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ABSTRACT

We study a system of spatially discrete FitzHugh-Nagumo equations, which are nonlinear
differential-difference equations on an infinite one-dimensional lattice. These equations are
used as a model of impulse propagation in nerve cells. We employ McKean’s caricature
of the cubic as our nonlinearity, which allows us to reduce the nonlinear problem into a
linear inhomogeneous problem. We find exact solutions for standing waves, which are steady
states of the system. We derive formulas for all 1-pulse solutions. We determine the range of
parameter values that allow for the existence of standing waves. We use numerical methods
to demonstrate the stability of our solutions and to investigate the relationship between the

existence of standing waves and propagation failure of traveling waves.
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1 INTRODUCTION

1.1 Problem History and Motivation

In 1952 A. L. Hodgkin and A. F. Huxley performed experiments and created their model
of wave propagation in a squid axon [1]. This model describes the process of excitation
and propagation of waves of electric current through nerve cell membrane. This process is
governed by the flow of ions, mainly of sodium and potassium, into and out of nerve cells. In
1963 Hodgkin and Huxley were awarded the Nobel Prize in Science and Medicine for their
work on this field.

In 1961 Richard FitzHugh introduced his model [2], which is a simplification of the
Hodgkin Huxley (H-H) model. The H-H model has four variables and the FitzHugh-Nagumo
(FH-N) model is a reduction down to two variables. The purpose of the creation of the FH-N
model was to form a more general qualitative model of an excitable system by isolating the
mathematical properties of excitation and wave propagation and ignoring the electrochemical
dynamics of sodium and potassium ion flow. The two variables that are left in the model
are a voltage variable and a recovery variable. An advantage of this reduction is that we are
able to view the solutions of this two-dimensional system using phase portraits, which is not
possible with a four-dimensional system.

The name Nagumo is included in the name of the FH-N model because of work done by
J. Nagumo [3] in showing that the FH-N equations can model the dynamics of a physical
electrical circuit system which he constructed.

Here is the general form of a continuous FH-N model, with subscripts denoting differen-

tiation:

u = Dugy, —v— f(u) (1.1)

v o= bu—rv (1.2)



For our applications u is the voltage variable and v is the recovery variable. The parameter
D is called the diffusion coefficient. The terms b and r are recovery parameters. The function
f(u) is referred to as the nonlinearity of the system.

While both FitzHugh and Nagumo originally studied the system using a smooth cu-
bic nonlinearity, McKean [4] introduced the study of this system using a piecewise lin-
ear nonlinearity, which we use in this paper. Many others have followed suit and opted
to use McKean’s nonlinearity in their study of the FH-N and related models, such as in
(7,8, 11, 14, 15, 18, 19, 21].

Besides using different nonlinearities, there are other major differences between some
FH-N type models that can be chosen to suit different applications. The model can be
formulated to be spatially multi-dimensional, as in [15], or spatially one-dimensional, as
in this paper and many others. Spatially multi-dimensional models can be used to study
applications where waves can travel in many directions, such as in cardiac tissue.

Our formulation of the system is intended to model waves in a single nerve axon, which is
a long thin nerve fiber inside insulating Myelin sheath. The Myelin sheath covers most of the
axon, but there are breaks in the insulation at places called nodes of Ranvier. At these nodes
ions flow in and out of the axon, allowing for conduction of the action potential. Some FH-N
type models are spatially discrete and some are spatially continuous. We choose to model
the system as spatially discrete, with the space between each node of Ranvier represented
by a node on a 1-D lattice. The ionic potential or voltage at each of the cells is given by a
value at each node on the lattice. It is important to note that we are using a model that
is spatially discrete not to approximate something we believe is truly continuous in nature,
but because we believe that studying a nerve axon as a string of discrete release sites, rather
than as a continuous wire, can reveal important results.

As is pointed out by Keener [11], there can be very different qualitative behavior between

spatially discrete and spatially continuous models. In a spatially continuous FH-N model, if



a traveling wave solution exists for a specific value of the diffusion coefficient, then traveling
wave solutions exist for all values of D > 0. In a spatially discrete FH-N model though, we
can have traveling waves for some values of the diffusion coefficient, while for other values

of the diffusion coefficient we cannot, all other parameters held constant.

Much research has been done on the related system that only has one equation with one

variable, the voltage variable. This is called the Nagumo equation as is generally written:

u = Dug, — f(u) (1.3)

This research studies “fronts”, waves that are monotonic. Work on the discrete Nagumo

equation as a model of propagation in a nerve axon was pioneered by Bell [9, 10].

FH-N models such as the one we use also include a recovery variable, which generalizes
the effects of the three gating variables from the H-H model. Inclusion of the recovery
variable in the model is meant to temporarily decrease the excitability of nodes that have
already been stimulated, allowing the nodes to return back to their resting state after a wave
passes. Studying these “pulse” waves is much more realistic to the physical system, although
it is also considerably more complicated. In Figure 1.1 we show pictures of a front wave from

a discrete Nagumo model and a pulse wave from a discrete FH-N model.

According to Keener [16], for the Nagumo equation, “propagation failure occurs if and
only if there are standing waves.” In studying front waves of the discrete Nagumo equation,
6, 14] have demonstrated a phenomena called the Interval of Propagation Failure. By finding
standing waves and the parameters that allow for their existence, they have also found the
conditions for propagation failure, or the inability of traveling waves to propagate through
the media. This is a main motivation for our approach to this problem. Although we do not
already have the same connection between the existence of standing waves and propagation

failure for pulse waves as we do for fronts, we similarly intend to study propagation failure
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Figure 1.1: On the left a front wave. On the right a pulse wave.

of pulse waves by finding standing waves and the conditions for their existence.

Stability of traveling front waves of the discrete Nagumo equation has been studied in
[12]. Stability of standing front waves of the discrete Nagumo equation has been studied in
9, 23]. Stability of traveling pulse waves of the continuous FH-N equations has been studied
in [8]. Global attractors of traveling waves for the discrete FH-N model has been studied in
20].

Of particular relevance to our work is the work in [6] and [7]. In [6] Humphries, Moore,
and Van Vleck find standing front wave solutions to the discrete Nagumo equation with the
McKean nonlinearity and investigate conditions for their existence. We follow their approach
in using the theory of Jacobi operators from [5] in finding these steady states. In [7] Elmer
and Van Vleck find candidate traveling wave solutions to the discrete FH-N model with the
McKean nonlinearity. In our paper we investigate their results and make connections to our
results.

Our contribution to the subject is to find explicit formulas for all possible standing single
hump pulse waves for a discrete FH-N model. We find all possible parameter values that

allow for the existence of these standing waves. We investigate the connection between the

4



existence of standing pulse waves and propagation failure of traveling pulse waves. We also
advance this work by following [6] in using the theory of Jacobi operators to find these steady
states. This technique can be used in the future to find steady states of discrete FH-N models

with inhomogeneous media and with other nonlinearities.

In the next section we set up the problem to be investigated. In Chapter 2 we derive
standing wave solutions to our system. In Chapter 3 we simplify these solutions into a
compact form. In Chapter 4 we look at conditions of the parameters required for the existence
of standing waves. In Chapter 5 we discuss various numerical experiments we have performed
to illustrate properties of the standing waves. In Chapter 6 we discuss our conclusions and

possible future work on this problem.

1.2  Our Problem

We consider steady state solutions to the spatially discrete FitzHugh-Nagumo equations

up(t) = Lug(t) — ve(t) — f(uk(t); ), (1.4)

Op(t) = buk(t) —rog(t), (1.5)

where u(t) and vg(t) map RT U {0} — R, k£ € Z indicates a particular element of the
one-dimensional lattice, @ = Ccll—? and v = %. Also, the recovery parameters satisfy b > 0 and
r > 0. The FitzHugh-Nagumo equations above can be called lattice differential equations,

spatially discrete partial differential equations, or differential-difference equations. In general

the operator L, a difference Laplacian operator, is of the form

Lu(t) = c(ua (t) — un(t)) + a1 (up-1 () = uk(t)), (1.6)

5



with a3, € R*,Vk € Z. The «y, are called the diffusion coeficients and represent the amount
of interaction between adjacent points on the lattice. We study the case of homogeneous
media, so all the diffusion coefficients are the same along the entire lattice, ap, = o, Vk € Z,

and the operator L takes the form

Lug(t) = augy1(t) — 2ug(t) + up—1(t)), (1.7)

with @ € R*. This single value, «, is the diffusion coefficient. Although we do not solve
it here, we are looking forward to the case of inhomogeneous diffusion, where the diffusion

coefficients do vary along the lattice.

We take this time to look at the equation (1.4) of the voltage variable and identify the

different “forces” that are at work within the equation. Equation (1.4) can be written as:

k() = upsr (8) = ur(t)) + alur— (8) — ur(t)) = ve(t) = f(ur(t)). (1.8)

Conceptually, this says that for a point with index &, the movement of that point, (t), is
governed by four different “forces” given on the right side of the equation. The first term,
a(ugs1(t) — ug(t)), is the effect of the point just to the right with index k& + 1. The second
term, o(ur_1(t) — uk(t)), is the effect of the point just to the left with index k — 1. Each
point is affected by the two points on either side of it, which pull the point closer to them,
with “force” proportional to the difference in voltage between the points and proportional to
the diffusion parameter ov. The third term, —uvy(t), is the effect of the recovery wave on the
voltage wave. The higher the recovery variable is at a point, the more it pulls the voltage
variable down at that point. The last term is the nonlinearity, f(ug(t)), also known as the
“forcing term” | which is important in causing a wave to travel along the lattice or not.

We look at the nonlinearity in the next section. In a steady state solution, all of these four



“forces” are in perfect balance at each point along the lattice.

