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ABSTRACT

The thesis concerns multi-scale analysis of equations defined on very large lattices. A new method
for model reduction that allows the resolution scale to vary with spatial position is presented. It
leads to fast numerical implementations and comes with strict error bounds. This is obtained by
incorporating the averaging of the micro-structure directly into a solver that is based on hierarchi-
cal data structures, such as the Fast Multipole Method. For boundary value problems, a lattice
analogue of the boundary element method is used.

Homogenized equations of arbitrary order are derived and strict error bounds are proved. For me-
chanical lattice structures, special attention is paid to the question of non-degeneracy and whether
rotational degrees of freedom should be incorporated. A computer program that automatically
derives the homogenized equations was developed. For any lattice geometry, the lattice Green’s
function is determined and its asymptotic expansion in rational poly-harmonic functions is derived.

The presented results have applications in many areas of physics and engineering but particular
attention is paid to how they can be used to design composite materials with high stiffness-to-weight
ratios and prescribed wave-propagation modes. In particular, it is shown how to design materials
that have phononic bandgaps, in other words, they block mechanical waves of certain frequencies.
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CHAPTER 1

Introduction

1. Lattice equations

A lattice equation relates an unknown function defined on an integer lattice (either Z¢ or a
subset thereof) to some given data function. Such equations occur naturally in the study of atomic
crystals and materials with periodic micro-structures. They also appear when continuum problems
are discretized using regular meshes. In this thesis, we present new mathematical results regarding
the asymptotic behavior of such lattice equations as the lattice cell size tends to zero. Using these
results, we construct a numerical method for solving lattice equations that has a much better
asymptotic work estimate than previously known methods. The existence of such a method will
dramatically increase the range of lattice problems that can be solved using brute force. Finally,
we discuss how problems outside this range can be handled using model reduction techniques based
on local averaging.

In this introductory chapter, we describe in Section 2 some applications where lattice models
arise. In Section 3 we describe the new mathematical results regarding stability and asymptotic
behavior of lattice equations and put them in context. In Section 4 we do the same thing for
the new numerical methods. Finally, in Section 5 we summarize the results of each subsequent
chapter individually. Before proceeding to the more detailed descriptions of the new results and
their relation to the existing literature, we will introduce some main concepts in an informal manner
by discussing a concrete example.

Consider the mechanical structure in Figure 1.1. It is loaded by a known external load and
we are given the task of determining the deflections and stresses in the structure. Using classical
techniques of structural mechanics, we can form a system of linear equations that relate the nodal
deflections, u, to the applied load f. Upon labeling the nodes using integer coordinates so that
u=u(m) and f = f(m) for m € Z2, this system takes the form

[Rlu](m) = f(m), Y m e Q,
(1.1) [Oyu](m) = 0, V'm ey,

] =

J(m) =
u(m) = 0, V' m e I'p,

where 0 C Z? is the set of interior nodes and I'y, I'p C Z2 are sets containing the boundary

nodes at which Neumann and Dirichlet data are pre-scribed. The operator 2 is a finite difference

operator that qualitatively behaves very much like a good discretization of the partial differential

operator that governs linear (continuum) elasticity. Known solution techniques for such problems

can roughly be organized into three distinct categories, depending on the number of nodes, N.

Brute force solution: If IV is not too large, then fast numerical methods such as FFT or multigrid
can be used to solve equation (1.1) in O(N) operations.
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2 1. INTRODUCTION

FIGURE 1.1. A loaded mechanical structure.

Homogenization: If IV is very large (or equivalently, if the size of the micro-structure is much
smaller than the macro-structure) then it is possible to average out the contributions of the mi-
crostructure and replace equation (1.1) by an analogous partial differential equation with constant
coefficients. This continuum equation can then be solved using, e.g., a finite element method.
Unless the domain is very regular and the load is smooth, a large modelling error may be incurred.

Multiscale methods: These methods were developed for situations where N is so large that brute
force calculations are impossible and local irregularities prohibit the use of homogenization. By
representing u and f in some wavelet basis the resolution scale can change with spatial position.
In such a basis, 2 can be approximated by a sparse matrix and then an iterative solver is used to
solve (1.1) in O(n) operations, where n is the number of coefficients needed to represent u and f.

In this thesis, we present a brute force method that can solve (1.1) using roughly O(Np + Np)
operations, where Np is the number of nodes at which boundary conditions are specified and Ng
is the number of nodes that are externally loaded (note that Ny is typically very small and that
Np ~ N2 in two dimensions and Ny ~ N?2/3 in three dimensions). In order to achieve this,
(1.1) is reformulated as a discrete boundary equation which can then be solved with iterative
methods using a fast summation technique for lattice sums that is based on the Fast Multipole
Method by Rokhlin and Greengard. Furthermore, we argue that the new method can be extended
to a multiscale method that solves (1.1) using O(nr + np) operations, where np and np are the
number of coefficients required to capture the body load and a (fictitious) boundary potential in a
hierarchical data representation.

2. Applications of lattice models
Of the many areas where lattice models appear naturally, we will focus on two.

Mechanics of structures and composites: The connection between lattice models and the
mechanics of solids dates back at least to Navier, who derived continuum governing equations
by considering a solid as an aggregate of a vast number of atoms connected by linear springs,
see Timoshenko [63]. Later, Hrennikoff [36] and McHenry [44] turned the tables and showed
how to obtain an approximate solution of the equations of elasticity by replacing the continuum
structure by an artificial spring-mass system (with cell-sizes several orders of magnitudes larger
than the atomic scale). These investigations later led to the development of the finite difference
and finite element methods. The lattice method of discretizing continuum media is still used to
investigate crack propagation since it provides a clean way of avoiding the problem of singular stress
concentrations present in continuum models, Grah et al [30].
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Lattice models are particularly useful for modeling structures that can in a natural fashion be
viewed as periodic arrays of structural elements with some simple interaction mechanism. Examples
include large truss systems, Noor [50], honeycombs and materials with periodically distributed
inclusions, Gibson and Ashby [27], as illustrated in Figure 1.2. For a recent survey on the use of
lattice models in mechanics, see Ostoja-Starzewski [52].

Much of the literature in this field concerns methods for deriving equivalent continuum models
for lattice structures. This is usually done by first postulating that the continuum model should
be a PDE of a given form, then a periodic boundary value problem is solved on the unit cell,
the energy is computed and coefficients are identified to ensure that the energy is the same in
the lattice structure as for the continuum model (this Ansatz is sometimes referred to as the
Cauchy-Born postulate). In this thesis, we present an analytical framework that obviates the need
to postulate a continuum model in advance. Given any lattice geometry and any node-to-node
interaction mechanism (e.g. axial springs, Euler beams, Timoschenko beams), a continuum model
can automatically be determined through a limit process that is systematic enough that it can be
carried out by symbolic algebra software (Maple subroutines are provided). The user can specify
the desired level of accuracy/complexity so that, e.g., a square frame structure such as the one
illustrated in Figure 1.1, can yield either a classical elasticity model (simple, less accurate) or a
full micro-polar model (complicated, more accurate). This is discussed in Chapter 3 and specific
examples are given in Appendix B.

Very recently, lattice models have received substantial attention as the primary modeling tool
in the study of a new class of ultra light weight materials with a truss-like micro-structure called
lattice materials, illustrated to the left in Figure 1.2, see Evans, Hutchinson and Ashby [22], Wallace
and Gibson [67], Deshpande, Fleck and Ashby [16], Wicks and Hutchinson [69] and Thompson
and Renauld [62]. These materials are attractive alternatives to fiber composites since they offer
more design flexibility and may be cheaper to manufacture. An important engineering problem is
to determine the local stresses and displacements in a piece of lattice material that is subjected to
an external load. The challenge lies in that the piece of material may contain a very large number
of structural members, easily in the billions, so that the micro-structure cannot be fully resolved
numerically; but due to the presence of boundaries, inclusions and concentrated loads, classical
averaging methods do not work. We present new numerical algorithms that are ideally suited for
such problems since they can selectively resolve exactly those length-scales needed.

Using emerging manufacturing methods (e.g. sand casting, injection moulding, solid free-
form fabrication), lattice materials can be manufactured out of several base materials (metals,
plastic, rubber) and a wide spectrum of micro-structural geometries can be realized. This opens
up the possibility of tailoring materials that fit very specific design criteria. As an example, we
will demonstrate how materials can be designed that block mechanical waves in certain frequency
intervals, see Chapter 7. The methods presented there can equally well be used to design materials
with high resistance to micro-buckling.

Physics of atomic crystals: Lattice models very naturally appear in the study of atomic crystals
and much effort has been spent determining properties of the lattice Green’s function (defined as
the solution of (1.1) when f is a point load) with the purpose of gaining understanding about,
among other things, imperfections and inclusions in the lattice, see Maradudin [42], Economou
[21], Glasser [29] and Joyce [39].
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In this thesis, we construct the asymptotic expansion of the lattice Green’s function for an
arbitrary lattice. The construction is again fully automated so that once a lattice geometry has
been specified, symbolic algebra software can be used to compute the expansions. We have verified
the process by checking that the results are in agreement with expansions that have been computed
for specific lattice geometries by Duffin [19, 20] and Cserti [15]. We found in this investigation that
the (matrix-valued) Green’s function for any multi-atomic lattice can be determined by computing
the asymptotic expansion of the Green’s function for an associated (fictitious) mono-atomic lattice.
For instance, the Green’s function for the honeycomb lattice labeled D in Figure 1.3 has essentially
the same expansion as its associated lattice, which is lattice C rotated 30°.

Lattice models have recently been used to quantitively study dynamic magnetization of very
small ferro-magnets, an application with immediate relevance to the design of magnetic storage
devices such as hard-drives, Fidler and Schrefl [23]. Here the nodes in the lattice model represent
clusters of roundabouts 10 x 10 x 10 atoms in a ferro-magnetic crystal (by clustering, quantum me-
chanical effects can be neglected). The governing equation, the Landau-Lifshitz-Gilbert equation,
involves a term representing interactions between the magnetization vector of a node and the field
generated by all the other nodes. Evaluation of this term typically constitutes the most expensive
part of a numerical calculation. We believe that the fast summation methods presented here can
very advantageously be used to speed up these calculations. Some results using early incarnations
of the Fast Multipole Method are given by Brown et al [12].

FIGURE 1.2. Structures naturally modeled as periodic lattices.

HE R

FI1GURE 1.3. Examples of lattices. An irreducible unit cell is shaded.
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3. Mathematical analysis of multiscale problems and lattice equations

A strict mathematical theory for how to derive averaged, or homogenized, equations for a media
with micro-structure was developed in the sixties and seventies by Bensoussan, Lions, Papanico-
laou [6] and others. Among the rich literature on the subject, we will mention only work that
more or less directly relates to our investigation. For a general reference to homogenization in
relation to composite media, see Sdnchez and Palencia, [57]. More specifically, Cioranescu and
Vanninathan treat the case of homogenization of low-porosity, periodic structures similar to ours
n [13]. Homogenization of networks was considered by Vogelius [66] and Bonnetier [9].

In this thesis we derive the homogenized equations for lattice problems associated with any
lattice geometry and several local models (conduction problems, mechanical truss and frame struc-
tures). As described in section 2, this derivation can be fully automated. First we consider con-
duction problems and prove convergence of the lattice equations to the homogenized equation as
the lattice cell size tends to zero. The results cover homogenizations of arbitrary order on infinite
domains. Usually, high-order models do not recieve much attention due to the severe regularity
requirements they come with but we study them here for the specific purpose that they help under-
standing the fast numerical methods that we present. Our analysis is based on Fourier transforms
and was inspired by earlier work by Babuska and Morgan [5, 46, 47, 48|.

The homogenization results are then extended to cover two mechanical models, a “truss” model
where the bars are considered as axial springs that are pin-jointed at the nodes and a “frame”
model where the bars are considered to be general elastic objects that are rigidly connected at the
nodes. Truss problems are more difficult than conduction problems in that the lattice equation
loses coercivity for many lattice geometries (such as geometries A and D in Figure 1.3). We resolve
this question by giving a computable condition that can be used to prove that a given lattice
structure is non-degenerate. This condition is considerably weaker than other conditions given in
the literature, cf. [52]. For the frame model, such degeneracy is not an issue (connectivity is a
sufficient requirement on the lattice geometry), but in this case, both translational and rotational
degrees of freedom must be incorporated in the model. These variables enter the homogenized
equations in fundamentally different ways and we demonstrate that the influence of a torque load
decays faster than a linear force load. The results presented can be used to quantitatively determine
whether a micro-polar or a classical elasticity model is better suited for a particular application.

We also provide some new mathematical results regarding asymptotic expansions of Green’s
functions. These results extend earlier work on the cubic lattices by Duffin [19, 20] to general
lattices in two and three dimensions. Casting the analysis in a modern frame-work of tempered
distributions, we obtain formulas that are systematic enough that any asymptotic expansion can
be computed using symbolic algebra software.

For multi-atomic lattices, we demonstrate that by a simple algebraic procedure, it is possible to
construct an associated (fictitious) mono-atomic lattice with the property that to lowest order, it
has the same homogenized equation as the original lattice (for mechanical frame structures, this is
true only in the absence of torque loads). Moreover, the asymptotic expansion of the lattice Green’s
function for a multi-atomic lattice is given as a small perturbation of the asymptotic expansion of
the Green’s function for the associated mono-atomic lattice.
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4. Computational techniques for multiscale problems

For many problems, the micro-structure can be fully resolved in a brute force computation
using fast algorithms such as FFT or multigrid for which the computational cost scales linearly
with the problem size. As an example, Jinchao Xu and co-workers at Penn State have recently
developed a multigrid algorithm capable of solving problems on mechanical structures with up to
ten million structural elements. For problems where there is a clear separation of length-scales
and the geometry is benign, the averaging methods described earlier can be used to remove the
micro-scale entirely. This reduces the problem to that of solving a partial differential equation with
constant (or slowly varying) coefficients. Hybrid methods that use averaging in certain parts of the
domain, resolve the micro-structure in problem regions (such as corners and crack-tips) and then
paste the models together are commonly used. Recent work combining this idea with adaptivity
and a posteriori error estimation is described by Oden and Vemaganti [51]. Another approach
based on combining local and global computations with error estimation is given by Hou et al [35].

The investigation underlying this thesis was strongly influenced by the recent development of
numerical methods based on multiresolution (wavelet) techniques by Beylkin, Coifman, Rokhlin
and others [3, 7, 10], Engquist and co-workers [1, 17] and Gilbert [28]. The advantage of using
multiresolution bases to represent the relevant data is that functions can be represented with
different frequency resolution in different parts of the spatial domain. In other words, the micro-
structure can be fully resolved in certain regions, very coarsely averaged in others, and resolved at
a number of intermediate resolution depths in between. A fundamental observation underlying the
work mentioned above is that if the bases are selected appropriately, then in the new coordinate
system, the operator 2l is numerically very close to a sparse operator, which means that iterative
methods may be employed to solve the equilibrium equation. The remaining difficulty is that
2l is typically very poorly conditioned, but the authors show that in many situations, good pre-
conditioners are available.

The methods presented here share with the wavelet methods the basic goal of allowing the
resolution depth to change with spatial position, dependent upon the local regularity of the solutions
that should be represented. The main difference is that our methods represent functions using
multipole moments rather than wavelets. It is then possible to use a variation of the Fast Multipole
Method by Rokhlin and Greengard [31, 32] to very quickly compute convolutions of the form &  f
where & is the lattice Green’s function and f is a load vector. This straight-forwardly provides a
solution method for equation (1.1) for the case that Q = Z< since in this case u = & * f. When
boundary conditions are present, the convolution is used to determine a particular solution to take
care of the body load, then a boundary equation with & as the kernel is used to account for the
finite domain. The boundary equations that we present are well-conditioned and since we know
how to compute & * { fast, an iterative solver can be used to determine the solution. The relative
merit of this multipole algorithm as compared with the multiresolution algorithms described above
has not yet been assessed but we believe that it will be competitive due to increased stability gained
by approximating 2A~! rather than 2, and better ability to handle complicated domains.

Note that even without the use of local averaging, the new numerical method represents an
improvement upon earlier solvers in that unloaded internal loads are completely eliminated from
the computation. This reduces the computational cost from O(N), where N is the total number of
nodes, to O(Ng + Np), where N is the number of loaded internal nodes and Np is the number of
nodes at which boundary conditions are prescribed.
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We present the following technical results that are needed to realize the new method:

e We show how to determine a rational poly-harmonic function Gp that approximates & at
long distances. Specifically, &(m) = Gp(m) + O(|m|=2~4), see Chapter 4.

o We extend the FMM to cover poly-harmonic kernels to obtain a fast method for computing
the convolution Gp * f, see Chapter 5.

o We derive well-conditioned discrete equivalents of boundary integral equations with single

and double layer potentials, see Chapter 6.

The function Gp is actually the fundamental solution of the O(¢2"+2) homogenized equation.

Thus, one can view the fast algorithm that we present as a stable method to use high order
homogenized equations without enforcing global regularity requirements.

5. A chapter by chapter description of the presented results

The findings of the thesis could be presented in different styles, and with different emphases,
depending on the targeted audience. For the most part, we have chosen a presentation that is
aimed at applied mathematicians interested in continuum and multiscale problems. Chapters 2, 3
and 4 in particular, rely on advanced tools of mathematical analysis. Chapters 5 and 6 are aimed at
numerical analysts and assume familiarity with the fast multipole and boundary element methods.
Chapter 7 is aimed at researchers in applied areas and does not contain advanced mathematics.

Chapter 2 — Basic properties of static lattice equations: In this chapter we set up a
mathematical framework for analysis of general lattice problems. We prove that under (very weak)
regularity requirements on the lattice geometry, the operator 2 satisfies certain coercivity proper-
ties. The analysis gets somewhat involved since the operator frequently has a non-trivial nullset.
For instance, for mechanical problems, the rigid body motions should not cause any internal stresses
in a structure. Once the coercivity results have been established, we apply them to prove well-
posedness and stability for the equation (1.1).

We will illustrate some of the analysis presented in Chapter 2 by showing how it applies to
heat conduction on the cubic lattice Z3, a model that has been studied extensively in the literature
[14, 15, 19, 29, 39, 42, 53]. Each node is connected to its six closest neighbors by links of
conductivity 1. Let u(m) denote the temperature of node m € Z3 and let f(m) denote an external
heat source. In equilibrium, these are related by

(1.2) [Rlu](m) = f(m), VY m e Z?,
where

[Rlu](m) = [— u(my — 1,mg, mg) + 2u(mq, mg, m3) — u(my + 1, ma, ms)
(1.3) —u(mqy,mg — 1,m3) + 2u(my, me, m3z) — u(my, mg + 1, ms)

—u(my, ma,ms — 1) + 2u(mq, ma, mg) — u(my, ma, ms + 1)]
Since (1.2) is a convolution equation it can be diagonalized by the discrete Fourier transform,
(1.4) W) = [Fu(€) = ) €™u(m), for € (—m 1) =T,
mez3

Applying this transform to both sides of (1.2) we obtain
o(OuE) =), Vveer



8 1. INTRODUCTION

where o (&) is the Fourier representation, or symbol, of 2,

3 3
(€)= FAF L =D (e 42— 716) = 3 4sin? %y
j=1

j=1

Applying the Fourier inversion formula we easily obtain a representation for the solution of (1.2),
R 1 . .
_ =1 -1 _ —im-& -1
(L5) u(m) = § 1o 7] (m) = (555 /l T ()] 7R de.

The Fourier transform § is an isometric isomorphism from 12(Z3) to L?*(I®) that maps the
convolution operator 2 to the multiplicative operator o. This means that when we seek to prove
that 2 satisfies some property, it is sufficient (and usually easier) to prove that o satisfies that
property. For instance, we trivially see that 2 is self-adjoint since o is real and that |||z =
(2m) 3 sup [o(€)] = 3/(2m?). Coercivity is a more delicate question; since a constant temperature
field does not cause internal flows, it follows that o(0) = 0 and that o~! is unbounded near the
origin. Therefore, the stability results that we give rely only on the bounds o(¢) > ¢/¢[? and
lo(€)71 < C|¢|72. The real difficulty enters the picture when we consider multi-atomic lattices
since then o is a matrix. A central result of Chapter 2 is a proof that det o(£) > c[¢|? if and only
if a lattice is connected. This fact leads to the remarkable result that all entries of o=1(¢) have
the same singularity at the origin, in other words, there exist a constant ¢y and a positive definite
matrix M such that [0(£)7;; = co(€- ME) ™ + O(|€]7). These results concerning the singular
structure of o(£)~! at the origin underlie most subsequent results presented in Chapers 3 and 4.

We will also consider two different models for mechanical lattices. Any mechanical lattice can
be modeled as a system of beams with both bending and axial stiffnesses that are rigidly connected
at the nodes, a so called “frame” model. However, this is quite a complicated model that involves
keeping track of both translational and rotational degrees of freedom. It is therefore useful to
consider a simplified model, the “truss” model, in which the bending stiffness is neglected (for a
slender element, it is much lower than the axial stiffness) and the links are treated as axial springs
that are pin-jointed at the nodes, a model that requires us to handle translational variables only.
Such a model works well for lattice geometries like B and C in Figure 1.3 but does not work at all
for the geometries A and D. Mathematically, we will prove that for the frame model, connectivity
implies that det (&) > c[¢|??, where d is the dimension, that |o(&)~! < C|¢|~2 and that all blocks of
o(€)~! have the same leading order singularity at the origin. For the truss model, we will show that
the same results hold true for geometries that satisfy a certain non-degeneracy condition (deviced
to rule out geometries such as A and D).

Chapter 3 — Homogenization: In this chapter, we will show that when the lattice cell size
tends to zero, then the solution to the lattice equation (1.1) approaches the solution of a constant
coefficient differential equation. We illustrate the concept by using the simple cubic lattice con-
sidered in the previous subsection. When the lattice cell size is €, we let u(®) and (&) denote the
temperature and the load, and introduce a scaled Fourier transform,

ﬁ(a) (f) _ [geu(a)](g) — 3 Z ei(am)~§u(a) (m)7 and u(5) (m) _ (271r)3 /Ig e—i(am).fﬁ(e) (f) de.

mez3
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The scaled symbol, o), takes the form
1 9 €€ . 9 €€ . 9 &€
(e) 25 25
o) = = (45 5 + 4sin 5 + 4sin 2>.
As e — 0 we see that ¢()(€) — |¢|2. Thus, if the sequence of loads {f(*)}. has the property that
(16) 1960 = 0= [ e
then we find that formally, as € — 0 and m — oo in such a way that em = z,
1 Citemy e JOE) 1 / e £
() - i(em)-¢ d iz-¢ d¢ =: 4
) = G " G %~ o fu g )

where u(©) solves Poisson’s equation

(1.7) A0 =, on R3.

The operator 2 is in fact a well-known discretization of the Laplace operator and in the numerical
analysis literature, it is well-established that if f is sufficiently regular, then u = () + O(£?). Tt is
also known how to construct difference operators that approximate (1.7) to an arbitrary degree of
accuracy. Here, we are interested in going in the opposite direction: Given a difference operator,
how can a series of continuum equations with increasing order of approximation be constructed?
The answer is given by the series expansion of the singularity of o(¢) (¢€)~1. Thus, using that

-1 1 1 4 4 4
(1) [790) " = g+ g+ ol

we can write down a high order averaged, or "homogenized”, equation

e L1 (0 iy 84f>
(1.9) (A (“A)f +e 2<@£1 )

If f is (very) regular, then u(5Y) will be an O(e*) approximation of u(®).

In Chapter 3 we construct homogenized equations of arbitrary order of accuracy for conduction
problems on any lattice geometry, either mono- or multi-atomic. We prove convergence in both
pointwise and Sobolev norms and consider scalar conduction problems as well as mechanical lattices
of both frame and truss type. A technical difficulty in this analysis is how, given a load f, to
construct a sequence &) such that 1) (&) = f(€) + O(|e€[P) for some integer p. In this, we were
much guided by prior work by Babuska [4] and Fix and Strang [24, 25].

Chapter 4 — Lattice Green’s functions: Recall that the solution of the basic lattice equation
(1.2) is given by u = F![o~!f]. Since multiplication in Fourier space corresponds to convolution
in physical space, we can rewrite the representation as u = §~![c~!] * f. Thus, setting

(1.10) S(m) = (371071 (m) = 5 [ oo e

(2m)3
we obtain a representation for the solution in physical space as follows

uE(m) = [& «f(m) = Y &(m (n).

nezs
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In Chapter 4 we derive Green’s functions of this form for a wide category of lattice problems
and study the asymptotic behavior of &(m) as |m| — oo. It turns out that the long-range character
of & is entirely determined by the O(|¢|~2) singularity of o(£)~! at the origin (to see this, note
that the integrand in the Fourier integral (1.10) is analytic away from the origin, which means that
those parts of the integral decay faster than any inverse polynomial). Using again the cubic lattice
as an illustration, our analysis will show that, ¢f. (1.8)

1 1 4 4 4
&(m) = F! [2] (m) + F~! [W} (m) + O(jm|®).
€] 12 ¢
Here, the inverse continuous Fourier transform is defined by
1 .
—1 — —iz-€
) = oy [ et de

for ¢ € L', and then extended to tempered distributions in the standard fashion (see Chapter 4
for details). Evaluating the Fourier transforms, we find that

_ 1 1 mi+mj+ms — 3m3m3 — 3m3m3 — 3m3m?
Adw|lm| =~ 48w |m|”

Note that to lowest order, &(m) behaves like the fundamental solution of —A, and, not unex-
pectedly, the two rational terms together form the fundamental solution of (1.9) for ¢ = 1. More
generally, we will for conduction problems on any lattice with a lattice Green’s function & and any
positive integer P, derive a rational function G p such that |&(m) — Gp(m)| < C|m|~ P+ where
C = C(P). These functions will be poly-harmonic, (—A)P*'Gp(z) = 0, for  # 0. Some explicit
examples are given in Appendix B.

Early work on lattice Green’s functions using Fourier methods was performed by McCrea and
Whipple [43] and Watson [68]. Much work has been spent determining exact values of the integral
(1.10). Some results that are useful for small m are given for simple lattice models by Joyce and
co-workers [37, 38, 39|, Glasser and Boersma [29] and others. The asymptotic behavior was
touched upon by McCrea and Whipple [43], and later elaborated by Duffin [19] and Duffin and
Shelly [20] who derived the expansion (1.11) and the corresponding expansion for two-dimensional
cubic lattices. Since then, the first few terms of the asymptotic expansions of the lattice Green’s
functions for a number of common lattices have been derived, see Cserti [15] and references therein.

(1.11) &(m) + O(|m|™®).

Chapter 5 — Fast summation methods: In this chapter we present fast methods for evaluation
of convolution sums of the form

(1.12) u(m) =Y &(m - n)g,
neq

where & is the lattice Green’s function. If the kernel in the sum had been the standard harmonic
kernel ®(m) = —(4w|m|)~! (in two dimensions, ®(m) = —(27)~!log |m/|), then a fast method would
have been provided by the Fast Multipole Method (FMM) by Rokhlin and Greengard, [31, 32]. For
the present case, we first replace & by the poly-harmonic approximation Gp when evaluating the
long-range interactions. Then an extended version of the FMM is used to compute a convolution
with Gp as the kernel. To obtain this extension, we have determined:

(1) How to expand a poly-harmonic function in a multipole expansions.
(2) How to shift the origin in the new expansions.
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(3) How to bound the truncation error.

The first of these items has previously been solved by Vekua [64, 65], Sobolev, [61], and Kounchev
[41]. We derive the representation in a different fashion, essentially by “culling” a Taylor expansion
of the kernel. We doubt that this idea is new, but we have not found it in the literature. It leads to
general statements about a wide class of kernels (in particular, non-isotropic problems are treateed
as easily as isotropic) and it greatly simplifies the derivation of the shift formale in item (2).

