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Quasiperiodic media is a class of almost periodic media which is generated from periodic media
through a ‘cut and project’ procedure. Quasiperiodic media displays some extraordinary optical,
electronic and conductivity properties which call for the development of methods to analyse their
microstructures and effective behaviour. In this paper, we develop the method of Bloch wave
homogenisation for quasiperiodic media. Bloch waves are typically defined through a direct inte-
gral decomposition of periodic operators. A suitable direct integral decomposition is not available
for almost periodic operators. To remedy this, we lift a quasiperiodic operator to a degenerate peri-
odic operator in higher dimensions. Approximate Bloch waves are obtained for a regularised version
of the degenerate operator. Homogenised coefficients for quasiperiodic media are obtained from the
first Bloch eigenvalue of the regularised operator in the limit of regularisation parameter going to
zero. A notion of quasiperiodic Bloch transform is defined and employed to obtain homogenisation
limit for an equation with highly oscillating quasiperiodic coefficients.
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1 Introduction

The aim of this paper is to explore Bloch spectral methods in homogenisation of quasiperiodic
media. The qualitative theory of homogenisation proposes effective equations for heterogeneous
media modelled by partial differential equations with highly oscillating coefficients. On the
other hand, the quantitative theory of homogenisation offers approximations for solutions to
equations with small-scale oscillations along with error estimates. A numerical treatment of
such equations can often be prohibitively costly as the mesh size needs to be much smaller
compared to the length scale of oscillations. For a comprehensive account of the mathemat-
ical theory of homogenisation, see [7]. Periodic heterogeneities occur aplenty in nature (e.g.
solid-state physics) and offer simple and realisable models for composites. However, many
phenomena in nature are truly aperiodic. A widely known example of aperiodic media is qua-
sicrystals [36]. Quasicrystals are ordered structures without periodicity. They may be thought of
as periodic crystals in higher dimensions that are projected to lower dimensions through a ‘cut
and project’ procedure. Quasicrystals have unique thermal and electrical conductivity proper-
ties with many potential industrial and household applications, such as in adhesion and friction
resistant agents, and for designing new composite materials [19], photonic crystals [27, 32, 45]
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and metamaterials [42]. Quasiperiodic structures also exhibit localised states [31], which have
applications in disorder-enhanced transport [26] and unidirectional reflectionless metamateri-
als [46]. These novel properties and applications of quasiperiodic structures are consequences
of the microstructures of the media. This necessitates the development of homogenisation the-
ory for quasiperiodic media. Quasiperiodic structures and their homogenisation, however, may
appear in various models outside optics and materials science, for example, see [13] and refer-
ences therein for homogenisation of quasiperiodic masonry structures. Indeed, it has been argued
that many phenomena which are modelled to be random could actually be quasiperiodic [2].

1.1 Difficulties in quasiperiodic homogenisation

In a prototypical problem in homogenisation, one considers the following equation on a domain
Q of R%:

. d out
Au = —div(4°Vu) = ™ <ak1 (g) " ) =f

8)61

Let u¢ € H'(Q2) converge weakly to «* in H'(Q). Then, the limit #* satisfies the homogenised
equation:

Alomy = —div(4*Vu*) = f in Q.

Usually, there is a structural assumption on the matrix 4, such as periodicity.
An important objective in homogenisation is to seek solutions to the following cell problem in
the same class of functions as the underlying media. For £ € R?, find w* such that

—V - AX)(E + V) =0in R’

Not only is the homogenised tensor expressed in terms of the solutions of the cell problem, but
also the function u€ can be approximated as a two-scale asymptotic expansion built from them.
The main difficulty in almost periodic homogenisation (of which quasiperiodic homogenisation
is a subclass) comes from the non-solvability of the above equation in the class of almost peri-
odic functions [24]. This problem was partially solved in [29] where an abstract approach is
offered whose details may be found in Section 6. However, the abstract approach has the twin
deficiencies of the cell functions not appearing as a gradient of an almost periodic function and
the cell problem still being posed in R, which makes it computationally infeasible. The first
deficiency has been addressed by employing a penalising term in the cell problem, for example,
see Shen [37]. The second difficulty is often circumvented by solving the cell problems on cubes
of large size, as in [11, 39]. However, for quasiperiodic structures, there is an alternative method
to solve the cell problem which is to propose and solve an equation in higher dimensions whose
solutions when suitably restricted to R? solve the original equation [24, 20, 9, 43, 44]. Such a
procedure necessitates an assumption on coefficients to be at least continuous since restriction of
functions to lower dimensional surfaces requires some smoothness. A second difficulty results
from the fact that the equation posed in the higher dimension is typically degenerate, that is,
non-elliptic.

Qualitative homogenisation offers different methods for obtaining the effective coefficients
which may be found in a number of books [35, 3, 22, 7]. These distinct methods offer different
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viewpoints and have advantages in different models. While these methods were initially intro-
duced for homogenisation of periodic media, they have been subsequently extended to take into
account a variety of aperiodic media, particularly quasiperiodic and almost periodic structures.
Bloch wave homogenisation is a spectral method developed by Conca and Vanninathan [16]
for obtaining qualitative as well as quantitative results in periodic homogenisation. Bloch
waves play the same role for periodic operators that plane waves do for operators with constant
coefficients. In Bloch wave homogenisation, instead of the cell problem, one solves the Bloch
spectral problem. For 1 € R?, find ¢ (1) such that

—(V +in) - AV + in)g(n) = 1(n)¢p() in R”. (I.1)

Using Bloch waves, a periodic operator is diagonalised and the first Bloch mode contributes
to its homogenisation. The cell problem is loosely interpreted as an infinitesimal form of the
Bloch spectral problem and the solutions of the cell problem may be thought of as infinitesimal
Bloch waves supported by the effective medium. Other than offering new characterisations of
effective media, the Bloch wave method is also known to provide order-sharp error estimates in
homogenisation under optimal hypotheses on regularity of coefficients [15, 8] and better numeri-
cal approximations [14]. Moreover, Bloch wave methods are widely used by physicists, often for
aperiodic media, for which their applicability is not mathematically justified. The Bloch spectrum
also offers important information about the photonic bandgaps of quasicrystals [34, 28]. Hence,
it becomes imperative to extend and study Bloch wave method in the context of aperiodic media
such as quasiperiodic structures.