1.2.1 The Nonlinearity

The nonlinearity f : R — R is typically taken to be the derivative of a double-well potential,

such as the cubic

F(u;.0) = u(u — a)(u - 1), (1.9)

or the McKean caricature of the cubic [4], which is the piecewise linear function

flu;a) =u—h(u—a) (1.10)
where h is the Heaviside function
0, u <0
h(u) =< 10,1], u=0 (1.11)
1, u > 0.

and a € (0, 1) is known as the detuning parameter. It is known that the parameter a largely
determines the wave speed of a traveling wave. Hence it also is important to the existence of
standing waves, or waves with zero speed. Figure 1.2 shows the function (1.10), the McKean
caricature of the cubic, for different values of a. The cubic function (1.9) is plotted as well
to show the comparison. The nonlinearity (1.10) is special in that it is much easier to deal
with for this problem than (1.9), yet it shares some important features of that function, such
as having the same zeros. They are also similar in that f > 0 for 0 < u < a, and f < 0 for
a < u < 1. Both (1.9) and (1.10) are zeroth order approximations of the functional in the
H-H model that we are approximating, so it is certainly acceptable that we choose to use

(1.10) over (1.9). In other words, just because we a making a choice of nonlinearity that is

7



easier to work with, there is no mathematical reason to think that we will end up with a

model whose behavior less resembles that of the H-H model.

MeKean Caricature of the Cubic [3=.2) MeKean Caticature af the Cubic [2=_8]

Figure 1.2: McKean caricature of the cubic for a=.2 and a=.6 with the corresponding cubic
functions. Circles at the zeros.

Both nonlinearities (1.10) and (1.9) are functions that are the derivative of a double-well
potential function. In Figure 1.3 we show the double-well potential functions that correspond
with each nonlinearity. We also plot the derivatives of those double-well potential functions,
the nonlinearities themselves. The zeros of each nonlinearity are the equilibrium points of
that nonlinearity. As with any potential function, objects are drawn to the areas of lowest
potential. For a double-well potential, points are drawn to the bottoms of the wells, which
are located at uw =0 and u = 1. These are the stable equilibrium points. The value u = a is
also an equilibrium point, but looking at the potential functions, we see that for everywhere
around this equilibrium point, points are drawn away from a into one of the two wells. This
situation can be visualized as a ball sitting on top of a smooth mountain with valleys on
either side. If the ball is sitting on the very top it can stay still, but if it is knocked off

the top even slightly it will roll all the way down into one of the valleys below. This in an



Double Well Potential and its Derivative, the Cubic Nonlinearity (a=.3) Double Well Patertial and fts Derivative, the McKean Nonlinearity (a=3)

fu,a)
fiu,a)

Figure 1.3: Double-well potential functions corresponding to each nonlinearity with their
derivatives plotted as dashed lines. On the left the cubic nonlinearity. On the right the
McKean nonlinearity. For each nonlinearity shown a = .3

example of an unstable equilibrium point. The point v = a is an unstable equilibrium point.
Therefore the effect of the nonlinearity is to push points away from a, either down towards

0 or up towards 1.

1.2.2  Our Approach

We are studying propagation failure of waves in the FitzHugh-Nagumo model. To do so
we look for standing wave solutions of these equations. Standing wave solutions are steady
state solutions of (1.4)-(1.5). They are waves that do not propagate through the media. In
a steady state solution the system is not moving, so there is no time-dependence, and so the
derivatives with respect to time will vanish. So we can set w(¢) and v, () in equations (1.4)

and (1.5) equal to zero.



We first set 0x(t) = 0 in (1.5) and solve for vg.

0= Uk(t) = buk(t) — Tvk(t)

rop(t) = bug(t)

we(t) = (;) () (1.12)

We then set 4(t) = 0 in (1.4) so that

and then plug (1.12) into (1.13) to get

0 = Luy(t) — <é> u(t) — flug(t); a). (1.14)

r

Now that we have substituted to eliminate the recovery variable v and get an equation
with only the voltage variable u, we will no longer need to consider the recovery variable in
finding steady states. It is important to note now that once we find steady state solutions
for the voltage wave uy, we can easily construct the corresponding recovery wave vy using

the recovery relation (1.12).

We call the ratio of parameters g the recovery ratio, and define v = % Note that v > 0.
In the rest of our analytical work on standing waves, we only encounter the parameters b
and r in terms of the ratio g We will therefore use the term 7 instead and treat this as

one parameter. It is only when we look at traveling waves in Chapter 5 that the individual

values of b and r matter.

Note: Since we are finding steady states of this system by setting time derivatives equal
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to zero, the steady state solutions of this system that we will derive are also steady states of

other equations such as the spatially discrete, nonlinear Klein-Gordon equation,

iig(t) = Lug(t) — f'(ur(t))

and the spatially discrete, nonlinear Schrodinger equation,

it (t) = Luk(t) — f'(w(t))

with f"=~u+ f.

From (1.14) we see that finding the steady state solutions for the system of equations

(1.4)-(1.5) is equvalent to solving the difference equation

(@1 — 205 + ©r-1) — vor = flor; a). (1.15)

We transition from the variable ug(t) to ¢ because we no longer need to use a variable that
has time dependence. The new variable, ¢, only varies on the discrete spatial lattice with

index k € Z. Throughout the rest of the text we let f be the piecewise linear function (1.10).

We focus our study on waves that have a certain general shape, that of a single pulse. In
other words, we do not concern ourselves with waves that go up and down multiple times.
For waves of this single pulse shape, we identify three possible cases. The first case is that
the wave goes above a, so it crosses a once going up and again once going down. The second
case is that the wave peaks at a never going above it. The third case is that the wave never
even touches a, it stays below it entirely. For now we only concern ourselves with waves that
actually cross a, but the other two cases will be discussed for completeness after this case

has been solved.
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We then seek solutions that satisfy

<a for k<ny, k>
o o " (1.16)

e >a  for  ny<k<mn.

As in [7], we define n; € R conceptually as the places where the wave crosses a. Hence, n; for
J = 0,1 are the points at which the Heaviside function is activated, and they must satisfy
no < m1. Using the terminology of [7], this is called a 1-pulse solution. We also may have the

case where a wave crosses a at a lattice point. In this case we would have

O =a for k=mn;, j=0orl (1.17)

This would only happen if n; € Z. Note: If a wave crosses a “in-between” lattice points k*
and k* + 1, i.e. g+ < a and g1 > a or vice-versa, then simply n; € (k*, k* + 1), and the
particular value of n; in this interval is not important to our setup since we are really only

studying points at the integer values on the lattice.

Now the nonlinearity (1.10) may be written as a linear inhomogeneous term

fler) = or — h(k —no) + h(k —m),

which is independent of a. Thus, solving (1.15) is equivalent to solving the difference equation

aprr1 — (L+ v+ 2a) pp + apr_1 = h(k —n1) — h(k — 1) Vk € Z, (1.18)

with boundary conditions

]ﬁl_l)rinoo v = 0. (1.19)

These boundary conditions come from the boundary conditions used in a traveling wave
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problem. Equation (1.18) is an infinite dimensional tridiagonal linear system and general
solutions may be derived using Jacobi operator theory [5]. We choose to use Jacobi operator
theory in solving the problem because this approach can be applied to the more complex
cases of inhomogeneous media or more complex nonlinearities which are an extension of the

work done here.

As a simplification let

hi, = h(k —10) — h(k —m), (1.20)

and the equation to solve is now written

—appr + (14+ v+ 2a) o, — apr_1 = hy, Vk € Z. (1.21)

The right side of (1.21), hy, will always either be 0, 1, or [0,1]: 0 if &k < ng or & > 1y, 1 if

no < k <m, and [0,1] if &k =ny or k = ;.

1.2.3  Bounding Our Solutions

Now that we have formulated the difference equation (1.15), we can already put an upper

bound on its solutions. We can rewrite (1.15) as:

a(@re1 — @) +alor—1 —or) = (L+7) or — h(or — a). (1.22)

Let kps be the index of the maximum value of ¢y, so that ¢x,, > ¢k, Vk € Z. Setting k = ky

in (1.22), we get:

CY(gOk]\/IJrl - SOkM) + O‘((pkal - (pkM) = (1 + 7) Phy — h(SOkM - CL).

13



We assume that ¢y, > a, so h(py,, —a) = 1. Also we know that the terms on the left both

cannot be positive since ¢y, is the maximum value, so we now have the inequality

02(1"’_7)90&%_17

which gives us the bound

Prar < (L) : (1.23)

I+~
This tells us that the upper bound on our steady state solutions is ﬁ We define ¢ = ﬁ
and call this the compression factor. Note that 5 € (0,1]. As we have shown before, the
effect of the nonlinearity is to push the highest points on the wave up towards 1. The effect of
the recovery variable though is to push points down, which keeps the standing wave below j3.
We will see 3 in our formulas for ¢, and it is important to understand where this value comes
from, a balancing of the opposed forces from the nonlinearity and from the recovery wave.
We see from (1.12) that the amplitude of the recovery wave in a steady state is determined

by the recovery ratio of parameters % = 7. It is this value v that determines the compression

factor ﬁ = [ for standing waves (.
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2 DERIVATION OF SOLUTIONS

Now that we have formulated our wave problem as a difference equation, (1.21), we will
derive a general solution to this equation. As an inhomogeneous difference equation, the
general solution to (1.21) can be written in terms of the general solution to the homogeneous
problem

—app + (1 +v4+2a) o — apr_1 =0 Vk € Z, (2.1)

and a particular solution of (1.21). The fundamental solutions of (2.1) are found using
standard techniques of difference equations. The particular solution is derived using Jacobi
Operator theory following the results of Teschl [5]. The fundamental and particular solutions

are then combined to form the general solution of (1.21).

