aN")L)  =—{((aM')'L) (Using the ODE for N)
— (/P+{a ' —a)L) =—{((al’)M) (Using the ODE for L)
— —(aP' +al)  =((a—{a))M)
= c =(aM) = —d

1.D Zero Class of Order n for Equations of Maxwell Type

As an alternative approach to the symmetrisation procedure described in Section 1.2.5, a
discussion on the zero class of order n will be laid out with the goal in mind of showing that
the infinite-order expansions (1.1.19) and (1.2.19) are equal to all orders. The work which
follows was originally motivated by the the absence of the O(e) term from the higher-order
homogenised equation presented in the example in Section 1.1.6.

Consider those non-zero partially symmetrised tensors h(™ which appear in the kernel
of the operator

Ho = curl LWV 2curl v,
for fixed vector v. Two non-trivial tensors hy and hs of order n are equivalent, denoted
hi ~ hg, if
curl b, V" 2curlv = curl ho V" 2curlv, Vo.

Equivalently, this may be written curl RV 2curlv = 0, where h(™ = hy — hy. To this

end, the idea is to show that the homogenised tensors h(™ and h"2 are equivalent.

Consider those tensors h(™) which belong to the set
O = { h™ ¢ R ) curl WV 2curlv = 0, Vv}. (1.D.1)

This set is called the zero class of order n. When n = 3, it has already been shown that o3
is non-trivial (see Section 1.2.4) but recall that there equality of the tensors h(® and hl.
A further interest is to highlight the general structure of a constant tensor belonging to o
and in particular determine how many independent constants they depend on. Consider

the equation
curl h®Veurlv = 0, — (epilshgtetiw)@il(%2(232}(1 =0p, Vp.

Taking the Fourier transform of the above expression over T and integrating by parts
yields
(_i)sthizizsqfilfizfig (F'vg)(&) = Op, (1.D.2)
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where Hpilizigq = Epi1shsi2t€ti3q and

(Fug)(€) = / vgl@)e 6% da,

T
Hence, equation (1.D.2) is satisfied if and only if Hpi iyizg&ii&in&is = 0, for all p,q. For
fixed p, ¢, this expression may be treated as a non-commuting polynomial in the variables
£1,&2,&3, i.e., for example, where £16¢1 and €3¢y are treated as different objects. Only
polynomials where the total power in the product is 3 will be considered, i.e., polynomials
of the form gggg 73 where o+ 5+ v =3, «a, 8,7 € Ny are considered.
Denote the space of non-commuting polynomials in three variables by V,3. and denote

the space of commuting polynomials in three variables by V.3. Define a mapping L : V,2, —

V3 in the natural way. Hence
L(Hpiyigisg€i€inbis) = Hp(i1in)al1 €565,

where Hiy denotes the summation over all tensor entries with ay 1’s, as 2’s, ag 3’s

i19213)q

and o + ag + a3 = 3. Hence, it may be concluded that equation (1.D.2) is satisfied if and
only if

Hyp(irigig)g =0, Yp,q, and V(ai,az,asz) such that oy + ag + az = 3.

In order to find the structure of those tensors for which (1.D.2) is satisfied, the above
argument demonstrates that a system of linear equations on the tensor entries must be
fulfilled. In the case when the tensors are third-order, solving this system leads to the

following structure:

ay, ijk = {122,133},

as, ijk = {221,331},

as, ijk = {211,233},

aa, ijk = {112,332},

(3) as, Z]k = {3117322},
hijk = y

ag, ijk = {113,223},

ay + ag, ijk:{lll},
as +aq, ijk= {222},
as + ag, ijk = {333},

0, otherwise,

where a;, i =1,...6 are independent constants.
Remark. It is noted that by the dimension theorem of linear algebra:
dim(V,.) = dim(ker(L)) + dim(Img(L)).
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Since the mapping L is surjective dim(Img(L)) = dim(V,"), and hence

dim(er(L) = 3" — ("% 23— Lt 1)m+2).
2 2

The formula above gives some guidance as to the structure for the formula desired to

describe how many constants a tensor in the set (1.D.1) depends on.

Developing the idea of the zero class to the next order it can be shown that h4) ~ ;12,
ie., (ﬁ(‘l) - ;LZ) belongs to 4. Moreover, where tensors from o3 were found to depend on
six independent constants, it can be shown (directly via calculation) that partially sym-
metrised tensors from o4 depend on seventeen independent constants. Without providing
all the details, the relevant equations satisfied by the tensor entries in the 4th order zero

class are

hijji = hijje = higryi = 0,

2hi(iky; = hikkks  2higaoyk = hyjik,

hijjj + hjjji = 2hi(ij)i7 i,k €3], i#j#k

2hi(ji)j + 2hj(ji)i = hiiii + hyjjs,

hiiii + 2Rk = 2higrke + 2Ry
Likewise, it can be shown that symmetrised tensors of order 5 which belong to o5 depend

on thirty-three independent constants and satisfy the following system of equations:

hiGirys = MiGrrks  Pigiig)e = Tj(ggoes
Shitijjyi = Nijjjs + SheGjmyir - Bhatijsyi = Njjjgi + Bhickjj)ks
hiciiiyi = Pikjpr + Pr(rji)io i,5,k € 3], i #j #k.

hiikrye + Prgekye = 2Rigigrys RiGrik T i = 2Rigjr)is

hiGizyi + MiGimr = 2Rigkyk + Niaggyi PaGigyi + Prriis = 2Pksky + Micigs);o

\2hi(ijk)k + 20y igkyi = Nigiiy + Pe(irk) ks

It is of interest to generalise the considerations to the zero class of order n to try and

determine the number of independent constants which tensors from o, depend on. Al-
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though confirming that the difference between the tensors h(™) and ILLL”*Q belongs to o, is
not necessarily possible from this viewpoint, investigation into this point is still of interest.

What is understood about the n-th order zero class ¢, will now be presented. To
determine the elements of the class, consider the equation in the set in (1.D.1) in index

notation:

(EPilth(n) )Sesinq)ﬁiﬁiz e 87;71716%’1)(1 =0 (1.D.3)

t(iz...in_l

As before, conditions are sought on the constant elements of the now n-th order tensor
such that the above equation is satisfied for all vectors v. Even for the third and fourth
order cases, this is a computationally challenge feat, however a number of things may be
determined in general by reposing the problem combinatorially.

Let ¢ = (i1,142,...,1,) € [3]" be an ordered n-tuple where [3] = {1,2,3}. Furthermore,
define an ordered pair (2-tuple) j = (p, q) € [3]? with the obvious use of notation used to
coincide with the index notation used in (1.D.3). In the following, only tuples where i; # p
and i, # ¢q will be considered. This constraint is necessary since the permutation symbol
€;jk takes value zero whenever any two of its indices are the same. It is not too difficult
to see that there are 4 x 3”2 possible tuples of consideration. A further observation is
made; for any n-th order tensor h("™ satisfying curl A" V"2curlv = 0, Vv, the twelve

entries

W o iE G B iAiER n>2,

are zero. This follows by choosing all entries of ¢ equal and then considering the four
different valid pairs j.

The following proposition addresses the construction of a formula for PJ”('L ;a, g, a3),
the number of permutations of ¢ such that iy # p, i, # ¢ and such that ¢ contains a; 1’s,
ag 2’s and a3 3’s. Note that the cases j = (p,p) and j = (p,q), p # q are considered

separately.

Proposition 1.D.1. Let i = (i1,...,i,) € [3]" be an n-tuple (n > 3) containing o, p’s,
aq q’s and o, v’s with p # q # r. Denote by PJ"('L s, g, @) the number permutations

of © such that j # (i1,4,). Then

1. ifj = (p,p)
(n—2)!
P} op, 0, 00) = (n— ap)(n — oy — 1)ap!aq!ar'
2. if j = (p,q)
(n—2)!
PJn(z 1 Op, Qg Oér) [ar(n N 1) + OépOéq] ap!Oéq!Oér'
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Proof. 1t is well known that the total number of permutations of an n-tuple containing a

1’s, ag 2’s and ag 3’s, a1 + @ + a3 = n is given by the multinomial coefficient

n n!

atlaslas!’
aq, 2, 03 1:642:C43

To then incorporate the constraint that i, # p, i, # ¢, the number of permutations which

start with a p or end with a ¢ are subtracted off the above multinomial coefficient.

1. When j = (p, p), the number of permutations starting or ending with p is given as

(n—2)!

M —y—1)—
(@ = = ) e aglay”

ap > 1.

Note that the case when a;, = 0 is excluded here but it is clear that the end result

works for all ay, € [n]. Hence

. n! (n—2)!
7 (&5, g, ) aplagla,! (2n —ay )(ap — 1laglay!
_ (n —2)!
= (n(n —1)—op(2n —ap — 1)) aylagla]

(n—2)!

as required.

2. For the case when j = (p,q), p # ¢, the same idea is applied; the number of

permutations which start with p or end with a q is

(n—2)!
ap+ag)(n—1) — a,a )7
<( p )l )~ g aplaglay!
Hence
) n! (n—2)!
Pt ap, aq,00) = ———— *< b= )7
5 (15 0p, g, ) aplaglag! (@ Fag)(n = 1) = opag aplagloy!
B . . (n—2)!
= [n(n—1) = (ap + ag)(n—1) + O‘paq}m
(n —2)!
=[(n—-1)(n—ap,—aqa) + O[paq]m
B (n—2)!
Sl D el o

as required.

O]

The final result that can be proven regards the number of equations which will turn

up in the consideration of this problem.
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9
Proposition 1.D.2. A symmetrised tensor depends on —n(n—1) entries and the number

n

of linear equations N, associated with the equation curl AWV 2curlv = 0 is

3
N, =9W(n,3) —21 = 5(3n2 +9n—28), n>3,
where W (n, 3) denotes the number of weak compositions®of n into 3 parts.

Proof. Let a = (a1, 2,a3) be a 3-tuple which denotes the number of 1’s, 2’s and 3’s
respectively in the n-tuple ¢. Clearly « represents a weak composition of n into 3 parts.
Hence there will be a number of equations equal to the number of weak compositions
of n into 3 parts minus the number of cases which are excluded by the constraint that
i1 # P, in # q. When p = ¢ there are 3 cases to be excluded and that when p # ¢ there
are 2 cases to be excluded. Denoting the number of weak compositions of n into 3 parts

by Wy(3), the total number of equations N, is
N, =6(W(n,3) —2)+3(W(n,3) —3) =9W(n,3) —21.

The total number of weak compositions of n into m parts is given by

n+m-—1
W(n,m) =
n
Hence
n 4+ 2 9 3. 5
N, =9 x —21:§(n+2)(n+1)—21:§(3n +9n — 8),
n
as required. ]

The determination of how many of the N,, equations are linearly independent remains

unclear. The following conjecture is proposed:

Conjecture. Let h(™) € ¢, be an n-th order symmetrised tensor. Then the number of
linearly independent equations L,, associated with obtaining the general structure of h(™

increases quadratically in n. Hence
Ly, =2n*+2n-3
Moreover, tensors belonging to ¢, depend on at most C), constants where

1 1
C, = 5(5n2 —13n+6) = 5(5n = 3)(n - 2).

5A composition of a positive integer n into m parts is an m-tuple (a1,az2,...,am) such that a; € N, i =
1,2,...,mand a1 +az2+...an = n. A weak compoisition has the same definition except with the alteration

a; € No. For more details, see Riordan [60].
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The work of this appendix is superfluous to the considerations discussed on partial
symmetrisation, however, the work has presented an alternative viewpoint to the sym-
metrisation procedure which has in turn led to an overlap with an otherwise unrelated
field. It is hypothesised that the there is a link between the proof of the above conjecture
and the number of integer partitions of n of length less than or equal to 3. An integer
partition of n is a multiset such that the elements of the set sum to n. As of yet, no closed
formula is known for the number of integer partitions of an arbitrary integer n but it is
hypothesised that the answer to the above conjecture may lead to a partial result for the

number of integer partitions.

66



Chapter 2

Homogenisation of High-Contrast
Composites with Periodic

Frameworks of Critical Thickness

Introduction

According to Milton [48], composites are “materials that have inhomogeneities on length
scales that are much larger than the atomic scale [...] but which are essentially homo-
geneous at macroscopic length scales”. As the name might suggest, composite materials
constitute two or more material components with the overall material possessing proper-
ties inherent to the constitutive materials. An example of such a composite is reinforced
concrete with the constitutive materials being concrete which is poured around a thick
steel wire frame. Reinforced concrete is primarily made up of the cheaper and lighter
concrete but with the strength of steel. The study of composite materials is of interest in
the mathematical sciences due to such desirable properties.

In the study of periodic composite materials, the theory of two-scale convergence is a
useful tool. In 1989 Nguetseng [51] proposed the multi-scale extension of the notion of
the weak L2-limit. In Allaire [1] a theorem on the two-scale compactness of L?-bounded
sequences was proven which in turn led to the establishment of a corrector-type result
for the uniformly elliptic periodic homogenisation problem. Not only do two-scale conver-
gence methods have the ability to recover “classical” homogenisation results but also these
methods have the ability to deal with homogenisation problems of composite media with
more complicated geometries on the period cell. Indeed, in some homogenisation problems
where there is no strong L2-limit, e.g., problems with degeneracies, see Smyshlyaev [68],

two-scale convergence techniques will capture the multi-scale limit structure by providing
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a suitable notion of strong convergence. As opposed to the uniformly elliptic case where
the limit function only depends on the macroscopic variable and which is the solution
of a single boundary-value problem, the multi-scale limit for degenerate homogenization
problems satisfy a system of coupled equations for the macroscopic and microscopic parts

of the limit solution. This is the case when this theory is applied to thin structures.

d=2: The ‘‘matrix”’
and its ‘‘skeleton’’

Figure 2.1: Example of a periodic network and unit cell.

A thin structure is defined as an arrangement of rods of thickness a > 0 which meet
at junctions points (“nodes”) as seen in Figure 2.1. This figure shows not only the thin
structure on the left-hand side but also the limiting “singular” structure on the right
which is obtained by taking the midlines of the rods. In the literature, the study of the
equations of elasticity on rod frameworks has been considered when the rod thickness a is
treated as a parameter depending on some typical rod length. In the context of periodic
homogenisation problems, rod frameworks are arranged periodically with period £ and
the limit behaviour of the structure is studied as € — 0 by studying the various two-scale
limits of the sequences involved.

The use of two-scale techniques for the study of thin structures has been proposed
by Zhikov [81, 82] and Bouchite & Fragala [14]. In [81], the work of Nguetseng [51] and
Allaire [1] on two-scale analysis was extended to the setting of general Borel measures with
the conditions on the measure necessary and sufficient for passing to the two-scale limit
determined. Additionally, it was shown that the spectrum of the “double-porosity model”
where the components of the composite have contrasting properties, is close to a band
spectrum, the complement of which is an infinite set of disjoint intervals (“gaps”). This
property is possessed by the homogenised operator derived in the work presented. In [82]
it was established that if the thickness of the rods is a = a(¢), and a — 0 as € — 0, then the
limit of the homogenisation problem depends on the assumptions made on the ratio a /2.
In particular, in the case when a/c? — 6 > 0, the sequence of symmetric gradients are,
in general, not compact with respect to strong two-scale convergence. Consequently, the

equation describing the limit energy balance is no longer obtained by setting the the test
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function equal to the solution of the homogenised equation for the corresponding singular
structure found by considering the midlines of the rods with the measure induced by the
thin structure. This problem was rectified in 2003 by Zhikov & Pastukhova [84] where
the correct form of the missing part of the energy equality was determined and in turn
the limiting system of equations which describe the homogenised problem was derived.
A number of works follows the afore mentioned publication which included works on the
analysis of Sobolev spaces for a variable measure [83, 84|, work on Korn inequalities for
periodic frames [86] and a study of the gaps in the spectrum of the elasticity operator on a
high-contrast periodic structure [87] with non-vanishing volume fraction of the components
as ¢ — 0. In [87], viewed as an extension of the results of Zhikov [81], the band-gap nature
of the spectrum of this operator is analysed and, moreover, it is shown that their is
convergence of the spectra of the heterogeneous problems to the limit spectrum. It was
first observed in Zhikov & Pastukhova [85] that the spectrum of the limit problem for
thin structures in the critically scaled regime bears a remarkable similarity to the limit
spectrum of the high-contrast, fixed-volume fraction case of the problem presented in [87].
Reasons for this similarity have been found in the more recent work of Cherednichenko &
Kiselev [24] where operator-theoretic tools are used to show that the resolvents of both
models are close in the operator-norm sense to a limit Konnig-Penney model of the so

called “o-type”.

In the work presented in this chapter, the works of Zhikov & Pastukhova [84, 87| are
extended for the study of an elasticity problem on a two-component periodic composite
where the region occupied by the main material (“matrix”) has the form of a framework
with a/e? — 6 > 0, and the complementary part of the space, consisting of disjoint
“inclusions”, is filled with a less rigid material so that the ratio between the stiffness of the
inclusions and the matrix is of order O(g?). In other words, in addition to the assumption
of high-contrast, it is assumed that the stiff component is a thin structure constructed
such that its volume fraction is of order O(e). While the analysis presented uses elements
of multi-scale approaches to thin structures as utiliised in [81, 84] and elements of high-
contrast composite theory as seen in [81, 87], new tools are developed to prove the main
results (the homogenisation theorem (Theorem 2.3.1) and spectral convergence (Theorem
2.4.1) which link the behaviour of the solutions of the original sequence of problems with
rapidly oscillating coefficients on the stiff component and on the inclusions. Moreover,
the limit functions for the restrictions of the solutions to each of the two components are
coupled together (see Section 2.3.1) and lead to a new kind of homogenised system of

equations.

With regards notation, all vectors will again be denoted in bold face text and will be
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2-dimensional. Matrices will all be 2 x 2 and symmetric and therefore have 3 distinct
elements which will be reflected in the notation of the function spaces they belong to.
Moreover, ( - ) will be used to denote the average over @) with respect to the composite
measure p and ( - ) will be used to denote the average over ) with respect to the singular

measure \.

