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We consider monochromatic wave propagation along a long, finite, one-dimen-
sional, slightly non-uniform waveguide, whose ends are connected to uniform
semi-infinite waveguides. The non-uniformity in the system parameters, which is
assumed slowly varying and deterministic, can be tuned to produce a desired
scattered wave field or reflection/transmission properties for a broad range of
incident wave fields. With this objective in mind, we obtain an analytic solution for
wave propagation along repetitive systems, asymptotic in the slowness of the
variation of the system parameters. We consider systems governed by a second
order finite difference equation and apply the WKB method allowing the index
variable to be complex. This allows complex turning points to be considered. The
coefficients of the difference equation are represented by their discrete Fourier
modes. For complex turning points, we obtain exponentially small reflection, a new
result in the context of difference equations. The asymptotic solution, besides
revealing how the non-uniformity in the parameters affects wave propagation,
furnishes an analytic expression for the system scattering matrix as a function of the
system parameters. It also sheds light on the mechanism of localization phenomena
for this class of repetitive systems. We also compare the asymptotic results with
numerical experiments for large finite one-dimensional non-uniform chains of
coupled pendula.

© 2000 Academic Press

1. INTRODUCTION

A one-dimensional repetitive system is a chain of interconnected subsystems. The
subsystems can be identical to each other (uniform repetitive system) or they may
vary among each other (non-uniform repetitive system). Our aim is to study wave
propagation along repetitive systems consisting of single-degree-of-freedom (d.o.f)
subsystems, each interacting with its two nearest neighbors only. The systems are
assumed to have a finite non-uniform part embedded in an infinite uniform part.
The non-uniformity, i.e., disorder, is assumed to be slowly varying and deter-
ministic. An example of this kind of repetitive system is a one-dimensional chain of
coupled pendula. The subsystem is a pendulum coupled with its two nearest
neighbors through springs.
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Wave propagation along uniform repetitive systems is possible only for
continuous ranges of frequencies called passbands. For wave frequencies in the
passband, energy can be transmitted through the system without attenuation, while
no energy is transmitted at frequencies that lie outside the system passband.
Therefore, we just consider wave frequencies in the system passband. We consider
one-d.o.f. subsystem, and hence the system dispersion relation relates the wave
frequency with two wave numbers of equal magnitude and opposite sign, which
means a left and a right propagating wave mode. A comprehensive discussion on
wave propagation on more complex uniform repetitive systems is given in
Brillouin [1].

When non-uniformity, i.e., deterministic disorder, is present along a repetitive
system, the passband may become narrow, discrete or even disappear. If non-
uniformity is present in a long enough part of a repetitive system and distributed in
a random fashion, localization phenomena may show up. We can describe
localization effects as follows. For wave frequencies inside the uniform system
passband, the wave disturbance may show an exponential decay as it travels along
the system. As a result, we have strong, or even complete reflection of the wave
disturbance incident in the non-uniform part of the system, and the wave
disturbance stays localized in space close to the beginning of the non-uniform part
of the system. Another feature of the system behavior when localization phenomena
are present, is the disproportionately large sensitivity of the system response (shape
of natural modes and distribution of natural frequencies) with respect to small
variation in the disorder of the system parameters, as pointed out by Pierre [2],
Triantafyllou and Triantafyllou [3] and others. This large sensitivity with respect
to the system parameters opens the possibility for the design of the non-uniformity
of the system parameters to minimize wave transmission, or to allow perfect
transmission at desired frequencies, depending upon the intended application.
These design problems are one of the motivations for this work, since an analytical
expression for the system scattering matrix, even in an asymptotic sense, is
a powerful tool to handle those design problems.

Slowly varying non-uniformity allows us to use the WKB method for second
order finite difference equations. We focus on very large one-dimensional systems,
consisting of hundreds of subsystems. Second order difference equations can be
reduced to canonical forms. We chose the canonical form

Zj+1—2Zj+Zj_1+Qij=O, (1)

where j is the independent variable and Q; is a non-uniform sequence that varies
slowly with j. Since Q; is finite, we assume that we can write it as a finite Fourier
series. This allow us to extend Q; for non-integer values of j. We allow j to be
a complex variable, which opens the possibility to consider complex turning points,
which, to the author’s knowledge, were not considered in the literature before. We
assume that the sequence Q; does not have poles or any essential singularity, except
at infinity. The WKB method for difference equations is applied similarly as for
differential equations. The difference lays in the fact that for difference equations
there are two turning point conditions, instead of only one, for differential
equations. For pairs of complex conjugate turning points, the WKB method
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predicts an exponentially small reflection, whih was known for differential
equations, but is a new result for difference equations.

In the next section, we give an outline of previous work on localization
phenomena, about the design problems mentioned above and about the WKB
method for difference equations. In section 3, we consider an example of a repetitive
system, namely a chain of coupled pendula. The non-uniformity appears in the
pendula length and it is restricted to a finite part of the chain. We give the governing
equation for wave propagation and reduce it to the canonical form (1). In section 4,
we discuss the WKB method for second order difference equations and give an
asymptotic approximation for the system transfer matrix, that relates the amplitude
of the incident and reflected waves with the amplitude of the transmitted wave for the
whole non-uniform part of the system. We also discuss localization phenomena
through the optics of the WK B method. In section 5, we apply our asymptotic theory
to simple non-uniformity configurations. We compare the asymptotic results with
direct numeric simulation to access the performance of the asymptotic theory.

2. PREVIOUS WORK

The phenomena of localization has been known in the context of solid-state
physics for almost 40 years. Anderson [4] explained many of the transport
properties of disorder solids. In the context of structural dynamics only recently
localization phenomena had received attention. Hodges [5] was the first to
recognize the relevance of localization theory to the context of structural dynamics,
and in Hodges and Woodhouse [6] numerical and experimental evidence of
localization was provided. Pierre [7] used a statistical approach to evaluate the
localization factor. Kissel [8] used the transfer matrix method. He considered the
transfer matrices as random quantities with uniform distribution, and he applied
Furstenberg’s theorem on the limiting behavior of products of the random matrices
to evaluate the localization factor. Castanier and Pierre [9] used perturbation
techniques to evaluate the Lyapunov exponent (localization factor) of the wave
transfer matrix for multi-coupled disordered periodic linear systems. Bouzit and
Pierre [10] used a wave transfer matrix approach and statistical perturbation
methods to evaluate the localization factor for a multi-span beam with slight
randomness in spacing between supports.

Pierre [11, 2] used an eigenvalue/mode perturbation approach to investigate
normal-mode localization for disordered structural systems consisting of weakly
coupled subsystems. Triantafyllou and Triantafyllou [3] provide a geometric
theory to explain frequency coalescence and mode localization. They consider the
system eigenvalue problem as a complex mapping between the complex frequency
plane and the complex parameter space. They showed that high modal sensitivity,
which characterizes localization, is in fact caused by the presence of branch points
of the mapping mentioned above in the complex parameter space near the real axis.
Therefore, if we want to maximize the localization for a given system, we need to
search for the branch points of the mapping where natural frequencies coalesce.
The projection of the branch point with smaller imaginary part on the real axis
should give the parameter configuration for which normal modes show some
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degree of localization. This configuration of non-uniformity should minimize
transmission for the whole system passband. Therefore, the geometric theory of
Triantafyllou and Triantafyllou [3] provides an approach to the design problem
for minimum transmission for systems of small/medium size. For large systems,
consisting of hundreds of elements, the search for the branch points where natural
frequencies coalesce becomes too complex. Results from the WKB method for
second order difference equations may be more suitable.

The design problem mentioned in the introduction was seldom addressed in the
literature [ 12-14]. Keane and Manohar [ 12] considered the optimum design, from
an energy flow point of view, of two axially vibrating rods which are each composed
of 20 piecewise uniform sections. Gopalkrishna [ 13] minimized wave transmission
for system with a small number of d.o.f. and weak coupling. He optimized
(maximized) the exponential decay constants of the system normal modes in terms
of the system parameters to achieve his design objectives. Langley [ 14] considered
non-uniform one-dimensional repetitive systems embedded in infinite uniform
systems. He provided tools to design structural filters which might block or allow
wave transmission.

The application of the WK B method to second order finite difference equations
dates back as early as 1949, according to reference [ 15], which gives an account of
the literature about the WKB method for difference equations before 1977. Early
applications were usually in quantum mechanics. Braun [15] proposed a new
method to obtain the Liouville-Green formulas and analyzed the matching
condition at both simple and singular real turning points. Wilmott [ 16] considered
also matching conditions for simple real turning points. Error bounds for the
Liouville-Green formula for the discrete WK B method are discussed in references
[17, 18]. The most recent applications of the discrete WK B method are asymptotic
for orthogonal polynomials with slowly varying coefficients [17, 19]). Costin and
Costin [20] considered recurrence relations of large finite order. They use a matrix
formulation and develop connection formulas for simple turning points. Instead of
solving an approximate difference equation in the neighborhood of a turning point,
they approximate the recurrence relation by a differential equation and obtained
connection formulas using this approach.

3. ONE-DIMENSIONAL CHAIN OF COUPLED PENDULA

We consider a one-dimensional chain of coupled pendula where each pendulum
is coupled to its two nearest neighbors by linear springs of constant k. We assume
that the length of the pendula is non-uniform for a finite part of the chain. The mass
of the jth pendulum is denoted as m and its length is given as (1 + ¢;) [, where [ is
a reference length. The mass m and the spring constant k do not vary along the
chain. The governing equation for the jth pendulum is a result of the balance of the
inertia force with gravity force and the forces applied by the two nearest neighbors.
In non-dimensional form, we obtain

Zj+ zj— R [zj41 —zj]] + R [z; —z;-1] =0, (2)

1+8j
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where R = kl/mg is the coupling parameter and ¢ is the acceleration due to gravity.
The first term in equation (2) corresponds to the inertia force, the second
corresponds to the gravity force, the third term is the force applied by pendulum
j+ 1, and the last term is the force applied by pendulum j — 1. We consider
a monochromatic wave of frequency w incident on the non-uniform part of the
chain. In this case the time dependence is given by

exp (iwt) (3)
and the governing equation (2) assumes the form
1
—RZj+1+<1+8j+2R_w2>Zj—RZj1:O (4)

which is the governing equation for monochromatic wave propagation along the
chain of pendula. Next, we illustrate how to reduce a general second order
difference equation to the canonical form (1). We consider a general equation, as
follows:

aj(x, y)zj+1 + bj(x, y)zj + ¢j(x, y) zj-1 =0, for jo <j<jo+ M, (3)

and for j < j, and for j > j, + M, the coefficients in equation (5) are constants. For
Jo <Jj<jo+ M, aj(x, y), bj(x, y) and c; (x, y) are the non-constant coefficients,
which depend on the parameters x and y, and do not have any singularity, besides
at infinity. The sequences in equation (5) have size M. To reduce equation (5) to the
desired canonical form, we consider the change of variable

J

Zj=< 11 ﬁl) wjyj, forjo—1<j<jo+ M, (6)
I=jo—1

where y; is the new dependent variable. The sequences f5; and «; are defined in such

a way that the general recurrence relation (5) is reduced to the desired canonical

form. The elements of the sequence f; and o; are given in terms of the sequences a;

and c;, as follows:

1
oj = , forj=jo— 1 ;=1 forjo—1<j<jo (7
Ci+1

1

a;Pioj+

Bir1= , forj=jo. (8)

After we apply the change of variable (6) to equation (5), we obtain the desired
canonical form (1), where the sequence Q; is defined in terms of the sequences a;, b;
and ¢;:

b.