2.1 Fundamental Solutions

Start by considering

k1 + Pr—1 = 2010k (2.2)

which is just the homogeneous equation (2.1) for
! (14 v+ 2a) (2.3)
= — Q). :
H 2% v

Since we are considering a second order difference equation, the space of solutions is

two-dimensional, and we can write any solution of (2.2) in the form

Ok = Prop(k — ko) + oro+10(k — ko) (2.4)

for any starting point ky;. Our equations, and therefore the solutions of those equations,

are translationally invariant. This is because we have homogeneous diffusion and so our
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lattice is exactly the same everywhere. There is no difference between the point £ = 0 on
the lattice and the point £ = 100 because diffusion is the same everywhere. Our solutions
can exist anywhere on the lattice and we can freely choose any index on the lattice as our
starting point ky. We will therefore choose this point in a way to formulate the problem in

the simplest way possible.

The functions p(k — ko) and o(k — ko) are a set of linearly independent solutions of (2.2),

known as the fundamental solutions, which satisfy the initial conditions

p(0)=1, p(1)=0, o(0)=0, o(1)=1. (2.5)

Using these simple initial conditions, if we set k = ko in (2.4) we have the equality vr, = @k,

and if we set set k = ko + 1 we similarly have g 11 = ©ro+1-

Following standard theory of difference equations, in order to find expressions for p(k—ko)

and o(k — ko), substitute p; = M into (2.2) to get
A —2u\+1=0, (2.6)

which implies, using the quadratic formula, that

A =pt/p?—1, (2.7)

using the principal branch of the square root. Noting that A;A_ = 1 implies that Ay = 1/A_.
We set A = A, > 1, which yields A_ = A~!. Using the initial conditions (2.5), we can derive

the fundamental solutions.

The fundamental solutions p and ¢ have the form

pk) = AN 4+ BXF (2.8)

16



o(k) = CX+ DA F (2.9)

because \¥ and A\7* are two linearly independent functions of k. This is again standard
theory of difference equations. We have four unknowns here, A, B, C, and D, and four
initial conditions (2.5). Combining the fundamental solutions (2.8) and (2.9) with the initial

conditions (2.5), we get

p(0)=1 = A+ B (2.10)
p(1)=0 = AN+ BX! (2.11)
o(0)=0 = C+D (2.12)
o(l)=1 = CAX+DX! (2.13)

11 A 1
A At | B 0
11 c 0
A At D 1
—1
11 ] Al
A N e I
A 1 D | 1
N I 0



AAT
A
AT
1 A1 0
71_
A=A Ly 1
1
AT
1
AT

Now that we have A, B, C, and D we can plug them into (2.8) and (2.9) to get

p(k)

A

k —k

oot Ty
)\k—l Al_k
A— A1 A2
)\l—k _ )\k—l

A— AL

1 1 .
A—A%A'_A—AAA
e \k
A— AL

So now we have two linearly independent fundamental solutions p(k) and o(k).

_ )\k‘—l )\k: _ )\—k

and O'(k’) == m
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2.2  General Solution

Using these fundamental solutions, we are able to formulate the general solution of (1.21),

which takes the form

=3 e hio(k—35) k> Ky
1
©r = PPk — ko) + Pror10(k — ko) + L k=ko (2.15)

zfgm hio(k —7) k < ko

We have formulated our particular solution

- Z?zk(ﬁrl hjo(k—3j) k> ko
1
pr=—10 k= ko (2.16)

S ok —j) k<

of (1.21) using Jacobi operator theory following the work of Teschl [5] and its use by
Humphries, et al. [6]. In the Appendix we perform the calculations necessary to verify

that the function (2.16) is indeed a particular solution of (1.21).

Let k§ be the integer satisfying k§ = |n0]. Let k7 be the integer satisfying kj = [n,]. This
choice of floor and ceiling, respectively, as specific rounding functions is arbitrary, although
some kind of integer rounding is necessary here for our methods. The choice we have made
here is a natural one which produces elegant results, although we could have also switched
the functions to ceiling and floor respectively and had equally nice results. We could actually
choose any combination of rounding functions and still solve the problem, with only slight

changes to the explicit form of our results. It simplifies our result to notice that, because it
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is made up of discrete Heaviside functions, the function A, takes the form

0, k >k}
B, k =k}
he=2 1, k<k<k (2.17)
B, k =k
L 0, k < kg,
where we define
0,1], <Y/ 0,1], c7
oo DU mez o 21
07 Mo ¢ 7 07 m ¢ 4.

To illustrate this we show in Figure 2.1 two different waves, both with a = .4. We also plot
in dashed lines the value of h;, for each of these waves. One of these waves crosses a at lattice
points and the other crosses a in-between lattice points. As in (2.17), hy = 0 for all points
where the wave is below a, because the wave is below a for k¥ < kj and k£ > kf. Conversely,
hi, = 1 for all points where the wave is above a, because the wave is above a for kj < k < k7.
The value (2.18) of hy, at the points kf and &k} depends on our choice of ceiling and floor
as rounding functions. In the plot on the left, the wave does not cross a at lattice points.
Since we have chosen kj = [, that means that & is to the left of the first crossing and so
¢(ks) < a which means that iy = 0. Since we have chosen k7 = [ ], that means that A7 is
to the right of the second crossing and so (ki) < a which means that Ay = 0. This shows
why hk; = 01if n; ¢ Z. In the plot on the right, the wave crosses a at lattice points, so hy, at

these points is set valued [0,1]. This shows why hy: = [0,1] if ; € Z.

To simply the form of the solution, we sum only over the range of values of j where

hj = 1 and do not include in the summation the indices where h; = 0. That way we can
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Figure 2.1: Two different waves, both with a=.4. The values of hj are plotted as dashed
lines. The wave on the left crosses a in-between lattice points. The wave on the right crosses
a at lattice points.

eliminate all of the terms h; except at the points kj and k7, which remain in the equation.

Setting kg = k{ gives us the form of the general solution:

(S otk — )] — ok — k) k> K
— S ok = ) k=K
O = @kgp(k_k§)+90k3+lg(k_k8)+$ — ks ok =) ki <k <k
0 k=Fk
| hizo(k— k) k< k.

Noting that ¢(0) = 0, we can simplify this equation more to get:
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ki— . * *
—[E ok =) —hgo(k—k) k=K

* * 1 — .
or = @k;ﬂ(k—ko)ﬂ%gﬂa(k—ko)+a — Z§:1<1;3+1 o(k —j) ki <k <k:
hkaﬂg(/{?—kg) k S ké
(2.19)

This formulation of the solution becomes important in the case of inhomogeneous diffu-
sion. We see from [6] that in the case of inhomogeneous diffusion, we would have the same
form of the solution as in (2.19), except that the fundamental solutions p and ¢ would be

different since the diffusion coefficients would be different.

Note: Due to translational invariance of solutions, we could choose to simply set kj = 0
and thus have one less term in our solutions. We choose to leave kf in our equations in order
for the solutions to be more general, and having k§ in the final solutions will help to illustrate
their symmetry. Keeping the formula more general in this way will also be beneficial when

moving forward to the case of inhomogeneous diffusion.

In order to state the solution (2.19) explicitly, we must find ¢p: and @ps 1.

2.3 Derivation of s and g4y

The formula (2.19) we have for ¢, includes the two terms ¢ and @:;1. These terms are
not arbitrary and in order to explicitly state our solutions, we must find the values of @y
and =41 that give us solutions satisfying the two boundary conditions (1.19). We will use

these boundary conditions to find yys and @gs 1.

For k < k§:

* * 1 *
o = i p(k = ko) + @rgao(k = kg) + —(hugo (k = kg))
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Substituting in (2.14), we get

AIHkG =k _ \k—kg—1 Ne—kS _ Nk 1 Ne—kS _ \kS—k
O e e e e

ko —k hig NS » hi:
TR I Iy I e e S R A s

To satisfy the boundary condition (1.19) at k — —oo, it must be that

Py
Aprs = g1 — = = 0. (2.20)
For k > ki:
) k-1
o = prgp(k — k) + rg10(k — kg) + o) Z a(k—35)| = hizo(k —k;)
J=kg+1
)\H—ké—k _ )\k—kg—l )\k—kg N ,\k(*J—k
= Piz P + gokaﬂﬁ
k-1 , .
1 L Ve A ¥ Nk _ \Ki—k
Q = A=Al T\ — )\
Jj=kg+1
k-1
AkG—k 1 H | *
= T ek et AT T b
j=kg+1
ki—1
A BN R Y (i .
TN )\ L A lg"ké — Prg+1t aAkO Z AT+ hkf/\ ki
J=kg+1

To satisfy the boundary condition (1.19) at k — oo, it must be that

ky—1
1. 1 . .
Ao =g+ ALY AT g A =00 (2.21)
j=ki+1
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Consider the finite geometric series involved here:

ki—1

—kj—1 _ \—k}
SN =
e 1—A
Substituting this into (2.21), we get
)\—kg—l _ )\—k{

1
-1 kg
A 90k3_¢k3+1+a)\0[ oo

L LA A
AT Qpe — Qre1 t+ P T

+ Dy AkS‘kT} =0.

We also have the identity
I (A=-1)(1 - A7

a (1+7)

To verify this identity, we start with (2.6).

M —2uA+1 = 0

A=2u+Xt =0
A2 = 2
1
= —(14+7+2a)
(0%
1
= —(1 2
(1) +
AT -2 = l(1+v)
«
1
A-DE-A"") = S(1+7)
A-DA-AYH 1
(1+7) a

+ hk;x’“’f} =0.