2.1 Analytical Tools and Two-Scale Convergence

2.1.1 The Problem of Consideration

Consider a periodic rod framework (the “stiff” component of the composite) filled in with
a different material (“soft” component). An example of such a structure can be seen in
Figure 2.2. It will be assumed that the rod thickness a = a(e) > 0 is a function of the
period € > 0 in the setting where lim._,oa/ €2 =6 > 0. This particular scaling is referred
to as “critical” in the literature. It is also assumed that the ratio of the elastic moduli
of the soft and stiff components is of order O(e?). Let FJ* denote the domain occupied
by the scaled rods of thickness h = h(e) := a/e in the scaled structure of period 1 and
let F denote the corresponding thin structure obtained as h — 0. The periodicity cell
is denoted by @ := [0,1)? where Q1 := Q N F; and Qo := Q\Q;. Define further the
“contraction” Flh © := eFl of the framework FJ'. The soft component R?\F* and its
contraction £(R?\ FJ') are denoted F}* and F(;l ° respectively. Denote by x1, X%, X]f’s and
X0 X1, Xﬁ’e the characteristic functions on the sets Fy, FJ, Flh’s and (R2\Fy), F, F(;L’E

respectively.

AV AV AN Q

0/

Figure 2.2: Periodic network with high-contrast. Note that Q% = QNF! and Q} = QN F}.
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Let © C R? be a bounded Lipschitz domain and denote by Qi’h =0n Flh’E the set
of all stiff inclusions contained in 2 and denote by Qg’h =QnN Fé‘ ° the set of all soft
inclusions contained in ).

In what follows, the equations of two-dimensional elasticity in R? are considered where
these equations arise from the full three-dimensional system of linearised elasticity equa-
tions when there is a direction, say x3, along which material properties are constant and
when it is assumed that the displacement does not depend on x3. At each point = € R?,

the fourth-order tensor for the elastic moduli of the medium is given by

Af = 52)(3('/5)140 + X}f('/g)Al

where Ay and A; are constant positive definite matrices':

0]62 S A]f . 5 S C;1€2a Cj > Oa ] = Oa ]-a v€ € Sym27

where Sym, is the set of all 2 x 2 symmetric matrices. Consider the measures A\, A" defined

by
1
NE) = Jagn g V)

2 h

= i?iégi}l; (2.1.1)
for all Borel sets B C @Q, where H', H(? are the one-dimensional and two-dimensional
Hausdorff measures, see Evans & Gariepy [30]. These measures are extended to R? by Q-
periodicity. Moreover, define the composite measures u := %d:l: + %)\ and pl = %dw—i— %/\h
where dz is the plane Lebesgue measure?. Finally, the “scaled” measures A\ and p? :=
tdx + L\ are introduced such that A!(B) = e2A"(e7!B) for all Borel sets B C R
Moreover, there are convergences A" — X as h — 0 (hence u" — u as h — 0) and
pl — dx as € — 0 in the sense that

lim cpd)\hz/ @ dX, Ve € [Co(Q),
h—0 Q Q

i [ pant = [ e, Vo cr @)L
The first of these convergences can be shown by taking a Taylor’s expansion of ¢ in a
neighbourhood of Ff and acknowledging that higher-order terms are of order O(h). The
second result follows by a similar arguement to that presented in Appendix 2.B, taking
a Bloch transform of ¢ and then using the same argument as for the first convergence

above.

!The scalar product of two symmetric matrices £ = {&;;} and n = {n;;} is defined by & - = &;n;;. In
particular, £ = & - £. The product of the fourth-order elasticity tensor A with a symmetric matrix & is

defined as A¢ = aijklﬁkl and thus A¢ - € = a,-jkl&jﬁkl.
2Here, de is used to denote the plane Lebesgue measure as well as the element of integration.
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The space [HE(€2)])? is understood to be the closure of the space [C5°(£2)]? with respect
to the norm ([, (J¢]> + e(p)?) dp)'/? where the matrix e(p) := ${Ve+ (Ve)} is
referred to as the symmetric gradient.

For e,h > 0 and f"¢ e [L?(Q,dul))?, the problem at hand is to find a vector-valued
function w € [H}(Q)]? satisfying the identity
/Qi,h Ave(ul) - e(p) dpl + & - Ape(ul) - e(p) dul+
[t = [ gl voeli@P. (212)
Theorem 2.1.1. Define a bilinear form B(-,-) and a linear form L(-) by the following
relations:

Bl (u,v) = - Are(u) - e(v) dph + €2 /ngh Age(u) - e(v) dpl + /Q w-vdph,
1 0

L) = [ £ vl
The bilinear form Bl(-,-) is both coercive and continuous and the linear form L!(-) is
continuous on [H}(Q)]?. Hence, by the Laz-Milgram Lemma (see Evans [29, Chapter 6]),

a unique solution u! € [H}(Q)]? exists to problem (2.1.2).

The proof of this result is a routine use of ellipticity estimates and the Cauchy-Schwarz
inequality as seen in Chapter 1, Section 1.1.1.
In the work which follows, a description of the structure of the limiting problem for

the weak two-scale limit of the function wu!

as € — 0 will be derived. In general, the
structure of the homogenised problem depends on the way in which the ratio h/e goes
to zero as € — 0. However, from the general theory of homogenisation on periodic rod
structures (see Zhikov [82], Zhikov & Pastukhova [84]), when Ay is formally replaced by
zero in (2.1.2) and Theorem 2.1.1 the following results hold regardless of the limit of the

ratio h(e)/e:

1. There exists a vector function u(zx,y) € [L*(Q, L?(Q,d\))]? such that for all ¢ €
[12(9, TA(Q, dye))

(a) |Q§75|/th ul(z) - p(x, /) da:—>// u(z,y) - p(x,y)d\(y)de, (¢ —0),

|/h [ul( |2d:c—>//|u:1:y\2d)\ y)de, (¢ —0).
1

2. The vector u(x,-) is a “periodic rigid displacement” (see Definition 2.1.4):

u(x,y) =uo(x) + x(x,y), ae xe€, Iae yc@Qn Iy,

where ug € [Hg(Q)]? and x(z, ) is a periodic transverse displacement (see equation

2.1.13).
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3. The “macroscopic” equation
—div(AYMe(ug)) + (uhxn = (Fr,

is satisfied where A}°™ is the “A-homogenised tensor” (see (2.2.9)) and where f is

the weak two-scale limit of the sequence ¢ (see Section 2.1.2)

The main result of this chapter, Theorem 2.3.1, illustrates that in the case of a critical
scaling between the rod thickness a and the period €, as ¢ — 0, the solutions u/ of
problem (2.1.2) where h = a/e converge in the appropriate sense of two-scale convergence
(see Section 2.1.2) to a function u(zx,y), * € Q, y € Q. Moreover, it will be shown
that the trace of u(x,y) on Q N F is a periodic rigid displacement and, in addition, the
function u(z, ) — uo(x) =: U(x,-), = € 2 belongs to the space [lel)er(Q)]2 for a.e. x € Q
and is the solution to an elliptic equation which couples the equation for wuy.

Let 7, v be unit tangent and unit normal vectors respectively to any link I of the thin
network Fj such that they form a positively orientated system. Any vector v € R? can
be written in the form v = (M7 + v v where v(7) = (v - 7) and v*) = (v - v). Then,
where the trace of w is denoted x, the vectors U and x are shown to satisfy differential

equations of the form
AU +u = f, LW+ 7,0 44 = f¥), (2.1.3)

where Ag is a second-order differential operator in ) expressed in terms of the tensor Ay
only, £ is a fourth-order differential operator “acting” in the tangential direction 7 and T,
is a first-order differential operator “acting” in the transversal direction v corresponding
to each link 7. In particular, the system of equations is obtained when the tensor Ag is
isotropic is demonstrated in Section 2.3.1. By isotropic tensor, it is understood that for a
symmetric matrix &,

A& = 2Mo€ + Lo(tr €)1, (2.1.4)

where, My, Lo > 0 are the Lamé constants. Note further that the Lamé constants are
denoted this way rather than with A and p to save confusion with the measures used in

this chapter.

2.1.2 Overview of Two-Scale Convergence

In problems involving interacting length scales, the theory of two-scale convergence is a
natural tool for the analysis of such problems since these techniques can capture the “non-
classical” limiting behaviour of the weak two-scale limit as a function of two variables. The

results presented below are those necessary to carry out the analysis of equation (2.1.2).
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It will be assumed throughout that the sequence u” is bounded in [L?(£2, du?)]?:

limsup/ [ul? dpl < oc. (2.1.5)
Q

e—0

Before introducing the definition of weak two-scale convergence, the definitions of weak
and strong convergence are recalled along with the so called mean value property of weak

convergence.

Definition 2.1.1 (Weak & Strong Convergence). Let u” be a bounded sequence in

[L2(Q,du™)]?. The sequence u converges:

1. weakly to u € [L?(Q,du)]?, denoted u” — u, if

lim [ u". @ duh = / u- @ du, foreach ¢ € [C’gﬁr(Q)]Q. (2.1.6)
h—0 Q Q

2. strongly to w € [L?(Q,du)]?, denoted u" — w, if

lim [ w"- o dp” = / u-v dy. (2.1.7)
h—0 Q Q

for any sequence v" € [L?(Q,du")]? converging weakly to v € [L?(Q,du)]%.

Lemma 2.1.1 (Mean Value Property). Let Q be a Jordan measurable set and let u — u

in [L*(Q,du™)]?. Then

i [ (o) -u(@/s) aul = | /Q (@) - uly) dudz, Vi € [CE2.

e—0

Definition 2.1.2 (Weak Two-Scale Convergence). Let u? € [L2(Q,du®)]? be a bounded
sequence. The function u(z,y) € [L?(2 x Q,dz x du)]? is said to be the weak two-scale

limit of u”, denoted u EN u, if

liII(l] ®(x,x/c) - ul(x) duh = / / ®(z,y)  u(z,y) dudz, Y& € [L*(Q, Cher(Q))).
e ne (2.1.8)

The following proposition on two-scale compactness forms an essential part of the
theory of two-scale convergence. With this result, it is possible (up to possibly taking a

subsequence) to pass to the limit of a bounded sequence.

Proposition 2.1.1. If a sequence u? is bounded in [L*(Q, duM)]?, then it is relatively

compact with respect to weak two-scale convergence.

The proof of this result can be found in, for example Allaire [1] but the proof presented

here is a version of the proof found in Zhikov [81].
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Proof. Define I' to be a set of test functions which is a dense countable subset of functions

of the form
®(x,y) = p(@)b(y), ©eCF(Q), belCr(Q)]

Then a subsequence ¢, — 0 is extracted such that

lim [ ®(x,x/e) ul(x) dul =: L.(®), (2.1.9)

er—0 [¢)

exists for any ® € I'. This limit is defined and by the Cauchy-Schwarz inequality,

2
([ #afe) ub@ aut) < [ alf aul [ (of aut < [ (@ aul.
Q Q Q Q

Since L. is bounded, by the Banach-Alaoglu Theorem (see Rudin [61]), it possesses a
weak-* convergent subsequence and limit L. Moreover, making use of the mean value
property
L@P<c | [ @ dua.
QJQ

By the Riesz Representation Theorem (see Brezis [17]), the linear functional L(®) has a

representation of the form
@) = [ [ #(e.y) ulwy) dude. [ue L0 x Q.de x dp)
QJQ

The linear span of test functions is a dense set in [L?(Q x Q,dx x du)]?>. Hence, the

function w is uniquely defined. O

The following is a statement on lower semi-continuity.

Proposition 2.1.2. Let u” be a bounded sequence in [L*(Q,du)])? and let u? 2w where

u € [L2(Q x Q,dx x du)]?. Then

liminf/ [ul)? d,u?Z// |u|? dpde. (2.1.10)
e—0 0 QJQ

Analogous to the notion of strong convergence, there is a notion of strong two-scale

convergence.

Definition 2.1.3 (Strong Two-Scale Convergence). Let u” be a bounded sequence in

[L2(Q,du?))? and let v" be such that v” 2 ». The function u = u(x,y) € [L*(Q x

Q,dx x du)]? is called the strong two-scale limit of u”, denoted w/ 2 u, if
i [ (@) o) dil = | [ ule.y)-vle,y) duty)de. (2.1.11)
e—0 0 QJqQ

Strong convergence implies weak convergence (simply take v’ (z) = ®(x,x/c) in the

above definition) and moreover setting v = u’ yields

lim/ Jul? dﬂ?—// lul? dude. (2.1.12)
e—0 0 QJQ

The next proposition, also proven in Zhikov & Pastukhova [84], shows that the converse

also holds.
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Proposition 2.1.3. Let u! be a bounded sequence in [L?(Q,duM)])? and u € [L?(Q x
Q,dx x du))?. If ul 2w and convergence (2.1.12) holds, then u” 2 .

In the following section, further tools commonly associated with the analysis of thin

structures will be acknowledged.

2.1.3 Some Auxiliary Tools for Thin Structures

Of particular importance to the study of thin structures, the concepts of periodic rigid

displacement and transverse displacement will now be introduced.

Definition 2.1.4 (Periodic Rigid Displacements). A vector function u € [L%(Q,d\)]?
is called a periodic rigid displacement (with respect to the measure \) if there exists a

smooth sequence {u,}nen € [C5(Q))? such that

per
w, —u, in L3Q,dN)?  e(un) — 0, in [L3(Q,dN)]>.

The set of all periodic rigid displacements is denoted R and is equipped with the [L?(Q, d))]?-

norm.

a) b)

Figure 2.3: a) Square framework; b) Diagonal framework

Example. Examples of periodic rigid displacements will be demonstrated.
Consider firstly a square framework (see Figure 2.3a)) with links aligned with the axes
and bottom left node at the origin. Solving the equation e(u) = 0, is not simple since the

link in question plays a key role. For example, on I,

Y20/ (y1)
u(y) = )
—a(y1)
with o € ngr(ll) and «(0) = 0 satisfies the equation e(u) = 0 as yo = 0 on I;. Vectors of

a similar form can be found which are periodic rigid displacements on each of the links.
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For the diagonal framework (see Figure 2.3b)) with incline from the y;-axis of 7/4, in

a similar fashion it can be shown that on the link I; that

2 _
1

(%y Y2)(y2)

u(y) =
Y (y1 — 5y3)u(y1)

with o € H}!

per(11) is a periodic rigid displacement. Similar expressions can be found on

the remaining links.

It is shown, see e.g. Zhikov [82], that any vector u € R has a unique representation of

the form

u(y) =c+x(y), yeq, (2.1.13)

where ¢ € R? and  is a periodic transverse displacement, i.e., on each link of the singular
network F7, it is orthogonal to the link. Denoting the set of all transverse displacements by
R it follows that R = R2@R. The following definition characterises the class of transverse

displacements which appear in the study of rod networks which are critically scaled.

Definition 2.1.5. Let v, T be normal and tangent to each link I of the periodic network
Fy such that they form a positively orientated frame and denote by Ii,..., I, the links
which share an arbitrary node O. Then the set RO C R denotes the set of all transverse

displacements x satisfying the following conditions:

1. The function y s )| 1;,J =1,2,...,n, is square integrable and has square integrable

first and second derivatives on I, denoted x(*) € H2(I;).

2. Equality of the first derivatives at each node?:
()l = ()l =+ = (Y o,

3. Fastening at each node: x|o = 0.
The norm in RC is defined as the sum of the H2-norms of x®) over all the links.

Definition 2.1.6 (Potential & Solenoidal Matrices). Let x be a Borel measure on Q.

The space of k-potential matrices, denoted V.. is defined to be the closure of the set

pot»
{e(u) | uwe CR(Q)?} in [L*(Q,dr)]*. A symmetric matrix v € [L*(Q, dx)]? is said to be

k-solenoidal if
/ (v-e(w)) de =0, for all u € [C3%(Q))
Q

The set of k-solenoidal matrices is denoted V[,

and moreover [L?(Q,dr)]? = VE @ VE

sol*

3In what follows, (x*?)’, denotes the derivative in the tangential direction: (x*))’ := ddx—j_w = (7-V)x.

7



Denote by L?(£2, Viot) the closure in [L2(2x Q,dx x dk)]? of the linear span of matrices

we(u), w € CF(N), u € [C5%(Q)]? and denote by L%(2, V) the closure in [L%(Q x

per

Q,dx x dk)]? of the linear span of matrices wv, w € C§°(Q), v € VX

sol*

(see Zhikov [82]) that [L?(Q2 x Q,dzx x dk)]? = L*(Q, V2,) © L?(Q,V%,). When & is the

» Y pot » Vsol

Then, it is shown

Lebesgue measure on () these spaces are denoted Vo and V.

Definition 2.1.7 (Natural Extension). Let b € L?(Q,d)) be periodic and let Iy,..., I,
be the links of the singular network F; which meet at a single node O. Denote the rod of
thickness h with midline I; by I]h, j=1,2,...,n. On each link I}, define b;”(y) = b(y*)
whenever y is within a h-neighbourhood of I; and |y — y*| = dist(y, [;), y* € I; and
b?(y) = (0 otherwise. The sum over all rods meeting at the node O is called the natural

extension of b and is denoted [b]".

2.2 Two-Scale Structure of Solution Sequences

In this section, the structure of the various two-scale limits on the stiff and soft components
will be established. To achieve this, the limit as € — 0 will be passed to in the integrals

seen in (2.1.2) with suitably chosen test functions ¢.

2.2.1 Two-Scale Compactness of solutions to (2.1.2)

Consider equation (2.1.2) with ¢ = u”:

| Arr2etul ety aud e [ A /eetul) - eful) dut+
1 0
b [ utPant = [ £l dl
Q Q

Using ellipticity estimates on the left-hand side and the Cauchy-Schwarz inequality on the
right-hand side followed by the inequality

1
Vab < —a+ b, VaeRy, (2.2.1)
2a 2
it follows that
erlleu) 2, o o+ cos2le @ e g + 210 e auty S SN2 g qu
/ML duh) ezt duhy T 91 TE LA (Qdul) = 9 L2(Q,du?)
Hence the following a priori bounds hold:

Proposition 2.2.1. Let u! be a sequence in [L?(Q, dul)]? of solutions of equation (2.1.2).
Then there exists C' > 0 such that the following bounds hold:

h h h
||ua||L2(Q,dug) <, He(ue)HL%Qi»h’d“?) <, 6||€(u5)HL2(Qg’h7d#g) <C.
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By Proposition 2.1.1, the following weak two-scale convergences hold up to the con-

sideration of a suitably chosen subsequence:

ul 2w, y) € LA(Q x Q,dx x dp)?, in [L2(Q,du)]%, (2.2.2)

Yrul A G, y) € L2(Q x Q. dz x dN)?, in [L2(QS", dAM)2, (2.2.3)
X’f’ee(u?) 2 p(z,y) € L*(Q x Q,dx x d\)®, in [LQ(Qi’h,d)\g)]g’, (2.2.4)
exife(ul) 2 p(m,y) € L2Q x Q,dw x dy)®, in  [L2(Q5", duM)). (2.2.5)

Note that [L2(Q2 x Q,dx x dy)]? is treated as a subspace of [L?(2 x @Q,dx x du)]3.