Chapter 6 — Boundary equation methods for problems on finite domains: In this
chapter we demonstrate that the summation methods derived in Chapter 5 can be used to obtain
fast solvers for lattice equations on finite domains. The results presented extend to lattice problems
a set of techniques for continuous boundary value problems that have been derived by Rokhlin [56],
Hackbusch [33], McLean [45]and others. In order to illustrate the main concepts we will show how
they apply to a homogeneous Dirichlet problem,

{ —Au =0, on £,

(1.13) u=g, on I' = 909.

The idea is to look for a solution in the form of a double layer potential

(1.14) ) = [ FE5 oty

where v, is the outward normal of I" at y, and ¢ is some unknown potential. By investigating the
limit of (1.14) as # — T, it can be shown that ¢ satisfies a second kind Fredholm equation,

(1.15) 26~ [ T y)ow)dy = gla).  Vael.

T 6ny

For many boundaries I', the integral operator is compact. It is then possible to discretise (1.15)
in such a way that the resulting matrix is well conditioned and therefore, an iterative solver will
converge very fast. The difficulty of this approach is that each step of the iteration requires a
matrix-vector multiplication which could potentially be very expensive since the matrix is in this
case dense. This problem has been overcome by the development of fast solvers by Rokhlin [8, 56],
Hackbusch [33] and others. The method that results by combining a good boundary integral
formulation with a fast summation method is very fast indeed, see Helsing and Peters [34] and Fu,
Rodin and Overfelt [26].

In order to solve discrete boundary value problems with the methods described, we derived
discrete analogues of both single and double layer boundary integral equations valid for general
lattices. The derivation is an analogue of what is known as a “direct” method in the classical
theory but we also show for a special case how a discrete Green’s identity can be derived and used
for an “indirect” derivation of the boundary equations. We demonstrate how to handle cases where
inclusions and voids in the lattice destroy the periodicity of the equilibrium operator. We prove that
the new boundary equations are non-singular, and demonstrate through several numerical examples
that the condition numbers are typically small, especially for the double layer formulation.

When an iterative method is used to solve the new boundary equations, the matrix-vector
multiplication that occurs is very similar to the convolution (1.12) discussed in Chapter 5. The fast
summation methods that we derived can therefore be used to obtain very fast solvers for discrete
lattice equations. This formulation is also primed for the use of multi-scale homogenization methods
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FIGURE 1.4. A triangular lattice without (left) and with (right) an oscillator.

that can speed up the computation further in cases where only averaged properties of the solution
are sought in smooth regions of the domain. This is discussed further in Chapter 8.

Chapter 7 — Lattice vibrations and phononic bandgaps: In this chapter we study harmonic
vibrations of lattices, with an emphasis on mechanical lattices. The governing equation is then the
Helmholtz equation

(1.16) (A —w?NHu =0,
where w is the frequency of the vibration. Upon Fourier transformation, (1.16) takes the form

(0(&) —w*I) (&) =0,
which is now an algebraic equation. What makes this exciting is that with the lattice models,
we can capture much of the qualitative behavior of vibrations in continuous media with a periodic
micro-structure, but without having to solve the (sometimes quite complicated) local problems that
arise in the latter case, see Movchan and Zalipaev [49].

One particularly interesting feature of materials with micro-structure is that oftentimes, there
will be intervals of frequencies for which there are no propagating modes. Such an interval is called a
photonic bandgap if the underlying equation is a conduction equation and a phononic bandgap if the
underlying equation is a mechanical equation. It is possible to take advantage of such phenomena
in order to create highly efficient bandpass filters and virtually loss-free wave-guides.

For lattices, a bandgap is easily characterised as an interval in which there is no solution to the
“dispersion” equation

det(o(€) — w?I) =0,
which is in this case a trigonometric equation. Taking advantage of the simplicity of this formula-
tion, we could determine a simple mechanism for designing lattice structures that have prescribed
bandgaps. Very roughly speaking, the idea is that given a lattice structure such as the one illus-
trated to the left in Figure 1.4, that does not have any bandgaps, a bandgap can be created by
introducing an oscillator, as shown to the right in the figure. The location of the bandgap can be
tuned by adjusting the properties of the introduced oscillator.

Since the material of Chapter 7 stands somewhat apart from the rest of the thesis (in that
it deals with dynamic rather than static properties) we present the material in that section as a
self-contained exposition, with a minimum amount of references to the rest of the thesis.



CHAPTER 2

Basic properties of static lattice equations

1. Introduction

In this chapter we set up a mathematical framework for analysis of the equations associated
with linear and static problems on periodic lattices. Letting u denote the unknown “potential” (a
temperature, a displacement) and f the “load” (a heat sourse, a force), we write the basic lattice
equation in the form

(2.1) [QAu](m) = f(m), ¥V meZ

where the lattice operator 2 is a constant coeflicient convolution operator

2] (m) = 3~ A u(m — )

neB

for a finite index set B and some local matrices A" . This general framework can be used to model
a wide range of problems but we will focus on conduction problems, mechanical truss problems
and mechanical frame problems. We treat both mono-atomic and multi-atomic lattices, in fact, the
only restrictions on lattice geometries are the minimal requirements needed to avoid degeneracy of
the equations (for instance, that the lattice must be connected).

The core mathematical results of this chapter are a number of coercivity results concerning .
Once these are established, it is a simple matter to prove existence, uniqueness and stability results
for the basic lattice equation (2.1). Additionally, the coercivity results form the foundation of the
asymptotic analysis in subsequent chapters.

The coercivity question is somewhat delicate because for each of the models that we study,
there will be a non-trivial set N of potentials that do not cause any internal loads in the lattice.
For instance, when studying heat conduction, we expect that a potential that is constant from
node to node should not cause any internal flows. Likewise, in the study of mechanical problems,
we do not expect rigid body motions to cause any internal forces. For conduction problems and
mechanical frames, we will prove that for any connected lattice, the operator 2 is coercive “modulo
N7, which is the best that could be hoped for. For the mechanical truss model (axial springs
that are connected by pin-joints at the nodes), additional assumptions on the lattice geometry are
needed. We will provide a condition that is simple to verify and that is sufficient to ascertain
“coercivity modulo rigid body motions”. We do not know whether it is necessary.

The chapter is structured as follows: In section 2 we construct a notational framework, specify
function spaces, derive the mathematical models for the three problems that we consider (conduc-
tion, trusses and frames) and specify non-degeneracy conditions on the lattice geometry that imply
a certain coercivity property of the lattice operator. In section 3 we introduce the Fourier transform
and prove various properties of the symbol o(&), which is the Fourier representation of the lattice

13
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operator 2. These results about the symbol provide quantitative coercivity results on the operator
2 that are used in section 4 to prove that the lattice equation is well-posed.

2. Preliminaries

2.1. Notation: For a d-dimensional lattice with ¢ nodes in the unit cell, we use m € Z¢
to label the different cells and « € {1,...,q} = N, to label the different nodes in a cell. Thus,
(m, k) € Z% x N, =: Q uniquely labels a node. Let X (m, x) € R? denote the coordinates of node
(m, k). Since the lattice is periodic, there exists a matrix 7" such that X (m,x) = X(0,) + Tm.
Finally, define for non-negative integers J, the sub-lattices Q; := {(m, k) € Q : |m| < J}.

Since the lattice is periodic, we can describe all links by describing only those originating in the
zero-cell; Qy. A link from the node (0, k) to the node (n, A) is represented by the triple (k,n,\).
All such triples are collected in the set B .

Example: For the lattice in Figure 2.1; ¢ =2, T =1, X(0,1) = (0,0)%, X(0,2) = (1/2,1/2)*, and
By ={ (1, 1,0, 1), (1,[0,1], 1), (1,]0,0],2), (2, [1,0],1), (2,[1,1], 1) }. 0

For the most part, we will suppose that the reference cell is a hypercube (rather than a paral-
lelepiped), so that the lattice matrix T' equals the identity matrix I. This considerably simplifies
notation and entails no loss of generality since any lattice can be affinely mapped to one for which
T = I, as illustrated in Figure 2.2. On occasion, the use of such a map has non-obvious practical
implications, but we try to clarify such points when they arise.

2.2. Lattice equations and function spaces. With each node (m, k) € 2 we associate a
potential u(m, k) € CP. Depending on the application, this “potential” will represent a quantity
such as a temperature or a displacement. We let V represent the set of all functions u: Q — CP,
and let V := [2(Q, CP), denote the subset of square summable functions. This is a Hilbert space
with inner product

(wo)y = (o) = > ulm,r)-v(m,k).

(m,k)EN
Similarly, we let V; := [?(Q, CP) denote the functions in V that are supported in €7, and define
Pj as the canonical projection V — V.

Link(L,(0,1),1)

A Node 2

ik (2L,
Node ((2,1),2) Link (2,(1,1),1)

Cel (0,0) Link (2,(1,0),2)

Link(1,(0,0),2)

>

Node 1 Link (1,(1,0),1)

Node ((0,0),1)

FI1GURE 2.1. Lattice notation. Circles denote nodes of type 1 and diamonds nodes
of type 2. The unit cell is depicted on the right.
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Next, we will derive the equilibrium equation that relates the potential u to an applied load
f € V. Consider the link (x,n,A) that links the node (0, %) to the node (m, ). If the two ends are
given potentials u,v € CP, then the loads f, g € CP that need to be applied to the two ends to keep
the link in equilibrium are specified by the Hermitian matrix A" ¢ CP¥P,

B(n,n,)\) C(n,n,)\)

K, U f K,
(2.2) AlrnA) [ ] = [ ] . where A = (CEnN)E D)

v 9

Ko, A)

We then define an operator 2! acting on the global potential u by

[0, 5) =BE"Vu(0, 5) + CDu(n, A)

2.3
= 2 D) (n, A) =(CEm) (0, 5) + DENu(n, ),

and [A®Ny)(1, 1) = 0, for all other nodes (I, ). The operator that represents the connection
between the nodes (m, ) and (m + n,\) is then given by 7_, AN where for m € Z4 the
translation operator 7, : V — V is defined by

(2.4) (] (1) = u(l — m).

Thus, the operator 2l : V — V that accounts for all links is given by

(2.5) A= > > AN

meZa (k,n,\)EBL
whence we obtain the global equilibrium equation
), k) = Fm, k), Y (k) € Q.

Lemma 2.1: The operator A : V — V is bounded, self-adjoint and positive semi-definite.

Proof: The fact that 2 is bounded is a direct consequence of the facts that every term in (2.5)
is bounded and that B, is finite. Similarly, the self-adjointness and semi-definiteness of 2 are
inherited from the corresponding properties of each ™) U

\3\
\%\
\3\
\e\

LA
$A444
LA4A44

F1cURE 2.2. Using an affine transformation, the honeycomb lattice to the left can
be transformed to one that has a square irreducible cell, shown to the right.
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Given a potential field u, we say that the quantity <Tmu, Ql("’”’)‘)Tmu> is the “energy” stored in
the link connecting the node (m, k) to the node (m + n, \). We then define

(2.6) Wh(m):= > <Tmu, m(ﬁm>fmu>
(kyn,\)EB 4+

as the energy of the bars originating in the node m and let

i 3 - 5, % [ e

|m|<J meZa (k,n,\)EB4
define the global energy semi-norm. When ||u|g < 0o, we have
2
HuHQl = <u7 Qlu> =: <Ll, Q'la u) .
Note that for many potentials u € V such that 2u = 0, we have ||u||y = oc.

The conduction problem: Suppose that we wish to model heat conduction on a lattice. Then
the “potential” of a node represents its temperature, and a “load” is a heat flow. If two nodes of
potentials u and v are connected by a link of conductivity «, then in equilibrium, the flows at the
two ends are given by f = a(u — v) and g = a(v — u). Thus, for some a("™N > 0,

(kn,\) _  (K,m,A) 1 -1
4 @ [ -1 1 } :

Mechanical trusses: A common model for a mechanical structure with a geometry such as the
lattices B or C in Figure 1.3 is to consider the links as axial springs that are pin-jointed at the
nodes. In this case, the “potential” of a node is its physical displacement, so p = d, and a “load”
is a physical force. Thus, if two ends of a bar with an axial stiffness « that is directed along the
unit vector e € R? are displaced by u and v, then the forces needed to keep the bar in equilibrium
are f =ae(e-(u—wv)) and g =ae(e- (v —u)). Thus, the local stiffness matrix takes the form

(s, A) [ (KAt (K1, A) [ (Kym,A) Tt
(k) _ glemy [ €[l —elmm e )
A =" _e(n,n,)\) [e(n,n,)\)]t e(n,n,)\) [e(ﬁ,n,/\)]t :
where e(®™) is the orientation vector of the link,
e(n,n,)x) o X(nv )‘) — X(07 H) €Sy .

X (n, ) — X(0,5)]

Mechanical frames: When modeling structures with a geometry such as lattices A or D in Figure
1.3 we include the bending stiffness of the links in the model. One must then include rotational
degrees of freedom in the nodal potential so that p = d(d + 1)/2. The “load” will in this case
represent both forces and torques. The local matrices are rank p matrices of the general form

B(r1,A) O (kmA)

(KynyA)
A - (C(Ii,n,)\))t D(n,n,)\) :

By Castigliano’s theorem, the matrix A®™*) must be symmetric, but it is in general not the case
that C(5nA) = — B(EmA) op that DA = AN - Gee Appendix A for details.
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A comparison of the different models is given in Table 2.1. For concrete illustrations of how to
derive the lattice equations given a lattice model and a geometry, see Appendix B.

Remark: It is worth commenting on how the truss and frame models relate to one another. Given
a mechanical lattice of arbitrary geometry (as long as it is connected), it is always possible to
model it as a frame. As we shall see, such a model is always coercive “modulo rigid body motions”.
However, we know that for a slender bar, the bending stiffness is lower than the axial stiffness by
roughly a factor of 32, where f3 is the slenderness ratio. This means that when 3 < 1, the lattice
operator decouples into two parts of different magnitudes (see Appendix A),

(27) A = Qlaxial + ﬁ?mbending'

Moreover, if we split the potential and the load into translational and rotational components u =
ug duy, and f = f; @ f; (note that f; represents forces acting at the nodes and f, represents torques),

then 2 splits further into
axia, bendin, bendin

(28) |:§2[tt10:|+62 Qltt _gmtr .g |:ut:|:|:ft:|'
0 0 miendlng Ql?rendlng Uy fr

axial

Now, for lattice geometries such as B or C in Figure 1.3, the operator A% is coercive (modulo
rigid body motions). Thus, if there is no torque loading, f, = 0, which is usually the case, we are
justified in making the following approximation,

. . . —1 —1
o axial 2q(bending 2q(bending /ybending\ —1¢bending ~ axial
Ug = |:Q[tt + /8 Q[tt - /B Qltr (Q[rr g) Q’Lrt ft ~ Qltt ft .

since %2 < 1. However, if nggdal is mot coercive, then the full equations must be used. In the
next section considerable effort is spent constructing an easily verified criteria that picks out those
geometries for which the truss approximation is valid. O

2.3. Coercivity. We mentioned in the introduction that some combinations of lattice geome-
tries and node-to-node interaction mechanisms produce degenerate models. An extreme example
occurs when not all nodes of a lattice are connected; a more subtle type of degeneracy occurs when a
mechanical truss turns into a “mechanism”, meaning that the lattice can deform without incurring
any internal forces, like lattices A and D in Figure 1.3. In this section we seek to formulate some
readily verifiable “coercivity” requirement that disqualifies such degenerate lattices.

First we specify a subspace N/ C V of potentials that we expect to cause no internal energy, in
the sense that ||v||gg = 0 for v € A/. We ask that such a subspace satisfy:

(1) N is translation invariant, 7,,A" = N, for any m € Z<.
(2) There exists an integer k such that any v € A is uniquely determined by Pyv.

Examples: For conduction problems, A is the set of constants and k = 0. For mechanical
problems, N is the space of rigid body motions. For truss problems, & = 1, meaning that a
rigid body motion is uniquely determined by the displacements of the nodes in ;. For frames,
information about rotational displacements are included in the nodal potential and thus any rigid
body motion is uniquely determined by its value at any node, and k£ = 0. (I

The space N must clearly satisfy N C Null(Ql(”’"’A)) for all links (k,n, A), so that automatically
N C Null(]| - |Jor). Our goal is to formulate conditions that guarantee that N = Null(|| - ||o). We
remark at this point that it would be very practical if we could perform a split “N = N @& N7,
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where N = Null(21) and ask that 2 be coercive when restricted to “AN'-”. Unfortunately, V is not
a Hilbert space, and such an approach does not seem to be feasible.

Definition: Say that 2 is N -coercive if Null(|| - [|o) = V.

It is not easy to verify whether 2 is N -coercive for a given lattice. We will therefore give a
stronger, local condition that is simple to verify and that implies N -coercivity. The idea is to look
at the finite sub-lattices created by removing all links that do not originate in the finite set 2.
Such a sub-lattice is governed by the operator

A5 := Z Z AN

ImI<J (x,n,\)EB4

Clearly N/ C Null(2(;). Now, if we can find a finite J such that for the nodes at the center of the
sub-lattice, the only displacement fields that are energy free are those in N, then we may be able
to use the translation invariance to prove global N-coercivity. It turns out that if we can “lock”
the nodes (modulo N) in the set Q. 1, then A-coercivity follows.

Definition: 2 is locally N -coercive if there exists a finite J such that PQk+1NuH(§2[J) = PQk+IN.
Lemma 2.2: If 2 is locally N -coercive, then it is N -coercive.

Proof: Fixing a v € Null(|| - ||s) we will prove that v € N.
A simple calculation shows that

(2.9) Pq, v € Po, Null(|| - ||a) C Po,, Null(]| - [la,) = Pa,,,Null(;) = Po, ,N.

Thus there exists a unique v’ € A such that Py, v = Pg, v’

Next we will show that v’ = v on all of Q. Let m € Z? be any vector such that |m|s = 1.
Since 7,0 € Null(2), the calculation (2.9) can be used to find a unique v” € A that equals v in
TmS+1. Now use that Po, v” = P, v’ to deduce that v” = v’. Since m was arbitrary, this shows
that v(n) = v'(n) for [n| < k + 2. This process can be continued to cover all of €. O

We provide a condition that can often be used to assert local N -coercivity.

Definition: We say that a link (k,n, ) is N-coercive if for any ¢ € CP, there exists a unique
v € N such that v(0, k) = ¢ and AFNy = 0.

Of the models that we have discussed, the conduction model and the mechanical frame model
have N -coercive links but the mechanical truss model does not.

Lemma 2.3: Suppose that all links are N -coercive. Then if a lattice is connected, it is locally
N -coercive (and hence N -coercive).

Proof: Let J be large enough that every node in ;1 is connected to the node (0,1) through
a path entirely contained within Q;. Fixing a v € Null(2(;) we need to show that there exists a
v’ € N such that Py, v =Py, v

Due to the symmetry and the positive semi-definiteness of all the local bars we know that
T AEmN e = 0 for all |m| < J. Thus, given any link (1,n, ), there exists a unique v’ € N/
such that v(0,1) = v/(0,1) and v(n, \) = v'(n, \).

Given any node (I, 1) € Qxy1 choose a path that connects (0,1) to (I, u). Since 2 0" = 0 and
v’(0,1) = v(0,1) it then follows from the A-coercivity of all the links in the path that v’(l, u) =
o(l,p). Thus Py, v = Py, v, which concludes the proof. O
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Model ‘ Potential Load D Rank(A(™V) N
Conduction | Temperature Heat source/sink 1 1 Constants
Mech. truss | Displacement Force d 1 Rigid body mot.

Mech. frame | Displ. + rot.  Force + torque d(d+1)/2 d(d+1)/2 Rigid body mot.
TABLE 2.1. Table comparing the conduction problem to two mechanical problems.
The truss model is the only one that does not have N -coercive links.

3. Fourier analysis

3.1. Introduction. The operator 2 is a constant coefficient convolution operator that can be
diagonalized by a Fourier transform. Noting that we can identify V = 1?(Z%xN,, CP) by [?(Z%,CP9),
we use the well-known isometric isomorphism

F:P(z4,CP0) — LP(I4,CP) s w06 = Y e™fu(m),  where I = (—m, 1),
meZad

to obtain the diagonalization

[FRuj©) =] > 1N u),

(k,n,\)EB4

where each matrix Y%7 (&) consists of ¢ x g blocks, each of size p x p. The four non-zero blocks
are located at the intersections of the k, A-rows and columns,

B(H;nz)‘) . o eim-ﬁc'f(n,n,)\)

(2.10) A (¢) 1= : :
efim{ (C(H,n,)\))t L D(n,n,)\)

We introduce the symbol o(§) € CP7*P4 as the Fourier representation of 2,
(2.11) o(&):= > ).
(k,m,\)EB 4
Lemma 2.4: The symbol o(§) is a uniformly bounded Hermitian positive semi-definite matriz.

The claims of the lemma follow from Lemma 2.1 since o0 = FAF !, and F is an isometric
operator. Another consequence of this is that one can easily determine the spectrum of 2 by
determining the eigenvalues of o(¢) for € € I?. In particular, this gives a simple method for
computing |||y, accurately.

We will next show that the quadratic form on CP? induced by o(§), namely

= (p,0(8),p) =7 [0(§)¢],

is related to the energy of the periodic potential field u(m, ) = ¢(k)e~ <. To this end, recall that
W u](m) denotes the energy of the links originating in the cell m under the potential u, cf. (2.6).

Lemma 2.5: Set u(m, ) = p(k)e <. Then Wu](m) = (¢, 0(£), ).
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Proof: Inserting the expression for u in the definition of W, we get

Whitm = 3 ené | AL gmeneime | B0 2 S g g,

in-¢
(k,n,\)EB4 e ) (k,n,A\)EB4

which equals @ - [0(§)p] by the definitions (2.10) and (2.11). O

Lemma (2.5) can be combined with knowledge of the null-spaces N, discussed in section 2.3,
to obtain upper and, more importantly, lower bounds for ¢ — (@, (&), ¢).
Lemma 2.6: Let M be the length of the longest link, M := max{|n|s : (k,n,\) € BL}. Then
there exists a constant C such that, with u(m, k) = o(x)e IM™E

. 2
<(10’ J(£)? (70> é Cnlél_/{‘/' ||u - n||V1\/[

Proof: Fix any v € N and invoke Lemma 2.5 to obtain that (p, o (§), ) = W[u](0) = Wu —1v](0).
Since all links originating in 2 are wholly contained in Q7, we know that W[u—1](0) < |||y |Ju—
UH%/M, and the claim follows from the boundedness of 2. O

Lemma 2.7: If a lattice is locally N -coercive, then there exists a positive constant ¢ such that,
with w(m, k) = p(k)e M

(0, 7(€), ) = ¢ inf [lu— vl

Proof: We use Lemma 2.5 to ascertain that (¢, (€), ) = (2J +1)~% (u, A s, u). Next we will show
that there exists a ¢ > 0 such that (u,20;,u) > ¢||Qu||?, where @Q denotes the projection onto the
orthogonal complement of " in Vi1 (so that infyep [[u — o]y, = |[Qu]]). Set

Now note that the infimum can be restricted to the compact set {u € Vyyps: ||[u|| = 1}, with the
M defined in Lemma 2.6. Since the infimum is taken over a compact set, we know that if ¢ = 0,
then there must exist a minimizer v’ such that ||Qu’|| # 0 and (u/,2(;,u’) = 0, but this contradicts
the assumption of local N -coercivity. Thus ¢ > 0 which proves the claim. O

In sections 3.2 — 3.4, we will study each of the lattice models in Table 2.1 and prove coercivity
results for the symbol o(§) but first we review some general results for Hermitian positive matrices.

Definition: If X and Y are Hermitian positive definite (HPD) matrices, such that (¢, X, ) <
(p,Y, ) for every ¢, then we say that X < Y. If there are positive constants a and b, such that
aX <Y < bX, then we say that X ~ Y. O
Lemma 2.8: If X and Y are HPD and X <Y, then det X < detY and y-l<x-1

Proof: Note that since X is HPD, it has a well-defined non-singular square root. To prove the first

statement, set 1) = X1/2¢ and write the condition as i[> < ¢ - (X~/2Y X~1/24). This implies
that 1 < det(X 2y X~1/2) = det Y/ det X.

The second inequality is similarly obtained by setting ¢ = Y ~1/2[y—1/2Xy—1/2]-1/2y —1/2y),

Il
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3.2. The conduction problem. The results we are about to present are technical in nature
but are absolutely central in that (1) they form a pattern for how to study other lattice models and
(2) they will be invoked in almost every subsequent result presented in this chapter (well-posedness
of the lattice equations, homogenization, lattice Green’s functions). The core result is that if a
vector ¢ € C1 is split into a local average and a deviation from the average, ¢ = @ @ ¢p, then

(2.12) ¢ (EPleal® + lepl?) < (p.0().0) < C (I€Flpal* + l¢pl?) |

for some positive constants ¢ and C' that do not depend on £. The significance of this result is that
it leads to a fairly complete description of the action of 2 in physical space; if a potential u is split
into a cell-wise average ua, and a local deviation up, so that u = ua @ up, then

¢ ((ua, Ao, ua) + [Jup|?) < (u,2,1) < C ((ua, Ao, ua) + ||up| ) ,

where 2, is the discrete Laplace operator, cf. (2.25). The result (2.12) can also be used to show
that to lowest order, all elements of o(&)~! are identical, meaning that there exists a constant cg
and a symmetric positive definite matrix M € R?*? such that

-1 Co -1

(213) 6) o = gy + 0L,

for all K, A\ € Ny. This result has important ramifications to the nature of the homogenized equations
and the lattice Green’s functions.

In order to define the projection operators, we set ¥ := q_1/2[1, ...,1]* € R? and define for
Jj=2,...,q, vectors ¥; € R? such that ¥ = [1)1, ¥9,..., 1| is a unitary matrix. We split ¥ into
two sub-matrices ¥ = 11, 0,...,0] + [0, ¥2, ..., 14| =: ¥a + ¥p so that any vector ¢ € C? can be
split into orthogonal components W'y = Wl o @ Uho =: oo @ op. For v € V, we set b = by & vp,
where va(m) = Uho(m), and vp(m) = ¥o(m). Finally, we set L(§) = diag(|¢[%, 1,...,1), and
formulate the result (2.12) as follows.

Theorem 2.9: For the conduction problem on a connected lattice, o (&) ~ WL(E)Wt.

Proof: First note that since the links are N -coercive, the connectivity assumption implies local
N-coercivity for the lattice. Thus Lemmas 2.6 and 2.7 apply, with u(m, x) := ¢(k)e <.
To prove the upper bound in (2.12), use Lemma 2.6 with the choice v(m, k) := pa to get

(0,0(€), ) < C (|lua —vl[3,, + [lupl[F,,)
=C ) (!ser‘imf —pal?+ IwDe‘im'§|2> < C (|€Plal® + lepl?) -
jmI<M

Next we prove the lower bound in (2.12) using Lemma 2.7. Set

e Lp0(8), ) e Hpa(8),9)
(2.14) lA(S)._;géqQ PN and zD(g)._@lgéqQ on
so that

{p.0(&),0) = Ia(©)lpal* + Ip(©)l¢p|*.

First note that the infimum can be restricted to the unit ball in C?, which is a compact set. Then,
since u ¢ N for £ # 0, Lemma 2.7 immediately tells us that both [ (§) and Ip(§) are positive for
& # 0. It remains to investigate their behavior near the origin.
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To prove that Ip(0) > 0, we note that for £ = 0, the minimizer in Lemma 2.7 is up, so that
(,0(0),0) > clfu —uallfy = cllup|ff; = 3%enl*
In order to prove that 15 (£) > c[€|?, we first use that
(p.0(€), ) > c inf [ju—vl[f; > c inf lus —val[f; =cinf Y [pae™ — 22,
Im|<1
The minimizer is
(mm —im-§ 71m]£] 2 5]
= Z pae _‘PAH Z sm =) =t pa(l+ra6)),
|m|<1 j=1m;=-1
where r4(€) satisfies |rq(€)| < C|€]?. Thus, using that |a+ | > |a)? — |b|? we find that

(.0(8),0) = ¢ > lpae™™ —pa — para(§)
jmI<1

> ceal? Y- (le™E =12 = [ra(©)) = cleal® (1€2 - [¢]*) = eleallél,
Im|<1

which proves that [ (&) > c|¢]2.