Qj=——+2, forj=jo
Cj+1
b; . .
= +2, forjo+1<j<jo+ M. )
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For the chain of coupled disordered pendula the terms of the sequences a;, b; and ¢;
are given as

a;= —R, b=

J 1+8j

+2R —w? ¢;=—R. (10)

J

In the canonical form (1), the term Q; assumes the form

1 1
Q;= < +2R—w2>+2, for j =jo

_ (4 + 2R 2)4+2, forj=jo+1 (11)
~ R\t g @ )T e fery=let L

Equation (11) is derived directly and simply from equations (1) and (4). The
general analysis contained in equations (5)—(9) was carried out because the
asymptotic theory below was designed to handle general second order difference
equations.

In the the next section, we give an outline of the WKB method for second order
difference equations.

4. THE WKB METHOD FOR SECOND ORDER DIFFERENCE EQUATIONS

We give an outline of the WKB method for second order difference equations
applied to our canonical form (1). As mentioned before, the WKB method for
second order difference and differential equations have many features in common,
but the main difference lies in the fact that for difference equations we have two
turning point conditions, instead of only one as in the case of differential equations.
The first step is to obtain the Liouville-Green formulae. The asymptotic solution of
equation (1) is a linear combination of the Liouville-Green functions.

4.1. LIOUVILLE-GREEN FUNCTIONS

To obtain the Liouville-Green functions, we proceed in a way similar to refer-
ence [15]. Through a change of variable, we transform the canonical form (1) into
a non-linear difference equation. We solve it approximately through an iterative
process. The solution of the first iteration gives the Liouville-Green functions. The
change of variable to consider is

Jj
Zj= l_[ u, (12)
1=l

and if we substitute equation (12) in the canonical form (1), we obtain a discrete
version of the Riccati equation for u,, as follows:

ﬁ(w“>+@r—mw+1=0. (13)

u;
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We can solve equation (13) as a quadratic equation, and the natural logarithm of u;
follows:

Inu = —3Alnw +In (=D,E, £ [(D,E)* — 1]'7?), (14)

where the quantities D; and E; are defined as

D,=< il >1/2, g (@27 (15, 16)

Up+1 4

and A is the forward difference operator. The last term in equation (14) is the
logarithm of a complex number with unitary modulus and phase 0;, which can be
written as

0, = arccos { —E;exp(—3Alnu)} for |DE| <1, (17)
0,= —icosh™!' {—E;exp(—3Alnu)} for|DE/| > 1, (18)

and equation (14) assumes, the form
Inu, = —3 Alnu, £ i0()). (19)

From equation (19) we develop an iterative scheme to compute approximations for
u;. We assume that the departure of u;/u;+; from unity is small, so equation (19)
simplifies by eliminating the forward difference of the logarithmic term. The
expressions of 0;,, equations (17) and (18), also simplify by setting the forward
difference of the logarithmic term equal to zero. Then, the zeroth order
approximation follows,

Inu{® = +i0,, (20)
and here we redefine 0,, as follows:
cos(6,) = E, for E; real and | E;| < 1, cosh(if)) = E; for E, real and | E;| > 1,
(21)

0,= —iln(—E, + \/E? — 1) for E, complex, (22)

where the last expression in equation (21) is the extension of the arccos function to
the whole complex j plane, compatible with the second expression in equation (21).
Since higher order approximations of In u; are obtained by iterating equation (19),

then In uf ™! is given by

Inuf*h = —4Alnu® + 0", (23)

where 0" is the Taylor series expansion of equation (17), if | E;| < 1, or equation
(18) if | E;| > 1, with respect to the forward difference of the logarithm of u,
truncated at the nth order term. To obtain the Liouville-Green functions, we need
only to iterate to first order. To obtain Inu{" we need first to obtain 0", which
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follows:

o =0, ;% cotO,A0, for |E| < 1, (24)

= 0[ $ % COth (l 91) AB[ for |El| > 1 (25)

Next, we substitute equations (24) and (25) with the zeroth order approximation
(20) in equation (23), and we obtain the first order approximation for In u{",

Inuft) = ¢% AO, + i {0, + % AD, cot 91} for | E| < 1 (26)
and
Inuf = F % AO, +i {91 + % A0, coth (ie,)} for | E| > 1. (27)

Finally, to obtain the first order approximation for z;, we substitute equations (26)
and (27) in the change of variable (12), and we use the Euler—-Maclaurin summation
formula. We disregard terms of O(A) and higher. The final result is

'j
20 = D(sin0,) 12 exp{ii J 9(l>dl} for | E| < 1, (28)

Jo

and

J
z{ = D(sinh(16;))"'/* exp { +i f Q(I)dl} for |E;| > 1, (29)

Jo
which are the Liouville-Green functions for the canonical equation (1). The
quantity 0() in equations (27) and (28) is defined by equation (21). Notice that 6(])
given by equation (21) is the local wavenumber. In the context of the assumptions of
the WKB method, the uniform system dispersion relation, actually given by
equation (21), is locally valid. This implies that the passband given by the uniform
system dispersion relation varies as we go along the chain. As a result, in the
context of the WKB assumptions, energy cannot propagate without attenuation
along the chain for every wave frequency inside the uniform system passband. Now,
energy can propagate without attenuation only for a subset of the uniform system
passband so we have an effective passband, which may be an interval or/and some
discrete frequencies, the frequencies of perfect transmission. To illustrate the
concept of the effective passband, we assume that the non-uniformity varies along
the chain in the interval (— ¢, ¢). In Figure 1, we plot the two edges of the uniform
system passband (wavenumber 0 equals 0 and =w) against values of the
non-uniformity (variation of the pendulum length) for the chain of coupled
pendula. When these lines cross the line of a constant value of the non-uniformity,
the interval so defined is the system passband for that specific value of
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Figure 1. Examples of effective pass band for some values of the coupling parameter R and for
some values of the range of the variation of the length of the pendula (%) along the chain: (a) R = 0-01,
1% variation; (b) R = 0-1, 1% variation; (c) R = 0-01, 2% variation; (d) R = 0-1, 5% variation.

non-uniformity. The intersection of the pass bands for non-uniformities +e¢ defines
the effective passband.

For wave frequencies outside the effective passband, but inside the uniform
system passband, the wave disturbance has an exponential decay along the chain
length. The width of the effective passband depends on the strength of the coupling
parameter and on the amplitude ¢ of the non-uniformity variation, but for any
value of coupling, and no matter how small the non-uniformity is, there is always
a boundary layer at both edges of the passband. For wave frequencies inside these
boundary layers, the asymptotic theory predicts that the wave disturbance always
shows an exponential decay along the length of the chain, staying localized in space.
Then for frequencies inside these boundary layers, we have strong localization. For
frequencies inside the effective passband, we may have weak localization due to the
multiple backscattering which takes place along the system. For long (many
wavelengths), slowly varying non-uniform waveguides, the multiple backscattering
along the many turning points of the system may be a good description for the
multiple backscattering phenomenon which takes places along the system.
Therefore, when this approximation is valid, the WKB approach described below
should be able to predict weak localization effects.
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As E; — +1(— 1), the wave number 6, approaches + 0(+ ) and the Liouville-
Green functions become unbounded, according to equations (28) and (29), and are
no longer valid. Points in the complex j plane where E; = +1 are called turning
points.

4.2. TURNING POINT CONDITIONS

As pointed out in the last section, the first (second) turning point condition is
E;= —1(E;=1). In terms of the sequence Q; of the canonical equation (1), the
turning point conditions are given as

Q; =0, first condition,

30
Q;=4, second condition. G0

0;—2=F2- {
For a given sequence Q;, we describe in Appendix A a procedure on how to obtain
the turning points in the complex j plane. Let us denote a turning point that satisfies
the first (second) turning point condition (given in equation (30)) as j,; (j42). In the
following, the index k tagged to any constant or used as a superscript denotes the
kind of turning point, i.e., whether it satisfies the first (k = 1) or second (k = 2)
turning point condition (30). We consider real and complex first order turning
points and second order turning points, which result from the coalescence of a pair
of real or complex first order turning points. Higher order and singular turning
points may occur, but for the applications of the WKB method we have in mind,
they seldom appear. We impose some restrictions on the sequence Q;, which
follows:

« Q;is real for real values of j.

« 0;1s a finite sequence.

« The extension of sequence Q; to the complex j plane has no singularity besides at
infinity, so for almost the whole complex j plane, the extension of Q;is an analytic
function.