2.2.2 Convergence on the Stiff Component

The first investigation yields a relationship between u(x,y) and u(x,y). Convergence on

the unit cell of functions dependent on the rod thickness h is now introduced.

Definition 2.2.1. Let the sequence 9" := 1"(./¢) where " € [L*(Q, du")]? be extended

to R? by Q-periodicity. Then for some bounded domain €, it is said that

h
1. the sequence 1,[)2 weakly converges to ¥ € [L%(Q,du)]?, denoted 1,[)? N W, if
1 .
o [ute(D)ant = [ wgdun veeCR@P,
€ Jo € Q

where £ is extended to R? by Q-periodicity.

h
2. the sequence 9" strongly converges to a function € [L?(Q,dp)]?, denoted 1" e,
¥ it

1 . ' | ?
Q g 0

Remark. Note that if such an 2 exists then it can be replaced by any other such domain

Q and therefore the definition above is independent of the choice of 2.

h
Proposition 2.2.2. Assume that u”(x) N u(x,y) in [L2(Q,dp!))? and that ¥ 255 .
Then

[ vload = [ [ uy) wlew@ e, e e cE@).
Q QJQ

h
Proof. Since " 22y 4, it follows that for all ¢ € [Cper (Q)]

2 .
lim/ v | duh:/ p— ¢ dp MEEINT iy
Q Q

h—0 e—=0 Jq

N2
v () ant =0l | ol dn

(2.2.6)
Moreover, by Holder’s inequality, it follows that

[t (=< () Joant

1

< maxlellullmaun ([ 92 =€ (2)] aut)™
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Hence, by the weak two-scale convergence of u? and relation (2.2.6), it is concluded that

e—0

1imsup‘/gug-¢?<pdu?—/Q/QU(w,y)‘C(y)sO(w) dﬂ(y)dw’

—timsup | [ allodil = [ ulc () paut S(j(/;hP—CPdﬂ>;v ¥ € [Cor Q)1

Choosing a suitable approximation sequence ¢, such that ¢, — 1 in [L?(Q,du)]? yields
the result. O

Theorem 2.2.1. The function u is the trace of w on Fy, in the sense that u(x,y) =

u(x,y), ae. x €Q, \ae y< F, ie.,

x1(y)u(z,y) =u(z,y) ae.yc k.

Proof. The set F1 NQ, (F!N Q) consists of a finite number of links I}, (rods of thickness
h, IJ}-L), j=1,2,...,m. Let 1//\) € [L?(Q,d))]? and for any such 17), define

Ply), yeFNQ, iiﬁh(y), yeF'nQ,
Yly) = 1 Wl (y) == {31 (2.2.7)
0, y€Q\, 0, y € Q\F,

where []" is the natural extension of 9(y) on the thin structure with the functions 1,b?

defined as in Definition 2.1.7. Observe that for all p € C5°(92)
h h h_ hoh(: h h hoh(: h h
/ Ug - [Wa@dﬂa - / U X1 <7> ’ [d’]agpd:u’e +/ Ug X0 (7) ’ [¢]egpd/‘a (228)
Q Q € Q €

Lemma 2.2.1. There is convergence [1]" e, .

Proof. Let the periodic cell Q contain M nodes O;, ¢ = 1,2,..., M. For sufficiently
small h > 0, some subset of the m rods whose associated links share a common node O;
will“overlap” in a small d,-neighbourhood of O; where it is clear that as h — 0, d;, — 0.

Denote this region of overlap by Bg, (0;) for each i = 1,2,..., M. Consider the following

v [wr(3) e (D)an gene

Since 9" is defined only on the rod structure in Q, ¥ may be rewritten as

L ) e Z)an s> (2) ()

where fj’.l = I]h\ Uf\il Bs, (0;). Since || < yeg;a)(co.) |1,Ab(y)\, the first integral can be
bounded above by C§;, where the constant C' is indgpenden‘c of h and hence this integral

integral:
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vanishes in the limit as A — 0. For the second integral, noting the definition of 4" given

by (2.2.7), the following is obtained

Z/ {/ (%) gh( )di}duk—l—O(dh),

jkl

where 1:; = I[;\UY, B;,(0;) and d7y, = d(7y, - y), dv = d(vy, - y). Passing to the limit as
e — 0, it is clear that by Definition 2.2.1, the following convergence holds:

: h,e 1 -

lim " = — ¢-£d)\—/¢-£du,

e—0 2 QNFy Q

as required. O

By the above lemma, in the limit as € — 0, the left-hand side converges and it’s limit

takes the form

[ wltoat — | /Q u(a ) $(W)el@)duy)de = 5 [ / w(z, y) - P(y)e(x) Az,

Similarly for the first integral on the right-hand side of equation (2.2.8), it follows that

/Qu Xl( ) Wil dul —>// u(z,y) - P(y)e(x) dAde.

Hence, it only remains to be shown that the second integral on the right of equation (2.2.8)
goes to zero as € — 0. This follows immediately since uly{(-/¢)) N u(x,y)xo(y). Hence

the result. O

The proofs of the following two theorems are omitted since analogous theorems are
found [82] with similar proofs up to the notation the results are presented in. The first
theorem concerns the structure of the two-scale limit of the function u” on the stiff compo-

nent and the second theorem concerns the structure of the limit of the sequence X}f’se(ug).

Theorem 2.2.2. Suppose that X' u!(z) 2 Gz, y), and that exfe(ul) — 0. Then
u(z,y) € [L*(Q,R)]%.

Theorem 2.2.3. Define the \-homogenised tensor Alj\om by the relation

Abome ¢ — min / Ai(E+0) - (E+v) AN, V€ € Symy, (2.2.9)

veVpOt

Suppose that the homogenised tensor is non-degenerate, periodic rigid displacements take

the form (2.1.13) and that Xl’s h(x) 2 u(x,y). Then

8

1. u(x,y) = uo(x) + x(x,y), V& € Q, A-ae. y € F; where ug € [H[%(Q)]2 and
X € [L2(Q,R))2.

2. X"Fe(ul) 2 e(ug(@)) + v(z,y), ve L2(9, Vior).
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3. Suppose that

lim /Q Are(ul (@) - ¢, (w(@/e))p(@) AN = 0, Vipe C(Q),  w € [C35(Q))

e—0

Then x?’sAl('/s)e(u?) — (Ay {e(uo(x)) + v(z,y)})r = ALome(ug) where Ay {e (up) +v} €
L2(Q, V).

» Vsol

Proof. 1. By the decomposition (2.1.13), it immediately follows that u(x,y) = uo(x)+
x(x,y), V& € Q, Mae. y € F with x € [L2(€, R)]%. The fact that ug € [HE()]2

follows by part 2).
2. See Zhikov [82, Theorem 9.5] for full details.

3. See Zhikov [82, Theorem 9.6] for full details.

Remark. The unknown potential matrix v is determined via the following problem
vE Vp/\ot: /QA1(€(uo) +v)-pdA=0, Vpe Vpﬁt, < div(Ai(e(ug) +v)) = 0.

From this last equality, it follows by definition that A (e(ug) +v) € V2

sol*

2.2.3 Convergence in the Soft Component

The next structure theorem regards the form of the two-scale limit of the sequence

sxg’se(u?), denoted p(x,y), on the soft inclusions.

Theorem 2.2.4. Let {ul} C [H'()]? such that u! EN u(x,y) and 5Xg’€e(u2) A p(x,y)
in [LQ(QS’h,d,u?)]?’. Then u € [L*(Q, HY(Q))]? and p(z,y) = ey, (u(z,y)) for ae. x €
Q, yeq.

Proof. For each d > 0, let Qs be a C°°-domain such that Q N F025 CQRQsCQN Fg. Define

Xs to be the set of all matrices b € C*(Q5)> such that bn|sg, = 0 where n is the unit

outward pointing normal to 0Qs. For b € X5, a = divb in Q5 and consider the functions

d(y) — a’(y)v /RS Q5> lN)(y) — b(y)a /RS Q57

0, y € Q\Qs, 0, y € Q\Qs,

which are extended to R? by Q-periodicity. Picking € > 0 to be sufficiently small (recalling
that h — 0 as € — 0), the following identity holds:

-/ RIOROLES i (o) wads e ol

3
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Setting ¥ = pul, p € C°(Q), yields

- /. N .
5/ b <7> gp-e(u?)du?+€/ b <7>-7(u?®V<p+Vg0®u?) dul = —/ a (f)wu? dpl.
Qg’h € ngh 9 2 Qg,h £
Passing to the limit as ¢ — 0 and noting that @ and b vanish on Q\Qs, the following

equality is obtained:

/Q/Qéﬁ(w,y)@(w) - b(y) dydz = —/SZ/626U(w,y)<p(w) - a(y) dyde.

As ¢ € C§°(9) is arbitrary, it follows that

/ p(x,y) - b(y)dy = —/ u(z,y)-a(y)dy, ae. x e
Qs Qs

For divergence-free fields b € X, it is deduced that (see Dautray & Lions [26]) that there
exists v € [L3(Q, H'(Qs))]? such that p(x,y) = e, (v(z,y)), y € Qs. This in turn implies
that

/ u(xz,y) - a(y)dy = / v(z,y) a(y)dy, ae xec,
Qs Qs

where the latter equality holds for all vectors a in the set

{divb]befx(;}:{aeCoo(Q(;)‘ /Qéa:()}.

Since vector functions a with the above representation are dense in [L?(Qs)]? with zero
mean, u(x,y) and v(x,y) differ by a constant for y € Qs and hence p = ey (v) = ey(u)
for a.e. y € Q5. Since 6 > 0 was arbitrary, it is concluded that p = e,(u) for a.e. y € Q

as required. ]

By the theorems presented in Section 2.2.2 and Section 2.2.3, it may be concluded
that the difference u(x,y) — uo(z) =: U(z,y) is in [L3(Q, HY(Q))]? with ug € [H} ()%
Moreover p(x,y) = e, (U(x,y)) and U(x,y) = x(x,y), a.e.x € Q, d-ae. yec QNFy, x €
[L2(Q,R)]2.

It can also be concluded that U(z,-) € [H}..(Q)]* by a similar argument to the one
presented in [81, Theorem 4.5]. In order to show that x € [LQ(Q,j\%O)]z, several results

presented in [84, Section 3] need to be used. These results are presented (without proof)

in Appendix 2.A. Using these results, the following theorem holds:

Theorem 2.2.5. In the formula u(x,y) = uo(x) + x(x,y), the periodic transverse dis-
placement x is an element of the space [LQ(Q,{J\QO)]Q.

2.3 Homogenisation Theorem

In this section, the proof of the homogenisation theorem for a critically scaled, high-

contrast thin structure is presented.
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2.3.1 Homogenised System of Equations

The space of limiting functions, also known as the “energy space” is denoted V and is

defined as follows:

Definition 2.3.1. Define V' to be the energy space which consists of all vectors of the

form

u(z,y) = uo(z) + Ulz,y), wuo€ [Hy(QP, U € [LX(Q Hyu(@)P
Uz,y) = x(z,y), aczecQ laec ycQnF, xecl[L*QR)>

The vector u € V is called the solution of the homogenised problem if the following

integral identity is satisfied for all test functions p(x,y) = ¢y(x) + ®(x,y) € V:

62 1
[ et etppyde+ & [ [ Kix @ adz g [ [ dge,©) e, (®) dyde+
Q QJQ QJQ

[ /Q (u0+U) - (o + @) duda = | /Q £ (py+®) duda, (23.1)

where AR°™ is given by equation (2.2.9), where K1 = (A;'n-n)™', n= -7 ® 7 and T is
a direction along the link.

The homogenised equation (2.3.1) is equivalent to a system of partial differential equa-
tions which are obtained by considering various classes of the test functions ¢ in (2.3.1).
For simplicity, it will be assumed that the tensor A is isotropic (see equation (2.1.4)).
By considering test functions of the form ¢(x,y) = ¢y(x), the following macroscopic

equation is obtained:
—divAR™e(ug) + ug + (U) = (f), o € [HE(Q)]%. (2.3.2)

In fact, by a standard result (see Evans [29]), uo € [H3(Q)]?. Two other restrictions of
the test function ¢ are now considered. Consider the test functions of the form ¢(x,y) =
p(x)¥(y) (ie. @y = 0) where ¢ € CF°(Q?), ¥ € V where the space V consists of
functions in [H],(Q)]* whose trace on F1 N Q coincides with a rigid body motion M-a.e.

see Definition 2.1.4). Taking first ¥ € [CS°(Fy N Q)]? yields
( g 0

—{MOAU + (M + Lo)V(div U)} +u=Pf, Ulw,)e[Hu(Q) zcQ, (233)

U(z,y) = x(z,y) € [L2(Q,R)]%, ze€Q, lae. yecQnk, (2.3.4)

where P, is the orthogonal projection from [L?(Q2x Q, dz xdu)]? onto [L2(2x Q, dz x dy)]?.
Furthermore, if an arbitrary function ¥ € V is chosen, an additional equation which

couples the framework F}NQ and the inclusion FyN(Q is obtained. Indeed, for example, on
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those links parallel to the yo-axis, the “linking” equation is (see the paragraph containing
equation (2.1.3) for notation)

02K,
3

93X + (Lo + 2Mp)0, U + (u(()el) + x(el)> =P, fle1), (2.3.5)

where P,. is the orthogonal projection from [L?(Q x Q,dzx x du)]? onto [L?(2 x Q,dx x
d))]?. For a general periodic framework Fy where to each link I there is an associated
pair of positively orientated vectors 7, v with T pointing along the link and v orthogonal
to the link, equation (2.3.5) is replaced by

02K,

5 O + (Lo +2M0)2, U +ul) = £, (2.3.6)

where 0, denotes differentiation along the links and 9, denotes differentiation in the di-
rection normal to the links. See Appendix 2.C for more details.
Before proving the main result (Theorem 2.3.1 below), some auxiliary results pertinent

to the proof of the homogenisation theorem will be presented.

2.3.2 Extensions of functions defined on F; to functions defined on F}

A description of a class of functions and several results which were first demonstrated
in [84, Section 4.1] is now given which extend periodic rigid displacements in RO on the

framework F) to the rod network FJ.
Definition 2.3.2. Let D denote the space of functions g € RO such that
1. g is infinitely smooth outside a neighbourhood of the nodes of the network Fj,

2. In a neighbourhood B;(0) := {y||y — O| < d} of each node O, g takes the form
g(y) = C(w(y) —w(0)), y € Fy where C is a constant and w(y) = (—y2,y1).

The above equality actually means that g(y)-v; = C(w(y) —w(0))-v; for each normal
v; orthogonal to the links meeting at the node O with the constant C fixed. The following

result shows in fact that functions in R0 are approximable by functions in D.
Proposition 2.3.1. The set D is dense in RO with respect to the norm of [L?(Q,d\)]?.

The next result concerns the extension functions needed to prove the homogenisation

theorem at the end of this section.

Lemma 2.3.1. For each g € D, there exists an extension g = g"(y) to the network Flh

such that

1. The symmetric gradient ey(gh) is zero in a neighbourhood Bs;(0;) of each node O;

of F1NQ.
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2. The following asymptotic expansion in h holds on (FJ* N Q)\(U;Bs;(05))
Arey(g") = hl(g - v)"K1)"o" + O(h?), h—0, (2.3.7)

where for each h > 0 and for each link I;, of F1 N Q, o is defined by relation

v-(0-y)

o(y) = (rom) LS

y € I\ (U;Bs;(05)) ,

where T, v are unit tangent and unit normal to the link Iy, I,’; is the h-neighbourhood
of Iy and O is either node of the link in question. Note further that [(g - v)"K1]" is

the natural extension of the function (g -v)"Ky on FJ.

3. There exists a constant C' > 0 independent of h such that ||g" — g”L2(Q’duh) < Ch.

2.3.3 Convergence of Solutions

The main result is now presented.

Theorem 2.3.1. Let u” solve the integral identity (2.1.2) and suppose that h/s — 6 >0

as € — 0.

1. If f* EN f then up to a suitable subsequence u!* 2 wandu satisfies the homogenised

equation (2.3.1).

2. If e 2 f then up to a suitable subsequence u? 2 w and in addition there is also

convergence of the elastic energies:
lim {/ Are(ul) - e(ul) dph + 52/ Age(ul) - e(ul) du?} =
e—0 Qiyh Q(E),h

6> 1
Z/A}iome(uo)'e(uo)der6//le”'X"dAdwﬂLQ//AO@y(U)'ey(U)dydw~
Q QJQ QJ/Q

Proof. 1) Consider the integral identity (2.1.2) restated here for convenience:

[ At el <2 [
1

. hAoe(UfJ)-e(cp)du?Jr/Qu(?-cpdu?Z/th’awdu?,

(2.3.8)

€,
0

which is satisfied for all ¢ € V. Setting ¢ = ¢,(x) € [HE(2)]? and using Theorems
2.2.3 and 2.2.4 yield the following as ¢ — O:

/ﬂAgome(uo) -e(py) dz + /Q /Q u - o dpde = /Q/Qf o dpde. (2.3.9)

The second integral in (2.3.8) vanishes in the limit as € — 0 since ¢, is independent of

the microscopic variable.

Let G € [C%.(Q)]?, and g € D be such that G(y) = g(y) for l-a.e. y € F1 N Q. Then

per

G is approximated by a sequence of functions G" € [C22.(Q)]? such that G" = g" on

86



Flh N Q and where g" is the extension described in Lemma 2.3.1. This approximation

is achieved, for example, by setting G" = Gx, + §"(1 — x5) where

1, on F2hnQ,
. 0, in F'NQ,
g = »  Xh =140, on F'nQ,
g, in FZhnQ,
Ph,s on (FPM\F{") N Q.