Bloch wave method relies on a direct integral decomposition of periodic operators

®
/ A(n) dn,
Td

whose fibres A(17) := —(V + in) - A(V + in) have discrete spectrum in L2(T¢) [33]. A direct inte-
gral decomposition of quasiperiodic operators is sometimes described in the non-commutative
geometry literature [5]. In this case, the fibres do not possess a discrete spectrum. This is a
reflection of the different nature of the spectra of periodic and quasiperiodic operators. While
periodic operators are known to have absolutely continuous spectrum, quasiperiodic operators
often have Cantor-like spectrum [18]. Since a direct integral decomposition of quasiperiodic
operator A may be out of reach, a simpler problem is to look for quasiperiodic solutions to the
Bloch spectral problem (1.1). However, in parallel to the non-solvability of the cell problem for
quasiperiodic media, the Bloch spectral problem too is non-solvable in the class of quasiperiodic
functions.

1.2 Our method

In order to extend Bloch wave method to quasiperiodic homogenisation, we shall lift the Bloch
spectral problem (1.1) to a periodic equation in higher dimensions. The lifted equation is however
degenerate. We regularise the degenerate equation which leads to a notion of approximate Bloch
waves. When this equation is projected to R, we obtain approximate quasiperiodic Bloch waves.
The homogenised tensor for quasiperiodic media is found to be equal to the limit of the Hessian
of first Bloch eigenvalue of the regularised degenerate operator as the regularisation parameter
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tends to zero. Further, we define a notion of quasiperiodic Bloch transform to aid us in the passage
to the homogenisation limit.

The novelty of our work lies in establishing the existence of approximate Bloch waves for
quasiperiodic media by employing the periodic lifting of quasiperiodic structures and ellip-
tic regularisation. These techniques have the advantage of exploiting the specific structure of
quasiperiodic media which can be experimentally determined. Further, the elliptic regularisa-
tion [30], reminiscent of artificial viscosity, offers considerable computational simplifications.
We are also able to employ these spectral tools in the service of homogenisation, leading to
a new characterisation of the homogenised tensor. This also showcases the robustness of the
Bloch wave framework of homogenisation [16]. Finally, since we obtain the entire approximate
Bloch spectrum of the quasiperiodic operator, higher energy phenomena such as high-frequency
homogenisation are also open to analysis with our methods.

A notion of approximate Bloch waves for aperiodic media has been introduced in a dynamic
context in [6]. They employ a concept of Taylor—Bloch waves for long-time homogenisation of
aperiodic wave equation. While our method relies on spectral theory, they make use of regu-
larised cell problems to define Taylor—Bloch waves. Therefore, our method offers an alternative
description of approximate spectral theory for quasiperiodic operators by lifting and elliptic
regularisation which is simpler and may offer computational advantages.

The plan of the paper is as follows: in Section 2, we state the homogenisation problem to
be solved and the notations to be used in the rest of the paper. In Section 3, we introduce the
degenerate periodic equation in RM and its regularised version for which we obtain approximate
Bloch waves. In Section 4, we prove the existence of the regularised Bloch waves. In Section 5,
we apply Kato—Rellich theorem to obtain analytic branch of the regularised Bloch waves and
Bloch eigenvalue. In Section 6, we recall the cell problem for almost periodic media and the
cell problem for the degenerate periodic operator in higher dimensions. In Section 7, we obtain
the homogenised tensor for the quasiperiodic media as a limit of the first regularised Bloch
eigenvalue. In Section 8, we introduce a notion of quasiperiodic Bloch transform. Finally,
in Section 9, we obtain the homogenisation theorem for quasiperiodic media by using the
quasiperiodic Bloch transform.

2 Notations and definitions

In this paper, we will perform Bloch wave homogenisation of the following equation with highly
oscillatory quasiperiodic coefficients:

V-4 (;-C) Vi (x) = f in
u*=00n 0%, 2.1

where Q € R? is an open set and the parameter € satisfies 0 < € < 1. Let M be an integer such
that M > d and let O = [0, 27)™ denote a parametrisation of the M-dimensional torus TV . We
make the following assumptions on the coefficient matrix 4 = (ak;);f’,:l:

(H1) The entries (a;d)i,,:1 are smooth, bounded real-valued functions defined on R¢.

(H2) The coefficient matrix A4 is quasiperiodic, that is, there exists a d xd matrix
B= (b;d)z’,:1 with smooth Q-periodic entries and a constant M x d matrix A such that
A=Bo A, thatis,
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VxeRYandVk,Ist. 1<k I1<d au(x)=bu(Ax),
where the matrix A satisfies
ATp # 0 for non-zero p € ZM. 2.2)

(H3) The matrix 4 is symmetric.
(H4) The matrix 4 is coercive, that is, there is a positive real number « such that for all v € R?
and a.e. x € R?, we have

(@), v) > a|vl’.

Remark 1

(1) The assumption of smoothness on the entries of A is not essential. The approach of this
paper demands taking trace of solutions on lower dimensional manifolds. We only require
as much smoothness as would guarantee twice continuous differentiability of the solutions.