As for differential equations, we can define the Stokes lines. For second order
difference equations they are defined as the contours C in the complex j plane such
that

J
3 {i J o) dl} =0 withjeC, (31)
R
and where R is a turning point that satisfies the first or second turning point
condition. The Stokes lines given by equation (31) define regions in the complex
j plane (see Figure 2). The asymptotic solution of equation (1) gives by the WKB
method is a linear combination of the Liouville-Green functions. As we cross
a Stokes line, the appropriate linear combination of the Liouville-Green functions
changes, what is called in the literature the Stokes phenomena. Boundary
conditions define the appropriate linear combination of the Liouville-Green
functions in a region of the complex j plane bounded by Stokes lines, and if we want
to know the asymptotic solution in another region of the complex j plane, we have
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Figure 2. Examples of turning point problems (TPPj,j = 1, ..., 5) indicated by Stokes lines (-—--)
and boundary points a;. TPP1: ¢; <j < a4 (pair of complex conjugate turning points j,.;; and j,;
see details in box (A)). TPP2: a,—, <j < a;— (pair of real turning points j,; -, and f*l 12, details
box (B)). TPP3: a;4 1 <j < a4+, (pair of almost coalescent complex conjugate turning points jyz +1

and j,o11). TPP4: a1 <j < a4, (pair of almost coalescent real turning points j,; ;+2 andj*l 1+2)-
TPPS: a;-; <j < a; (second order turning point j, ;—; details box (C)).

to figure out how the linecar combination of the Liouville-Green function
changes as we cross Stokes lines. To solve this question we develop connection
formulae. If we want to connect the solution in two different regions, separated by
a Stokes line, we need, first, to see which turning point is common to these two
regions, and the necessary connection formula is obtained by solving an
approximate from of equation (1), valid in the neighborhood of the turning point in

question. Examples of the turning points configurations we are going to deal with
are given in Figure 2.

4.3. APPROXIMATE EQUATIONS

In this section, we give the approximation form of equation (1) in the
neighborhood of a real or complex first order turning point, and in the
neighborhood of a pair of almost coalescing real or complex first order turning

points. The case of a second order turning point is the limiting case for almost
coalescing turning points.
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4.3.1. Approximate equation for first order turning points

First, let us discuss the case of real or complex first order turning points. Let us
consider j,, a first order turning point. The approximate equation is obtained by
a Taylor series expansion of Q;in equation (1) with respect to j, to first order. Then
equation (1) assumes the form

Zj+1 + (=1 2zi+zj 1+ o (J—Jjgi) 2, =0, (32)

where the value of k (1 or 2) denotes which turning point condition is satisfied by
turning point j,, as discussed above. The constant «; is defined as

o = dQ (ju)/dj. (33)

The solution of the approximate equation (32) is given in terms of a contour
integral; this is discussed in Appendix B.

4.3.2. Approximate equation for almost coalescing pairs of turning points

Next, let us consider the case of a pair of almost coalescing real or complex
turning points. Let us label this pair of complex conjugate (real) turning points as
Jar and o (jux and j). For a pair of almost coalescing complex conjugate (real)
turning points, we can assume that their real part is the same, so we can write

Jsk = @ + by (jux = ax — by)
and
Tk = a + iby (f*k = ay + by), (34)

and we assume that b,«1. For real turning points a, = |j. + jx«l/2 and
by = jsr — f*k |/2. To obtain the approximate equation in this case, we expand Q; in
Taylor series with respect to j,, and ju (. and j) and disregard terms of
O (j — j4) and higher. The terms that were not disregarded are now expanded with
respect to =+ ib;(+ by). We keep only quadratic terms, and then we sum both
expansions and divide by two. The approximate equation for this case follows,

Zivr + (=122 + zjo 1 + Y[ — a)? £ (0] 2, =0, (35)
with the constant y, given as

&0 () 56

lpk = d]

N =

and the + (—) sign in the bracketed term of equation (35) is for the case of a pair of
almost coalescing complex conjugate (real) turning points. The approximate
difference equation (35) appears in a modified form as the recurrence relation of
coeflicients of the trigonometric series expansion of the solution of the Mathieu
equation. This does not help us in finding a suitable closed-form solution for these
difference equations. If we try contour integral solutions, we end up trying to
solve a second order differential equation that can be transformed to a Mathieu
equation, which does not help us either.
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We use a different approach. We approximate equation (35) by a second order
differential equation. The second order finite difference operator can be
approximated by the second order differential operator in the context of the WKB
method assumptions. For the first turning point condition (k = 1) the approximate
differential form of equation (35), follows:

d?y(j)

iz T W1 ILG — a1)® £ (b1)*1y(j) = 0. (37)

For the second turning point condition, we make the change of the dependent
variable y; =exp(inj)w; For the dependent variable wj the approximate
differential form of equation (35) with the minus sign is

d?w(j)

T (W21 [(j — a2)* + (b2)*Tw(j) = 0. (38)

Let us consider the change of the independent variable,

exp(—i Z) @D (= a) = x. (39)

which allows us to write equations (37) and (38), respectively, as

d? d?
T2 =@ =1y, T 0= —ix)wl, (40,4

with d, = + 1./ (b)*/4 (plus sign for complex conjugate turning points and the
minus sign for pairs of real turning points), and we define w, = 4|y, |. Both
equations are related to the parabolic cylinder equation. The functions D, (x) and
D ,(— x) gives a satisfactory solution for the parabolic cylinder equation, when v¢ N,
in the form given in Bender and Orszag [21, pp. 531, 532]. The solution of
equations (37) and (38) in terms of parabolic cylinder functions are

V() = A1 D s gy 12 () * €7 (j — ay))

+ Bi Dy ymo - 12 (— ()" €77 (= ay)), (42)
w(j) = A2 D &y sy - 12 (2)* €77 (j — a))

+ B D & i iy — 112 (—(u)'"* e (j — ay)). (43)

For the case of a second order turning point, we proceed in the same way as we did
for almost coalescing pairs of first order turning points. We obtain an approximate
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difference equation of the form (35), but with b, =0 and a; as the second
order turning point. We again approximate the second order difference operator
in our approximate difference equation by a second order differential operator,
which leads to differential equations of the form (40) and (41), but with d; = 0.
Therefore, for a second order turning point, the solution of the approximate
equation is given by equations (42) or (43) with by, set to zero. In Appendix C, we
give the asymptotic expansions of the solutions of the approximate equations for
pairs of almost coalescing real or complex turning points. These asymptotic
expansions are used to obtain the connection formulae for these turning point
problems.

4.4. CONNECTION FORMULAE

Our objective is to study wave propagation along a repetitive system with slowly
varying non-uniformity. Waves propagate only on the real axis of the j complex
plane. Therefore, our concern is to see how a given combination of the
Liouville-Green functions valid in an interval of the real axis changes as we cross
a Stokes line or a real turning point. With this point in mind, we consider the
following turning points problems:

« Pair of complex conjugate first order turning points (TPP1).

« Pair of real first order turning points (TPP2).

« Pair of almost coalescing complex conjugate first order turning point (TPP3).

« Pair of almost coalescing real first order turning point (TPP4).

« Second order real turning point (TPPS5), which is a particular case of the two cases
above.

Our strategy is the following. First, we solve each of these turning point problems
alone. We obtain connection formulas for each of them. Second, we use these
connection formulas to build the asymptotic solution for repetitive systems with the
turning point problems listed above. This will be postponed to the section where we
discuss on how to build the asymptotic approximation of the whole system transfer
matrix. An example picture of a sequence of turning point problems with the
turning point problems listed above is given in Figure 2. In the following, if we refer
to a specific turning point problem contained in the list of turning points problems
above, we use the symbol TTPj (j =1, ...,95).

Here, let us concentrate on obtaining the connection formulae for the turning
point problems listed above. We consider two boundary conditions. The first one is
wave incident from left of the turning point. Let us consider points a; < a; ; along
the real axis of the j plane. At points g; and a;,{ the boundary conditions are
applied. We consider also the reference points r;; and r,; such that
a; <ry; <1y <a.q(seeboxes(A),(B)and (C)in Figure 2). The index [ used below
specifies that we are dealing with the Ith turning point problem in a sequence of
turning point problems, as illustrated by an example in Figure 2. The other
boundary condition to consider is an incident wave from the right of the turning
point. Let us formulate these boundary conditions in terms of the Liouville-Green
functions. For left incidence, we have the following.
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« For a; <j <ry,; we have an incident plus a reflected wave:

J
Sln(QJ)ZJ ~A eXp(-iI(al, ri,1 ) —1 J 9(n) dn>
j

+ R A exp <i1 (ap reg) +1 J 0(n) dn>. (44)

« Forr,; <j<a+, we have a transmitted wave:

J
sin(0) z;~T A exp<—i J 0(n) dn). (45)
where I (a, b) is defined as
b

I(a, b) = f 0(n) dn, (46)

and the coefficient R~ and T~ are, respectively, the reflection and transmission
coefficients for left incidence.
For right incidence we have the following.

o For a; <j<ry,; we have a transmitted wave:

Jsin(0) zj~ T* A exp <i fj 0(n) dn>, 47)

T2

« For r,; <j < a;+, we have an incident plus a reflected wave:

J
sin (QJ) Zjr~ A eXp <II (al+ 15 ’”2,1) + i J 0(”) dn)

J

+R*A exp< — il (ag, ray) — i f O(n), dn), (48)

T2

where the coefficients R* and T™ are, respectively, the reflection and transmission
coefficients for right incidence. For each of the turning point problems, the
connection formulae are the expressions for the coefficients R* and T*. In
Appendix B, we obtain the expression for the coefficient R* and T * for TPP1, and
in Appendix C we obtain the expressions for the coefficients R* and T * for cases
TPP3, TPP4 and TPP5. For TPP2, we just refer the reader to the literature [15,
16]. In what follows, we just list and discuss the results obtained in Appendices
B and C.

4.4.1 Pair of complex conjugate first order turning points

For TPPI1 (see box (A) in Figure 2) and the boundary conditions given above, we
describe the connection problem in Appendix B. Let us define the constant
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7 = (—1)¥i/oy ;. For this case we have that the reference points r; ; and r, ; are such
that ry; =ry; =1 = R{je (real part of the pair of complex conjugate turning
points). The connection formula follows.

« TPP1 with turning points that satisfies the first turning point condition.
(1) Left incidence boundary condition:

R™ = —exp(—i2I(ry, jy1.1) — 121 (ay, 1) — i(7/2)), for — /2 < arg{y} < =/2,
(49)
T~ =exp(—il(a; 1)), for —m/2 <arg{y} <m/2, (50)

where I (a, b) is defined by equation (46). The integral I (r}, j,1.,) is imaginary and
negative, which implies that the reflection coefficient R~ is exponentially small.
The integral I(a;, r;) is real, so it gives a phase change for the reflection and
transmission coefficients. The transmission coefficient has modulus equal to
unity. The incident wave suffers an exponentially small reflection, and the
transmitted wave has a phase shift with respect to the incident wave.