The function x3 is a cut-off function on Q where ¢, € C®°(F2\F}') and ¢, is con-
/2

structed via a suitable sum of convolutions of the charateristic functions Xgh and

(1-— X?h/Q) with a smooth function v : R? — R with suppv C {z | |&| < }. It will be

shown that ||G" — Glla1(g) — 0.

Consider those test functions
o =" = wGh <7) . we C(9). (2.3.10)
€

Hence plugging a test function of the form (2.3.10) into equation (2.3.8) yields after

simplification:
o1 Ave(ul) - e, (g") (,) wduh 1+ Are(ul) - (G (7) © Vi) i+
Qi,h 1 5 Yy g c e inh 1 & - e
1) ey(@) (- Lt MGt (- h_
+€/Qg’h Ape(ug) - ey(G") <€> wdp +¢e /ngh Ape(ul) - (G <€) ® Vw) du”
:/(fh’e —ul) - GMw dpl, (2.3.11)
Q

Let the four integrals on the left-hand side of equation (2.3.11) be labeled as I1(¢), ..., I4(¢)
respectively. By the fact that Aj(e(wug) + v) is pointwise orthogonal to the matrix
G" ® Vw (see [82, Lemma 5.3]) and the L?-boundedness of the sequence ee(ul), it
follows that integrals Is(e) and Is(¢) tend to zero as ¢ — 0. By Theorem 2.2.4, it
follows that

. BT 1 h .1 h h —
;1_% el3(e) = ;I_I}(l) 2 Jos A (se(ua)) ey(Gw dy—l—ll_r}(l) 2 Jos Ay (5e(ua)) ey(G"-Glwdy =

:% /Q /Q Agey(u) - e,(G)w dyda.

For the integral I1(¢), it follows by the properties of the extension functions g and

results in Appendix 2.A that

92
lim I;(e) = / / Kix" - g"w d\dz. (2.3.12)
e—0 6 0 Q
To complete the proof, consider the following lemmas:

Lemma 2.3.2. There is convergence G" — G in [H(Q)]? as e — 0.

87



Proof. Recall that G" = G on F#". Note further that since G, G", g" € [C3%,.(Q)]? and

per

g € D, these vector functions are bounded in L?-norm by constants and therefore on
" and F2M\ FP| their norms are of order O(h) as h — 0. Hence, |G" — Gllr2q) — 0

as h — 0.

Consider now |e(G" — G)||z2(g)- Since G" — G = (G — g")(xn — 1) and the vectors
a sufficiently smooth, ||(xp — 1)e(G — gh)||L2(Q) — 0 as h — 0 by the same argument
as above. The difficulty is in the term [[(G — g")e(xn — 1)llz2(q) since on FEM\F}'
e(xn) = O(h™1Y). Firstly

(G~ g")eCun — Dz = II(G — g"elxn = Dl p2m2m gy

since x5, = 0 on FJ'. Noting that for sufficiently small h, G(y) ~ g?"(y) for any
Yy € th, it follows that by expanding G in a Taylor’s expansion about a point y’ €
(FPM\F{") N Q) that

G(y) ~ g™ (y) + VG )y —y), (h—0).
Since for y,y’ € FEPM\F}, |y — y'| = O(h) it therefore it follows that

2h

(G — Qh)e(Xh - 1)HL2((F1%\F{”)DQ) < Ch_ngQh(y/) -9 (?J)HLZ (F2r\FMNQ) T

+ CIVGW ) L2(p2m piyng))-

Hence by boundedness e(g?") and VG, the result follows. O

Hence passing to the limit in (2.3.11), the following equation holds:

//le -g"w d\dx+ = //Aoey ey(G)wdydm—// f—u)-Gw dudz,

(2.3.13)
Define & = Gw and note that the linear span of test functions of the form G(y)w(x)
is dense in [L*(Q, H}..(Q))]>. Hence, adding the two integral identitiess (2.3.9) and
(2.3.13) together and denoting by ¢(xz,y) = ¢o(x) + ®(x,y), it follows that the

homogenised equation (2.3.1) holds.

Assume that f° 2 F. Let v € [H}(Q))? solve the following problem: g"¢, i.e.,

consider the problem

[ Areleh) (o) ault + / () dul+
Ql’
h

+/ cp dul = /g o dul, Ve € Hy(Q)?, (2.3.14)
Q Q
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where g € [L2(Q2, du?)]? is an arbitrary sequence with weak two-scale limit g. Setting

h

: h
@ = u. in the above and ¢ = v

¢ in (2.3.8) and then subtracting one from the other

yields

/Quf; -ge dul = /Qvg - fE Al (2.3.15)

As gh* 2 g, it follows that v" 2 » where v solves the homogenised equation with

right-hand side g. Hence, it follows that

lim u?-gh’gd,u?—lim/v?-fh’edu?—//v-fdudm—//u-gd,uda:.
e—=0 Jo e—0 QJQ QJQ

h

z 2 u is established.

Since g™¢ is arbitrary, the strong two-scale convergence u

To show the convergence of energies, making use of the two-scale convergence result

(2.1.12), it is seen that

e—0

lim Are(ul) - e(ul) dul + £
o5t Q5

Ave(ul) el a? (= [ [ 1P~ ful? dpde,
h alo

6> 1
—/Ahome(uo)-e(uo)dw—i—//le"-x”d/\dw+//Aoey(U)-ey(U) dydz
Q 6 JaJg 2 JalJq

as required.

2.4 Convergence of Spectra

In the following section the convergence of the spectrum of the operators associated with

problem (2.1.2) to the spectrum given by the limit problem (2.3.1) will be established.

2.4.1 Spectrum of the Limit Operator

Consider the bilinear forms (c.f. (2.3.1))

Bacro(U0, ¢g) = /QAhome(uo) ce(pg) de,  wuo,py € [HHQ)]?, (2.4.1)

62 1 ~
Buero (U, ®) = / Ko @\ + / Aoey(U) - ey (®)dy, U, B eV, (24.2)
Q Q

where, recall that, V is the space of [Héer(Q)]2 functions whose trace on ) N Fy coincides

with a rigid-body motion A-a.e. The associated spectral problem for (2.3.1) can be written

as

Bumacro(u0, pg) = s{ug + <U>7900>L2(Q)7 Vo € [H&(Q)F, (2.4.3)

Bmicro(Ua @) = 5<u0 +U, (I)>L2(Q,d,u)a Vo € ‘7
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Let {¢, }neny be an orthonormal set of eigenvectors with non-zero average for the

bilinear form Bpicro With corresponding set of eigenvalues {wy, } nen:

Buicro($: ®) = wn (B, ®) 1210,y » VR EV. (2.4.4)

The existence of such a set of eigenvalues and eigenfunctions is guaranteed by Lax [44,
Chapter 28, Theorem 3] which essentially states that a compact, symmetric operator
mapping a Hilbert space into itself has a discrete spectrum and an orthonormal set of
eigenfunctions. Note that Buicro may also have a set of eigenvalues {w], }nen corresponding
to those eigenfunctions {@/, },en with zero average.

Using the above observations, the function U (x,y) will now be expressed as a linear
combination of the eigenfunctions {¢,, }nen. Note that the 2 x 2 identity matrix, denoted
I, may be written as the following expansion of the eigenfunctions {¢,, } nen:

)
I = Z(¢n ®cn), €= (dy).
n=1
Let b = b(y, s) be the matrix such that the vector b := buyg satisfies the equation

A~ ~

Buicro(b, ®) = 5(b, ®) 12(0,ap) + (w0, ®) 12(Q,dp)- (2.4.5)
Then b has representation
b = - 2.4.
) =3 B2 (2.46)

Indeed, assume formally that the vector b has the following expansion:
n=1

Substituting this expansion and the expansion for the identity matrix into equation (2.4.5)

yields

Z anmiCTO((bnv @) = Z {Sbn<¢n7 (I)>L2(Q,d,u) + <(¢n ® cn)u07 @>L2(Q,d,u)}
n=1

n=1

o
= ) {bnwn — sby — (o - u0)} (@, ®) £2(0.a) = O

n=1
Hence, for s ¢ o(Bmicro)
Cn Uo(T)
Wp—8

bp(x) =

Plugging this expression back into the expansion for b yields

B n Wn—s

and thus the result. Therefore, U admits a representation of the form

Ule,y) =Y 20y ()
n=1 n
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Substituting the expansion for U (x,y) into the first equation given in (2.4.3) yields

Bmacro(uoa SD()) = <,8(3)u07 900>L2(Q) , (247)

where ((s) is defined as

B(s) = s (I _— WW) . (2.4.8)

Versions of the function § can be found in the studies of scalar Zhikov [81] and vector
(Smyshlyaev [68], Zhikov & Pastukhova [85, 87]) homogenisation problems. The following

is a straightforward modification of a result seen in [85]:

Lemma 2.4.1. Denote by U the closure in [L?(Q x Q,dx x du)]? of the energy space
V' and consider the operator { whose domain consists of all solution pairs (ug,U) to the

identity
Bunacro(©0, Pg) + Bumicro (U, ®) = (f, o + q)>L2(Q><Q,d:E><du)7 Voo + @ eV, (24.9)

as the right-hand side f runs over all elements of U and defined by the relation f =
H(ug + U) holds if and only if (2.4.9) holds.
Then the resolvent set p(h) of the operator AL, is given by the set

p(A) = p(Bmicro) N { s | all eigenvalues of 5(s) belong to p(Bmacro) }s (2.4.10)

where p(Bmicro) denotes the resolvent set of the operator generated by the form Bujcro in
the closure* of V in [L2(Q)]? and p(Bmacro) is the resolvent set of the operator generated
by the form Bmacro-

Proof. Suppose that s belongs to the set on the right-hand side of (2.4.10). Consider the

problem

Bacro(uo, pg) — s{uo +(U), o) 120) = (F>¢0)12(0)5

Bmicro(Ua (I)) - s<u0 +U, (I.>L2(Q,du) = <f> (I)>L2(Q,d,u)'

(2.4.11)

Then this problem has a solution for every f € . Indeed, Since s ¢ 0(Bmicro), it follows
that U = b (suo + f) solves the second equation in (2.4.11) where b is the matrix given by
equation (2.4.6). Substituting this into the first equation given in system (2.4.11) yields

Bracro(®0, 0) — (B(8)w0, @o) r2(2) = (I + (b)) f: o) L2(02)» (2.4.12)

Since all the eigenvalues of 5(s) belong to p(Bmacro), the operator induced by the bilinear

form on the left-hand side is invertible and thus (2.4.12) is uniquely solvable.

4Note that the domain of this operator is dense in this closure
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To prove the converse, note that p(4) C p(Bmacro) and assume that s € p(H). In this
case, [(s) has no eigenvalues in o(Bmnicro) for otherwise problem (2.4.11) would not be

uniquely solvable for every f € 0. O

It is noted (see [87]) that all points of nontrivial spectrum for the periodic problem
induced by the bilinear form Biyjcro are at those points s where the matrix £(s) is singular.
The trivial spectral points are w = 0 which corresponds to constant eigenfunctions and
those w’' € o(Bmicro) such that the corresponding eigenfunctions have zero average. Let
{w!, }nen be the set of such eigenvalues.

It is noted that when the periodic framework FJ* is the model framework from Figure
2.2, then the matrix 8 is proportional to the identity matrix I. Indeed, if the set F1 N Q
is invariant with respect to a rotation R, i.e. F1NQ ={ Ry | y € F1 NQ }, then for the
eigenfunction ¢ of the bilinear form Bpjcro, the vector R¢ is an eigenvector with the same
eigenvalue and hence, in view of the definition of the matrix 3, R3(s)R~! = B(s). Taking
R to be a rotation through 7/2 yields the claim that §(s) = b(s)I for some scalar function
b.

Let {7y, }nen denote the increasing sequence of zeros of the function b and let {0y, }nen
denote the increasing sequence of eigenvalues in the set {wy }nen which counts multiple

eigenvalues only once. Hence, the spectrum of the limit operator 4 has the “band” form:

o(8h) = (U {s € (. 0n) | b(s) € U(BmacrO)}> U {0n}nen U{w) Inen,

neN

The intervals (0, Yn+1), n € N are “gaps” in the spectrum, which do not have common

points with o (L), except, possibly, for elements of the set {w], }nen-

2.4.2 Proof of Spectral Convergence

It will be shown that the spectra of the operators associated with the original problem

(2.1.2) converges in the sense of Hausdorff to the spectra of the limit problem (2.3.1).

Definition 2.4.1 (Hausdorff Convergence). A sequence of sets X C R, € > 0 converge

in the sense of Hausdorff to X C R if the following two statements hold:
(H1) for w € X, there exists w, € X such that w. — w,
(H2) for w. € X such that w. — w € R, it follows that w € X.

Definition 2.4.2 (Strong Two-scale Resolvent Convergence). The family of operators
A in [L2(9,dul)]? is said to be strongly two-scale resolvent convergent as ¢ — 0 to the

operator A in [L2(Q x Q,dz x du)]?, denoted A, — A, if for all f in the range R(A) of
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the operator A and for all sequences f? € [L2(Q,du))? such that f? N f, the two- scale
convergence (A, + 1)1 fh 3 (A+ 1)1 f holds.

The following argument shows that given the strong two-scale resolvent convergence
of operators, then property (H1) holds.
Let T = (Ac + )"l and let T = (A+ 1)L If s € 0(A) then t = (14 5)~! € o(T).

Therefore, for any 6 > 0, there exists a vector f € R(A) such that

1 Fllz2@x0azxdn) =1 (T =) fllr2(x@dexdy) <

ST

Consider a sequence f? € [L2(9,dul)]? such that f? 2 f. Hence, using the definition of

strong two-scale resolvent convergence, it follows that

. 1)
lim (T = ) F21 2 .aum) = 1T = ) Fll L2 (00 daxdn) < e

Hence, ||(Tg—t)f?||Lz(Q’du?) < g and HngLQ(Q,d,uQ) > 1 for sufficiently small e. Therefore,
the interval (—d + ¢, +t) contains a point of the spectrum of the operator T.. Moreover,
every interval centered at s contains a point of the spectrum of the operator A. for small

enough e. Hence the following result is proven:

Proposition 2.4.1. If A, 2, A, then property (H1) holds with X = o(A:) and X =
o(A).

Corollary 2.4.1. For the operators A" defined by the identity
B (u,v) = L(v),

where Bé‘ and L? are defined in Theorem 2.1.1, f = Ll?u and the operator i is defined in
Proposition 2.4.1, the property (H1) holds with X. = o(U?), X = o(h) and h = h(e).

The property (H2) of the Hausdorff convergence does not hold for the spectra o (%) in
general. This is due to the fact that the soft component may have non-empty intersections
with the boundary of 2. Additionally, sequences of eigenfunctions of U(L(?) may converge
to the s-quasiperiodic eigenfunctions, s € [0,27)? of the “Bloch spectrum” associated
with the bilinear form (2.4.2). However, a suitable version of (H2) holds for a modified
operator family where the corresponding elements of the soft component are replaced by
the stiff material. To be precise, for each €, h, denote by ﬁg the operator defined in the
same way as U but with Qg’h and Qi’h in (2.1.2) replaced by ﬁg’g and Q\ﬁg’g respectively.
Here ﬁg’s is the union over all k € Z? of sets e(Q N F + k) such that ¢(Q + k) C Q.

Theorem 2.4.1. Suppose that for all ¢, h the vector fields ul € [H}(Q)]? are eigenfunc-

tions of ﬁ? with unit L?-norm:
Wal = weul,  ullzoum =1 (2.4.13)
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If we — w ¢ 0(Bumicro), then the eigenfunction sequence {ul'} is compact with respect to

strong two-scale convergence in [L?(Q, dul)]?.

Proof. The eigenvalue problem (2.4.13) is understood in the sense that the identity

| ety c@)dnt e [ Avc(ul)-clo)dn? =wr [ ul-pdil, Ve [HA@)
Q\Qe Qe Q
0 0

(2.4.14)

holds and in particular that

/ Sh Ave(ul) - e(ul) dpul + € [h Age(ul) - e(ul) dpl = w..
Q\Q i Qhe
0 0

Hence, |e(ul) are uniformly bounded where ﬁ?g denotes the union over all

lia@ie auy
k € 7% of sets ¢(Q N FI* + k) such that e(Q + k) C Q. The claim is that for all £ and h

there exists @ such that

e(ul) =e(@) on QF°, @l e[HHQP |e(al)

h
) < le(uy) HB(QT"E,dug)’

(2.4.15)
/Ah Age(@l) - e(p)dul =0, Ve € [HL(Q)]? such that e(p) =0 in (AZ}IL’E, (2.4.16)
Qhe

0

2@

where the constant C' > 0 is independent of €, h. To prove this claim, consider ﬁ? such

that 2" := u" — @ solves the minimisation problem

. 1
win{ 5 [ o) et = [ ol et 2a1)
0 0

where the minimisation is taken over all functions v € [H(€2)]2 whose restriction to Q"

is a rigid-body motion with respect to the Lebesgue measure, i.e., e(v) = 0 in ﬁ?e It is

h

clear that e(z") = 0 in Q™ and moreover

Ave(ul)clp)dul+ [ Ave(ah) elp) el 2 [ AueleD) el dul -
0

/Q\(ﬁg’guﬁ}f’g)

- wg/ 2h - pdul = wE/ al - pdul, Yo € [HF(Q)]?, e(p) =0 in ﬁ}fe (2.4.18)
Q Q

h
1

The last equality is found by combining (2.4.14), (2.4.16) and the Euler-Lagrange equation
for (2.4.17). Using the bound (2.4.15), it follows that %" is compact with respect to strong
convergence in [L2(Q, du!)]?, i.e., there exists @ = w(x) such that, up to picking a suitable

subsequence, ﬁ? — @ in [L2(Q, duM))?.

Lemma 2.4.2. Suppose that for each ¢, h the function f? belongs to the closure in
[L2(Q))? of the set of smooth functions whose restriction to Q}fa are rigid-body motions

with respect to the Lebesgue measure. Suppose further that f? 2 f € U (see Lemma

2.4.1).
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For all ¢ and h consider the vector field v € [H}(Q))? such that e(v!) = 0 in @?’5 and
the following resolvent identity holds (see (2.4.18)):

2 hy. o h_
i e, et o i+ L Avewh)etp)aud+2% [ velol)-c(o) au

Q 1 0

)
—o [ ohpat = [ fhpal Ve e IO elp) =0 &7 (2419)

Then 'v? A v=wv(x,y) € [LQ(Q ‘7)]2 and

//K " @ d\(y)dx + - //Aoey -ey(p) dydx — w//'v pdu(y

— [ [ feduwie, Ve [PQVIE, pley) = Bay) ez Aacy e oq
QJQ
(2.4.20)

where x(x,-) is there trace of v(x,-) on F1 NQ for a.e. x € .