(2) The assumption (2.2) implies that the continuous and periodic matrix B is uniquely deter-
mined from its values on AR?. Hence, coercivity of Bon RM follows from that of A. See [12,
Section 3] for details.

The class of quasiperiodic functions is a subclass of almost periodic functions. For K =R or C,
let Trig(R?; K) denote the set of all K-valued trigonometric polynomials. Recall that the comple-
tion of Trig(R’; K) in norm of uniform convergence results in a Banach space called the space
of all Bohr almost periodic functions denoted as AP(R?). Further, in LfOC(Rd), one can define a
seminorm

1 1/p
[If |l == (h}xgs;ip = /[H)d Forr dy) .

For 1 < p < 0o, the completion of Trig(R?; K) in this seminorm results in the Besicovitch space
of almost periodic functions B”(R¢). Given a Besicovitch almost periodic function g, one can
define the notion of mean value

1
M(g) = lim — gy) dy.
/[—z*fs)f‘

R—>00 R4

For each g € B?(R?), we can associate a formal Fourier series g ~ Z 3(£)e™*, whose exponents
geRd
are those vectors £ € R? such that M(g - exp(ix - £)) # 0. These exponents or frequencies are
denoted by exp(g) and the Z-module generated by exp(g) is called the frequency module of g and
denoted by Mod(g). A quasiperiodic function may also be defined as an almost periodic function
whose frequency module is finitely generated (see (2) in Remark 2). Trigonometric polynomials
are the most common example of quasiperiodic functions. One may conclude from this definition
that any quasiperiodic function may be lifted through a winding matrix A to a periodic function
on a higher dimensional torus. The space of all periodic L? functions in the higher dimension will
be denoted interchangeably by L§(Q) or L>(T™). The space L§(Q) is also defined as the closure
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of CZ°(Q) functions in L?*(Q) norm. Similarly, for s € R, we may define H:(Q) or H(TM) as the

space of all periodic distributions for which the norm |[u|ys = (},czm (1 + |n]?)* |’L?(n)|2)1/ % s
finite.

Remark 2

(1) The assumption (2.2) makes sure that the mean value of the quasiperiodic matrix A can be
written as the mean value of the periodic matrix B on Q. A proof of this fact may be found
in [38, Proposition 1.7] and [12, Theorem A]. The equality of the two mean values is used
in Section 7 for the characterisation of homogenised tensor of quasiperiodic media.

(2) We have given two seemingly disparate definitions of quasiperiodic functions, one as
restriction of periodic functions to lower dimensional planes and second through the fre-
quency module. Indeed, the two definitions are equivalent and the proof may be found
in [10] for different classes of almost periodic functions. Let T' C RY be a finitely generated
Z-module. Denote by B3 (RY) (respectively APr(R?)) the subspace of B*(RY) (respectively
AP(RY)) containing functions whose frequencies belong to T'. Then, B%(Rd) (respectively
APr(RY)) is isometrically isomorphic to L*(TV) (respectively C(TV)) for some N > d.

(3) The assumption (2.2) is a version of Kozlov’s small divisors condition [24] which is also
often called the Diophantine condition.

3 Degenerate operator in RM

The Bloch wave method in homogenisation is a spectral method. Bloch waves are solutions to
the Bloch spectral problem which is a parametrised eigenvalue problem. While the details of
Bloch wave method can be found in [16], the main feature of this method is the existence of a
‘ground state’ for the periodic operator, which is facilitated by the direct integral decomposition
of the periodic operator. In the case of a quasiperiodic operator, one may not have a ground state
but we show the existence of an approximate ground state. To begin with, we shall pose a Bloch
spectral problem for the quasiperiodic operator. Let ¥ := [—%, %)d, then we seek quasiperiodic
solutions to the following Bloch spectral problem for the quasiperiodic operator A = —V - (4V):

—(VH4in)- AV +in)p = r¢p in RY, (3.1)

for 7 € Y. The problem above is typically solved for periodic 4, in which case, the solutions
are called Bloch waves. However, the matrix 4 is quasiperiodic, and it is not clear whether
quasiperiodic solutions to (3.1) exist. Therefore, we propose to lift the operator A to a periodic
operator in R, for which a functional analytic formalism is available. The mapping x — Ax €
RM lifts the operator A to the periodic but degenerate operator in R given by

C:=—A"V,.BATV,. (3.2)

Let us denote A7V, by D, then operator C is written as —D - BD. The operator C may also be
written as —V,, - CV,, where the matrix C = ABAT. Note that C is non-coercive.

The Bloch eigenvalue problem given by (3.1) is lifted to the following problem: For n € Y,
find ¢(n) € Hﬁ1 (Q) such that

Cm¢(n) == —(D+in) - B(D + in)p(n) = A(m)p(n)- (3.3)
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We note here that due to the degeneracy of operator C(n), we cannot seek Lax—Milgram solutions
to this equation in Hn1 (Q). To remedy this situation, inspired by [9], we regularise (3.3) as follows.
ForneY and 0 <& < 1, find ¢(n)) € H}(Q) such that

C’m¢°(n) = —(D + in) - B(D + in)$’(n) — A° (1) = 1> ()’ (). (3.4)

The solutions ¢° to (3.4) shall be called regularised Bloch waves and A’ will be called
regularised Bloch eigenvalues.

Remark 3

(1) In homogenisation, one often assumes the basic periodicity cell to be rectangular for
convenience. However, more general periodicity cells in the shape of a parallelepiped
may be considered through a change of coordinates. Under the change of coordinates,
the rectangular cell becomes a parallelepiped and an operator of the form —V - AV
becomes —V - (PAP~Y)WV. In a similar fashion, the transformation A converts the oper-
ator —V, - AV, into the operator —V,, - (ABAT)Vy. Unlike PAP™', the matrix ABAT is
non-invertible since A is a transformation between spaces of different dimensions.