O

Corollary 2.10: For the conduction problem on a connected lattice there exists a positive definite

matriz M such that det o(€) = & - (ME) + O([¢]Y).

Proof: First note that det o () is a trigonometric polynomial, and hence an entire function with an
everywhere convergent power series. Next note that det o(0) = 0, and that by combining Theorem
2.9 and Lemma 2.8 we know that det o(¢) > cdet L(€) = c[¢|?. Together, these statements prove

the corollary.
Corollary 2.11: For the conduction problem on a connected lattice, (€)™t ~ WL(£)~1Wt,
Proof: Combine Theorem 2.9 and Lemma 2.8.

The last corollary can be used to prove the identity (2.13). For o, 8 € {A,D}, set 043(§) :

Vo (€)Vs and Sap(€) := Uho(€)™1Ws so that

¢ _ | oaa(§) oap(§) t ov—1q | Saa(§) Sap(€)
VOV =1 ;000 opn(@ |0 24 VO =] GE Sonlo)

where the S,3 can be computed from the o,z through the relations
Saa(€) = [0aa(€) — oan(©)oph(E)opa®)]
Sap(€) =[Spa(§)]" = — [0aa(§) — oap(&)opp (£)opal§)]  oan(§)oph(E)

_ ~1
Spp(€) = [opp (&) — DA ()3 A (€)oan (€)]
By Theorem 2.9 and Corollary 2.11 we know that
oaal€) ~ €%, opp(€) ~ 1, Saa(€) ~[¢7%, and Spp(§) ~ 1,
from which it follows that [Sap(£)| < C|¢|~1. Thus, to lowest order, we have

o(§) 7 = UASAA (TS +O(I¢] 1), as [¢] —0.

]

O
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from which (2.13) follows. We can extract the dominant term in Saa () by defining

(215)  oo(©) = [lm2Saa(ee)] = lim 2 [oar(c) ~ oan(e€)onn(0) opa(c€)]

since then Saa (&) = 00(€)~ + O(J€|71). Note that with M the matrix specified by Corollary 2.10
we have o¢(§) = & - ((tM)E) for some constant ¢ and that tM is easily computed since the only
matrix inversion that appears in (2.15) concerns a matrix with constant coefficients. To sum up:

Lemma 2.12: Consider the conduction problem on a connected lattice. To lowest order, all terms
of (&)~ are identical. In particular, with oo defined by (2.15), we have, as |£| — 0,

(€)™ = Waoo(€) Y +O(lE[ ).

3.3. Mechanical trusses. The analysis of mechanical truss systems follows the analysis of
the conduction problem closely. The main difference is that the space of rigid body motions (which
forms the null-space N for mechanical problems) is considerably richer than the set of constants,
which makes the use of Lemmas 2.6 and 2.7 somewhat less straight-forward. Another difference is
that we need to think of o(£) as a matrix consisting of ¢ x ¢ blocks, each of size d x d. In particular,
the result for trusses that corresponds to (2.13) says that all blocks of o(£)~! are equal to lowest
order. To be precise, there exists a matrix og(£) € R?*?, such that

(2.16) [0(€) " ax = 00(&) T+ O(IE[TH).
All entries of the matrix o((§) are second order polynomials and oy is the Fourier representation
of an elasticity operator (which is a second order elliptic differential operator).

In order to define the projection operators W and ¥p that are pertinent to the truss problem,
we first define I, as the identity matrix in CP, set U := q_l/Q[Id, ..., I4]" and define ¥p so that
U = [V, Up] forms a unitary matrix. Then define splittings ¢ = @A @ ¢p, and u = uy G up as
before. Finally set L(€) = diag(|¢[* 14, Lyg—1))-

Theorem 2.13: For a locally N -coercive truss lattice, o (&) ~ WL(£)W*.

Proof: The proof follows the proof of Theorem 2.9 closely. We use Lemma 2.6, choosing v = pa,
to prove the upper bound. For the lower bound, define [ (§) and Ip(&) according to the formulae
(2.14). These functions are still positive for & # 0, by virtue of the fact that u(m) = pe €™ ¢ N
and we only need to investigate their behavior for small £. Since u(0) is orthogonal (in V2) to the
set of rotations, one proves that Ip(0) > 0 in a fashion fully analogous to the conduction problem.
However, since the nullspace is larger for the present problem than for the conduction problem, we
need to put more effort into proving that 5 (£) > c[¢|?.

First note that

(p,0(8)9) = niél/{[ (Ilua — vall3, + |lup — vp|[},) > ngvauA ol
It will be sufficient to keep the linear part of u(m) so we write
ua(m) = pae ™ = pp — paim - £ — (1 —im - € — e ),

and use the inequality |a + b|2 > |a|? — |b|? to obtain that

(p.0(6) ) Z e inf (Jlpa = ai(m- ) = vall}, = [leal —im - ¢ — e ™))
(2.17) ’< . ) _—
> inf [lga — pai(m-€) — oallf, — loa Plel
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Let U&min) denote the minimizer in the last term. Since v(™™) is a rigid body motion, U(Amin) can

(min) _  (min) (mln)

be written as a sum of a constant and a rotational component, v, 7 = v, + 0, . Clearly
Ugﬁ;) = @A. In order to determine Uﬁot ), we introduce a basis for the rotations on R%: For i,j €

{1,...,d} such that j —i > 0, define the basis-vectors (™) € N by [r0®)(m)]y = sim; — ;m;.
The minimizing problem can now be written

d—1 d
218)  inf [lea(m-©) —vallf, = inf lea(m-©) = Y 3 o@D (m)|;.
=1 j=i1+1

The vectors w(%) are orthogonal in Vs, so the minimizers are given by

<90A(m &), o (9) (m)>v

1
2 ... == EL_ £,
Hm(ij) (m)”%/z - 2(S0A71§J (pA,J€z>

a(ij),min _
We insert these values into (2.18) to obtain

d d
Inf{lea(m-£) = > Z oDl (m)[[3, = - = 57 (|al’lé]* + | - €) = loal*l€]*.

i=1 j=i+

Combining this expression with (2.17) we find that

(9, 0(€),9) = c (loalPlE]® = loal?lel*) = cléf|eal?,

in some neighbourhood of the origin. This completes the proof. O
Corollary 2.14: For a locally N -coercive truss lattice, det o (&) > c|¢|??.
Corollary 2.15: For a locally N -coercive truss lattice, o(€)~ ~ WL(&)~1Ut,

Defining 0,3 and S, as for the conduction problem, and performing the corresponding analysis,
we find that the matrix g heralded in (2.16) is given by

(2.19) o0 (€) = g%giz [oan(€) — oAD(€)opD(0) " opa (6)]

Lemma 2.16: Suppose that o () is the symbol of a locally N -coercive truss lattice. To lowest order,
all blocks of o (€)1 are identical. In particular, with oo defined by (2.19), we have, as |£| — 0,

o(§) 7t =Waoo(&) MWL +0(E[ ).

3.4. Mechanical frames. For mechanical frames, the links are N-coercive, so we can again
use connectivity as the only regularity requirement on the lattice. The significant additional diffi-
culty about the frame case is that the operator treats the rotational and translational degrees of
freedom in distinctly different manners. Splitting the cell-wise average of a function ¢ € CP? into
an average of the translational components p,¢, an average of the rotational components ¢, and
“the rest”, (g, we will prove that

(2.20) c (1€ @at]® + |@arl® + |pal?) < (9,0(€), ) < C (1€ |@at|* + |parl® + 0al?) -
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The projection operators ¥,y and ¥, are defined by

1 q
[\I’at@]i == SOH* —1)p> for ¢ = ]-7 .. 7d7
NG ; (j-Dp

1 & ,
[\I’arSO]i = Z Pit+(j—1)p> fori=d+ 1,...,p,
Vi

and then Uy is defined so that ¥ = [W,, U,y, Uy| forms a unitary matrix. The splittings ¢ =
©Oat D Par B @4 and U = Uyp D Uy, B uq follow. Finally set L(€) = diag(|¢]? 1y, Ipg—a)-

Theorem 2.17: For a connected frame lattice, o (&) ~ WL(&)W*.

Proof: Set u(m, ) = p(k)e ™% as usual. In order to prove the upper bound in (2.20), simply
use Lemma 2.6 with v(m, r) = [¢!,, 0]'. For the lower bound, define

_ e L, 0(6), ) _ 1 (p,0(8),9)
@)= W e 0 M XO = o T el

Since the infimums are taken over compact sets and since u ¢ N when £ # 0, it is clear that both [,
and [x are strictly positive for £ # 0. Likewise, if [x(0) = 0, then by compactness there must exist a
minimizer ¢’ such that (¢',0(0),¢’) = 0. By lemma 2.5, this means that the function u’ generated
by ¢’ must belong to N. Now, since u’ is constant from cell to cell, it cannot have a rotational
component, and must therefore be a pure translation. But this implies that ¢}, = ¢/, = 0, which
shows that such a minimizer cannot exist.

Finally we need to prove that [,;(&) > c|¢|?. Starting with the simple inequality

(9, 7(0), ) 2 ¢ inf [l — o}, = e inf [juac = varl .

this part of the proof then proceeds exactly like the corresponding part of the proof for trusses. [
Corollary 2.18: For a locally N -coercive frame lattice, det o(€) > c|€[??.
Corollary 2.19: For a locally N -coercive frame lattice, o(£)™! ~ WL(&)~1 W,

In order to prove a result about the dominant terms of o(£) ™1, we set Wp 1= Uy, Up 1= [V, ¥y]
and define o, for o, 8 = A, D accordingly.

Lemma 2.20: Suppose that o(&) is the symbol of a connected frame lattice. Then, with oy defined
by (2.19), we have, as |£| — 0,

o(§) 7 = Vaoy ()T +O(IE[).

Note in particular that according to the lemma, several entries of the inverse symbol have
singularities that are weaker than the O(|¢|~2)-singularity of the dominant terms. The consequences
of this imbalance will be discussed further in Section 6 of Ch. 3.

4. Well-posedness of the lattice equations

4.1. Introduction. In this section we will study the well-posedness of the equation

(2.21) { A=,

[|ulfa <.



26 2. BASIC PROPERTIES OF STATIC LATTICE EQUATIONS

Guided by the findings in the previous section, we will suppose that there exists a unitary matrix
U = [U,, Up| € R?P*%P guch that

(2.22) o(€) ~ [EPTATY + Tp T,

Note that this inequality implies that the point {0} forms part of the spectrum of 2, and thus 2~!
cannot be a bounded operator on V. However, the zero is not an eigenvalue, which means that 2
is injective, and we expect to be able to define 27! on a dense subset of V.

In this section, we will first derive an explicit representation for A1 in terms of Fourier integrals,
and then study a variational formulation of (2.21). The second approach will give somewhat sharper
results, but in the remainder of the thesis, we will work extensively with the Fourier inverse, and
it is therefore necessary to study this formulation as well.

4.2. A Fourier inverse. A solution u of equation (2.21) is given by u = o~ 1. Using the
Fourier inversion formula, we therefore expect that the solution should be

@23 ulm) = Om) = [F 0] ) = g [ (e e as

Note however that the function o(£)~! is unbounded which necessitates an investigation of when
the integral is well-defined. Setting Sas(£) = V!0 (€)1 W4, the condition (2.22) implies that

1Saa ()] = [Who ()" W4l < ClEI73,
(2.2 1SAD(&)] = [Who(§) " Up| < Cl¢l ™,

1Spa(§)] = [Tho (&) Wal < CE| 1,

1Spp(§)] = [¥ho(§) ™" p| < C.

Defining the function spaces

r 1/r
Sho=(oe Vs lblle <o), where [l = | [ (1€ *R@))" ae]

we can then state the following result. (Note that =3 = [2.)
Theorem 2.21: Suppose that § is a function such that fa € Z3NE? and fp € E} NE2. Then
equation (2.21) has a solution given by (2.23), such that (u,Ad,u) < C (|\fAH2:2 + |Ifp |22

—1 =0

Proof: The Fourier integral in (2.23) is well-defined since
|o(&) O] < (1Saa(©)] + [Spa(€)))[Fa(©)] + (1Sap(€)] + S (E))In(€)]

< C (a1 + €7 o)) € L.

In order to demonstrate that u solves (2.21), simply apply 2 to the integral, use the absolute
convergence to move the operator inside the integral, and note that A (pe™1"¢) = o(&)pe "¢,
When proving the bound for |[u||s = /(u,2l,u) we use that it = o~1f to obtain

2 1 1 o i _ P ’fA 2
Il =z |, M@ e = 57 [ FEle© e < [ ( o rfD@)r)ds.
(I
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In order to illuminate the nature of the spaces Z, we provide the following lemmas.
Lemma 2.22: If kr <d, then || - ||zr < C||-|[p and thus Q) C =l
Proof: If v € I}, then [6(¢)| < C||v]|;1, and thus

\/aﬂ' \/aﬂ'
loliz; = [ (e BN de <€ [ (oM lolla) o dp = Clills [ 5,

which is finite if d — kr > 0. O
Lemma 2.23: A sufficient condition for v € Zj, is that for some integer | > k — d/r the following
conditions hold:

A: S (1 + [m]H]o(m)| < co.

B: . m%(m) =0, for every a € N such that |a| < I.
Proof: Condition A implies that b has [ continuous derivatives, and then condition B implies that
b has [ vanishing moments. Thus, [6(¢)| < C|€|', whence

Vdr
loliz; = [ (e te@l de <o [ e tiely as<c [T 0t ap,

which is finite if r(I — k) +d > 0. O

Combining Theorem 2.21 with either Lemma 2.22 or Lemma 2.23, we obtain the next two
results, which give more familiar conditions on f than does Theorem 2.21.

Corollary 2.24: Suppose that d = 3 and that § € 11(Q). Then one solution of equation (2.21) is
provided by (2.23). This solution satisfies ||ullo < C||f|;1-

Corollary 2.25: Suppose that d = 2, that mf(m) € I1(2) and that Y §= 0. Then one solution of
equation (2.21) is provided by (2.23). This solution satisfies ||ullg < C|Imf(m)||;:.

Note that for an N-coercive operator, any two solutions u and v of (2.21) satisfy u — v € N.

4.3. Variational analysis. It is unsatisfactory that the existence results in the previous sec-
tion require conditions on f that do not appear in the stability bounds. This is a consequence
of the unnecessarily stringent requirement that the integral (2.23) be absolutely convergent. We
will provide results that require only that fo € =2 and fp € E% = I? by studying the variational
formulation

(0,2,u) = (v,f)
easily obtained from equation (2.21). We must find a Hilbert space in which the sesqui-linear form
(- 2, ) is coercive, and the semi-linear form As(-) = (-, f) is bounded.

First we define an inner product that is equivalent to (-,-)¢. Introduce the discrete Laplace
operator 2, and its Fourier transform o,(&) by

d d
(225) U= (T +2-7),  0o(€) = 3 (—eT 42 0) = 3 dsin? &

—
<.
Il
-

and set

ISH

(0, )y == (oA, Ao, ua) + (0D, up) = (2717) /Id
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Then the corresponding semi-norm ||- ||y = /(:, -)}y is equivalent to ||-||g, by virtue of (2.22). We
next define the space W as the closure of the set of compactly supported functions in V under the
norm |- ||y (identifying functions for which ||u|[y = 0 with zero). We now find that A; is bounded
precisely when fo € =% and fp € =3;

A< [ (BA©IFa©)] + (@ o6l de

ARGk . , )
< _ 0 < 2 2o ).
<o| [ €| | [ o@loa@r e+ ool ol < Clilhw (1l + 1o]1;)
Thus, a well-posed formulation of (2.21) is:
(2.26) Find u € W such that (v, %, u) = Aj(v) for every v € W.

A straight-forward application of the Riesz’ representation theorem now gives:

Theorem 2.26: Suppose that o € Z3 and fp € Z3. Then equation (2.26) has a unique solution.

This solution satisfies ||u||w < C(WAHE% + HfDHEg).

We close by remarking that the requirement that the solution belong to W gives a stronger
uniqueness-result than AN -coercivity by itself. First note that

d
lullfr = > | D lua(m —e;) —ua(m)[* + Jup(m)|®
meZd | j=1
Thus, if |Ju|lw = 0, then up = 0 and uy is constant from cell to cell. Now, suppose that both u
and v solve (2.21). Then |ju — v||lyy = 0 which means that up = vp and up = va + ¢, for some
constant ¢ € W4 C%?. Applying this reasoning to the lattice models discussed in this section we
find the following result:

Proposition 2.27: Suppose that u,0 € W solve (2.21). Then for conduction problems, u and
v differ by a constant only. For mechanical problems (either trusses of frames), they differ by a
constant translation only.



CHAPTER 3

Homogenization

1. Introduction

In this section we will show that when the size of the unit cell in a lattice is much smaller
than the length-scale over which the load changes, then oftentimes, an approximate solution to the
lattice equation can be found by solving a quasi-differential equation with constant coefficients.

We capture the concept of different lengthscales by supposing that the scale over which the load
changes is 1, and the cell size is ¢ < 1. A lattice potential will now be denoted u(®) to mark that
it is a potential on a scaled lattice, and the corresponding lattice operator is A(€). The lattice load
£(¢) is assumed to be derived from some fix function f by an operator P. that projects a function
of a continuous variable to a lattice function, {&) := P.f. This projection will be done by a local
averaging in such a way that for a “nice” function f, we will get f(f)(m) ~ f(em). The scaled
lattice equation now reads

AOYE) = §©),

The main purpose of this section is to demonstrate how for any p, one can derive constant coefficient,
quasi-differential operators A€P) such that the solution u(&?) of the homogenized equation

AlEp)y(ep) — 1,

satisfies
u®(m) = u®P) (em) + O(e*1?),

provided that f is regular enough (the regularity requirements will increase quite rapidly with
increasing p). Both the derivation of the homogenized equation and the convergence proofs will
rely heavily on Fourier methods, ¢f. Babuska and Morgan [5, 46, 47, 48].

We give a detailed description of the homogenization procedue for scalar conduction problems
only. However, the corresponding results for more general lattice models can be derived in a very
similar fashion, as indicated in section 6.

The plan of the chapter is as follows: In section 2 we formally define the scaled lattices and
introduce scaled Fourier transforms and norms. In section 3 we define the projection operator B
and prove that the discrete Fourier transform of B f closely approximates the continuous Fourier
transform of f. In section 4 we derive the homogenized equations for the conduction problem on
mono-atomic lattices and prove convergence in energy and L°°-norms. In section 5 we extend the
analysis to multi-atomic conduction problems. In section 6 we indicate how the analysis can be
extended to mechanical problems and give some illustrative examples.

29
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2. Scaled lattices and function spaces

Let u®)(m, k) € C denote the potential of the node (m, x) in the scaled lattice. We measure
such potentials using the scaled norms £ defined by

1/p

[l = (e Y O (m)P?

mezZd

We also introduce a scaled Fourier transform

198 = [Beu®)(©) ==e? Y = uG(m),  for £ € I == (=7 /e, w/e)”.

mezd

The scaling is chosen so that if u(®) is defined by u®)(m) := u(em) for some function u of a
continuous variable, then 1) (¢) is a Riemann sum of the continuous Fourier transform

a€) = [Ful(€) = / e €u () de,

Rd

and ||u(5)||§’p is a Riemann sum of
£

lally = [ lua)p da.
R4
In particular, if u is “nice” (say smooth and compactly supported), then as e — 0,
19 —a©), and  |u®p — [l

For future reference, we note that Plancherel’s lemma takes the form
1 - ~
WO = G ], EORdE = 15 g

We will next determine how the scaled lattice operator () relates to the unscaled operator 2.
When a link that originally had a conductivity o™ is scaled by a factor ¢, its new conductivity
will be g?2q () (since the cross-section shrinks by a factor e7~! and the length by a factor ¢).
The scaled load §¢) is defined so that the actual source at node (m, ) is €4()(m, ). Thus, the
factor € cancels and we find that the appropriate scaling is

A = 729,
The symbol of the scaled operator, o) = &Ql(g)&;l, relates to the unscaled symbol as follows;
(3.1) o) = e %0 ().
whence the inequalities (2.12) take the form
(3.2) ¢ (16Pleal? + e 2lenl?) < (9,019(€),0) < C (1€Plpal + e %gnl?)

and the corresponding inverse inequalities are

(3.3) ¢ (IE172eal + 2lenl?) < (0,097 0) < C (I el +2lenl)
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In the scaled variables, the claim of Lemma 2.12 is that there exists a matrix M such that
o) = (€ (ME)) M ATY +20(|e€] ), as e — 0.
We close this section by giving the scaled lattice equation:
{ )y ) :f(s)’

(3.4)
14l [|e) < o0.

3. Projection operators

In order to derive a projection operator that creates a lattice function out of a function of a
continuous variable we fix a compactly supported function y such that [pq p(2) dx = 1. Then define
the projection operator by taking local averages

(3.5) ] (m) = e~ /]R (e e —m) do.

We use the same function u to create a function of a continuous variable out of a lattice function.
The associated projection operator, P*, is defined by

o] @) = 37 v m)u(e" e = m).

meZd

Note that P* is typically injective but that E is not. The compact support of p is important
because it implies that the operator B. : LP — £ is bounded.

Lemma 3.1: If p is bounded and compactly supported, then for any p € [1, o], there exists a finite
Cyp such that |[|[Bf||p < Cpl|f]|Le-

Proof: Consider first the case p < co and let w denote the support of pu, then

sy =t S 5 [ () san =t S| [ty misen a]

meZ? mezZ4
and using Holder’s inequality, with ¢ the conjugate of p,

IRl << 5 [/m y—m>|Qdy]p/q [/wmv(eynpdy}

<ty 3 [ 1@ do < Cllultal1l
mezd ’wtm
where in the last step, we used that w is finite. The case p = oo is trivial. Il

We can now formulate a scaled incarnation of Theorem 2.26:

Theorem 3.2: Suppose that f(s) = B f for some function f € L' N L?, and that the projection
function p is bounded and compactly supported. Then u®) = F=1()~15E)] is well-defined and
solves equation 3.4. This solution is unique up to a constant and satisfies

14 [l < CIfallz + 1fallzz +ellfollz2),
where fa and fo are defined pointwise, fa(x) := W f(x) and fp(z) := U} f(x).



32 3. HOMOGENIZATION

Proof: Existence and uniqueness follow from Theorem 2.26, since §) € IL. For the stability result,
use that |[u[|3 = <f(5 _17¥(€)>L2(Id) and (3.3) to get, with B; the unit ball in R,

) 1 NG 1 NG 2
"“”Q‘SCm)d/Bl e “ e /zg\Bl R / i (" de.

Now use that |¥§f) &) < HfEf)H it in the first term, and Plancherel’s identity for the other two

1912 - NE
iz < C / A gevo [ [Pde+ o / 79 ()2 de
B Id

é ]d B]
’ ‘ E\

whence the claim follows from Lemma 3.1. O

The main results of this chapter concern the asymptotic behavior of the solution u(®) given in
Theorem 3.2 as ¢ — 0. This analysis will be carried out primarily on the Fourier side and it is
therefore of interest to determine how () relates to f when §() = B f.

Lemma 3.3: Ifv and v are functions such that the right hand sides below are well-defined, then

AGEXIIEIEY @<§+2§m>ﬂ<a§+2wm>, and  [FRr®](€) =8 (§)a(=6).
meZ, m#£0

Proof: For the first part set pic () := p(e 'z — m) and apply Plancherel’s theorem to (3.5),

Ral(m) = sz | 5On(~0)d = g [ 9O lec) .

Inserting this into the definition of §. gives that

(36) BeRalle) = | HOnE0) | Gz 3 O )

meZd
Applying Poisson’s summation formula to the function m — €€~ we find that

S X O = S e+ Zom).

mezd mezd

This identity in combination with (3.6) proves the claim.
The second part is straightforward;

FRE) €)= Y t’(E)(n)/ (e en)de =y U(E)(n)/eis(“”)fu( )eldy =81 (€)leC).

nezd neZzd
O

For our purposes, it is desirable that [F-Rf](€) = f(€) + O(e*), for some large integer k. In
view of the previous lemma, this question appears to be related to whether ji(§) — 1 has a high
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order zero at the origin. In fact, for O(¢?P*?) approximation we need to ask that
(3.7) (&) — 1) < Clg)PH,  for —2<1<2p.

We also ask that i(§) decays fast for large £ (which correspondes to a regularity requirement in
physical space) and that /i(¢) has a high order zero around all points 27n, for n € Z\{0}, i.e.

d
1
j=1 1T

These conditions were formulated by Babuska [4] and Fix and Strang [24, 25]. They correspond to
a requirement that p and its translates should be able to reproduce polynomials of degree 2p + 2.
When they are satisfied, the following result can easily be proved.

Lemma 3.4: Suppose that u satisfies (3.7) and (3.8), that B. is the corresponding projection and
that §&) =R f. Then [f©(€) — f(£)] < Cle€[*P+2(| f[ 1.

We will next demonstrate that it is possible to construct a compactly supported function u that
satisfies (3.7) and (3.8) from basic spline functions. Start by defining the lowest order spline, 1)(!), as

the characteristic function for the cube [—1/2, 1/2]%, in other words () (z) = H?:l X[=1/2,1/2](T5)-
Then define the higher splines through succesive convolutions ) = (1) x (=1 g0 that
d . k
- sin(&;/2
596 =] (U/)) .
j=1 g] /2

Note that 1(?) satisfies both (3.7) and (3.8) for p = 0 and that ¢(P*2) satisfies (3.8) for any p.
However, for p > 0, the function ¥(?**2) does not satisfy (3.7) so we must define p as a linear
combination of high order splines. For example

p0(e) = 300 () — 200 (2)
satisfies both conditions for p =1 and
P () = 1009 (@) — 159 (2) + 600 (1)

works for p = 2. We have verified that such constructions exist at least up to p = 5.

Henceforth, we will suppose that the projection operators E. and P* are defined using the spline
based weight-functions u(k), but in principle, any compactly supported and bounded function that
satisfies (3.7) and (3.8) could be used.

4. Homogenization of conduction problems on mono-atomic lattices

4.1. Derivation of the homogenized equation. Recall that Theorem 3.2 provides a solu-
tion for equation (3.4) that is defined by

1) = [0 (9),

where §&) = Bf. According to Lemma 3.4, {&)(¢) = f(¢) + O(2P*2). Thus, if we let SEP)(€)
denote the first 2p 4+ 2 terms in the Taylor expansion of the inverse symbol, so that

€)= 5EP () + 0,
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then
199 = SV (OF(€) + O ™2),

We now claim that a function of a continuous variable can be defined by
(3.9) wEP) = F1 [S(E’p)ﬂ ,

and that u®) (m) = u(&P) (m) + O(e?*2). In this section we will (1) prove that the function u(*P) is
well-defined, (2) rewrite (3.9) as a (quasi-) differential equation in physical space which is called the
homogenized equation and (3) prove approximation bounds under certain conditions on f. For now,
we restrict attention to conduction problems on mono-atomic lattices, but we will later demonstrate
that much of the analysis carries over to multi-atomic lattices (section 5) and more general lattice
models (section 6).

2. Well-posedness of the homogenized equation. We start by proving that S(») (&) is
a rational function in £. To this end, recall that according to Corollary 2.10

(3.10) o(§) =&-ME+Y bi(6), by el

where II" is the set of homogeneous multinomials of degree n and M is a positive definite matrix.