Proof. It is first shown that the spectra of the operators ﬁg defined via the bilinear forms
(cf. 2.4.19)

R = [ Aewl)-eo)dl + [ reol) - e(o)dul+
Q\(Qh,eUQh,E) Qh,s

1

2t [ Ave(ol) - clo)dul, v € HYQP, elo).ele) =0 in DL
0

converges in the sense of Hausdorff as € — 0 to 0(Bmicro). It is indeed the case that

ﬁg 2, 110 where the operator $00 is associated with the bilinear form
P(v, ) / KX @ dh+ [ dge(o) elo)dn, v e (LT
QNFoy

v(y) =x), ¢ =2(y), Iae yeiQ.

Hence a(ﬁo) C lim._ a(ﬁg) by Proposition 2.4.1. On the other hand any sequence of

L2-normalised eigenfunctions of 4 whose eigenvalues w?

converge to w? € R is compact
in the sense of two-scale convergence (see [82, Theorem 12.2]) and therefore w € J(LALO).
Thus o(4°) = o(Bmicro)-

Whenever w. in (2.4.19) converge to a point outside o(Buicro), the identity (2.4.19)
does not have non-zero solutions 'v? for f]g = 0 and w, can be replaced by any value in
some finite neighbourhood of the set {we }e<s, for some €9 > 0. Hence for an L?-bounded
sequence of right-hand sides £, the function v” that satisfy (2.4.19) are uniformly bounded
in [L2(Q,duM)]? for € < &.

Moreover, setting ¢ = vf_} in (2.4.19) and noting that A is positive definite yields the

uniform estimate

h7 h
6HXO Ee(vE)HLZ(leh7dﬂg) <C,
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for some positive constant C. Making use of the results established in Section 2.2.1 and
noting that ﬁg’g U Q}fa — Q as ¢ — 0, a subsequence is extracted from 'v? which weakly
two-scale converges to v € [L2(Q, V)]? and such that Xg’ee(vg) 2 ey(v) in [L2(Q,dul)]?.

Finally, in the limit as ¢ — 0 in identity (2.4.19), equation (2.4.20) is obtained. By

h

uniqueness, the whole sequence v weakly two-scale converges to v. ]

h

¢ is compact with respect to the

The preceding lemma implies that the sequence z
weak two-scale convergence and its two-scale limit z = z(x,y) is a rigid-body motion on

F1 and satisfies the weak problem

//Kq” ®" d\(y)dx + - //Agey 2) - e,(¢) dyda — w/Q/Qz-god,u(y)d:c:
Zw/Q/Qﬁ~<pdu(y)dw

Vo e [L2(Q, V)2, z(z,y) =q(z,y), o(z,y) =@ y) ae xzecQ, lae yedQ,
(2.4.21)

Setting ¢ = v” in identity (2.4.18) and ¢ = 2" in (2.4.19) yields

/ 2 fhduh = wg/ o aldul, Ve, h. (2.4.22)
Q Q

Taking the limit of both sides of (2.4.22) and using the two-scale convergence properties

of v/ and @ yields

lim b fhaul = w/ / z,y) - u(x)du(y)de. (2.4.23)

e—0

Furthermore, by equation (2.4.20) with ¢ = z and equation (2.4.21) with ¢ = v yields

// z,y) - u(x)du(y dm—//f x,y) - z(x,y) du(y)de. (2.4.24)

Finally, setting f% = 2" in (2.4.23) and using (2.4.24), it is seen that the convergence
||z?\|L2(Q7d#g) — |2l 2(2xQ,dzxdu)- Therefore the sequence 2P strongly two-scale con-

verges to z. [

96



Appendices

2.A Technical Lemmas

The following appendix details several technical lemmas which are required to prove a
variety of results. In particular, the results presented pertain to proving the two-scale
convergence 2.3.12 and that x € [L%(€,R%)]2. All these results are found in Zhikov
& Pastukhova [84] and have only been modified as far as the notation they have been
presented in this thesis.

Let I be a line segment in the periodic network F} which may contain a node. Assume
without loss of generality that this segment lies completely within a periodic cell (). The

following lemma is restricted to the case when I lies on the yi-axis.

Lemma 2.A.1. Define J(e) to be the following functional

J(e) = % /Q ul(@) - b(Z )2 ) el@) it = % /Q<u’;>1<w>ﬁo(“)a(“)so<x> du,

9 £

Then

)= [ [ mleme o) aris,

The above result is extended to the case when the interval I in question is in an
arbitrary direction 7. Let v be normal to I" such that 7, v forms a positively orientated
frame and where I" is the strip of thickness 2h with mid line I. Consider the function /3

defined on @ given as
1 h
av- (¥ —yp), onlV
Bly) = (2.A.2)
0, on Q\I",
where y, € I and the function is continued periodically onto R2. Let a(y) be a smooth

function defined on I" which depends only on the longitudinal component and vanishes
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in the neighbourhood of the ends of the interval. Hence

i by [ @) ms(D)a(D)et@ant = [ [ uten v wiole) .

for all o € C§°(Q2). In the case that the interval I lies on the yp-axis, 7 = (0,1), v = (—1,0)

and the above reduces to the result of Lemma 2.A.1.

The following results are needed to show that the limit function u satisfies the requirements

of Definition 2.1.5 so that x(x, ) € RO

Lemma 2.A.2. On each interval I of the network Fy, the normal component u, denoted

u | is an element of H*(I).

The result is proven by considering the limit of the following integral:

76) =% [ el (romp(Z)a(T)el) il

€

Moreover, For an interval of general position, denote by w the weak two-scale limit of the

sequence
h x
We 1= —ge(u?) (T® T)ﬁ(;)

Consider the network F7 and on each link fix a point vy, a direction 7, and a normal v.

Then, on FJ, the matrix o(y) is defined by setting

o(y) = —(r®71)B(y), where 5(y) = ’M on I".

Lemma 2.A.3. The following two-scale convergence holds:

h h,e 2 62

X1 e(u) oly) = Fxay)xv)” (2.A.3)

The next results are used to show that properties 2) and 3) of Definition 2.1.5 are
satisfied by x. Without loss of generality, consider two orthogonal links denoted I; and I
aligned with the horizontal and vertical axes respectively and meeting at a node denoted
O situated at the origin with each link of length 1/4. To avoid cumbersome notation, it
will be understood that if w is on I; then uw = wu(x,y;) and similarly that if uw is on Iy

then u = u(x, y2)

Proposition 2.A.1. Consider the linear functional l(7y) defined as

2 2
=5 || ey e axe+ T[] un i) o dde,

for a fized function ¢ € C3°(2). Then
1

1
12 < ofp) / Iy 2 .
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Theorem 2.A.1. Let F} be a connected singular network on the period torus. For h(e) —

0 in an arbitrary manner, consider the sequence v? satisfying
62/ Vol ? dpul +/ Wl dph < const < co. (2.A.4)
Q Q

Then, after a possible transition to a subsequence, it follows that

) 2 oo(z,y), vl(z,-) € H)

per

(Q,d\) ae. xeQ, Vol EN Vyv(z,y). (2.A.5)

In the application of this theorem, it is required that each component of the sequence
vector ulg satisfies inequality (2.A.4) where this inequality is a consequence of the results
presented in [84, Section 5]. With this result, it is concluded that each component of x

belongs to the Sobolev space Héer(Q, d)) and moreover that x |9 = 0 for any node O.

2.B Additional Results Pertaining to the Derivation of the
Homogenised Equation
In this appendix, additional results will be presented for completeness of the work pre-
sented in this text.
In the scalar homogenisation [81], it is the property of ergodicity of the measure p
which is essential to deriving an approximation theorem. However, it is the representation

(2.1.13) which plays the equivalent role in the vector homogenisation. For a € [L?(Q,d))]?

and b € L?(Q,d\)3, the expression a = div b is understood in the following sense:

/ (b-e(u)) dX = —/ (a-u) d\, forallue [Cg‘ér(Q)]z. (2.B.1)
Q Q

Theorem 2.B.1 (Approximation Lemma). Consider the set S of all vectors a € [L*(Q,d\)]?

which admit a representation a = divb for some b € [L?(Q,d\)]3. Then S is dense in R+.

The natural extension (see Definition 2.1.7) is used in proving several results on the
stiff component of the network. Several properties are preserved when considering the

natural extension, in particular if [b)* € L?(Q,d\") then

[BFd\" = [ bdA.
Jr =,

Moreover, it can be shown that if [b]* — b then

lim/ (B2 AN = / b]% d),
h—0 Q Q
and hence [b]" — b, in L2(Q,d\").
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Proposition 2.B.1. Let b € Vsﬁl be a A-solenoidal matrixz. Then the natural extension
[b]" is a A"-solenoidal matriz. Moreover, if [a € L*(Q,d\)]? and a € R+, then the evists
a symmetric matriz b € [L*(Q,d\)]® such that a = divb and the natural estensions of b

and a satisfy [a)" = div [b]" in the sense of the measure \":

[lal ot == [ B el an', ve € (G2, (2.8.2)
Q Q

It is also noted that a relation similar to (2.B.2) holds for test functions with compact

support on R2. Indeed the following identity holds:

T r

L () - e@at == [ 1 (2) (et a. v e 0T @,

9 9

To obtain the above result, divide R? up into squares of side length ¢ and denote them by

£Q; where Q; = [0,1)? + j, j € Z*. Then
S [ (%) el axt - i / (%) e ot axt
—82/ (B2 - ellplo ) ot

Note that [b]" is 1-periodic and denote @(y) = > 521 P(e(y +j)). Hence

T +eg . ~
EZ/ ( ) e((p(x+e5)) A\ (z) = /Q[b]h (y) - ey ((y)) AN (y).
The function @ is periodic and hence relation (2.B.2) can be used to yield

L1 @)y (ow) () = - [ fal' ) o(w) X' (w).
Q Q

Reversing the procedure described above yields the result.

The following construction gives one possible way of extending solenoidal vectors de-
fined on the singular structure to solenoidal vectors defined on the rod structure. This
construction in particular makes clear what is done in a small neighbourhood of the nodes
where “overlap” of the rods may be a factor.

It can be shown that for b € [Vz1(Q, d\)]?, on each link Iy, I, . .., I, adjoining a node
O, there are constants by, b, ..., by, such that

m

b‘]j:bj’rj, ij:(),

j=1
where 7; are unit vectors pointing along I; away from the node. To construct a vector
b" Viol(Q,dA"), an auxilliary problem is solved in a neighbourhood of each node O.

Define @ to be the union of the disc of radius h centered at O and the m strips of
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width 2h and length 4h with midline I;. The outer ends of these strips will be denoted

'y, Ty, ..., Iy, respectively. Consider the Neumann problem
0
div(Vw) =0, in Qp, a—: N =b;, j=1,...,m,
ow

I = 0 on the remainder of the boundary of Q,
n

where n is the unit outward pointing normal to (J,. This problem is soluable and moreover
it can be shown that

/ \Vw|? dz < ch?.
Qn

Thus

bh o Vw, in Qp,

[b]", outside Qp,
where [b]" is the natural extension of b. This definition of b" satisfies the requirements

that b" € Vi1(Q,d\") and that b" — b in L?(Q,d\").

2.C Homogenised Equation for a General Periodic Frame-

work

In this appendix, the construction of limiting system of partial differential equations for the
homogenised equation will given in the case of a general periodic framework. In particular,
it will be shown that for a general periodic framework and an isotropic tensor Ay that the
equation on the singular structure is indeed given by equation (2.3.6).

Let 7 and v be the unit direction and unit normal respectively to any link of the thin
network Fj such that they form a positively orientated system. It can be shown (since the
geometry is two-dimensional) that if v = (vq,19), then 7 = (19, —11).

Let the domain ) be divided up into sub-domains @,,, n = 1,...,m, such that each
@ is the maximal open connected set into which Q may be split by the singular network

F1. In other words,
n=1
Recall the bilinear form

mlcro U @ / K 2 (I)// d)\ + / Aoey ey( )dy

Integration by parts will be implemented in the second integral which leads to a boundary
integral over the singular structure being accumulated. Firstly note that for transverse

displacements U = (Uy, Uz), the following simplifications are made:
U=UYv, U;=UYw, Uy=UW0y,,
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Ui j = vi(m0, 0" + 1;0,U), i je{1,2}. (2.C.1)

Note that 7 and v will depend on which link of the network is being considered but that

on each individual link, 7 and v are constant. Consider the integral

m
/ Ui jPr; dy = Z/ Ui j®r,; dy.
Q n—1"GQn

Integrating by parts in the above by implementing the Gauss-Green formula (See Evans

[29, Appendix C]) yields

/ Ui j Pk dy = Z (/ Um‘pk’/z(n) dA — / Ui ji Py, dy> )
Q n=1 9Qn Qn

where (™ = (V%n), Vén)) is the outward pointing normal to the sub-domain @, and 9Q,, C

F is the thin network which forms the boundary of ),,. Hence, substituting in the relations

(2.C.1), the integral takes the form

/ Ui j®r,dy = Z / (l/](»n)a,,U(”) + T](n)E?TU(”)> <I>(”)V§n)ylgn)yl(n) dA—/ Ui i®rdy |.
Q =\ Joq. Qn

(2.C.2)
The second integral on the right-hand side of Bpicro is a linear combination of integrals of
the form (2.C.2) and hence, it can be shown that upon integration by parts, the following

equation holds true:

/ Apey(U) - e, (®) dy = (Lo + 2Mp) > { d,UM e d)\} -
Q = Uoqn
_ / (MyAU + (Mo + Lo)V(div U)) - & dy.
Q
Hence
92
Buicro(U, ) = / <6K18ﬁU(”) + (L0+2M0)8VU(”)) W) dA—
FinQ
1
- 2/ (MoAU + (M + Lo)V(div U)) - & dy.
Q

Thus the derivation of the system of partial differential equations in the setting of a general

periodic framework is achieved by a suitable restriction of test functions.
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Chapter 3

Further Aspects of
Homogenisation of Maxwell’s

Equations

Introduction

In the concluding chapter of this thesis, three additional problems related to homogeni-
sation theory will be presented along with relevant results. The problems in question all
involve the study of Maxwell’s equations in different geometries with the first problem
being the study of a high-contrast periodic dielectric medium, the second problem being
the study of Maxwell’s equations on “thin” rods and the final problem being an examina-
tion of a dielectric medium which has been “twisted” by a change of coordinates and the

effective properties possessed by this medium.

The study of high-contrast media has been of interest to the homogenisation commu-
nity for a number of years now ( see Figotin & Kuchment [32], Zhikov[81], Cherdantsev &
Cherednichenko [20], Zhikov & Pastukhova [87], Cherednichenko & Cooper [22, 23]). For
a given periodic problem with associated family of operators, the problem is said to be in
high-contrast if there is the loss of uniform ellipticity due to the ellipticity coefficients of
the operators vanishing as the period of the medium tends to zero. Such behaviour is seen
in the operators associated with the study of photonic crystals (Russell [62] and Guenneau
& Zolla [37]) and such behaviour is desirable due to the “band-gap” nature of the spectrum
associated with the corresponding operator families which can lead to the development
of “photonic crystal fibres” which allow for the propagation of electromagnetic waves of
a specific frequency to travel in specific directions with little to no interference from the

outside.
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The high-contrast terminology refers to the fact that there is contrast between the
different material components which constitute the composite dielectric material where the
contrast increases as the period becomes smaller. In literature on high-contrast periodic
media, if the period is € > 0 and the contrast parameter is § > 0, then the high-contrast
scaling is usually 6 = 2. This scaling is critical in the sense that problems with this scaling
behave significantly different asymptotically to problems where an alternative scaling is
chosen. In the work of Section 3.1, it will be shown that this critical scaling is indeed the
case when studying Maxwell’s equations on a three-dimensional torus with high-contrast

periodic cells comprising a stiff region with a soft inclusion.

Following on from the work of Chapter 2, a study of rod networks will be presented
now in the context of Maxwell’s equations and in the case when the scaling between the
rod thickness a > 0 and the period ¢ > 0 is such that a/e? — 0 (as ¢ — 0). The study of
the governing equations of linearised elasticity on rod structures has been studied fully in
[81, 82, 84] but the equivalent study for Maxwell’s equations has yet to be detailed fully.
The desire for such a study stems from studies of the spectrum of so-called “quantum-
graphs”, structures of “zero thickness” (see Berkolaiko & Kuchment [10]). Using the
thoery of two-scale convergence (c.f. Section 2.2.1), a homogenised equation is found
which captures the effective behaviour of the model in the limit as the period tends to

Z€ero.

The work presented on thin rod structures is just a small piece of research which can
be extended to many possible avenues of investigation including the study of rod structure
with alternative scalings between the rod thickness and the period and the study of high-

contrast problems.

The final piece of work of this thesis sees the study of a chiral transformation of
Maxwell’s equation in R3. This study is motivated by the significant developments made
in the physics (see Pendry [57], Pendry, Schurig & Smith [58], Demetriadou & Pendry[27])
and mathematical (see Nicolet, Zolla & Guenneau [53], Nicolet, Movchan, Guenneau &
Zolla [52], Willis [78]) communities on metamaterial science. In the paper of Demetriadou
& Pendry [27], a link is made between metamaterials exhibiting cloaking properties and
the “swiss roll” like structure of the material of study. The geometry of this problem
is what prompted the idea to study Maxwell’s equations under a change of coordinates
which “twists” the domain. Given the invariance of structure of Maxwell’s equations under
general transformations of coordinates (see [41], the study revolves around finding appro-
priate solutions to the usual system of Maxwell of equations but with unbounded electric
permittivity and unbounded magnetic permeability. The goal was to find a homogenised

system of equations and analyse the results to try and assess whether there were any
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links to the properties exhibited by metamaterials, e.g., a desirable property would be a
negative effective permeability and/or negative effective permittivity.

While this work has not succeeded in its initial goal, results which have been found
are acknowledged and presented with the possibility for this work to be continued and

extended.

