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ABSTRACT

Disorder in periodic structures is known to cause spatial localization of normal
modes and attenuation of waves in all frequency bands. This thesis uses a traveling
wave perspective to investigate these effects on one-dimensional periodic structures of
interest to the engineer. Relevant work in the fields of solid state physics, mathemat-
ics and engineering is reviewed. A transfer matrix formalism including wave transfer
matrices is used to model disordered periodic structures. A limit theorem of Fursten-
berg for products of random matrices is exploited to calculate localization effects as
a function of frequency. The approach presented is applicable to virtually any disor-
dered periodic system carrying a single pair of waves. Localization is studied on three
disordered periodic systems using both theoretical calculations and Monte Carlo simu-
lations. Localization is found to be quite pronounced at frequencies near the stopbands
of the perfectly periodic counterparts. The problem of localization in one-dimensional
systems carrying a multiplicity of wave types is examined using the theorem of Os-
eledets on products of random matrices. A new result is presented - the multiwave
localization factor as a function of the transmission properties of the system.

Thesis Supervisor: Dr. Andreas H. von Flotow
Title: Assistant Professor of Aeronautics and Astronautics
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Nomenclature

a element of Cayley matrix

A cross-sectional area of rod

2 amplitude of left traveling wave

b element of Cayley matrix

E amplitude of right traveling wave

C Ca,%ley matrix

Cc¥ éémplex Euclidean vector space of dimension 2d
-

diag{*} diagonal matrix

E Young’s modulus

H (superscript) hermitian transpose
H nondimensional transfer function
) 12 =1

I area moment of inertia

k wave number

k, spring constant

k,, k, nondimensional spring constant

l length of a bay

N} nondimensional length of a bay
m; random mass of jth bay
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m average mass, mass of perfectly periodic structure

n number of bays

N; nondimensional internal force, jth point

o(x) terms of order greater than the argument

p(*) probability density function of the indicated argument
T reflection coefficient of jth bay

r reflection matrix of a bay

by reflection matrix of a bay

R%d real Euclidean vector space

sup supremum

t; transmission coefficient of jth bay

t transmission matrix of a bay

t transmission matrix of a bay

tr trace of a matrix

T (superscript) matrix transpose

T transfer matrix

T; random transfer matrix, jth bay

T(a) transfer matrix, function of random variable a

u; displacement of jth mass

17,- nondimensional longitudinal displacement, jth point
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w.p. 1

NI

Vi

AP

Mj, By

Pn

with probability one

wave transfer matrix, jth bay

a real state vector

normalized real state vector or direction of state vector
eigenvector matrix

a complex state vector

normalized complex state vector

random variable or vector

localization factor

jth Lyapunov exponent

eigenvalue

p-form operator

nondimensional jth mass

reflection matrix of n bays or mass density per unit volume
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singular value of a matrix

variance of random variable or vector o
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w nondimensional radian frequency

* (superscript) complex conjugate
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l<a> evaluate at < a >.
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C subset of

€ an element of
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Chapter 1

Introduction

1.1 Introduction to Localization

This thesis describes some of the dynamic consequences of disorder in what are
normally spatially periodic structures. Periodic structures are frequently encountered
in many fields of engineering and physics. Periodic electromagnetic waveguides, crys-

talline structures and periodic truss structures are some examples that come to mind.

The periodic structures examined here are systems having repetitive bays along
one linear dimension. Those of interest to the structural dynamicist include beams on
evenly spaced supports, the skin-stringer panels found in airplane fuselages and truss

beams that will form the support structure of the space station. See Figure 1.1.

The dynamics of perfectly periodic systems have special characteristics. Most no-
tably they are characterized by frequency bands that alternately pass and stop traveling
waves (assuming no damping) with the natural frequencies of the structure lying within
the passbands. See Figure 1.2 In addition, the normal mode shapes of periodic struc-

tures are themselves peljiodic.. See Figure 1.3.
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Figure 1.1: Periodic truss stucture along the length of the space station from {Covault

86]

Figure 1.2: Alternating pass and stopbands of a perfectly periodic structure. The

attenuation coefficient, «, represents the decay per bay

17
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Figure 1.3: Mode of a perfectly periodic structure from [Hodges and Woodhouse 83]

Because of manufacturing or assembly defects, no structure will be perfectly peri-
odic. Disorder can occur in the length of bays and in the material and mass properfies
of the structure. The disorder is assumed to be distributed among all the bays and not
confined to just a few. Recently, [Hodges 82,Hodges and Woodhouse 83] demonstrated
with simple examples that this disorder in periodicity can have some amazing conse-
quences. Disruption in the periodicity will lead to attenuation of waves in all frequency
bands independent of any dissipation in the system! See Figure 1.4 This is a result of
the multiple scattering effects from the randomized bays. Equivalently, each normal
mode, whose amplitude is periodic along the length of a perfectly periodic structure,

will have its amplitude spatially localized in the disordered counterpart. See Figure
1.5.

This localized behavior of the mode shapes, or equivalently the attenuation of all

the traveling waves, means that energy injected into one end of a disordered structure

18



Figure 1.4: Attenuation in all frequency bands of a disordered periodic structure

Figure 1.5: Mode of a disordered periodic structure from [Dean and Bacon 63|

19



will not be able to propagate arbitrarily far, but will be confined to the region near
the input. Because such behavior can impact disturbance propagation in and control
of structures, as well as complicate schemes to identify the dynamic characteristics of

a system, engineers should be aware of the localization phenomenon.

/
/;f A simple example from [Hodges 82] will intuitively illustrate the localization phe-

" nomenon. Consider an infinite chain of equivalent pendula with nearest neighbors
connected by identical springs. This is an example of a perfectly periodic structure
and so its mode shapes will be periodic. Now consider disordering this system by re-
placing each pendulum by one with a random length. In this way the natural frequency
of each pendulum is random, and so we no longer have a perfectly periodic system.
First assume that the spring constant between each pendulum is zero, so that each
pendulum vibrates independently. This is a trivial example of mode localization. Now
consider adding a tiny amount of the same spring constant between each pendulum.
In this case each pendulum will vibrate at a frequency different from its neighbor, and,
with the spring stiffness being so small, its amplitude will not couple significantly with
its neighbor. Indeed, if there is only a small probability of encountering within a short
distance a pendulum with the same natural frequency as the one under consideration,

we can understand how the vibrational amplitude of this pendulum will be localized.

Though the appellation “localization” comes from the fact that normal modes are
spatially localized, we will be studying the phenomenon from a traveling wave per-
spective. Very few analytical results are available dealing directly with normal modes
in disordered systems. Our approach is consistent with that in the field of solid state

physics, where the phenomenon was originally discovered.

The localization phenomenon makes for a particularly attractive field of study. From
the perspective of structural dynamics this is true because it seems to manifest itself
as a damping mechanism even though vanishingly small damping may be present. The

study of localization is frequently referred to as one of great mathematical richness

20



and subtlety and this has made for a challenging course of research, especially as we
have made use of the mathematics for products of random matrices. The fact that
the localization phenomenon has been studied for many years by solid state physicists
allows us to borrow the insights and avoid the mistakes from their analogous work.
In addition, any new results generated by this research have immediate applicabil-
ity to virtually any disordered periodic system, even outside the structural dynam-
ics field. Finally, connections between localization theory and the rapidly developing
fields of fractals [Rubin 84|, chaos [Ikeda and Matsumoto 86] and superconductivity

[Lee and Ramakrishnan 85] have been noted.

1.2 History of Localization Studies

The study of the localization phenomenon has a colorful history spanning three
decades, with major contributions from researchers in the United States, United King-
dom, Japan, France and the Soviet Union in the fields of solid state physics, mathe-
matics and only lately in engineering. In this section we review some of that history in

order that we can place the contribution of this thesis in proper context.

1.2.1 Solid State Physics, Mathematics and the Localization

Phenomenon

Two notable papers in the 1950’s [Dyson 53,Schmidt 57| explored the effects of
disorder on the eigenvalues of an infinite mass-spring chain in one linear dimension.
Though they did not examine the effects of disorder on the eigenvectors or on v;rave
propagation, some of their results help explain the mathematics of wave transmission

in such randomized systems.
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/ The scientist to first describe eigenstate localization was solid state physicist Philip
W. Anderson, whose 1958 paper [Anderson 58] showed that an electron in a three-
dimensional disordered lattice of infinite extent had a finite probability of not being
transported from its original site as time tended to infinity. In honor of his original
contribution, the phenomenon is sometinies called Anderson localiza.tion.i Localization
was at first not well understood or even believed by many people. But through the
efforts of researchers like [Mott and Twose 61] it gained acceptance in the solid state
physics community. Meanwhile [Borland 63] examined the one-dimensional localiza-
tion problem from a nonrigorous probabilistic perspective and [Dean and Bacon 63]
did numerical simulations of disordered mass-spring chains of finite length showing
that eigenmode localization was much more pronounced at high frequency than at
low frequency. The solid state physics literature on localization has become quite ex-
tensive over the years and much of it is not relevant to this thesis. The reader is
referred to [Ziman 79,Erdés and Herndon 82,Lee and Ramakrishnan 85] for extensive
bibliographies relevant to that field. The remainder of this review will encompass those

physics, mathematics and engineering papers that have had some impact on the thesis.

The pioneering work of [Furstenberg 63] on products of random matrices has pro-
vided rigorous results that have immediate applicability to the one-dimensional local-
ization problem. This is so because each bay of a disordered periodic structure can
be modeled with a random transfer matrix, and, as a result, the entire structure can
be modeled with a product of random matrices. The researchers [McCoy and Wu 68)
were apparently the first to recognize the importance of Furstenberg’s therorem to
disordered physical systems when they studied random Ising models of ferromagnetic
systems. However, [Matsuda and Ishii 70] and [Ishii 73] were the first to bring Fursten-
berg’s work to bear on the localization problem. They carefully related Furstenberg’s
results to eigenmode localization and wave propagation in disordered chains and some

simple quantum mechanical models.
In [Oseledets 68] a Russian mathematician proved a multiplicative ergodic theorem

22



that has enhanced our understanding of the asymptotic behavior of products of random
matrices. This theorem has important applications to the study of the localization phe-
nonmenon in systems carrying a multiplicity of wave types at a given frequency. Lately,
[Pichard and Sarma 81-1], [Pichard and Sarma 81-2] and [Pichard and André 86] have
examined localization in solid state multiwave systems. In analyzing these systems they
have exploited the work of Oseledets on products of random matrices. Mathematicians
have taken renewed interest in the theory of products of random matrices as indicated

by two recent publications, [Bougerol and Lacroix 85,AMS 86].

The work of [Herbert and Jones 71,Thouless 72| provides another perspective as far
as the calculation of localization effects are concerned. They derived a formula for the
localization factor (defined below) which is a function of the spectrum of the disordered

system. Their approach is nearly as rigorous as that using products of random matrices.

In 1977 when Anderson and Mott (and Van Vleck) were awarded the Nobel Prize
in physics, they were cited in part for their work on localization. In his speech in

Stockholm, Anderson [Anderson 78] made the following comment:

Localization ...has yet to receive adequate mathematical treatment, and
one has to resort to the indignity of numerical simulations to settle even

the simplest questions about it.

While it is still true that we must use numerical simulations to confirm our analytical
insights about localization, we will argue in this thesis that mathematical tools are
available which allow us to answer some very important questions about localization

in one-dimensional systems.

Despite a Nobel Prize, [Czycholl and Kramer 79| raised serious questions with their
numerical work about even the existence of localization in one-dimensional systems.

This prompted [Anderson et al 80] to do some fundamental work on the localization

23



problem in one dimension. They derived what they called a scaling variable for one-
dimensional disordered systems carrying a single pair of waves. This variable, involving
In |¢|' where ¢ is the transmission coefficient for a bay, was argued to be the statisti-
cally meaningful quantity to average when examining one-dimensional random sys-
tems. They also argued that the variable satisfied a central limit theorem. Earlier
[O’Connor 75] had made an important contribution toward establishing a central limit
theorem for disordered periodic systems. Subsequently [Abrahams and Stephen 80|,
[Andereck and Abrahams 80] and [Stone 83] provided numerical evidence to support
the central limit theorem ideas of [Anderson et al 80]. Apparently [Le Page 82] has

provided the definitive mathematical work supporting a central limit theorem con-
J
) - -~

tention.
L
1.2.2 St\ructural Dynamic and Acoustical Applications of Lo-

calization Theory

Solid state physicist C. H. Hodges [Hodges 82| was the first to recognize the rele-
vance of localization theory to disordered periodic systems of interest to the structural
dynamicist. He used wave arguments to calculate localization effects at high frequency
for a beam on randomly spaced supports. His work raised the possibility that disorder
could have a dramatic impact on the dynamics of what are normally spatially periodic
structures. Unfortunately, his analysis provided little indication of how localization ef-
fects varied with frequency, and his techniques were not applicable to a broad range of
periodic structures. Both the insights and shortcomings of his work motivated research

leading to this thesis.

1The precise scaling variable they used was In mlf, which is simply —21In |t|. They use the term scaling
variable in the sense that the mean value of the variable for two bays is the sum of the mean values of
the variable for each bay individually. Also the variance of this variable scales at least according to a

weak law of large numbers.
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In a later paper [Hodges and Woodhouse 83] attempted to apply the work of
[Herbert and Jones 71,Thouless 72] to estimate localization effects in two passbands
for a taut wire with unevenly spaced masses. They also conducted an experiment on

the wire-mass system which qualitatively confirmed the localization effects.

More recently [Bendiksen 86,Bendiksen and Valero 87,Cornwell and Bendiksen 87]
have examined mode localization in closed disordered periodic structures, like compres-
sor rotors and dish antennas. These closed systems are not mathematically equivalent
to the linear one-dimensional structures under consideration here. [Pierre et al 86] and
[Pierre 87,Pierre and Dowell 87] have also examined localization, but only with the aid
of deterministically disordered systems with as few as three bays. None of the engi-
neering papers so far provided analytical calculations for localization effects over any
significant frequency range. This thesis and [Kissel 87] are the first publications to
calculate frequency dependent localization factors for disordered periodic systems of

interest to the structural dynamicist.

The most rigorous examination of localization in an acoustical setting has been that
by [Baluni and Willemsen 85]. They effectively used Furstenberg’s work to calculate
frequency dependent localization effects; however, their application was for layers of
sandstone and shale with random thicknesses. The paper [Sheng et al 86] also examined

localization with geophysical applications in mind.

Recently, more solid state physicists [Anderson 85,Flesia et al 87] have recognized
that localization manifests itself in acoustical and optical systems. They append the
term “classical localization” to the phenomenon when it occurs outside the context of

quantum mechanics.

25



=S

1.3 Goals, Approach and Contribution of Thesis

The ultimate goal of this research is to provide the analyst and experimentalist with
the tools to decide (given some engineering judgement of the disorder) how significant
the dynamic effects of disorder will be on a periodic structure as a function of frequency
and the properties of the structure. This thesis is a major step toward the goal of pro-
viding tools to rigorously examine the localization phenomenon in one-dimensional dis-
ordered periodic structures. We present the tools for mono-coupled disordered periodic
structures (structures in which one bay is connected to its neighboring bays through
one coupling coordinate) to calculate, analytically and numerically, localization effects
over a wide frequency range at moderate levels of disorder. In addition, an important

new tool is presented here to guide localization work on multiwave systems.

The approach of the thesis is probabilistic, as opposed to the deterministic analysis
of [Bansal 80,Pierre and Dowell 87]. The methods of probability theory allow us to
model our uncertainty in a way that yields meaningful answers. This is particularly
true when we make use of theory on products of random matrices, which puts us on a

firm mathematical footing.

What had the most profound impact on the direction of the research was the obser-
vation of confusion about localization in the late 1970’s in one-dimensioné.l disordered
systems. In this instance the confusion could have been avoided had more researchers
availed themselves of the appropriate mathematical tools. The very important obser-
vation about the In |t| being the key statistical variable in the study of localization can
be easily deduced in a few algebraic steps by making use of wave transfer matrices and

Furstenberg’s theorem. This is explained in Chapter 3.

It is the philosophy of this thesis that the transfer matrix formalism accompanied
by the appropriate theories on products of random matrices can lead to a better under-

standing of the localization phenomenon. This philosophy has been needlessly neglected
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in most of the theoretical localization literature to date. The reason that theorems on
products of random matrices have generally received scant attention from physicists
working on localization is that they have relied on their own heuristic techniques, and
that they have been more interested in two- and three-dimensional systems, which

cannot be as easily handled with transfer matrices.

The first principal contribution of the thesis is the explanation of how random trans-
fer matrix techniques can be used to model disordered systems, deduce transmission
properties and calculate localization effects. This includes a discussion of the impor-
tant transformation to wave transfer matrix form and the relevance of the theorems of

Furstenberg and Oseledets to the one-dimensional localization problem.

The second principal contribution is the calculation of localization effects as a func-
tion of frequency for three disordered periodic models of interest to the structural
dynamicist. In most instances the localization effects are found to be strongest at fre-
quencies near the stopbands of the normally perfectly periodic structures. Localization

effects are also pronounced when the length of a bay is disordered.

The third principal contribution is the derivation of the localization factor for mul-
tiwave one-dimensional systems as a function of the transmission matrix. This at last
allows a rigorous treatment of localization in multiwave systems. Because transfer
matrix methods can be used to model almost any disordered periodic system in one
dimension, including systems of interest to the solid state physicist, the results here

will be of interest outside the engineering field as well.

In addition to these principal contributions, we will note in the body of the thesis in-

stances where previously published results are extended and where mistaken approaches

and conclusions exist in the literature.
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1.4 Preview of Thesis

Before studying the effects of disorder on periodic structures, Chapter 2 presents
a brief discussion of the modeling and dynamics of perfectly periodic structures. Here
the transfer matrix formalism is introduced and the important passband and stopband
property is discussed. The modeling of disordered periodic structures is next presented

and the very important wave transfer form of the transfer matrix is introduced.

This serves as a prelude to Chapter 3 in which we discuss Furstenberg’s theorem
on products of random matrices. This is the tool used to study localization for mono-
coupled periodic structures. With Furstenberg’s theorem in hand, we are able to deduce
the asymptotic behavior of the transmission coefficient, 7,, of the n bay disordered
periodic structure. We will show that the wave intensity, |7,|, decays as e~™, where
< is the localization factor. We are also able, using the same theorem, to estimate
the localization factor as a function of the level of disorder, frequency and physical

properties of the system.

This theory is demonstrated on three examples in Chapter 4. The first and sim-
plest example is a linear chain of springs and masses. Initially only the masses are
disordered and then only the springs, followed by masses and springs disordered si-
multaneously. All calculations are confirmed by Monte Carlo simulations. Similarly,
a rod with attached resonators is studied. First the masses, springs and lengths are
disordered individually, after which all three variables are disordered. The last mono-

coupled example is a Bernoulli-Euler beam on simple supports with random lengths

between the supports.