Lemma 3.5: Suppose that ¢(€) is a function with a convergent series expansion of the form (3.10).
Then there exist multinomials az; € % such that for any p € N,

1 U a; ~
T 0 e )

where the remainder term Ry (€) satisfies |0%Ry(€)| < C|€[2P~1% in some neighborhood of the origin.
Proof: Using induction, we will prove that

. % i &
(3.11) Ry () = (?Ajg;,if;%,

and that the multinomials as; and c? can be determined from the b;’s through the recursion formula

for ¢; € 1%,

ao(§) = 1, (&) = —b;(8),

(3.12) - 1
a2j(§) = C’%j (), Cg &) =- j—2p—2(§)cgp+2(§) + (£ M5)0§_1(§)-

Setting |£]3, := & - M&, we first verify the statement for p = 0,

11 e me© 1, YR b
o© " IER T 1eRo® IR IERe©
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Next suppose that it is true up to level p — 1, then starting with (3.11) we find

. AN e )
N e
B !cs,:l(s) M), - 0(6))] P THe €3,
CLlet €[ 2a(¢) €320 (€)
O T |~ (©bi2(&) + €1 (©)
el €[ 2a()
which gives the p-level terms of the correct form. Il

Note that the proof provides a simple algorithm for deriving the multinomials ag; from the b;’s.
Applying the lemma to the scaled symbol o(%)(€) = e=20(£€), we find that

p
(3.13) [0 (] = 5-345 +Z€2j&(‘g)§“+é§f)(5), where |8aRI(f)(£)| < Cet2|gp-lel,
j=1

This proves our initial claim that S®) is a rational function since

p

P)(g) = 1 o az(§)
(3.14) S p(f)—g.M§+Z’52j(g.]\J4§)j+1'

j=1

In dimensions three and higher, S(?) is a locally integrable rational function, which means that
SEP)(€) f (¢) is well-defined as a tempered distribution under very weak conditions on f, say f € L.
Consequently, the definition (3.9) is well-posed and produces a unique tempered distribution u(&?).
Combining (3.9) and (3.14), we find that in a distributional sense

p
(3.15) (V- MVPEP) = (V- MV)Pf+ 3 e (=VM - V)P ay(0)f.
j=1

Note that the right hand side involves derivatives of order 4p, while the right hand side involves
an elliptic operator of order 2p + 2. This indicates that while the p = 0 homogenized equation
is regularizing, the equation for p = 1 is not, and as p increases the solution u(®P) will be less
regular that the data. As a consequence, the load must be very smooth indeed for high order
homogenizations to be considered.

By combining equation (3.15) with some bounded energy condition, traditional (i.e. non-
distributional) homogenized equations can be obtained. For instance, the lowest order equation
reads

-V - My = 7
(3.16) /
|U|H1 < 00.
Note that u(© = w9 does not depend on . We give the following existence, uniqueness and

stability result for the equation (3.16) since it is instructive to compare this result to Theorem 3.2.
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Proposition 3.6: Suppose that f € L' N L2, then (3.9) provides a weak solution u® e H for
equation (3.16) that is unique up to a constant. This solution satisfies

WO < CIflr + 11£]]22) -
Proof: Let B denote the unit ball and use that |{L( )| < ClEI721f(£)] to obtain

Op 1 gt [ HEP 111 -
WO =y [ PP ds g [ 8 ac <o [ Mokt ac o [ 1fepae,

which is clearly bounded as required. O

4.3. Convergence proofs. It is time to formally prove that u(®) = 4P 4 O(e2+2).

Theorem 3.7: Suppose that d > 3, let u'®) be the solution of the lattice equation (8.4), where
&) = B f, and let u&P) be the approzimation defined by (8.9). For e small and k and | positive
integers such that 2p — 2 <1 <2p and k <2+ 1 — 2p we have

|13€*u(€) —_ ’U/(E’p)|Hk S 052+lik|’f‘|Hl'

Proof: For notational convenience, we set o(&P)(¢) := SEP) (€)=, Then, since |e¢| is bounded
when £ € [ g, equation 3.13 implies the following bound:
(3.17) LI 1 < Ce?)eg) for ¢ el and 0<1<2

‘ c@(€)  oEN(E)| ’ : S

By invoking Plancherel’s equality, the bound can be proved on the Fourier side;

\P;u<a>_u<fvp>rzk—(2;) / 6 |5 ) (65)—12(8’1’)(5)(2 d

2%k (e, 2 1 21~ (8) (e Al (2
-5 / PR~ HPOR e+ g [ PO

2k , 2
+ o /\515\ AP QP de = K1 + Ko + K
Applying Lemma 3.3 gives that
_ 1 AR IC IR (3
Kl_(27T)d /[g |£| -

c@E) oEn(E)
Id

A( )ﬂ( & f©) 2k
d
5 el SO Ll
When bounding K7; we use that, by (3.17) and (3.7)
2

2
|

fi(e€

Zf&fm (€ + 2mm)] .
n£0

~
~
=K1

=:K12

2

RGN RGN 1 41g2!
O e©| =] o0@ | lebg oeng| =
Then, since |¢| < Ce™! for € € I¢
Ko < CEQk/ ﬂ2(5§) . 1 2 ’f(§)|2 df < C€4+212k/ K,Zl‘f(g)‘Q d§ < C€4+2lf2k‘|fH2
v 1 lo@(€) o) T 18 - i
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When bounding K72 use first that |i(e€)| is bounded,

Kpsy oo [ U)—(g)gﬂs + (et + 2mn) /(€ + m)(et + 2mm) de

n#0 m=£0 Ig

—2k T2 2 (€€ + 2mn) i(e€ + 2mm)
<§0m2¢005 /I (If(£+ )l +|f(£+ )1) 20 e d¢

Noting that the two terms have the same sum we find that

o < o 2n | € +2mn) i+ 2mm)
wE2. 2 /|f£+ e see ©

Then we use (3.8),

2+l 2+
Kz < Ce % f€+* 2‘88 - @
’ ;m%:o ) /’ 1 er € TT)=, (1 +m3 ™)
<> cetr 2‘“/ 62176 + )2 de < CMAH g
n#0

We next turn to bounding Ks. By definition

|l -
K5 _(27T)d /Rd\lg‘ﬂ (5)(£) | df (27T)d Z/]g |§+ - n[

Now we invoke the inequality (3.8),

~ 2
J©(€)fu(€ + 2mn)
o))

dg

% 2 |5f\4+2l

P TI 2)
We need to prove that the integral in the last expression is bounded by || f||? 5 by Lemma 3.3,

/|£!21|f<€ |2d§</ I ORESaE+ [ 1EP1S 7€ + Tomhitet +2mml?dg

Ig n#0

Ky <

g < ot [ oo as

Expanding the sum as in the bound for Ko we find that
/ ERFO© R de <ClIf 1B+ 30 Y / 6176 + Zn)P (et + 2mm)i(<e + 2mm) de.
n#0 m#0

By (3.8) the sum over m produces nothing more than a constant. Then use that fi(¢£ 4 27n) is
bounded to obtain

/m”rf |2d£<CHfHHz+CZ/ (e + )P de
n#0

<l + 03 [ e+ Tonfifie + Tl ae < Clify.
n#0
which shows that K5 is bounded as required.
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Finally we bound K3. By definition

1
Ko — 2k
3= (on)d /Rd\fg d

Now use that for ¢ € R\ ¢

€1
o=n() ~

since 24+1—k—2p > 0. This immediately yields K3 < Ce*+21=2k|| f| |2, and completes the proof. [

de < C ( € >2|f<5>|2d5.
T Jravga \oGP)(E)

!
€] < Ce2tik e,

k 2| ¢ (2p—2 2p _
< [€IFCeP|E] =Ce ’E‘Q-}-l—k‘—Qp =

In many cases, u®) — (&) pointwise, and moreover, this convergence is uniform. Before
proving this claim we give a proposition that specifies when w(5?) is continuous.

Proposition 3.8: Suppose that f € L' N H**** for some k > d/2 — 2. Then the function u(EP)
defined by (3.9) is continuous.

Proof: We prove the claim by proving that 4(¢#?) € L. First note that, with B the unit ball,

6Pl = [ 1@l <o [ Flacve [ i)
co [ MR - A
<o [ f+0[/ R LG
B ¢l Be Be
which is finite precisely when f € L' N H?P** and 2k + 4 > d. O
Theorem 3.9: With the same assumptions as in Theorem 3.7 we have, for smalle, and k > d/2—2,
g2(p+1) if k> dj2,
sup [ul (n) — u)(en)| < C|| f||pr2sr { 2Pt loge|  if k=d/2,
n€ezd 82(p+1)+k—d/2 if k< d/2

Proof: Due to translation invariance it is enough to bound |[u(®)(0) — u(*#)(0)|. Defining o(*#) as
in the proof of Theorem 3.7, we have

(6) (5 p) 1 ¥(8) (5) _ 1 .]E(‘S)
WEO) =0 =i L o@ie © T G I3 seng

_ ! 19 f© 1 fO e
_(27r)d /Ig (o(f)(f) g(g,p)(€)> dé + (2r)1 /]Rd\lg U(&p)(é) d¢ =: J1 + Jo.

By Lemma 3.3 we find that
_ 1 FO  f© L[ fe+ )it +2mm)
S = /12 < B cf(&P)(&)) d£+nz7éo (27r)d 1d ( d§ =: Ju+Jia.

(27)4 a©)(§) a(¢)

When bounding Ji; use that (3.17) and (3.7) combined provide the inequality

pee) 1
S~ s | < O™
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and hence

gl < 0 [ ) ds

Now by Cauchy’s inequality we find that

1/2
] < O [/ T [, e )\2d£] < Cle, ke )2 2| o,

where
C for k > d/2,
C(e, k,d) =< Cl|loge| for k =d/2,
Cek=4/2  for k < d/2.

When bounding J12 we need that

(g€ + 2mn)
a©)(¢)
When p > 1 the bound (3.18) is proved from (3.7) as follows

A +2mm) el
C
O =P

since 2p — 2 > 0 and |¢| < |¢ 4+ Zn|. When p = 0 we use instead

(3.18) < Ce¥|¢ L 2m "2 forge It

< Ol < 07l + T2,

e +2mn) _ € ? s 1
o@€) T T EPTIL (1 +n2) T I (1 + (ny/e)?)

Now that it is proved we can use (3.18) when bounding Ji2 as follows

< ClE+ —n| 2,

170 <03 [ Vit + Trietie + Tnrtae = oot [ 1er2ifie) dg

n#0
1 1/2
TEAT ek 4 Nk £reV2
/Rd\zg €+ e df] [/Rd\fg 17+ 1A dg]

Since 2k > d — 4 the first factor is bounded by e2T+=4/2  thus

1/2
<Qe?

J12 < 052p+2+k7d/2||f||H2p+k‘

Finally we note that Jy satisfies
=0 [ V@ tas <o | s ac
R\T¢

and thus can be bounded like Jq5.
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FIGURE 3.1. A bi-atomic lattice. The unit cell is exhibited to the left.

5. Homogenization of conduction problems on multi-atomic lattices

Before giving the general homogenization results for multi-atomic lattices we will consider a
simple example that will illustrate the main points.

Example: Consider the two-dimensional lattice illustrated in Figure 3.1. Suppose that all connec-
tions have conductivity 1. Then the scaled symbol takes the form

o©)(€) = 1 Zjlsim‘2 % + Zjl.s,im2 % +4 —1 —eloh — elsle _ pie(G1162) .
e2 | —1 — eielt _ pmicle _ o—ie(&1+62) 4
The determinant can easily be computed,
1 _
det o) (&) = = |245in? 61 + 24 sin” £t + 4 sin? G +&) + 4sin? (& -6) :
gt 2 2 2 2
and thence the inverse symbol
B 1 4 14 elie€t + eleda + ele(61+62)
(3.19) [0 ()] = NPV Cie€y o —iefs | o —ie(E146E2) .9 el . 9 &by
e2deto(§) | 1+e +e +e 4sin® 5 +4sin” 52 + 4

Now note that e2det o(®) (&) = 8]¢|2 + O(e2|€|*), which means that [¢? det o(®)(£)]~! has a power
series expansion of the form (3.13) and we find that

o1 4 4+ 268(€ + &)
St 0)(5)—W[4_25i(§1+§2) 41 2

From the definition (3.9), it is clear that u(=9) satisfies the equation

(3.20) —8AUWTY = 4(f1 + fo) + 26(01 + B2) fo,
—8AUSY = 4(fy + fo) — 26(01 + Do) 1.

We make two observations. First that the differential operator on the left hand side is the elliptic
operator associated with the matrix M that Corollary 2.10, specifies as the leading term in the
series expansion of det o(§). This fact turns out to hold for any multi-atomic lattice and we will
capitalize heavily on it in what follows. The second observation is that to first order, the equations
for u; and wuy are identical, with a right hand side given by > f.. This fact holds for general
lattices as well, as we shall demonstrate. O
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For the general case, we first recall that according to Corollary 2.10, there exists a positive
definite matrix M € R%*? such that

(3.21) deto(€) =& ME+ O(|]h).

Among other things, this means that det (&) is the symbol for some fictitious mono-atomic lattice.
This lattice will feature frequently in this section, and even more prominently in Chapter 4 on
lattice Green’s functions and we name it as follows:

Definition: Given a multi-atomic lattice with symbol (&), call the mono-atomic lattice that has
the symbol det o(§) the associated mono-atomic lattice.

We can also use (3.21) to derive the series expansion for o(£)~!. First note that all codetermi-
nants of o(&) are trigonometric polynomials, which is to say there exist multinomials p,) such that
the kA-codeterminant is given by pey(ei). Then by Cramer’s rule,

_ Pra(e)
[0(5) 1]")‘ de?o’(f)

Lemma 3.5 now provides the series expansion of (detc(£))~!. This gives, taking the scaling

o) (&) = e 20(&€) into account,

165 p
(3.22) ], -2 +Z AN 4 20cep)

Since every p,\ is a multi-nomial, the Taylor expansion of S(») (&) can now easily be derived.

While equation (3.22) can be used to derive homogenizations of arbitrary order, we will for
the rest of this section study the lowest order equation only. First we recall that according to
Lemma 2.12, Ch. 2, the series expansion of the co-determinants must take the form pyy(el) =
co + v (15) + O(|¢]?), for some ¢y > 0 that does not depend on xA. Thus

oo+ ev™V - (i€) +220(|e€|%), as €§ — 0.

GG

KA £ ME
=[S0 (€)]n
The homogenized equation then reads
(3.23) —V- (MVU(EO)) =cofe+e2 52 1“ NV, k=1,...,q.
f{:]_ f ‘vu:‘i |2 < Q.

Note that —V - (MV) is the homogenized operator of the associated mono-atomic lattice.

Error bounds can be derived in a fashion very similar to the mono-atomic case. The only
adjustments needed arise because of the slightly weaker regularizing effect of the new homogenized
equations. As an illustration we formulate and prove the pointwise bound. Note that for the
solution to be continuous we now need that f € H* N L' for some k > d/2 — 1, ¢f. Prop. 3.8.
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Theorem 3.10: Suppose that d > 3, let u(®) be the solution of (3.4) with §&) = B.f, and let u(=»)
be the solution of (3.23). Then if € is small and k > d/2 — 1,

g2 +1) if k > d/2,
sup [u® (n) — ulP (en)| < C||f||g2oer { 2P| loge| if k=4d/2,
nezs 2P DFkh=d/2 if o < d/2.

Proof: The proof follows the proof of Theorem 3.9 closely. Simply replace [o(&)(€)]~! by the
matrix SEP) (&) and then split the error into Jii, Ji2 and Jo as before. Bound Ji; using that

()€ M r — [SEOha| <€, Ve,

The bound for .Ji» is also entirely analogous since |[0(®)(€)71].x| < Cl€]72 in IZ.
The only real difference lies in the bound for J;. Since [S(9)(€)],.» decays somewhat more
slowly than |£]72 we get

Sy o [ ISl 17 'd5<02/dw<|g|z =) h©las

q . ) 1/2
<C€Z/ |fA )| d€ < 052 [/Rd\[d W(if (1+ |§|2)k|f(§)‘2d§] :

RATZ =1 RATZ

We see that the bound evaluates to the same quantity, Ce2T%=%/2||f||zx, as in the mono-atomic
case, but that a necessary condition for convergence of the first integral is now that £ > d/2—1. O

Before closing this section we will show that by re-structuring the equations the nature of
the homogenization can be rendered more transparent. Note that by setting fa = (f1 + f2)/2,
fo = (fi—f2)/2, and likewise uf’o) = (uge’p)+u§6’p))/2, ug’o) = (uge’p) —ugg’p))/Q, the homogenized
equations for the model problem (3.20), can be rearranged as

—4AuEY) = 4fy — (01 + B) f,
—4A’LL](§’O) = 6(61 + 62)fA.

(£,0)

What is significant here is that to lowest order, u, " satisfies Poisson’s equation with right hand
side fa, and that up = O(e). In order to generalize this observation we split the functions u(=0)
and f into averages and differences by applying the operators ¥ and ¥p from section 4 to u(:0)
and f pointwise,

U(E’O) (:IZ) = \I/flu(s’o)(l’), foz(x) = \Ifgf(l‘), o= A’ D’

«

and define the elliptic operator Agom as the differential operator corresponding to the matrix M
in the series expansion (3.21), Agom = —V(MV). Now, invoking Lemma 2.12, we can write the
lowest order homogenized equations as

Adomu(Aap) :COfA + €BfDa
AdqomtlS?) =£B* f,

where B is a vector of first order difference operators.
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6. Homogenization of mechanical lattices

6.1. Preliminaries. In this section we will show how the analysis of conduction problems in
sections 4 and 5 can be extended to cover mechanical lattice models. It will become apparent
that while the analysis of truss lattices is a very straight-forward generalization of the material
covered, the case of frame lattices is more involved. For simplicity, we treat only the first order
homogenization, although higher order models can easily be derived. Throughout, we will assume
that the truss lattices are locally N-coercive and that the frame lattices are connected.

In a mechanical lattice model, the scaled symbol o) is a matrix consisting of ¢ x ¢ blocks, each
of size k x k (where k = d for trusses and k = d(d + 1)/2 for frames). Set

(BN (g) .= [1' (&) ()1
T = |limo ,
(©) e—0 © Block(xx)
where the subscript “Block(kA)” indicates that the submatrix corresponding to the kA-block should
be extracted. We also define

o (€)== TN

It can be demonstrated that for the models under consideration, the matrix 7"} (£) has entries
(RA)

that are rational functions in £, and o}y ™/ () has entries that are polynomials in &.

6.2. Truss lattices. We will first determine how o(®) scales with . As an axial spring is
scaled, its cross-section scales as e9~! and its length scales as € so every element of the local
stiffness matrix scales as €272, Since the load scales as 9, this implies that the relation (3.1)
derived for the conduction problem remains valid, i.e. ¢(®) (¢) = e 20(e£). Combining this scaling
relation with Lemma 2.16 we find that, with oo defined by (2.19),

1ir%a<€> ' = lim (e2Wa00(c6) WY +£%0(e€| ™)) = Taop (&) 1T,

We used that e200(e€) ™1 = 00(¢) ! (since every entry of og(€) is a second order polynomial). This

means that (")) = oy 1 and thus ag’\) = 0g. Thus, to lowest order, the homogenized equations for
the qd x gd system of equations 2lu = §, consists of the d x d system, Au = f, where A is the matrix
of second order differential operators that has the symbol o¢. It is our belief (although this is not
yet proved) that A will always be an elasticity operator. Some examples are given in Appendix B.

The convergence will be O(g2) for mono-atomic lattices and O(e) for multi-atomic ones. This
can be proved using the same techniques used for the conduction problem, the only difference being
that for the present case, all entries of 0(¢) (€)1 will have as their dominant term a rational function
consisting of a polynomial of degree 2(d — 1) that is divided by a polynomial of degree 2d. For the
conduction problem, the corresponding dominant term was a constant divided by a polynomial of
degree 2. However, the relevant bounds on derivatives and decay rates are the same for both cases.

6.3. Frame lattices. The homogenization of frame lattices is more subtle than the previous
cases considered because different terms of 6(®) scale differently with e. Let ‘t’ and ‘r’ denote
translational and rotational degrees of freedom, as in the discussion near equation (2.8), and write
the equilibrium equations in the form

({ ) 8]* oy () oy 6) D H«s) } _[

O_Il")tending (5) o_}}ending (5)
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The first matrix, 039! is the same symbol as in the truss model, so it scales as ¢~2. When
determining the scaling of the bending components, we note that, cf. (A.1),

ORI () o L o) = [ohmE(e)) L ghendine(e)
where I is the moment of inertia of a beam and L is its length. As the beam is scaled, I, = Ipe?t!,
and L. = Lge. Taking into account that the load scales as €?, this gives the aggregate scaling

o(€) o) :[5-2%(55) e-latr@s)]
o€ a2(¢) elow(l)  om(ed) |

This means that when the limit is computed and O'I(f N s split up,
A A
U(’M)(f) _ [ O'I({K,tt)(g) Ul(ftr)(f) ]
H - A A )
ol (6) ot (©)
one will find that Ul(fg\t) consists of second order polynomials, UI({R?t) and Ug;\r) consist of first order

polynomials and al(fr’\g has constant entries. Unlike the previous cases studied, it is not the case

that all UI({K)\) are identical. Consequently, the O(¢) homogenized equations, Au = f, is a large

system governing gd(d + 1)/2 variables. The displacement variable u represents both translational
and rotational degrees of freedom and f both force and torque loading.

The reason that the blocks O'I(f N are all different is that a torque load produces distinctly
different responses depending on the point of application. In a case where f, = 0, the rotational

degrees of freedom can be eliminated by forming the Schur complement of the matrices ag{ )‘),
(5A) _ (5N (X)L (KA)1—1 _(KA)
OH reduced — PH,tt — H,tr [ H,rr} Hrt -

. A . . .
These matrices are the same for every k. In fact, UI({Kre)duced = o0g, where o0 is defined as in section

3.4, Ch. 2. The matrix og(€) is a d X d matrix whose entries are second order polynomials. In every
case that we have studied, it is the symbol of a classical elasticity operator.
In Appendix B we give examples that illustrate the main concepts discussed here. For lattice
A we expli(cit)y derive the homogenized equations. Lattices D and E illustrate how the different
KA

matrices o;"’ may be different but still have the same Schur complement.



CHAPTER 4

The lattice Green’s function

1. Introduction

Consider the basic lattice equation

(4.1) { Au=f,

[[u]|or < o0,

in dimension d > 3. We suppose that f € I', so that the solution is given by u = F o] (cf.
Theorem 2.21). Since multiplication in Fourier space corresponds to a convolution in physical space
we can write u = [ 1o 71| x f. Thus, setting

1

(4.2) &(m) = [3_10_1] (m) = (27T)d/1 e mE g (5) dg,

we can write the solution of (4.1) as

(4.3) u(m) = [& «f(m) = > &(m (n).

nezd

In this section we will investigate the asymptotic behavior of &(m) for large m. We will first
show that for conduction problems on mono-atomic lattices we can, for any natural integer P, find
a rational function Gp such that

&(m) = Gp(m) + O(jm|~>"~7).
We will also show that each function G p satisfies the poly-harmonicity condition
(=V - (MV)P*Gp(2) =0, for = # 0,

where M is the matrix given by Corollary 2.10. In fact, the function G p is the fundamental solution
of the homogenized operator A®) derived in Chapter 3, evaluated at ¢ = 1. Considering next
multi-atomic lattices (for which &(m) is a matrix), we will construct a scalar Green’s function
®y such that any entry of &(m) can be obtained by adding a finite number of shifts of . The
asymptotic expansion then follows directly from the expansion of &y. The function &y turns out
to be the Green’s function connected with the associated mono-atomic lattice from section 5 in
Ch. 3

We restricted attention to dimensions three and higher because in two dimensions, the integral
in the definition (4.2) is divergent. However, for loads f such that ) f(n) = 0, a renormalized
Green’s function & can be defined in such a way that equation (4.3) is still valid and asymptotic
expansions of the kind described can be derived (see section 3).

The structure of the chapter is as follows: In section 2 we consider the conduction problem and
derive the asymptotic expansion for a mono-atomic lattice in three dimensions. In section 3 we

45
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extend the analysis to mono-atomic lattices in arbitrary dimension. In section 4 we consider multi-
atomic lattices. In section 5 we give some numerical examples that indicate that the constants in
the error estimates of the previous sections are small.

For some classical lattices, we give the functions Gp in Appendix B.

2. Mono-atomic lattices in three dimensions

Consider the conduction problem on a connected mono-atomic lattice in three dimensions. For
this case, the function o(¢)~! is analytic for € # 0. This means that the contribution to the integral
in (4.2) from any domain bounded away from the origin decays faster than any rational function
as |m| — oo and the asymptotic behavor of &(m) is determined entirely by the |¢|~2-singularity at
the origin. We will capture this behavior using the series expansion of (£)~! provided by Lemma
3.5.

For notational convenience we assume for the moment that the matrix M in the expansion
(3.10) equals unity, so that

(4.4) o(6) = |2+ S b(€), for by € I¥.
Then for any P, Lemma 3.5 furnishes an expansion
P
1 a2p(£) >
7= + RP 6 3
7§~ g fegr T

where ag(€) = 1, ag, € I1*, and [0 Rp(€)| < C|¢[2P~lel for € € I3. Recall that the multi-nomials
agp can be obtained from the multi-nomials b;’s through the recursive relation (3.12). Now we
define

_ ag
(4.5) Gp:=F! Z (| ﬂg’m

Note that the integral is strongly divergent since the integrand actually grows as |{| — oo. We
therefore interpret F as an operator on the tempered distributions. Following Gel’fand & Shilov
(1964), we let S denote the set of Schwartz functions and set, for ¢ € S,

$0) = 1Fel(w) = [ e Cola)de, and go) = Fl0) = G [ e (o dn,

Then Gp € 8§ is defined as the function for which

a
<GP7 90 / Z |€2‘12)p+2 )dé.v v NS 87

where (-, -) is the usual pairing between S’ and S.
Even though the definition of G p is somewhat involved, it is actually a simple matter to evaluate
the inverse Fourier transform in (4.5):
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Proposition 4.1: Given a function asp, € 1% we have, forp > 1,

. —1 a2p(§) _ (_1)17 2p—1
gp(m) T f |:|€‘2p+2:| (.Z') - 7T2p+2p! (2p _ 1)”a2p(8)\x| ’
where 0 = (01, 02, 03) is the vector of first order partial differential operators.
Proof: We first use induction to show that the function f,(z) := ap|z|?~!, where ag = (4m)~*
and oy, = (—=1)P(m2P T2 p! (2p — 1)) 7L for p > 1, solves the distributional equation
(4.6) (=2 fyp(x) = b(a).

It is well known that this is true for p = 0. Next suppose that it is true for all integers up to
(p — 1). Then, recalling that the product rule for differentiation holds for distributions of the type
Y, where v is a multi-nomial and F' is any distribution, we find that

(=APH fo(x) = = (=A)Pay [(Alz]*)]x]71 + 2(V]2*P) - (V2| 7) + 2P (Alz| )]
=— (=A)Pay [2p(2p + 1)|x]* 72 — dp|z|*~° — dx|z|*6(x)]
= — (=A)Poy(4p® — 2p) |z ~3.

At this point we apply the induction assumption which completes the proof of (4.6).
Applying the Fourier transform to equation (4.6) we find that |£[*2f,(¢) = 1 and so

(4.7) €] = f(6) + ¢ (€)

where () is a distribution such that [£|?P2¢ (&) = 0. Consequently, support() = {0} and since ¢
is a tempered distribution we then know that ¢(§) is a finite sum of delta-functions and derivatives
of delta-functions, all supported at the origin. This in turn means that ¢ is a finite multi-nomial.
Multiplying equation (4.7) by ag,(§) and taking inverse Fourier transforms we find that

gp(x) = a2p(a)fp(x> + a2p(a)gp(x)'

It remains to prove that the last term on the right hand side vanishes. Since it is a multi-nomial
it is sufficient to prove that it tends to zero as |z| — oo. The term agy(0)f, clearly decays in
this fashion so we only need to prove that g, decays. To this end fix a compactly supported,
infinitely differentiable function 1 such that ¥ (x) = 1 in some neighbourhood of the origin and set
9p = F~Hapgp) and gy = F7H(1 =)y so that g, = 9p + g,- Then

[P g () = |ePF gy) (x) = FH(=A)P(¥gp)] (2),
which is uniformly bounded since (—A)P(3g,) € L'. The proof for g, is analogous. O

We are now prepared to state and prove a bound on the truncation error.
Theorem 4.2: Let & be defined by (4.2) and Gp by (4.5). Then

C

‘®(n) - GP(n)‘ < |n’2p+37

YV neZ3,
where C' depends on P but not on n.