3.1 The Existence of a Critical Scaling in the Study of Maxwell’s

Equations in a High-Contrast Periodic Dielectric Medium

3.1.1 Formulation of the Problem

In engineering communities, composite materials are of great interest for the reasons ex-
plained in the introduction to Chapter 2. It is important for engineers to understand how
the constitutive components of the material being constructed behave in relation to one
another as this will govern many properties of the composite in question. It is the ratio of
the material parameters of the constitutive components of the composite which indicate
the behaviour of the overall material and is a principle reason for the study of the problem
to follow. From the mathematical point of view, the study of the asymptotic behaviour
of the solution of some periodic elliptic partial differential equations (elasticity system,
Maxwell’s equations, etc.) can be siginificantly different depending on the behaviour of
the material parameters compared with the period of the composite. As backed by nu-
merical evidence, the leading order asymptotic behaviour of the solution can be shown to
depend not only on a function of a macroscopic variable but also on the derivatives of the
same function. This behaviour will be made apparant for a periodic dielectric medium
where the unit period cell is made of two contrasting materials when a particular scaling
of the material parameter is chosen.

In the following work, the problem (1.1.1) will be considered again but when the
periodic cell @) is now divided into two non-intersecting regions Qg and ()1 which are in
contrast. It will then be shown that there is a “critical scaling” between the contrast
parameter 0 > 0 and the period scale € > 0 which leads to an asymptotic expansion for
the solution which behaves differently from the solution when no such contrast is present.

As in Chapter 1, consider the problem
curl Acurlw® = f, u® € X(T), (3.1.1)

where all the same notation and functions spaces as described in Section 1.1 applies.
Hence, a unique solution of this problem exists (Theorem 1.1.1) and such a solution can

be found in an asymptotic expansion of the period ¢ > 0 (as given in equation (1.1.5)).
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Let the unit cell Q := [—%, %)3 be divided into two simply connected domains @1 and
Qo such that Qo N IQ = 0. Let I' denote the interface between the regions Q1 and Q.
Denote by x1 and xgo the charaterstic functions on (1 and @y respectively and denote
by ()@, and (-)g, the integrals over the domains Q)1 and @y respectively. The matrix
Af(-) = A(-/e) is redefined via the following equality:

5, if ,
Aly) = A(y) = Hyeo 5 (3.1.2)

I, ifye@,

We now seek a solution to problem (3.1.1) but with A replaced with A°. While the

Q

Figure 3.1: Example of unit cell @) with inclusion Q.

solution of this problem will still be a two-scale expansion of the form (1.1.5), the tensors
NG, j=1,2,..., may now be dependent on the parameter §. To this end, redefine the
NU) in all relevant equations seen in Chapter 1 as N éj ) In turn, the tensors M) and LY,
as defined in Section 1.1.3, are also now denoted M éj ) and ng ) respectively. In addition,
suitable interface conditions are required on the surface I' and to this end the following
jump conditions are introduced:
[n - N éj )} =0, .
r i=1,23,..., (3.1.3)
[n x A9 <cur1N§j) + Méj))}r =0,
where n denotes the unit outward pointing normal. Note that throughout this work, the
normal on I' will be denoted n; if the associated problem of consideration is on )7 and

denoted mng otherwise where at each point on the surface I', n1 = —ny.

3.1.2 Asymptotic Behaviour of N(gj), i=1,2,...

The asymptotic behaviour of the tensors N (gj ) 7 =1,2,... will be examined as § — 0.

The matrix N (gl) solves the following problem (c.f. equation (1.1.9)) where it is recalled
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that this equation is understood columnwise:

curl A° (curl Nél) + I) =0,
N(gl) Q-periodic, <N§1)) =0, div Nél) =0, (3.1.4)

O] ) (1) _
[n Ny L‘_O’ [nxA (curlNé —|—I>]F—O.
. . . : (1),
Consider the following asymptotic series for Ny ’:
NY = N+ s8NV £ 0(62), 5 0. (3.1.5)

Substituting this series expansion into problem (3.1.4) and equating equal powers of the

parameter ¢, the following set of equations and boundary conditions become apparant:
curl (curl(XlNél)) +I1)=0, in@Q, nix <curl (XlNél)) + I) =0, onl,

curl (curl(XoN]@) + 1)+ curl (curl()aNj(i)l) +I1)=0, Vj=0,1,2,....
XlN](l) Q-periodic, <X1N;1))Q1 + (XON]O))QO =0, div (XlN](l)) + div (XON;I)) =0,
1o X (curl (XQN](I)) + I) = ny X (curl (XlN;i)l) + I) , nl‘(XlNJ(l)) = no-(XONJ(l)), onT.

Firstly, define Ni%») =iV JQ) to simplify the notation to follow. The first problem to

be solved is the following:

curl (curl Nl(’lo) +1)=0, in Q1,
dile(,lo) =0, in Qq, Nl(}()) Q-periodic,
ni X curlNl(}g =-ny x1, on I

The solution to this problem can be found and is unique up to an unknown constant
by the results in Arfken [4, p.95-96] and in Zhou [88]. The next problem to be solved
involves the unknowns Né}o) and N1(,11) and is a system of equations which must be solved

simultaneously. The system is the following:

curl (curl Né}o) +1)=0, in Qo, curl (curl Nl(ll) +1)=0, in @,

div N =0, in Qo, div vy} =0, in Q,
1 . . 1 1
N{Y Q-periodic, (N§)a, = —(Nid)au,

ng - (Né}o)) =n- (Nl(,lo)), 1y X <curl (Nélo)) +I) =mnj X (curl (Nl(ll)) +I) , onT.

)

1) )

This system determines N570 and determines N1(,11 up to a constant. This unknown con-
stant can then be determined by solving the next system of equations which arises and so

on. Importantly, to leading order, the solution Nél) =0(1), 6 — 0.
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Recall the problem for the third-order tensor NV 5(2):
curl A (curl N{* + M) = (L) - L,
N® Q-periodic, (N{”) =0, div NP =0, (3.1.6)
[n . NéQ)]F =0, [n x A9 <cur1N§2) + M(g?))]r = 0.

where MéQ) = eNél), ng) = eA%(curl Nél) + I) and € is the permutation tensor:

1, if ijk = {123,231, 312},
cijk = —1, i ijk = {132, 213,321},
0, otherwise.
Note that
(L5”) = (eleurl (aN;") +1))q, + 8(e(cur] <xON§”> +1))ay
Hence it is clear by the d-asymptotics for Né( ) that <L(2)> (h((fg + hg %) + 0(6?)

where fzz( ) = = (curl N( )+ I)@,. Let the notation TZ(I;) =xiT ( ) be adopted for any tensor
(k) (k) 1 (k) (k; . : . . @) .

I, € {Nj , M ,Lj } with the index i € {0,1} and j € N. Before writing N;™ in an

asymptotic expansion, observe that the following equations are satisfied on each of the

domains ()1 and )y respectively:
curl (eurl (i N{) + (ML + 0M{2)) +0(5%) = b+ (R +h ) — (L +oL{)+0(5?)
(3.1.7)
Jcurl (curl (xoN?) + Mg?g) +0(0%) = W)+ 6(hD + h)) = LY + 0(8?)  (3.1.8)
From equation (3.1.8), it is observed that dividing through by d, leaves the right-hand side
of order O(671). In light of this observation, write N §2) in d-asymptotic expansion of the
form
N =5 N 1 NP 4 0(s).
Hence, substituting this expansion into equations (3.1.7)-(3.1.8) and the relevant boundary
conditions leads to a system of problems which are solved systematically and in tandem,

the first few of which a presented below:

;

curlcurl Nl(?zl =0, on Q1,

div N( )1 =0, on Y1, N1(21 Q-periodic, (3.1.9)
nq X curl Nl(gl =0, on I,
(curl curl Né?zl = iL%, on o,

diVNéQE1 =0, on Qo, <N(§7221>Qo = _<N1(,221>7 (3.1.10)
no- Ny =ni - N2, onT,
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curl (curl Nl(()) + M(Q)) fzg()) — L%, on @1,
div N = o, on Q;, N Q-periodic, (3.1.11)
n1 X (curl N1(,20) + M{QO)) =mny x curl Né?zl, on T,

The solution to problem (3.1.9) is unique up to a constant and takes the form

NP =V 1 +C, (3.1.12)

where 1,1 € [H;er(Q)]?’2 is harmonic on (; and C' is a constant tensor. Problems

(3.1.10)-(3.1.11) are solved simultaneously leading to the conclusion that N5(2) =0
as 0 — 0.
Recall the problem for N 5(3):
curl A° (curl NéS) + M§3)> = <L((53)> - L((;g),
Né?’) Q-periodic, <N§3)> =0, div Ngg) =0, (3.1.13)
N®] s (3) 3) _

[n Nj ]F 0, [n x A (curlN(s + M; )L“ 0.

This problem is solved in an analogous way as problem (3.1.6) is solved. Note that since

3 —1a7(2 2 2 172
(157) = (e(curl (07" Ny + N{) + M)y + d{e(curl (57 N2 1))ay + 0(0),

and curl N1(,221 =0, it follows that L((Sg) = O(1) and hence N(S(‘g) =0(5Y).
The procedure above is carried out for all higher-order tensors N ék) and as a result,

the following asymptotic relations are obtained
N&) = NPT — 0(579), Vi=1,2,....

Recall the asymptotic expansion for u® (c.f. (1.1.5)). Neglecting the “gradient” terms
in the expansion, (it will be shown in Appendix 3.A that they have no impact on the

expansion below), the asymptotics for u® are of the form
u® ~v+eNWYeurlv+26 ' NAVeurl v+ ' NOV2curl v+ 2N V3curlv+. . ...

A particular scaling between the contrast parameter § and the period ¢ is observed from
the above which results in a “different kind” of asymptotic expansion. Indeed, for the
scaling § = £2, the above expansion will consist of terms of order O(1) and order O(¢)
only. This observation justifies the phrase “critical scaling” for the case when § = 2 since

it leads to a deviation from the classical asymptotics for the solution.

Further Discussions

The derivation of the homogenised equation in the case of a high-contrast periodic dielec-

tric medium was given for Maxwell’s equations in Cherenichenko & Cooper [23]. A further
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study of the work of this section would be to derive the homogenised equation in the case
of the critical scaling via asymptotic methods and compare the results with those found
in this paper, not only to check that the results agree, but also to find the higher-order

terms in the higher-order homogenised expansion.
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3.2 Homogenisation of Maxwell’s Equations on Thin Struc-

tures

3.2.1 Formulation of the Problem and Tools

In this section, the limiting homogenised problem for Maxwell’s equations on a rod struc-
ture will be outlined in the regime when the rods are “sufficiently thin”, i.e., when the rod
thickness a = a(¢) > 0 and the period £ > 0 are such that a/e? — 0 (as e — 0). The work
of this section will follow a similar vain to the work of Chapter 2 with a lot of the same
notation used.

Let F be a connected, 3-dimensional periodic singular structure. Denote by F” the
rod framework formed by replacing the line segments in F' by cylindrical rods of diameter
h := a/e wherein, the original line segments form the medians of the rods of F". Let
Q) C R3 be a bounded Lipschitz domain and let Q = [0,1)® denote the period cell for the
network. Define A and A" by the relations (c.f. (2.1.1)):

1
MB) = g )

_ H3(BNFh

QN FMY

for all Borel sets B C (. Once more there is weak convergence A" — \. Furthermore, the
measure A\ is introduced where A" is concentrated on the contracted network F" = ¢Fh
and is defined by the relation \*(B) = e3\"(¢ 7! B), for every Borel set B C R3. Moreover,

the measure A?, has period ¢ and

/ d\! = 53/ dA\" = &3,
cQ Q

Note there is convergence A" — dx as e — 0 also. The parameters h and € are connected
via the relation h(¢) — 0, ¢ — 0. Throughout this work, it will be assumed that u/ is a

bounded sequence in [L%(Q, d\!)]3:

e—0

Iimsup/ [ul2 AN < 0.
Q
The following subset of the space HL (€, d\!) is introduced:

Hlno(Q,dNY) = {u € [L3(Q,d\")]? | curlu € [L2(Q,dA)]3, A°curluxn =0 on 09},

curl,0

where A€ is a uniformly elliptic, symmetric, periodic, 3 x 3 matrix and n is the unit,
outward pointing normal to the boundary of €.
The following equation is derived from Maxwell’s equations (c.f. Section 1.3.1) and

the problem is to find u® € H!_ ,(Q,d\") such that

url,0

curl Acurlu® —ul = f_. (3.2.1)
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The vector field f. € [L?(22,d\")]?. Remark also that A%(-) = A(-/e), f.(-) = f(-,-/e).

Equivalently, equation (3.2.1) can be written in the weak form as

/ Afcurlu - curl p d\! — / ul - pd\ = / F-pd\' Vece Q)] (3.22)
Q Q Q

The behaviour of w” will be examined when the thickness h = h(e) is such that h/e — 0
as € — 0. In this scaling, the rods are described as being “sufficiently thin”.

In addition to the theory of two-scale analysis (c.f. Section 2.1.2), additional charac-
terisations of potential vectors and solenoidal vectors (c.f. Section 2.1.3) will be needed

for the analysis of this section.

Definition 3.2.1 (Potential & Solenoidal Vectors). The space of potential vectors (curl
free vectors), denoted Vj,o is the closure of the set {V | ¢ € C52.(Q)} in [L*(Q, dN)]*. A

vector a € [L?(Q,d\)]? is said to be solenoidal (or divergence free) if
/ (a . b) dA =0, forall be V.
Q

The set of all solenoidal vectors is denoted Vi, and moreover, the following orthogonal

decomposition holds [L?(Q,d))]? = Voot @ Vol

It is also true that [L2(Q x Q,dx x d)\)]? = L2(Q, Vyor) ® L2(€2, Vao1)- It has been shown
(see Zhikov [82]) that L?(£2, Vpot) is the closure in [L?(Q x @, dx x dA)]? of the linear span
of vectors w(x)Ve, w € C(Q), ¢ € C2%(Q). Moreover, L*(, Vi) is the closure in
[L2(Q x Q,dx x d)\)]?® of the linear span of vectors w(zx)a(y), w € CC(Q), a € Vi

Alternatively (see Jikov, Kozlov & Oleinik [40]), a vector v(zx,y) € L*(Q, Vpot) if and

only if
v(z,y) = k(x) + 7(x,y), k€ [L*(Q,dN)]?, n(z,-) < Lgot(Q), (3.2.3)

where L2 (Q) := {u € [L*(Q,d))]* | curlu = 0}.
Let a,b € [L?(Q,d)\)]3. Tt is said that a = curlb if the following identity holds:
/ (a-1) d\ = / (b-curly) dX, for all ¢ € [C2.(Q)]°.
Q Q

Theorem 3.2.1 (Approximation Lemma). Let T denote set of vectors a € [L*(Q,d)\)]?

admitting the representation a = curlb, where b € [L?(Q,d\)]3. Then T is dense in V).

Proof. Assume that there exists a vector h € Vi, N T+, Consider the following problem
for periodic w € [H] ,(Q)]3:

/Q(curlu ccurlp+u- ) d\ = /Qh cpd\, Ve e [CSZT(Q)]?’. (3.2.4)
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Setting ¢ = u yields
/ (lcurlul? + [ul?) dX = / h-uwdA.
Q Q

By the Cauchy-Schwartz inequality and inequality (2.2.1), it follows that

1 1
/|u!2d)\§/ (Jcurlul?® + |ul?) d)\—/h-ud)\g/ ]h]Qd)\—l—/ lul?dA.
Q Q Q 2 Jq 2 Jq

Hence,

/my%ug/ |h|2d). (3.2.5)
Q Q

From equation (3.2.4), clearly (h — u) € T and hence that (h — u) is orthogonal to h.

Thus, once again by the Cauchy-Schwarz inequality and inequality (2.2.1), it follows that

/ythA:/ h-ud/\g/ |u|? dA. (3.2.6)
Q Q Q

Hence, by equations (3.2.5) and (3.2.6) it follows that

/|h|2d)\—/ lu|? dA.
Q Q

Thus

/ (Jeurlul® + [uf?) dX = / h-ud\ = / |h2d), = / lcurlu|?dX\ = 0.
Q Q Q Q
Therefore u € Vot and moreover, u = h € V,; and hence h = 0. ]

The extension of a function defined on the limiting structure F' to the support of the
rod framework F will be now be established. If I is a link of the singular structure F,
then the corresponding rod on F" is I" := I x D;, where D}, is the disk of radius h. The
approximation of potential vectors outside a neighbourhood of the nodes of the singular
structure F' is of particular interest. Let D C Vo be a dense subset which contains
vectors compactly supported outside a neighbourhood of the nodes of F. Consider a link
I =10,1] x {0} x {0} of F' which lies on the horizontal axis with the corresponding rod of

F" denoted I" = [0,1] x Dy(0). Next consider a smooth vector defined as
g(y) = (a1 (v1),0,0), wy1 €[5,1—4], 0<d<I.

Extending the vector g to the support of the measure A" on the rod [5,1 — §] x Dy (0) is
achieved by the following

gn(y) = <(1 +y2 + y3)ay, yaa1, y3a1),
and outside this rod g, (y) = 0. Hence, on the rod I*
curlg, = (0, (1 —y2)ar(y1), (ys — 1)a’1(y1)),
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and curl g; = 0 otherwise. Moreover, it can be shown that
/ lcurl g;,|? dA" = O(h?), / lg;, — [g]"2 A\ = O(h?), (3.2.7)
Q

where [g]"(y) is the natural extension (c.f. Definition 2.1.7) of g (y). Therefore,

2
52/9 lcurl g, (x/<)?d\! = O <<I;> > , (3.2.8)
2
[lonte/o) - gl @/ Paxt = 0 ((h) ) , (329
Q

This approximation can be easily applied to an arbitrary rod of the network F. These
results will be used to prove the homogenisation theorem in Section 3.2.2 in the case when

the scaling h/e — 0 is considered.

3.2.2 Two-Scale Limits and Homogenisation Theorem

Note that it can be shown in much the same way as shown in Section 2.2 that the sequences
u! and curlu” are bounded in [L?(€2,dA")]* and hence by the compactness lemma (c.f.
Proposition 2.1.1), they possess (upto possibly taking a suitable subsequence) a weak

two-scale limit.
Theorem 3.2.2. Suppose that

ul(z) > u(z,y), in [LA(Q,d\)P,

(3.2.10)
ecurlul — 0, in [L2(2, dAR)]3.
Then u(x,y) € L?(2, Vpot)-
Proof. Let a € [L*(Q,d)\)]® and b € [L*(Q,d))]® be such that @ = curlb. Then by
definition the following relation holds:

5/Qb(f) -curlep dAg—/Qa(f) p(z) N, v € [CSR ().