(2) Right incidence boundary condition:

R = —exp(+i21 (1 jyr1) — i21 (s ars 1) + i(/2),
for — n < arg{y} < n/2 and 7/2 < arg{y} <, (51)
T* =exp(—il(r, aj+1)), for —m <arg{y.,} < —=n/2 and n/2 <arg{y} <.
(52)

The reflection coefficient is exponentially small due to the integral I(r), jyi.))
which is imaginary and positive.
« TPP1 with turning points that satisfy the second turning point condition.
(1) Left incidence boundary condition:

R™ = —exp(—i2I (1, jy2.) — 121 (@, 1) + 127 jyo0 + i(n/2)),
for — n/2 < arg{y} < m/2, (53)
T~ =exp(—il (a, 1)), for —m/2 =arg{y} <n/2. (54)

The coefficient R~ is again exponentially small due to the difference between the
integral I (r}, j,» ;) (imaginary and positive) and the term 27j,,, ; (imaginary part
positive). The transmission coefficient T~ has modulus equal to unity.

(2) Right incidence boundary condition:

R*Y = exp(i2I (ry, jya.1) — 121 (ry, ay41) — 127 jyny + 1 (7/2)),
for — n < arg{y} <n/2 and n/2 < arg{y} <m, (55)
T" =exp(—il (r;, a;+4)), for —m <arg{y} < —n/2 and /2 < arg{y} < =.
(56)
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4.4.2. Pair of real first order turning points

For TPP2 with the pair of real turning points denoted as j; and j,; (see box (B)
of Figure 2) and the boundary conditions given above, we just list results presented
in the literature using our notation. The connection formula follows.

« Left incidence boundary condition:

R™ =exp(—i2I(a, jyrs) + (— ¥ i(7/2) + 127 jyns 62.0), (57)
T~ = exp(—il (a jurt) — U Gt Jackd)- (58)

« Right incidence boundary condition:
R~ =exp(—i2l (jyxs ars1) — (—1)F i(r/2) + 127 Jyrs 0205 (59)

T" =exp(—il (f*k,z, ary 1) — U (jrts f*k,l))- (60)

4.4.3. Pair of almost coalescing first order complex conjugate or real turning points

In this section, we give the connection formula for the cases TPP3 and
TPP4. For TPP3 the reference points r;; and r,; are such that
Fig="r2,=R{ju), and for TPP4 we have ry; = jui <72 = jykss With ja
and j,., representing the pair of real turning points. The quantities b, and
w, were defined in section 4.3.2, and here we relabel them, respectively, as b, ; and
.- The connection formulas for a given boundary condition does not change if the
turning points satisfies the first or the second turning point condition. Therefore, we
distinguish the connection formula with respect to the boundary condition used. In
Appendix C, we discuss in detail how these connection formulae were derived. In
the expressions below, the upper (lower) sign refers to TPP3 (TPP4). The
connection formula follow.

« Left incidence boundary condition:

(T (/A seaben)? + 1/2)
N

_T . . .
X exp< + gV tir (bie))? +1(n/2) — 121 (ay, ry,) + 127 ’”1,15k,2>>

R_:

+13/2)y/ /lA,l(bk,l)2 + (i/8)/ #k,r(bk,l)z
2 Hac,1

(61)

7 TR/ b +1/2)
NEE:

X exp< + g e (brg)? — 11 (ay, V1,1)>- (62)

2 +1G3/2/ tlbes)? M F (/8 ttacbra)?
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For the case TPP3 (TPP4) the reflection (transmission) coefficient is an
exponentially small quantity which has l/ﬁ as its maximum value. The

transmission (reflection) coefficient varies from 1/ ﬁ to one. These formulas are
useful only for small values of the parameters b, ; and y; ;. Small values of by,
implies that the turning points are very close to each other, almost coalescing, and
small values of p ; implies that the sequence Q; varies very slowly.

« Right incidence boundary condition:

T(F /4 tabed)? + 1/2)
J2n

_T . . .
X exp( + gV fir (b)) + 1(/2) — 121 (ry 4, a141) — 1270 124 Oy ),

R* =

2+ 1(3/2)/ ttea(br.r)? Wit F (/8 ttacibrs)?

(63)

e _ T(F @/ b +1/2)
NEE:

T .
X exp< * Y fiis (bi)* — 11 (ry ars 1)>- (64)

2 +1(3/2/ et (bry)? luk,l F (/8)/ thealbes)

The expressions for the reflection and transmission coefficients are almost the

same as in the previous case. We have just a change in the phase of the reflection

and transmission coefficients.

For TPPS, we need to set b, ; equal to zero in the expressions for TPP3 or TPP4,
and the desired reflection and transmission coefficients follows.

4.4.4. Improvement of the asymptotic results for reflection and transmission
coefficients

For TPP1, the WKB method gave the transmission efficient of modulus equal to
unity and an exponentially small reflection coefficient. For the case TPP2, we have
the opposite situation, i.e., exponentially small transmission and reflection
coefficient of modulus equal to unity. We can improve the estimate for the
transmission coefficient in the case of TPP1, and for the reflection coefficient in the
case of TPP2, by making use of some quantity that depends on the solutions of
equation (1) and is constant (does not depend on the independent variable j). If the
reflection (transmission) coefficient is exponentially small, we can use the quantity
mentioned above to estimate the modulus of the transmission (reflection)
coefficient. An example of this quantity is

Z_ij+1 - ZjZ_j+1 = Constant, (65)

where z; is the solution of equation (1) and where Z; is the complex conjugate of z;.
We want to use equation (65) to obtain a relation between the reflection and
transmission coefficients. We consider the boundary condition of left incidence
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given by equations (44) and (45). If we substitute equation (44) into equation (65), we
have the following.

o Forjreal and q, <j <ry,,
242

\/sm (0;) sin(0;+4)

{—sin(I(j,j+ 1)) + | R |sin(I(j, j + 1))} = constant.

(66)
o« Forjrealand r,; <j < a4y,
242 | T~ |?

\/sm (0;) sin(0;44)

We can subtract these two relations, but first we set j + 1 = r;; in equation (66)
and we set j = r,; in equation (67). We obtain

{—sin(I(j, j + 1))} = constant. (67)

2 Jsin (0, —1)sin (0, )sin(I(r2y 12, + 1))

IR™|1>+|T"
sin(0,,)sin(0,,, , )sin(I (ry; — 1, ry))

~1. (68)

We have that sin(0(ry;)=sin(0(r,;) and we can assume that
sin(0(ry; — 1) =sin(0(r,,; + 1) and sin(I(ry; — 1, r1,) =sin(I (ryy, 725+ 1)).
As a result we can rewrite equation (68) as

IR +|T |*=1. (69)

For the boundary condition of right incidence we can proceed in the same way as
we did for the left incidence case and obtain, basically, the same result;

IR*" >+ |TH)*=1. (70)

Finally, we use equations (69) and (70) to improve the WKB predictions for the
reflection and transmission coefficient, as described below.

o Exponentially small reflection; for this case we improve the estimate for the
transmission coefficient. From equations (69) and (70) the modulus of the
transmission coefficient is now given by

I T*|=/1—|R"? (71)

and we keep the phase given by the WKB method.

o Exponentially small transmission coefficient; for this case we improve the estimate
for the reflection coefficient. From equations (69) and (70) the modulus of the
reflection coefficient is now given by

IR*|=/1—|T" (72)

and we keep the phase given by the WKB method.
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4.5. ASYMPTOTIC FORM OF THE SYSTEM TRANSFER MATRIX

The objective of this section is to describe how to obtain the transfer matrix that
relates the wave disturbance amplitude at the ends of the non-uniform part of
a repetitive system. Wave scattering, in the context of the WKB method occurs at
the turning points. Therefore, first we describe how to obtain the transfer matrix for
the turning point problems listed in section 4.4, and then we give the whole system
transfer matrix as a product of the transfer matrices of the turning point problems
that may appear along the non-uniform part of the chain. Let us consider points
a;<ry;<ry;<a . along the real axis of the j complex plane, as defined at the
beginning of section 4.4. For TPP1, TPP3 and TPPS, r; ; = r,; (see boxes (A) and
(C) of Figure 2). If we have TPP2 or TPP4, r;; <r,; and they actually are the
turning points (see box (B) of Figure 2). In terms of the Liouville-Green functions,
the wave disturbance can be written as follows.

o Fora; <j<r;; we have
i i
Jsin(0)) z; ~ Clexp<—i f 0, dn> + D, exp <i J 0, dn>. (73)
« For . <] < daj+q1 WE have

J J
Vsin(0;)z; ~ Cyyyq exp<—if 0,,dn> + D4 exp <i J Ondn> (74)

21 2.1

The transfer matrix for the /th turning point problem relates the wave amplitudes
(C,, D)) at the boundary point a; to the wave amplitudes (C;+{, D;+1) at the
boundary point a;+,. To obtain the desired transfer matrix, labelled M, we
consider the boundary conditions of left and right incidence. For left incidence we
have

(C,, D) =(A, R™A)
and
(Ci+1, Divt) =(T™ A exp(— il (r2, ai+1)), 0), (75)
and for right incidence we have
(C,, D) =(0, TTA)
and
(Cis1, Div1) = (RT A exp(—il (rop di+1))s A exp(l (o dis 1)) (76)
The reflection and transmission coefficients for both boundary conditions were

obtained in sections 4.1-4.4 according to the turning point problem in
consideration. Therefore, we can assume the reflection and transmission coefficients
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above as known. We apply the boundary conditions (75) and (76) to the matrix

equation
C M M C
( l+1>:|: 1,11 l,12:| < l> (77)
Dl+1 Ml,21 Ml,22 Dl
and obtain the matrix elements in terms of the reflection R * and transmission T *
coefficients. The elements of the matrix M, and its inverse M; ! follow:

R R* .

M, = <T - ?> exp(—1il(ry, a1+ 1)), (78)
+
M, = F exp( — il (7”2,1, ar+1)), (79)
R~ ) 1 .
M, = — T+ exp(l (ra,, ar+1))s Miz2 = T+ exp(l (r2,1, a1+ 1)), (80, 81)
and for the inverse matrix,
I T » R* .
M, = T exp(l (ra, a141)), M2 = — T exp( — il (2, a;41)),
(82, 83)
4 R~ .