Most real structures carry more than a single pair of wave types at a given fre-
quency, so localization in these multiwave systems should be investigated. Unfortu-
nately, Furstenberg’s theorem will be of little use for investigating localization effects

in multiwave structures; however, the theorem of Oseledets is precisely suited to mul-
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tiwave analysis. In Chapter 5, after discussing Oseledets’ theorem, we present a new
result — the localization factor for multiwave systems in terms of the transmission ma-
trix, 7. The significance of the result is discussed, and an analytical technique for

calculating the localization factor for multiwave systems is suggested.
Concluding remarks and suggestions for future research are made in Chapter 6.

Several appendices are included and are referred to frequently in the body of the the-
sis. Appendix A discusses some definitions and properties from matrix theory and group
theory used in the thesis. The derivation of the wave transfer matrix for mono-coupled
systems is discussed in Appendix B. In Appendix C the modeling of a mass-spring
chaiﬁ, a rod with attached resonators and a beam on simple supports is discussed,
both when they are periodic and when they are disordered. A simple method to calcu-
late localization factors, not depending on theories for products of random matrices, is
discussed in Appendix D. In the final appendix, Appendix E, we examine some prop-
erties of scattering and wave transfer matrices that will be useful in Chapter 5. The

reader should at least scan these appendices before proceeding with the rest of the

thesis.
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Chapter 2

Transfer Matrix Models of Periodic

and Ijisordered Periodic Structures

e

2.1 Introduction

In this chapter we will describe the nature of periodic structures of interest in the
thesis and show how transfer matrices are used to model these structures. Some of
the properties of periodic structures are mentioned, including the important passband
and stopband characteristic. The modeling of disordered periodic structures via a
product of random transfer matrices is then discussed, along with the very iinportant

transformation of these matrices to wave transfer form.
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2.2 Perfectly Periodic Structures

2.2.1 One-Dimensional Periodic Structures

In Chapter 1 we described the kinds of periodic structures of interest in the thesis as
those with repetitive bays in one linear dimension. These identical bays are connected in
identical ways to form what is intended to be a perfectly periodic structure. Because we
are looking at structures in a linear dimension, our discussion excludes closed periodic
structures like a compressor rotor or a dish antenna which can be modeled as one-
dimensional periodic structures [Bendiksen 86]. We will not be examining periodic
structures in two or three dimensions as they are much more difficult to model with
transfer matrices, and, in addition, the localization effects are understood to be much

less pronounced in these higher dimensions than in the one-dimensional case.

2.2.2 Modeling of Perfectly Periodic Structures

The key modeling tool used throughout the thesis is the transfer matrix. Each
bay of the periodic structure is modeled with a linear transformation, T, which relates
a state vector of one cross-section to the state vector of the succeeding cross-section,
namely:

X5 = Tx,--l

This is a difference equation, where the matrix T can be thought of as a spatial state
transition matrix evaluated between the points 5 and 7 — 1. One transfer matrix is
associated with each bay in the structure. The state vector may consist of generalized
displacements and forces, for example, or it might consist of the generalized displace-
ments of neighboring bays. The transfer matrix can be found by manipulating the
dynamic equations of motion of a bay, ‘ggfs_iwbly dgrived with the finite element method.

The derivation of transfer matrices is discussed at length in '[P'est.el and Leckie 63]. The
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formulation of the transfer matrix assumes a sinusoidal time dependence (¢**) in the
equations of motion. No damping® is included in the models so that the effects of

disorder can later be highlighted.

The transfer matrix will always be of even dimension, as will the state vector. For
most of the thesis we will confine our discussion to bays modeled with 2 x 2 transfer
matrices, which in turn means each state vector is 2 x 1. These structures are called
mono-coupled periodic structures because each bay is connected to its neighboring bays
through one coupling coordinate. Mono-coupled periodic structures carry only a single

pair of waves.

Because each bay is identical, the state vector after n bays is simply related

[Faulkner and Hong 85] to the state vector at the beginning by

n.

xn = T"%

Because we are raising a transfer matrix to the nth power, we need only examine the

transfer matrix T to understand the dynamic properties of the periodic structure.

The three transfer matrices describing the three example periodic structures in this
thesis can be found in Appendix C. These structures comprise a chain of springs and
masses, a rod in longitudinal compression with attached resonators and a Bernoulli-

Euler beam on simple supports.

2.2.3 Properties of Perfectly Periodic Structures

To appreciate the consequences of disorder in periodic structures we must first ex-
amine the modal and wave properties of periodic structures without disorder. There

is extensive literature on perfectly periodic systems and the reader is referred to

1The analogous assumption in the solid state localization problem is to neglect inelastic scattering

mechanisms.
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[Brillouin 46,Miles 56,Mead 70,Cremer et al 73,Mead 75-1,Elachi 76,Engels 80] and
[Faulkner and Hong 85,Mead 86]. The literature specifically examining periodic sys-
tems carrying a multiplicity of wave types is much less abundant, [Mead 73], [Mead 75-2],
[Signorelli 87], [Bernelli et al 87]. The properties we are examining below are for struc-

tures with transfer matrices of dimension 2 x 2.

In a periodic structure the vibrational mode shapes are themselves periodic, i.e.,
have amplitude equally strong along any section of the structure. As we will see shortly,
the natural frequencies at which these modes vibrate tend to occur in clumps along the

frequency axis.

Dual to the modal properties of the structure are the wave properties. Two types
of waves, traveling waves and attenuating waves, occur in alternating frequency bands
known as passbands and stopbands, respectively. In the passbands waves travel accord-
ing to e***, where k is the real wave number and the positive sign indicates negative-

A
spatial frequency which refers to the phase difference of motions in adjacent bays. Here

going waves and the negative sign positive-going waves. The wave number k = 2Z is a

A is the wavelength and k varies in magnitude from O to 7 or some multiple thereof. In
the stopbands, waves propagate according to e** or e*(2+%), The real exponent o im-
plies nontraveling or attenuating waves. The a + 7 exponent implies adjacent bays vi-
brating out of phase with each other, in addition to wave attenuation. Both k and « are
functions of frequency. Only in the passbands of the perfectly periodic mono-coupled
structure can energy be transmitted along the structure [Mead 75-1]. Another type of
wave - a complex traveling wave - can occur, but only for systems modeled by transfer

matrices of dimension 4 X 4 or greater [Mead 75-2,Signorelli 87,Bernelli et al 87].

The frequency ranges of passbands for mono-coupled periodic structures can be
found by determining those frequencies at which the eigenvalues of its transfer matrix

are complex, e¥**. By examining the characteristic equation of the 2 X 2 transfer matrix

T, where det(T) = 1 because we have assumed no damping, we readily deduce that
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passbands occur at frequencies where |tr(T)| < 2. Otherwise, the eigenvalues are real,

+a+tir

e or e , and we are in a stopband.

This passband and stopband property is characteristic of any periodic system,
whether it be an electrical network, a periodic truss structure, a layered acoustic
medium or a periodic potential along which electrons might propagate. It is important
to remember that in the frequency ranges of the passbands of the perfectly periodic

system there is perfect transmission of waves and energy.

The connection between the wave description and modal description for a finite
structure is formally made with the phase closure principle [Cremer et al 73,Mead 75-1]
and [Signorelli 87]. This principle says that at a natural frequency, the total phase
change of a wave as it travels backwards and forwards once through the entire structure,
including the phase changes at the boundaries, is an integral multiple of 2r. The
connection between this wave description of a periodic system and a modal description
becomes more apparent by noting that the natural frequencies of the periodic structure
lie within the passbands. For a periodic structure of infinite extent an infinite number
of natural frequencies lie densely in each passband. For an n bay periodic structure,
n natural frequencies lie within each passband. (This result is strictly true only when
each bay can be' modeled as having symmetry of mass and stiffness about its midpoint.

If the bay is unsymmetric, one frequency will occur in the stopband [Mead 75-1)).

Another property of mono-coupled periodic systems to note is the order in which
the passbands and stopbands occur. For periodic systems connected to the ground, a
stopband will occur first as a function of frequency followed by a passband after which
the pattern is repeated. This makes sense because clearly the low frequency motion
is constrained by the connection to the ground. For periodic systems not connected

to the ground, this pattern is reversed, with a passband occurring first followed by a

stopband and so on.
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No real structure will have an infinite number of bays, but frequently a structure
with a finite number of bays can mimic quite well the properties of an infinite structure,
especially if it is long. But surprisingly, [Roy and Plunkett 86] note good agreement
between passband/stopband properties of a theoretically infinite dissipationless beam

with attached cantilevers and their experimental results for such a system with only 15

cantilevers.

2.3 Disordered Periodic Structures

Now that we have described the kinds of periodic structures of interest, and some

properties they possess, we turn our attention to disordered periodic structures.

2.3.1 Nature of the Disorder

The term disorder refers to each bay of the structure having one or more of its
properties departing in a random fashion from the average. We assume here that the
disorder is distributed equally among all the bays and not scattered in a few. (In some
literature [Toda 66] the term localization refers to the effect of disordering two well
separated bays out of an otherwise perfectly periodic system. We are taking a more
general definition of localization which encompasses a finite to an infinite number of
disordered bays without any intervening perfectly periodic section of bays.) With this
kind of disorder, the properties of the bay being disordered, whether masses, springs or
lengths, can be modeled as independent identically distributed random variables. Note
here that we do not model continuously disordered systems like a turbulent atmosphere
[Wenzel 83| or a beam with mass that is a random function of length [Howe 72]. Rather,

our disorder is discrete in that it occurs from bay to bay.

When several variables of a bay are disordered we assume that the random variables
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are mutually independent. Because the randomness for any variable will not be con-
sidered too large, we will make use of “narrow” uniform probability density functions
from which to draw the random variables. This is also in conformity with the practice

in the solid state localization literature.

2.3.2 Modeling of Disordered Periodic Structures

For the disordered periodic structure we will continue to use the transfer matrix
formalism established in Section 2.2.2. For each bay now the transfer matrix, T;, is
simply a function of one or more random variables, T;(a;,...,0,). See Appendix C
for the random transfer matrices of our three periodic structures. Because the random
variables a.ré 1ndependent and identically distributed, so also are the random transfer

madtrices.

The disordered periodic structure with n bays cannot be modeled as T", but is

modeled as a product of random transfer matrices:

n
1'[ Tj=Tn- Ty
_7-1
\\ . St U
This is the key modeling assumption of the entire thesis. We will examine one important

asymptotic property of products of random matrices and deduce from that the nature

of the localization phenomenon.

2.3.2.1 Wave Transfer Matrix R TIa TS

PO
e

/7 LA

Because strong wave attenuation already occurs in the stopbands, our focus is on the
effects of disorder in the passbands of the normally perfectly periodic structure. Unlike
the case for the perfectly periodic structure, we cannot simultaneously diagonalize each

T; with the same eigenvector similarity transformation. However, we can transform
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each random transfer matrix, T;, forming the product into a wave transfer matriz, W;

seen in the following equation (see Appendix B):

- 1 i —
Aj i Aj-1
— 3 i (2.1)
— :;— 1 —
BJ T E Bj—l

where 4 is the amplitude of the left traveling wave and B is the amplitude of the right

traveling wave.

This is a wave transfer matrix for one random bay inserted in the middle of an
otherwise perfectly periodic structure carrying a pair of traveling waves. The wave
amplitudes in Equation 2.1 are those supported by the periodic system surrounding
the disordered bay. The transmission coefficient, ¢;, is the complex amplitude of a wave
emerging from the right of this random bay when a wave of amplitude 1 is incident at
the left. The reflection coefficient, r;, is the complex amplitude of the reflected wave
when a wave of amplitude 1 is incident from the left. Physically, |t;|* represents the
ratio of transmitted energy to incident energy, and |r;|? the ratio of reflected energy to

incident energy. Energy conservation implies that |¢;|2 + |r;|? = 1.

Some readers may be more familiar with r; and ¢; appearing in a scattering matriz.

The scattering matrix corresponding to Equation 2.1 appears in the following equation:

Z,'—i _ | t; 35—1
B; tj T 4;
The scattering matrix relates wave amplitudes leaving a bay (which are on the left of
the equation) to those entering the bay (which premultiply the scattering matrix). The
disadvantage in using the scattering matrix to analyze a disordered periodic system is
that it is not a transfer matrix. This means that the scattering matrix for two or more
bays cannot be realized by simple multiplication of the respective scattering matrices.

The scattering matrix for two or more bays is realized through a complicated “star

product” described in [Redheffer 61].
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We will use the wave transfer matrix precisely because it is a transfer matrix and
because it allows us to model disordered periodic structures by pure matrix multipli-

cation. So the wave transfer matrix for the n disordered bays is:

n 1 —£&n
- T 7,

H Wj —_ n. n
iy - L
Ta T

where 7,, is the transmission coefficient of the n bay disordered system, and p, is
the reflection coefficient of the n bay disordered system. Here |r,|? is the ratio of

transmitted energy to incident energy for the disordered structure.

2.3.2.2 Properties of the Wave Transfer Matrix

The wave transfer matrix has some special properties that will be exploited to
simplify our analysis of the localization phenomenon. First, because we will always use
transfer matrices of determinant one to model our disordered bays (this is true pgpause
no dissipation is included in the models), the corresponding wave transfer matrix vﬁll
have unit determina.nt. Thus the wave transfer matrix is an element of (see Appendix

A) SU(1,1) and Sp(1,C).

Recall that the original transfer matrix, T, was real and of unit determinant, and
so was an element of the group SL(2, R). What has happened in going from T to W
is that we have taken advantage of an isomorphism between SL(2, R) and SU(1,1).
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Chapter 3

Furstenberg’s Theorem and
Calculation of Localization Factors
for Mono-Coupled Disordered

Periodic Structures

3.1 Introduction

As has been discussed earlier, disordered periodic structures can be modeled via a
product of random transfer matrices. In this section we will exploit the mathematical
theory of products of random matrices to reveal an important transmission property of
disordered periodic systems. It is precisely this transmission property that we associate
with the localization phenomenon. In the chapter we will formally state Furstenbérg’s
theorem, then restate it in more familiar terms. We then relate the localization factor
to the transmission coefficient of the long disordered system, after which we will find

an approximate analytical expression to calculate the localization factor.
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3.2 Furstenberg’s Theorem

A rigorous statement about the properties of a product of a finite number of random
matrices is difficult to make; however, we can come to some rigorous conclusions on
properties when the number of matrices in the product becomes very large. We will
focus on one property that was originally proved in [Furstenberg 63] and which we
specialize to 2 X 2 matrices. One formal statement of this limiting behavior of products

of random matrices is as follows:

Theorem 1 (Furstenberg’s Theorem, original form) Let T;,T;,..., T, be inde-
pendent tdentically distributed 2 X 2 random matrices with distribution u. Let G be the
smallest closed subgroup of SL(2,R) containing the support of u. If G 1s a noncompact
subgroup of SL(2, R) such that no subgroup of G of finite indez is srreducible and if

E[maz(In||T;||,0)] < +o0
then there ezists v > 0 such that for each xo # 0
.1
Jim —In|Tp-- Trxol| =7 w.p.1

and

.1
Jim - In||Tp--Tyll=9 wp.l

and if v is a p-invariant distribution on P(R?)(P(R?) is the projective space of R?,
namely half of the unit circle), then

7= [[ 1| TR|du(T)dv(x) (3:1)

where X is in P(R?).

The condition of invariance for v is stated mathematically in many ways including:
R Tx ) |
/ 14(R)dv(%) = f [ L (g 4T (%)
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where 1,4(*) is the indicator function; its value is one when the argument lies on A and

0 otherwise.

There is one special direction for the initial vector xo for which the Furstenberg
result will not hold for a given realization of T, --:-T;. Namely if X, is along this
special direction, then

o1
Jim —In || Ty - - Takof| = —v

This is a consequence of the theorem of Oseledets which will be discussed in Chapter 5.

The above theorem can be modified and restated in more familiar terms with just

a few assumptions and some explanation.

As stated in Chapter 2 we are considering our random matrices to be functions
of one or more random variables, where the random variables are drawn from some
probability density function (Dirac delta functions are permissible in our definition of
probability density functions, so probability mass functions are possible in the above).
We exclude Bernoulli random variables (random variables having probability density
functions with mass at only two points) in our transfer matrices because they can result
in the distribution v having neither mass nor density. The distribution for v would
be a so-called continuous singular probability measure. So now probability measures u

and v become p(a) and p(X), respectively.

The subgroup G can now be interpreted as the set of all matrices generated by
the probability density functions of the random variables plus the inverses of those
matrices, plus the identity matrix, plus any products of the above matrices. The
conditions coxicerning noncompactness and irreducibility of G have been shown by
[Matsuda and Ishii 70] to be -equivalent to requiring that G contain two elements in
SL(2,R) with no common eigenvectors. In addition, [Goda 82] has shown that the

Furstenberg result will hold for matrices in GL(2, R) as long as

lim -i—ln(H |det T;]) =0 (3.2)

n—co
i=1
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Finally, the theorem will also hold for matrices with complex entries

[Bougerol and Lacroix 85].

Now that we have clarified some of the conditions under which Furstenberg’s the-
orem holds, let us examine why the Furstenberg result, Equation 3.1, is reasonable.
As the deterministic vector xg is propagated by the random matrices, its direction, X,
begins to take on a probability density of its own. In fact as n — oo, the probability
density of this direction becomes invariant with respect to the probability density for

the random transfer matrices. Specifically, the invariance condition means if

Xn = TnXpn-1

’

then as n —.00
= p(%n) = p(Xn-1)

This conditvi\on of invariance is frequently called the Dyson-Schmidt self-consistency
condition in the solid state physics literature [Ziman 79]. This condition of invariance
does not hold for systems in two or three dimensions or for closed periodic structures in
one dimension [Ziman 79, page 309]. Therefore, as n — oo the two relevant probability
distributions are those for T and X, and the double integral of In | T%|| over these two

distributions seems reasonable.

With these points in mind, we can restate Furstenberg’s theorem as follows:

Theorem 2 (Furstenberg’s Theorem, modified form) Let W;, W,,..., W, be
complez valued, snvertible, independent tdentically distributed 2 X 2 matrices where
W; = Wj(a) is a function of the random vector a with probability density p(a). If at
least two of the random transfer matrices do not have common eigenvectors, and if

. 1. O
Jim ;ln(H |det W;|) =0

i=1

and sf
E[max(In | W/]|,0)] < +oo0
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then there exists 4 > O such that for each zo # 0

lim —1n||W - Wizl = w.p. 1

and
Jm i W W=y wp
where
7= [[ 10| W(e)2|lp(e)derp(z)dz (3.3)

where p(Z) is invariant with respect to the probability density function p(c) for the

random transfer matrices, t.e.