Consider those vectors ¥ (z) = ¢(x)ul(z) where ¢ € C5°(€2). Hence

5/Qb(:§>go(:c)-curlu?d)\?%—e/gzb(j) (Vi xuh)dAl = /Qa(j)-cp(a:)u?(m)d)\?,
(3.2.11)

where the relation curl(gous) = pcurl uh + Ve x u , has been utilised. Hence, passing

to the limit as ¢ — 0 on both sides and making use of the hypotheses of the theorem, it

// u(z,y) dAdx = 0.

By the Approximation Lemma (Theorem 3.2.1), since a belongs to a set dense in V) it

can be seen

follows that u(x,y) € L*(£2, Vpor) and hence the result follows. O
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In what follows, the structure of the limit of curlu! will be established.

Theorem 3.2.3. Suppose potential vectors satisfy the decomposition (3.2.8) and that
curl u’(x) 2 p(x,y) in [L2(Q,d\M)]3. Then

1. u(z,y) = uo(z) + I(z,y), where ugp € HL () and II € L*(£2, Vior).
2. where v(x,y) € L?(Q, Vi), it follows that

p(x,y) = curlup(x) +v(x,y), (3.2.12)

Moreover, if u? € HéurlO(Q) then ug € Hclurlo(Q)~

Proof. The fact that u(x,y) = uwo(x) + II(x,y) follows by decomposition (3.2.3) with
ug € [L?(,dN\)]? and II € L3(, Vpot). It will be established that curl,ug € [L(,d\)]3

and hence that ug € H'! () in the following argument. For the proof of part 2), let

curl

b € Voo, ¢ € C5°(2). Then

/chrlug : gp(m)b(%) dNh = —/Q [V x ul'] - b(%) A,

Taking the limit as € — 0 and applying the theory of weak two-scale convergence yields

// p(x,y) - o(x)b(y) drdx = — // Vo(x) x u(z,y)| - b(y) dAdz.

Writing u(z,y) = uo(x) + II(z, y), and noting that ([Ve(x) x II(x,y)] - b(y)) = 0 (see
Appendix 3.B), it follows that

// p(2,y) - o()b(y) dAdz = — // V() x uo(x)] - bly) drde,

Using the fact that curl,ug - (b) € L?(9) in the distributional sense, it follows that

/Q/Qp(a:, y) - p(x)b(y) dAdw = / curl,ug - o(x)(b) da.

Q
Hence, by a similar argument to the argument presented in Zhikov [82, Theorem 9.5],

curl,ug € [L?(2))® and therefore ug € H! (). Rewriting the above in the form
/Q/Q [p(a:, y) — curlxuo] - p(x)b(y) d\dx = 0,
as vectors of the form op(x)b(y) are dense in L2(€2, V,0t) it follows that
p(xz,y) = curlup(x) +v(z,y), v(x,:) € Vi, (3.2.13)

as required.
Since it can be shown that both sequences u” and curlu” are bounded in [L2(£2, dA")]3,

it follows that ul € [H} O(Q)]3. Let @ € [C§°(Q)]3, be a sequence which approximates
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ug and extend this approximation by zero to some larger domain Q > Q. It is obvious
that the two-scale limit of u” in Q coincides with the extension by zero of the limit in 2.
Thus, outside 2, ug is zero and ug € H, éurl(Q). By the assumption that ) has a Lipschitz
boundary, it follows that ug € Héurl,O(Q) (See Dautry & Lions [26, Page 204]). O

One final convergence result of interest is the so called convergence of momenta. Define

the homogenised tensor (c.f. equation (2.2.9)) by the following minimisation problem:

Abomg g — i / A(E +0) - (£ + ) d. (3.2.14)
Q

ve‘/sol
Note that alternative formulations for the homogenised tensor can be given in the case of
Maxwell’s equations (see Cherednichenko & Cooper [23]). The Euler-Lagrange equation

for the above minimisation problem is given as

v € Vo, /A(S—F'v)-god)\:O, Y € Vil
Q

Equivalently:
curl (A(§ +v)) =0. (3.2.15)

Hence, A(§ + v) € Vot and moreover, for v the solution to (3.2.15), it follows that

Ahoms‘sz/QA(£+v)-(£+v)dA=</QA(€+”)<“>‘5’

and so in conclusion,
Abomg — / A(€ 4+ v)dA. (3.2.16)
Q

Consider the following theorem.

Theorem 3.2.4. Suppose that

: h o h _ ) 3
glg(l) A A®(x)curl ul(x) - curly'w(g)gp(m) d\) =0, »e (), we|[Cr(Q)

(3.2.17)

Then the following weak convergence follows:
Afcurlul — AM"curlug  in [L2(Q,dA)]3.

Moreover, the vector v seen in equation (3.2.13) is the solution to the periodic problem

(3.2.15) for € = curlyug. That is
curl, (A(y)(curlup(x) +v(x,y)) = 0.
Proof. From the general theory of weak two-scale convergence, it immediately follows that

Afcurl u” iA(y)[curlxuo(.alc) +v(x,y)],

Afcurlu® — | A(y)[curlug(x) + v(z, y)] d\.
Q

116



In particular, taking the weak two-scale limit of equation (3.2.17) yields

/ / A(y)[curlup(x) + v(x, y)|p(x) - curl,w(y) dAdex = 0.
QJQ

As ¢ is arbitrary in a space dense in L?(Q), it follows that

/QA(y) [curlug(x) + v(x,y)] - curlyw(y) dX = 0.

Thus, v(«, -) solves the periodic problem (3.2.15) for £ = curl,uy and moreover, equation

(3.2.16) implies that
/ A(y)[curlyug(x) + v(z, y)] d\ = AP™curl, ug.
Q
Thus by the convergence above, the theorem is proved. O

Remark. Note that if the solution v to the problem (3.2.15) above is written in the
form v(x,y) = N(y)curlup(x) where N(y) is a 3 x 3 solenoidal matrix, then these
results would coincide with the analysis of Chapter 1. Moreover, since N is solenoidal, the
existence of a matrix N} is infered such that N(y) = curl, N(!)(y) which leads to the

solution of the problem above exactly coinciding with the solution of equation (1.1.9).

The derivation of the homogenised equation will be presented but firstly, the energy
space V is defined.

Definition 3.2.2. The set V' contains all those function ¢ = ¢(x,y) such that
(,0(113, y) = (190(33) + ‘I’(:va)v ®o € [Hclurl,O(Q)]Bﬂ ‘I’(CB, y) € L2(Q7 VPOt)'

The following is the two-scale homogenised equation which captures the problem de-

scribed by (3.2.1):

/ AP curlug - curl @ da — / / (uo+II) - pdAdx = / / f-edidz.  (3.2.18)
Q QJQ QJQ

In differential form, equation (3.2.18) may be written as the following system:
curl A" curlug — w(ug + IT) = (f), (3.2.19)

ug € [Hiu o, (w,-) € Voo, divy(Il(z, ") + f(w, ")) =0. (3.2.20)

C

It will now be proven that this is indeed the two-scale limit of the original problem.

Theorem 3.2.5. Let u® solve the Dirichlet problem (3.2.1) and let f. be bounded in
[12(9, X)) such that £.(x) = f(w,y) (F.(x) > F(@,y)). Then

2 2
u?éu(m,y) :U0+H(Zﬁ,y), (u?—>u0+l_[(m,y)),

curl u? 2 curl,up +v(x,y), (curl u? 2 curlup + v(x,y)),
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up € [ngrl,O(Q)P’ H(ZC, ) € VPOt'

The wvector field u solves (3.2.19) and the vector v is the periodic solution to the cell
problem (3.2.15) with & = curlug. Moreover, if h/e — 0 as € — 0 then relation (3.2.20)
also holds

Proof. Consider the weak formulation (3.2.2). Using standard inequalities implies that the
sequences u! and curlu” are bounded in [L?(2,d\?)]3. Hence, without loss of generality,
it can be assumed that the convergences (3.2.10) and (3.2.12) hold. Take as test functions
from the energy space V, firstly ¢(x,y) = ¢(x). Hence, in the limit as ¢ — 0, equation
(3.2.2) tends to

//A(y) (curlzuo—|—v(w,y))-curlzgoo(w)d)\dw—//u-good/\dac://f-cpod)\dw.

By the convergence of momenta (which can be seen by taking test functions of the form
Y(x) = ep(x)w(x/e), with ¢ € C3°(Q) and w € [C55,(Q)]* in equation (3.2.2)), it follows
that

/Ahomcurlug-curlgood:n—//u~good/\dm://f-cpod)\dac.
Q QJQ QJQ

To obtain the relation (3.2.20), test functions of the form ¢(x,y) = ¥ (x)g;,(y) will be
taken where 1 € [C$°(Q)]? and g, is a sequence as seen in (3.2.7) which approximates a

potential vector g. Hence equation (3.2.2) now takes the form:

[ Acurtul - (curlg v axt + [ Acurlul - (Vox g) AN = [ (ul + £ gl
Q Q Q

The first integral will vanish in the limit as € — 0 by the approximation (3.2.8). The
second integral vanishes in the limit as ¢ — 0 since by convergence (3.2.9) and the fact
that the the natural extension [g]" converges to g, by a result in Zhikov [82, Lemma 5.3,
A()(curlup(x) + v(z,-)) L (g(-) X Ve(x)). Therefore, in the limit as ¢ — 0 equation

(3.2.2) takes the form

[ [ v+ f@v) - g ariz —o.
QJQ

Hence the result.

Assume now that there is strong two-scale convergence f,. EN f. Substituting ¢ = u?

into the weak formulation (3.2.2) yields
/ Afcurlu? - curlu d\" — / [ul|? d\P = / f-uldrb,
Q Q Q

Using the fact that there is weak two-scale convergence u? 2w and Proposition (2.1.2)
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it follows that:

/ / A(y) (curlyug + v(zx,y)) - (curl,up + v(x,y)) dAde — / / Ju|? d\dx =
//fud)\d:z:— hm fau dA\r = hm{/ Afcurlu® - curlu d\" — /uh dAh}
> / / A(y) (curlug + v(z,y)) - (curlyug + v(x,y)) dAde — / / lu|? d\da.

QJQ QJQ

Therefore, by the Squeeze Theorem

hm/ [ul|? A\ = // lu|? d\de, (3.2.21)

;1_% QAscurlu curlul d\! = / / A(y) (curlyup + v(z, y)) (curlyug + v(x,y)) dAdez.
(3.2.22)

Weak two-scale convergence plus equality (3.2.21) imply the strong two-scale convergence

ul(x) 3 u(x,y) = uo(x) + II(x,y). Finally, in light of the weak two-scale convergence

curl u! 2 curl,ugp + v, there is weak two-scale convergence
(A%)Y2(z)curl u”(x) N A2 (y)(curlug(z) + v(z, y)).

This convergence is made strong in light of the convergence (3.2.22) and hence by the
definition of strong two-scale convergence (see Definition 2.1.3), there is strong two-scale

2 .
convergence curl ug = curl,ug + v as required. ]

Remark. In the case of classical homogenisation of Maxwell’s equations, that is, the
homogenisation of Maxwell’s equations on a bounded domain with periodic structure but
no rod framework, the same conclusions can be made with regards the structure of the

homogenised equation.

Further Discussions

Many possible extensions of the above work can be carried out. Firstly, it may be of
interest to carry out the relevant analysis for rod structures which are sufficiently thick
(lim._,0 a/e? — 00) and for rod structures which are critically thick (lim. .o a/e? — 6 > 0,
c.f. Chapter 2) and derive the homogenised models for these problems. It is suspected
that these results will not be too different from the results presented in [82] and [84] for
the elasticity case.

A study of the spectrum for the curl A¢curl operator on rod structures (of all cases
of lim._,0a/e?) is also a problem to be examined. Once again, it is suspected that the
analysis should follow similar lines to that of [81] but the non-trivial kernel of the curl

operator may provide minor hurdles to the analysis.
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Extending the rod structure problem further to a setting where the space between the
rods is filled with a soft material which is in high-contrast is also work to be carried out. In
[23], the authors investigate the nature of an electromagnetics problem for a high-contrast,
periodic dielectric medium but with no thin structure. It would be of interest to see what
similarities lie between the results of this work and also the corresponding results for rod
structures.

Electrodynamics problems depend sensitively on the geometry of the domain. In par-
ticular, the analysis of a stiff rod structure with soft inclusions will be different depending
on whether or not the rod structure leaves the soft inclusion simply connected or not and
it would be expected to yield a homogenised equation of a different nature in the case of

a multiply connected soft inclusion.
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3.3 Homogenisation of Maxwell’s Equations under a Chiral

Transformation

3.3.1 Change of Coordinates and Governing Equations

In this section, work related to the motivation of this thesis is presented. It has been
suggested that there is a connection between materials possessing a negative refractive
index and materials which a chiral geometry. In the work to follow, a chiral transformation
of the system of Maxwell equations will be followed by a homogenisation of the transformed
system to try and gain insight into this suggested link.

Let © = (z1,22,23) € R3\{z1 = 0,25 = 0} =: R3 denote the Cartesian coordinates

and let & = (&1,£2,&3) € R3 be the chiral coordinates which are given by the following

transformation:
&1 = xy cos(axs) — xgsin(axs), x1 = & cos(ags) + &osin(als),
& = xy sin(awg) + x2 cos(axs), xg = =& sin(adsz) + & cos(als),
€3 = w3, r3 = &3,

where « is a parameter which characterises torsion. Note that 23 + 23 = £ + €3 and
distance is preserved under this coordinate change. The associated Jacobian matrices for

the above coordinate changes are

cos(afs) —sin(as) —abs cos(axs) sin(axrs) axs
Je = | sin(as) cos(ags) a& |, Jzi= | —sin(awxs) cos(aws) —az
0 0 1 0 0 1

Let V, and V¢ denote the gradients with respect to the variables  and & respectively.

By the chain rule, the following relations are derived between the gradients V, and V:
Ve=JlVa, Ve=JlVe

Denote by T¢* and T3 the transformation matrices defined by the following relations:

T 1+ 0425% *0425152 —ab . 1+ 0421:% *O[QILTQ %)
JeJ JpJ
§
Tg = det Jg = | —a?6& 1+a%22 af |, Tp = dextj = | —a?rzs 1+a%2? —am
x
—as aéy 1 axy —ar 1

Note that det J; = det J, = 1.

Remark. Note that the transformation matrix Tg‘ depends only on the variable y := o€,

Le, T¢ = T(y). Moreover, T¢* is independent of the variable .

A well known property of Maxwell’s equations is the fact that they are invariant under

coordinate transformations (see Johnson [41] for full details).
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Theorem 3.3.1. Consider the system of Maxwell equations:

curl H = %It), curl £ = —%]f, (3.3.1)

D=¢E, B-=uH, (3.3.2)

divD =0, divB=0. (3.3.3)

Let ¢ — ' := (2], 2h,2%) be a coordinate transformation with Jacobian matriz J;; =

0z} /0xj. Then the system of Mazwell equations in the new coordinates is given as

oD’ OB’
I'H = V'E = -—— 3.4
cur 50 cur TR (3.3.4)
B = /H', D =¢FE, (3.3.5)
div' D' =0, div'B' =0, (3.3.6)

where

JB ., JD , JeJT ., JuJ”

D = — —
det J’ detJ’ = detg M T detg’

H =UJ""'H, E=J")"'E B =
and where curl’ and div’ are the curl and divergence with respect to the variable =’

Proof. Equation (3.3.4) will be shown only as showing the other equations is similar.

Consider equation (3.3.1) written in index notation:

OE,
6abcacLI{b = 5cdﬁ7

where €4 is the usual Levi-Civita symbol. Under the change in coordinates, = — «’,
0o = Jpa0;, and hence

OFE]

ot~

/ !
€abeJia0; Jjp H = €cdJia

Noting that €upeJia0lJjp = €abeOaJjp = 0, since OqJjp = OpJjq, after multiplying both side
of the above by J. yields

/ ! 8El/
€abc ke jbJiaO;Hj = chfcdjldﬁ'

Hence, noticing that €.pcJrcJjpJia = €1 det J, back in vector notation, the above equation

may be written in the following way

JEJTLE’
detJ Ot

curl H =

as required. O
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3.3.2 Formulation of the Problem and Solution by Asymptotic Expan-

sion

Consider equations (3.3.4)-(3.3.6) with the prime notation dropped for convenience and
where the transformation is @ — &. It is assumed that the vectors E and H can be

written in time harmonic form, i.e.
E(t) = E(¢)e™, H(&1)=H(, wek

Hence the equations of consideration are

curl H = iweE, curlE = —iwuH, (3.3.7)
div(cE) =0, div(uH) =0. (3.3.8)
It is assumed further that in the original Cartesian coordinates that ¢ = eo(awxs)l,

p = po(axs)I where gg, o are 1-periodic functions. Hence in the chiral coordinates the
permittivity and permeability matrices (still denoted £ and p respectively) are given by

the formulae
e=¢co(y3)T(y), p=po(ys)T(y),

where T'(y) is the transformation matrix seen in Section 3.3.1. Note that the constitutive
equations (3.3.5) have been substituted into equations (3.3.4), (3.3.6).
Assume that the vector fields ﬁ, E , now denoted H®, E%, can be expanded in asymp-

totic expansions of the torsion parameter a:
H(&) = Ho(¢,0€) + o "Hy(€,a€) + O(a™), (3.3.9)

E%(&) = Ey(¢,0é) + o E (€, 08) + O(a™Y). (3.3.10)

Here, the variable a& =: y will be defined on the unit cell Q := (R? x 81)\{y; = 0,92 = 0}
where 8! denotes the unit circle, i.e., the interval [0, 1] with it’s end points ‘glued’ together.
In other words, functions of y will be 1-periodic in the ys-direction.

The variables € and y are treated indepedently, and hence the curl and divergence

operators are written
curl = curl¢ + acurly, div = dive + adivy,.