(2.22)

(2.23)

We can plug this identity (2.23) into (2.20) and (2.22) to take « out of the equations. We
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have already defined 3 = ﬁ, so £ =B(A—1)(1—A"1). (2.20) becomes:

Az — g1 — hig B —1)(L = A71) =0.
This gives us:
gOks_H = /\QO]CS - hkgﬂ()\ - 1)(1 - >\71). (224)
Using (2.23), (2.22) becomes:

)\—1 _ )\k(’)‘—k{

Aok — e + BA—1)(1 =27 [1_—)\1

+»hkTAk5—kf} = 0. (2.25)

Now we can substitute (2.24) into (2.25) to get

)\—1 _ )\kg—k{ R

)‘_190’“6 — Apig + hig B(A = 1)(1 — A +B8A=-DA =1 {1_—)\1 + hk;)\ko_kl] =0
1 — \HRG—KT Lo

(>‘_1 - )\)(Pk(’; + ﬁ()\ - 1)(1 - )\_1) |:hk5 + T + hkxf)\ko_kl] =0

1 — )\l-l—k‘g—k:{

=X = B0 = (1 =37 g + 22

. A’“S"“T}

oy = (O : AT | {hks a1 hkTAko_kl}
w5 =P { R T L O ] (2:20)

Substituting (2.26) into (2.24), we get

1 — \IHkG—k]
A—1

A—1
g1 = )\ﬁu |:hk5 +

0T D) +m9%kﬂ_m%mx—nu—A1y (2.27)

We have now solved for the terms ¢y: and ¢gs 11 needed give us an explicit solution for

¢k as in (2.19).
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3 SIMPLIFICATION OF SOLUTIONS

Now that we have explicit solutions for ¢y, it is the purpose of this section to simplify those
solutions into the most compact formulas possible. First we work on a formula that covers all
possible standing waves. After that we look into the different types of wave solutions based
on the different possible conditions from Section 2.2, (2.18), and create different formulas

for each case.

3.1 Solution for the General Case

In this section we look to compact the formula of solutions as much as possible while still
covering all of our types of solutions. This formula will still include the terms Ay and hys,
which depend respectively on ng and 7, the parameters that tell us whether a wave crosses

a at lattice points or not.

For k < k§, noting (2.20),

ARk ) he
Pe= T [ A" s + rz 41 + ao]
= ool Yoks + (Mpr; — )+
ARk )
= SOkg/\k_kS
For k > ki, noting (2.21),
Yr = P )\goka — Prg+1 T+ a)\_ o[ N+ thA 1)
I j=kg+1
Neo—k T P 1 ARt — )k \
= Ao — (ANOpr — —0y - Z ko (2 2 4 p K
)\_)\,1_%0190 (Ax; a)+a ( Y + Pz A1)
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Neo—k T A\ — \Fi—kg ot ok
= o {a“ké Ty AT Oﬂ
ko —Fk B MNei—ke )\ -
= GO 0 [ T s
= ) ﬁ()\+1) {hko)\o‘i‘ N1 —|—hkl)\1
e (A —1 e 1= ATRR
= A [+ ]
Setting k = k] gives us
(A—-1) kg —k; — AR
I * * .1
oa =00 e T o e (3:-1)
and so we can write, for k > ki
o = Pr AT (3.2)
For ki < k < ki:
L]
Pk ey p(k — ko) + prg 10 (k — k) — > Z o(k —J)
j=ky+1
ALk =k _ \k—kg—1 Ne—kS _ \ks—k 1 | L k=i ik
S G e =l DDl v e
Jj=kg+1
1 _ . . x
T )\_1 [Sokg ()\l—i-ko—kl - /\k—ko—l) 4 ¢k3+1()\k—k0 . )\ko—k)
1 k—1 1 k-1
— =\ AT 4+ =aF N
. S

=k 41 j=ki+1

J
1 (/\I-Hcg—k;f R A (A _ Py (/\k—kg _ \ke—k
1 Ph ) Pk o )
A

1 N —k{—1 _ )\fk 1 Lk )\k8+1 _ )\k
_EA( =) Tt 1— X\

|:90k;8 (Ak—k‘S‘f’l . )\k—ké—l) _ %(}\k—k‘s . )\ké—k)

A=At
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1 )\k—k’o*—l -1 1 )\kf}-ﬁ-l—k -1
a (1——)\1) Ty (ﬁ)}
1 k—k: -1 P k—k; ki—k
- PN = A7) = SR —

A— A1 o
()\k—kg o )\)
(A=1)

(1 — Nk6+1-k)
(A=1)

~hig B = 1)(1 = AT (AT — )

—BA=1)(L =27 +AA=D(1 =27

1
M+ 11— ) [
—BL=ATHNR =N+ 81 = A1 = ABHY)]

= A

= (pk*)\k‘ kg +ﬁ< ) [_hkg ()\ _ 1)(}\1@—163 _ )\ké—k) _ ()\k—kg _ )\) + (1 _ )\kzg—i-l—k)}
ek A1) 1 — ARG H kg —k?
Y 5< = [h + +hk;A
(A ) k—kg ky—k k—kg ki+1—k
)\ — )\ 1 A=A o — \Fo
— h Ak k* - )\k+17k* i h Ak—kf
B )\ 1 A—1 ki
1 * *
E)\ 1; |: (Ak kg )\k‘ k)] + B ﬁ()\ " 1) [/\k—ko + )\ko—l-l—k}
)\ - __* __* __L* *
— ﬁg)\ - 1; [hk’(’j)\k kg + hk{)\k ki _ hka ()\k ki _ )\ko k)} +ﬁ
1 k—=k§ _ \E=EF _ \E=Ek§ _ \Ej+1-k
+ﬁ—(A+1) (A A A A ]
_ A ki—k | \k—k (A—1) ki—k -k}
= |1 o) BT }+(A+1) (g NEOF 4 hyee XEHE]

Now we have a compact set of formulas for ¢, depending explicitly on A, 5, kg, k7, hy,
and hyr. Note that we already have formulas (2.26) and (3.1) for ¢4: and ¢+ which depend

on these same parameters.

Sﬁk;)\kf_k k> ki
B T,

Py )\k_ko k< kg

_B [hk(*,)‘kg_k + hk{)\k_kr]] ki <k <k} (3.3)
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Let L = k— k. This is a measure of a point & in relation to the left crossing, at the point
k§. Terms that involve L come from interaction with the left side or front. Let R = k — k7.
This is a measure of a point £ in relation to the right crossing, at the point £j. Terms that
involve R come from interaction with the right side or front. Let W = ki — k;. This is a
measure of the width of the pulse wave, or the distance between the two opposing fronts.
This is also a measure of the amount of interaction between the two opposing fronts, with
a small W indicating more interaction and a large W indicating less interaction. Note that
W = L — R. At times, after we formulate a result, we restate it in terms of L, R, and W
instead of k; and £} in order to illustrate which terms relate to which aspects of the wave.

For example the formula (3.3) above can be restated as

‘Pkri‘A_R k> k:
v =1 B1— 2y [V E+ AR + B [l A+ AT | kg < k< g (3.4)
i A" k< kS

For the waves that we are focusing on, waves that cross a, we must have W > 2. This is
because for a wave to actually cross a, it must have at least one point above a. To illustrate
this point, in Figure 3.1 we show waves that have W = 2. It should then be clear that for
W < 2 there could not be a point above a, and therefore the wave could not actually be

crossing a.

We now have formulas of the solutions, but they still include the terms Ay and hg; whose
values can be different under different cases. We cannot get precise individual waveforms
until we assign single values to these two terms. It is important to note that we start out
with these terms possibly being set valued, i.e. [0, 1], so if they are equal to a range of values,
this gives us a family of waves that fit the solution. But if we specify an exact wave or an

exact value of a, that corresponds to single values of gy and hy: inside this interval, and
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Figure 3.1: Waves with W = 2

vice-versa. To be able to determine the values of hys and hy;, we must break into cases and

look at different possible types of waves depending on how the wave crosses a.

3.2 Final Solutions in the 4 Different Cases

We have four different cases depending on whether 7y and 7; are integers or not, or in other
words depending on whether the wave crosses a at lattice points or not. The four cases will
be named as follows. The Stable case has both crossings in-between lattice points, so 7y ¢ Z
and 7, ¢ Z. The Unstable case has both crossings at lattice points, so 1y € Z and 7, € Z.
The Right-Unstable case has the left side crossing in-between lattice points and the right
side crossing at a lattice point, so 9 ¢ Z and 1, € Z. The Left-Unstable case has the left
side crossing at a lattice point and the right side crossing in-between lattice points, so 1y € Z
and n; ¢ Z.

The reason for the stability related names given to each of these waves has to do with

the unstable equilibrium point of the nonlinearity, Pk = a, discussed in Section 1.2.1. All
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of the three types of standing wave solutions whose name includes “Unstable” have points,
either two or one, that are at this unstable point Pkz = @ We show in Chapter 5 numerical
results for waves of these types; the instability of this point makes the entire standing wave
solution unstable. We call waves that do not have any points at the unstable equilibrium
point “Stable”, and we demonstrate numerically the stability of these waves in Chapter 5 as
well. We do not analytically prove the stability or instability of entire wave solutions, but

we use these terms as descriptive names for types of waves in the rest of the text.

We also divide these cases into another categorization. We call stable case and unstable
case waves symmetrical, and we call right-unstable case and left-unstable case waves asym-
metrical. For now this naming is based on the conditions of 7y and 7, that define the cases,

but we will see that the solutions we derive for symmetrical waves really are symmetrical.

3.2.1 Stable Case

First, we consider the case where both of the crossings are not at lattice points, so ng, 71 ¢ Z.