[ 1a@)p(e)dz = [[ 14 ”m";””)p(a)dap(z)dz

where A 1s any arc along the half unit circle.

A number of other properties for products of random matrices can be shown
[Bougerol and Lacroix 85]; however, Furstenberg’s theorem gives the one property which,

as we will see, is relevant to localization in a disordered periodic system.

Furstenberg’s theorem is a law of large of numbers for products of random matrices.
More recently a central limit theorem [Le Page 82,Bougerol and Lacroix 85] has been

proved for products of random matrices. The central limit theorem tells us that

1 di Sbuts
(I [Wa - Wl - n) 22557 N (0,0%)
The conditions on the random matrices are a little more restrictive than the ones for

Furstenberg’s theorem, but determining whether they apply to the transfer matrices

considered here is left for future research.

43



3.3 Localization Factor as a Function of the Trans-

mission Coefficient

Now we will relate the Furstenberg limit theorem for products of random matrices

to a transmission property of disordered periodic systems. From Furstenberg’s theorem

we know
.1
0 =JL1§°;ln Wy W] w.p.1 (3.4)

Recall that a product of n wave transfer matrices is of the form:

n 1 —8n
e n Tn
J.=1'[1 W; o (3.5)
Tn T

To apply Equation 3.4 we first take a matrix norm of Equation 3.5. Here we choose

the maximum singular value (see Appendix A); so a little algebra gives:

e 1 1+‘Pnl
7= lim —In( 7]

)

or
.1 1
v = lim - In(1 + |pn]) - ;lnlr,.l

Knowing that 0 < |p,| < 1, the first term vanishes, and we are left with

N = —,}Lrglo—rlzln |7n] (3.6)

Now we can understand the relevance of 4 to the dynamic properties of a disordered
periodic structure. Asymptotically, Equation 3.6 says that the absolute value of the
transmission coefficient decays exponentially with n, the number of bays. The rate
of decay per bay is governed by 4 which will be called the localization factor. Thus
traveling waves will no longer be propagated perfectly, but will tend to be confined
near their point of origin according to the localization factor 4. This result says that

|7a|? ~ €72, the transmitted energy decays exponentially with n. It has been argued
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[Matsuda and Ishii 70,Pastawski et al 85] that the now spatially localized modes are

governed by an exponential envelope of the form e™".

We observe that In|7,| is a statistically well behaved variable, namely we have
derived an asymptotic relation for it based on a law of large numbers for products
of random matrices. Notice also that we are not taking an expectation of In|7,| to
find ~; the result holds as n — oo. Random variables with this property are called

self-averaging [Pastur 80,van Hemmen 82].

The notion that the In|7,| is statistically well-behaved is further strengthened if
one applies these same manipulations to the central limit theorem for products of
random matrices. Thus using the available mathematical tools, we confirm in just a few
steps the conjecture about the statistical behavior of In |r,| by [Anderson et al 80] and

[Stone et al 81].

3.4 Calculation of Localization Factors via an Ap-

proximation to Furstenberg’s Theorem

In this section we will simplify Equation 3.3 of Furstenberg’s Theorem; this will

lead to an approximation for the localization factor, 4. First recall Equation 3.3

7= [[ 1n|W(e)zl|p(a) dap(z)dz

then without loss of generality we have:

_ 1 e
zZ = —=
\/i e~
i _r
W(C!) = tr' lt
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where for the moment we suppress the dependence of ¢t and r on a. So,
1 -0
1| 55
» 10 —1¢
V2| el
After some complex algebra we find:
1 r _.
IW(e)z] =1 - ;C_MI

Now the equation for ~ is

7= [[ 0]z = £e ™ |p(a)dap(6)ds (3.7)

where p(6)df must satisfy the invariance condition:
/ 14(0)p(8)d6 = / / 14 ﬂ-v—v—%‘—x—;——%gw)p(a)dap(ﬂ)dﬂ (3.8)

Because p(#) can only be found in rare instances [Pincus 80], we will find an ap-
proximation to v by taking a Taylor series expansion about < a >, recalling that o is
a vector, of the terms in Equations 3.7 and 3.8 and retaining terms to first order in oZ.
This approach has been discussed in [Baluni and Willemsen 85]. Let us first recall the

form of the Taylor series expansion for a multivariable function. The first three terms

are:

@) = f@er + =<)L, 4

I=11l=1 801 aa"

We now examine the expansion of In |~ e H ~%2%|, The first term in the expansion

is simply that for the undisordered or perfectly periodic system. Recall that

r——
n,'i by
A
e
| IES—
il
e
o %
(4]
i ©
a
[ SS——

for the perfectly periodic system in the passband. Therefore the first term is:
Inje*| =0
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The second term in the expansion will not be needed because the terms

(e4— < oy >) vanish when integrated over p(c).

Finally, the third term is examined. Because the terms in the random vector are
mutually independent, we know that (oy— < o >)(ei— < o; >) ¢ # | will vanish after

integrating over p(a). We are left with

1.4 9% ln lt(a) ?&;%e—sza'
5;(0&" <o >) EP) l<a>
So ~ to first order in the variance of the o4s is:
1J % In It(l—a) -~ e Pl o
= « 6)do 3.9
2; a,/ oot l<a>p" (6) (3.9)

where we now must find p°(6) which is p(6) to the zeroth order in the variance of a.

To find p°(#) we examine Equation 3.8 where we only look at terms to zeroth order

s 2 .
in 0, namely:

/ 14(6)5°(8)d8 = / [ 1A(%I<a>)p(a)do@ (6)do

e"k 0 1 eiﬂ 1 e‘(k+a)
W(a)Z|<o> = 7= =75
( ) I< > 0 e—’.k \/.:’ et \/i e—i(k+9)

We therefore require p°(f) to satisfy

[ 140)2°(6)d0 = [ 1k + 0)5°(6)d0

Because k can take on any value between 0 and 7, or some multiple thereof, we must

have that p°(6) = %, which is a uniform probability density function.

To further simplify Equation 3.9 we note that

r(a) e—i26 e—i20
In =In|——|+In|l —-r(a)e™
The term In|l — r(a)e“’”| can be expanded in a series, and recalling

e %% = cos 260 — i sin 26, the term vanishes after integrating.
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Therefore we are left with

1, azlnlﬁ-ﬂ \
1= Egaau aalz |<a> + O(oa)

or

13, |t
7 =5 Y0k g |<a> + 0(02) (3.10)
=1 Q
where )

< >

} 1

I .
7 ' <oy >
<oy >

The prime indicates that all but the Ith term is evaluated at the mean value. This
latter result says we can calculate localization effects by disordering one variable at a

time in a transfer matrix.

Notice that the localization factor to first order in the variance is simply a sum
of the localization factors for each variable randomized individually. We suspect that
as the variance of the disordered variables increases the estimate of 4 will be poorer

because we have retained terms only to first order in the variances.

We also note that Furstenberg’s theorem has been shown to be robust to uncertainty
in the probability law of the random transfer matrices The paper [Slud 86] shows that
if the postulated probability measure for the transfer matrices is “close” to the actual

one then the asymptotic behaviors will be arbitrarily close.
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A technique to approximately calculate localization factors without resorting to

theories on products of random matrices is presented in Appendix D.
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Chapter 4

Calculation of Localization Factors
for Three Mono-Coupled

Disordered Periodic Structures

4.1 Introduction

This chapter will illustrate localization calculations for three periodic structures
that can be modeled with 2 x 2 transfer matrices. The results will show dramatically
how localization effects can vary with frequency. The analytical results are compared
to Monte Carlo simulations of these systems. We provide, where possible, a physical

explanation for the observed localization effects.

The first system examined is a chain of spring and masses. This simplest possible
system provides a convenient vehicle to illustrate the calculation of localization effects.
Indeed, this thesis provides the first comprehensive examination of the localization

effects of a disordered mass-spring chain.

50



The second example is a rod in longitudinal compression with attached resonators
which mimics some of the important dynamic behavior of a real truss structure. Unlike
the mass-spring system which has only a single passband, the rod with resonators has
an infinite number of passbands. We examine localization effects over several of these

passbands.

The final example is a Bernoulli-Euler beam on simple supports. When we disor-
der the distances between the supports we will see a very pronounced effect near the

stopbands of the underlying periodic structure.

In our analysis we will consider the random variables, o; disordered +p% from the
average value < ¢; >. A disorder of +p% from the average value < o; > translates into
a uniform probability density function with width of 2252> and height of 2p1<°:,> . The
uniform probability density function will be centered around < a; >. Note that the

variance of any random variable with a uniform probability density function is always

width?
12

4.2 Localization in a Mass-Spring Chain

We will examine at length the localization effects in a chain of springs and masses.
The mass-spring chain is an excellent example to begin our discussion of localization,
not only because of its simplicity, but also because this system and its analogs have been
studied over the years, giving us the opportunity to directly compare our results with
those already published. Even though the mass-spring chain and its equivalents have
received a lot of attention in the literature, amazingly it has not received exhaustive
treatment. For example, in the literature the chain is examined with only the mass
disordered and the localization factor calculated is generally valid over only the first
half of the passband. In this thesis we will study localization in this chain where masses

and springs are disordered and the equation we present for the localization factor will
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be valid over virtually the entire passband.

In the next sections we will first examine the chain with only masses disordered and
present our analytical approximation of the localization factor based on Equation 3.10.
These results will be confirmed by a Monte Carlo simulation. We will also compare this
analytical result with the one usually found in the literature. The localization factor
will be studied for three levels of disorder: masses with a .1%,1% and 10% variation
above or below the nominal value. We will see that the localization factor depends only
on frequency and the level of disorder. Throughout the thesis any such dependencies

are suppressed when writing the localization factor, +.

Next we examine the chain with only springs disordered and show that this disorder
is dual to the mass disorder. Finally both masses and springs are disordered and we

again confirm the analytical results with a Monte Carlo simulation.

4.2.1 Only Masses Disordered

We first examine a chain with disordered masses, which in the physics literature is
identified as isotopic disorder, referring to atomic systems with various isotopes. This
chain with masses disordered has been examined in [Matsuda and Ishii 70,Rubin 84];
its electrical circuit analog was studied in [Akkermans and Maynard 84|, and the solid

state analog in [Stone et al 81] and elsewhere.

The mass-spring model and its transfer matrix are presented in Appendix C.1. We
make use of a nondimensional frequency, @, in the transfer matrix and our analysis :

w

ks
2m

W=

The condition for the existence of a passband (see Chapter 2) tells us that only one
passband exists and occurs for

O<@w<1
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In the passband waves and energy travel with perfect transmission. However when the
system is disordered, the transmission is disrupted; and the resulting disruption in the

passband is what we are examining.

In our analysis we will first consider masses disordered from their average value
on the chain. We make use of nondimensional quantities wherever possible. Here the

nondimensional mass is u;, where

my
pi=_" and m=<mj; >

and m is the mass for the perfectly periodic system. The transfer matrix for one bay of
this chain with a disordered mass is shown in Appendix C.1 and the (1,1) term of that
transfer matrix is tﬁ}f’ Equation C.1, which can be used in Equation 3.10 to calculate
the localization factor, 4,. For this mass-spring system with masses disordered we will
go through the calculation of the localization factor; this will serve as an example of
the steps necessary to do the calculation for any disordered system. Equation 3.10 now

becomes ) L
L 1,8 (nlg50)
T = EU“Tk“P

where = indicates we are neglecting terms of order greater than the variance. From

Appendix C.1.1 we have

1 akgq s
Hu) — ¢ 0
where
§: = 2‘2’2(1 _ ”’i)
I sink
and where

cosk =1 — 2&°

Suppressing the subscript 7, we now have

.1 ,8*In(1+6?)
Tu = ZU"T|<">

Letting




we have the first partial derivative

dln(1+682) 266

ou T 1462
Taking a partial derivative again we have
#?In(1+6%) 268 L2 266"
ou? T (14622 1462 1462

We have to evaluate the above terms at < u >. Note that 6 evaluated at < p > is

zero, so now we have

or
) . 20407

b - Sin2 k
Knowing cosk from above, we can calculate sin® k and so finally for the mass-spring

system in the passband, 0 < @ < 1:

@to?
Lo B
T 2[1 - @?) (4.1)

We observe that the localization factor is a function of the nondimensional frequency
@ and the variance of the nondimensional mass. Clearly the localization effects increase

with frequency and also with the amount of disorder. At low frequency

2

~N

@

2

Vo = (@ — 0) (4.2)

indicating that 4, is proportional to @ at low frequency. The low frequency estimate of
the localization factor for a chain with disordered masses is the one usually seen in the
literature [Matsuda and Ishii 70, but in the following dimensional form(and derived

through much more torturous methods than are used here):

. wio?

Tm = 8k,m

(w—0)

The nondimensional analytical results of Equation 4.1 and Equation 4.2 for masses dis-
ordered +.1% from the average value are plotted in Figure 4.1 with the nondimensional

frequency as the abscissa and log,,(,) as the ordinate.
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The frequency dependence of 4 can now be seen explicitly. Note the rising value of
~ as it approaches the stopband near @ = 1. This makes physical sense, because the
masses are vibrating at higher frequencies as we approach the end of the passband, so
we expect that disorder will have a greater impact than it would for masses vibrating
at lower frequencies. The dashed line represents the nondimensional low frequency esti-
mate of 4,. Clearly it provides an adequate estimate of 4, for about half the passband,
while it grossly underestimates the localization effects at the highest frequencies of the

passband.

As an example, let us consider the effects of localization at @ = .9995, where
7 = .1665 x 1073, This result tells us that on average the transmitted energy, |, |?,
after 1000 bays will be ¢~2:1665x107%1000 — 79 of the incident energy even though no
damping is present. A modal amplitude for a normal mode at that frequency would
be confined to an exponential envelope governed by e~ with v = .1665 x 10~3. The
localization will be less pronounced at lower frequencies, but is nonetheless present.
The attenuation caused by the disorder is unlike that of dissipation. Here localization
prevents the wave from traveling along the structure, unlike the case for a perfectly
periodic system, where the wave would travel without attenuation. Localization tends
to confine the wave near its point of origin, where it is eventually dissipated by the

damping that inevitably exists in all real structures.

Our localization result in Equation 4.2 is one-half the result! presented by
[Chow and Keller 72). In their work they calculated the effects of randomness on the
coherent portion of waves traveling through a random chain. We can reproduce their
results with the aid of Appendix D. If in Appendix D we proceed to find the mean value
of 7, and then take the natural log, instead of averaging In |7,| directly, we will get twice
the result of Equation 4.2. Clearly, they are averaging the wrong variable, 7,,. In ad-

dition to making the statistical arguments about averaging of proper variables, we can

INote that the relevant result in [Chow and Keller 72] has a typographical error on the bottom of
page 1412. It should read Imk(w, €?) = —_;.‘__"‘"::o >
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make the following physical argument to explain their results. By examining only the
coherent or mean wave, as was also done by [Eatwell 83], they really neglect the inco-
herent portion of the wave which can also carry energy. When we average over In |7,| we
are taking into account all the energy transmitted, because by definition |7, is the ratio
of transmitted energy to incident energy. Other authors have pointed out the invalidity

of averaging other quanitities like |r,| [Hodges 82], pn [Baluni and Willemsen 85| and
i—ﬁi‘-‘l:- [Stone et al 81].

The validity of the analytical result should be verified by some numerical simulation.
Specifically, we want to see whether the analytical result is valid for the entire frequency
range of interest and for increasing levels of disorder. The obvious simulation is to
multiply a huge number of random transfer matrices at a given frequency to see if
indeed

.1
7= Jim D lnfl

Because we cannot really take an infinite number of products, we must resort to averag-
ing In |7,| over an ensemble of realizations of the chain. The question arises whether to
use a large number of matrices per ensemble or a large number of ensembles and a few
matrices. Upon examining this issue numerically, we found that we did not even have to
take a product of random matrices to get Monte Carlo results that matched our analyt-
ical results. Rather, averaging In |t;| from an individual matrix over a sufficient number
of realizations (in our case 1001) gave excellent agreement with the analytical results
over large frequency ranges. A similar observation was made by [Pastawski et al 85].
The agreement was good in the sense that the mean value of the Monte Carlo sim-
ulation tracked our analytical results well (as can be seen in the numerous figures),
but also in the sense that the standard error was consistently one to two orders of

magnitude smaller than the mean value.

Recall that in a Monte Carlo simulation [Hammersley and Handscomb 64] the un-
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biased estimator of the mean value is
1 r
<In It.‘il >= - Z In Itj[
r i
where r is the number of realizations in the simulation. We estimate the standard error
as:

standard error =

4

where s? is the unbiased estimator of the variance:

2=

=13 (- <l >)

r—155
Again the standard error was one to two orders of magnitude smaller than the mean
value for the simulations of all three structures. The results of the Monte Carlo simu-

lation are indicated with the small triangles in Figure 4.1. They confirm the validity

of the analytical result over the entire passband.

Now we choose to increase the disorder in the masses so that they vary +1% from
some nominal value, which means that the uniform probability density function has
width of .02. Examining Equation 4.1, we would simply expect our localization factor
to be scaled by the new aﬁ compared to the previous result. Indeed this is what we

confirm with our simulation illustrated in Figure 4.2.

Finally we examine the chain with a 10% variation in the masses. Such a highly
disordered state would probably not occur through unintentional assembly or manufac-
turing error, but rather we look at this highly disordered situation to see if the theory
accurately predicts the localization effect. Because of the increased disorder we will

clearly have greater localization, as is pictured in Figure 4.3.

Notice, however, at high frequency that our theoretical result overpredicts the lo-
calization factor. For example, at @ = .9999, at the very edge of the passband,
YMonteCarto = 1178 and Yincoreticat = 8.332. This discrepancy can probably be attributed

to the neglecting of higher order terms in our Taylor series expansion performed in
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Chapter 3. These higher order terms could become significant as we approach the edge
of the passband (@ = 1), just as the term to first order in af‘ in Equation 4.1 becomes

significant as @ — 1.

4.2.2 Only Springs Disordered

Consider a chain in which every mass is exactly the same, but each spring, k,, varies
in a random fashion from some average value. This localization problem for the mass-
spring system has been rarely discussed in the literature. One researcher, [Goda 82]
(citing [Toda 66]) argues that the localization problem with only springs disordered is
exactly dual to the localization problem with only masses disordered. Our calculations
support this contention. Duality [Toda 66] here means that each mass of a mass-spring
system can be replaced by a certain spring and each spring can be replaced by a certain
mass such that the new system behaves in the same way as the old and in particular

has the same natural frequency.