Hence, formally substituting the asymptotic series (3.3.9) and (3.3.10), into (3.3.7) and
(3.3.8) yields

acurl, Ho + {curl, H; + curl Ho} + O(a™!) = iwe(Eg + a 'E1) + O(a™), (3.3.11)
acurly Eg + {curl, Eq +curl Eg} +O(a™ ') = —iwpu(Ho+ao 'Hy) +O(a™). (3.3.12)
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adivy (uHo) + {div, (uH1) + dive(uHo)} + O(a™) =0 (3.3.13)
adivy(eEg) + {div, (¢ E1) + dive(eEg)} + O(a™!) =0 (3.3.14)

Hence the leading order equations from (3.3.11) and (3.3.12) are given as

1,Ho(£,y) =0, _
Oa): 4 & Y) (€.y) e B3 x Q, (3.3.15)

curlyEo(S,y) = 07
CurlyH1(£7 y) = _Cur1§H0(£7 y) + i(JJE(y)Eo(E, y)7

0(1): (& y) € R3 x Q.
curl, E1(§,y) = —curle Ey(€,y) — iwu(y)Ho(€, y).

(3.3.16)

The solution of the first equation in (3.3.15) on the domain @ can be shown (see

Appendix 3.C) to take the form

Ho(&,y) = an(§)a(yr,y2) + Bu(§es + Vyou(€,y), (3.3.17)

where o € HY(R? x Q), ag, Bz € H'(R?) are to be determined and

tan~—! <z?> , y1 > 0,y2 > 0,
@ qlzaiq’ /2, y1 = 0,42 >0,
a=1q/|: %3(/11 q(y1,y2) = { 7+ tan~! (‘Z?) : y1 <0,
0 a2 = 873/2’
3m/2, y1 = 0,72 <0,
27 + tan~! <zj> , y1 > 0,92 < 0.

Notice that the function ¢ is curl-free and divergence-free and hence also harmonic on
R\ {y2 = 0,1 > 0} as well.
The function ¢g is determined via the following problem which is obtained from the

leading order equation in (3.3.13):

—divy (uVypn) = (am + Ba) o, (3.3.18)
where the prime notation denotes differentiation with respect to the ys variable. Clearly
or(&,y) = (an(§) + Bu(8)2u(y) + on(§)vnu(y)

where ®p,vy € H'(Q) and solve the equations
—divy, (uVyPr) = py,  —divy (uVyor) = 0. (3.3.19)
These equations will be discussed further in Section 3.3.3.
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Remark. Note that the following results also hold for the second equation in (3.3.15):

Eo(&,y) = ap(€)q(y, y2)+Be(€)es+Vypor(€y), vr e H(R*%Q), ap,fre H'(R®),

(3.3.20)
where pg solves the equation
—divy (eVyor) = (ar + Br)e), (3.3.21)
and
ve€y) = (ap(€) + Be€)Pr(y) + op()Ye(y), @rvr e H(Q),
—divy (eV,®p) =€, —divy (eVyp) = 0. (3.3.22)

3.3.3 Homogenised System of Equations

Observe that the equations (3.3.16) are solvable if and only if the right-hand side of each
equation is orthogonal in the L?(Q) sense to all elements of the kernel of the left-hand

side. Hence, in light of equation (3.3.17), the following must hold:

/ {—curl¢H( +iweE} - (aq + bes + cV2p) dy =0,
Q

=K

where a,b,c € R are constants and ¥ € H'(Q). Notice that in light of the identity
curle(f(§)v(y)) = Ve f(§) xv(y) and the relations (3.3.17) and (3.3.20), the above integral

may be represented as

/ { — (Vean x q+VeBu x e3+ Ve(ag + Bu) x Vy@y + Veor X Vybg) +
Q

+iw (aEso (L+191)q + 63)+5E€o(|?9|2Q+63)+(@E+ﬁE)€Vy¢E+0E€Vy¢E) }'K dy =0,
(3.3.23)

where ¥ = (y1,¥2,0). If @ = b = 0 then the above equation is satisfied automatically in
light of the leading order equation in (3.3.14) and the identity divycurl; = —div¢curl,.
Let a =1 b= ¢ = 0. Note that for any two vectors u and v, the identity u-(uxv) =0

holds and moreover it is understood that

/ qdyidy: = 0,
R2\{0}

in the sense that

l l n l l —1
lim / / dyldy2> = lim (/ / dyldy2> =0.
l—=00 ( )i+ =00 \J_1J_1 v7 + 43
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Hence (3.3.23) reduces to the following

</ V@ x qdy) ~V§(aH + Bu) + </ Vythu X qdy) Veoy =
Q Q

=1 (@p) =13" (V)

=iw (/ eo(TVy®Pr-q+1) dy> (ag + BE) —i—iw/ €0 <0ETVwa -q+ g@) dy,
Q Q

=13 (®x) =1 (¢)

(3.3.24)

Similarly, setting b =1 and a = ¢ = 0 yields

</ V,@p x e3 dy> -v,g(OéH + Bu) + </Q Vb X e3 dy) Veog =
Q

-~

=18 (@) =18 ()

= iw </Q eo(IT'VyPp +e3)-e3 dy) (ap + BE) +iw (/Q eVyUE - e3 dy) op, (3.3.25)

=182 (Pp) =183 (i)

If in equations (3.3.24) and (3.3.25) H — E, E — H, ¢y — o and pg — &o then
these equations become the solvability conditions for the second equation in (3.3.16). It
is first noted that if the integral denoted L(Ig)wp;) is to be finite then o o< ag. Hence,
op = Cpag (og = Cyay) where Cp (Cy) is a constant.

The equations above will form a homogenised system of equations provided solutions
Oy, Pp, Yy, E can be found to equations (3.3.18) and (3.3.21) such that the integrals in
equations (3.3.24) and (3.3.25) are finite.

The aim now is to describe the class of solutions of the equations (3.3.19) such that
@y, Wy are 1-periodic in the y3 variable and such that all the relevant integrals in ex-
pressions (3.3.24) and (3.3.25) are finite along with those integrals which come from the
other system of solvability conditions.

Consider the change of variables y =y & — x. Then equations (3.3.19) can be rewrit-

ten as

—div, <M0($3) {VICT)H + 63}) =0, —divg <M0($3)V:c1;H> =0, onQ@,

where 5 (z) = @y (y(x)), Y (x) = ¥y (y(x)). The kernel of the divergence operator on

unbounded, multiply connected domains is discussed in Appendix 3.C. Hence
1o {Vx(AI;H + 83} = a1e3+big+cicurluy, MOVMZH = agsesz+baq+cocurl, vy, (3.3.26)

where a;, b;,c; € R, i = 1,2 are constants and up, vy € ngrl(Q).
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Consider the integrals L(12) (Pg), It(13) (Vp), L(g? (Pg), L(zi) (vpr). Making the same change

of variables in these integrals it is found that the following integrals need to be finite:

b
1(52)@)[{) = /Q {@1‘2 + cicurlup - q} de, Ié?((IJH) = /Q {a1 + cicurluy - es} de,
(3.3.27)

I () = /

{MOC'H + by
Q

’:IA’,“Q + Cgcurlva . q} dw, Iéz;:) (wH) = / {a2 + CzcurleH . 63} dx,
Q

(3.3.28)
Further expressing the first integral in (3.3.27) in polar coordinates and simplifying the

expression in the second integral yields

b1 Ous / Oua Ouy
R o2 o 3.2
/Q{T + 1 6r}dr’ Q{a1+01 (8951 8x2>}dw’ (3.3.29)

where dr = drdfdzs and (%H(r) = ®(r(x)). Given that the terms a; and by /r will not
give finite integrals, it is concluded that a; = by = 0 otherwise
a1xr9
1

ug=Upng+ — —ax
2¢1 151 ’

—by In(2? + 23)
where Uy € H Clurl(Q). However, this cannot be since the vector on the right-hand side is
not in H'(Q). For the second set of integrals (3.3.28), it is concluded that as = 0 but it
suffices that b = —Cp (o) for finiteness of the first integral in (3.3.28).
The matrices Mg := JI x q and M, := JI x eg are introduced and given explicitly

by the following expressions:

xo(—x1 cos(x3) + wosin(xs)) —wq1(—x1 cos(zg) + xosin(xz)) —=z1 cos(zs) + xo sin(xs)
1
My = EE —zo(z sin(zs) + xo cos(z3))  x1(xysin(zs) + zocos(xs))  —(zysin(zs) + x2 cos(zs)) | >
1 Z2 0
(3.3.30)
sin(zg) cos(zz) O
Me; = | —cos(zs) sin(xzg) 0| - (3.3.31)
0 0 0

Noting that (Mgq) = (Me,q) = 0 and that (Mge3) = (Me,e3) = 0, it can be shown that

—1
189(®y) :cl/ ’|uP’2M curluy dz, I (@p) :cl/ pig ' Me,curluy de,  (3.3.32)
Ql® Q

—1
Lgl)(le)ZCQ/QMﬁg)Pchurldem, It(gi)(wH):CQ/QMalMe3curlde$. (3.3.33)

Note that these integrals are also vectors and therefore it is required that all three com-

ponents of each vector need to be finite. Consider the integrals Lgl)((I) ) and Ié?((I) H)-

127



Expressing these integrals in polar coordnates, it can be shown that the following integrals

need to be finite:

(1) 1 01y 1 0o ) 1.
I (®p) - e = it z
q (®n)-er Cl/@#o (953)005(94‘!133){ o o0 +T8x3+ru1+r8r dr,

(@) - eg = 1) s om 10t | Otz 1, Ou
I (®m) eg—cl/Q,uO (xg)s1n(0+x3){ 5 790 +7r 8x3+ 1+raT dr,

(1) Ous Sin(e + 563) Ous ouq . Ous
1Y@ _ SI\Y + 73) Jus gun U2 | gy,
s (Pr) /Q,uo { cos(0 + x3)—— 5. T " 50 T cos(ac?,)({)aj3 s.m(:):g)agc3 dr
(1) Ous  cos(0 + x3) Qus Oouq Ous
1Y@ - _ Ouz _ cos dus up |
s (D) /Q,uo { sin(0 + x3) o . 50 T° n(x?’)(‘)a;g + cos(zrrg)ax3 dr

I8 (®y) - e5 =0,

where 47 = — sin  uj 4+ cos 0 us and o = cos 0 uy + sin 6 us. Hence, functions @y, @5, ¥y,
Y are considered such that the integrals above (and their similar counterparts)are finite.

Moreover, define vy = apg + By, Yy = ag + Br and define by DZ the following operator:

Db = </ Vybxady> - Ve.
Q

Then a homogenised system of equations is obtained in the form

DZH vy + DYy = iw(eg™™yE + jYaE), De,yn =iw(etd™yE + jhap)  (3.3.34)

Dgve = —1w(,u2°m7H +jfaH), De,vE = —1w(,u}el§m7H +je3aH) (3.3.35)

where
ghom . /Qg(vy% tey)-ady,  phom .= /Qu(vych tes)-ady, (3.3.36)
JE = /Q ¢ (q+ Vyup) - ady, ji = /Q w(g+Vyon) ady.  (33.37)

Note that the above set of equations is a scalar system as opposed to being a vector system

of equations.

Further Discussions

The work described in the section above was motivated by recent developments in metama-
terial science. Links have been made between materials which possess a negative refractive
index and chirality and the initial goal of this project was to make a chiral change of coor-
dinates in the governing equations and to see if a negative effective permeability and/or a

negative electric permittivity could be found. A further extension of the work carried out
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above could be to take a bounded domain and appropriate boundary conditions to see if
any further relations between chirality and metamaterials can be deduced.

Another possible extension is to use the same coordinate transformation of this chapter
but for the so called Drude-Born-Fedorov model of the Maxwell system of equations which

has been investigated with regards to metamaterials already (see Guenneau & Zolla [37]).
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Appendices

3.A Asymptotics of the tensors K(gj), j=12 ...

The asymptotics for the tensors K(gj ) will now be analysed. Recall that the tensors Kéj ),
j = 1,2,... satisfy a system of equations which derive from the divergence condition

divu® = 0. The system of equations is (c.f. equation 1.1.22)

Ay (KT ) 127, (KO Viv) + A (KW w) +div, (N Vi leurl,v) =0,
(3.A.1)

for j = 1,2,....Together with the conditions K(gj) is Q-periodic and <K§j)> = 0, these

tensors are determined uniquely.

)

The d-asymptotic behaviour of the tensor K(gj is dependent on the d-asymptotic be-

haviour of the tensor N (gj _1), j =1,2,... which can be observed from the equations above.

Noting once again that K(gl) = 0, the first non-trivial tensor K§2) = (Kéz))ijk satisfies the

following (index) equation:
00K 10 = — (N jmermia.

It becomes apparent that because N él) = O(1) that K§2) = O(1). Advancing this proce-

dure, it can also be shown that
K& = kBT — 0(579), j=1,2,....

Therefore, substituting these d-asymptotics for the tensors Kéj ) into the asymptotic ex-
pansion for the solution u° along with the asymptotics for NV (gj ) yields
u® ~ v+ eNWBeurl,v 4 ¢ {5_1N(2)churly'v +Vy (K(z)V%v) } +
+ &3 {5_1]\7(3)V§curlxv +67'v, <I~((3)Viv) +V, (K(Q)ng) } +
+et {6*2N(4)Vicurlxv +471v, (fwvgﬁv) +lv, (K(3>V§v) } .

This expansion reveals no further scalings that could be considered as “critical” other than

the scaling § = 2.
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3.B A Result on Potential Vectors

Lemma 3.B.1. Let P(z,y) € L*(, Vyor). Then for any b(y) € Vyor and any constant

vector c(x),

/Q (cla) x P(z.y)) - bly) dA(y) = 0.

Proof. Note that since vectors of the form Vi, ¢ € ngr(Q) are dense in Vj,qt, it is sufficient

to prove the result for b = V1. Hence

/(cxP)-wdA—/ (cxP)z/wnd/\—/div(cxP)wd)\,
Q aQ Q

where n is the unit outward pointing normal to the boundary of (). Since @) is a unit
cube and both P and 1 are periodic, the boundary integral vanishes. Moreover, using the

identity div(a x b) = a - curlb — b - curla, it follows that

/div(cxP)wd)\:/(ocurlPP-curlc)d)d)\:O.
Q Q

The last equality is true since P is potential and c is constant. O

3.C Kernel of the curl and div Operators on Multiply Con-

nected, Unbounded Domains

Let Q C R3. When Q is bounded and simply connected, the solutions v € [L?(£2)]? of the
problem

curlv(z) =0, vxn=0 ondd, =€,

are elements of the set
ker curl := ker{curl, L*(Q)} = VH'(Q) := {v(z) = Vw(z) | w € H(Q)}.

The extension of this result to unbounded, simply connected domains is achieved by im-
posing a sufficient decay at infinity (see Ledger & Zaglmayr([45]).

The case when ) is bounded and multiply connected will now be outlined. For full
details, see Dautray & Lions [26, Chapter IX]. Let © be a 3-dimensional, bounded con-
nected domain which lies wholly on one side of it’s boundary 92 which has dimension 2
and is furthermore of the class C* where k > 2. Let 99 have a finite number of connected
components denoted I'g,...,I", where I'g denotes the boundary of the infinite connected

component of ' = R3\ (.
Definition 3.C.1. Let X4, ..., %,, be a collection of smooth surfaces such that
1. ¥q,...,%,, are open subsets of smooth manifolds My, ..., M,, respectively,
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2. the boundary of each ¥; is contained in 952,

3. the intersection of any two cuts is empty, i.e., ;N 2; =0, ¢ # j,

4. the open set ' = Q\ J", X; is simply connected and pseudo-Lipschitz!.
Then we call ¥4, ...,3,, a collection of cuts for the domain €.

The purpose of these cuts is to make every curl-free field on €’ the gradient of some

scalar field.

Proposition 3.C.1. Let Q be an open set which is bounded and multiply connected in R3
such that there are cuts satisfying the assumptions of Defintion 3.C.1. Then the kernel
of the curl operator in [L*(Q)]? is the sum of two orthogonal spaces; VH () and Hy ()
where the latter is the vector space of dimension m (the number of cuts required to make

Q simply connected) defined by
Hy(Q) = {v € [L*(Q)]? | v = Vuw, in the classical sense® in Q withw € HY(Y) a solution of (3. C’.])},
where the problem in question is

Aw =0, in¢,
o) _
onlr (3.C.1)

[w]y, = constant, i=1,...,m,

ow

— =0, ¢t=1,...,m.
CE A
where [w]y, = w|g+ — w|y-.

Elements of the kernel of the divergence operator on a multiply connected domain §2

can be shown to be of the form
u=h; +curlw, wxn|p=0, (3.C.2)

where hy € H;(2) and w € [H(Q)]3.

The domain @ := (R?*\{0}) x 8! is multiply connected but is also unbounded and hence
the above result cannot be applied right away since the condition 8—: L= 0 in (3.C.1)
and the condition w X n|r = 0 in (3.C.2) make no sense. These conditions are replaced
by the conditions that the limits
lim {aw

R—oo | On

=0 % st 3.0.3
posgere} =0 €S, (362

!For the definition of pseudo-Lipschitz, see Amrouche, Bernadi, Dauge & Girault [2]
2in the sense of distributions on €’
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lim {w x n| =0, Vy3es8. (3.C.4)

R0 Y7 +ys=R? }

Hence the kernel of the curl operator on the domain @ is determined. Two cuts >
and Xy are made such that every curl-free field becomes the gradient of a scalar function
and, without loss of generality, the first cut ¥; is made in the y3 = 0 plane and the second
cut Yo is made in the y; > 0,42 = 0 plane. It can be confirmed that the solution of
problem (3.C.1) with the condition (3.C.3) replacing the requirement that g—;ﬂp =0isa

linear combination of the functions

wi(y) =ys, wa(y)=tan"' <Z£> : (3.C.5)

Hence, the kernel of the curl, operator on R3 x Q is given by vector fields of the form

v(&,y) = Vyou(§,y)+a(&)Vyw (y)+B8(&)Vywa(y) = Vyou (&, y)+a(é)es+5(£)a(y, v2),

as required. Moreover, functions in the kernel of the div operator on R3 x Q take the form

u(§,y) = a(§)es + B(&)q(y1, y2) + curl,w(§, y), (3.C.6)

Note that the vector field w can be found uniquely provided

divw =0, lim w-ndydy; =0, Vyz e8!, VEe RS,
R—o0 B(O,R)
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