This means that hy: = hg: = 0. Substituting this into (2.26) and (3.1) we get

(1 — ARG k)

iy =0 e (3.5)
and
B (1 _ /\1+k3—k{)
ory =0 Ot 1) (3.6)
Substituting (3.5) and (3.6) into (3.3) we get
AT =k _\1+kG—k N
B k= ki
o = 5 [1 . (Ail) [)\k—k{ + )\ké—kﬂ ka < k< kf (3.7)
AF—kG _\1+h—k] .
P W< ko
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In terms of L and R,

A R A= L %
B k= ki

Pr = 6[1 o A AT ]] ki <k <kt (3.8)
AL_\IFE) %
6( (A+1) k< kO'

For each set of parameters o and ~, which are the parameters that determine ( and
A, we have a family of candidate stable standing wave solutions. This family of solutions
is countably infinite, because for each value of W > 2 we have a unique wave. Due to
translational invariance, these waves are unique up to translation. In Figure 3.2 we show a
family of stable waves, a = 1, v = .1, with each wave centered to emphasize symmetry. In
Figure 3.3 we show the same family of stable waves, this time plotted with kj at the same
index for each wave. In Figure 3.4 we show the same family of waves, this time separated
into two different plots, one of waves with even W and one of waves with odd W. In our
symmetrical cases we call waves with even W point-top waves, and waves with odd W flat-top

waves, for reasons that are obvious in the graphs.

For a given set of parameters o and ~, we have a family of candidate solutions. In other
words, we have a candidate solution for each value of W > 2, and that solution is given by
(3.7). Each of these candidate solutions is only a real solution if a falls in a certain range.
We illustrate this in Figure 3.5. It is important to note that for stable waves, the wave form
of the solution is independent of a, given the other parameters. In Figure 3.5 we show a wave
with W = 4. On the left we have a at an acceptable value, so that our solution is consistent
with our setup. On the right the value of a does not work with our solution. The value of
a is too low in this case. Remember that we define £§ and £} in relation to where the wave
crosses a, so in this case we would have kj = —1 and k] = 5, giving us W = 6. This wave

form is for W = 4 so that is why this is not a real solution. We have a different wave form
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q.

Figure 3.2: Family of stable waves, each wave centered to show symmetry. a = 1, ¢

£ = .9091 is labeled on the vertical axis.
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Figure 3.3: Family of stable waves, each plotted with the same kj. o =1, v =.1. § = .9091
is labeled on the vertical axis.
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k k

Figure 3.4: Family of stable waves. On the left, point-top waves with even W. On the right,
flat-top waves with odd W. a =1, v = .1

Figure 3.5: The wave form for a stable wave with a =1, vy = .1, and W = 4. On the left we
have a at an acceptable value, this is a solution. On the right we have a at an unacceptable
value, this is not a real solution.
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for the member of this family with W = 6.

The range of values of a that works for each candidate solution is different, so given a
family of candidate solutions, we could have values of a that work for all members of the
family, for only some members of the family, or for none of the members of the family. We
illustrate this in Figure 3.6 by showing a particular family of candidate solutions, and label
three values of a as al, a2, and a3. For a given family of solutions, there may be values of
a, such as al, for which all members of the family of candidate solutions are real standing
wave solutions. For some values of a, such as a2, only some members of the family are real
solutions. There are also values of a, such as a3, for which there exist no solutions, none of
the family are real solutions. Whether or not there actually are values of a like al depends
on the parameters o and . Determining the existence of these candidate solutions based

on values of a is the subject of Chapter 4.

3.2.2 Unstable Case

Now we consider the case where both of the crossings are at lattice points, so 19, 71 € Z.
This means that h: = [0,1] and hy: = [0, 1]. It also means that o = @p: = a. So we know
right away from (3.3) that for k < kg, pr = aX*=% and for k > k}, ¢ = a\Fi=*. Also, since

Pry = Phi-

Pry = Pki
OoF Mt oy AT = PRy At T o e
| = ALk - R
{hkg + a1 + hk{ )\kﬂk1:| = {hk(*])\kokl + N1 + hkf}
[y + Pag AR = [ XOTHE o B
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Figure 3.6: Family of stable waves. For a =al, there exists the entire family of solutions,
W > 2. For a =a2, there exist solutions for only W > 5. For a =a3, there exist no real
solutions.
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This implies that hys = hg;. Since we have specified a single value of a, these terms hy; and
hix have a single value in the interval [0, 1] and that value is the same for both of them. Now

we need to solve for what that value is in terms of a.

N1 kg ki o
a = Qg :ﬁ( ) |:hk8 +—+hk{)\k0_k1:|

A+ 1) A1
(=1 1 — AMHReH Kg—ki
= Ao Mt o e
(A-1) e 1 AV
By (14 ARE—RTY p 274 7 0
S0 [+ A+ =
(A=1) - (1 — AtFho—kr)
hyx 14+ Ao™%1
Ol iy B+ ) 00
(A=1) kX —k* (1 — AR
R 14+ \o™™) =¢q —
’“Oﬁ(AJrl)( J=a=p (A+1)
g = |a- g0 Rt
0 A+1) B —1)(1 + Mo—F1)
a(A+1) 1 — N R =k

BO= 1)1+ Nok) (A= 1)(1 + \s—+)

LNH1) — 1 ARk
hgr = 2 —
P VY

= Dy (3.9)

If we substitute (3.9) and Az = Ry into (3.3) we get, for kg < k < k7:

[ A ki —k k—ky A kg —k k—k7
P =5_1—m[xo + A 1}+E)\+1;[h>\ + g A }]
[ A kX —k k—k* A kX —k k—k*
= ﬁ_l—m[/\o + A 1}+E>\+1§[ (AR A 1)]}
— ﬁ >‘ [/\k* k+)\k kz}

(D)
1 2 -1+ AlJrkS kY X .
D (ﬂ e ) (0T
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A

ol =y

(1 — ARG KDY (ARG —h 4o \F—hT)
a (A 1)(1 + Mo —H) ]

ki—k | \k—k

— Bl1+ %()\(1"+ ;g)\_ki)l) B ()\il) (A6 4 \RHi)
(1 — ARG =R (NRG—F o \F—RT)
e

a (A\FoF 4 \k—H)
B (1+ MH)

AR F 4 AkH] o

+

a (\K5=F 4 \k=kT) 1

- 1 * * - * *
M S ey o L
+(1 _ )\1+k67k}‘)()\k57k + )\k#ﬁ)”
o (W g ) 1
= Bl1+2 AR —
S ey o e L
+(1 _ )\1+k(*)fkf)()\k(’§fk + )\kfki‘)”
' Nki—k . Ak 1 . .
S A G o S [\ 4 1) (AR, 4 AB—HD)]

B (14 Xo—hr) (A+1)(1 4 Aro—F)

B B '1 N g()\k(’;fk + /\kfki‘) B ()\kgfk + /\kfk{)
N B (1 + AB—F) (1 + N H)
B g) ()\k(’;fk_i_/\kfki‘)
BT (14 N H)
B (/\ka‘fk _|_)\k7kf>
- 5 (ﬁ CL) (1+)\k37kf)

So for this case we have:

aki=k k > ki

—_

B—(8—a) T K < k<K

vk (14AR0~FT)

a\k—ks k< k.
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)\ké*k + )\k*ki‘)()\_'_ )\1+/€67k1‘)
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In terms of L, R, and W,

ax—f k> k*
or=9 B—(B-a)i 5 K <k<k (3.11)
art k< k.

Similarly to the case of stable waves, for a set of parameter values a and v, we have
a family of candidate unstable standing wave solutions whose solutions are given by 3.10.
This type of family is uncountably infinite though. For each value of W > 2, we have
an uncountably infinite family of waves, because for a given value of W, for each value of
his € [0,1] we have a different solution. Unlike with stable waves, the wave form of an
unstable wave depends on the value of a. In Figure 3.7 we show the family of solutions for
W = 4. In this and each subsequent picture of this type, the gradient shades illustrate the
continuum of solutions. For each set of red, green, and blue gradients, as is in this picture,
that shows the continuum for one value of W. In plotting entire families, we see that the
continuum of solutions of point-top waves with W = 4 fits perfectly on top of the solutions
with W = 2, and the solutions with W = 6 fit right on top of the solutions with W = 4,
and so on. We plot the family of candidate solutions of unstable point-top waves for all even
values of W > 2 in Figure 3.8. We plot the family of candidate solutions of unstable flat-top

waves for all odd values of W > 3 in Figure 3.9.

As with stable waves, the existence of members of these families depends on the value of
a. As we stated before, for each single value of W > 2 we have an infinite family of candidate
solutions. Each solution in that family corresponds to a single value of a, so for a specific
value of a, we have only one corresponding candidate solution for that value of W. For a
given value of a, we have one candidate unstable solution for each value of W > 2. In Figure

3.10 we show a family of unstable waves given a particular value of a. As with the case of
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Figure 3.7: Family of Unstable Waves for W=4.
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Figure 3.8: Family of Unstable point-top Waves, for all even values of W > 2.
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-0.2 | | | | | |

Figure 3.9: Family of Unstable flat-top Waves, for all odd values of W > 3.
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Figure 3.10: Family of unstable waves for a given a.
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stable waves, whether each of these candidate solutions is an actual solution depends on the

value of a, and we address this question is Chapter 4.