To examine the problem, we begin with the transfer matrix for the chain with only
springs disordered, which is in Appendix C.1. Here l::,,- is the nondimensional spring

constant. Identifying EZI_) in Appendix C.1, we again use Equation 3.10 to calculate
o5

v;, and find:
’ @0t
fy- é _—.—E.—-
ke T 201 - @7

So indeed this is the same as Equation 4.1 with o3 replaced by a’%‘, and confirms Goda’s
contention that the localization problem with masses diéordered is dual to that with
springs disordered. This means that all the localization results displayed in Figures
4.1-4.3 will apply to the problem of springs disordered by simply replacing the word

mass by the word spring.
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4.2.3 Masses and Springs Disordered

Finally we consider the situation where both masses and springs are disordered. As
was stated in Chapter 3 the localization factor for this situation is simply the sum of
the individual localization factors when a single variable is randomized. So
, @0}, +0t)

Vb, =Vt %, = 21—
We check this result with a Monte Carlo simulation in which both masses and springs

are randomly varied form their average values by +1%. The Monte Carlo results again

track the analytical results. See Figure 4.4.

Before closing this section, one final note is in order. When [Goda 82] originally
considered the localization problem of masses and springs disordered (without solving
for '1“,-,'), his transfer matrix did not have unit determinant, so he knew he could not
use Furstenberg’s original theorem which requires unit determinant for the random
matrix. As a consequence he spent most of the paper proving that the Furstenberg
result will hold even if the determinant is not unity, so long as Equation 3.2 is satisfied.
Apparently Goda was not aware that the transfer matrix could be reformulated so that
even when both masses and springs were disordered the transfer matrix would still have
unit determinant. The transfer matrix Goda used had the state vector containing two

adjacent generalized displacements:

d,
dn1

while the state vector we use contains a generalized displacement and a generalized

nondimensional force at the same point.

dn-1
fa-1

resulting in a unit determinant transfer matrix.
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4.3 Localization in a Rod with Attached Resonators

In this section we investigate localization factors for a model proposed by
[von Flotow 82] which mimics some of the important behavior of a periodic truss struc-
ture. The model is a longitudinal wave carrying rod with attached resonators, where
the attached resonators represent the vibrating cross-members present in a real truss
structure and the continuous rod models compression, bending, shear or any continuous
deformation of the truss member. This simple model allows us to gain some insight into
the dynamic behavior of truss structures without having to deal with models of real
truss members involving transfer matrices of dimensions possibly 12 x 12 or greater.

The model and relevant properties are discussed in Appendix C.2.

We will explore the localization phenomenon when the attached masses, the at-
tached springs and the distances between the attached resonators are individually
disordered. Finally we examine the system when all three variables are disordered.
Our results will indicate that the most pronounced localization effects will occur at

frequencies near the stopbands.

4.3.1 Only Masses Disordered

We first consider disordering only the masses on the attached resonators and eval-
uate the effects on the transmission properties of the system. The transfer matrix and
wave transfer matrix when the attached masses are disordered are presented in Ap-
pendix C.2. Note our use of the nondimensional mass, fi;, where < f; >= fi. In all of
our examples for the rod with attached resonators i = 0.2 and k, = 0.5. These values

allow for the ease of presentation of results and are consistent with [von Flotow 82].

Now we use the equation for ;ﬁ—’_—)—, appearing in Appendix C.2, in Equation 3.10 and
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find that \

_ (sin? mI:)aa
S(e B) (ro A (1) — (@ P R))

Clearly the dependence of 4, on frequency is much more complicated than we found

Ya (4.3)

for the simple mass-spring system. An analysis of the localization factor shows that it

is proportional to @? at very low frequency, as was the case for the mass-spring chain.

We now examine the localization factor over the frequencies of the passbands of the
periodic system. Our first analytical and numerical results are for the masses disordered
+.1% from the average value of i = .2. As can be seen in Figure 4.5 we have excellent
agreement between the analytical and Monte Carlo results even when the localization

factor varies by seven orders of magnitude over one passband.

Some distinguishing features are noticeable for this type of disorder. First, the
localization factor is largest in the vicinity of the first stopband. This first stopband
occurs around @ = (%)é/ m = .5033, the natural frequency at which the average at-
tached resonator vibrates. Adding even more resonators would compound this effect.
Second, we notice that the localization effects generally decrease with increasing fre-
quency. This result seems reasonable because we suspect that at higher frequency, the

attached mass vibrates less and less because of its inertia.

Notice that near the second and higher stopbands (each of which begins at integer
values of @) the localization factor decreases with frequency approaching the beginning
of the stopband, while on the other side of the passband the localization factor is clearly
amplified near the stopband. One explanation for this behavior is that the frequency
at the beginning of the second and higher stopbands (@ = 1,2, ) coincides with the
frequencies in the perfectly periodic system at which the rod of length ! between the
resonators vibrates as if it had fixed-fixed boundary conditions [Mead 75-1]. Some
calculations confirm this effect. Therefore, at these integral frequencies, the rod does
not vibrate at the points of attachment of the resonator, thus the fact that the mass

on the resonator is disordered would have little impact on the dynamic behavior. On
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the upper end of each stopband each segment of rod no longer vibrates in a fixed-fixed

condition and so the disordered mass can now influence the transmission properties.

To give us some idea what the nondimensional frequencies might correspond to in
reality, we have substituted some values for the physical parameters. From Appendix

C.2 we have

=

wi()

We choose a length [ of 9 feet (2.74 m), E of 45 x 10° 1b/in? (3.103 x 10® kN/m?) and

W =

p of .063 Ib/in® (1.7 x 10% kg/m3). This corresponds to a graphite epoxy rod, and the
bay length was suggested at one time for the space station. With these values we find
that @ = 1, the beginning of the second stopband, corresponds to w = 15,491 rad/s or
a frequency of 2465.5 Hz.

We next consider the attached masses disordered with a 1% variation from the
average value. In this case the localization effects are increased proportionately through
U§ in Equation 4.3. We show the localization factor as a function of frequency in four
passbands for this level of disorder in Figure 4.6. We essentially see the same pattern

we saw for the lower level of disorder.

Finally we increase the disorder of the mass to £10% of the average value of the
nondimensional mass. The results are presented in Figure 4.7. Again we see the familiar
behavior of the localization factor as a function of frequency. As we did in the previous
section on the mass-spring chain, we notice that the theoretical prediction diverges from
our Monte Carlo simulation when the localization factor has a value of .1 or greater.

Again this must be a result of only calculating ~, to first order in a}.

In summary, we conclude that the localization effects are strongest in the vicinity of
the stopband associated with the natural frequency of the average attached resonator,

while the effects become less and less significant at higher frequencies.
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4.3.2 Only Springs Disordered

We next disorder only the springs of the attached resonators, where the average
nondimensional spring constant, < k,; >= k, = .5. We will examine springs disordered
+.1%,+1% and +10% from the average value. In all instances the localization effects
follow, as a function of frequency, a pattern very similar to that seen for only masses
disordered. One difference we will note though is that at the same levels of disorder,
the localization effects that are due to the mass disorder are greater than those due to
the spring disorder in the first passband. In the second and higher passbands the trend
is reversed and we find that disorder in the springs has greater localizing effects than

does the comparable disorder in the masses.

The transfer matrix and wave transfer matrix with the springs disordered is dis-
cussed in Appendix C.2. By using Equation 3.10 we find the localization factor for

only springs disordered:

(sin’® 7@)o},
~ 8(sin® k) (w@)?k2((1/RS) — (1/@*n%R))*
Note that ~;, is very similar to vy, though they are not dual to each other.

T, (4.4)

This localization factor is plotted in Figure 4.8 for £.1% variation in the springs.
The results of the Monte Carlo simulation are also plotted at several frequencies and
follow very closely the analytical results. One discrepancy between analytical and
Monte Carlo results occurs at the lowest frequency shown. This is a consequence of
working with numbers that are too low even for double precision simulations. Note the
frequency dependent pattern is very similar to that for the case when the masses were
disordered. Again we see the most pronounced localization effects occurring around
the first stopband. In addition the localization effects become less pronounced with
increasing frequency. We again see that on the immediate left hand side of the second

and higher passbands the localization factor is diminished while on the immediate right
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hand sides it is amplified.

Comparing this localization factor with the one for masses only disordered we find
that 4, is consistently larger than ~;, in the first passband. This difference can be
as much as one or two orders of magnitude at the very lowest frequencies plotted.
The lower the frequency the greater the difference. On the other hand, for the second
and higher passbands the localization effects due to spring disorder are consistently
greater than those due to mass disorder. These differences can be as great as four
orders of magnitude at the highest frequencies seen in Figure 4.8. The effect is more
pronounced with increasing frequency. Similar effects are noted for the higher levels of
disorder. These effects seem reasonable if one considers the effect of wiggling the end
of a spring with a mass on the other end of it (this is essentially what the rod is doing
to the attached resonator). At low frequency, most of the motion is associated with the
movement of the mass, while the spring stretches and compresses very little. Therefore
we expect that disorder in the mass will have a greater impact at low frequency than
will disorder in the spring. This is indeed what we observe. At higher frequencies, as
we move past resonance, @ = .5033, the inertia of the mass will cause it to move little
while the spring will see a lot of motion. So disorder in the springs should give a much
larger contribution to localization effects at high frequency than should disorder in the

masses. This too was observed.

Finally, the localization factor is plotted for variations of 1% and +10% in the
nondimensional spring constant in Figures 4.9 and 4.10, respectively. With increasing
disorder the localization effects are amplified, and we again see that our theoretical
results mispredict the localization factor near the first stopband for the highest level

of disorder.
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4.3.3 Only Lengths Between Resonators Disordered

Now we allow all the resonators to be the same with 7 = .2 and k, = .5, while we will
disorder the lengths between the attached resonators by +.1%, +1% and £10% from
the nominal value. The transfer matrix and wave transfer matrix for lengths disordered
are discussed in Appendix C.2. Note that we use the nondimensional variable [; = 3’—;,
so that < I; >= 1. With the lengths only disordered we will find a startling change
in behavior of the localization factor as a function of frequency compared to the cases

where only the masses or springs were disordered.

The calculation of the localization factor for lengths only disordered, 4y, is much

more complicated than that for the previous two cases. Applying Equation 3.10 we
find:

2
w o= %[—wwsin(rw)l?cos(ww)

— (7@)? cos?*(x@) — "sin (7rw)
;:s:kk {2(n@)? sin (mD) — 2(n@) H cos(r®)
+ %i + il °°sz(7rw) —F =} (4.5)

2

At low frequency 4y behaves as @*, as was the case for 4, and 7.

This localization factor is plotted in the first eight passbands of the underlying
- perfectly periodic system in Figure 4.11. Here we immediately notice some striking
differences from our previous localization plots for the rod with attached resonators.
We notice that the localization effects are amplified on either side of all stopbands. We
also notice that for a narrow band of frequencies in each passband, the localization
factor is greatly diminished. Note that it was difficult for the Monte Carlo simulation

to reproduce the extremely small localization factors seen in the plot in the middle
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of the passbands. We do not believe that this is a result of numerical problems at
these low values, but rather is a result of our neglecting higher order terms in our
Taylor series expansion that apparently make a significant enough contribution at those
frequencies. At higher disorders the effect is even more pronounced. The fact that these
discrepancies do not show up in the fifth and eighth passbands is because we have not
found that frequency where the localization factor takes it smallest values in those

passbands.

These effects seem reasonable because the wavelength of the traveling wave at the
end and beginning of each stopband is some multiple of the length between the res-
onators. Thus we would expect that disorder in the length between resonators would
have its greatest effect at those frequencies as opposed to other frequencies where the
wavelengths are not so correlated with the bay length. Why ~; becomes so extremely

small in the middle of the passbands is not clear.

Similar effects are noted when the disorder in length is increased to +1% and
+10% from the nominal value. The corresponding localization factors as a function

of frequency are shown in Figures 4.12 and 4.13.

4.3.4 All Three Parameters Disordered

Finally we examine what might be the most realistic situation in which the masses,
springs and lengths between the resonators are disordered. The transfer matrix as
a function of fj, k,; and [; is presented in Appendix C.2. Again we assume that
< p; >= .2, < k;j >= .5 and < I; >= 1. Here we will disorder both the masses
and springs 1% from their average values, while we will only disorder the length;s by
+.1% from its average value. As was explained in Chapter 3, the localization factor

with several variables disordered is simply the sum of the localization factors when each
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Lita

variable is disordered individually,

Yak,0 = Yo+, + U

In Figure 4.14 we see that our analytical results and Monte Carlo simulation agree
very well over eight passbands for these levels of disorder. In this case the localization
factor is greatly amplified around all the stopbands, particularly the first one which
is associated with the natural frequency of the average attached resonator. The local-
ization effects tend to diminish with increasing frequency. For these levels of disorder,
we find that the localization effects are predominately caused by the mass disorder in
most of the first passband, while in most of the second passband and in the middle of
the subsequent passbands the disorder in the springs has the greatest contribution to
Yak,I- Only near the second and subsequent stopbands does the disorder in the length
predominate in the localization factor. The physical reasoning given earlier when each

parameter was disordered individually helps to explain these effects.

4.4 Localization in a Beam on Simple Supports

The final example concerns a Bernoulli-Euler beam on evenly spaced simple sup-
ports in the perfectly periodic case, and on randomly spaced simple supports in the
disordered case. The perfectly periodic system is presented in Appendix C.3 and its

dynamics have been discussed extensively by [Miles 56,Mead 70].

The beam on randomly spaced supports has been discussed in [Yang and Lin 75]
and [Lin 76]. There they considered a beam on up to six supports and numerically
averaged frequency response functions when the beam was under point loading or con-
vected loading. Their results were consistent with what one would expect from local-
ized dynamics. Unfortunately this approach gives very little insight into the underlying

mechanisms associated with disruption of periodicity. Our approach is analytically rig-
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orous and centers on a variable which is known to be statistically well-behaved and has
physical meaning. In [Bansal 80| a situation similar to ours was considered in which a
disordered segment of beam was inserted between perfectly periodic beams on supports.

However, the analysis was for deterministically disordered segments.

The transfer matrices for the perfectly periodic system, as well as for the disordered
system are presented in Appendix C.3. The random length is nondimensionalized so
that ij = <—::—>— and < l;- >= 1. From the equation for t—:’— and Equation 3.10 we
can calculate the localization factor. The calculation is quite involved and many of
the terms needed in the calculation are presented in [Yang and Lin 75,Lin 76]* After

extensive calculation we find

o1
n = 700 [207 +20-9] + 297

+20ig] — (29:9; + 24:9})’]
where
gr =cosk
9. = —V@[sq + cos key)/ss
gl = —wcosk|2¢c4 + s183)/53

g; =sink

T

+ av/® [sinh? V@ cos V@ — cosh V@ sin? V@)/s?

4sink
2We believe one term in Appendix A of [Lin 76] and Appendix I of [Yang and Lin 75} should read

sink c4C
g V@|cosk — —-:—21
3

b2 = —(&/ED{[ea(l) + 2cosfca(l)]/s5(})
— ca(D[2c3(Y) — s2(D)ss(1))/53}
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" _wsink

R 2 k
g: 0 [(84 +2c3 cosk)/ss
— c4(2¢5 - slss)/sg]
wa
+ 25ink{283 cos® k — s184)/8%

Clearly, we will have to look at a plot of 4; in the passbands to make some sense of
the above equation. This has been done in Figure 4.15 where we have disordered the

nondimensional length by +.1% from the average value.

In the eight passbands we clearly see that the maximum localization effects occur in
the immediate vicinity of the stopbands, while in the middle of the nominal passbands
the localization factor is greatly diminished. These results seem reasonable because
in the perfectly periodic system at the beginning of the stopbands it is well known
[Mead 70] that each span of the beam vibrates as if it were clamped on both ends,
while at the end of each stopband it vibrates as if it were pinned on both ends. In-
deed, the traveling waves become standing waves at the edges of the stopbands. Thus,
the dynamics of the system are very sensitive to the distances between supports at
frequencies near the beginning and ends of the stopbands. This explains the large lo-
calization factors at those frequencies. At all other frequencies the wave motion is not

so physically correlated with the span lengths.

To give some meaning to our nondimensional frequency, we choose some properties

for our physical parameters corresponding to those given in [Yang and Lin 75]. From

- ‘/ﬁﬁ
WEYET

If we let the thickness of the beam be .05 inches and the width be 1 inch, E be 10.5 x 108

Appendix C.3 we have

Ib/in? and u be 2.616 x 10~* lbs? /in?, we find that for @ = 100, we have w = 1530.5
rad/s or 243 Hz.

Finally, we examine the case of extreme disorder where the distances between the
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supports are randomized by +10% from their average value. The localization results
are plotted in Figure 4.16. Our localization factors take on very high values and we see
that the theoretical result overpredicts the Monte Carlo simulation. Yet, the simulation
clearly shows the same pattern observed at the lower disorder. The localization effects

are most pronounced near the stopbands.

We also notice that the localization effects seem to become stationary with in-
creasing frequency in that the pattern of the localization factor as a function of fre-
quency does not change substantially. This may be a function of the phase randomness
ideas discussed by [Hodges 82,Lambert and Thorpe 82,Lambert and Thorpe 83] and
[Baluni and Willemsen 85]. The argument here is that at high enough frequency com-
plete phaseJ {xpcertainty in the wave sets in leading to a particularly simple calculation
of the loca.l‘;?ation factor. The calculation leads to the conclusion that the localization

factor will be a constant as a function of frequency. In [Hodges 82] it is found that

M= In ltsupport !

where t,upport is the transmission coefficient for one support on an infinitely long beam.
From [Cremer et al 73, page 321] we find that |t,uppore|/* = .5 This gives a value of
the localization factor that is .347. Clearly, though, we do not observe the localization
factor becoming a constant as a function of frequency. Instead it is noticeably amplified
in the vicinity of the stopbands. Therefore the notion that the localization factor
becomes a constant with frequency must be considered misleading for this kind of
system. However, the fact that the localization factor behaves in the same manner

from passband to passband at high frequency could be a consequence of these phase

randomness ideas.
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4.5 Observations

We have collected a lot of results in this chapter on localization effects in some
useful structural dynamic examples, so we need to reflect on some of the insights we

have gained.

Clearly the localization effects increase with greater amounts of disorder, though
our theoretical results have difficulty tracking the localization factor when it becomes
greater than v = .1. More importantly, localization effects are strongly varying func-
tions of frequency. Whenever the first frequency band is a passband, we notice that
the localization factor is proportional to frequency squared. The most dramatic fre-
quency effect we see is that the localization effects can be quite pronounced around
the stopbands. The localization factor was particularly high in the vicinity of the
stopband associated with the natural frequency of the attached resonator on the rod.
This result indicates that localization effects could be quite important on periodic truss
structures which have a number of cross-members. Real periodic truss structures are
really multiwave systems which will be investigated in Chapter 5; however, we suspect
that the insights we have generated with the mono-coupled systems should generalize
to the multiwave systems. We also notice that disorder in the lengths of bays result
in quite pronounced localization effects in the vicinity of stopbands as well. Specifi-
cally, we see that the localization factor when lengths are disordered consistently take
on high values at the edges of the passbands, while they are consistently small in the
middles of the passbands. This is in contrast to disorder in masses and springs where
the localization factor does not vary so dramatically over any but the first passband.
Because localization can become quite pronounced in the vicinity of stopbands, exper-
imental measurements on real periodic structures in those frequency regimes could be

susceptible to the effects of disorder.