Proof: First note that, with g, defined in Proposition 4.1,
B —-—Gp=06—-Gpy1+9p+1-
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By Proposition 4.1, gpy1(n) = O(|n|72P73). Therefore we only need to prove that |&(n) —
Gpy1(n)| < C|n|~2P=3. This reformulation is necessary because our technique for bounding the
remainder term does not give a sharp bound.

Fix an infinitely differentiable function v such that ¥(£) = 1 for |{] < 1 and (§) = 0 for
|€] > 2. Using that 1 [vp] = F~1[py] for any o, we obtain the representation

& — Gpy1 =5 Yo = FHGp]
=3 o~ F W Gpi] + F U Gpar] — F UG ps]
=3 o =Gl + F (W = 1)Gpi] = E1 + Ba.

We start by bounding Ei. Set R = 0~ ' — ¢ Gpyq so that E; = §'[R]. Note that R is I°-
periodic, has partial derivatives of all orders away from the origin, and that |0*R(¢)| < C|¢|?P+2led,
Then

P () = [ (2807 m(e) ag
1

=ty ooy [, L2727 R ae

where B, is the ball of radius € around the origin. We use Green’s theorem to move all the
derivatives onto R. The volume integrals will then contain a |¢|~2 singularity at the origin and the
surface integrals a |¢|~! singularity. Consequently the integral is bounded as ¢ — 0, which means
that |n|>’*4|E1(n)| is uniformly bounded in n.

To bound FE5, we use that for any positive integer p

PP Ey(n) = n?F (6 = DG pia)(n) = F [(=A) (& = DG (n).

Note that the function (¢) —1)G p,q is infinitely differentiable and that it equals a rational function
outside the sphere |¢| = 2. This means that for sufficiently large p, the function (—A)P(¢ —1)Gp41
is integrable and thus Fy(n) decays faster than any inverse polynomial. O

Remark I: If the series expansion of the symbol has the general form o (¢) = ¢ - (M¢€) + O(|¢[*) so
that (4.4) does not hold, then set & := M'/2¢ and change variables in (4.2) so that

1 3 —1/2 ’ 1
@n:/ eI e
() (2m)3vdet M Jpr-1/2p3 o(M~1/2¢) ¢
Since the function & — o(M~1/2¢") does have the series expansion (4.4), the asymptotic expansion

results provided can be applied to approximate this integral. [l

Remark II: When considering the definition (4.2) we note that 211;0 asy(€) /1617712 = SP) (),

where SF) is defined as in Chapter 3. Thus Gp = F'[SUF)] which means that Gp is the
fundamental solution of the quasi-differential equation (3.15). O

3. Mono-atomic lattices in dimensions other than three

First note that the analysis in section 2 can trivially be extended to dimensions d > 3. The case
d = 2 requires more care since for this case, the O(|¢|72) singularity at the origin is not integrable.
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We recall from the existence results of section 4 in Ch. 2 that for the two-dimensional counterpart
of the basic lattice equation (4.1), to be well-posed, we need to ask that )" |mf(m)| < oo and that

> f(m) =
meZ2

Under these conditions equation (4.1) is guaranteed to have a solution that is unique up to a
constant. Furthermore, under these conditions one can easily verify that a solution is given by

u(m) = [& «fl(m) = Y &(m (n),
nez?

where the lattice Green’s function is now defined by

(4.8) &(m) = (271r)2 /12 [eimfg(lg) - 0(15)] de.

Note that we needed to insert a regularising term since the O(|¢|~2) singularity at the origin is not
integrable in two dimensions. This singularity is fundamental and cannot be overcome by defining
the integral in a distributional sense.

Let b; and a; be defined as in section 2 and assume (without loss of generality) that o(&) =
€] 4+ O(|¢]*). Then define the first term in the approximation of & by

1 e x(8)
(4.9) 90lr) = G2 /R[ P 0(@} *

where  is the characteristic function for the square I2. Strictly speaking this definition is made in
a distributional sense;

_ L[ (29 X0
)= (2w>2/ﬂ§z(|f\2 7(©) )dg’ Tees

For p > 1 the terms are straight-forwardly defined by g, := F~!{ag,(£)/]£[*2] and then

P
(4.10) Gp=> gp
p=0

The next two results provide elementary methods for calculating Gp given the symbol.
Proposition 4.3: The function gy defined by (4.9) evaluates to
1 1 1
gg(x):——log]:c|+0f nd + 755 / [ —] dg,
T (2m)? EPP o()
where Crng does not depend on o. Numerically, Cring = —0.18124942796 - - -
Proof: We rewrite the definition of gy as follows

1
90(z) = Gruna(2) (2)2 /R? [Té(\i) - ;ng] “

where

Gqund (l’) =

1 /6‘”'5—)((5)
dg,

(27)? €17
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which as usual is short-hand for the strict definition: For any ¢ € S,

1 efix-ﬁ _ 1 . —»(0
(A1) (Goma ) = G /R - S0(;,3)|§’2><<€>Cm i€ = /R (&) |§§ M) g

First we demonstrate that —AGgmg = 9,

L[ EPRE) — 0 300 (E)
2n)? /R P ¢

<_AGfund7 §0> = <Gfund7 _A(p> = é

= G L, 208 = 2(0).

Define h € S’ by h(z) = Grua(z) + (27) " tlog|z| so that Ah = 0. Then h is a harmonic multi-
nomial. Since Ggynq is a radial function, so is h. Finally note that all radial harmonic multi-nomials
are constant and thus there exists a constant Cpnq such that Geuna(7) = —(27) " !log ||+ Cryng. O

We remark, in passing, that the function Gpng € S’ that was defined in equation (4.11), is a
viable candidate for a distributional fundamental solution to the Laplace operator on R2.
Proposition 4.4: For any az, € 14

f—l a2p(§) — _ 1
|2+ 2m(p!)?(—4)
The proof of this result is completely analogous to the proof of Proposition 4.1. The final result
of this section also mimics its three-dimensional counterpart and we omit the proof.
Theorem 4.5: Let & be defined by (4.8) and Gp by (4.10). Then

‘ < L
n|2P+2”

a3,(9) |2/ log [e].

|&(n) — Gp(n) VneZ?

where C' depends on P but not on n.

4. Multi-atomic lattices

For multi-atomic lattices, &(m) is a ¢ X g-matrix. We will demonstrate that each entry of this
matrix can be obtained by adding a finite number of shifts of the (scalar) Green’s function for
the associated mono-atomic lattice introduced in section 5 in Ch. 3. The asymptotic expansion is
then easily obtained through the asymptotic expansion of the Green’s function for the associated
mono-atomic lattice. Before giving a general result, we illustrate how these ideas apply to the
bi-atomic lattice introduced in section 5 in Ch. 3.

Example: Consider heat conduction through the lattice illustrated in Figure 3.1, with the nodes
labeled as illustrated. The equilibrium equations read

f(n,1) =8u(n,1) —u(n —ey,1) —u(n+e;,1) —u(n —ez,1) —u(n + ez, 1)
—u(n,2) —u(n —er,2) —u(n —e; —e2,2) —u(n — ez, 2),
f(n,2) =4u(n,2) —u(n,1) —u(n +ei,1) —u(n+e; +e2,1) —u(n + ez, 1).
The symbol then takes the form
8§ —elll — 7l iz _pmie ] ol pile _ (i(G4E2)
(&) = 1 — e _ pmile _ o—i(G1+82) 4
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The determinant of the symbol is given by

deto(§) = [24$in2 51 + 24 sin? 2= 52 + 4sin? 2 (& ;62) + 4 sin? 2 (61— 5 62)} ,
and the inverse is given by
_ 1 4 14+ el 4 el | pi(G+&2)
1 _
(4.12) o(§)” = det o () [ 14 e i1 4 emife 4 o—i@462) g _ (il _ o—i61 _ piba _ i

Defining &y as the Green’s function for the associated mono-atomic lattice,

we then use that F~'[e!13](n1, n2) = @(n1 — 1,m2) to obtain that,
[&(n)]11 =4Gnu(n),
[E(n)]12 =&nu(n) + Gu(n1 — 1,n2) + Bu(n1,n2 — 1) + Gu(n — 1,n2 — 1),
[B(n)]o1 =6u(n) + &u(ng + 1,n2) + Gu(ng,ne + 1) + Gp(ny + 1,n2 + 1),
[B(n)]12 =86x(n) — &x(ny — 1,n2) — Gu(ny + 1,n2) — Bu(ni,ne — 1) — Su(ng, ne + 1).

O
For the general case, we define &y as the Green’s function of the associated mono-atomic lattice
defined in section 5 in Ch. 3, so that (for dimensions three and higher)

(4.13) Gu(n) = 3" [det};(g)] .

The asymptotic expansions we derived in sections 2 and 3 all apply to . The main result of
this section states that the full Green’s function of the multi-atomic lattice is given by adding up
a finite number of shifts of &y.

Theorem 4.6: Given a general lattice Green’s function &, let &y be the associated Green’s function
defined by (4.13). Then there exists a local convolution operator © such that & = Gy x D.

Proof: Start with Cramer’s rule,

— o pm\(eié)
€ o = B

where p,) is a multinomial of the form (¢f. the derivation of the homogenized equations for a
multi-atomic lattice in ection 5 in Ch. 3)
Z C/@)\,meim

meD,

for some finite sets D,y C Z% and constants {¢xam}mep,,- Then for any lattice function v,
3_1[]9&)\(6%)6(5)}(”) = Z Cn/\,mu(n - m) = [Qﬂz\ * U](”)v
mED,

which defines the kA component of the convolution operator . Evaluating &, we find that

a1 p’i/\(eif) _ -1 1 _ _
A =3 [deta(g)} =D *§ [deta(g)] =Dpx * Gy = O * Dy,
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which proves the claim. O

Remark: By Lemma 2.12, we know that there exists a positive ¢y such that ), cuxm = co. To
lowest order, all components of & are thus identical. O

5. A numerical example

In this section, we compute the first terms in the asymptotic expansion for the simple square
lattice in two dimensions. These are compared to highly accurate estimates of &(n) obtained by
numerical quadrature, to indicate that the numbers C' = C'(P) in Theorem 4.5 are small.

Consider the two-dimensional square lattice Z? where each node is connected to its four nearest
neighbours so that the lattice operator equals the five-point discrete Laplace operator. Then

25 52

o(&) = 4sin® > +4sin? 22

Using Lemma 3.5 we compute the series expansion of the inverse symbol and find that

1 1+1(5%+£2>+1<£§_ ?£%+£i‘£3_5%52+52>+

a(&) P e €16\ 240 360 ' 72 360 ' 240
1 1Pong°g  de 88 e 1g8° &P
— - - - O(
€[8 (6048 3020 T 756 1080 T 756~ 30240 T goas ) T W)

By virtue of Propositions 4.3 and 4.4 we can now compute the g,(x)’s, which are most easily given
in polar coordinates, (1, z2) = r(cosf, sinf),

go(x) = — % logr + C, where C' = —0.2573434264137 - - -
(o) = (% + ) Lo rogiel = - A0zt ool
(4.14) || 24 1
1 25cos(86) + 18 cos(46)
golw) =-oo = 4807 rt
1 490 cos(126) + 459 cos(80)
93(%) =" = 316z 0

P
and set Gp = Zp:[) 9p-
In order to estimate the approximation error

Ep(n) :=®(n) — Gp(n)

we randomly distributed 500 points n € Z2? in the annulus 5 < |n| < 100. For each point we
computed the error and plotted |Ep(n)| versus |n| in a log-log diagram, see Figure 4.1. Note
that the remainder terms are very small, and that they seem to decay as Theorem 4.5 claimed;
|Ep(n)] < C(P)|n|~®P*2). In order to estimate C(P) numerically we plotted |n|>*2|Ep(n)|
versus |n|, see Figure 4.2. We estimate that for |[n| > 20, the bound in the theorem is valid with
the constants

C(0) ~0.015, C(1)~0.03, C(2)~0.15.
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*O

1 ole

FIGURE 4.1. The absolute error |Ep(n)| plotted versus |n|. |Ep| is marked with x,
|Eq| with o and |Es| with *.

These numbers indicate that for large n, the remainder term Ep(n) is entirely dominated by the
next term in the asymptotic expansion gp41 since

sup [z[?|g1(2)] ~ 0.013,  sup |2[*|g2(2)| ~ 0.029,  sup |z[°|g3(z)| ~ 0.15.
X x x

Remark: Duffin and Shelly [20] and Cserti [15] give the analytic expression go(z) = —(log |z| +
v+ (log8)/2)/(2m), where v = 0.5772... is the Euler constant. O
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FIGURE 4.2. Plots of |n|*!+2|Ep(n)| versus |n| for P = 0, 1,2, respectively.



CHAPTER 5

Fast summation methods for poly-harmonic kernels

1. Introduction

In this chapter we will derive a fast algorithm for computing convolutions of the form

(5.1) u(m) =[G «f(m) = > &(m—n)f(n) Vme,

neQ

where & is the lattice Green’s function and ; and Qg are two sets in Z. Letting k; denote the
number of elements in the set €);, we see that a naive evaluation of the sum (5.1) would require
evaluating and adding k1 k2 terms, for each of which, we need to somehow determine &(m —n). We
will present a method that computes the sum (5.1) to any level of accuracy, using no quadrature,
in O(k; + k2) operations. The first step is to approximate &(m — n) by the asymptotic expansion
Gp(m —n) (defined by (4.5)) when |m — n| is larger than some cut-off range R,

(52) wm)= > Sm-n)fn)+ > Gp(m—n)f(n)+

ne€QiNBr(m) n€Q\Br(m)

Y (8(m—n)—Gp(m—n))fn),

nEQl\BR(m)

where Br(m) = {z : |z—m/| < R}. The last term is an error term that is bounded by C||f] 111(91)/R2P+d.
Thus, by making R sufficiently large, this term can be made as small as desired. The first term can
be evaluated in O(kz2) operations since for any m, the number of nodes in ; N Br(m) is bounded
by a constant (for a fixed R). Furthermore, Br(m) N Z% is typically a set of very modest! size,
which makes it possible to precompute the values of &(m — n) that enter the first term.

For the middle term in (5.2) we will use a variation of the Fast Multipole Method by Greengard
and Rokhlin [31, 32]. This algorithm was originally presented as a tool for evaluating convolutions
between a charge distribution f and the fundamental solution of the Laplace equation,

—(4nz))~t, d=3,
(5.3) ®(x) = { —(2m) tloglz|, d=2,

and reduces the work required to evaluate the potential from N point charges at N sites from O(N?)
to O(N). This is accomplished through the use of hierarchical data-structures and a representation
of harmonic potential fields through multipole expansions. The main goal of this chapter is to
demonstrate how to extend the FMM to cover poly-harmonic kernel functions such as Gp.

Ifor a typical lattice such as the square, triangular or honeycomb lattices described in Appendix B, choosing
P =2 and R = 30 gives a relative accuracy of 107'°, which is sufficient for most purposes. Then #[Bso NZ?] ~ 3000,
but due to symmetry, only an eigth of those values actually need to be computed.

55
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We will not in this context give a full presentation of the FMM since this can be found in the
references mentioned. Our goal is exclusively to provide the mathematical results that are required
to extend the FMM to cover poly-harmonic kernels. For this purpose, it is sufficient to consider
the following toy problem: Suppose that we want to evaluate

k1
(5.4) u(w) = fiG(wi—y;)  fori=1,... ky,
j=1

where x; € )1 and y; € Qo for two well-separated sets {21 and 2. It is then advantageous to
introduce a separation of variables

(5.5) Gle—y) =YD haly) Halx),

q=0 a€cly

where the I,’s are index sets, the h,’s are polynomials of degree ¢ and H, are some basis functions.
When such a separation of variables is available, the sum (5.4) can be reorganized as follows;

o) 00 k1
Y03 haly)Hal) =D D 1D fikaly)) | Halw:).
1

q=0 a€l, q=0acly | j=1

k1

u(x;) =

If the sum converges fast, it can be truncated after () terms, so that

Q k1
u(x;) =~ Z Z caHao(x;), where Ca = quha(yj).
j=1

q=0 acl,

The coefficients ¢, can be precomputed using O(k1) operations, so that then u(x;) can be computed
using O(kz) operations, which gives a total operation count of O(k; + k2). For this algorithm to
be efficient, the separation (5.5) must be economical, in the sense that the index sets I, are small,
and it must converge fast, so that a small ) gives high accuracy. The classical FMM deals with
the kernel G = ®, and achieves both of these goals using a classical multipole expansion in (5.5).

In this chapter we will present a generalized multipole expansion of the form (5.5) that is
valid for a poly-harmonic kernel G. In section 2 we derive the expansion and show that the poly-
harmonicity can be used to attain sparsity. In section 3 we will show that when G is a rational
function (which it is in our case), the expansion converges almost as fast as for the harmonic case.
For simplicity, we restrict attention to two-dimensional problems in this section. In section 4 we
give some numerical examples that indicate that the constants in the asymptotic error bounds
provided in section 3 are small. Without loss of generality, we will throughout this chapter assume
that the matrix M in (3.10) equals unity.

2. Multipole expansions of poly-harmonic functions

When deriving the multipole expansion for a poly-harmonic function we will start from a plain
MacLaurin expansion,

(5.6) f(x) = Z Z éca:ﬂa, where ¢, = 0°f(0), I,={aecN?: |a| =¢}.

q=0 a€ly
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We suppose that this series is absolutely convergent in some neighborhood €2 containing the origin
and that f satisfies (—A)PTLf = 0 in Q (the variable P is set to conform with the P defined in
Chapter 4). This imposes the following condition on the coefficients ¢,: For any positive integer ¢

1
(5.7) (—A)PH Z Jcaxa =0, Vze.

a€ly

Let the constants b be such that (—A)PHIge = Zﬁeﬂ\a\_z(mu ngﬁ. Then we can write (5.7) as

Z Z bica 2’ =0,

BEly—2(p+1) €y

which forms a system of #I,_5(p,1) equations for #I, unknowns. This system is of full rank (since
the equation (—A)P“(Z) = 2P has a solution ¢ € II? for any f € Hq_Q(pH)). As a consequence we
can find a subset I, C I, (of cardinality #I, — #I,_9(p+1)) such that any c, is entirely determined

by the values {cg}ge I~ In other words, there exist numbers d? such that for any a
(5.8) Co = Z deg.
Bel|q

Recalling that ¢, = [0 f](0), we see that (5.8) is simply a relationship between the partial deriva-
tives of a poly-harmonic function.

Lemma 5.1: If f satisfies (—A)P+f =0, then 0“f = ZBGI‘Q‘ d3oPf.

Next, we insert (5.8) into the expansion (5.6) and obtain

(5.9) Fa) =33 S depat =3 S e |3 i

q=0acly,  pely q=0 Bely a€ly
Defining poly-harmonic “basis”-functions

1 (6%
(5.10) ho(z) =Y adgx :
a€H|5|

we get the following result (which uses that poly-harmonicity implies analyticity):
Lemma 5.2: Suppose that (=A)F1f =0 on Q30. Then

f(x) = Z Z caha(T), where  cq = 0 f(0).

q=0 a€ly

This lemma directly gives the multipole expansion for poly-harmonic kernels.
Theorem 5.3: Multipole expansion. If (—A)H1G =0 in RIN\{0}, then for |y| < ||,

(5.11) Gz —y) = Z Z hao(=y)Ha (), where  Hy(z) = [0°G](z).

q=0 acl,
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Proof: The function y — G(x — y) is poly-harmonic in the open ball {y: |y| < |z|} and is thus
analytic in this region. An application of Lemma 5.2 then yields the desired result. O

Note the sparsity of the representation (5.11). Using the poly-harmonicity of the kernel function,
we reduced the number of terms at level g from #1, to #1; = #1;—#I,_3(p41). In two dimensions,
#I, = g+ 1 and thus the representation (5.11) has at most 2(P + 1) terms at each level. In three
dimensions, #I, = (¢ + 2)(¢ + 1)/2 and thus #I, = (P + 1)(2¢ + 1 — 2P). Happily, these results
conform with the familiar results for harmonic functions (the case P = 0).

Examples: Consider the kernel ®(x) = —(2m) tlog|z|. Setting I, := {(q,0), (g — 1,1)} in the
new formalism, we retrieve the classical expansion in multipoles. In polar coordinates (x1, z2) =
r(cos @, sinf) these take the form

hig0)(z) =1%cos(ql), h(g—1,1)(x) = r?sin(gh),
_ (=1)7cos(qf) _ (=1)7sin(qf)
H(q,O)(x) - 21q ra H(q—l,l)(m) - 271q ra
Consider next the bi-harmonic kernel Gy (z) = ®(x) + (2 — 62222 + 23)/(24~|z(%), cf. (4.14). We
then set I, :={(¢,0), (¢ —1,1), (¢ — 2,2), (¢ — 3,3)} and obtain, e.g.
_ 1 sin(76)  9sin(116) — sin(96)
C ldm T 67 '

5 . 7.
h,3) (x) = r’ <—4 sin(70) + 1 sm(56)> , Hyg) ()
O

The FMM relies on three “shift theorems” that specify (1) how to change the origin of a
multipole expansion, (2) how to convert a multipole to a local expansion and (3) how to shift
the origin of a local expansion. We next give analogues of these results valid for poly-harmonic
functions.

Proposition 5.4: [Translation of a multipole expansion.] Suppose that for a fized y € R? a
potential @(x) is defined for |x| > |y| by

o0

(5.12) p(x)=> > caHa(z —y),

q=0 acl,
with H, defined in Theorem 5.3. Then

p(z) = Z Z C;H’Y(CC),

r=0~el,
where

el
=D ca >, dghs(-y).
=0 «

€ly  BEly—q

Proof: First we apply Lemma 5.2 to the function y — H,(z —y),

e}

Ho(z —y) = Y hs(-y)d’Ha().

p=0 Bel,
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Then apply Lemma 5.1
O Holw) =0°"0Gl) = Y ) z0Ga)= D d} ,Hy(x).
V€l jatp Y€l 0t
Combining these expressions with (5.12) we get
o0 o
=2 D cad D haly) Y doH
q=0acly; p=0pgel, YElpiq

and changing summation variables, r = p + ¢,

@=L (X a ¥ dmlon|me)

r=0~el, ~q=0acl, pBel._4

O

Proposition 5.5: [Conversion of a multipole expansion into a local expansion.| Suppose
that p(z) is defined by equation (5.12), then for |x| < |y|,

H=3 3 oo
p=0 Bel,
where

“Y Y X )

q=0 OAGIQ ’YEI\CH—B\
Proof: This is very similar to the previous proof, but with the variables reversed,

Hy(z — Z Z hﬁ a-i—ﬁ Z Z hﬂ Z dZerﬂH'Y(_y)a

p=0 BT, p=0 Bel, Y€l ot g
and so
oo o0
=2 2 ca) > hs(®) D diisHi(-y),
q=0 a€ly p=0 gel, YEL 0t
whence the claims follows upon a simple interchange of summation order. O

Proposition 5.6: [Translation of a local expansion.| For any x and y we have

Q Q@
(5.13) Y cahalw—y) =D Y dshp(a)

q=0 a€ly p=0 B€l,

where
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Proof: Applying Lemma 5.2 to the function x +— hq(z —y) we get

|al

:iZhﬁ( [0°ha( ZZhﬁ )[0°hal(—y),

p=0 Bel, p=0 B€I,
whence the claim follows immediately. O

Remark 1: According to the Almansi representation formula (see [41]) a polyharmonic function
1 of degree k can be written ¥ (x) = Zf;é |z|% ¢; (), for some harmonic functions ¢;. A series
expansion analogous to (5.11) can be obtained by combining this representation with the well-known
expansions of harmonic functions ([41] section 10.14). This derivation requires more work than the
one presented here but is very relevant in that it directly shows that the new basis functions A,
and H, can be constructed from the well-known spherical harmonics.

Remark 2: In two dimensions, the multipole expansion can be derived using complex variables
(Vekua [64, 65]). This is faster and yields explicit expressions for h, and H, but since this
derivation obscures the key point we want to make that the multipole expansion is a “culled”
Taylor expansion and since it does not generalize to higher dimensions we have relegated this
derivation to Appendix C.

Remark 3: The formula given in Proposition 5.5 for shifting a multipole to a local expansion is
a direct analogue of the formula for harmonic functions given in the original version of the FMM.
In three dimensions, this formula requires O(Q*) operations to shift a multipole expansion that is
truncated after () terms to a local expansion. This is oftentimes prohibitively expensive but it has
been discovered that a quite simple trick can be used to reduce the cost to O(Q?), while a more
elaborate method brings it down to O(Q?), see Greengard and Rokhlin [32]. The first of these
enhancements certainly generalizes to the present case (since it builds on a simple property of the
spherical harmonics) and it is our belief that the second does as well.

3. Convergence of the new multipole expansions

In section 1 we stated that the two key properties that a separation of variables (5.5) must
satisfy are sparsity and fast convergence. In section 2, we showed that poly-harmonicity implies
sparsity. In this section we show that when the kernel is a rational function
ez —y)

5.14 Glx—y) = 1——5=
(5.14) (z—y) Pl

for some polynomial ¢ of degree [ < 2k, then

(15 |e@ Z 3 ha < (C ety 1 ! <‘y|>Q+1
(1= |yl /[z])2* [z]2F \ |2|

q=0 acly

for some C' and ¢ that do not depend on @, z or y. Since the Taylor and the multipole expansions are
identical, it will be sufficient to prove (5.15) for the Taylor expansion. This observation significantly
simplifies the analysis. All results in this section are proved for the case d = 2 only.

Since the asymptotic expansion Gp of a lattice Green’s function is a sum of rational functions
of the form (5.14), the bound (5.15) will apply to the situation discussed in section 1.
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Definition: Given a function f(y) we let [T f](y) denote its Q’th order MacLaurin expansion and
[Ro f](y) the remainder part so that f(y) = [T fl(y) + [Rof](y).

Lemma 5.7: Let k be an integer and fix an x € R? such that x # 0. Then the function f.(y) =
|z — y|=2* has the MacLaurin series

n+k-—1 qg—n+k—1 y1+iy2n Y1 — iy o
5.16
(5.16) \x—y\zk !wl%zz( )( k=1 )(1’1+i1’2) (331—1332) ’

q=0 n=0

which converges absolutely for |y| < |x|. The truncation error is bounded by

sz—1 1 M Q+1
e < €= e (1)

||
where C' depends on k but not on z, y or Q.