3.2.3 Right-Unstable Case

Now we consider the case where one crossing is at a lattice point and one crossing is not. We
have two possibilities for this. We start by looking at the case where the first crossing is not
at a lattice point and the second crossing is at a lattice point. In other words ny ¢ Z, 0, € Z.
So hyx: = 0 and hy: = (0,1). The reason hy: = (0,1) instead of [0, 1] is simply because if
hg: = 0 or 1, then the wave would actually be a member of a different case, either Stable or
Unstable. Also ¢z: = a, so that means for k > kf, o5, = a *1=%_ Noting that his = 0 and

¢r: = a, from (3.1) we have:

(A=1) [L= AU K
A+1) | A-1

+ hyr

Solving for fy:, we get:
1— /\lJrkak{

A+Da
A—1)3  r-1 g
(A la 1 A
hk_(A—Dﬁ - (3.12)

Plugging (3.12) and hy: = 0 into (2.26), we get:

Opr = 6()\ — 1) 1 — A\ t+ko—kT N ()\ 4 1)2 B 1 — \L+kg—k] -
0 A+ A=l A-1)8 A1
= 0 f_ 0 [1 — \UFRo—RT (A + 1)%/\k6k{ ARk 4 )\1+2k32k{:|
1 4 L2k -2k .
= ﬁ—_(ﬁ_a))\ko k3

(A+1)
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So since for k < kj, or = g AF 0, we have for k < kf:

1 AL+2kg—2k]

or= |0 A+ 1)

— (- a))\’fé—kf} Ne—ko

To solve for ¢y, ky < k <k}, we can plug hys = 0 and (3.12) into (3.3) to get:

N e e =D 1 [+ T s

= B|1— [N ARk 1 AR |k
oo = Bll-gp I Gy oo | 5 *

[ A i . a o ONRRT _ \k kg —2k]
= B|1— ~——[NF p Xeo=F - — R

I (A+1) I6; A+1

r 1+ki—k _ YE+14+k}—2k7
= p P P Ail i 1]+a>\’“"‘fT

F o \Hki—k _ \kLkg -2k )
= 1 — J— J— k_kl

5| ] - -

So for this case we have:

a\Fi—k k> k7
Y = 5 [1 _ )\1+kf§fk_>\)\j1rl+k3—2k1k:| . (ﬁ . a))\k—ki‘ ks <k < kT (313)
L e CEOPC R PY k<K
In terms of L, R, and W,
a\~ Tt k> ki
o = 5[1_%]_@%»1% ki <k <k (3.14)
= R GNP g

In Figure 3.11 we show a family of right-unstable waves.
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Figure 3.11: Family of Right-Unstable Waves
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3.2.4 Left-Unstable Case

Now we consider the other case where one crossing is at a lattice point and one crossing is
not. We now look at the case where the first crossing is at a lattice point and the second
crossing is not at a lattice point. In other words o € Z, m ¢ Z. So hyz: = (0,1) and hy: = 0.
Again, hg: # 0 or 1 because then it would simply fall into a different case of wave. Also
¢rs = a, so that means for k < kg, ¢ = a\*=% . Noting that hig: = 0 and pg: = a, from

(2.26) we have:

_50\_1) N 1_)\1+k57k{
BN A— 1
Solving for ix, we get:
A+1Da 1 — \Hho—h
A—1p ™ A—1
A+1)a 1 — ATk
hy= = - — 3.15
BT A=1)8 A—1 (3.15)

Plugging (3.15) and Ay = 0 into (3.1), we get:

A—1 A1)a 1= \FkoHk e e 1= N\ARG—RT
o= ﬁEAH; KEA—1§B‘ A1 ) R . }
= i 0 {(A + 1)%Ak3—’f1‘ — ARGTRT NIRRT g A1+k6—’f1‘}
— ﬁ [(A - 1)(%%‘—% — ARG=RTY 4 \IF2RG2kT 1]
1+ \LF2R6—2k7 L
— - - _ o )\k‘o—kl
B 0D (8—a)

So since for k > kY, ¢ = g: M1=F we have for k > ki

1 AL+2kg—2k]

(B — g \kokT | ARk
(A+1) (8=a)

o= |
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To solve for oy, ks < k < kf, we can plug hy: = 0 and (3.15) into (3.3) to get:

[ A g . (A=1) 1 A+ 1)a . .
— 1_—/\kk1+)\k0k+ |: |: _1+)\1+k0 ki /\kok
o = Bll-aopl oy oo 5
I . . a . Nk —k _ \1+2K5—k—k
— ﬁ 1 — [)\k—kl + )\ko—k] + _)\ko—k o
I (A+1) 16 A+1
r Itk—k* _ \1+42k;—k—k:
T \Itkik _ y\ktlks -2k )
= 1— — (B = a)\kok
5| e R (R
So for this case we have:
[T (8 — ) | ik k> k
Y = J&; [1 _ )\1+k6*k7)\)\jrl+k872kfi| . (ﬁ . a))\kf;—k ]{ZS < k< kT (3.16)
aXF=ko k <k
In terms of L, R, and W,
BEXT — (B a A =
or=q B[ 2R S (B an Tt K<k <k (3.17)
a\l k <k

In Figure 3.12 we show a family of left-unstable waves.

3.3 Special Cases - Waves That Do Not Go Above a

As was mentioned in Section 1.2.2, for completeness’ sake we will examine possible solutions
that do not actually go above the parameter a. The two possible cases for this are waves that

only touch a, but do not go above it, and waves that are entirely below a. As this section is

49



Figure 3.12: Family of Left-Unstable Waves
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of minor importance to our problem, we will not go into great detail as to the derivation of

solutions.

3.3.1 Waves That Peak At a

Here we look at the possibility of having a wave whose maximum value is a. We will begin
by looking at the One-Touch case where there is only one point at a and the rest of the
points below a. We need to slightly reformulate our approach because we do not have the
two crossings of a that we previously had, but mostly the approach is the same. Here we
say that ng = 7. Due to translational invariance, we may let kg = 0, 79 = 71 = 0, so
ki = ki =0, and hyz = hg: = ho = [0,1]. We also know from the setup of the problem that
wo = a, and that hy = 0,Vk # 0.

From (2.15) we get:

0 k>0
1
or = pop(k) + o10(k) + 290 k=
hoo(k) & < 0

For k£ < 0,

1
or = wop(k) + pr0(k) + ahoU(k)-

To satisfy our boundary condition (1.19) at —oo we must have

For k > 0,
or = pop(k) + pr0(k).

o1



To satisfy our boundary condition (1.19) at co we must have
_>\_1900 + Y1 = 07
Q1= A""pp. (3.19)

Combining these two conditions (3.18) and (3.19), we find that

po = hoﬁ% =a (3.20)

which will be of some significance later. We find that the solution waves here are given by

a\"F k>0

Pk (3.21)

aXt k<0

We also look at the Two-Touch case where there are two points at a and the rest of
the points below a. Due to translational invariance, we may let ¢y = a, 1 = a, and so

or < a,Vk # 0,1. Therefore hy = [0,1], hy = [0,1], and hy = 0,Vk # 0,1. From (2.15) we

get:
—hio(k—1) k>0
sokzap(k)+a0(k>+é 0 k=0
hoo (k) k<0
For k < 0,

1
or = ap(k) + ao(k) + Ehga(k).
To satisfy our boundary condition (1.19) at —oo we must have

h
Aa—a—— =0,
a

o2



ho = et (3.22)

For k£ > 0,
1
or = ap(k) + ao(k) — ahla(k‘ —1).

To satisfy our boundary condition (1.19) at co we must have

h
A la+a—=N1=0,
a
a
h) = —m. 2
R EEPYD 529
The conditions (3.22) and (3.23) tell us that

a=hoB(1—XA"1)=hp(1l-21" (3.24)

which will have some significance later. The wave solution that we find in this case is:

a7k E>1

aX* k<0

In Figure 3.13 we show pictures of one-touch and two-touch waves.

It is not shown here, but turns out to be possible that we have a wide assortment of
different waves of this type such as waves that have an arbitrary number of points at a

between values kj; and k] which are given by

a ik s g
k=1 a ki <k >k

aXek < kg
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Oneg-Touch Wave Two-Touch Wave

1 ...... Ca ..... s o e .......... ..... : st ..... .....
) R """"" """" """" """" o s """" """""""" """" """" """"

Figure 3.13: On the left a one-touch wave. On the right a two-touch wave.

These and other types of irregular waves are of little importance to our problem though
because they have little physical significance or relation to propagation failure of traveling

waves.

3.3.2 Waves That Are Entirely Below a

Here we look at the possibility of having a standing wave that lies completely below a. We
may abandon the setup of the problem involving variables ng, n1, k§, k7, etc., because we
have no crossings of a. We may simply look at the original equation (1.15) and know that

since ¢ < a, f(¢r, @) = ¢k, and so the difference equation we have to solve is

—app1 + (1 + 94 2a) o — apr_1 =0 Vk € Z.

This equation is the same as (1.21), with hy = 0,Vk € Z. Therefore we may follow the

solution to the original problem, understanding that all h; = 0. We see that the solution to

o4



this problem is given by

Ok = Prop(k — ko) + Qror10(k — ko)

To satisfy the boundary condition (1.19) at —oo, it must be that

01 = Apg.

To satisfy the boundary condition (1.19) at oo, it must be that

o1 =X""pp.

From these two conditions it must be that ¢y = ¢; = 0 which means that the only solution
is the trivial solution ¢, = 0. This means there cannot exist any standing waves that lie

entirely below a.
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4 INTERVAL FOR STANDING WAVES

In the previous chapters we have worked to find exact solutions of standing waves. In this
chapter we focus on studying the conditions of parameters that allow for the existence of
standing waves. The Interval for Standing Waves is the set of values of a in which we can

have standing waves, and we define this interval of a in terms of all of the other parameters.

We will also state our results in terms of the parameter W = ki — kj. DBecause of
translational invariance, it does not matter to us in this chapter where any wave is on the
lattice, or what the values of £} or ki are individually. It only matters what the width of

the wave, W, is.