In addition, our analytical and numerical work has clarified some of the few, yet

misleading, results that have appeared in the literature. Most published results up to
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this point have simply indicated that the localization effects increase with frequency
and take on constant values at high frequency. Clearly these results are mistaken. Our
work indicates that the importance of localization effects can vary greatly over even a

single passband and generally become quite pronounced near the stopbands.
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Chapter 5

Localization in Multiwave Systems

For the bulk of this thesis we have considered the localization phenomenon in mono-
coupled disordered periodic structures, i.e., systems modeled with 2 x 2 random transfer
matrices. However, most real structures are better modeled with transfer matrices that
are of dimension 4 X 4 or greater. This implies the structures can carry a multiplicity of
wave types at a single frequency as opposed to the one wave type in the mono-coupled
case. Periodic structures of this kind are called multiwave or multichannel systems.
Frequently in the solid state physics literature the term “wire” is used to describe these
systems in contrast to the term “chain” used to describe mono-coupled systems. Just as
there are many complications in going from single-input single-output to multiple-input
multiple-output control system design and analysis, there are analogous complications
in going from disordered one-dimensional systems carrying a single pair of waves to

disordered one-dimensional systems carrying a multiplicity of waves.

Before embarking on our analysis of multiwave systems, let us review the terri-
tory we have covered for mono-coupled disordered systems. After briefly summarizing
some relevant properties of periodic systems, we demonstrated that disordered periodic

structures can be modeled via'a product of random transfer matrices. That product of
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random matrices was then transformed to a wave transfer matrix involving transmission
and reflection coefficients. By employing Furstenberg’s theorem on products of random
matrices, we were able to show that the transmission coefficient, 7,, is well-behaved in
the sense that

~=-—lim %lnlr,.], >0

Nn—+0Co
Furstenberg’s theorem also provides us with a closed-form solution for 4 involving a
double integral over two probability density functions. Because one of the probability
density functions is virtually impossible to find, we were forced to approximate the

double integral to first order in the variances of the disordered variables.

We then examined the localization factor for three one-dimensional disordered
mono-coupled periodic structures. For reasonable levels of disorder our analytical so-
lution to 4 provided a good approximation to the Monte Carlo calculations of the
localization factor. We noticed that the localization factor was a strongly varying func-
tion of frequency taking on its greatest values at frequencies near the stopbands of the

underlying perfectly periodic system.

We believe the approach followed in the study of mono-coupled disordered periodic
systems should be followed in the study of multiwave systems to yield the best results.
Indeed, as we will see below, this approach has already been successful in giving us the

multiwave localization factor as a function of the transmission matrix.

Perfectly periodic multiwave structures have been examined by [Mead 73,Mead 75-1]
and [Roy and Plunkett 86,Signorelli 87,Signorelli and von Flotow 87,Bernelli et al 87).
Just as mono-coupled periodic structures have passbands and stopbands, so do multi-
wave periodic systems. However, in the passbands of multiwave systems, both traveling
and attenuating waves, frequently called evanescent waves, can exist simultaneously.
Indeed, even complex waves, those which propagate according to e*+*, are known to
exist, yet these act as if they were evanescent waves. Because evanescent waves are

already strongly localized, our focus in this chapter will be on the effects of disorder
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on the traveling waves [Biittiker et al 85].

The localization phenomenon in multiwave systems has received much less attention
than its single wave counterpart. Anderson [Anderson 81] derived a scaling variable
for multiwave systems from an analysis of the scattering matrix. Several researchers
[Pichard and Sarma 81-1,Pichard and Sarma 81-2,Pichard 86,Pichard and André 86]
and [Imry 86] have used the transfer matrix formalism and theory on products of ran-
dom matrices to study multiwave systems, though mainly with the intention of extend-
ing the results to two- and three-dimensional systems. In [Johnston and Kunz 83-1]

and [Johnston and Kunz 83-2] the localization problem of multiwave systems is exam-

ined in its own right.
L

In our éﬁdlysis of the problem, we state our assumptions about the wave transfer
matrix, which follows from certain properties of the scattering matrix. As we shall
see, Furstenberg’s theorem will not be of use in analyzing multiwave localization. As
in [Pichard and Sarma 81-1], we will use the theroem of Oseledets to guide our work.
Two subsections are devoted to discussing this important theorem. Our goal is to find

the multiwave analog to our mono-coupled result:

.1
1= - Jim Ll

We will indeed derive a multiwave analog to this and compare our result with three
others that have appeared in the literature. Physically, our goal is to find that wave
in the multiplicity of attenuated waves, which is attenuated the least by the disorder.
This least attenuated wave carries energy the farthest and so is the one of interest when

thinking about localization in multiwave systems.
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5.1 Wave Transfer Matrix Assumptions

Our wave transfer matrix assumptions will follow from two properties of the scatter-
ing matrix usually found in the solid state literature [Anderson 81] and
[Johnston and Kunz 83-1,Biittiker et al 85]. We assume the scattering matrix of one
disordered bay sitting in an otherwise perfectly periodic system is both symmetric and
unitary.! The symmetry of the scattering matrix follows from the symmetry of the
impedance (or admittance matrix) describing the bay [Carlin and Giordano 64] and
unitarity follows from assuming no dissipation and excluding any evanescent waves

[Buttiker et al 85]. See Appendix E.

Our two assumptions about the scattering matrix, S, translate into two properties

of the wave transfer matrix, W. First
S symmetric <> W symplectic
and second
S unitary <= W € SU(d,d)

These properties are discussed in Appendix E. Both properties will be important in
the derivation of the multiwave localization factor in what follows. The wave transfer
matrix W can be derived from the corresponding real transfer matrix, T, by premul-
tiplying T by the transposes of the left eigenvectors and postmultiplying by the right

eigenvectors corresponding to the traveling waves.

5.2 Theorem of Oseledets

As we did for mono-coupled systems, we will in the case of multiwave systems rely

on a theory for products of random matrices to guide our work. We use the theorem

1This corresponds to the physical assumptions of time reversal symmetry and current conservation

in the solid state localization problem.
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of Oseledets [Oseledets 68] specialized to symplectic matrices; however, the reader is
referred to [Bougerol and Lacroix 85] and [AMS 86] to better understand its relevance
to the problem at hand. We divide the relevant portions of Oseledets’ theorem into
several parts. First we will state a result concerning the eigenvalues of an asymptotic
matrix product, then we will discuss a vector propagation interpretation of the same
theorem. In the final section we will see how the Lyapunov exponents (defined below)

might be calculated analytically.

5.2.1 Eigenvalues of Limiting Matrix

Let W, W,,-.., W, form a sequence of independent identically distributed random

symplectic matrices of size 2d X 2d. Suppose also that
E(sup{lnom.:(W1),0}) < +o0

If we set V,, = W,, --- W; then the sequence of matrices (V,’f Vn)ilﬁ converges w.p.1 as
n — oo to a random matrix B with 2d nonrandom eigenvalues €7,:-.,€7d,e774,... e~ N
where 41 >« -+ > 44 > 0 [Johnston and Kunz 83-1|. These ~;s are the Lyapunov expo-
nents of the random matrix product W, --- W;. In random dynamical systems, Lya-

punov exponents are considered a measure of stochasticity [Benettin and Galgani 79].

The eigenvalues physically represent d pairs of waves traveling in both directions.
The theorem of Furstenberg applied to 2d x 2d matrices allows us to calculate ~;, which
is the uppermost Lyapunov exponent. However, in this multiwave case with v < 71,
~4 represents the wave with potentially the least amount of decay, and so it carries
energy along the structure farther than the wave represented by «;. As a result, ~, is

the quantity of interest when calculating multiwave localization effects.

Note that we can also express the Lyapunov exponents of this random symplectic

matrix product in terms of its singular values (see Appendix A), o0; = 0;(V,). If
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we recall that the singular values of a symplectic matrix occur in reciprocal pairs:
01,---,04,051,---,01"1 where oy > -+« > 04> 1. Then w.p. 1
~; = lim —l—lna-(V-) 1<j<d
R AN SJ=

This result [Bougerol and Lacroix 85] will be very useful in the section in which we

derive 4, as a function of the transmission properties of the system.

5.2.2 Vector Propagation Interpretation of Oseledets’ Theo-

rem

Another aspect of Oseledets’ theorem involves the limiting behavior of a random
matrix product premultiplied by a nonrandom vector. This aspect will help explain one

of the properties mentioned in connection with Furstenberg’s theorem in Chapter 3.

Given the assumptions and results of the previous section, let ¢ > 3 > -+ > 9,
(with » < 2d) be the strictly decreasing sequence of distinct elements of

(ms°°*sYdy =45 -+ y —n). Then there exists a strictly increasing sequence of subspaces
{0} =841 CS C---C 8 =0
(known as a filtration of C?¢) such that if
20 € 55\ Sj11
then

.1 .
lim = In||Wn -+ Wazo| =t j<r

n—oo g
Here 2o € S; \ Sj41 says that 2o is an element of the subspace S; but not an element of
Sj+1. Also we have
dim S,'+1 — dim Sj =
number of elements of the sequence (V1,**,%d, —Vas*** 3 —T1)

which are equal to v
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This vector propagation property is best understood by examining the example
of 2 X 2 real transfer matrices. In this case our sequence of Lyapunov exponents is

(71, —71) where 4, > 0, so r = 2 and ¥; = v, and ¥, = —;. We have the sequence of

subspaces
{0}=8;Cc S, C S, =R?
If
Xo € S3\ S3
i.e.,
%o € 52\ {0}

where S; is a particular line in R?, then

.1 ,
lim - In||Ty-- TiXol| = —m

n—oo

What direction %, takes in R? will depend on the particular realization of the infinite

matrix product. Likewise if xo € S; \ Sz, i.e., Xo € R?\ S; then

.1
lim ;; In ”Tn oo T1XQ" =M

n—oo

These vector propagation ideas are the basis for numerical methods to calculate Lya-

punov exponents of various dynamical systems [Benettin and Galgani 79] and

[Pichard and Sarma 81-2,Ikeda and Matsumoto 86].

This propagation behavior is very analogous to what happens when a vector is
propagated by a product of deterministic matrices, T, whose eigenvalues are A and %
with A > 1. If we choose any vector v, so long as it has some piece along the eigenvector
associated with A, then as n becomes large the direction of T"v will become aligned
with the eigenvector associated with the A. If, on the other hand, the vector v is
aligned with the eigenvector associated with -i— then T"v will always be aligned with

that eigenvector no matter how large n is.
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5.3 Localization Factor for Multiwave Systems as

a Function of the Transmission Matrix

In the previous sections we have identified the dth Lyapunov exponent, 44, of the
matrix product W,, - - - W, as the localization factor for a multiwave disordered periodic

system. Much as we did for mono-coupled sytems, in which we showed

1
7=l o in ]

we want to find 44 as a function of the transmission properties of the system. Work
relevant to this issue has been done by [Anderson 81], [Johnston and Kunz 83-1] and

[Imry 86].

Here we assume the 2d x 2d wave transfer matrix is symplectic and is an element

of SU(d,d), so

-1 -1

Vn = II W, = 1e (5.1)

i=1 R U
The form and properties of the wave transfer matrix were established in Appendix E.
The two assumptions about the wave transfer matrix are those made by [Anderson 81],
[Johnston and Kunz 83-1], [Imry 86], though [Anderson 81] adds more restrictive as-
sumptions. For the rest of the discussion we will suppress the subscript n on the

transmission and reflection matrices, 7 and p, respectively.

We will show that the localization factor (or the dth Lyapunov exponent of V,,) is

.1
4 = = lim —1n Omax(r)
or
.1 L
Y = = lim = Inftr(rr™)]2
or
. 1
Ya = "'}L% ; In lfij!max
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where 7 is d X d and 7;; is the ¢5th element of 7 and all the results hold w.p. 1.

The derivation of these results begins by recalling
.1
2 = lim —Inog(Vs)

Recalling that the dth singular value of V, is the positive square root of the dth

eigenvalue of VZV, we have
. 1
%= lim o—In A(VEV,)
Consider the matrix

i 2(1.7.11)—1 -1 - T(T-tTT)—l — (TTH)—IP
Viy, = (5.2)
. _pH(,’.TH)-—l - (T#TT)-lpt 2(1.¢1.T)—1 -1
Here VZV s symplectic, so its eigenvalues will occur in reciprocal pairs Ay,: -, Aq,

31:;,---,;\1—1 where A\; > --- > A3 > 1.

Our analysis will be simplified by recognizing the following 2:

(VEV,) + (VEV,) = | H)7 - o (5.9
0 4(r*rT) - 21

where each block in the matrix is d X d. The matrix has repeated eigenvalues
AL+ Al_:’ XN VIS >«l_¢ for a total of 2d eigenvalues. However, we notice that these eigen-
values are the eigenvalues of the two diagonal blocks of this block diagonal matrix.
The eigenvalues of each block are clearly real because both blocks are Hermitian. In
addition, each block is the complex conjugate of each other, and real eigenvalues be-
ing invariant with respect to complex conjugation, both blocks must have the same

eigenvalues.

So the eigenvalues, u;, of 4(77%)~! — 21 are

1 1
“1'—A1+'i:9"'sﬂ'd—Ad+'A:

2[Engels 80,Pichard and André 86] recognized a similar result, though [Engels 80], working in a dif-

ferent context, never realized he was dealing with symplectic matrices.
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where

\Y

73 o2 Mg

Now let u;[*] be the jth eigenvalue of the indicated argument. So

A+ 2 pa[d(rr®)™t — 21]
Ad

= Pmin]d(rr¥)? - 21]

| (r77) ] - 2

where we have used a couple of determinant identities in the last equation. Now taking
the same limit on both sides:

NP TRV G
Jim o In(Aq + )\d) = lim o In{4ptmin[(77) "] — 2}

We notice that

1

1
Ad)

x)

Il

.1 .1
Jim o™ In(Ag + Jim ™ In(Ag)(1 +

.1 .1 1
Recalling that Ay > 1, the second term above must vanish in the limit. So we are left

with (recalling the definition of v, )

Yd lim 51— ln(Ad)

n—o00 2n
.1 -
= lim o In{4ptmn[(rr¥) 7] - 2}

Note that

1
. Hy-1y
qun[("' ) ] ” “[TTH]
So we can write

1 4
= lim —In(———= -2
W= e 2n (y.mu['r'rﬂ] )
or

~4 = lim L In(

n—o 21 ])(4 - 2[&,““{1'73])

Penax[TTH
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or

1 1

= g )

.1
+ Jim o In(4 — 2pmax[r7H))

In Appendix E we show that 0 < pimax|[77] < 1, so that the second term above must

vanish in the limit.

We are left with:

. 1
V4= - nlll'%lc -2'; ln‘lvnmx[TTH]

or recalling the definition of singular values

V¢ = — lim Zin Omax(T) (5.4)

n—oo g

As a byproduct of this analysis we can find all d of the Lyapunov exponents of V,,

in terms of the transmission matrix r. First recall from Section 5.2.1

1 .
T = lim E;ln(/\,) 15] Sd

n—oo

and from earlier in this section

Aj+— = pi[4(rr¥)t = 2])
= ()] -2
Note here that
pil(rr®) ] = ;;_—J;IIFIT]

So taking limits on both sides and discarding vanishing terms we find:

1<j<d

. 1
% == lim —Inos-j.a(r)
This reproduces our result for v4, and also tells us that
Mm = —lim llna ()
1 ng, 100

.1
= - lim oy In omin(7)
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Now we return to examining -4 and proceed to show that in addition to Equation 5.4

~q¢ = — lim —ln[tr(r'r ik

n—oo
First examine
. 1 H
-—J_l_{galntr(rr )

Take an eigenvector decomposition of the Hermitian matrix 7%, and rewrite this as:

1 . H
— lim o Intr(Udiag{u:}U")

where U is a unitary matrix. Recalling that tr(ABC) = tr(BCA) for compatible

matrices we see that the above limit equals
li 1 Intr(de
- lim - Intr(diag{})
or
fim —1
e o n(p1 + - + 4a)
or
- lim ——-ln(m[1+ . +et —])

Recalling that u3 > -+ > pg > 0, we have that the term in brackets is finite and
bounded below by 1 and above by d, so when taking the limit, we are left with

. 1
- ,.ll.rf,lo T In py [rr¥]

which is precisely equal to

- nl_x_pgo ln Omax(T) =

Thus we have indeed shown that

.1 1 .
Ya = — lim - Inftr(rr¥)] (5.5)

One final simplification in our result is now possible. Starting with

. 1
% = ~ Jim = Infer(rr)]
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let 7;; be the ¢jth element of the matrix 7. Now (this is the square of the Frobenius
norm of r)

d d
) = 22 Inl

=1 j=1
Irua? + |ra* 4 -+ + |raal?

tr(rr

]

We have that for one element of 7, |7;| 2> |ul, k # 5,! # 5, and we will denote it

lTijlmzc SO
;
() = e (0 32
=1 j=1 lT'JI

So

T
V4= _,}l%%ln{‘rvlmz EZ icls

ITU Imaz

and because the term in parentheses is finite and bounded below by 1 and above by

d?, it vanishes after taking the limit, so we are left with

. 1
a == lim o= lnr; [naz
or
.1
Y= —”l_l_glo py In |7i5lmaz (5.6)

This result tells us that the wave that propagates the farthest is governed by the
transmission coefficient with the largest absolute value, which makes perfect sense.
Notice that our result agrees with our localization result in the mono-coupled case

where the matrix 7 is a scalar.

Now we are in a position to compare our result with three others that have appeared
in the literature. In [Anderson 81], a scaling variable, mentioned in Chapter 1, is
derived for multiwave systems in which Anderson tried to mimic the techniques which
accurately gave him the scaling variable for mono-coupled disordered periodic systems
[Anderson et al 80]. In addition to assuming that the scattering matrix was symmetric

and unitary, he also assumed, in order to make the problem tractable from his point of
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view, that certain channels in what he called a back reflection matrix were independent.
In the paper he acknowledged that this latter assumption was not correct, but guessed

it would have little impact on the final result. The scaling variable he arrived at was

1
P ln(l + m)
with
2, ————0
Ps ? o trlrrH] -
= 1.764, ——
p’ 9 tr['r‘rH] - +w

For us Flr_lfT] — +o00 is the relevant limit. An analysis of our results indicates that we

would expect the scaling variable to be

1
In(———
(tr,[rrH })
Apparently the difference between the results is a consequence of Anderson’s extra
assumptions on channel independence. Note also that Anderson’s result does not reduce

down to the scaling variable in the mono-coupled case.