(2) It is instructive to compare quasiperiodic structures with laminates. Quasiperiodic media
admit embeddings in higher dimensions which are periodic and non-homogeneous in all
directions. On the other hand, laminated materials are periodic structures which are homo-
geneous in some directions. Further, the operator with quasiperiodic coefficients has a
degenerate embedding in higher dimensions, viz., it is non-elliptic in certain directions.
On the other hand, the operator modelling laminates are elliptic in all directions.

(3) A quasiperiodic structure may be defined by cutting a periodic structure along a lower
dimensional hyperplane whose ‘irrationality’ is expressed in the condition (2.2), which
implies rational independence of rows of the matrix A. The periodic embedding of a
quasiperiodic operator is highly anisotropic with large conductivity along the ‘irrational’
hyperplane and no conductivity perpendicular to the hyperplane. The regularisation
in (3.4) may be thought of as the addition of artificial diffusion in directions perpen-
dicular to the hyperplane. An example of high anisotropy is cloaking via coordinate
transformation [17] where the heat flux is redirected around the invisibility region.

(4) In contrast with (3.4), it is standard to take the quasimomentum parameter 1 in RM and
to seek the regularised Bloch eigenvalues corresponding to the periodic operator given by
-V, (ABAT + 81)V,, where I is the M x M identity matrix. However, we have chosen the
quasimomentum parameter n in RY and we have not introduced a shift in the regularised
term 8 A. This simplifies the presentation considerably.

4 Regularised Bloch waves

In what follows, we shall prove that

(1) There exists C, such that foralln e ¥ /, the bilinear form generated by the operator C*(n)) +
C,l is elliptic on Hj:1 (Q), where I denotes the identity operator on Lg(Q). This will allow us
to prove invertibility of C?(1) + C,.
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(2) By Rellich compactness theorem, we will prove compactness of the inverse of C°(n) +
C.l in L%(Q). This will prove the existence of regularised Bloch eigenvalues and Bloch
eigenfunctions.

(3) An application of the perturbation theory will provide us with smoothness of regularised
Bloch eigenvalues and Bloch waves with respect to n near n = 0.

For the bilinear form a®[n](, -) defined on Hﬁ1 (0) x Httl (Q) by

&, v) = / B(D+inu-(D+inyvdy+4 / Vyu - Vyu dy, 4.1)
0 0
we have the following Garding-type inequality whose proof is simple and is omitted.

Lemma 1 There exist positive real numbers C, and C* not depending on § and n such that for
all u e HJ:1 (Q)and alln e Y', we have

S 2 2 sk
10+ CullilEy g, > 3115, g, + C 11Dl 30, (42)

The above lemma shows that for every € ¥ the operator C3(17) + C,/ is elliptic on Httl (0).
Hence, for /" € L(Q), this shows that C?(n)u + C,u = is solvable and the solution is in H}(Q).
As a result, the solution operator S(n) is continuous from L§(Q) to H;(Q). Since the space
H}(Q) is compactly embedded in LZ(Q), S(n) is a self-adjoint compact operator on L(Q).
Therefore, by an application of the spectral theorem for self-adjoint compact operators, for
everyneyY " we obtain an increasing sequence of eigenvalues of C?(17) 4+ C,/ and the correspond-
ing eigenfunctions form an orthonormal basis of Lé(Q). However, note that both the operators
C%(n) and C’(n) + C,I have the same eigenfunctions, but each eigenvalue of the two opera-
tors differs by C,. We shall denote the eigenvalues and eigenfunctions of the operator C°(5) by
n— (A,(n), % (-, n)). Note that due to the regularity of the coefficients, the eigenfunctions are
C* functions of y € Q. All of these developments are recorded in the theorem below.

Theorem 4.1 The regularised Bloch eigenvalue problem (3.4) admits a countable sequence of
eigenvalues and corresponding eigenfunctions in the space Hﬁl (Q). Further, the eigenfunctions
Oy, n) are C* functions of y € Q.

Proof We have already proved the existence of the eigenvalues and eigenfunctions for the
problem (3.4). Regularity of the eigenfunctions follows from the standard elliptic regularity
theory [25]. U

Remark 4 In HI, we assume the coefficient matrix A to be smooth. However, we do not require
this much regularity. We only require as much smoothness on the coefficient matrix that would
ensure that the Bloch eigenfunctions are twice continuously differentiable.

5 Regularity of the ground state

In the sequel, differentiability properties of regularised Bloch eigenvalues and regularised Bloch
eigenfunctions with respect to the dual parameter n € ¥ "are required. For this purpose, we have
Kato—Rellich theorem [23, 33] which guarantees analyticity of parametrised eigenvalues and
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eigenfunctions corresponding to analytic family of operators near a point at which the eigenvalue
is simple. Indeed, we will prove the following theorem.

Theorem 5.1 For every § > 0, there exists 05 > 0 and a ball U® = By, (0) :={n € Y :|n| < 6s)
such that

(1) The first regularised Bloch eigenvalue n — 13(n) is analytic for n € U°.
(2) There is a choice of corresponding eigenfunctions ¢°(-,n) such that n € U® — ¢3(-,n) €
Hﬁ1 (Q) is analytic.

The proof will require the Kato—Rellich theorem which asserts the existence of a sequence of
eigenvalues and eigenfunctions associated with a self-adjoint holomorphic family of type (B).
The definition of self-adjoint holomorphic family of type (B) and other related notions may be
found in Kato [23]. However, we state them below for completeness. We begin by defining a
holomorphic family of forms of type (a).