4.1 Existence of Standing Waves for the Different Cases

4.1.1 Stable Case

We know from our setup in (1.16) that a must be between ¢y: and ¢y 11, not including

those endpoints, so a € (Yrs, iz 1)

(1 _ )\1+k3—k{)
(A+1)

oz =B

By (2.24), and since hy: = 0,

()\ _ )\2+k3—k{)
(A+1)

Pryg+1 = Apgg =

This gives us a possible range of values of a for which we can have standing waves.

(1= AVFRIKT)  (\ — A2HRI—HD)
“€<5 oxn T oED ) (41)
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(1 o )\17W) ()\ _ )\27W)
“6(5 o+ P ox ) (4.2)

In Figure 4.1 we show the ranges in which me may have standing waves for different
values of W. The difference between the two graphs is that the value of 3 is different in each.
Notice that the smaller W is, the lower the interval of standing waves will be. Both the

upper and lower bounds are depressed as W is decreased.

4.1.2 Unstable Case

We know that for this case hy: = hpr = [0,1]. We know from our setup in (1.17) that

a = @, and from (2.26) that

(A-=1)
(A+1)

1— )\1+k67k1‘
A—1

=iy =0 {hk3(1+A’f5—’“T) +

Since A > 1, the lower bound of a is achieved if hiix = 0 and the upper bound is achieved if

hk(’)‘ - 1 If hkg = O,

" 5(/\ . 1) 1 — )\l-l-k’g—kf B (1 o )\1+k’6—k{)
ST A+ A—1 B (A+1)
If hyy =1,
(=1 T
a = ﬂ()\+1) (14 Afo=F1) 4 N1
B 6(>\ —1) [A+ M0 F)A=1) 1= AHhH
T+ (A—1) A—1
]. * * * *
= 5@ ey [(L+MNH) (A= 1) +1 = AHRH]
_ g METH)
(A+1)
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Intervals for Stahdmg Waves of Different W, i=.5

=1 T ................. ................. A osmamsoons S——

Figure 4.1: Intervals for Standing Waves for different values of W. Plotted a vs. «. In the
graph on top, v = 1; # = .5. In the graph on bottom, v = .1; § = .9091. In each graph,
from bottom to top: Black - W = 2. Red - W = 3. Green - W = 5. Blue - W = 10.
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This gives us the possible range of values of a for standing waves:

(1 _ )\H—kg—ki‘) ()\ _ )\kg—ki‘)
ac {ﬁ orn P 0T } (43)
(1= A7) (A=A
ae{ﬁ oxn P oD } (4.4)

4.1.3 Right-Unstable Case

Again, we have:

(A—1) [1 ALk

B
o1 “}

hiy = (0,1), and a is at its minimum when hi; = 0 and a is at its maximum when h: = 1.

If hyr =0,
B ﬁ(/\ _ 1) 1 — )\1+k8—k{ B (1 _ )\1+k8—kf)
“= (A+1) A—1 B (A+1)
If hyr =1,
(A—1) [1— \Hho—k
— 1
“ =Ty T oasr
B 6@—1)1—AH%*T+A—1
T+ A—1 A—1
= ﬂOilﬂl—MMFW+A—ﬂ
_ 6(/\ _ /\1+k§7kf)
(A+1)

This gives us a possible range of values for a to have a standing wave:

(1 — AUHR kD) (A — ALFRi—HD)
as <5 oxn P w0 ) (4:5)
(1 o )\1—W) ()\ o )\1—W)
ae(ﬁ oxn 0 ox ) (46)
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4.1.4 Left-Unstable Case

Again, we have:

A-1

=0T

1 — \L+ho—FKT
ot

A—1

hiz = (0,1), and @ is at its minimum when hjs = 0 and a is at its maximum when fz; = 1.

If hy; =0,
ﬁ(x—l) 1 — \Hho—ki (1 — ALHhG—H)
a = =
(A+1) A—1 (A+1)
If by = 1,
(A—1) 1 — \Hko—ki
= 14
© =0Ty M T
A=1) [A—=1 1= \Fhk-hk
A+1) [A—1 A—1
1
— B[N 11— AR
mA+U[ - )

(/\ _ )\1+k§—k:f>
(A+1)

ol

This gives us a possible range of values for a to have a standing wave:

(1 _ )\1+k‘3—k{) ()\ _ )\1+k3—k{)
ae(ﬁ (A+1) 0 (A+1) ) (47)
(1 _ )\1—W) ()\ _ AlfW)
“E(ﬁ o+ T oFD ) (48)

4.1.5 Unstable One-Touch and Two-Touch Cases

Here we look at the special cases from Section 3.3.1 of waves that touch a but do no go above
it.
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In the one-touch case, we have hy = [0, 1] and so from (3.20) we see that

a€ <o,ﬁgi:;1§} (4.9)

noting that the parameter a cannot equal 0 by definition. This upper bound is the same as
is given in (4.3) with W = 0. The lower bound given in (4.3) with W = 0 would be negative

so having that bound be zero instead makes sense.

In the two-touch case, we have hy = [0, 1] and hy = [0, 1] and so from (3.24) we see that
a€ (0,6(1—A"1] (4.10)
noting that the parameter a cannot equal 0 by definition. This range is the same as is given

in (4.3) with W = 1, except that we must have a > 0.

These are examples of unstable waves, since they have points at the unstable point
¢ = a. Combining the results from these cases with the case of unstable waves, we see that
for W > 0, we can have an unstable standing wave of pulse width W if (4.4) and a > 0 are

satisfied.

4.2 Theorems on Existence of Standing Waves

In the theorems we will describe the interval for standing waves as a range of values of a
depending on the parameters «, v, and W. The first theorem is on the existence of stable
standing waves. The second theorem is on the existence of standing waves of any of the

types presented.
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4.2.1 Theorem on Existence of Stable Standing Waves

Theorem 1 Given a set of parameters a and v, we have a family of candidate stable stand-
ing wave solutions given by (3.7). There is one candidate solution in this family for each
value of W > 2 that is unique up to translation. The value of a determines if each of these

individual candidate solutions in the family is a real solution.

1. If

1 (A—1)
ae(ﬁ<)\+1),ﬁ()\+1)>. (4.11)

then each member of the family of candidate solutions is a real solution. This condition

on a in (4.11) can only be satisfied if a < % (Having a <

2

3 implies X > 2, which

ensures that the interval in (4.11) is nonempty.)

2. For a given value of W* > 2, the member of the family of candidate solutions with

pulse width W = W* is a real solution if

(1 _ Al—W*) ()\ _ )\27W*)
aE(ﬁ OEl) 0 0D ) (4.12)

This solution is given by (3.7) for an arbitrary k§, and ki = ki + W*.

3. Gien values Wi, > 2 and Wy > 2, such that Wi, < Wy, if

(1 _ >\1—WU) ()\ _ )\2—WL>
“€<ﬁ oxn T oED ) (4.13)

then the members of the family of candidate solutions with pulse width W satisfying

Wi <W < Wy are real solutions. If

1 (A= X"
ae(ﬁ(xﬂ)’ﬁ O+ D) ) (4.14)
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then the members of the family of candidate solutions with W satisfying W > Wy, are

real solutions.

4. It is a necessary condition for the existence of a stable standing wave that

(1-x1 A
a € (ﬁ OEl) ’5()\+1))' (4.15)

In other words, if

(1= A
a¢ (ﬁ 0D ’B(AH)) (4.16)

then there cannot exist any stable standing waves, and none of the family are real

solutions.

In Figures 4.2 and 4.3 we show intervals for standing waves. The dark grey region contains

2
5

That is where the upper bound and the lower bound of this range meet. The entire shaded

the parameters that satisfy (4.11). Notice that this region only exists for values of a <

region includes all the parameters that satisfy (4.15). In both figures we show these intervals
for different values of 5. In Figure 4.2 we show the pictures larger to be able to see the
ranges better, and in Figure 4.3 we show more ranges to be able to better see the effect on
these intervals as 3 changes. We see that as 3 decreases, the ranges are compressed down

and also stretched out to the right.

Proof. We have already determined as in (4.2) that there will be stable standing wave

solutions if

(1 _ )\1—W> ()\ _ )\Q—W)
“6(5 oxn P oE )

Remember that for stable standing waves we must have W > 2.
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Figure 4.2: Intervals for Standing Waves, plotted a vs. «. The dark gray region are the
parameters for which the entire family of candidate solutions are real solutions. The total
shaded region is the region that satisfies the necessary condition for the existence of standing
waves. The unshaded region is where there exist no stable standing waves. On topy = 1;3 =
.5. On bottom v = .1; 5 = .9091.
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Figure 4.3: Intervals for Standing Waves for various different values of (.
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1. The lower bound

1— /\17W
5( )
(A+1)
will be greatest as W — o0, so since
_ (1—A=") 1
1 =
N W s
if
1
¢ - ﬁ(A +1)

then a will be above the lower bound for all values of W.

The upper bound

ﬁ()\ — A2
(A+1)
will be lowest if W = 2, so if
(A —A\272)
@ < b (A+1)
A—1
<
ﬁ()\ +1)

then a will be below the upper bound for all values of W.

Therefore if

A-1

g A+1)

<a<p

(A+1)
then there will exist stable standing wave solutions for all values of W, and that is how we
get our condition (4.11). The caveat is that this range can vanish, i.e. if (A —1) <1 so if

2

A < 2. This happens if @ > 2, and so we only have this interval for standing waves if o < 5

2. We have already proven this in (4.1).
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3. Let W* be such that W, < W* < Wy. Let a € (ﬁ (- §1+1WU ,B (A ;;WL > Since

1 AL- WU)
CYSVEE

> . Therefore, from (4.2),

Wi < W*, anda<ﬁ/\—+1),thena<ﬁA(i+1W Since Wy > W™, anda>ﬁ

A2— w*
(A1)

then a > 5%. So we have that a € <6(1 (f\llv)v et

we see that we will have a standing wave with W = W*.