M5 = T exp(l (2, @i+ 1)), (84)

B R R* .
Ml,212 = <T+ - > exp(—1l (ry,, a4 1)) (85)

We have the transfer matrix for each of the turning point problems listed in section
4, since for each of these problems, we obtained the reflection and transmission
coefficients R* and T *. In the context of the WKB method the wave diffraction
problem due to the system non-uniformity is replaced by the wave diffraction
problem due to the presence of turning points in the complex j plane. For a large
system we have a sequence of turning point problems as we travel along the real
axis of the j plane. The transfer matrix that relates the wave amplitudes before and
after the non-uniform section of the system is given as the product of the transfer
matrices for each of the turning point problems encountered as we travel along the
real axis of the j plane. Suppose we want to relate the wave amplitudes at the
beginning of the non-uniform section a, to the wave amplitudes at the end of
the non-uniform section a,. We assume that between ay and a, we have n turning
point problems. The transfer matrix relating these two positions follows as the
product of the transfer matrices of the turning point problems found between these
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C, u Co
(o) = o () 9

CO ! -1 Cn
(o) = [0 3) &

The global transmission and reflection coefficients can be obtained from the
product of matrices in equations (86) and (87). For left incidence boundary
condition on the non-uniform part of the chain, we use the product of matrices (86).
The global reflection and transmission coefficient Rg and T for left incidence
follows:

two positions:

or

- (I15=, [M;]) .
R; = —W exp(—i26 (ao) ao), (88)
_ _ . ey IMD (1 [MyD)21
fe= <<,Ul [M’]>n Sxp(—10 (o) o) (0, M2
x exp(if (ao) ao)> exp(i0(ay)ay). (89)

For the boundary condition of right incidence, we derived expressions for the
global transmission and reflection coefficients R§ and T¢ from equation (87), as
follows:

(IMoy IM; Dis
(1, I s,

N N _ (1=, M7 ' D2r (1, M) 2)
= M1 _Mdlj=1 j=1
fe <<,-H1[ ’ ]>22 (T, [M; Dy

x exp(i0 (ay) ay — 10(ag)ao). 91)

RG = — exp(i20 (ay) ay), (90)

We use these expressions to evaluate the global transmission and reflection
coefficients, since they are more stable when these asymptotic results (reflection and
transmission coefficients) are evaluated numerically.

5. APPLICATION

We compare the asymptotic results obtained in section 4 with numerical
simulation. The physical system used to illustrate the performance of the
asymptotic theory is a chain of coupled pendula. We gave the governing equation
for wave propagation on a chain of coupled pendula in section 3. We consider only
the variation of the pendula length as the source of non-uniformity. At first, we give
results for systems with only one pair of turning points. Second, we give results for
systems with two pairs of turning points. We give asymptotic and numerical results
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for the reflection and transmission coeflicients as a function of the wave frequencies
and size of the non-uniform part of the system.

5.1. SYSTEM WITH ONE PAIR OF TURNING POINTS

The shape of the non-uniformity is assumed to be a flat Gaussian curve,
described by

G —M/2+jo)?

& = iAexp( 252

> for jo <j <jo+ M, 92)
where M is the size of the non-uniform part of the chain and j, is where the
non-uniform part starts. The amplitude A4 is chosen such that we have a second
order turning point for a specific wave frequency value that we chose. The value of
o is chosen such that we have a smooth transition to the uniform part of the chain.
As M increases, the Gaussian become flatter, so the matching between numerical
and asymptotic results increases. The + (—) sign in equation (92) gives turning
points that satisfy the first (second) turning point condition. For frequencies at the
left (right) side of the uniform system passband (see equation (1)), we have a pair of
real turning points (TPP2) that coalesce and become a pair of complex conjugate
turning points (TPP1). In the following figures, we present the asymptotic and
numerical results for the modulus of the reflection and transmission coefficients as
function of the incident wave frequency and size of the non-uniform part of the
system. The wave frequency ranges over the uniform system passband.

In Figures 3 and 4 we considered left incidence boundary condition. For right
incidence, we have the same results as for left incidence due to the symmetry of the
shape considered. According to the results in Figures 3 and 4, as the steepness of the
non-uniform part decreases, the match between asymptotic and numerical results
increases, except for frequencies where the turning points are close to coalesce. This
fact lead us to use a different approach for almost coalescing turning points (TPP3
and TPP4), outlined in sections 4.4.3 and 4.4.4. and in Appendix C. We combined
the corrected WKB approximation (see section 4.4.5) with the results for two
almost coalescing turning points (TPP3 and TPP4) to obtain a better
approximation for the modulus of the reflection and transmission coefficients. In
Figure 5 we illustrate the asymptotic results for a pair of almost coalescing real
(TPP4) and complex turning points (TPP3). We present results for the modulus of
the reflection coefficient only for the left incidence boundary condition, as function
of wave frequency and steepness of the Gaussian shape. We consider that the pair of
turning points satisfies the first turning point condition only. We just show the part
of the passband where the modulus of the reflection/transmission coefficients goes
from almost one to exponentially small values.

5.2. SYSTEMS WITH TWO PAIRS OF TURNING POINTS

Again, we use a simple shape to illustrate the asymptotic form of the transfer
matrix. We consider a shape that has two TPPjs. One of the TPPj is related to the
first turning point condition and the other is related to the second turning point
condition. The shape is a sum of two flat Gaussian curves with the same amplitude,
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Figure 3. Modulus of the reflection coefficient for left incidence. We have a second order turning
point at 30% of the uniform system passband. The turning points satisfy the first turning point
condition. Amplitude 4 = 0-012; coupling parameter is R = 0-01; ——, numerical results; . . ., the
usual WKB approximation; - - - —, the reflection coeflicient given by equations (61) and (63); ---—-- -,
a composite approximation. For frequencies close to the frequency for which we have a second order
turning point, the reflection coefficient is given by equations (61) and (63). Otherwise, it is given by
equations (49) and (57). (a) M = 11, (b) 23, (c) 53, (d) 73, (e) 101, (f) 151.
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| — M/4 + jo)? | — 3M/4 + jo)?
o s Ao UTMAEI Lo U= 3MA

20 20
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Figure 4. Modulus of the transmission coefficient for left incidence. We have a second order
turning point at 70% of the uniform system passband. The turning points satisfy the second turning
point condition. Amplitude 4 = 0-012; coupling parameter is R = 0-01; ——, the numerical results;
..., the usual WKB approximation; ——-—, the transmission coeflicient given by equation (64);
—-..—..—, a composite approximation. For frequencies close to the frequency for which we have
a second order turning point, the transmission coefficient is given by equation (64). Otherwise, it is
given by equations (52) and (60). (a)-(f) as in Figure 3.

where M is the size of the non-uniform part of the system and j, is where the
non-uniform part starts. There is a maximum (minimum) at M/4 and a
minimum (maximum) at 3M/4. The amplitude 4 and ¢ are chosen as in the
previous section. The +(—) sign in equation (93) gives a shape that has a first TPPj
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Figure 5. Modulus of the reflection coefficient for left incidence. We have a second order turning
point at 30% of the uniform system passband. The turning points satisfy the first turning point
condition. Amplitude 4 = 0-012; coupling parameter is R = 0-01; ——, numerical results; - ———, the
reflection coefficient given by equations (61) and (63); ..., results given by equations (49) and (57);
(a)—(f) as in Figure 3.

associated with the first (second) turning point condition and a second TPPj
associated with the second (first) turning point condition. In Figures 6 and 7 we give
the modulus of the global reflection and transmission coefficients as a function of
wave frequency and size of the non-uniform part of the system. The wave frequency
ranges over the uniform system passband. We show results for the left incidence
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Figure 6. Modulus of the reflection coefficient for left incidence. We have a second order turning
point at 25 and 75% of the uniform system passband. Amplitude 4 = 0-0098; coupling parameter is
R = 0-01; ——, numerical results; ——-—, the reflection coefficient given by the transfer matrix
method. We use the local reflection/transmission coefficients given by the usual WKB approximation.
For the ... line, we use the local reflection and transmission coefficients corrected by the approxima-
tion for almost coalescing pairs of turning points problem. We use this correction when the wave
frequency is close to the frequency for which the turning point problem is a second order real turning
point. (a) M = 23, (b) 47, (c) 73, (d) 103, (e) 153, (f) 203.

boundary condition only. The results for the right incidence boundary condition
are similar to the left incidence case due to the symmetry of the shapes considered.
For shape (93), we give results for the modulus of the global reflection and
transmission in Figures 6 and 7.

The asymptotic results given in Figures 6 and 7 for the reflection and
transmission coefficients are given by expressions (88)-(91).
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Figure 7. Modulus of the transmission coefficient for left incidence. We have a second order
turning point at 25 and 75% of the uniform system passband. Amplitude 4 = 0-0098; coupling
parameter is R = 0-01; ——, numerical results; - - -, the transmission coefficient given by the transfer
matrix method. We use the local reflection/transmission coefficients given by the usual WKB
approximation. For the ... line, we use the local reflection and transmission coefficients corrected by
the approximation for almost coalescing pairs of turning points. We use this correction when the wave
frequency is close to the frequency for which the turning point problem is of second order. (a)-(f) as in
Figure 6.

6. DISCUSSION AND CONCLUSIONS

We outline how the asymptotic results can be used to design the slowly varying
non-uniformity in a very long chain of coupled pendula to minimize transmission



ALMOST REPETITIVE SYSTEMS 49

for the whole system passband. We also comment on some possibilities for future
work.

The asymptotic approximations for the reflection and transmission coefficients
obtained in section 4 are meaningful only for frequencies inside the uniform
system passband, since for other values of wave frequency there is no wave
propagation. These asymptotic approximations for the reflection and transmission
coefficients are not able to “see” both edges of the passband. Figures 3
and 4 illustrates this fact for a non-uniform chain with only one turning point
problem, with turning points that satisfy the first [second] turning point condition
(30). As the wave frequency approaches the upper [lower] edge of the uniform
system passband, the modulus of the reflection (transmission) coefficient goes to
one (zero), but the asymptotic result stays exponentially small (equal to one). In
other words, the asymptotic approximation does not model the transition of the
modulus of the reflection (transmission) coefficient from exponentially small values
to one (one to zero). An example of this kind of non-uniformity is given by equation
(92) in section 5.1. For a chain with many turning point problems, we find that some
turning points satisfy the first turning point condition (30), and other turning points
satisfy the second turning point condition (30). Therefore, for chains with many
turning point problems, both uniform system passband edges are modelled
properly. The upper (lower) edge is taken into account by turning points that satisfy
the first (second) turning point condition (30). We add that turning points that
satisfy the first (second) turning point condition (30), model correctly the behavior
at the lower (upper) edge of the system effective passband as illustrated in Figures
3 and 4.