Definition 5.2

(1) The numerical range of a form a is defined as ©(a) = {a(u, u) : u € D(a), ||u|| = 1}, where
D(a) denotes the domain of the form a. Here, D(a) is a subspace of a Hilbert space H.
(2) The form a is called sectorial if there are numbers ¢ € R and 6 € [0, /2) such that

Oa) CSep ={reC:|arg(h — o) <)}

(3) A sectorial form a is said to be closed if given a sequence u, € D(a) with u, — u in H and
a(u, — u,) — 0as n,m — oo, we have u € D(a) and a(u, — u) — 0 as n — oo.

Definition 5.3 (Kato) A family of forms a(z),z € Dy € C¥ is called a holomorphic family of
type (a) if

(1) each a(z) is sectorial and closed with domain D C H independent of z and dense in H,
(2) a(z)[u, u] is holomorphic for z € Dy € C for each u € D.

A family of operators is called a holomorphic family of type (B) if it generates a holomorphic
family of forms of type (a).

The Kato—Rellich theorem as stated in [23, 33] is for a single parameter; however, it is also
true for multiple parameters with the assumption of simplicity (see Supplement of [4]).

Theorem 5.4 (Kato-Rellich) Let D(1)) be a self-adjoint holomorphic family of type (B) defined
for 7 in an open set in CM. Further let .o =0 be an isolated eigenvalue of D(0) that is alge-
braically simple. Then there exists a neighbourhood Ry € CM containing 0 such that for ij € Ry,
the following holds:

(1) There is exactly one point M(n) of o(D()) near ro=0. Also, M(n) is isolated and
algebraically simple. Moreover, M(7)) is an analytic function of 1.
(2) There is an associated eigenfunction ¢(1) depending analytically on 1 with values in

H(Q).
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In order to prove Theorem 5.1, we need to complexify the shifted operator C?(57) before
verifying the hypothesis of Kato—Rellich theorem.

Proof (Proof of Theorem 5.1)

(i) Complexification of C%(7):
The form a[n](-, -) is associated with the operator C*(n). We define its complexification as

t(ﬁ):/B(D+ia+t)u-(D—ia+t)ﬁdy+8/ Vyu - Vyudy
o o
for 7 € R where

R={ieC” fi=o+ir,0,1cR", |o| <1/2,|7] < 1/2}.

(ii) the form #() is sectorial:
We have

t(f;):/B(D—i—ia+t)u~(D—ia+t)ﬁdy+8/ Vou - Vyudy
0 0
=/B(D+io)u~(D—io)ﬁdy+8/ Vyu~mdy—/B(ru)~Dﬁdy
0 0 0

+/BDu-(rﬁ)dy—/Bru~rﬁdy+i/Bou.rﬁdy—i—i/Brwaﬁdy.
0 0 0 0

From above, it is easy to write separately the real and imaginary parts of the form #(7).

?Rt(f;)[u]:fB(D+ia)u-(D—ia)ﬁdy+8f vyu-Wdy—/Bm-mdy, 5.1
0 0 0

I t(n)[u] = / Bou-tudy+ / Btru-ocudy+ S/ BDu - tudy. (5.2)
o 0 o
For the real part, we can readily obtain the following estimate:
RG] + Csllul2y g, > 5 (MullZy g + 11DullZy ) ) + 811Vl (53)
o~ g L3O I£1(0) (o)) '

Let us define the new form #(7}) by #(#)[u, v] = t(i})[u, v] + (Cs + Ce)(u, v)Lg(Q), for which it
holds that

~ o
NHT S ¢ 2 2 2 2
i@ > 3 (||u||L§(Q) + ||Du||L§(Q)) + 8119l g, + Collul 3 g

Also, the imaginary part of #(7}) can be estimated as follows:

SHD] < Crllullyz g, + CellDulli

C7=C¢Cy,2Cg=aC o
7=CoCy2Cy=aCy <c6||u||§§(g)+5||Du||§§@>

- o
<G (SRt(n)[u] - 5“”'@%@) ‘
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This shows that #(7) is sectorial. However, sectoriality is invariant under translations by scalar
multiple of identity operator in L§(Q); therefore, the form #(7) is also sectorial.

(iii) The form #(7) is closed:
Suppose that u, - u. This means that U, —> u in Lg(Q) and #(7)[u, — u,] — 0. As a conse-
quence, Rt())[u, — up] — 0. By (5.3), ||lu, — l/lm”Hul(Q) — 0, that is, (u,) is Cauchy in H:1 (0).

Therefore, there exists v € Hnl(Q) such that u, — v in Hu1 (Q). Due to uniqueness of limit in
L%(Q), v = u. Therefore, the form is closed.

(iv) The form #(7) is holomorphic:
The holomorphy of ¢ is an easy consequence of the fact that # is a quadratic polynomial in 7.

(v) 0 is an isolated eigenvalue:

Zero is an eigenvalue because constants belong to the kernel of C%(0) = -V, - (ABAT +
8I)V,. We proved using Lemma 1 that C%(0) + C.I has compact resolvent. Also, C, is an
eigenvalue of C°(0) + C,I. Therefore, C,! is an eigenvalue of (C°(0)+ C,/)~! and C. ! is
isolated. Hence, zero is an isolated point of the spectrum of C?(0).

(vi) 0 is a geometrically simple eigenvalue:

Denote by ker C?(0) the nullspace of operator C?(0). Let v € ker C*(0), then fQ(ABAT +
8)Vyv-V,udy=0. Due to the coercivity of the matrix (ABAT +8I), we obtain
[IVyvll;2(0)=0. Hence, v is a constant. This shows that the eigenspace corresponding to

eigenvalue 0 is spanned by constants; therefore, it is one-dimensional.