Proof: Identifying the points x and y with their complex representations we have
1 1 1 1

o — gy~ e (1 —y/2)F (1 - g/2)F

Then use that w +— (1 —w)~* has the MacLaurin expansion

o2 L)

absolutely convergent for |w| < 1. The expression (5.16) then follows by inserting (5.18) into (5.17)
and interchanging the summation order.
We will prove below that there exists a C' = C(k) such that

(5.17)

q
n+k—1\ (g—m+k—1 ok_1
(5.19) ;( e 1 )< b1 )gcq .
We use this to bound the truncation error,
Q+1 © q
2k—1 |y\ Y| 2k—1 |y
(Rofl)] < > o ~opm () Mwrerv (3
q=Q+1 q=0
1 ’Z/\)QH . 2k—1 2k—1 Y| I
<C—5¢ < Q +(qg+1) =
|z [k \ |z 2 ( ) ||

q=0

1 M)Q-&-l [ Q2k—1 1 ]
<C—— | = .
=Y <rm\ 1= lyl/le] T = i/l

It remains only to demonstrate (5.19),

Lm+k—1\[(qg—n+k-1 B L (n4+k—-1)-(n+1) (g—n+k—1)---(g—n+1)
Z( k-1 )( k-1 >_Z (k—1)! (k—1)!

n=0 n=0
—_ 1)k—1 -1
<Z Q‘i'k 1) (q+k—1)F

+k—1 2(k—1) 3
(k - 1) ((] ) < C(k:)qzk 1'

(k=11 ~

=(¢+1)
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U
Lemma 5.8: Let ¢ be a multinomial of degree I, where | < 2k. Then the function
oz —y)
9:(Y) = %
)=
has a MacLaurin series, convergent for |y| < |z|, such that
QQk—l 1 ’y| Q+1
Rqg:|(y)| < C = .
(Fas:10)| < O o= 7amyee ot o
Proof: There exist coefficients cg, such that
plr—y)= Y cpy(—y)a".
|B+|v1=l
Let f,(y) be defined as in Lemma 5.7. Then, since ¢,(y) = o(z — y) f=(y),
g:) = D a0 To_ i fd)+ D coy(—9) 2 [Ro_i5f21(v) -
|B|+|v|=l |BI+|v|=l
—{To0:)(v) = {Rq:)(y)
Using the bound in Lemma 5.7 for [Rq f](y) we now get
(@—16D* " 1 [\
[Rogzl @) < Y lessl lyl (MO - o2 \Ja]
1Bl+11=t (1= lyl/|x])
Q2k-1 1 ly| Q+1
< Z leay| C ok 8= \ Tl ;
oo e PR
which simplifies to the required bound. ]

In the last result of this chapter, we sum up the various findings of this section and section 2
and demonstrate how they apply to the asymptotic approximation of the lattice Green’s function.

Theorem 5.9: Let G = Gp be the asymptotic expansion of a lattice Green’s function defined by
(4.5). Its multipole expansion is given by Theorem 5.3. The translation formulas are given in
Propositions 5.4, 5.5 and 5.6. If any of these expansions is truncated after QQ terms, then for any
p < |yl/|z|, there is a constant C' such that the truncation error is bounded by Cp?.

Remark: The term Q%! in the bound in Lemma 5.8 indicates that the expansion of a poly-
harmonic function may converge significantly slower than a that of a harmonic function. When the
results are applied to the function G p defined by (4.5), this is not observed. A careful investigation
of the error bounds indicate why. First, we note that the bound (5.19) is very coarse, a more careful
analysis shows that as p — oo

q
ntk—1\fg-—n+tk—1) _ 1 %1 2%—2
Z( k—1 >< k-1 >_2k_1(k—1)!(2/~c—1)!!q +0(e™),

n=0

which shows that even though the sum does indeed grow like ¢?*71, the coefficient in front of the
leading factor is very small. Second, for the present application, the terms with k = 2, 3,4 have very
small coefficients in front of them, and furthermore, the negative effect that the Q%*~! term may
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FIGURE 5.1. Left: Plot of Q — (|z|/|y])?|Gp — Gpg| for @ = 1, x = (10, 10) and
y = (5, 5) (dotted line), y = (5, —5) (solid line) and y = (=5, —5) (dashed line).
Right: Plot of Q — (4]z|/5/y|)?|Gp — Gpg| for the same parameter values.

induce is ameliorated by the decay factor |z|~2*. Thus, in practical applications, the truncation
error is dominated by the error incurred by the leading term in the expansion, which is precisely
the harmonic kernel ® that the classical FMM deals with. |

4. Numerical experiments

Our goal in this section is to estimate the constants that occur in the error bound (5.15) by
applying the results derived in this section to a concrete example.

Let Gp denote the P term asymptotic expansion of the Green’s function for a square lattice,
as specified by (4.14), and let Gpg denote a multipole expansion of the form (5.11) that has been
truncated after @ levels. We expect that, if |y|/|z| < ¢ < 1, then

Q

(5.20) Gola — )~ Gralos)] < 0@ ()

where C' does not depend on @Q for P = 0 but may grow at most polynomially with Q for @ >
1. Inspired by the form (5.20) we plot the function Q — (|z|/|y|)?|Gp(z — y) — Gpg(z,y)| for
different P, = and y. In the left graph of Figure 5.1 we chose Q = 1, x = (10, 10) and y =
(5, 5), (5, =5), (=5, —5). We note first that in this situation the bound (5.20) holds with C' = 0.1.
Similar experiments carried out for many different values of x and y confirmed the estimate C' = 0.1
when P < 30. What is less satisfying is that it appears that C'(P) does start to grow for large P
in certain situations. Fortunately, this is significant only for values of P that would not normally
be used (note that P = 30 corresponds to a relative accuracy of 107%). We also note that since the
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FIGURE 5.2. Left: Plot of Q — (|z|/|y])?|Gp — Gpg| for Q = 2, x = (10, 10) and
y = (5, 5) (dotted line), y = (5, —5) (solid line) and y = (=5, —5) (dashed line).
Right: Plot of Q — (4]z|/5/y|)?|Gp — Gpg| for the same parameter values.

growth is polynomial the entity p~?|Gp — Gpg| should be uniformly bounded for any p < |y|/|z|.
The plot of Q@ — ((4/5)(|z|/|y]))?|Gp — Gpg| to the right in Figure 5.1 seems to confirm this
prediction.

In Figure 5.2 give show the results of the same experiment carried out for () = 2. We see that
the situation remains qualitatively the same.



CHAPTER 6

Boundary equation methods for problems on finite domains

1. Introduction

In this chapter we present methods for solving lattice problems on finite domains. Given
a homogeneous Dirichlet or Neumann problem, we reformulate it as a boundary equation very
similar in spirit to the boundary integral equations of classical potential theory, but with the lattice
Green function as the kernel, rather than the fundamental solution of the Laplace operator. These
boundary equations have low condition numbers and can be solved very efficiently using iterative
solvers. The most time-consuming step of such a solver is the application of a dense matrix to a
vector, but this matrix-vector multiplication is of a form very close to the convolution (5.1) for
which we derived fast methods in the previous chapter.

An inhomogeneous discrete boundary value problem (i.e one including a body load) can be
split into one inhomogeneous problem on Z¢ and one homogeneous boundary value problem using
the “fictitious domain method”, as done in Beylkin et al [3] for the continuous case, and can thus
be treated by combining the techniques presented in Chapter 5 and the present chapter.

Since we have not heretofore discussed problems on finite domains, we need to introduce some
new notation. Let  C Z? denote a domain, let I' C Q denote those nodes in € that connect to
Q° and set Q_ := Q\I'. Similarly, let I'; be those nodes of Q° that connect to . For n € T, let
D, C T'y denote the nodes in 2° that connect to n and set [0,u](n) = D ,cp, (W(k) —u(n)).

The Dirichlet problem reads

{ [Rlu](m) = 0, me Q_,

u(m) = g(m), meI.

(D)

Note in particular that the condition 2u = 0 is enforced only at the internal nodes. The Neumann
problem reads

(N)

[RAu](m) = 0, m € Q,
[0,u]l(m) = g(m), mel.

For m € T', the operator [2u](m) formally involves values of u on I'}. which are as yet undefined.
However, their contribution to the equation at m € I' is fully specified by the value of [d,u](m).

2. Indirect formulations of the Dirichlet problem

2.1. A single layer formulation: The single layer potential S maps a function defined on I"
to a function on Z%. Given ¢: I' — R we set
Sp: 71 - R: mHZ@(m—n)gb(n).
nel’
65
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Note that [2(S¢)](m) = 0 for any m ¢ I'. Thus, if we can find a ¢ such that

(2.3) [S¢l(m) = g(m),  VmeTl,

then S¢ satisfies (D). We refer to (2.3) as a (discrete) single layer boundary equation. In this context
it is a linear system with a square matrix Kg.

Proposition 6.1: The matriz Ks associated with (2.3) is non-singular.

Proof: We consider first the case d > 3. Suppose that u = S¢ and that ulp = 0. Then u satisfies

[Ru](m) =0, meZ\T,
(2.4) u(m) =0, mel,
|[ulla < oco.

In other words, u satisfies homogeneous Dirichlet problems with zero boundary data on both the
interior and exterior domains. This implies that u = 0, and thus ¢ = 0.

What complicates the two dimensional case is that unless ) © ¢ = 0, the function u does not have
finite energy. We must therefore fall back on a limit argument to prove the statement. Let &(/)
be the Green’s function for a homogeneous Dirichlet problem with zero boundary data on 99,
where J is large enough that 2 C ;. Let Ké‘]) be the matrix with entries &(/)(m,n). Then the
argument made for the three dimensional case can be used to prove that KéJ) is non-singular (the
exterior problem in (2.4) is replaced by a problem on ;\2). The last point of the argument is to

note that as J — 0o, &) (m,n) — &(m —n)+ (2r) ' log R and so Kéj) —(@2m) llogR — Kg. O

2.2. A double layer formulation: The double layer potential D maps a boundary function
to a global function as follows,

Do: Z% S R: m— Z &, (m,n)p(n),
nel’
where the kernel &, is a discrete analogue of the double layer kernel, 9,,G(z — y),
&, (m,n) == Z ((m — k) —&(m —n)) =0,,8(m —n).
keDy,

Physically, the function D¢ is the potential produced by a double layer source field on 'UT'. For
n € I', node n is given a charge —|D,|¢(n) and each node in D,, C '} is given a charge ¢(n), see
Figure 6.1. Consequently, [A(D¢)](m) =0if m ¢ T UT'y. Now, D¢ is a solution of (D) if ¢ satisfies

(2.5) [Do](m) =g(m),  VmeT,

which is our (discrete) double layer boundary equation.

The form of the equation (2.5) makes it look like a discrete analogue of an integral equation
of the first kind. This is disconcerting since we know that in the continuous case, the double layer
equation is a second kind Fredholm equation, cf. (1.14). In order to demonstrate the connection
between the discrete and the continuous equations, we introduce 8 as a local averaging operator
(T, is the shift operator defined by (2.4)),

1 d
—d Z Te, U + T_ej
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FIGURE 6.1. The double layer potential. Given a function ¢ defined on the black
circles, place charges at all nodes marked with circles in the right picture in such a
way that node k gets the charge —|Dg|¢(k) and its nearest neighbors (white circles)
get the charge ¢(k). Note that the corner nodes (gray) get the charge —2¢(k).

so that 2 = 2d(I —B). Let u = D¢ be the global potential induced by ¢ so that, for m € T,
— D[ @(m) = [Ru](m) = 2du(m) — 2d[Bu](m) = 2dg(m) — 2d[BDG|(m).
We can then write (2.5) in the equivalent form

_ Dy
2d

which looks more like the second kind equation (1.14).

¢+ BD¢ = g,

Proposition 6.2: The matriz Kp associated with (2.5) is non-singular.

Proof: The proof goes along the same lines as the proof of Proposition 6.1, we set u = D¢, suppose
that u|p = 0 and will prove that then ¢ must be zero. Since in this case u has finite energy even in
two dimensions, we do not need to resort to the limiting argument in the previous proof.

When 20u = ¢ and u|g = 0, the function u satisfies a homogeneous Neumann problem on ¢
with zero boundary data. To see this, loop over all nodes n € I'. For each node, lift out all the
links that connect the node to nodes in I';.. If we simultaneously remove the loads on I' and T';
that are due to ¢(n), then u will still be in equilibrium on the reduced lattice (since there are no
flows going inside ). After having removed all links that connect Q to Q°, we will see that indeed,
u will be in equilibrium on ¢ and there will be no flows going into 2¢. Thus u is constant on 2,
and since u(m) is the potential due to a number of dipole charges, it tends to zero as |m| — oc.
This shows that u = 0 on Q°, thus u =0, and ¢ = 0. ([l

3. Inclusions

The boundary equation method can be used to treat equations modeling lattices with inclusions
that destroy the periodicity of the equilibrium operator. Consider the perturbed Dirichlet problem
{ (2 = 2 )u](m) =0, meQ_,

(3.6) u(m) = g(m), meT,
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where 2, represents a (typically local) perturbation. We reformulate (3.6) as an unperturbed
problem with a “fictitious” load

(3.7)

[Qlu] (m) = fr, m € va
u(m) = g(m), m e,

where f; = 2u;. This term can be determined using the boundary equation framework derived
earlier. As an illustration, suppose that 2(, corresponds to removing the bars connecting the nodes

1Y) to l{:g) for j =1,...,J. Since f; € Ran(%;), there exist loads 1(j) such that

J

frlm) = S 0() [3(m — ) = 3(m — k).

j=1
We make the Ansatz

J
=S " &m o)+ [6(m k) — (m — k)] ().

nel’ 7=1

Inserting the Ansatz directly into the boundary condition we get the equations

(3.8)  g(m)=) &(m—n)p Z (m—k9) = 8(m—k)]y(j), meTl.

nel’

The condition at the removed bars is that u(kgz)) — u(k(_i)) = (1), or that for i = 1,...J,

3.9 v()) = [6*Y —n) - 8Kk —n)]o(n)+

S Bk — &7y — 6k — k) — e (kY — k) + &k — k)] w(5).

j=1

Combined, the equations (3.8) and (3.9) determine the fictitious loads ¢ and .
A double layer formulation can be derived in an entirely analogous fashion from the Ansatz

J . .
=36, (m,n)(n) + Y [6(m — kY)) — &(m — k)] w(j).
j=1

nel’

Finally, we note that the case of a lattice where the the pairs {kgf), k:(_j)}}]:l have been shortcut can
(i)) _

be solved using the same technique by adjusting the condition at the inclusion to read u(k
(4)
u(kX’) =0.

4. Partial summation and direct formulations

In sections 2 and 3 the boundary equations were derived from the Ansatz u = S¢ or u = D¢,
respectively. This method is a straight-forward analogue of the “direct” derivation of boundary
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integral equations in classical potential theory, see [45] or [2]. The other common technique for
deriving integral equations is to start with the Green’s identity

(4.10) /Q (Awyo — u(Aov)) = /(9 ) <ng _ ug:;) .

Then by letting v denote the fundamental solution, and u the solution of the boundary value
problem it is possible to relate u|p and 9, u|r. For, say, a Dirichlet problem, u|r is known and using
the derived relation, d,u|r can be determined. It is then a simple matter to reconstruct u in the
entire domain. In this section we will illustrate how the discrete boundary equations can similarly
be derived from a discrete analogue of (4.10) and then use it to derive the boundary equations. We
will restrict attention to the square lattice with the standard five-point stencil on a square domain
Q= {-N,...,N}2. The results can easily be generalized to other domains but due to the plethora
of lattice geometries and different domains, this has to be done on a case by case basis.
First we need to derive some “partial summation” results. For a function u: Z — R set

[6u](n) :==u(n + 1) — u(n), and  [6u](n) :=u(n) —u(n — 1).

For such operators we have

N N

> [Bul(n)o(n) = — > u(n)[60](n) + u(N + 1)o(N) — u(=N)o(-N — 1),
n=—N n=—N

N B N

> [Bul(n)o(n) = = > u(n)[dv](n) + u(N)p(N + 1) — u(—N — 1)o(~N).
n=—N n=—N

Applying these results to the operator [§éu](n) = u(n + 1) — 2u(n) +u(n — 1) we find that

N N
(4.11) Y [80u](n)v(n) =Y u(n)[sdv](n)+
-N -N

(Ou](N)o(N) — u(N)[dv](n)) + (= [6u](=N)o(=N) + u(=N)[dv](—N)).

For a multi-variate function u : Z% — R, let d; and Sj denote the “partial” difference operators, so
that for instance [01u](n) = u(ny + 1,n9,...,n4) — u(n1,na,...,ng). Setting Q = {—N,...,N}%
' =0Q and A = §10; + 0262 we then get
N
> ([Aulo — uAv]) = D ([616](N, ng)o(N, n2) — u(N,n2)[010](N, n2)) +
Q no=—N
N
> (~[0wu](=N,n2)o(=N, ng) + u(—N,n2)[610](— N, n2)) +
no=—N
N
> ([B2u)(n1, N)o(ny, N) = u(ng, N)[520)(n1, N)) +
ni=—N
N
> ([02ul(n1, —N)o(ny, —N) + u(ny, —N)[520](n1, —N)) .
ni=—N
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This can be written compactly using the external difference operator 9, defined in section 1,

(4.12) > ([Aulo — u[Ae]) = > ((5,u)o — u(6,0)).

Q T
Note that at the corners we have

Sulivny =014 02, Sulcnny =—01+082, Ol—n-n)=—01—02 &ln_n) =0 — b

Next, let u denote the solution of (D) and let u denote an extension of u that is harmonic in
. (To construct u, let ¢(n) denote the flow out of node n € I in the solution of (D). Then note
that for any k € I'; there is a unique n € I" such that k£ € D,, and set u(k) = u(n) + Wlﬂgo(n) and

u(m) =0 for m ¢ QUI;.) Then fix m € I" and apply the representation (4.12) to the functions u
and n — &(m — n), this gives that

(4.13) a(m) =>_ ([6,1)(n)&(m — n) — i(n)&,(m,n)),

nel’

which we rewrite as
(4.14) S[6,u] = (I + D)u].

When either u|p or d,u|r is given, the other quantity can be determined using (4.14) and then
(4.13) is used to construct the solution. We point out that for the continuous case, a delicate limit
process is required before the double layer potential can be ascribed a value on the boundary. This
complication is absent in the discrete case.

Finally, we note that starting with the basic partial summation result (4.11) equations similar
to (4.12) can be derived for general lattices and general domains. For domains that are more
complicated than the example above, especially ones that have re-entrant corners, it is sometimes
necessary to enrich the space of boundary functions by adding a few “fictitious” loads near the
trouble region in a fashion similar to how we handled inclusions in section 3.

5. Conditioning of the boundary equations

As mentioned in section 1, a main reason for working with boundary formulations of boundary
value problems is that we expect these to be well conditioned. An indication that this is the case
is that as the lattice cell size tends to zero, the discrete boundary equations appear to converge to
continuous boundary equations that are very similar to those of classical potential theory. These
equations, especially those associated with second kind equations with a compact integral operator,
are known to produce well-conditioned systems upon discretization.

In this section we will present numerical results that indicate that (2.3) and (2.5) are well-
conditioned. We assembled Kg and Kp for some different problems and computed the condition-
numbers numerically. The experiments were carried out for the Dirichlet problem with a square
lattice on the four geometries illustrated in Figure 6.2. The square is a simple square with (2N +
1)x(2N+1) nodes. The L-shape is the square with one quadrant removed. For the slit we removed
the vertical connections in the middle third of the middle row. In the shortcut we connected the
nodes in the middle third of the middle row by an infinitely conductive strip. For each case,
we assembled the matrices Kg and Kp associated with the single and double layer formulations
and computed their condition numbers. For the problems with inclusions, the technique given in
section 3 was used. For comparison, we also assembled the matrix K associated with the five-point
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FIGURE 6.2. The geometries we used to estimate the condition numbers. Reading
from left to right, first row first, we label them: “the square”, “the L-shape”, “the
slit” and “the shortcut”. The long side of the square has 2N + 1 nodes.

‘ Square L-shape  Slit  Shortcut
cond(K) | 1.6N? 0.83N? 1.6N? 0.28N?
cond(Kg) | 40N 40N 4N?%?  4.2N?
cond(Kp) | 7.0 73  0.63N  0.68N

TABLE 6.1. Asymptotic estimates of the condition numbers for different boundary
equations and different geometries.

difference operator on the domain itself. The exact values obtained are given in tables at the end
of this chapter. A summary of the results is given in table 6.1.

The numbers in the table strongly support our belief that the condition numbers should improve
upon reformulating a problem as a boundary equation. This is especially true for the double
layer formulation, for which the condition number for the two physically reasonable geometries
are not only uniformly bounded as N grows, but are also very low in absolute numbers. We note
that although the condition numbers for the single layer potential perform somewhat poorer, the
estimates in the tables can be improved considerably by a simple trick, see the remark 2 below.

Remark 1: In order to compute the entries of Kg and Kp one needs to numerically evaluate & (k)
for a large numbers of k’s. For |k| < 30, we precomputed &(k) by integrating analytically in one
dimension and then used numerical quadrature to evaluate the resulting one dimensional integral,
see Appendix D. For larger values the asymptotic expansion G was used. This yielded an absolute
accuracy of about 10714

Remark 2: The eigenstructure of Kg is interesting. In Figure 6.3 we plot the eigenvalues for the
square with N = 10. The lone negative eigenvalue Ay ~ —52 corresponds to an almost constant
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FIGURE 6.3. Eigenvalues for Kg when N = 10

eigenvector. We found that by restricting Kg to the orthogonal complement of the constants the
condition number can be reduced by over 90% and we found that asymptotically Kg ~ 3.5N.

Legend for the numerical data: In the last pages of this chapter we provide the raw data for the
experiments on the condition numbers. For each of the four geometries, we present the condition
numbers of K, Kg and Kp for values of N between 2 and 50. These numbers are also presented as
log-log plots in which ‘o’ represents cond(K), ‘4’ represents cond(Kg) and ‘x’ represents cond(Kp).
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1: A square domain

N | cond(K) cond(K)/N? cond(Ks) cond(Kg)/N cond(Kp)
2 5.83 1.48 34.6 17.3 6.81
) 39.9 1.59 121 24.2 7.08
10 161 1.61 292 29.3 7.09
15 364 1.62 483 32.3 7.08
20 648 1.62 686 34.3 7.07
25 1010 1.62 898 35.9 7.06
30 1460 1.62 1120 37.2 7.05
35 — — 1340 38.3 7.04
40 — — 1570 39.3 7.04
45 — — 1810 40.1 7.04
50 — — 2050 40.9 7.03

10"

73
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2: An L-shaped domain

N | cond(K) cond(K)/N? cond(Ks) cond(Kg)/N cond(Kp)
2 2.53 0.63 33.3 16.6 8.12
) 19.7 0.79 117 234 7.48
10 82.6 0.82 285 28.5 7.45
15 185 0.82 471 314 7.38
20 330 0.83 670 33.5 7.36
25 517 0.83 878 35.1 7.33
30 745 0.83 1090 36.4 7.32
35 — — 1310 37.6 7.31
40 — — 1540 38.5 7.30
45 — — 1770 39.4 7.29
50 — — 2010 40.1 7.28
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3: A domain with a slit

N | cond(K) cond(K)/N? cond(Kgs) cond(Ks)/N? cond(Kp) cond(Kp)/N
2 5.72 1.43 34.6 8.66 6.80 3.40
) 39.3 1.57 121 4.83 7.08 1.42
10 161 1.61 336 3.36 7.76 0.776
15 363 1.61 702 3.12 9.52 0.635
20 647 1.62 1380 3.46 13.2 0.661
25 1010 1.62 2320 3.72 16.9 0.677
30 1460 1.62 3240 3.60 18.8 0.626
35 — — 4660 3.80 22.5 0.643
40 — — 6360 3.97 26.2 0.656
45 — — 7860 3.88 28.1 0.624
50 — — 10100 4.03 31.8 0.637

75
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4: A domain with a shortcut

N | cond(K) cond(K)/N?® cond(Kgs) cond(Ks)/N? cond(Kp) cond(Kp)/N
2 5.83 0.729 34.6 8.66 6.81 3.40
) 44.8 0.358 121 4.83 7.08 1.42
10 328 0.328 329 3.28 7.64 0.764
15 929 0.275 684 3.04 9.29 0.619
20 2280 0.285 1410 3.53 13.5 0.673
25 4560 0.292 2430 3.88 17.7 0.708
30 7322 0.270 3350 3.72 19.5 0.649
35 — — 4890 4.00 23.7 0.677
40 — — 6760 4.22 28.0 0.699
45 — — 8300 4.10 29.7 0.661
50 — — 10700 4.29 34.0 0.680




CHAPTER 7

Vibrations of lattices and acoustic bandgaps

Synopsis: This chapter concerns analysis of elastic waves in lattice structures.
We analyse the propagating modes as well as filtering properties of lattices.
Special attention is paid to the connection between micro-structural geometry
and the presence of so-called “phononic bandgaps”, intervals of frequencies for
which there exist no propagating wave-modes.

Note: This chapter does not directly inter-connect with the preceding chapters.
We therefore present the material here in a self-contained fashion and avoid
making references to results that are presented earlier.

1. Introduction.

1.1. Background. In this chapter we will demonstrate that for many mechanical lattice struc-
tures there are intervals of frequencies for which no propagating elastic waves exist. This raises
the possibility of designing materials, or structures, that can completely block mechanical waves
of certain frequencies. We will present a method of analysis that can be used to determine such
bandgaps and then show how lattices can be constructed that have bandgaps around prescribed
frequencies.

There are many observations of bandgap phenomena in nature; in the classical litterature (see
for example Kittel [40] and Brillouin [11]), examples are given of real life molecular structures
that exhibit bandgaps in both the acoustic and electro-magnetic spectra (referred to as phononic
and photonic bandgaps, respectively). A comprehensive bibliography including more than one
thousand articles on photonic band structures was compiled by Dowling, Everitt and Yablonovitch
[18]. Theoretical and numerical studies based on the plane wave expansion method were published
by Sigalas and Economou [58, 59, 60|, who considered scalar problems for acoustic wave band
structures as well as vector problems for elastic waves in plates containing periodic sets of inclusions.
For continuum elastic structures the phononic bandgap phenomena were studied in the paper by
Poulton et al. [54], where a generalisation of the Rayleigh method was developed to analyse the
elastic wave propagation through a two-dimensional array of circular voids.

It is evident that one can establish a correspondence between continuum structures and discrete
lattices. For example, for the case of a normal incidence of an anti-plane wave on a stack of two
types of elastic layers (see Figure 7.1a) we can assume that the layers of one of the groups are
thin and soft. In this case, it can be shown (Movchan and Zalipaev [49]) that asymptotically
the dispersion equation for this structure would be equivalent to the one corresponding to a bi-
atomic one-dimensional chain of particles of different mass connected by weightless elastic springs
(see Figure 7.1b). The dispersion diagram given in Figure 7.2 shows the normalized frequency
versus the magnitude of the Bloch vector and exhibits the bandgap between the acoustic and
optical modes for this one-dimensional problem. The comparison of certain anti-plane problems for

77
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FiGURE 7.1. One-dimensional array, of period d, involving two types of layers, of
thickness a and (d —a) (A), and a two-particle system with springs (B).

continuous systems in two dimensions and two-dimensional lattice structures was also included in
Movchan and Zalipaev [49]. Tt is noted that the analysis of lattice structures is easy compared to
numerical computations for continuum systems of complicated geometries; on the other hand the
lattice structure may exhibit the physical phenomena similar to continuum structures, and hence
it is highly important to be able to evaluate the transmission and reflection characteristics of the
lattice structures.

In this chapter, we emphasise analysis of vector problems of elasticity for lattice structures and
pay particular attention to the emergence of phononic bandgaps. Our analysis is restricted to two
dimensions but the methodology easily generalizes to three-dimensional structures. The plan of
the chapter is as follows:

e In the following subsection of the introduction we consider elementary examples of membrane-
like lattices with different assumptions related to the mass distribution along the strings.

e In section 2 we analyse in-plane elastic vibrations of degenerate and non-degenerate bi-
atomic lattice structures that exibit phononic bandgaps.

e A general approach to spectral problems for lattice structures is presented in section 3.

e This approach is used in section 4 to design structures which possess bandgap frequencies
of given magnitude. It is specifically noted that the bandgap phenomena are associated
with the presence of standing waves within the structure.