The asymptotic approximation for the reflection and transmission coefficients
given by the WK B method does not give good results when two turning points start
to coalesce. For this situation we considered in a neighborhood of the pair of
turning points an approximate form of equation (1) that takes both turning points
into account, as described in section 4.3.2 and in Appendix C. This approach seems
to be successful as shown in Figure 5. We use these asymptotic results to obtain
a better asymptotic approximation for the reflection and transmission coeflicients.
We combine the usual WK B approximation with the asymptotic results valid when
the turning points are almost coalescing, to obtain an asymptotic approximation
that gives better results for the whole system passband. Results for this combined
approximation are illustrated in Figures 3 and 4.

Regarding localization phenomena, the asymptotic results obtained through the
WKB method give some qualitative understanding, as discussed in the end of
section 4.1. If the non-uniformity is periodic in space, we have perfect transmission
at a discrete set of wave frequencies, with some of them even outside the effective
passband. If no periodicity is presented in the non-uniformity, frequencies of perfect
transmission are not likely to occur, as pointed out in reference [ 14]. The problem
of perfect transmission was not addressed here. We could have used the asymptotic
approximations for the reflection and transmission coefficients to obtain estimates
for frequencies of perfect transmission, but due to the complexity of the expressions
for the global transmission and reflection coefficients we would have to use
a numerical approach to search for the desired frequencies.
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Regarding the design problem for minimum transmission, we can use the
asymptotic results to design a chain with slowly varying non-uniformity in space.
For a maximum allowed amount of non-uniformity at each element of the chain,
the idea is to search for the non-uniformity configuration which provides turning
points as close as possible to the real axis and has no periodicity. For the problem
of a chain of coupled pendula, we have a simple dependence of the sequence Q; with
respect to the wave frequency w, as illustrated by equation (11). Therefore, by
minimizing transmission for a single frequency, located in the middle of the effective
passband, it may be sufficient to obtain a non-uniformity configuration that
minimizes transmission for the whole effective passband.

We can extend this work in at least two directions. One direction is to
extend the WKB method to high order difference equations that arise in
the modelling of repetitive system where the interaction of the subsystem is
not restricted to the two nearest neighbors. Some work has been done in
this direction in reference [20]. Another direction is to extend the analysis
done here for second order difference equations to two-dimensional systems of first
order difference equations. More interesting systems can be modelled by
two-dimensional systems of first order difference equations, like, for example, water
waves propagation along a one-dimensional channel with the bottom represented
by shelves, or wave propagation along coupled uniform beams with different
cross-section.
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APPENDIX A: PROCEDURE TO OBTAIN THE TURNING POINTS OF Q;

For a given sequence Q;, we describe a procedure of how to obtain the turning

points in the complex j plane. We consider real and complex first and second order
turning points, which result from the coalescence of a pair of real or complex first
order turning points. We impose the restrictions on the sequence Q; given in section
3.2. The procedure to obtain the turning points is as follows.

« We assume Q; to be a bounded sequence that oscillates around a fixed value Q,,
SO we can write

Qi=Qo+y; forj=jotojo+ M +1, (A1)

with y; given by some functional form for complex values of j. If y; is known only
at the integer values of j from j, to jo + M + 1, we can represent it by a discrete
Fourier series,

M
Xj= Z 5\([ Sin

1=1

(U —Jjo) In . .
[7M+1 , forj=jotojo+ M +1, (A2)



52 K. P. BURR ET AL.

where 7, is the discrete Fourier transform of the sequence ¥ ;. This is the natural
way to extend y; to the whole complex j plane.

Maxima and minima of the extension of sequence Q; to the complex j plane for
real j. These points are solutions of the equation

dQ;/dj =0, forjreal (A3)

Let us label the solutions of equation (A3) as j*. We have to check if the points j*
are maxima or minima. With this point in mind we need to evaluate d2Q (j*)/dj>.
If we obtain that

2 * 2 *
dg(])>0—>]*isamm1mum Q(])
J dj?

< 0 —j* is a maximum,

let us designate the points j that are maxima as j** and those that are minima as
.

Search for the real turning points first. To see if there is any real turning point, we
just need to check if any of the maxima or minima j* satisfy

Q(*)<0 (A4)
or
Q(j*7) = 4. (A5)

If the inequality (A4) is satisfied for some j*~, we have real turning points that
satisfy the first turning point condition. If the inequality (A5) is satisfied for some
j**, we have real turning points that satisfy the second turning point condition.
These turning points are solutions of

Qo =201+ (=" +y;=0, forj,<j<jo+M+1. (A6)

We have that k = 1 refers to the first turning point condition, and k = 2 refers to
the second turning point condition. If at each of the maxima j** or minima j*~
one of the inequalities (A4) or (A5) is satisfied, then all the turning points are real.
If for some j** an equality of the type (A4) or (A5) is verified, instead of
inequality, we have a real second order turning point which coincides with this
particular j* *. If for some j* *, none of the inequalities (A4) or (A5) are verified,
then we have a pair of complex conjugate turning points.

Search for complex turning points. All the points of the form j** that do not
satisfy equations (A4) or (AS) have a pair of complex conjugate turning points
associated with it, and we use this fact to obtain the pairs of complex conjugate
turning points. Since we are dealing with complex turning points, let us write
j = x +1y. A complex turning point satisfies the system of equations

Qo —21+(— 1+ R{y} =0, withk=1,2, (A7)

I{u =0. (A8)
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To obtain the turning points solutions of the systems of equations (A7)-(A8), we
consider the maximum (minimum) j** (j* 7) associated with the turning point we
want to obtain. We use the maximum (minimum) j** (j* ) as a starting value and
follow the path described implicitly by equation (A8) for y > 0, until equation
(A7) is satisfied. This gives one of the desired complex turning point related to the
maximum (minimum) j** (j*7). The other desired turning point is just the
complex conjugate of the previous turning point. Complex turning points come
as pairs of complex conjugate numbers in the j plane.

The procedure described above can be implemented in a code to find all turning
points.

APPENDIX B: CONNECTION FORMULAE FOR A PAIR OF COMPLEX FIRST
ORDER TURNING POINTS

In this section, we derive the connection formulae for TPP1. The solution of the
approximate form of equation (1), valid in a neighborhood of a first order real or
complex turning point, and the leading term of its asymptotic expansion for
arbitrary v and |y|>»1 with — n <arg{y} < are given in reference [22]. The
results given in reference [22] can be applied directly for the case k = 1. The
solutions Hj(y, v) for the case k = 1 are defined in terms of contour integrals:

Hj(y, v) = f exp(—2y[—z +sin z] +ivz)dz, forj=1,2, 3, (B1)
C.

“J

where v = (j — j,u)- The contours C; are given in terms of the arg{y}, as follows.

« Forarg(y) e I quadrant, we have C; and C; asymptoticto —x~ + ico, Cy and C,
asymptotic to 0~ —ioco and C, and Cjz asymptotic to ©~ + ic0.

. For arg(y) e IT quadrant, we have C; and C5 asymptotic to —n* + ioco, C; and
C, asymptotic to 0" —ioo and C, and C; asymptotic to n* + ic0.

« For arg(y) e Il quadrant, we have C, and C; asymptotic to —n* —ico, C; and
C, asymptotic to 0~ + ioo and C, and C; asymptotic to n* —ioo.

« For arg(y) e IV quadrant, we have C; and C; asymptotic to —n~ —ioco, C; and
C, asymptotic to 0" + ioo and C, and C; asymptotic to 7~ —ioco.

To deal with the case k = 2, we consider the change of variable
w; = z;exp( £ imj), (B2)

which factors out the highest wavenumber wave component and reduces equation
(32) for k = 2 to the form

Witr — 2w+ w1 — 03 (j —Jjs2) = 0. (B3)

The solution of equation (B3) in terms of contour integrals is given in reference
[22], but with y =1i/a,. Therefore, we only need to study the solution of
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equation (32) with k = 1 and then use the change of variable, equation (B2), to deal
with the case k = 2.

The solutions Hj(y, v) of the approximate equation (1) will be used in the
following to connect a given linear combination of Liouville-Green functions
through turning points and Stokes lines. The connection formulae are obtained by
matching the asymptotic form of the appropriate function Hj(y, v) for large | y | with
the expansion of the Liouville-Green function in terms of the local variable v.

B.1. LOCAL APPROXIMATION OF THE LIOUVILLE-GREEN FORMULA

The second step in obtaining the connection formula is to write the Liouville-
Green functions in terms of the local variable, namely ¢, defined as

a=14+1(/2)n. (B4)

We consider the boundary conditions of left and right incidences discussed in
section 4.4. We write them in terms of the local variable o. The form of the
Liouville-Green function in terms of the local variable o changes with respect to
the kind of turning point condition (see equation (30)) that is satisfied by the
considered turning points.

B.1.1. Pair of complex conjugate first order turning points

In this section, we consider two boundary conditions for TPP1, namely left and
right wave incidences. We give these boundary conditions as a linear combination
of the Liouville-Green functions written in terms of the local variable o. First, we
consider TPP1 with turning points (see box (A) in Figure 2) that satisfy the first
turning point condition. We use the same notation as in section 4.4.1, namely, we
have a; < a;+ as boundary points, j,;; and j,; ; as the pair of complex conjugate
turning points and r; = R {j.1 .1} (@ < r; < a;+ ) as a reference point in the real axis.
For left incidence we have the following.

« For a; <j < r, we have an incident plus a reflected wave,

1 . K.
Zij{A exp(—12y[1/oc2—1—oc1n(o<+«/oc2—1)]+1Z

(o

—il(a, r) — il (rp, je10) + R A exp(i2y [ /o> — 1 —a In(a + /o* — 1)]
LT . -
+1 1 + il (a, 1)) + 1L (1 jy1,0))}- (BS)

« For r, <j < a;+,; we have a transmitted wave,

T A . T
ZJNWGXP(—Iz'))[\/OCZ—l—O(ln(OC"F\/OCZ—l)]"FIZ

— il (ay, 1) — i (11, j1.0)- (B6)
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For the case of left incidence, we approximate the Liouville-Green functions with
respect to the complex turning point j,;, since the transmitted wave is
exponentially small in the region bounded by the real axis, by the Stokes line that
connects both turning points and crosses the real axis and by the Stokes line that
emanates from j,.;, and goes to infinity for j > R{j,;,}. Since the transmitted
wave is exponentially small in the region described above and specified by the
boundary conditions, it is uniquely defined in this region. This fact allow us to
continue it to other regions with a common turning point (j,;, in this case) by
using the asymptotic form of the solution of the approximate form of equation (1),
valid in a neighborhood of j.;, (see Figure 2). If the transmitted wave was
exponentially large, it would not be defined uniquely by the boundary conditions,
since we always can add the other exponentially small Liouville-Green function
and the boundary condition is still satisfied. This is actually true for most of the
complex j plane. The exceptions are the real axis and the anti-Stokes lines (lines that
emanate from the turning points and defined by R{{/0, dn} =0, with r as
a turning point), where the Louiville-Green functions are of the same order of
magnitude. Along these lines, boundary conditions specify uniquely the
appropriate linear combination of Liouville-Green functions. Next, we consider
the boundary condition of right incidence.