(vii) 0 is an algebraically simple eigenvalue:

Suppose that v € H/(Q) such that C*(0)*v =0, that is, C°(0)v € ker C*(0). This implies that
C%(0)v = C for some generic constant C. However, by the compatibility condition for the
solvability of this equation, we obtain C = 0. Therefore, v € ker C3(0). This shows that the

eigenvalue 0 is algebraically simple. 0

6 Cell problem for quasiperiodic media

In this section, we shall recall the cell problem [29] in the theory of almost periodic homogeni-
sation as well as the cell problem for the degenerate periodic operator in higher dimensions [24]
for quasiperiodic media.

Let ¢; be the unit vector in RY with 1 in the /th place and 0 elsewhere. For almost periodic
media, the cell problem

— Vi - (A(x)(er + Viw)) =0 (6.1)

is not solvable in the space of almost periodic functions. Hence, an abstract setup is required
which is explained below. Let S = {V.¢ : ¢ € Trig(R¢; R)}. This is a subspace of (B*(R?))?. We
shall call the closure of S in (B(R¥))? as . For the matrix 4, we define a bilinear form on ¥ by

d
aw', wh) = M(apwjwy),

k=1
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where w! = (w], wl, ..., wh)and w? = (w?, w3, . .., w?). By coercivity of the matrix 4, the bilin-
ear form is coercive. Also, by boundedness of 4, the bilinear form is continuous on W x W. We
also define the following linear form on W:

d
L(V)==) Mau)v.

k=1
Again, by boundedness of matrix A4, the linear form L; is continuous. Hence, Lax—Milgram
lemma guarantees a solution to the following problem: Find N’ € ¥ such that V V € W, we have

alN', V) = Li(¥). (6.2)
This is the abstract cell problem for almost periodic homogenisation [29] and the homogenised
coefficients are defined as

d
gy=M|au+ Z a/?/'N/'l . (6.3)
j=1
However, in the case of quasiperiodic media, one can also define cell problem in higher dimen-
sions as in [24]. The transformation x — Ax converts the cell problem in R? (6.1) to a cell
problem posed in Q for the degenerate periodic operator.

—D - B(y)Dy, =D - B(y)e,. (6.4)

Due to the lack of coercivity, we implement the regularising trick as in [9]. For 0 < § < 1, we
seek the solution W}S S Hﬁ1 (Q)/R to the following equation:

—D - By)DY} — 8AY? =D - B(y)ey. (6.5)

The solution satisfies the a priori bound ||D1p;3 | |iz © + 8| |Vy¢f | |iz © < C for some generic con-
f #

stant C. As a consequence, Dlﬁ;s converges to some function ! e (Lé(Q))d for a subsequence in

the limit § — 0. Using the a priori bounds, we can pass to the limit § — 0 in equation (6.5) to

show that ' solves equation (6.4) in the form
—D-B)x'=D-B®)e,. (6.6)

By elliptic regularity, Dy} € H;(Q) for all s > 0. As a consequence, Dy} € C*(Q). Therefore,
x! € H;(Q) for all s> 0. Again, x' € C®(Q) and equation (6.6) holds pointwise. Hence, we
can restrict equation (6.6) to R using the matrix A. Define N'(x) = x’(Ax), then N’ solves the
abstract cell problem (6.2). Therefore, the homogenised coefficients can be written in terms of
the solution of the lifted cell problem (6.4).

d d
1
=M |+ Y] | = [[@a+ > byx)as 6.7)
=1 0 j=1

where |Q| refers to the volume of the periodicity cell Q.
Let us define the approximate homogenised tensor 4%* = (qi;*) as

* 3 1
" =ep- 4> “=10 f(bkl+ek'BDwf) dy, (6.8)
o
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and the homogenised tensor 4* = (g7;) of quasiperiodic media as

qu=-ex A'er= /(bkl + e Bx')dy. (6.9)

101

Then, the following lemma holds true.

Lemma 2 The approximate homogenised matrix qi}* converges to the homogenised matrix gy,
of quasiperiodic media as defined in (6.9).

Proof The proof follows easily from the bounds that are available for 1/ff. O

Remark 5 Another method of solving the cell problem is proposed in [44] where instead of
seeking solutions in the degenerate Sobolev space as in [20], one seeks solutions in a subspace
of Htl (Q) where all the derivatives in directions orthogonal to the irrational plane are set to
zero.

7 Characterisation of homogenised tensor

Now, we shall compute derivatives with respect to n of the first regularised Bloch eigenvalue and
first regularised Bloch eigenfunction at the point n = 0 and identify the homogenised tensor for
quasiperiodic media. Note that the regularised Bloch eigenvalues and eigenfunctions are defined
as functions of n € Y. The first regularised Bloch eigenfunction satisfies the following problem

in Q:

—(D + i) - BR)D + i1 (v: ) — SAG (v; 1) = A (1)) (3 ). (7.1)
We know that )»f(O) =0. For ne Y, recall that Co(n)=—(D+ in) - By)(D + in) — SA. In the
rest of this section, we will suppress the dependence on y for convenience. For /=1,2,...,d,

differentiate equation (7.1) with respect to 7; to obtain
aC? e A
3—('7)¢>f(77) +Cm () =2 (71) (77) + (7 (), (7.2)
n an am

aC

where 8—(77) = —iD - (Be;) — ie; - (BD) + ¢; - By + 1 - Be;, where ¢; is the unit vector in RY with
m

1 in the /th place and 0 elsewhere. We multiply (7.2) by ¢2(n)), take mean value over Q and set

AN
n=0to get a—(O):Oforalll:l,Z,...,d.
i
On the other hand, if we set n = 0 in (7.2), we obtain

¢’ act
022 0)= -2 0}0)
n an;
or
(D BRI~ 54) <0> D B0)eig} 0).