1.2. A membrane-like lattice. In this section we consider illustrative examples for a lattice
with the square geometry illustrated in Figure 7.3. We think of the lines of the lattice as strings
with an axial force F', and a weight-per-length density p. The strings are attached to each other at
the nodal points. We consider harmonic vibrations of this lattice with displacements of the strings
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optical mode

acoustic mode

Ta ko

FIGURE 7.2. Acoustic and optical branches for a one-dimensional array of particles
of mass m; = 1 and mg = 2 connected by springs of length a = 1 and stiffness
¢ = 10. Along the horizontal axis we put the magnitude of the Bloch vector, and
we have the radian frequency on the vertical axis.

and the nodes in the direction perpendicular to the plane of the lattice. Our goal is to determine
the eigenmodes and look for bandgaps in the spectrum. We consider two different cases; first that
the density is constant, second, that the string consists of two parts that each have constant density.

Homogeneous strings of constant density: Since the domain is infinite and the vibrations are
quasi-periodic in space we can restrict attention to a unit cell, as illustrated in Figure 7.3. Let
w9, j=0,1...,4, denote the displacement of the nodes, where j is the index shown in the figure.
Let wY)(z,t) denote the displacement of the string connecting node 0 to node j, with z € (0, 1)
measured as shown in the figure and ¢ denoting time. Then Newton’s second law reads

Fd2w(j) d2w()
de? P
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FIGURE 7.3. Square lattice with mass distributed along the bars.

Since we consider time-harmonic oscillations, say of radian frequency w, we have d2w() Jdt? =
—w?w9) and obtain
dzw(J) w2 .
— + 7210(]) = 0’
dx v
where v = \/g is the internal group-velocity of the strings. The boundary conditions are w®) (0) =

u® and w@ (1) = u). Considering first the case sin “! # 0 we find that

(4) _ 4,00 wl
w(j)(x) = u9 cos wr + o woeos, sin w—x.
v v

wl

S11n o

Equilibrium of the central node now reads
4

dw@)
(1.1) 0=>" -

n=1

s wl
=0 Sin o v

_ 1! (uu) 4 u® 4 u® 4@ s cos Wuw)) _

Looking for waves with a Bloch vector k = (k1, k2) we have the quasi-periodicity conditions

u®) = =il (0) @) — kel (0 (3)  (ikaly (0 (4)  Gikal (0),

Plugging this into equation (1.1) we obtain the equation

wl
cos(k1l) + cos(kal) — 2cos — = 0.
v
For the case sin“ = 0 there exist, for any k, standing wave modes corresponding to internal
vibrations of the strings, with no associated nodal displacements. The total dispersion equation

therefore takes the form

wl
v

sin%l <cos(k‘1l) + cos(kal) — 2 cos Uj) =0.

Note that in the limit & — 0 the dispersion equation has the asymptotic solution |k| = v/2w/v, the
same dispersion equation as that for a continuous membrane with group velocity v/ V2.

Given k € (—m, m)? the dispersion equation allows us to determine all frequencies w such that
there is a vibration mode with frequency w and the Bloch vector k. In Figure 7.4 we plot the
solutions w versus k’s along the path shown to the right in the figure. It is clear that no complete
bandgaps exist.
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FIGURE 7.4. Dispersion diagram for the square lattice with distributed mass. The
non-dimensionalized solutions wl/v are plotted against k£ along the contour shown

4 Jd ]

Ficure 7.5. Lattice consisting of strings with non-constant density. The white part
of the strings have density p, the black have density p/a?.

Inhomogeneous strings: We will next consider a structure similar to the one analysed above but
where the strings are not homogeneous; the density has been changed from p to p/a? in half the
bar, as illustrated in Figure 7.5. In this case we derive (see Appendix 1) the dispersion equation

(1.2) wl . wl n 1 wl . wl
. COS — sin —— + — cos —— sin —
2v 2000 « 2av 2v

1 wl wl 1 wl wl
X [a <cos(k‘11) + cos(kal) cos 5~ Cos 204’1)) + < + 042> sin o - sin 20&}} 0

One very interesting feature here is that the first factor captures exactly the eigenfrequencies
of the inhomogeneous string with fixed ends. As shown in Figure 7.6, around these frequencies
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FIGURE 7.6. Dispersion diagram similar to the one shown in Figure 7.4 but for the
lattice with strings of varying density, a = 2.

there are typically complete bandgaps. This means that no waves with frequencies close to the
eigenfrequencies of the composite bars can propagate through the structure.

The two elementary examples considered above provide sufficient motivation for analysis of
trapped modes and phononic bandgaps in elastic structures. These vector problems are considered
in the text below.

2. Two examples of mechanical lattices

Every periodic lattice is characterised by an irreducible cell and a corresponding stiffness matrix
A associated with this cell. Thinking of the members of the lattice as beams we know that the
matrix A splits into two components, A = Auyial + Apending, With the first representing the axial
stiffness of the beams and the second representing the bending stiffness. If the bars are slender we
know that the axial stiffness is much higher than the bending stiffness. If A,ya has full rank when
restricted to the translational degrees of freedom it will entirely dominate the problem and in this
case we usually neglect the effect of Ayenaing and solve only for the translational degrees of freedom.
We refer to these structures as truss structures. On the other hand, if A,y does not have full
rank (when restricted to the translational degree of freedom) we do need to keep Apending in order
to maintain structural integrity. Note that in this case A will be badly conditioned and we will
expect the lattice to exhibit strongly anisotropic behaviour. Such structures we refer to as frame
structures. In the next two subsections we will study one each of these two kinds of structures. We
will try to make plausible the claim that even though bandgaps do exist in some truss structures
they are more typical for the frames of the type considered in section 2.2.

2.1. A bi-atomic triangular lattice. Consider the triangular lattice illustrated in Figure
7.7. It consists of bars with an axial stiffness ¢ connected with pin-joints. At the nodes with small
dots there is a mass m; and at the big dots there is a mass my. The lattice has an irreducible
unit cell © whose integer translations along the lattice vectors ™) = (21,0) and t?) = (1/2,/31/2)
cover the whole plane, | J,,c72(2 + nit(M + nyt®) = R2. We identify the coordinates of the two
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Ficure 7.7. Triangular bi-atomic lattice. To the right we illustrate the irreducible
unit cell and the lattice vectors.

nodes in Q as #! = (0,0) and 2% = (1,0), then the node x € {1,2} in cell n € Z? has coordinates
x(F) = ¥ 4 Tn where T = [tV ()],

We let u(™") = (ugn’n), ugn’n))T denote the displacement of node (n, ). Introducing the unit
vectors

2 —Dm . 20 = 1)7T)T

(2.3) a; = (cos 3

, j=1,2,3.

and setting e; = [1,0]T, e3 = [0, 1]T we can express the equations of motion for the case of harmonic
oscillations (of radian frequency w) as

W?miu™Y =cajal (2u™Y — wMP — ey
2u(n,1) _ u(n-l—ez,l) _ u(n—eg,l))+
2u(n,1) . u(nfelJreg,Q) o u(nfez,Q))

Y

2 (
3 (

WPmou™? =cayal (2u™? — yrerl) ()4
’2I‘(2u(n,2) _ u(n+ez,2) _ u(n—eg,2))+
T
3 (

2u(n,2) o u(n—i—eg,l) . u(n—l—el—ez,l)).

ik-Tm

Applying the condition of quasi-periodicity, u(""") = ¢ u(™") | we obtain

w?miu™Y =¢ -2a1a1F + 4 sin® W@ag + 2a3a§] w4

c :(1 + 6_2ik1l)a1a? + (e_iw + e—ikzl%ﬁw agag} u(2)
w?mou™? =¢ -2a1arlf + 45in? W@a;f 4+ 2a3ag] w4

o [(1 gy g (R e )agasT] w2,
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FIGURE 7.8. Eigenfrequencies for the triangular biatomic lattice with ¢ = 1. In the
left graph, mi = mg = 1, in the right, m; = 1, my = 10.

n,1) n,2)]

Introducing the vector u(™ = [u( , u™D]T € RY we write this compactly as

(2.4) W Mu™ = o(k)u™,

where we defined a mass matrix M = diag{m1, m1, ma, ma} and a 4 x 4 stiffness matrix o (k). The
entries of o(k) are given by

5 4 gin2 k1l++/3kol V3 + v/3sin? Ek1l4++/3kal

011(]{}) 2022(/@:6 \/2 4 2 4
V3 2 k1l+\/§k2l 3 2 k1l+\/§k2l ’
—%5 +\/§sm e 2+3511r1 e
14 o2kl + le*igkll}\@%l + le*ikll%/%l ﬁe—ig’kll}ﬂk?l + ﬁefikll%@k?l
4 4
ﬁe_isklz—;/gkzz " ﬁe_iklu-;/gl@z §e_i3k1l—2\/§k2l 3 _ik1l+;/§k21
4 4 4 4
Equation (2.4) has non-trivial solutions if and only if
q y

(2.5) det(o(k) — w?M) = 0.

This equation is referred to as the dispersion equation of the lattice.

The equation (2.5) has been solved numerically for some different combinations of masses (the
spring constant ¢ was set to unity). As illustrated in the left graph of Figure 7.8 there is no bandgap
when m1 = mg = 1. In this graph k follows the path illustrated in Figure 7.9. By increasing one of
the masses while keeping the other one fixed we can push the “acoustic” modes down in frequency
until a bandgap appears when ms/m; ~ 5. In the right graph of Figure 7.8 we illustrate the
spectrum for m1 = 1, mg = 10.

012(k> = UQl(k)* =cC

2.2. A bi-atomic square lattice. Next we consider the lattice illustrated in Figure 7.10.
This structure would be degenerate if bending stiffnesses were disregarded so we need to model
it as a frame. To this end we endow the beams with axial stiffnesses ¢; and bending stiffnesses
dj, as illustrated in the figure. There are nodes located at points 2! = (0, 0) and z? = (I, 0) in
the unit cell, these nodes have masses m, and polar moments of inertia J,, for k = 1,2. We use
the same notation as in the previous example but note that now the lattice vectors are given by
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FI1GURE 7.9. The reciprocal lattice is contained in the dashed parallelogram. The
thick line illustrates the contour along which the eigen-frequencies are plotted.

cldl c2,d2

cl,d1 c2,d2

FIGURE 7.10. Square bi-atomic lattice with its irreducible unit cell to the right.

tM = (21, 0)T and t® = (1, )T. We also need to include a rotational degree of freedom to the
nodal displacements, (") = (ugn"{), ugn’“), uggt’ﬁ))T.

The equations of motion will this time constitute a set of three equations for each node, two for
the components of the momentum and one for the angular momentum. The process of writing these
down and combining them with the quasi-periodicity condition is straight-forward but somewhat
lengthy so we leave it to Appendix 2. The end result is an equilibrium equation of the form (2.4)
where now M = diag{my, m1, Ji, ma, mo, Jo} and the stiffness matrix o(k) consists of four 3 x 3
blocks whose entries depend on the axial and bending stiffnesses ¢; and d;.

The dispersion equation, which again takes the form (2.5), has been solved numerically, and
in Figure 7.11 we show some characteristic dispersion diagrams. Note that the slope of the lowest
acoustic line is far lower when going from A to B than it is when going from B to C. This is a
manifestation of the strong anisotropy of this material. It is also evident from the diagram that
the interval [0.9, 1.3] forms a large bandgap.
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FIGURE 7.11. Dispersion curves for the square, bi-atomic lattice along the contour
illustrated to the right. The constants are ¢; = 1, co = 2, d; = 0.002, dy = 0.004,
m1:2,m2:3, Jl:l, J2:2.

3. Periodic structures of general geometry

A general lattice geometry in R? can be specified by the following objects:

Reference cell: We specify an irreducible reference cell Q ¢ R? in the form of a parallel-
epipede spanned by some translation vectors t) € R%, 1 < i < d. Then its translates

U (Q + gnit(i)>

nezd

will form a disjoint covering of R?. We frequently collect the translation vectors in a
matrix 7' = [t ... tD]. Then, for n € Z¢ label the set Q) = Q + T'n “cell n”.
Nodes: Let {z"}?_, C w be the nodes in the reference cell. We use the notation z

2" 4+ T'n to index nodes in the lattice by giving their node number s and the label of the
cell they belong to, n.
Lattice members: Finally we specify a list of b lattice members {(x;,n;, )\j)}gzl, where
for each member we specify the node " (in the reference cell) that it starts from, and
the node (%) it connects to.

(n,r) —

For convenience we define two index sets:

e B, = {(n,A)} is a list of nodes (n,\) connected to the node (0, x).
e B, \ = {n} is a list of the indices n such that (0, x) connects to (n, A).
It is easy to verify that
(n, )\) eEB., & neB., & -—nebB,, < (—n, KJ) € B,.
Introduce the variable (%) to denote the “displacement” of node (n, k). The term displacement
should be interpreted in a generalized sense since depending on context it may model either the
temperature at the node or translational and/or rotational degrees of freedom of a mechanical
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structure. Assumimg that the “load-displacement” relationship is linear for each lattice member
we write equilibrium for the member of type (x, m, \) that connects (n, k) to (n 4+ m, \) as

f(l) _ Gem) u(n,m) _ Agﬁ,m,/\) A(’;,m,/\) u(n’”)
f(2) A umTm,A) )

1
(5,m,A) 4 (Rm,A) n+m,\)
Ay Agg
where f() and £ are the (generalized) forces acting at the ends of the member. The matrices
AFm:A) should all be non-negative and symmetric (to conform with Castigliano’s theorems). Since
the lattice is periodic we must also have

ul

R A, —m,K K,ym,A A, —m,K
(3.6) Agz )= (A§2 ))T Agl = AgQ )-

Newton’s second law for the node (n, k) takes the form

f(n,fi) _ Mnu(n,m) + Z |:A:(l’;1m1>\)u(n,f€) +Ag;7ma>\)u(n+m,>\) 7
(m,\)EBk

where M* is a mass-matrix corresponding to masses lumped at node 25 The equation is of
convolution form and it is therefore easily diagonalizable by the Fourier transform

F: u—uk)= Z eixw)'ku(”), for k € T V[—n, 7%,
nezd
where (") = T'n. We find

K kA2 ~ Ky, \) ~ g Ky, \)  —jg(m).
Py =Mrafate) + 30 ARV (k) + AV e A (b)|
(m,\)EBk

q
=M Rak) + 3 Y ATV e R ALY | ),
A=1meB,\

Write a(k) = [@'(k),...,a2(k)]" and f(k) = [f1(k),..., f9(k)]T, and introduce a matrix o(k) whose
rkA-block is given by

o B T
meBﬁ)\

and let M = diag{M"}?_, be the mass-matrix. Then we can write the equations compactly as
f(k) = Ma}u(k) + o (k)a(k).

Looking for harmonic waves we set the forcing to zero, substitute 9?a(k) — —w?@(k) and find
the eigenvalue problem

(3.8) [o(k) — w?M] (k) = 0.

2

The following proposition guarantees that the solutions w* are all real and non-negative.

Proposition. The symbol o(k) is a Hermitian, non-negative matriz.



88 7. VIBRATIONS OF LATTICES AND ACOUSTIC BANDGAPS

Proof: Starting with equation (3.7) and using (3.6) we find

* Ky, jr(m). RPN
oaa®) = > [[AGTY5a]T + e AT
meB .\
= Z [Ag?m)\)ém)\+€ix(m)'k‘4%7_m7n)} :UAn(k)a
MEB.

where in the last step we used that m € B,y < —m € B),. This proves that (k) is Hermitian.

To prove the non-negativeness claim fix any test-function @ and set u = F~![a]. Then by
Parsevals theorem
(k) o (k)a(k) dk = (27)¢ [ ut) TA(m- mpag) [ w™r) )
/ oy TV TR = 20 TS| iy | A s | 20

since all the local matrices are non-negative.

In the context of mechanical lattices we earlier made the distinction between truss and frame
structures. For the truss structures we study only the translational degrees of freedom so that
u(m") e R The stiffness matrix of a bar with cross-section s, length I, Young’s modulus F and
oriented along the unit vector a will be given by

E T T
4k [ aa . ac% ] .
l —aa aa
The mass of a bar is proportional to slp where p is the density of the base material. Looking at
the dispersion equation (3.8) we then determine the typical frequency wiyyss of the eigenmodes of
the truss,

sE 1 [E
- u‘)truss‘glp7 = Wtruss ™ 7 —.

(3.9) ;

Recalling that elastic waves in the base material travel with a group velocity proportional to y/E/p
we find that this frequency corresponds to waves in the base material with a wavelength equal to
the cell size. Note in particular that the cross-sectional area of the bars canceled.

For frame structures the situation is somewhat more complicated, even when we restrict atten-
tion to two-dimensional structures. For a beam oriented along the xi-axis with cross-sectional area
s and cross-sectional moment of inertia I the equilibrium equation reads

I S P T e S W i

1 0 12E1 6E1 0 _12E1 6E1 1

& ; %I 631 2%[ 2

1 6E1 4 1

(3.10) N ST e e e |
1 —ST 0 0 ST 0 0 Uy

2 0 12EI _ 6EI 0 12E1 _6EI u

22 3 2 13 Elz %

_T | L0 6l21 2ZI 0 _65[ 4lI 11 0 |

Here we labeled the two ends of the beam 1 and 2 and let ( ff , fg , T7) denote the forces and
moments acting at end j, and similarly (u], u3, 67) denote the translational and rotational degrees
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Ficure 7.12. Triangular lattice with an oscillator.

of freedom of the displacement at end j. We commonly work with non-dimensional entities in which
case the equilibrium equation takes the form (writing it only for node 1),

1 r1 1,1 1,2

Lyl 1 0 0 Lul 1 0 0 Lu

5 i {3

1 121 61 1 121 61 2

(310 o B I A N I I I A
ael 0 & & 0 0 —w @ 0

For a solid bar of width b we have I ~ b?s so that I/(sl?) ~ (b/l)2. For a slender bar the slenderness
ratio € = b/l is small and the splitting of the stiffness matrix into one part that scales as O(1) and
one part that scales as O(e?) is clear. These two parts correspond to axial and bending stiffness,
respectively.

Finally we note that the polar moment of inertia of a bar will scale as mal2 = psl3. We can
then estimate the typical frequency of rotational modes from equation (3.8),

EI Esb2
l ~ rot'] = Wrot ™~ p8l4 Wtruss

where in the last step we used equation (3.9) for wiyyss.

4. Designing lattices with prescribed bandgaps

In this section we will illustrate how the spectrum of an elastic lattice can be manipulated by
introducing certain types of micro-structures. The idea is that the added microstructure should be
such that it has its own vibrational modes corresponding to certain types of standing waves in the
whole lattice.

As a first example consider a triangular truss structure with an added mass m, at the center
of every other cell, as illustrated in Figure 7.12. The mass is suspended by three bars, each with
stiffness ¢,. For simplicity we let the basic triangular structure (drawn with thick lines in the figure)
have unit masses at the nodes and let it be connected with bars of unit stiffness. In Figure 7.13
the effect of the added micro-structure is illustrated. The left graph depicts the spectrum of the
original, triangular lattice. In the middle graph the micro-structure is included, for ¢, = 1, mo, = 1.
The right graph shows the effect of weakening the springs to ¢, = 0.25 and increasing the internal
mass to mo = 4. The interesting feature of these graphs is that the added structure clearly has
introduced a bandgap in the spectrum. Interestingly, we can predict and control the location of
this bandgap.



90 7. VIBRATIONS OF LATTICES AND ACOUSTIC BANDGAPS
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FIGURE 7.13. Spectrum for a triangular truss (left) and the same truss with a
simple oscillator (middle and right).

Consider a mass m, suspended by three springs with stiffness c¢,, attached to the rigidly fixed
vertices of an equilateral triangle. Using the unit vectors a; defined in equation (2.3) and letting
u € R? denote the displacement of the mass from the equilibrium point we can write

3/2 0
Mowu = o [ala? + asas + agag] U= Co [ (/) 3/2 ] u.

This shows that the mass will oscillate about the equilibrium point with the frequency w, :=
,/2372"0. For the examples illustrated in the graphs, {mo,c.} = {1,0.2}, {5,0.2} we find w, =

{V/3/2, /3/32} ~ {1.22,0.32}. These values coincide to a very high degree of accuracy with the
lower limits of the bandgaps observed in Figure 7.13.

Next we consider a more complex oscillator, as illustrated in Figure 7.14. In the case illustrated
the small internal triangle is 0.15 times the size of the large ones. In Figure 7.15 we display the
spectrum obtained if all internal nodes have mass 1 and all the internal springs have stiffness 0.2.
Doing a calculation similar to the one we did for the simple oscillator in the previous paragraph, we
find that the frequencies of the articulated oscillator are w, = {0.41, 0.41, 0.55, 0.73, 0.73, 0.83}.
These frequencies match the bands seen in Figure 7.15 very well.

Finally we will look at how an oscillator effects the spectrum of a frame structure, as illustrated
in Figure 7.16. The thick lines representing the original lattice all have unit axial stiffness, a
bending stiffness of 0.05 and there are unit masses at the nodes. Then we added another unit mass,
mo = 1, that is supported by the thin lines, which have an axial stiffness of ¢, = 0.2 but no bending
stiffness. This is the same oscillator as in the first example so we expect standing wave modes at
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F1GURE 7.14. Triangular lattice with a complex oscillator.
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FIGURE 7.15. Spectrum for a triangular truss (left) and the same truss with a
complex oscillator (right).

wo = 1/ (3¢o)/(2mo) = 0.55, which corresponds exactly to where the new bandgap shows up in the
right hand graph in Figure 7.17.

5. Conclusions

We have demonstrated that many mechanical lattice structures exhibit complete bandgaps, i.e.
intervals of frequencies for which there are no propagating mechanical waves. We have provided a
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FI1GURE 7.16. Honeycomb frame with an oscillator
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FIGURE 7.17. Spectrum for the honeycomb frame (left) and the same frame with
an oscillator (right).

method for analysis that can be used to quickly determine the bandgaps, a method that is easily
implemented on a computer for analysis of complicated structures. Finally we have exhibited a
method by which lattices can be modified to create complete bandgaps at prescribed frequencies.

This work has a wide range of applications in the design of earthquake resistant structures,
acoustic mirrors, filters and acoustic lasers.



CHAPTER 8

Concluding remarks

When the presented results are combined, they provide a powerful set of tools for solving a
lattice equation defined on a very large set €2,

Au = on €,
{ ou+ fgo,u=g on 0f).

We can find a particular solution that satisfies the body load by computing the convolution & x* f
using the fast summation algorithm given in Chapter 5. In order to satisfy the boundary condition,
we solve a homogeneous boundary value problem using the method given in Chapter 6. Note that
a fast numerical solver for this problem again relies on the fast summation methods of Chapter 5.

The proposed method can fully resolve the problem and accurately compute u at all the NV
nodes of Q using O(N) operations, just like other fast methods such as the FFT. However, the new
method can do significantly better; taking advantage of whatever regularity happens to be present,
it can use averaging in those regions where this is permissible and actually compute a solution in
far less than O(V) time. In essence, we embed the derivation of an averaged model directly into the
fast numerical methods (FMM and BEM). This way, the resolution depth can change with spatial
position and we can in a stable and systematic fashion resolve exactly those length-scales that are
needed to obtain the desired level of accuracy.

Several remarks are in order:

e Short-range interactions are computed using the exact Green’s function. This means that
no a priori assumptions need to be made on the regularity of the problem.

e Long-range interactions are computed using the asymptotic expansion Gp of the lattice
Green’s function derived in Chapter 4. Note that Gp is the fundamental solution of the
O(£2P*2) homogenized equations given in Chapter 3, which means that we are taking
advantage of the very fast convergence of high-order homogenization without imposing
the prohibitive regularity requirements that have heretofore been associated with such
methods.

e The new method is most efficient when 2 is perfectly periodic but inclusions and local
defects can be handled using the methods of section 3 of Chapter 6.
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APPENDIX A

The stiffness matrix of a slender beam

In this appendix we describe the local stiffness matrices in the two-dimensional frame model.
These results are basic strength of materials fare and are given here for reference only. For a fuller
description of mechanical modelling of the kind we only touch upon here, see Przemieniecki [55].

In the frame model, a link is considered to be a slender mechanical beam. Suppose that the
beam is oriented along the z1-axis, that its ends are displaced by the distances U,V € R? and are
rotated anti-clockwise by angles ¢, € [—, 7), as shown in Figure A.1. Then the forces F, G € R?
and moments M, N € R that are required to keep the beam in equilibrium are given by

T I s AL B N RN

12 6 12 6
SO -« Sy s o N I $
(A1) Ar = Looa O L ‘g/b = ?;4
— &= 0 0 == 0 0 1 1

L L

12E1 6E1 12E1 6E1
S A Oy - i B I I B
L 12 I I3 . 4 L . L -

Here E is the Young’s modulus, A is the cross-sectional area of the beam, L its length and I its
moment of inertia. First we put (A.1) in non-dimensional form

[ 1 0 0 -1 0 0 U/Ll [ FiJAE ]
O 2z arz U —ap G ¢ | _ | M/AEL
- 1210 6[0 ! 1210 610 V%L GlfAE
0 —47z —212 0 2 T ALz Va/L G2/AE
N A A R I T

Next set u = (Uh uo, Ug) = (Ul/L, UQ/L, qb), f = (fl, f2, fg) = (Fl/AE, FQ/AE, M/AEL) and
define v and ¢ likewise. Then we can write (A.1) as, c¢f. (2.2) and (2.7),

Baxial _Baxial + 52 Bbend C1bend U — f
- Baxial Baxial C}t)end Dbend v g ’
where 3% = 121 /(AL?) and

Baxial = ; Bbend = ) Cbend =

o O =
S O O
o O O
o O O
= = O
o O O
= —_ O

0 0 0
y Dpena= | 01 —%
0o -1 3

W= O
oI O

Note that typically I ~ A2, which means that 32 ~ A/L? ~ (r/L)?, where r is the length of the
cross-section of the bar. This justifies the claim made in connection with equation (2.7) that the
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FIGURE A.1l. Illustration of the coordinates in the beam model.

component of the stiffness matrix that corresponds to bending stiffness scales as the slenderness
ratio squared.

It remains only to describe how to obtain the stiffness matrix for a beam that is not parallel to
the z1-axis. Let 6 be the angle that the beam forms with this axis (counted positive anti-clockwise)

and define rotation matrices
cosf@ —sinf 0

Ug=| sinf cosf 0
0 0 1

Then the stiffness matrix for the rotated beam is given by

L U@ 0 Baxial _Baxial 2 Bbend C'bend Ugt 0
Ko := |: 0 U :| <|: — Baxial Baxial :| +ﬁ |: Cﬁend Dyena 0 Ug '



APPENDIX B

Examples of lattices

1. Introduction

In this appendix we will apply the techniques derived in the thesis to study several classical
lattice geometries. For all geometries, we study the conduction problem and either the truss or the
frame mechanical model, depending on whether the truss model is degenerate or not.

Given a lattice geometry and a local model, the following steps are carried out:

Step 1: Compute the symbol o(§) using (2.10) and (2.11).

Step 2: Compute the series expansion of o ().

Step 3: Use the series expansion of Step 2 to compute the series expansion of o(¢)~! using

Lemma 3.5.

Step 4: Read off the homogenized equations from the series expansion of o (¢)~1.

Step 5: Compute the terms in the asymptotic expansion of the lattice Green’s function
using the series expansion of o(£)™! combined with either Proposition 4.1 (when d = 3)
or Propositions 4.3 and 4.4 (when d = 2).