A much more direct comparison of results can be made with [Imry 86]. Imry made
exactly the same assumptions about the wave transfer matrix as we have, and, through
the work of Pichard, was aware of Oseledets’ theorem. In his paper, Imry makes some
heuristic arguments concerning ¢r(r7¥) leading to the inverse localization length, -2-,
(the same thing as our multiwave localization factor) being

1 1
= = — lim = Intr(rr¥)
n—oo
The problem with this result is the missing square root over tr(rr¥).
Finally we compare our result with [Johnston and Kunz 83-1] who relied rigorously

on theories of products of random matrices. In their paper, Johnston and Kunz used the

work of [Tutubalin 68,Virster 70|, though they were aware of Pichard’s work. Arguing
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as we have, that the smallest Lyapunov exponent of a random symplectic matrix prod-
uct is the localization factor for long multiwave systems, they derived the localization
factor as:

Ya = — lim % In|r;| for any 7
This result differs from the one presented in Equation 5.6 in that our 44 involves only
the limit of |7;|maz- To evaluate whether the result of [Johnston and Kunz 83-1] makes
sense, we see if it gives us the correct answer for the undisordered or perfectly periodic

system. For a perfectly periodic system with n bays, the transmission matrix, 7, would
look like:

e""kl”

by
: ' e—ikdn

o

with all the off-diagonal terms zero. In [Johnston and Kunz 83-1] the claim is that we

can take any element of 7 and get the proper localization factor. Yet if we choose any

off-diagonal term we get the following absurd result:

Y = - lim -l—ln(O)

n—oo n

. —00
= — lim —
n—oo n

This is in contrast to Equation 5.6 which takes the element of 7 with the maximum

absolute value, namely, |e~%i| = 1, from which we find
=-1li 1 In(1) =0
4 == lim —In(1) =
This is precisely the result for perfectly periodic systems, i.e., there is no localization.

Note that all three of our localization results, Equations 5.4, 5.5 and 5.6 only hold
as n — 00. Indeed all three must give equivalent answers in the limit. However, if we
were to evaluate each of the three expressions for finite n we would likely find three

different answers. This is a consequence of

|Tijlmaz < Omaz(T) < \/tr(rrH)
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Clearly, when we are averaging one or a finite number of bays over an ensemble,
|7ijlmaz appears to be the variable to average, otherwise we would mispredict the
value for 4. Indeed, we conjecture that by averaging — In|%;|msz Over a large en-
semble of wave transfer matrices we could compute an accurate estimate of 4. This
observation could lead to a method which would bypass the necessity of multiply-
ing as many as 10,000, 50,000 or even 60,000 matrices together as has been done in

[Pichard and Sarma 81-1,Johnston and Kunz 83-2,Garcia et al 86).

However, before pursuing some complicated numerical analysis, we should first try
to discover an analytical solution for 44 with which to compare any numerical result.

This is the subject of the next section.

5.4 Calculation of the Multiwave Localization Fac-

tor Via p-Forms

Similar to our approach in Chapter 3, we need to examine the analytical tools to
actually calculate 44, the multiwave localization factor. For mono-coupled systems we
had Equation 3.3 that gave a closed form solution for 4. We will discuss the analogous

equation for ~4 in this section.

The mathematics for calculating Lyapunov exponents for products of random 2d x 2d
matrices becomes increasingly complex compared to the case of 2 X 2 matrices. In par-
ticular, we will be making use of p-forms. The recent book, [Bougerol and Lacroix 85|
is an excellent reference on the mathematics necessary to handle multiwave disordered
systems. For completeness the relevant theorem is as follows and is adapted from

[Bougerol and Lacroix 85, page 89|

Theorem 3 (Calculation of Lyapunov Exponents) Let W;, W,,..., W, be in-
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dependent sdentically distributed 2d x 2d random symplectic matrices with distribution
u and let p be an integer in {1,...,d}. Suppose that W, the smallest closed semigroup
in Gl(d, C) containing the support of p, 1s p-contracting and L,-strongly srreducible and
that E[In ||W4||] is finite. Then the following hold

'7p > '7p+l

For any nonzero 2o in Ly,
.1 p z
Jig AW o- Wasol = 2o
and

1 4
1 -— p w ese w — E .
nl% n ln "A " ! " =1 'YJ
There erists a unique p-invariant probability distribution v, on

P(L,) = {Z € P(A*R*);z € L,}

then

3> = [ 1n |4 Wl du(W)ai 2 1

=1

Clearly to calculate 44 we do it inductively. Namely, we have to calculate from

Equation 5.7
Nttt

then

Y14+ Yi-1

from which we can obtain ~,.

To illustrate the increased complexity of this multiwave localization problem. we
note that for a 4 X 4 matrix, W, we have that AW is just the matrix W while A2W

is a 6 X 6 matrix in an appropriate basis. This also means, when p = 2 in the above,
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that Z will be a 6 x 1 vector. We should also note that the norms of these p-forms take
a particularly simple form:

|APW|| = 0102+ - 0

where o; is the tth singular value of the matrix W.

The path of the research seems clear. First the conditions of Theorem 3 need to
be clarified to show that they clearly apply to transfer matrices that would occur in
practice. Then an approach similar to that in Chapter 3 could be taken. Namely,
we could perform a Taylor series expansion on the relevant terms of Equation 5.7 in
order to get some analytical approximation for ~; to first order in the variance of the
disordered parameter. Then we would be in position to calculate localization factors

numerically and have some analytical results with which to compare them.

5.5 Summary

In this chapter we have tackled the very difficult problem of localization in one-
dimensional multiwave disordered periodic systems. The multiwave nature increases
the complexity of analysis considerably compared to the localization problem in mono-
coupled periodic structures. Our first task was to clarify the assumptions on our wave
transfer matrices, after which we appealed to the theorem of Oseledets to understand
the asymptotic behavior of products of random multiwave matrices. We noted that
the theorem of Furstenberg was of little use here. The principal contribution of the
chapter was the derivation of the multiwave localization factor (the dth Lyapunov
exponent) as a function of the transmission matrix for the disordered system. This
issue has been addressed, but in our view unsatisfactorily, by a number of solid state
physicists. Thus our results and insights should have some impact in the solid state
field where traditionally most of the localization work has been done. In addition,

the recent work of [Pichard and Sarma 81-1,Pichard and Sarma 81-2] indicates that
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our result may have some impact in clarifying the localization mechanism in two- and
three-dimensional disordered systems. Finally, we pointed out the tools that can be

used to analytically calculate the localization factor.

107



Chapter 6

Conclusions and Recommendations

6.1 Conclusions

In this thesis we have explored the effects disorder has on the transmission properties
of normally perfectly periodic structures. Disorder is known to spatially localize the
mode shapes of disordered periodic systems, so the term localization is used to describe
the various dynamic manifestations of disorder. The localization phenomenon has been
most extensively studied in the context of solid state physics and only recently with

disordered systems of interest to the engineer in mind.

This thesis has provided the tools with which engineers can decide the importance
of the dynamic effects of disorder on mono-coupled periodic structures. The first prin-
cipal contribution was the elucidation of random transfer matrix techniques to model
disordered systems and calculate transmission properties. This included a discussion
of the important transformation to wave transfer matrix form and the relevance of the

theorems of Furstenberg and Oseledets to the one-dimensional localization problem.

The second principal contribution was the calculation of localization effects as a
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function of frequency for three periodic models of interest to the structural dynamicist.
In most instances the localization effects were found to be strongest near the stopbands
of the normally perfectly periodic structures. This result indicates that care must
be taken when doing experimental work at frequencies near the stopbands of what
are ostensibly periodic structures. Effects of length disorder in the bays were quite

pronounced, even at high frequency.

The third principal contribution was the derivation of the localization factor for

multiwave one-dimensional systems as a function of the transmission matrix.

/

6.2 Recommendations
€

The localization phenomenon is a fascinating and difficult problem to tackle. This
thesis has presénted some very useful tools that have allowed us to make some impor-
tant progress in understanding localization effects. The primary recommendation is to
continue work with random transfer matrices and theories on products of random ma-
trices to gain further insights about the phenomenon. The tools we have discussed in
this thesis have immediate applicability to many other fields of engineering that involve
disordered periodic systems, as well as the field of solid state physics where localization

work is traditionally done.

The analytical formula for calculating the localization factor to first order in the
variance could be extended to include higher order effects. This would allow us to pre-
dict analytically the transmission behavior for highly disordered systems at frequencies
where the localization phenomenon is most strongly felt. Possibly some asymptotic
analysis near the stopbands would be another alternative to pinning down the trans-
mission behavior there analytically. The issue of localization in one-dimensional sys-
tems which include damping should be addressed as well as the manifestation of the

phenomenon in finitely long structures with fixed boundary conditions.
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The localization phenomenon in multiwave systems with the evanescent waves in-
cluded should be studied more rigorously. This, however, will require a better under-
standing of the wave transfer matrices in these situations, for which there is a dearth of
information in the literature. Indeed, we observe that there is a need for a comprehen-
sive study of the interrelationship of admittance, impedance, real transfer, scattering

and wave transfer matrices for both periodic and disordered periodic multiwave sys-

tems.

In Chapter 5 we have presented the background that could lead to an analytical
formula, analogous to the single wave case, for localization effects in multiwave sys-
tems. This is a very important area of research needed to understand localization
effects in multiwave systems. Also, as [Pichard and André 86] have pointed out, the
one-dimensional multiwave analysis could prove to be the key to understanding the
localization phenomenon in two- and three-dimensional systems. Localization of clas-
sical waves in two-dimensional systems has recently been studied by [Flesia et al 87].
Only after the analytical issues have been explored should we proceed to examine
the numerical issues in multiwave one-dimensional analysis and possible extensions to
higher dimensions._ The results in Chapter 5 could potentially simplify the numerical

computations considerably by eliminating the need to multiply huge chains of matrices.

While we think that the transfer matrix formalism is a powerful tool to study the
localization phenomenon, we also feel that the Herbert-Jones-Thouless formula should
be explored to see if it can be easily applied to structural dynamic systems. Some
efforts in this direction have already been made by [Hodges and Woodhouse 83]. Also
[Johnston and Kunz 83-2] have developed the corresponding formula for multiwave sys-

tems.

Other important issues continue to be explored in the literature. Systems with
correlated disorder among the bays, as opposed to the usual case of independent iden-

tically distributed random variables, have been studied by [Johnston and Kramer 86].
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The impact of system nonlinearities on localization effects has been addressed by
[Doucot and Rammal 87].! In the nonlinear case the transfer matrix formalism will

be of little use.

An intentionally disordered periodic system could be valuable for the attenuation
of propagating disturbances. However, if active control is performed on the same
structure, the fact that the mode shapes are spatially localized may complicate the
control effectiveness of actuators that are placed at locations where mode shapes have

little amplitude.

Some experimental structural dynamic/acoustical verification of localization has
been reported by [Hodges and Woodhouse 83,Pierre et al 86,Dépollier et al 86] and by
[Hyde and Sybert 87], where the latter work was inconclusive. Further experimental
work would clarify our analytical and numerical thinking. These experiments would
have to be done with care. Initially, the dynamic characteristics of the perfectly
periodic system should be understood experimentally. Clearly, the effects of damp-
ing and boundary conditions need to be taken into account when comparisons are
made with our analytical results. In an actual experiment on a disordered system,
the measurements would have to done over many realizations in order that the re-
sults could be compared with the theoretical prediction. The experimental techniques
of [Hodges and Woodhouse 83,Roy and Plunkett 86] seem particularly attractive. In
these cases a disturbance was inserted into one end of the system and the effects were
measured at the other end. The beam with cantilevers of [Roy and Plunkett 86| was a
perfectly periodic system but could be easily randomized and would provide an excel-

lent structure to verify multiwave localization effects.

The study of the literature has provided invaluable insights into the localization
phenomenon. Future researchers should continue to avail themselves of the work done

on localization in many fields in order that maximum progress can be achieved in

1In solid state physics this is equivalent to considering electron-electron interactions.
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understanding the effects of disorder.

112



Bibliography

[Abrahams and Stephen 80] Abrahams, E. and Stephen, M. J., “Resistance Fluctua-

tions in Disordered One-Dimensional Conductors,” Jour-
nal of Physics C: Solid State Physics, Vol. 13, 1980, pp.
L377-1L389.

[Akkermans and Maynard 84] Akkermans, E. and Maynard, R., “Chains of Ran-

[AMS 86]

dom Impedances,” Journal de Physique, Vol. 45, No. 9,
September 1984, pp. 1549-1557.

Cohen, J. E., Kesten, H. and Newman, C. M.,eds.,
Random Matrices and Thesr Applications, Contemporary
Mathematics, Vol. 50, American Mathematical Society,

Providence, 1986.

[Andereck and Abrahams 80] Andereck, B. S. and Abrahams, E., “Numerical Studies

[Anderson 58]

[Anderson 78]

of Inverse Localization Length in One Dimension,” Jour-
nal of Physics C: Solid State Physics, Vol. 13, 1980, pp.
L383-L389.

Anderson, P. W.,“Absence of Diffusion in Certain Ran-
dom Lattices,” Physical Review, Vol.109, 1958.

Anderson, P. W., “Localized Moments and Localized
States,” Review of Modern Physics, Vol. 50, No. 2, April

113



[Anderson 81|

[Anderson 85|

[Anderson et al 80]

[Baluni and Willemsen 85|

[Bansal 80]

[Bendiksen 86]

[Bendiksen and Valero 87|

1978, pp. 191-201.

Anderson, P. W., “New Method for Scaling Theory of
Localization. II. Multichannel Theory of a “Wire” and
Possible Extension to Higher Dimensionality,” Physical

Review B, Vol. 23 No. 10, May 15, 1981.

Anderson, P. W., “The Question of Classical Localiza-
tion. Theory of White Paint?,” Philosophical Magazine
B, Vol. 52, No. 3,1985, pp. 505-509.

Anderson, P. W., Thouless, D. J., Abrahams, E. and
Fisher, D. S., “New Method for a Scaling Theory of Lo-
calization,” Physical Review B, Vol. 22, No. 8, October
15, 1980.

Baluni, V. and Willemsen, J., “Transmission of Acoustic
Waves in a Random Layered Medium,” Physical Review

A, Vol. 31, No. 5, May 1985.

Bansal, A. S., “Free-wave Propagation Through Combi-
nations of Periodic and Disordered Systems,” Journal of
the Acoustical Society of America, Vol. 67, No. 2, Febru-
ary, 1980, pp. 377-389.

Bendiksen, O. O., “Mode Localization Phenom-
ena in Large Space Structures,” Proceedings, 27th
ATAA/ASME/ASCE/AHS Structures, Structural Dy-
namics and Materials Conference, San Antonio, TX, May

19-21, 1986.

Bendiksen, O. O. and Valero, N., “Localization of Nat-
ural Modes of Vibration in Bladed Disks,” Proceedings,

114



[Benettin and Galgani 79)

[Bernelli et al 87|

[Borland 63]

[Bouchaud and Daoud 86]

[Bougerol and Lacroix 85]

[Brillouin 46|

[Biittiker et al 85]

ASME Gas Turbine Conferences and Exhibition, Ana-
heim, CA, May 31 - June 4, 1987.

Benettin, G. and Galgani, L., “Ljapunov Characteristic
Exponents and Stochasticity,” Intrinsic Stochasticity in
Plasmas, Laval, G. and Gresillon, D., editors, Editions de

Physique, Orsay, 1979.

Bernelli Zazzera, F., Ercoli Finzi, A. and Mantegazza,
P., “Modular Large Space Structures Dynamic Mod-
eling with Nonperfect Junctions,” Proceedings, Sixth
VPI&SU/ATAA Symposium on Dynamics and Control of
Large Space Structures, Blacksburg, VA, June 29 - July
1, 1987.

Borland, R. E., “The Nature of Electronic States in Dis-
ordered One-Dimensional Systems,” Proceedings of the

Royal Society, Vol. A274, 1963, pp. 529-545.

Bouchaud, E. and Daoud, M., “Reflection of Light by a
Random Layered System,” Journal de Physique, Vol. 47,
No. 9, September 1986, pp. 1467-1475.

Bougerol, P. and Lacroix, J., Products of Random
Matrices with Applications to Schrodinger Operators,
Birkauser, Boston, 1985.

Brillouin, L., Wave Propagation sn Periodic Structures,

Dover Publications, Inc., New York, 1946.

Buttiker, M., Imry, Y., Landauer, R. and Pinhas, S.,
“Generalized Many-Channel Conductance Formula with
Application to Small Rings,” Physical Review B, Vol. 31,
No. 10, May 15,1985, pp. 6207-6215.

115



[Carlin and Giordano 64]

[Chow and Keller 72]

[Cornwell and Bendiksen 87]

[Covault 86|

[Cremer et al 73] -

[Czycholl and Kramer 79]

[Dean and Bacon 63]

[Dépollier et al 86|

Carlin, H. J. and Giordano, A. B., Network Theory:
An Introduction to Reciprocal and Nonreciprocal Circusts,

Prentice-Hall Inc., Englewood Cliffs, NJ, 1964.

Chow, P.-L. and Keller, J. B., “Wave Propagation in
a Random Lattice. I,” Journal of Mathematical Physics

Vol. 13, No. 9, September 1972. pp. 1404-1411.

Cornwell, P. J. and Bendiksen, O. O., “Localization of Vi-
brations in Large Space Reflectors,” Proceedings, ATAA

Dynamic Specialists Conference, Monterey, CA, April 9-
10, 1987.

Covault, C., “Launch Capacity, EVA Concerns Force
Space Station Redesign,” Aviation Week and Space Tech-
nology, Vol. 125, No. 3, July 21,1986.

Cremer, L., Heckl, M. and Ungar, E. E., Structure Borne
Sound, Springer-Verlag, New York, 1973.

Czycholl, G. and Kramer, B., “Nonvanishing Zero Tem-
perature Static Conductivity in One Dimensional Disor-
dered Systems,” Solid State Communications, Vol. 32,

1979, pp. 945-951.

Dean, P. and Bacon, M. D., “The Nature of Vibrational
Modes in Disordered Systems,” Proceedings of the Phys-
ical Society, Vol. 81, 1963.

Dépollier, C., Kergomard, J. and Laloe, F., “Localisation
d’Anderson des ondes dans les réseaux acoustiques unidi-
mensionnels aléatoires,” Annales de Physiques, Vol. 11,

No. 5, October 1986, pp. 457-492.

116



[Doucot and Rammal 87]

[Dyson 53]

[Eatwell 83|

[Elachi 76]

[Engels 80]

[Erdds and Herndon 82]

[Faulkner and Hong 85]

[Flesia et al 87|

Doucot, B. and Rammal, R., “Invariant-imbedding Ap-
proach to Localization. II. Non-linear Random Media,”
Journal de Physique, Vol. 48, No. 4, April 1987, pp. 527-
546.