A
——(0) is a constant.
i®,(0) an,

Hence, ¥} —
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Now, differentiate (7.2) with respect to 7, to obtain

92C? 328 b NS ¢’
( () — (n)) ¢1(n)+<—( )=l )) i()

anidny Ok
368 8)\6 2¢6
<—( )— —1( )) o0 —m+(C°() — 4 (77)) ( )=0. (7.3)
Multiply with ¢¢(n), take mean value over Q and set n = 0 to obtain
L oA 0)= /(b + BDYr! + 1 BDY?) d (7.4)
- = ¢ —e .
2amem 101 Jo 1T 2T T RS PR

Thus, we have proved the following theorem:

Theorem 7.1 The regularised first Bloch eigenvalue and eigenfunction satisfy:

(1) A3(0)=0.
(2) The eigenvalue A‘i(n) has a critical point at n = 0, that is,

)\8
9 (0)—0v1_12 d. (1.5)

(3) Forl=1,2,...,d, the derivative of the eigenvector (3¢} /dn;)(0) satisfies:

(0% /an)(v; 0) — i (v; 0)¢ P (v) is @ constant in y where Y solves the cell problem (6.5).

(4) The Hessian of the first Bloch eigenvalue at n =0 is twice the approximate homogenised
matrix ¢}* as defined in (6.8), that is,

1 92x8 5

i
0)=
2 0niomy )=

(7.6)

8 Quasiperiodic Bloch transform

We shall normalise ¢2(; 0) to be (27r)~¢/2. The Bloch problem at e-scale is given by
—(D, +i8)- BY [€)(Dy +i€)p) (v 1 6) — 8A 61 (V1 6) = AT E) (1 E) (8.
for y/ €eQand € € Y’/e. Due to the transformation y =y,/e and n = €&, we have
M€ =€ Ai(ek) and ¢ (V) = B /€5 €8). (82)

The above equation holds pointwise for y/ € €Q and is analytic for £ € e "' U°. For the purpose
of Bloch wave homogenisation, we need to restrict the regularised Bloch eigenvalues and eigen-
functions to RY using the matrix A. The restrictions to RY will be accented with a tilde (7). Let
us define

~ A
B ()= ¢! (TX eé) . (8.3)
Also define

BrW8)=VEA,01°0/; 8), (8.4)
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and its restriction

BY(x; €)= By (Ax; €), (8.5)

then the restriction of the first regularised Bloch eigenfunction satisfies the following approxi-
mate spectral problem in R?:

~(Vi+i8) A (2) (V40 @ 6) = VIR @ =2 O 8). (86)

We can compare this to our original goal of solving equation (3.1) in R?. Although we
could not solve the exact quasiperiodic Bloch spectral problem, we could solve an approxi-
mate quasiperiodic Bloch problem using the lifted periodic problem. Interestingly, the functions
¢~>f’e(x; &) and Bf’é(x; &), as defined in (8.3) and (8.5), are quasiperiodic functions of the first
variable.

Now we can define a dominant Bloch coefficient for compactly supported functions in R by
employing the first regularised Bloch eigenfunction as follows: Let g € H~'(R¥) with compact
support, then define

B g®) =g, g w8) | - (8.7)

-1 gl

For the next section, we need to know the limit of Bloch transform of a sequence of functions
as below.

Theorem 8.1 Let K C R? be a compact set and (g°) be a sequence of functions in L>(RY) such
that g¢ = 0 outside K. Suppose that g¢ — g in L*(RY)-weak for some function g € L>(R?). Then
it holds that

]16*1 Ul B{lsjegs _\g

in Lfoc(Rg)-weak, where g denotes the Fourier transform of g and 11,5 denotes the character-

istic function of the set € ' U°.

Proof Recall that the set U° was introduced in Theorem 5.1. The function B’f’e g¢ is defined for
£ € e7'Y". However, we shall treat it as a function on R by extending it outside ¢ ' U® by zero.
We can write

Blg @ = [ ee i 0det [ g (3 (Sier) - 41 (L))

The first term above converges to the Fourier transform of g on account of the normalisation of
¢1(y; 0), whereas the second term goes to zero since it is O(€&) due to the Lipschitz continuity of
the first regularised Bloch eigenfunction. More details including the proof of Lipschitz continuity
of Bloch eigenvalues and eigenfunctions may be found in [16]. O

9 Homogenisation theorem

In this section, we shall prove the following homogenisation theorem for quasiperiodic media
and prove it using the Bloch wave method. We shall assume summation over repeated indices
for ease of notation.
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Theorem 9.1 Let Q be an open set in RY and f € L*(Q). Let u¢ € H(Q) be such that u
converges weakly to u* in Hg(Q), and

AU ==~V . 4 (f) Vit () =/ in Q. 9.1)
&
Then

(1) Forallk=1,2,...,d, we have the following convergence of fluxes:

ut L out
ai,(x)a—xl(x) - gy o (x) in L*(Q2)-weak. (9.2)
(2) The limit u* satisfies the homogenised equation:
0] ou*
Aoyt = —— (gh— | =f in Q. 9.3
! Bxk (qkl 8x;> f " ( )

The proof of Theorem 9.1 is divided into the following steps. We begin by localising equa-
tion (9.1) which is posed on €, so that it is posed on R?. We take the quasiperiodic Bloch
transform B’f’e of this equation and pass to the limit € — 0, followed by the limit § — 0.

Step 1:

Let o be a fixed smooth function supported in a compact set K C 2. Since u¢ satisfies Au¢ =
f, Yous satisfies

A (Wrou)(x) = of () + g°() + h°(x) in R, 9.4)
where
€ — % € %
£ = =5 00 (), ©9:5)
a [0
he(x) = “in <aixlo(x)azl(x)u€ (x)> , (9.6)
Step 2:

Taking the first Bloch transform of both sides of equation (9.4), we obtain for £ € e "' U? a.e.