« For a; <j < r, we have a transmitted wave,

+

T A . LT ;
zj~ @ exp (12y [\/?1 —oln(x +Jo? — 1)] + i + 1 (1}, Jy1.1)-
(B7)

« For r; <j < a;+; we have an incident plus a reflected wave,

1 . T
Zj Nm {A eXp(IZy [\/OCZ —1—u ln(OC + \/062 — 1)] + IZ—l-II(aHl,rl)

+ il (rpjy10) + RTAexp(—12y[J/o? — 1 —a In(x+ /o — 1)]

LT . )
+1 i (a1, ) + 11 (1, je1.0)}s (B8)

and here we chose to expand the Liouville-Green functions with respect to j,  ; for
the same reasons mentioned in the case of left incidence. The transmitted wave is
exponentially small in the region bounded by the real axis, by the Stokes line that
connects both turning points and cross the real axis and by the Stokes line that
emanates from j,; ; and goes to infinity for j < R {j,.1.}.

For TPP1 with turning points that satisfy the second turning point condition, we
have that the phase term in the Liouville-Green functions is written in terms of the
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variable o as

J
exp( +1i f 0,dn) ~

r

(B9)

{iinv+i2y[cxln(a+\/m2—1)—\/052—1 for J{a} >0,
Finv —i2y[aln(x + /o2 — 1) — /o> — 1 for J{a} <O.

The term =+ inv( £ in(j — j42,) represents the wave with the highest possible wave
number. This is due to the fact that in a neighborhood of a turning point that
satisfies the second turning point condition, the wave number 0, is in
a neighborhood of the upper edge of the uniform system passband. If we take into
account the change of dependent variable (B2), we can factor out the term = ixj.
For waves that propagate to the left, we chose the plus sign in equation (B2), and for
waves propagating to the right we chose the minus sign in equation (B2). In terms of
the dependent variable w;, the boundary conditions for left incidence are similar to
equations (B5) and (B6). The difference lies in that we consider the turning point
jux2.o instead of j,, ;. The reason is that in the appropriate neighborhood of j ., , the
transmitted wave is exponentially small. In the following four expressions,
r1 = R{jq2.}. The boundary condition for left incidence, in terms of w;, follows
below.

« For q; <j < r; we have an incident plus a reflection wave,

1 . LT
wj~m {Aexp(—i2y[\/o> — 1 —aln(x + J/o* — 1)] +1Z—1I(a,,rl)
— I (rpy jya)) T jun)) + R™Aexp(2y [ /o> — 1 — o In(a + /o —1)]

LT ) . .
+1 2 + il (ag, 1) + 1 (rp, jya1) — 1T jy2.)}- (B10)

o For r, <j < a;+1 we have a transmitted wave,

T A . T
Wj"’mexp(—lz’y[«/az—l—OCln(OC'i‘\/OCZ—l)]+IZ

— il (a, 1) — U (1 fya) — 17 jy2.0)- (B11)

The right incidence boundary condition is similar to equations (B7) and (B8). The
difference lies that in this case we consider the turning point j,, ; instead of j,, ;. The
reason i1s the same as the one mentioned above, i.e., the transmitted wave is
exponentially small in the neighborhood of j,, ;. The boundary condition is as
follows.

« For a, <j <r, we have a transmitted wave,

T A ) T
wj~mexp(12y[ﬂ/oc2 —1 —aln(x + Ja? —1)] +ig

+1I(r, Jy2.0) — iMga,0). (B12)
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« For r; <j < a;+; we have an incident plus a reflected wave,

1 ) LT
Wj"’m {A exp(12y[«/oc2 — 1 —OCIH(OC -|-«/OC2 — 1)] +IZ
+ il (a1, 1) + 1T (r fy20) — iMjg20) + RTAexp(—i2y[/o? — 1 —«
LT } - .-
xIn (o0 4+ /oa? —1)] +1 1" U (ays1, 1) — 1 (rp Jyay) + iTjga)} (B13)

The next step is to define the appropriate solution to the locally valid equations (32)
(k =1) and (B9). We consider equation (32) as the locally valid equation when
turning points of TPP1 satisfy the first turning point condition (30). When turning
points of TPP1 satisfy the second turning point condition, we consider the locally
valid equation (B9). After we obtain the appropriate solutions of the locally valid
equation in terms of the function H;(y, v), we match these solutions with the
expansion of the Liouville-Green formulae given in the section above. The result of
the matching process are the reflection/transmission coefficients given by equations
(49)-(64). The steps mentioned in this paragraph are given in the next section.

B.2. MATCHING PROCESS

First we give the leading term of the asymptotic expansion of the solution of the
locally valid equations (32) and (B9), appropriate for matching with the
Liouville-Green formulae for the complex first order turning point. For second
order turning points, we already gave the solution of the appropriate locally valid
equation in section 4.3.1, so here we only give the asymptotic expansion of this
solution.

B.2.1. Leading term of the asymptotic expansion of the solution of the approximate
equation in a neighborhood of a complex first order turning point

The complex first order turning point satisfies the first or the second turning
point condition (30). If it satisfies the first turning point condition, the leading term
of the asymptotic expansion of the appropriate solution of equation (32) with k = 1
is given below in terms of the functions

A@y,v) =
1 ﬁ exp( —i2y [aln(@ + /2 — 1) — /o> — 1] — i(n/4) — (i/2)arg {7})
- = N (B14)
21yl (o2 = 1)V

B(y,v) =

1 | n exp(2y[aln(x + \/ocz —1)— \/ocz — 1] —i(n/4) — (i/2)arg {y})
3 . (B15)

(O(Z _ 1)1/4
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The leading term of the asymptotic expansion for the appropriate solution of (32)
with k =1 for |y|>1 and |v| < |7y] follows.

« For left incidence boundary condition (turning point j, )

zj~ —C B(y,v), for0<arg{y} < g and g <p< g; (B16)
5
zj~C(A(y, v) — B(y,v)), for0<arg{y} < g and g <P <€;
n T T
z;~ —CB(y,v), for0>arg{y} > —Eandg<ﬁ<§; (B17)
5
zj~ C(A(), v) — B(y, v)), for 0> arg{y} > —g and g <p< Z”
where f is defined by
p=arg{v} —3arg{y} (B18)
in terms of arg (v} and arg {y}.
« For right incidence boundary condition (turning point j, ;):
5 7
zj~ —CA(y, v), for g <arg{y} <mand Zn <p< Fn;
v Tn 3n
zj~ —C(A(y, v) + B(y, v)), for 3 <arg{y} <mand << p< 5 (B19)

z;~ —CA(y, v), for —m<arg{y} < —gand —g<ﬁ<%n;

zj~ C(A(y, v) + B(y,v)), for —n <arg{y} < —g and — g <p< g (B20)
If the first order complex turning point satisfies the second turning point condition,
then the appropriate solution of equation (B9) follows.
« For left incidence boundary condition (turning point j, ;):

wi~C (— A(y, v) + B(y, v)), for —n<arg{y}<—zand —E<ﬁ<—n;

2 2 6
(B21)
wj~ — CA(y,v), for—n<arg{y} < —gand—%<ﬁ<%;
T Sn n
w; ~C (A(y, v) — B(y, v)), for 5 arg {y} <mand 3 <p< o (B22)

3n

7
wi~ CA(y, v), for g arg{y} <= and Fn <p< 5
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« For right incidence boundary condition (turning point j,, ,):

w; ~C (A(3, v) + B(, v)), for 0 < arg{y} <= and g <p< g; (B23)

2
i T Sn
w; ~ CB(y, v), for0<arg{y}<§andg<ﬁ<z;
Y T Y
w; ~C (A(y, v) + B(y, v)), for 0> arg{y} > — 5 and €< p< 5 (B24)
w; ~C B(y, v), for0>arg{y}>—gandg<ﬂ<%.

The next step is to match the asymptotic expansions, for |y| — oo, of the
appropriate solutions of the locally valid equations (32) and (B9) with the linear
combination of expansions of the Liouville-Green functions in terms of the local
variable «. The matching process is described in the next section.

B.2.2. Matching process for complex first order turning points

Here we describe how to match the expansion of the Liouville-Green functions
in terms of the local variable o with the asymptotic expansion of the appropriate
solution of the locally valid equations (32) and (B9), which were given in the
previous section. First, we consider TPP1 (see box (A) of Figure 2) with turning
points that satisfy the first turning point condition (30). The boundary conditions to
consider follow below.

« Matching for the left incidence boundary condition. We have to match equation
(BS), with equation (B16) if 0 <arg{y} <=n/2 with n/2 < < 57/6 or with
equation (B17) if 0 > arg{y} > — n/2 with ©/2 < < 5n/6. This matching gives

1 -
5 ﬁ C=Aexp (i% — il (@, 1) — i (r, j*l,»), (B23)

1 . ) ) -
3 \/% C =R Aexp (1% + 1l (a;, 1) + 11 (ry, j*1,1)> (B26)

We have two equations and two unknowns, so we have the constants C and R™.
To obtain the transmission coefficient we need to match equation (B6) with
equations (B16) or (B17), according to the value of arg{y} and n/6 < f§ < 7/2.
This gives the transmission coefficient T~ in terms of the constant C given by
equation (B25). The output of the matching process are the coefficients T~ and
R~ given by equations (49) and (50).

« Matching for right incidence boundary condition. We have to match equation
(B8), with equation (B19) with 3%/2 < f < 7n/6 or equation (B20) with
— 1/6 < f§ < 1/6, according to the value or arg{y}. This matching gives the
coefficients C and R™. To obtain the transmission coefficient we have to match
equation (B7), with equation (B19) with 57/6 < f < 3n/2 or equation (B20)
with —n/2 <ff < —n/6, according to the value of arg{y}. This gives the
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transmission coefficient T *. The final result of this matching are the reflection R™*
and transmission T coefficients given by equations (51) and (52).