Dyson, F. J., “The Dynamics of a Disordered Linear
Chain,” The Physical Review, Vol. 92, No. 6, Dec. 15,
1953, pp. 1331-1338.

Eatwell, G. P., “Free-Wave Propagation in an Irregularly
Stiffened, Fluid-Loaded Plate,” Journal of Sound and Vi-
bration, Vol. 88, No. 4, 1983, pp. 507-522.

Elachi, C., “Waves in Active and Passive Periodic Struc-
tures: A Review,” Proceedings of the IEEE, Vol. 64, No.
12, December 1976, pp. 1666-1698.

Engels, R. C., “Response of Infinite Periodic Structures,”
Journal of Sound and Vibration, Vol. 69, No. 2, 1980, pp.
181-197.

Erdos, P. and Herndon, R. C., “Theories of Electrons
in One-Dimensional Disordered Systems,” Advances in

Physics, Vol. 31, No. 2, March/April 1982, pp. 65-163.

Faulkner, M. G. and Hong, D. P., “Free Vibrations of a
Mono-Coupled Periodic System,” Journal of Sound and

Vibration, Vol. 99, No. 1, 1985.

Flesia, C., Johnston, R. and Kunz, H., “Strong Local-
ization of Classical Waves: A Numerical Study,” Euro-
physics Letters, Vol. 3, No. 4, February 15, 1987, pp.
497-502.

117



[von Flotow 82]

[Furstenberg 63]

[Garcia et al 86]

[Goda 82]

von Flotow, A., “Traveling Wave Effects in Large Space
Structures,” NASA Workshop on Applications of Dis-
tributed System Theory to the Control of Large Space
Structures, Jet Propulsion Laboratory, July 14-16, 1982.

Furstenberg, H., “Noncommuting Random Products,”
Transactions of the American Mathematical Society, Vol.

108, No. 3, September 1963.

Garcia, M. E., Llois, A. M., Balseiro, C. A. and Weiss-
mann, M., “Transport Properties of One-Dimensional,
Disordered Two-Band Systems,” Journal of Physics C:
Solid State Physics, Vol. 19, 1986, pp. 6053-6061.

Goda, M., “Localization of Eigenstates in One-
Dimensional Disordered Systems,” Supplement of the
Progress of Theoretical Physics, Nol 72, 1982. pp. 232-
246.

[Hammersley and Handscomb 64] Hammersley, J. M. and Handscomb, D. C., Monte

[van Hemmen 82]

[Herbert and Jones 71|

[Hlawiczka 65]

Carlo Methods, Metheun & Co., 1964.

van Hemmen, J. L., “On Thermodynamic Observables
and the Anderson Model,” Journal of Physics A: Mathe-
matical and General, Vol. 15, 1982, pp. 3891-3897.

Herbert, D. C. and Jones, R., “Localized States in Dis-
ordered Systems,” Journal of Physics C: Solid State
Physics, Vol. 4, 1971, pp. 1145-1161. '

Hlawiczka, P., Matriz Algebra for Electronic Engineers
Hayden Book Co., New York, 1965.

118



[Hodges 82]

[Hodges and Woodhouse 83]

[Hori 68]

[Howe 72]

[Hyde and Sybert 87]

[Tkeda and Matsumoto 86]

[Imry 86]

[Ishii 73]

Hodges, C. H., “Confinement of Vibration by Structural
Irregularity,” Journal of Sound and Vibration, Vol. 82,
No. 3, 1982.

Hodges, C. H. and Woodhouse, J., “Vibration Isolation
from Irregularity in a Nearly Periodic Structure: Theory
and Measurements,” Journal of the Acoustical Society of

America, Vol. 74, No. 3, September 1983.

Hori, J.,Spectral Properties of Disordered Chains and Lat-
tices, Pergamon Press, Oxford, 1968.

Howe, M. S., “Multiple Scattering of Bending Waves By
Random Inhomogeneities,” Journal of Sound and Vibra-

tion, Vol. 23, No. 3, 1972, pp. 279-290.

Hyde, T. and Sybert, C., 16.622 projects course ex-
periment, Department of Aeronautics and Astronautics,

MIT, April, 1987.

Ikeda, K. and Matsumoto, K., “Study of a High-
Dimensional Chaotic Attractor,” Journal of Statistical

Physics, Vol. 44, Nos. 5/6, 1986, pp. 955-983.

Imry, Y., “Active Transmission Channels and Universal
Conductance Fluctuations,” Europhysics Letters, Vol. 1,

No. 5, March 1, 1986, pp. 249-256.

Ishii, K., “Localization of Eigenvalues and Transport
Phenomena in the One-Dimensional Disordered System,”
Supplement of the Progress of Theoretical Physics, No.
53, 1973.

119



[Johnston and Kramer 86|

[Johnston and Kunz 83-1]

[Johnston and Kunz 83-2]

[Kirkman and Pendry 84|

[Kissel 87]

[Lambert and Thorpe 82]

[Lambert and Thorpe 83]

[Lee and Ramakrishnan 85]

Johnston, R. and Kramer, B., “Localization in One Di-
mensional Correlated Random Potentials,” Zeitschrift
Fir Physics B - Condensed Matter, Vol. 63, 1986, pp.
273-281.

Johnston, R. and Kunz, H., “The Conductance of a Dis-
ordered Wire,” Journal of Physics C: Solid State Physics,
Vol. 16, 1983, pp. 3895-3912.

Johnston, R. and Kunz, H., “A Method for Calculating
the Localisation, with an Analysis of the Lloyd Model,”
Journal of Physics C: Solid State Physics, Vol. 16, 1983,
pp. 4565-4580.

Kirkman, P. P. and Pendry, J. B., “The Statistics of One-
Dimensional Resistances,” Journal of Physics C: Solid

State Physics, Vol. 17, 1984, pp. 4327-4344.

Kissel, G. J., “Localization in Disordered Periodic
Structures,” 28th ATAA/ASME/ASCE/AHS Structures,
Structural Dynamics and Materials Conference, April 6-

8, 1987, Monterey, CA.

Lambert, C. J. and Thorpe, M. J., “Phase Averaging in
One-Dimensional Random Systems,” Physical Review B,

Vol. 26, No. 8, October 15, 1982, pp. 4742-4744.

Lambert, C. J. and Thorpe, M. J., “Random T-Matrix
Approach to One-Dimensional Localization,” Physical

Review B, Vol. 27, No. 2, January 15, 1983, pp. 715-726.

Lee, P. A. and Ramakrishnan, T. V., “Disordered Elec-
tronic Systems,” Reviews of Modern Physics, Vol. 57, No.
2, April 1985, pp. 287-337.

120



[Le Page 82]

[Lin 76]

[Matsuda and Ishii 70]

N

)'-\

o
[McCoy and- Wu 68]

[Mead 70]

[Mead 73]

[Mead 75-1] -

[Mead 75-2]

Le Page, E., Théorémes Limites Pour les Produits de
Matrices Aléatoires, Probability Measures on Groups, H.
Heyer, editor, Lecture Notes in Mathematics, no. 928,

1982, Springer Verlag, Berlin, pp. 258-303.

Lin, Y. K., “Random Vibration of Periodic and Almost
Periodic Structures,” Mechanics Today, Vol. 3, 1976, pp.
93-124.

Matsuda, H. and Ishii, K. “Localization of Normal
Modes and Energy Transport in the Disordered Har-

monic Chain,” Supplement of the Progress of Theoretical

Physics, No. 45, 1970.

McCoy, B. M. and Wu, T. T., “Theory of a Two-
Dimensional Ising Model with Random Impurities. I.
Thermodynamics,” Physical Review, Vol. 176, No. 2, 10
Dec. 1968.

Mead, D. J., “Free Wave Propagation in Periodically Sup-
ported, Infinite Beams,” Journal of Sound and Vibration,

Vol. 11, No. 2, 1970, pp. 181-197.

Mead, D. J., “A General Theory of Harmonic Wave Prop-
agation in Linear Periodic Systems with Multiple Cou-
pling,” Journal of Sound and Vibration, Vol. 27, No. 2,
1973, pp. 235-260.

Mead, D. J., “Wave Propagation and Natural Modes in
Periodic Systems: I. Mono-Coupled Systems,” Journal of

Sound and Vibration, Vol. 40, No. 1, 1975.

Mead, D. J., “Wave Propagation and Natural Modes in
Periodic Systems: II. Multi-Coupled Systems With and

121



[Mead 86]

[Miles 56]

[Mott and Twose 61]

[Noble and Daniel 77|

[O’Connor 75|

[Omar and Schiinemann 85]

[Osawa and Kotera 66]

Without Damping,” Journal of Sound Vibration, Vol. 40,
No. 1, 1975, pp. 19-39.

Mead, D. J., “A New Method of Analyzing Wave Propa-
gation in Periodic Structures; Applications to Periodic
Timoshenko Beams and Stiffened Plates,” Journal of

Sound and Vibration, Vol. 104, No. 1, 1986, pp. 9-27.

Miles, J., “Vibrations of Beams on Many Supports,”
Journal Engineering Mechanics Division, Proceedings of
the American Society of Civil Engineers, January 1956,

pp. 1-9.

Mott, N. F. and Twose, W. D., “The Theory of Impurity
Conduction,” Advances in Physics, Vol. 10, 1961, pp. 107-
155.

Noble, B. and Daniel, J. W., Applied Linear Algebra, sec-
ond edition, Prentice Hall, Englewood Cliffs, NJ, 1977.

O’Connor, A. J., “A Central Limit Theorem for the Dis-
ordered Harmonic Chain,” Communications in Mathe-

matical Physics, Vol. 45, No. 1, 1975, pp. 63-77.

Omar, A. S. and Schiinemann, K., “Transmission Matrix
Representation of Finline Discontinuities,” IEEE Trans-
actions on Microwave Theory and Techniques, Vol. MTT-
33, No. 9, September 1985, pp. 765-770.

Osawa, T. and Kotera, T., “The Scattering Matrix
Method in the Linear Chain,” Supplement of the Progress
of Theoretical Physics, No. 36, 1966, pp. 120-137.

122



[Oseledets 68|

[Pastawski et al 85]

[Pastur 80]

[Pestel and Leckie 63]

[Pichard 86]

[Pichard and André 86]

[Pichard and Sarma 81-1]

[Pichard and Sarma 81-2]

Oseledets, V. 1., “A Multiplicative Ergodic Theorem,”
Transactions of the Moscow Mathematical Society, Vol.

19, 1968.

Pastawski, H. M., Slutzky, C. M. and Weisz, J. F., “Lo-
calization as a Breakdown of Extended States,” Physical
Review B, Vol. 32, No. 6, September 15, 1985, pp. 3642-
3633.

Pastur, L. A., “Spectral Properties of Disordered Sys-
tems in the One-Body Approximation,” Communications

in Mathematical Physics, Vol. 75, 1980, pp. 179-196.

Pestel, E. C. and Leckie, F. A., Matriz Methods in Elas-
tomechanics, McGraw-Hill, 1963.

Pichard, J. L., “The One-Dimensional Anderson Model:
Scaling and Resonances Revisited,” Journal of Physics C:

Solid State Physics, Vol. 19, 1986, pp. 1519-1535.

Pichard, J. L. and André, G., “Many-Channel Transmis-
sion: Large Volume Limit of the Distribution of Localiza-
tion Lengths and One-Parameter Scaling,” Europhysics

Letters, Vol. 2, No. 6, September 15, 1986, pp. 477-486.

Pichard, J. L. and Sarma, G., “Finite Size Scaling Ap-
proach to Anderson Localisation,” Journal of Physics C:

Solid State Physics, Vol. 14, 1981, L127-L132.

Pichard, J. L. and Sarma, G., “Finite Size Scaling Ap-
proach to Anderson Localisation: II. Quantitative Anal-
ysis and New Results,” Journal of Physics C: Solid State
Physics, Vol. 14, 1981, L617-L625.

123



[Pierre 87|

[Pierre and Dowell 87]

[Pierre et al 86]

[Pincus 80]

[Redheffer 61]

[Roy and Plunkett 86|

[Rubin 84]

Pierre, C.,
“Localized Free and Forced Vibrations of Nearly Periodic
Disordered Structures,” 28th AIAA/ASME/ASCE/AHS
Structures, Structural Dynamics and Materials Confer-

ence, April 6-8, 1987, Monterey, CA.

Pierre, C. and Dowell, E. H., “Localization of Vibrations
by Structural Irregularity,” Journal of Sound and Vibra-
tion, Vol. 114, No. 3, May 8, 1987, pp. 549-564.

Pierre, C., Tang, D. M. and Dowell, E. H., “Local-
ized Vibrations of Disordered Multi-Span Beams: The-
ory and Experiment,” 27th AIAA/ASME/ASCE/AHS
Structures, Structural Dynamics and Materials Confer-

ence, May 19-21, 1986, San Antonio, TX,.

Pincus, M. J., “Strong Laws of Large Numbers for Prod-
ucts of Random Matrices,” Department of Mathematics,

MIT, Ph.D. Thesis, June 1980.

Redheffer, R., “Difference Equations and Functional
Equations in Transmission-Line Theory,” Modern Mathe-
matics for the Engineer, second series, ed. Edwin F. Beck-

enbach, McGraw-Hill, New York, 1961, pp. 282-337.

Roy, A. K. and Plunkett, R., “Wave Attenuation in Pe-
riodic Structures,” Journal of Sound and Vibration, Vol.

104, No. 3, 1986, pp. 395-410.

Rubin, R. J., “Transport in a Disordered One-
Dimensional System: A Fractal View,” Journal of Sta-

tistical Physics, Vol. 36, Nos. 5/6, 1984, pp. 615-624.

124



[Rubin 64]

[Schmidt 57)

[Sheng et al 86]

[Signorelli 87] «

Rubin, S., “Transmission Matrices for Vibration and
Their Relation to Admittance and Impedance,” Journal
of Engineering for Industry (Trans. of the ASME), Febru-
ary 1964, pp. 9-21.

Schmidt, H., “Disordered One-Dimensional Crystals,”
Physical Review, Vol. 105, no. 2, Jan. 15, 1957, pp. 425-
441.

Sheng, P., Zhang, Z.-Q., White, B. and Papanicolaou,
G., “Multiple-Scattering Noise in One Dimension: Uni-
versality Through Localization-Length Scaling,” Physical
Review Letters, Vol. 57, No. 8, August 25, 1986, pp. 1000-
1003.

Signorelli, J., “Wave Propagation in Periodic Truss Struc-
tures,” S.M. Thesis, Department of Aeronautics and As-

tronautics, MIT, February, 1987.

[Signorelli and von Flotow 87] Signorelli, J. and von Flotow, A. H., “Wave Propaga-

[Slud 86]

[Stone 83]

tion in Periodic Truss Structures,” Proceedings, AIAA
Dynamics Specialists Conference, Monterey, CA, April
9-10, 1987.

Slud, E., “Stability of Exponential Rate of Growth of
Products of Random Matices Under Local Random Per-
turbations,” Journal of the London Math. Society, Vol.
33, No. 2, 1986, pp. 180-192.

Stone, A. D., “Localization and Low Temperature Trans-
port in Disordered One-Dimensional Systems,” Ph. D.

Thesis, Department of Physics, MIT, January, 1983.

125



[Stone et al 81]

[Thouless 72|

[Toda 66]

[Tutubalin 68|

[Virster 70]

[Wenzel 83|

[Yang and Lin 75]

[Ziman 79]

Stone, A. D., Joannopoulos, J. D. and Chadi, D. J., “Scal-
ing Studies of the Resistance of the One-Dimensional An-
derson Model with General Disorder,” Physical Review

B, Vol. 24, No. 10, Nov. 15, 1981, pp. 5583-5596.

Thouless, D. J., “A Relation Between the Density of
States and Range of Localization for One Dimensional
Random Systems,” Journal of Physics C: Solid State
Physics, Vol. 5, 1972, pp. 77-81.

Toda, M., “One-Dimensional Dual Transformation,”

Supplement of the Progress of Theoretical Physics, No.
36, 1966, pp. 113-119.

Tutubalin, V. N., “Approximation of Probability Mea-
sures in Variation and Products of Random Matrices,”
Theory of Probability and Its Applications, Vol. 13, No.
1, pp. 65-83, 1968.

Virster, A. D., “Central Limit Theorem for Semisimple
Lie Groups,” Theory of Probability and Its Applications,
Vol. 15, No. 4, pp. 667-687, 1970.

Wenzel, A. R., “Supersaturation of Complex-Amplitude
Fluctuations of Waves Propagating in a Random
Medium,” Journal of the Acoustical Society of America,

Vol. 74, No. 3, September 1983, pp. 1021-1024.

Yang, J. N. and Lin, Y. K., “Frequency Response Func-
tions of a Disordered Periodic Beam,” Journal of Sound

and Vibration, Vol. 38, No. 3, 1975, pp. 317-340.

Ziman, J. M., Models of Disorder, Cambridge University
Press, Cambridge, England, 1979.

126



Appendix A

Matrix and Group Properties

J

Ta

o
In this appendix we collect most of the matrix and group properties mentioned in the
thesis. First we note that all of the matrices in the thesis will be of even dimension,
2d x 2d, wherc; d ranges from 1 to some finite value. In addition, all matrices will be
invertible and so they are elements of the group GL(2d,C). Here the letter G stands
for the word general which means that the matrix is invertible. The letter L stands for
the word linear. The 2d inside the parentheses implies the matrix dimension is 2d x 2d,

and C tells us that in general the matrix elements are complex. If we were restricting

ourselves to matrices with only real entries, C would of course be replaced by R.

Frequently we will make use of matrices which have unit determinant; these matrices
are elements of SL(2d,C). The letter S stands for the word special which means that

the matrix has determinant equal to one.

Some of the more familiar matrices we will use are unitary matrices, which satisfy
WIW =WWZ =1
Note that unitary matrices are elements of SU(2d). Symmetric matrices satisfy
wli=w
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even if they have complex entries, while Hermitian matrices satisfy

wH =w

The symplectic (Sp) matrix group will be frequently encountered in the thesis. Sym-
plectic matrices are always of even dimension and their group is identified as Sp(d, C).
A matrix W is symplectic if

WIIW =7
where
0 I
-10

J =

where I is d X d. Note that we take a transpose even though W is a complex matrix.

The inverse of a symplectic matrix is easy to find:
Wl=-JwiJ

An important property of symplectic matrices is that their eigenvalues occur in recip-
rocal pairs, A and 1 [Bougerol and Lacroix 85]. It is also not difficult to prove that

any 2 X 2 matrix with unit determinant is automatically symplectic. This tells us that
SL(2,C) = Sp(1,C).