By (A (Wou))(&) = BY (Wof )(§) + By g (6) + B he(%). 9.7)
Step 3:
Observe that you¢ € H'(RY). We have

BH(A (i) = fR AT Y) - Ve )
=22 (¢) / (oY) B (s €) dx + /5 / (o ) B (v £) dix
R4 R4

= EBi (o) + V5 /R o) B ) d (0.8)
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Step 4:

In this step, we shall obtain bounds for the term Bf’e, which was defined in (8.4). This is done
by employing the analyticity of the first regularised Bloch eigenfunction in a neighbourhood
of n =0. Let us write

a )
(v ) = ¢2(v; 0) + ma—n;(y; 0)+ ¥’ n),

(y 0) =0 and v/8y°(; n) = O(|n|?) in L>(U?; H (Q)) where the order
82 8

is uniform in & on account of (4.2). Therefore, VE—- P (;m) =O0(nl*) in L®(U?; H {(9))
Yk

where y*(y; 0) =

0, Bm

where the order is uniform in §. Now,

! ! / 8 8 , ,
P 8) = <y;;es) =g’ <§;0> +eaa% (y; 0) +y° (y;;es) S 99)

€ 8¢‘S
i3/ /€:0) Iy

problem at e-scale posed in €Q, that is,

Let us define af’e(y/) =_— ( 0) then cx, (y)eH (eQ) solves the cell

—Dy - B*(y)Dyo) —8A 0} =D - B()er, (9.10)
which provides the estimate
Dy eI

+6||V/a;s€|| <C, 9.11)

L3(c0) L3€0)

for some generic constant C not depending on € and §. Therefore, we get
(«/5 Ay/a?’e) is bounded uniformly in A (€0). 9.12)

Differentiating equation (9.9) with respect to y twice, we obtain

52 2.8 ()
¢ ¢1 / 0%y [y
;0 — | = . 9.13
0= T (110) + g (Tt 9.13)
For £ belonging to the set {£ : €€ € U°® and |£| < M}, we have
82 §
NG ( n)‘ < Ce*M?.

Therefore, <\/_ e’z 2 (y /€; eE)) is bounded uniformly 1nLloc(Rd;Hn_ '€0)). (9.14)

Using the definition of ,Bl’é(y',S) in (8.4), (9.13) and the estimates (9.12) and (9.14), we
conclude that

’ 828 !
B, E) = fsmm(—) o ZZ (6 )

8yk

is bounded uniformly in Lloc(Rd; H; (e 0)).
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(RY; Hige (RY)).

As a consequence, we obtain (5156) is bounded uniformly in L3,

Step 5:

Now, we are ready to pass to the limit € — 0 in equation (9.7). In view of equations (9.8),
(9.7) becomes

@B )+ V5 [ e i) d
=B GN@) + B¢ @+ B hE. (.19

Let us denote Y%€(£) = 1(wou€)(x)e_ix‘§?(x; £)dx. Let K, be a compact subset of R{.
RL

From the previous step, we have

8, 5d8.€
0N 205y S BT Ni2ekys=110)

Hence, Y%€ is bounded in Lfoc(Rg) independent of § and €. Therefore, it converges weakly
to T? in leoc(R? ) for a subsequence. Once more, since the sequence Y€ is bounded uniformly
in 8, the weak limit Y is also bounded uniformly in §.

The proofs of convergences of all terms except the second term on LHS in (9.15) follow the

same lines as in [16]. Therefore, passing to the limit in (9.15) as € — 0 we obtain for £ € R?

1 azﬁ
29

(O)Ekénﬂou*(é) +/87%(8) = (Vo) (§) — < L (x)oy’ (X)> ®

a
— &gy (aixlo(x}u*(ﬂ) é), (9.16)

where o} is the weak limit of the flux aj,(x) 3~ ou” (x)
Step 6:

Now, we may pass to the limit in equation (9.16) as § — 0. Using Theorem 7.1, Lemma 2,
and the uniform in § bound for Y%, we obtain the following equation:

o R 9 .
G EE T &) = (Vof ) €) — (ﬂ(x)ak (x)) ©) — it (%};(x)u*(x)) ©.  ©.17)

where o} is the weak limit of the flux a,ed(x)%(x).

The rest of the steps involving identification of o} and the homogenised equation is the same as
in [16] and is therefore omitted.

10 Conclusion

Quasiperiodicity falls on a spectrum between deterministic and random structures. In the past, the
analysis of quasiperiodic homogenisation was subsumed within random homogenisation [22].
However, specific structures should be studied with specialised models and mathematical tools.
The tools that we propose in this paper are specific to quasiperiodic structures and use their
characterisation as projections or cuts of periodic structures in higher dimensions. These higher
dimensional structures can be determined experimentally.
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The method in this paper studies the prototypical example of electrostatics. However, our
method may be easily extended to systems of equations such as three-dimensional linear
elasticity as in [41] by employing a regularisation of the form

A 0 O
510 A O
0 0 A

The method may also be adapted to non-self-adjoint operators as in [40].

In future work, we would like to study the relation between the spectrum of a quasiperiodic
operator and the approximate Bloch waves developed here. Previous studies have computation-
ally found Hofstadter butterfly type structures [21] in the spectrum of quasicrystals [34]. Bloch
wave method has also been used in conjunction with two-scale convergence to study certain
effective mass theorems in quantum physics [1]. With the availability of the entire approximate
Bloch spectrum as defined in this paper, it would be of considerable interest to study effective
mass theorems for quasiperiodic Schrodinger equations. We also plan to study error estimates for
homogenisation of quasiperiodic media in the manner of [8] where sharp estimates in periodic
homogenisation are obtained through Bloch decomposition.
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