Next we consider the right and left incidence boundary conditions for TPP1 with
turning points that satisfies the second turning point condition (30).

« Matching for left incidence boundary condition. We match equation (B10), with
equation (B21) with —7/2 < f < — /6 or equation (B22) with 57/6 < § < 7n/6,
according to the value of arg {y}. This matching gives the reflection coefficient R ~
and the coefficient C. To obtain the transmission coefficient T~, we match
equation (B11) with equation (B21), with —n/6 < § < 7/6 or equation (B22) with
Tn/6 < f# < 3n/2, according to the value of arg{y}. The final result are the
coefficients R~ and T, given by equations (53) and (54).

« Matching for right incidence boundary condition. We match equation (B13), with
equation (B23), with ©/6 < f < /2, or equation (B24) with #n/6 < f < n/2,
according to the value of arg {y}. This matching gives the reflection coefficient R *
and the coefficient C. To obtain the transmission coefficient T", we match
equation (B12) with equation (B23), with n/2 < f < 57/6, or equation (B24) with
n/2 < f < 5n/6, according to the value of arg{y}. The final result are the
coefficients R* and T™, given by equations (55) and (56).

APPENDIX C: CONNECTION FORMULAE FOR A PAIR OF ALMOST
COALESCING REAL AND COMPLEX FIRST ORDER TURNING POINTS

In this appendix, we describe how to obtain the connection formulae for TPP3
and TPP4. We also consider TPP5, which is the limiting case of TPP3 or TPP4.
Results for TPPS follow from the results for TPP3 or TPP4 by putting b,; = 0.
First, we give the Liouville-Green functions in terms of the local variable «, defined
for this case as

o= —(=1f + i, [(j — ax)* — b1, (C1)

where a,; and b, for TPP3 are, respectively, the real and imaginary parts of
a complex turning point that satisfies the kth turning point condition. In the case of
TPP4, a,, is the average of the two turning points and b, ; is half of the modulus
of the difference between turning points.

C.1. APPROXIMATE FORM OF THE LIOUVILLE-GREEN FUNCTIONS

For TPP3 and TPP4 (see boxes (A) and (B) in Figure 2) we consider the
boundary condition of left and right incidence. Here we give the appropriate linear
combination of Liouville-Green functions in terms of the local variable o, given by
equation (C1), that satisfy the boundary conditions mentioned above. We use the
same notation as in section 4.4 regarding the reference points r;; and r, ;. For
TPP3, we have ry; =r,; =r; (r; is the real part of the pair of complex conjugate
turning points). For TPP4, we have ry; = ju, <12y :f*k!, (Jyr.s and f*k,, are the
pair of real turning points). We define f; = r; (f; = (jyra + f*k,,)/2) when we consider
TPP3 (TPP4).
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« Left incidence boundary condition. We use the same notation as in section 4.4.
The boundary points are a; < d;+ 1.
(1) For a; <j < ry; we have an incident plus a reflected wave:

zj~ A 210 Vit b + 172 () =B s b gy =10 G = V| ) =50 b — 172
1 . . .
X exp <_1 7 N He lj = Al —il(a, fi) +in fl5k,2>

+ R A 2 iGAVHa by +1/2 (—1)* i(1/8) </ bes (bis)? M}{(}/g)@ (bs) — 1/4
x|j—fi |i<1/4)\/ﬁ (b — 172

1 . ) . . _
X eXp <1 Y tilj —fil?> + il (ay fi) — in 5k,2>, as j—ry,and b, —0.

(C2)
(2) Forr,,; <j<a;+; we have a transmitted wave:

g~ T~ A 21t b +1/2 (_ 1) —i(1/8) \/ttrs (brr)? kalia/sy /11 (bie)* — 1/4
J ,

: —i 2 1 : .
X|J = fi] I erxp(—l‘—l\/uk,lu—ﬁv+mf,6k,2>,

as j—ry, and b ; — 0. (C3)

« Right incidence boundary condition. We use the same notation as for the left
incidence boundary condition.

(1) For a; <j <ry,; we have a transmitted wave:

Zj ~ T + A 2 —i(3/A/ ttia (bia)* +1/2 (_ 1) 1(1/8) / ptwr (biet)? H%{(,II/S)\/ e (bieg)* — 1/4

; : 1 .
X1 — fil 9N exp (1 7 Al =il = in 5)

aSj - Vil and bk,l - 0. (C4)
(2) For r,; <j < a;+; we have an incident and a reflected wave:

Zi~ A 2T Vi b 412 (— 1) VOVt O 8w b = 4) | o0 (b =172

1 ) . .
X eXp <1 2V et 1 — S I> + il (@41, fi) —in flék,2>
+ RT A 2+ b + 172 (— 1)—i<1/8>\/ﬁ<bk~az Mk_,z“l/s)\/“_“ (b — 1/4
X | j—fi] =AY b =172

.1 , . )
x exp<—1 2V i lj — fil> — il (a1, fi) + 17Tf15k,2>,

as j—ry; and b — 0. (C5)
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For TPPS (see box (C) of Figure 2), we just need to make b, ; = 0 in the expressions
above to obtain the linear combination of the Liouville-Green formulae in terms of
the local variable « for the boundary conditions of left and right incidences.

C.2. ASYMPTOTIC EXPANSION OF THE SOLUTION OF THE APPROXIMATE EQUATION

The approximate equation for TPP3 or TPP4 is given by equation (35). This
equation is related to the solutions of the Mathieu equation, so a closed-form
solution is not available. We proceed to approximate equation (35) by a second
order differential equation, as discussed in section 4.3.2. We obtain a differential
equation which has a solution in terms of the parabolic cylinder functions. As
a result, an approximate solution of the difference equation (35) is given by
equations (42) and (43). In this section, we give the asymptotic expansion of the
approximate solutions (42) and (43) for |j — r;|>1 (case TPP3, r; = R {jx,}) or
|j — (s + Juka)/21> 1 (case TPP4). The term |j — r,| appears in the asymptotic
expansion of equations (42) and (43) when we have TPP3, and the term
|j — (ars + juk.s)/2 | appears in the asymptotic expansion of equations (42) and (43)
when we have TPP4. We define f; = 1, (f; = (juxs + Juks)/2) if we consider TPP3
(TPP4). For TPP3 (TPP4), we have the asymptotic expansion for equations (42)
and (43) that follows. In the expressions above, the upper (lower) sign is for the case
TPP3 (TPP4):

z(j) ~ {4, (—1) /4 b = (12) 4 B} eXp(i 1_”6 \/,uT,l(bk,l)z i ig

N Her . i (b — (1/8) | 3 i (b —
+ i) j _ﬁ|2> pi 1O B B = () | ) A b = 02) g

V2n St 3n

X ex M (br)” —1—

T(F/4) /bwa (i) +1/2) p< 16V HaOn” =g
n \/:k,z e i@ ;i f2 |>(_ 1) F AV O =12y 516 (b = (179

x| j _ﬁ|1i/4\/;7,z(bk.,)2—(1/2>, as|j—fil>1andj— f; < 0; (C6)
2(]) ~ {By (1) #0244, }exp< 76 Ve (b’ +ig>

1/2
i _ . ; _ ki .
% I/Lki’ll/16\/ﬂk,l (bi)* — (1/8) |] _fl | + /4 / g (bi)* — (1/2) exp <'u4 el(ﬂ/Z) |] _fl |2>

_ NEL ( S _.3_n>
T s o 5 1 (o Vi =1

B
r(+(i/4)
X (— 1) F 4V b =12) ) Fi6 i b = (A9 g | 304w b = (1/2)

1/2
xexp<“kT’l e @2 |j—f,|2>, as|j—fi|»1andj—f, > 0. (C7)
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C.3. MATCHING PROCESS FOR A PAIR OF ALMOST COALESCING COMPLEX CONJUGATE
FIRST ORDER TURNING POINTS

In this section, we describe the matching process which leads to the connection
formulae for TPP3 (see Figure 2). We consider right and left incidence boundary
conditions. We do not distinguish the connection formulae with respect to
which conditions (30) are satisfied by the turning points. The connection formulae
we discuss here are valid for turning points that satisfy the first or second turning
point condition.

« Left incidence boundary condition. At first, we match the appropriate linear
combination of the expansion of the Liouville-Green functions in terms of the
local variable «, given by equation (C2) with the asymptotic expansion of the
approximate solution of the locally valid difference equation, given by equation
(C6). This matching results in two equations with three unknowns, namely, the
reflection coefficient R~ and the coefficients 4; and B;. To obtain equations in
terms of the coefficients Ay, B; and T~ (transmission coefficient), we match
equation (C3) (expansion of the “transmitted wave” in terms of the local variable
o) with equation (C7). Therefore, we have four equations and four unknowns.
This system of equations leads to the reflection and transmission coefficients R~
and T, given by equations (61) and (62).

« Right incidence boundary condition. At first, we step match equation (C4) with
the asymptotic expansion of the approximate solution of the locally valid
difference equation, given by equation (C6). This matching results in two
equations with three unknowns, namely, the transmission coefficient T+ and the
coeflicients 4; and B;. To obtain equations in terms of the coefficients A, B; and
R (reflection coefficient), we match equation (C5) with equation (C7). Therefore,
we have four equations and four unknowns. This system of equations leads to the
reflection and transmission coefficients R* and T, given by equations (63) and
(64).

C.4. MATCHING PROCESS FOR A PAIR OF ALMOST COALESCING REAL FIRST ORDER
TURNING POINTS

We consider TPP4 (see Figure 2), with the turning points satisfying the first or
second turning point condition (30). Besides this, we proceed in the same way as in
the previous section.

o Left incidence boundary condition. At first, we match equation (C2) with
equation (C6). The matching results in two equations with three unknowns,
namely, the reflection coefficient R~ and the coefficients 4; and B;. To obtain
equations in terms of the coefficients 4, B; and T ~, we match equation (C3) with
equation (C7). Therefore, we have four equations and four unknowns. This
system of equations leads to the reflection and transmission coefficients R~ and
T, given by equations (61) and (62).

« Right incidence boundary condition. At first, we match equation (C4) with
equation (C6). The matching results in two equations with three unknowns,
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namely the transmission coefficient T+ and the coefficients 4; and B;. Second,
we match equation (C5) with equation (C7) and obtain two equations in terms of
the coefficients 4;, B; and T*. Therefore, we have four equations and four
unknowns. This system of equations leads to the reflection and transmission
coefficients R* and T™, given by equations (63) and (64).
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