While steps 2, 3 and 5 involve conceptually simple operations, they tend to require very lengthy
algebraic manipulations in practice. This makes the use of symbolic algebra software indispensible.
A complete suite of subroutines for dealing with arbitrary lattice geometries and the three local
models studied in this thesis can be downloaded from:

http://www.ticam.utexas.edu/ pgm/Thesis/maple program.html

2. Simple square and cubic lattices

Two-dimensional square model: The lattice is defined by

X(0,1) = [ X ] . T= [ 0l ] . Ba = {(1,[1,0},1), (1,[0,1], )}.
Consider first the conduction problem, assuming that all bars have conductivity 1. Then

o(€) = 4sin? 51 + 4 sin? %2 =2(1—cos&)+2(1 —cosés) = Z(—l)j_l(;j)!( fj + fgj),

J=1
97
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and

1 1+1<§%+£2>+1<5§_ ?§%+£i*§§_£%52+£2>+

a(§) €72 €* €16 \ 240 360 72 360 ' 240
Lo ondg g g dg ngd gty oo
€8 \ 6048 30240 756 1080 = 756 30240 6048

We can now read off the homogenized equations, the first three read
(=8)'ul® = 1,
of 84

(A uh) = (A)f +e ( )f,

a a o5 %02 olod 9208 O3
A3, (28) 1, 9% 4 01 0103 192 0103 | Oy
(=A)%u (CAPS+ 8, + ) e (240 360 | 72 360 240) J

The asymptotic expansion of the lattice Green’s function is

log8> 1 mf}—6m3m3 + mj
247

1
&(m) = ~5- <10g\m[ + v+ 5

47 |m|6

1 43m§ — 772m$m3 + 1570mims — 772m3m$ + 43m$
12 +
4807 |m|

In polar coordinates, m = r(cos @, sinf), we write

B(m) = _% <logr byt 10g8> cos(46)  25cos(80) + 18 cos(46)

2 24712 48074
490 cos(120) + 459 cos(89) 9625 cos(160) + 10800 cos(126) 4 1302 cos(86) N
2016776 384078 ’

where v = 0.577206 - - - is the Euler constant.
Next we model the lattice as a frame. With v the bending stiffness of the bars, the scaled
symbol takes the form

42 sin? % + 4ye~2sin? % 0 iye lsineéy
o'® € = 0 4e~2 sin? % + 4ye~ 2 sin? E& —iyet sineé;
—iye lsine&y ive lsine& %7(4 + cosey + coses)
We have
) 0 -1 g% + 75% 0 1752
(B.1) ou(€) = [lme@ 7] =] 0 T g+ —ha |,

—iv&2 iv& 2y

from which the homogenized equations follow straight-forwardly: Letting u; and us denote dis-
placements and ug micro-rotations, we get

—(6% + 76§)u1 + 782163 = fl,

—(v0% + 93)ug — yO1u3 = fa,
—yOour + yO1u2 + 2yu3 = f3,
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where f1 and fo are force loads and f3 is the torque loading. If there is no torque load, then us can
be eliminated from the equations. We take the Schur complement of oy and obtain

(€)= [ G182 a&/2 ]

i6a/2 eE/2+
This matrix equals the matrix og(§) provided by Lemma 2.20. It corresponds to the following
equation of two-dimensional elasticiy,

{ —(0F + (7/2)03)ur — (7/2)0102uz = f1,

(B.2) —(v/2)0102u1 — ((7/2)8% + 8%)1‘2 = fa.

Two-dimensional square with an appendix: Next we add a node in the center of the cell that
is attached to the original node by a single link. Note that unless this node is loaded, it is “inert” in
the sense that there will be no flow in the diagonal bar. The lattice is described by the parameters:

X(O,l):[g], X(o,z):“g], B = {(1,[1,0],1), (1,0, 1], 1), (1,[0,0],2)}.

Consider first the conduction problem with the diagonal bar having conductivity o and the
horizontal and vertical ones conductivity 1. Then

in2 &1 in2 &2 _
() = [45111 5 +4sin” 3+« a}
- «

We find that

deto(§) = a <4$in2 %1 + 4sin? 522> ,

and consequently

1) ! 1 1

o = _ . . .
4$in2%—i-4sin2%2 L 1+a 1<4s1n2%+481n2%2)

Note that the upper left entry exactly equals the inverse symbol for the square lattice.

Next we consider the frame model and assign for simplicity the diagonal bar with the same
properties as the other bars. Then, ¢f. (B.1),

" g+18 0 iV

oy (§) = 0 W +E vk
—ing & 2y

12 11
o (€) = o1 (€).

o) 1 (1+12v2)€} +v(1+6v2)83 6v/27616 iv6
oy (&) ERTNG 6v27612 Y1 +6vV2)& + (1+12v2)E3  —iv&

—i8 S 2y
The matrix op (which again is the Schur complement of either one of the JI({M)’S) if given by

_[&+18/2  A6&/2
o0(8) = 175152/22 V&3 /24+ 65 |

This expression is identical with the dominant term for lattice A, (B.2), as expected.
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The cubic lattice: The analysis for the cubic lattice is a trivial analogue of the analysis for the
square lattice. For reference, we give the asymptotic expansion of the lattice Green’s function;

1 mj +mj +m3 — 3m3m3 — 3m2m3 — 3m3m?
&(m) = -
Ar|m| 167|m)|
1 8 8 8 6/, 2 2 6/, 2 2 6/, 2 2
* 1287|m/|13 23(my +my +mg) — 244(m) (m3 + my) +my(mi + mg) + my(my +my))

228mimam3alm|? + 621(mims +mimj + mémg)} +O(Im|™").

3. Body-centered lattices
The two-dimensional BCC lattice: The lattice is defined by

|1 1 1)2 110
and
By ={(1,[1,0],1), (1,[0,1],1), (1,[0,0},2), (2, [1,0],1), (2, [1,1],1), (2,[0,1], 1) }.
For the conduction model, let the horizontal and vertical bars have conductivity 1 and the

diagonal conductivity a. Then the symbol is

. 4 sin? %1 + 4 sin? %2 + 4o —a(l+ el o pile 4 ei(£1+§2))
o(&) = —a(l 4 78 4 782 | emiE1HE2)) 4oy '

and its determinant is

deto(&) = 4a(l + a/2) <4sin2 + 4sin? 522> +a? (lein2 (51;52) + 4sin? M)

2
= da(1 + a)€]® + O(Je]).

s
2
We then get the inverse symbol

_ 1 Aoy o1 + eiér o eif2 el(61+€2)
o(6)! { ( )

~ det o(€) | a(l+e & 4e i 4 omi@+e))  4gin? %1 + 4 sin? %2 + 4o
The series expansion around the origin is

_ 1 1+ (1/2)i(&1 + &2)
(1+a)l¢[? [ 1= (1/2)i(&1 + &2) 1 ] +ow).

The homogenized equations follow directly,

o(€)”! =

—(1+ a)Auf? = (A + f2) + (1/2)2(0y + &) fo,
—(1+ ) AuEY = (f + fo) — (1/2)e(01 + D) .
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Before giving the asymptotic expansion of the lattice Green’s function we recall that

[&(n)]11 =4aGu(n),

[B(n)]12 =a[&g(n) + Sx(ny — 1,n2) + Sg(ng,ne — 1) + Gp(ng — 1,n2 — 1)],
[&(n)]21 = a[Br(n) + Su(ny + 1,n2) + Gu(ng, ne + 1) + Su(ng + 1,02 + 1)),
[B(n)]22 =4(1 + @)Bu(n) — a[Gu(n1 — 1,n2) + Gu(m + 1,n2)

+ ®u(ny,ng — 1) + Gu(ng, na + 1)),

where

1 eint 1
®uln) = (2m)2 /(—w,w)2 det o (&) .

We then only need to give the expansion of &y. In polar coordinates,

logr+C (1 —«a/2)cos(46)
2n(14a) | 24w(1 + )22
25(1 — a/2)? cos(860) + 18(1 + 20 — a? /4) cos(40)
* 4807 (1 + )37 *

4aBy(m) =

where C' is a constant. Note that as o — 0, the Green’s function for the square lattice is recovered
and that for o = 2, the second term vanishes.

For the truss model we give the horizontal and vertical bars stiffness 1 and the diagonal ones
stiffness . Then

[ 4sin? % + 2« 0
[o(§)]11 = _ 5 tsin?§ 420 |

[ —2(1 4 el&r 4 el&2  el@H8)) (] il _ (il | pi(G+62))
[0(&)]12 = 2 i i i(&1+ 2 i i (614 )

fj(lfe&fe&ere(fl 52)) f§(1+e§1+e§2+e(§1 52))

[ 2a 0

Ol = % o |
The matrix o¢ specified in Lemma 2.16 is
0.0(5) _ |: (1 + a/2)£% =+ (O‘/Q)E% a1 :| ‘
OISES (a/2)&F + (14 a/2)&3

The lowest order system of homogenized equations is then

—((1+ /2)0F + (a/2)03)u1 — (ad102)us = fi,
—(a0102)uy — ((a/2)6% +(1+ a/2)8§)u1 = fo.

These are equations of two-dimensional elasticity for any o > 0. If @ = 1, we get the equations
of an isotropic medium (in plane stress) with Young’s modulus 4/3 and Poisson’s ratio 1/3. Note
that if we model an actual physical truss, the isotropic case corresponds to one where the diagonal
bars have a cross-sectional area that is v/2 smaller than the horizontal and vertical ones (since axial
stiffness scales as area divided by length).
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The three-dimensional BCC: The lattice is defined by

0 1/2 100
xon)=|0|, X02=|[1/2], T=|010
0 1/2 00 1

IB = {(17 [17 07 0]7 1)7 (1’ [0’ 17 O]’ 1)7 (17 [07 07 1]7 1)7 (27 [07 07 0]7 1)7 (27 [0’ 07 ]7 1)7 (27 [07 17 0]7 1)7
[0,1,1],1), (2,[1,0,0],1), (2,[1,0,1],1), (2,[1,1,0],1), (2,[1,1,1],1)}.
For the conduction model we let the bars that are parallel with the coordinate axes have
stiffness one and the diagonal ones stiffness a. Then

[o(§)]11 = 4 sin? %1 + 4sin? %2 4 4sin? %3 + 8a,

[0()2 = —a(l+ elél 4 il el(1+€2) + el 1 eilé1+8&s) 4 (i(€2+Es) + 6>i(§1—i-~£2-~-£3))7
[0(€)]22 =8a.
We find that det o(¢) = 8a(1 + 2a)|¢[2 + O(]€]*) and so the series expansion of the inverse symbol

is given by
o(6) e — L [ 1 1+ (1/2)(i€1 + 6 + its)
(T+2a)[¢? | 1 - (1/2)(i& + i&2 + ig3) 1

The homogenized equations are

(14 2a)(=A)ur = f1 + f2 + (1/2)e(01 + 02 + 33) fa,

(1 + 20&)(—A)UQ =fi+ fo— (1/2)5(61 + 0y + 83)f1.
The lattice Green’s function can now be determined using the method described for lattice B. As
an example, we use that &1;(m) = 8a®y(m) and obtain

+0(g).

1 (1 — a)(m3 +m3 + mi — 3mIm3 — 3m3m3 — 3m?m3

T 4r(1+ 2a)|m| 167 (1 + 2a)2|m|7
For a = 1, the second term vanishes and when o — 0, the expansion for a cubic lattice is recovered.
For the truss model let the diagonal bars have stiffness a and the others stiffness 1. Then

B1(m) ) 4 o(lm]%).

SR L N LIS LT
o0(§) = %045152 36 + §1¢? go@&%
0183 %045253 %54 + %|§|2

If o = 3/4, then this corresponds to an isotropic material with Lamé constants A = p = 1/2 and
Poisson’s ratio v = 1/4.

4. Triangular and hexagonal lattices

When we treat structures that do not have a cubic (or square) unit cell, i.e. T' # I, we work
with a modified Fourier transform,

6 = Y e MmMtu(m),
meZa

so that ¢ truly represents inverse of physical position (the position of node m is T'm).
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The triangular lattice: The lattice is defined by
10 112 B
X(O7O)_ |: 0 :| ) T = |: 0 \/5/2 :| ) B+_{(17[170]a1)a (17[071]71)7 (17[ 151]?1)}'

For the conduction problem we let all bars have conductivity 1, whence

(@) = asin? & s VI gy 2 V3E
which implies that
121 23641086+ 458+ 21 | 568 + 5166} — 9eked + 068
G 17280[¢[4 T

Note in particular the cancellations that appear in this series due to the very strong symmetry
properties of the lattice. When writing down the equilibrium equations that result from this
expansion, we must take into account that the unit cell has area det T = /3 /2. We get

\/g(_A)lu(O’E) = fa

VB2l = (CA)f + &5 (~AF,

V3(=APuE) = (A f + ¢ —4(—A)3 f+et e (2309 + 1050103 + 450305 + 2705) (—A) f,
V3(=A) ) = (AP f + ¢ 214( A f et 11590 (230% + 1050103 + 459705 + 2705) (—A)2f

+ €8 (508 + 510105 — 99705 + 905) (—A)3 f.

1
193536
The asymptotic expansion of the lattice Green’s function is

1 cos(66)

1
2v/3m 60v3r
5  cos(66) 7 cos(126)

" 168v/3m  7° " 403r 18
Note again how the symmetry of the lattices kills most of the terms in the expansion. In particular,
since both reflection in the origin (£ — —¢&) and rotation by 7/6 (rel? i— rel®*7/6)) leave the lattice
invariant, only terms with angular dependence cos(6kf) for some integer k, survive. Incidentally,
the error term does have the correct decay rate, the term corresponding to !0 vanishes.
Next we consider the truss model. Letting all links have axial stiffness 1 we get

4 sin? % + sin? 7£1+5/§£2 + sin? 7517%/552 V3 (sin2 7£1+%/§£2 — sin? 7§1+§/§£2

&(n) ~— logr +C +

(B.3)
+0(r 1.

o(§) =
\/g (Sin2 §1+§/§§2 — sin2 51+5/§§2) 3 (sin2 51+%/§§2 + sin2 §1+%/§€2>

This leads to the limit symbol

3348 26¢
00(5)_8[ 2151522 5%—1-13253]7

which corresponds to a 2D isotropic material with Poisson’s ratio 1/3 and Young’s modulus 2/ V3
(the last number is obtained after taking the scaling by det T = v/3/2 into account).
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The hexagonal lattice: The lattice is defined by

X(070)=[H7 X<071):[\}§?2]’ T:[\%Z \%}

B = {(17 [07 _1]7 2)7 (17 [07 0]7 2), (27 [_17 1]7 1)}
For the conduction problem we have

and

3 L1 _ eV3iEa _ 38i61/24+V38ik /2
J(€> = _1 _ e—\/§i§2 _ €3i§1/2—\/§i§2/2 3 ’
which implies that
S(E,O)(g) — 2 |: 1 1 +5(_i£1/3+i§2/\/§) :|
32 | 14 e(i1/3 —i62/V3) 1

and, scaling by det T = 31/3/2, we get the homogenized equations

—(1/VB) AU = (fi + f2) + £(—1/2 + V/302/2) fo,
—(1/V3)AUED = (fi + fa) +£(01/2 — v/302/2) fr.

In order to compute the lattice Green’s function, we start with

2 381+ V36 2 381 — V36
. .

det o(€) = 4sin?(V/3&) + 4sin 5

+ 4sin

If we let o; denote the symbol of the triangular lattice C, then det (&1, &) = oui((2v/3)&a, (2v/3)&1).
In other words, the associated mono-atomic lattice for a honeycomb lattice, is a triangular lattice,
one that is enlarged by a factor 21/3 and rotated 90° compared to the lattice C. Thus, the asymptotic

expansion of the Green’s function for the honeycomb lattice follows directly from (B.3).

We will not consider truss problem in detail since it is degenerate but we want to mention that

is so degenerate that det o (&) = 0.

For the frame model, we endow all bars with axial stiffness 1 and bending stiffness v. Then

. 3 [ T A+ 3NE +9(90+ 7)) (4 - & 27i&s
on ) (6) =57 (4-)6s 5 (10 +E + 41 +39)8) —2i6
i —27i& 27i& 4y
. 3 [ 5 41 +30)E + 293 -7)€) (4+27)616
o1 (6) =57 (4+ 2908 5 (213 = )& +4(1+37)8)
! 47igy &y

o (&) = oV ().

As stated in section 6, Ch. 3, we have ag b #* ag ?) and thus the lowest order homogenized equations

form a 6 x 6 system of mixed second first and zero’th order differential operators.

The dominant behavior of this model is governed by the matrix oy defined in Lemma 2.20,

3 (14 37)&F + 2963 (L4 7)&1&

D=0 (+nas  ne+di3ne |
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It is easily verified that og is the Schur complement of either 01(11 Y or al({l ) This matrix corresponds
to the equations of two-dimensional (plane stress) elasticity with Young’s modulus and Poisson’s
ratio given by

, by o1
143y’ 143y

Recall that in order to get the constants for the homogenized material, the Young’s modulus must
be divided by detT' = 3+/3, which gives

v 1—7

2
T /3143y U T 143y







APPENDIX C

A derivation of the multipole expansion of a poly-harmonic
function using Laurent series

In this appendix, we will show that in two dimensions, the multipole expansion of a poly-
harmonic kernel can be derived using complex function methods. This method is not necessarily
simpler than the derivation in Chaper 5 but it has the advantage that it yields direct expressions
for the expansion functions. A different derivation of essentially the same expansion was given by
Vekua [64] (English translation in [65]).

We start by reviewing how analytic function methods can be used to derive the multipole
expansion of the harmonic kernel in two dimensions, Go(z —y) = —log |z —y|. Setting z = z1 +izs
and w = y; + iy, we find that

- 1
Go(r —y) = Re[—log(z — w)] = Re[—logz —log(1 — w/z)] = Re | —logz + qu—
q=1 7%

We note that in polar coordinates, x = r(cos 8, sinf), y = p(cos a, sin«), we have
w? = p?( cos(ga) + isin(qav)), 2% =r"9(cos(¢qf) — isin(gb)),

whence the familiar expansion in real basis functions easily follows.
We will next consider a kernel of the form

P
0
(C.1) Gple) = e logla] + Y gylx).
p=1
where g, are rational functions with (exact) decay rate |z| =2 that satisfy (—A)P*lg, = 0 away
from the origin. Due to the poly-harmonicity, each function g, has an Almansi expansion g,(x) =
o |a:|2m¢££) (z) for some harmonic functions gbg). Since g, is a rational function with decay

rate |x| 2P, there must exist complex constants {c$,€) o such that

p 2m p 5
| 2"
(C.2) 9p(x) = Re Zo 67(71;) S2pt2m | Re ZO c%) 22p+m |

Example: For the Green’s function for the square lattice specified in 4.14 we have

wf — 62222 + 2y 4328 — 7722822 + 15702123 — 7722325 + 4328

1
Galw) = — 5 log|a| +

24| z|6 4807 x| 12
R 1 o 2 & 1 z N 1 /18 N 2572
=Re|——logz4+ — 4+ — | =+ =—=——]]|.
2 & 241 23 480w \ 24 26
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Thus, ¢ = —1/(27), { =0, ) = 1/(247), P = 3/(807), ¥ = 0 and ) = 5/(96n). O
We are now prepared to derive the multlpole expansion of g,. First rewrite (C.2),
0 1
(C.3) Iha}j QFHH (1-w/zﬁp+m'

Next use the Taylor expansion

z e ()

q=0 q=J

") (—1)iEm i . v
<J>( e Z;( ¢ )z?ﬂ

oo min{g,p} i p—J .
Z Z _i (1) w (F+k\ (2p+k+q—1
= Re : wq ij [ZQp+q Cj-f-k? ] q o ] Zk .

k
Setting hg ;) (w) := w7 @?, H, 0)(2:) :=Gp(z) and for ¢ > 1, 0 < j < min{P, ¢}
( ) (-1 —J sk
p J + k 2p+k+q—1\2
Hig,j)(2) = =0j0 qzq + Z ZQp+ Civk < > < q—7J Sk

we can write (C.4) compactly as

oo min{P,q}
—y)=Red Y hiw)Hg;(2).
q=0 j=0

This is an alternative representation of (5.11). The connection with the classical multipole expan-
sion becomes clear once we note that, with w = pe'®,

hig.py(w) = (pe*) 1 (pe**) = p?[ cos((q — 2j)ex) + isin((g — 2j)a)]
and that the functions H, (¢,5) can be rewritten in a similar fashion.



APPENDIX D

Numerical evaluation of the lattice Green’s function

The lattice Green’s function for a mono-atomic lattice in two dimensions is given by

1 e~ im€ _ 1
o) = ooyt f, o

This integral is absolutely convergent and standard quadrature formulee can be used to approximate
it to arbitrary accuracy. However, the integrand is both oscillatory and, worse, discontinuous, at
the origin, which slows down the convergence of the quadrature. In this appendix, we will show
that using residue calculus, one integration can be carried out analytically. This simplifies the
approximation dramatically. We will demonstrate the procedure for the, by now familiar, square
lattice Green’s function

o1 & 1 e—i(mi&i+mats) _ g
( . ) (m17m2) = (27‘1’)2 ()2 4 _ oil1 _ bl _ gifs _ o 12 5

It is conceptually simple to generalize the technique to arbitrary mono-atomic lattice, and then
Theorem 4.6 can be invoked to treat fully arbitrary lattices. For a general lattice, the algebra will
be far more involved, and the use of symbolic computation is recommended.

We prepare the integral (D.1) for application of the residue theorem by performing some
straight-forward algebraic manipulations,

1 eiama (6151)
om ) g | 1&>+<2—e1&—e )
1 cos(&amy) (e‘él)
T o = ) 2T e
2 ™
e [, leosmate) (1 = cos ) — o1 — con ) .

where
it) k

[ (e
Jile) = /ﬂ (2 —elt —e 1) + 2 dt.
it

We rewrite this last integral as a contour integral around the unit circle Sy in C by setting z = €.
Then, with dt = dz/(iz),

k k

z dz z
= 7:. d
Ji(@) /512—2—2—14—204 iz 1/g1z2—2(1+a)z+1 :
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Now, 22 —2(1+a)z+1= (2 — 24 )(2 — z_) where 24 = 1 + a £ va? + 2a. In our case, a > 0, so
the only pole insize S; is z_ and we find that

e 2 (1+a—\/a2+2a)k
fr(a) = (2%1)127 . T N .

Note that the function fx(1 — cos&z) blows up as & — 0 but that
ghmo [cos(m2&2) fny (1 — cos&2) — fo(l — cos&p)] = —mmy,
2—)

521E%icg2 [cos(ma&a) fm, (1 — cos &) — fo(1 — cos&a)] = iﬂé(m% —m3).

Thus, &(m1,m2) can be evaluated as a one-dimensional quadrature of a regular integrand.



APPENDIX E

Notes on Chapter 7

1. Derivation of the second dispersion equation in section 1.2

First consider a vibrating string, characterized by its length [ and intrinsic velocity v, attached
to two supports with the displacements e“u! and e“!u!l so that its displacement w satisfies the

equation

If sin ‘%l = 0, then the solution is

o owr o ul—uleos®  wn
w(r) = u cos — + —————"sin —,

v in “ v
sin =

and thus the dynamic force the string exerts at x = 0 equals

dw w 1 wl
—F— =F—— ulcos — —u!l) .
dx =0 ’Usul% v
7
3
1 2
4 6
5

FiGure E.1. Labeling used in Appendix 1. The white strings have wavespeed v,
the black avv. The numbers refer to the nodes.
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Applying the formula above to the system shown in Figure E.1 (which is a part of the big lattice
shown in Figure 7.5) we get the three equilibrium equations

o_py 1 (uu) cos Y _ u(z)) P <u(1) cos YL u(3>>

20 sin % v 20 sin % 20w
1 l 1 l
P L <u<1> cos 2L _u(4>> re L (uu) s ¥t _u<5>> ,
(E 1) 200 sin o 20v 2v sin o v
gope 1 (u® cos L) pp 1 ~ (u® cos 2L ®)
20 sin 3)7; 2v 200 sin 2‘:’7} 2000
0=r 2 L <u(3> s L u<1>> . <u<3> cos u(?))
20 sin ﬁ 20 2v sin ‘;—U 2v
We set
wl wl wl wl
CL=cosg . si=siig, cp=cosg ., sy =sing

and apply quasi-periodicity,
u® = il 2 0) = gikaly () (6) = =ikl () (1) = kel (1)

to reduce the system (E.1) to

o o 1 kil | kgl )
0 231 + 2&22[ s1 as9 ass s1 U( )
= | 1 _ et S-S (2
0 - s1 aso s1 + ass 0 U
0 _ 1 ettt 0 a 4 e u(3)
as2 S1 S1 as2

The left hand side of the dispersion equation (1.2) is now simply the determinant of the matrix in
the system above.

2. Derivation of the stiffness matrix for a square framed structure

In equation (3.10) we provided the stiffness matrix for a beam oriented along the zj-axis, with
end-points 1 and 2 to the left and right of the beam, respectively. In the structure illustrated in
Figure 7.10 there are beams of cross-sectional areas s; and so, and with moments of intertia I; and
I. We fix a reference area s and define non-dimensional lattice variables @ and f by

_ = 1 )
B _ 1
U3 = Urot, f3 = E
Then equilibrium for a beam of type j reads
fi ¢g 0 0 ui ¢j 0 0 u? o 121,
r 1 — 1 _
_21 = 0 1dj ?dj 1_1% +1 0 fldj ?dj z_% , Wwhere c¢;= gj, i = ?2]
::Ag.)O =:B§.)O

Note that if there had been bars of different lengths in the lattice one would have had to fix a
reference length [ to use in the non-dimensionalization.
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The stiffness matrix for a bar with axial stiffness ¢; and bending stiffness d;, rotated ¢ degrees
anti-clockwise from the zi-axis is given by

cos¢p —sing 0
A =U?AY (W)Y, BY=U’BY (U, where U= | sing cos¢ 0
0 0 1

We are now in a position to write the equations of motion for the harmonically oscilling square
bi-atomic lattice,

@2 Mya™h) = {A?Oa(’"“l) + B?Oa("vz)} + [A?Ooa(ml) + B?Ooam—““%?)}

I |:A%80°a(n,1) 4 B%Sooﬂ(nfel,Z)] 4 {A%moﬂ(m) I B§7O°a(”*e2’2)} ’
@2M2a(naz) = [Ag"a(m?) + Bgoa(n+€171):| 4 [Agooa(n,z) + Bgooﬂ(nw%l)}

i |:A%80°/a(n,2) i B%Sooﬂ(n,l)} 4 [A%moﬂ(nz) I B%moa(meﬁeg@)} 7

where M, = diag{m,/(pls), m/(pls), J/(psl®)} and @ = wl/\/E/p. Applying quasi-periodicity,
ulntmss) — ik Tmy (n.K) e obtain

@2M1a(n,1) _ [A?O I Aglaoo I Aésoo 4 A%mo} amD
4 {B?o 4 efi(lklflkg)B%O" i ef2ille§70° T efi(llirlkg)B%?O"} a2,
@2M2a(n72) _ [A‘;“ I Agoo n A%SOO 4 A%mo} a2
n {62111413(2)0 I efi(lk1+lk2)B§O° n Bfmo 4 ei(lkrsz)B%mO} ol
Setting M = diag{ M1, M5} we obtain the equation
o(k)a™ = > Ma™,

where the diagonal blocks of the 6 x 6 matrix o(k) are given by

[ c1 4+ co+di +do 0 %(dg—dl)
Ull(k‘) = 0 c1+ca+dy+do g(dl - dg) ,
5(do — dy) 5(dy — do) 2(d1 + do)
[ c1+co+di+do 0 %(dl—dz)_
(TQQ(]C) = 0 c1+co+dy+do g(dQ—dl) ,
L(dy — dy) Ydy—di)  2(di +do)
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and the off-diagonal elements are given by

[12(k)]11 = — ¢1 — cpeBFl — dyelthri=kal) _ g cilkri+kal)
[o12(k)]13 = — %dlei(kll—kgl) 4 %d2€i(kll+k2l)’

[o12(k)]22 = — clei(kll—kzl) _ Czei(kll—&-kgl) —dy — d262ik1z7
[o12(k)]23 = 1d1 - 1d262ik1l,

2 2

1 . 1 )
[o12(k)]31 = §d1e‘(’“l*k2” - §d261(kll+kzl)7
1 1 .
[012(k)]32 = — §d1 + §d2621k117

1 . 1 . .
[o12(k)]33 = 6d1(1 + llkl=kal)y 4 gdz(ezll’“l + llki=kal)y,

Note that 0'21(]{1) = 012(/?)*.
In the main text, all variables are considered non-dimensionalized and the bars used in this
Appendix to denote such variables have been omitted.
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