The special unitary group, SU(d, d) will be met in the thesis. A matrix W is an
element of SU(d, d) if

WIAW=A

I 0
0 -1

where again I is d X d. The 2 x 2 matrices which are elements of SU(1,1) are of the

a b
b a*
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A=
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This matrix is in the so-called Cayley form [Hori 68].

We will make use of matrix singular values in the thesis. Any reader not already
familiar with singular values and the singular value decomposition of a matrix is en-
couraged to consult [Noble and Daniel 77]. The singular values, o;, of a complex 2d x 2d

invertible matrix W are
oi(W) = {(WEW)}? i=1,---,2d

where we assume that the o; are ordered such that o; > 0y;;. Note that the singular

values of a symplectic matrix will occur in reciprocal pairs o and %

The maximum singular value, 0., (W) coincides with the spectral norm of a matrix:

amaz(w) = max ”WZHZ

= ||W
270 ”2”2 " “2

where ||z||; is the usual Euclidean length of the vector z.

Another matrix norm that is useful is the Frobenius (sometimes called Euclidean)

norm.

Wiz = {tr(WEW)}5

d d X
= {222 |ws*)e

=1 j=1
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Appendix B

Derivation of Mono-Coupled Wave

- Transfer Matrices

In this appendix we show how the wave transfer matrix, W; of a bay (ordered or
disordered) is calculated for frequencies in the passbands of the normally periodic

system. In terms of the left and right traveling wave amplitudes, ::1 and 13, we have:
Aj-1
Bj-1

;1_ "';i

W. = 5 L
F r 1
‘——L —

- .
;4

™ where

A

The approach is to express our traveling wave amplitudes first in terms of a state
vector involving generalized displacements, then to express the wave amplitudes in
terms of a state vector which includes generalized displacements and generalized forces.

This latter relationship is what we desire because all of our real transfer matrices involve
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a state vector which includes generalized displacements and forces, namely,

A T % B.1
-] &

fi-1
T T3
T = u Iy
Ty T

and where u; is a generalized displacement and f; is a generalized force. Note that u;

where

and f; may be nondimensional. When u; is nondimensional, then the wave amplitudes
will be nondimensional as well. Again T; is the transfer matrix for the periodic or

disordered system.

The generalized displacements of the perfectly periodic system can be expressed in

terms of the wave amplitudes via

where

_ 1 1
Q= ek gik

Note that k is the wave number of the perfectly periodic system.

Now from B.1 we find

where

1 0
V =
[ To:T3' Tox — Toa T35 Ty }

Yl ox |4 (B.2
fi - B; 2

X=VQ

So now we find

where
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Equations B.1 and B.2 imply

Aj A
=xmx | T
Bj Bj_l
So the wave transfer matrix for a single bay is
W; =X11;X (B.3)

Note that we have used the perfectly periodic wave basis to derive our wave transfer
matrix, whether the real transfer matrix is random or not. The columns of the matrix
X are the eigenvectors of the transfer matrix of the perfectly periodic system. When
the transfer matrices are random, the eigenvector matrix will be that for the average

transfer matrix. So for the perfectly periodic system in the passband the wave transfer

matrix looks like

et 0
W; =
0 e—lk
while in general
Lo
, = J J
WJ - rs 1
pu—— =
- -
o

Note that both matrices are elements of SU(1,1).

Finally, we note that ;1; can be shown to be invariant with respect to the scaling

of the eigenvector similarity transformation used in Equation B.3, while ;—"- will be off
J

by at most a magnitude and a phase factor. Using the eigenvector transformation X

defined above, though, we are guaranteed to get exactly the wave transfer matrix, W ;.
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Appendix C

Models of Three Periodic and

Diso?éiered Periodic Structures

7

In this a.ppen&ix the three periodic structures examined in the thesis are described.
The first system is a chain of springs and masses. The second structure is a rod in
longitudinal compression with attached resonators. The final structure is a Bernoulli-
Euler beam on simple supports. For each system the transfer matrix for a typical bay
of the perfectly periodic structure is presented along with the associated state vector.
Also shown are the eigenvector similarity transformations which induce a wave transfer
matrix. Most variables are nondimensionalized in the transfer matrix descriptions.
Then a single variable is randomized and the associated transfer matrix is presented,
along with the relevant terms in the wave transfer matrix. Some general properties of

transfer matrices are discussed in [Rubin 64].
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Figure C.1: Mass-spring chain.

C.1 Mass-Spring Chain

A chain of springs and masses is one of the simplest periodic structures we can
examine. The system is pictured in Figure C.1 and a typical bay is shown in Figure
C.2. This choice of bay (as opposed to one involving a spring and a half of two masses,

for example) ensures that the det(T) = 1 whether m, k,, or both are disordered. For

this bay:
d | |1-m2 -1 dja
L] me2 L
k-j ks ke J-1

Here d; is the displacement of the jth mass and f; is the force on the jth mass. Note
that ;‘{-J. has units of displacement as does d;. Let @ = ﬁ‘f—;;, which is the frequency

at which the passband ends, then

T=

1-4% -1
4% 1
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Figure C.2: One bay of mass-spring chain used to form its transfer matrix.

From the condition that |tr(T)| < 2 in a passband (see Chapter 2), we see that a
single passband exists for the perfectly periodic system at 0 < @ < 1. All higher fre-
quencies are in the stopband. The wave number (the spatial frequency of the traveling

waves) for the traveling waves in the passband of the mass-spring chain is governed by
cosk =1 —2@?

A more extensive discussion of the mass-spring system can be found in

[Faulkner and Hong 85).

The eigenvector similarity transformation used here, which will induce a wave trans-

fer matrix (see Appendix B), is:

{ 1 1 ]
X =
ek _1 k-1

and its inverse is

_— { (¢* —1)/(2isink) —1/(2isink) }
(1 —e~*)/(2isink) 1/(2¢sink)
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C.1.1 Only Masses Disordered

Now consider disordering only the masses, i.e., let the mass be a random variable

and let p; = i, where < m; >=m so

1- }l.,'4(32 -1

T(u;) = ,
Hid@ 1

The corresponding wave transfer matrix is, where we suppress the subscript 7 on the

transmission and reflection coefficients.

1 -t
Wk) =X""T)X=| * °
BT
where
1 .
? = C'k(l - !5,) (Cl)
and
—% = —e*35;
where
6 = 26‘.’2(1 - ”‘j)
’ sink

C.1.2 Only Springs Disordered

Now consider disordering only the springs, i.e., let k, be a random variable and let

k":> , where < k,; >= k,. The transfer matrix is:

.= ei
k‘l — <k,
_? 1
T(k.j) = k,; k.j
40?

In the corresponding wave transfer matrix

= c"' (1 - 1'6_,)

o | -
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N

and

__.:. = i6;
where now \
2@ 1
& = sinlc(1 B z;)
C.1.3

Masses and Springs Disordered

Finally with both the masses and springs disordered we have:

. 1- %% _ 1
k)= | R
4@2;1,:' 1

Note that we have no need to compute the wave transfer matrix in the calculation of

the localization factor when both the masses and springs are disordered, because of the
additive nature of the localization factor discussed in Chapter 3.

C.2 Rod with Attached Resonators

The second model is a longitudinal wave carrying rod with attached resonators that

represent the vibrating cross-members present in a real truss structure. The model and
relevant properties are shown in Figure C.3.

The transfer equation for the perfectly periodic model is:

O | _| e+% $-%52 || 05 (C.2)
Nj.n 8s + H—(—)'12+° c+ %—;— N,’

where

_ U;
Uj=T
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Figure C.3: Rod with attached resonators

is the nondimensional longitudinal displacement of the jth point and

_ N;
Ni= %4

is the nondimensional internal force at the jth point.lAlso

€ = CoST®
8§ = 18InT®
3§ =1rw

where the nondimensional transfer function of the attached resonator is:

B=(- )

1
k, @?np

and where the nondimensional frequency, stifiness and mass are:



k=54
. m
# 7 loan)

The transfer matrix models a bay extending across a length of rod, across a resonator,

and then across another length of rod.

A discussion of the dynamic characteristics of the perfectly periodic structure can
be found in [von Flotow 82]. For our work on the rod with attached resonators, we
will use & = .2 and k, = .5. These values put our first stopband around @ = .5033
which is the natural frequency of the attached resonator. This particular stopband
frequency mal?es for ease of presentation of localization effects in the first passband. In
real structures the stopband associated with the resonant frequency of a cross-member

is likely to be much closer to @ = 0.

The wave number k for the passbands of the perfectly periodic structure is deter-
mined by _
Hs
cosk=c¢+ —
23

The eigenvector similarity transformation that induces the wave transfer form is

1 1

isink/(s — B9y _isink/(2 — Bl:9)

—i(¢ — 229y /(25in k)

Xt =
i( — 245/ (2sink)

[T S T

C.2.1 Only Masses Disordered

Now disorder the mass, m, of the attached resonator. So let

=M
”’J_pAl
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be the nondimensional random variable, < fi; >= ji. Note that we do not feel compelled
to divide by the average value of i because this variable is already nondimensional.
Now the random transfer matrix T(i,) is found by replacing fi, which occurs in H, in

the nonrandom transfer matrix, T, by z;. In the corresponding wave transfer matrix
1

7= *(1 - 16,)
and
r .
where ~
_ (sinm@)AH;
T 2(sink)r@
and
_ 1 1 1 1
H; = (- o (=- -1
AR (k, w’w’u,-) (k, u‘ﬂwzii,)

C.2.2 Only Springs Disordered

Now consider disordering the springs of the attached resonators. Let

k. = ’—cEfj—i- where < k,; >=k,

be the nondimensional random variable. The transfer matrix T'(k,;) is the nonrandom
transfer matrix with k, replaced by k,;. The wave transfer matrix is the same as for

the disordered masses except that
1 1

(— 1
I-C,j @272

@3rig

AR; =

>~ (- )™

C.2.3 Only Lengths Disordered

Finally we examine the disordering of the bay length, i.e. the distance between the

resonators. Let the nondimensional random variable be




where < l; >=l. The transfer matrix for the lengths disordered is

o B sinea in(ral;) | Alt-cos(xal;
| ) EaED s s
’ —7®l; sin(7@l;) + {,-_E[H—_c:-y_rﬁj,;)_] cos(r@l;) + Hsi;(r;mt')

In the corresponding wave transfer matrix

1_, i+

t 2sink
and
_r_i=B+v]
t 2sink

where o is the (1,1) term of T(I;) and where

B = [-ralsinray) + LT osr@llye  HE29),
and B _ - _
in(wwl; H(1 —cos(7m@l;)],,. H(l+e¢
U= [Sl ﬂ(.-‘;': J) + [ 27rzwzl‘j J)]][ss+ ( > )]

C.2.4 All Three Parameters Disordered

Finally the transfer matrix for masses, springs and lengths disordered, T (g, k.;, ;)

is simply T(I;) with H replaced by

1 _ 1
85 wir? I

)

C.3 Bernoulli-Euler Beam on Simple Supports

The final system examined is a Bernoulli-Euler beam on simple supports shown
in Figure C.4. In setting up the transfer matrix for the beam on supports we will

use much of the terminology of [Yang and Lin 75,Lin 76)], except we nondimensionalize
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<l >

Figure C.4: Beam on simple supports.

where possible. The transfer matrix for a bay relates the slope, ¢, and nondimensional

moment at adjacent supports

; cosk e i
lf{J = /G sin? k ve zf; 1 (C.3)
8in
£l -y cos k ETj-1
where
osk = sinh @ cos V@ — cosh V@ sin /@
B sinh /@ — sin V@
where
N
YENET

u = mass of beam per unit length

and where (adopting the notation of [Yang and Lin 75,Lin 76))

Cq
83

¢4 = (cosh V@ cos Vo —1)/2

o =

142



83 = (sinhv@ — sin V@) /2
84 = sinh V@ sin Vo
¢; = (cosh V@ — cos V@) /2

The eigenvector similarity transformation which induces the wave transfer matrix

is
x 1 1
i@gink —i¥Lsink

and

1 __da_

X-1= |2 2\/@sink
1 fa
2 2V/@sink

Now consider disordering the length [ between each bay and let the nondimensional

random length be
A l .
l; =—2
<l>

where < l; >=1. So the transfer matrix T({;) can be written by simply replacing v@
whenever it appears as an argument of sin,sinh,cos and cosh by ﬁfj. Anywhere !

appears it can be interpreted as < [; >.

In the wave transfer matrix for the beam on disordered supports

a(l}) sink asin® k(i})
2a 2a(i;) sink

% = cos k(l;) +1]

and . .
L asin’ k(l;)  a(l)sink

t 2a(l;) sink 2a

]

Once again, whenever the argument (i,) appears, it implies that the underlying circular

and hyperbolic functions should have /@ replaced by \/EIA,
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Appendix D

A Simple Method to Calculate

Localization Factors

This appendix describes the calculation of localization factors using a simple method
which does not depend on theories involving products of random matrices. The method
has given very good results for systems with sufficiently low randomness and over
wide frequency ranges. The method is applied to systems that can be described
with 2 x 2 transfer matrices and is a generalization of a result which appeared in

[Akkermans and Maynard 84].

Briefly, the method involves taking a transfer matrix which is a function of a random
variable and expanding it in terms of a Taylor series expansion about the average
value of the random variable. Only the first two terms of the expansion are retained,
after which they are converted to wave transfer form via the appropriate similarity
transformation. Products of this low order form are taken, but only terms of order one
are retained. From this low order representation of the matrix product, the transmission
coefficient, 7, is extracted and the localization factor, v, is calculated as

__< In|m| >
n
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First consider the bay transfer matrix which is a function of the random variable
a, T(a) or T for short. Now expand T in a Taylor series expansion about the mean

value of a.

oT 6a)? 3*T
T = Tl<a> + 50‘%]«» + L_Z—!—)—?a—z;ka) + .-

Consider retaining only the first two terms:

. oT
T= T'(a) -+ 6a—a I<a>
[¢2

Now choose an eigenvector transformation that induces a wave transfer matrix, so

a b
» a*

e+ik
+6a

—ik

XITX = X 1T X + 5ax~1%§|«,>x = [
' €

} . . . . .
So now we have approximated the jth wave transmission matrix as

e* + (6aj)a (6a;)b
(6aj)b*  €* + (6cy)a

W, =

Now let usd calculate [[}., W; by retaining terms only to first order in éa;. Note
for example that terms like 6qéa; | # j will vanish by mutual independence when

averaging. The final result gives:

ﬁ W, = [ et 4 er-Vkg(T2_ bay) (2,1)° }
i=

=1 e—ink [E;_-=1 5%.6-'(2:‘—1)1:] (1,1)*

The (1,1) term of the above matrix product approximation is our approximation to %
From this, one can calculate |7, |*:
|ral* = 1/[1+ a’e* (3 6ey) + ae™ (3 6ey) + |af* (D 6a)?]
=1 J=1 J=1
Taking the natural log of |7,|?
In|7|* = In(1) — In(1 + a*e*(D_ 6a;) + ae™™*(D_ 6a;) + [a* (O 6¢4)?)
J=1 =1
Recalling the following expansion:

L
ln(1+z)=z—%+§-—"- |2 <1, z# -1
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So retaining terms to first order in z:
. n . n n
In|rf = —a"e* (3 6a;) ~ ae™ (3 bay) — |af* (3 6ey;)?
i=1 i=1 Jj=1
Now taking the average of In|r,|?> and recalling that < §a; >= 0 and invoking inde-

pendence of 6a;s we arrive at:

. :
<hn|m[" >= —|af*(}_ < (60)* >) = —|a[*ncy,
=1
Now
<Inj|n| >
T=-——"
n
or

_ _<Inm[*> . |afa?
- 2n T2

which is the final result.

We find the result agrees with calculations from Equation 3.10 when % has the
forms e (1 + 16;) or (1 + ¢6;). So this formula is valid for the mass-spring chain and
the rod with disordered masses or springs on the attached resonators. The formula will
not give accurate results for the rod with disordered lengths between resonators or for

the beam with random lengths between supports.
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Appendix E

Properties of the Scattering and

Wave Transfer Matrices

In this appendix we discuss some of the properties of the scattering matrices and
wave transfer matrices used in the thesis. These matrices will be used to describe
the propagation of traveling waves in the passbands of periodic or disordered periodic
structures. We will state the scattering and wave transfer matrices in their most gen-
eral forms and then impose conditions on the scattering matrix and discuss what this
implies for the wave transfer matrix. Note that we will suppress any subscripts on our
transmission and reflection matrices. The scattering and wave transfer matrices are of
dimension 2d x 2d. Scattering and wave transfer matrices are discussed in [Redheffer 61]
and in [Carlin and Giordano 64,Hlawiczka 65] and for some specific disordered systems

in [Osawa and Kotera 66,0mar and Schiinemann 85].

The scattering matrix, S, in its most general form is

X.j—l _|rt E,‘-l
ﬁj t £ X,'

where K and ﬁ represent vectors of traveling wave amplitudes in the indicated direc-

(E.1)
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tions. The corresponding wave transfer matrix involves a rearrangement of the state

vector, so that we relate waves on the right of a bay to those on the left of a bay:

Aj _ t1 —t~1ir Aj-1

) A (E.2)
Bj f’t_l t — f't—ll' Bj—l

Now we require that the scattering matrix be symmetric. This means that

l‘=—“1‘T

=87
and

t=1t7

These are exactly the same conditions needed for the symplecticity of the wave transfer
matrix W, namely that

wiJw =13

be satisfied. Thus
S symmetric <> W symplectic

Now we impose the requirement that S be unitary, namely

Sfg =8sf =1
Now SES =1 tells us that
rir+t8t =1
tht +#Hp =1 (E.3)
rit +tf¢ =0

These are precisely the same conditions that must hold when W is an element of
SU(d,d) or
WIAW = A
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We conclude that
S unitary <= W € SU(d, d)

Now imposing both symmetry and unitarity on the scattering matrix we have

N

r t
S =
tT —t'r't
where r = rT and —t'*r*t = —tTr*t~¥. Equivalently when the wave transfer matrix

is symplectic and an element of SU(d, d) we have

t-1 —t~1r

_t-lnrrso t—h

W =

From the condition t¥t + ### = I above, we can prove that
0 < ut¥t] <1
where p;(%] is the tth eigenvalue of the indicated argument. Also note that
wiltTt] = piftt¥]

so that all the results stated below hold for tt# as well as t¥t. First we assume that

tH+t is invertible so that it is positive definite:

tft >0
We also have that #7# is at least positive semi-definite;

>0

- From Equation E.3 we have
tft =1 #¥¢
Doing an eigenvector decomposition on the above equation we get
tft = I-#%¢
= U(I- diag{u#"#]})U"
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The positive definiteness of t¥t and the positive semi-definiteness of ¥ now imply

and

which is the desired result.
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