Now let W* be such that W* > W,. Let a € (ﬂ()\_lH ,ﬁ(’\_(;\i_l‘;@)) . Since W < W*,

and a < ﬁ/\—ﬂ then a < ﬁ% Since a > B+ /\+1 we know a > ﬁj\\l—ﬂ‘;/) So
we have that a € <B(1 (:\\11‘;/ ) g (iil‘;v )> . Therefore, from (4.2), we see that we will have
a standing wave with W = W*,
4. The lower bound
(1MW)
M 4.17
& (A+1) (4.17)

will be lowest if W = 2, so the absolute lower bound for a to have any stable standing wave

solutions is

(1-A72)
(A+1)

11—t

(A+1)

a >

> p

The upper bound
(A = A\27W)

& (A+1)

will be highest as W — oo, so the absolute upper bound for a to have any stable standing
wave solutions is
_ )\Q—W
a < lim g ( )

W—o00 A+1)

A
< B(A+1)'
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Therefore we must have

1(>\_—_:\1>1<CL<5&

& (A+1)

to be able to have stable standing waves. This is how we get our necessary condition (4.17).
It follows that if a does not satisfy the necessary condition, then no stable standing waves

can exist. o
4.2.2 Theorem on Existence of Standing Waves of Any Type

e (1) i)

then there exists a standing wave solution for all W > 0.

Theorem 2 1. If

2. If

. (0’%11))

then there exists a standing wave solution for some particular value(s) of W > 0. Given

a value of W > 0, to have a standing wave we must have that

ve o () o)

In the case of W = 0,1, we must add a note that a > 0, which is a condition of the

original setup which has a € (0,1).

3. If

()
(A+1)

a>f3

then there cannot exist any standing waves whatsoever.

We illustrate these intervals in Figure 4.4.
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Figure 4.4: Intervals for Standing Waves of any type, plotted a vs. a. The dark gray region
are the parameters for which we can have standing waves for all values of W > 0. The total
shaded region is the region that satisfies the necessary condition for the existence of standing
waves of any type. The unshaded region is where there exist no standing waves of any type.
On top v =1;6 = .5. On bottom v = .1; 3 = .9091.
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Proof.

We have shown in Section 4.1.5 that there can exist an unstable wave of W = W* > 2 if

P

A+1 A+ 1)
and a > 0.
1. Let a € [6 (/\%1) ,ﬁg;m, and W* > 0. Since a > ﬁ(/\%l), a>p (%» and
a > 0. Since a < ﬁ%,a < ﬁ% So we have a € [ﬁ (1—:\\:1”/*) ’ﬁ()\?;:lv;*)} and

a > 0. Therefore there exists a standing wave with pulse width W*.
2. The lower bound of our interval for standing waves is least if W = 0 and that lower

bound is zero. The upper bound of (4.4) is greatest as W — oo. As we have shown in the

proof of Theorem 1, this largest upper bound will be ﬁﬁ. We cannot actually have a
standing wave if a = ﬁo\—j\rl), though, since we cannot have a wave with W = oo. So the

largest range of a that can possibly give us standing waves is a € (0, ﬁﬁ)
3. If we do not have a in the range from part 2, then we cannot have standing waves of

any type for any W.
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5 NUMERICAL RESULTS

We know from our analytical work that the solutions we have found are indeed steady states
of (1.4)-(1.5). In this section we use numerics to perform experiments to test, verify, and
illustrate properties of our solutions. For this section we go back to using the variables uy(t)
and vg(t) because we look at how waves change as time passes. We have code that solves the
evolution equation on the system (1.4)-(1.5) using a forward Euler method. We define a small
value of time step, usually At = .01 works well, and treat that as a numerical representation
of the infinitesimal calculus dt. The basic method consists of taking individual time steps
of size At and calculating new values of u(t) and vy (t) at each succesive increment of time.

The basic calculation that is performed for each time step is as follows:

u(t+ AF) = wg(t) + At * 1y, (1)

This process is repeated over many iterations to see how u; and vy evolve over longer periods

of time. The equations (1.4)-(1.5) define for us w(¢) and v (t).

Our system deals with a one-dimensional infinite lattice, so for these equations we would
have k € Z. We obviously can’t perform an infinite number of calculations so we must only
look at a finite range of values on the lattice, for example 0 < k£ < 80. This is acceptable
for our purposes because our boundary conditions on either side say that limg .. u; = 0
and our solutions tend exponentially to 0 as we go out far enough in either direction. So we
use fixed endpoints, say kj, is the index of the left endpoint and kg is the index of the right
endpoint. When performing the evolution equations on uy, we use uy, in place of uy, 1 and
when performing the evolution equations on uy, we use ug,, in place of uy, ;. The forward

Euler system is sufficient for our work because our solutions do not behave wildly and we
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see in our results that the evolution equations behave the way we expect them to.
For steady state solutions g (t) = 0 and 0x(¢) = 0 so those solutions will not change as

time passes, since we would have:

Uk<t -+ At) = ’Uk(t)

In this section, we look at initial values of u;, and vy that are not steady states and see how

they evolve.

5.1 Stability of Solutions

It is simple to calculate and check numerically that our solutions from Section 3.2 satisfy
(1.4)-(1.5). In this section we intend to demonstrate the stability or instability of our different
types of solutions. We do so by taking an analytical solution from one of our formulas in Sec-
tion 3.2 and slightly perturbing it. We then use this perturbed wave as the initial condition
for our evolution equations. We run the evolution equations for a sufficient amount of time
until the wave settles or stops moving significantly. We then compare the initial analytical
solution we started with to the final solution we ended up with from the evolution equations.
If a perturbed wave returns to its original value, then it has demonstrated stability. If a
perturbed wave goes to something different, then it has demonstrated instability. We expect
that our stable waves will demonstrate stability and our unstable waves will demonstrate

instability.

5.1.1 Stable Waves

We begin with a stable wave that we have generated from (3.7). We use parameters o = 1,

b=.1,r=1, ki =0and kf = 6. We perturb this wave by raising a point on the top of the
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pulse by a value of .01. So we add us = uz + .01. We then let the evolution equations run
using this perturbed wave as the initial condition. We run the equations from 0 < ¢ < 40
with time steps At = .01. Here we show in Figure 5.1 the original wave, the wave that results
after running the evolution equations on the perturbed wave, and the numerical difference

between the two. We see that the perturbed wave returns to the original wave, and thus we
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Figure 5.1: A stable wave is perturbed. On top, the original wave. In the middle, the wave
that remains after the perturbed wave is put through the evolution equations and comes to
a rest. On the bottom, the numerical difference between the original un-perturbed wave and
the final wave. Here the difference is essentially zero. The parameter a is plotted with the
waves.

have demonstrated the stability of the solution and verified our hypothesis.
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5.1.2 Unstable Waves

We begin with an unstable wave that we have generated from (3.10). We use parameters
a=10b0=.1r=1, k5 =0 and k& = 5. We perturb this wave by raising a point on the
top of the pulse by a value of .001. So we add us = us + .001. We then let the evolution
equations run using this perturbed wave as the initial condition. We run the equations from
0 <t <40 with time steps At = .01. Here we show in Figure 5.2 the original wave, the wave
that results after running the evolution equations on the perturbed wave, and the numerical

difference between the two.

For the next experiment, we begin with the same initial wave as in the last experiment
We perturb this wave by lowering a point on the top of the pulse by a value of .001. So
we subtract ug = us — .001. We then let the evolution equations run using this perturbed
wave as the initial condition. We again run the equations from 0 < ¢ < 40 with time steps
At = .01. Here we show in Figure 5.3 the original wave, the wave that results after running
the evolution equations on the perturbed wave, and the numerical difference between the

two.

The wave we started with was an unstable case wave and had W = 5. We see from the
first experiment that if we perturb a point up, the points on the wave will go up and settle
at a stable wave with W = 7. We see from the second experiment that if we perturb a point
down, the points on the unstable wave wave will go down and settle at a stable wave with

W = 5. This demonstrates the instability of the unstable wave, as we expected.

We show that the perturbed unstable waves do indeed settle to one of our stable waves
(3.7) by comparing the final waves from the experiments above with our solutions from (3.7).
In Figure 5.4 we compare the final wave from the unstable wave that was perturbed up to
the stable wave with W = 7. In Figure 5.5 we compare the final wave from the unstable

wave that was perturbed down to the ”Stable” wave with W = 5.
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Figure 5.2: An unstable wave is perturbed up by .001 at a point at the peak (k = 2).
On top, the original wave. In the middle, the wave that remains after the perturbed wave
is put through the evolution equations and comes to a rest. On the bottom, the numerical
difference of the final wave minus the original un-perturbed wave. The parameter a is plotted
with the waves.
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Figure 5.3: An unstable wave is perturbed down by .001 at a point at the peak (k = 2).
On top, the original wave. In the middle, the wave that remains after the perturbed wave
is put through the evolution equations and comes to a rest. On the bottom, the numerical
difference of the final wave minus the original un-perturbed wave. The parameter a is plotted
with the waves.
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Figure 5.4: An unstable wave is perturbed up by .001 at a point at the peak (k = 2). On
top, the wave that remains after the perturbed wave is put through the evolution equations
and comes to a rest. In the middle, the stable wave, W = 7. On the bottom, the numerical
difference between the two waves. The parameter a is plotted with the waves.
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Figure 5.5: An unstable wave is perturbed down by .001 at a point at the peak (k = 2). On
top, the wave that remains after the perturbed wave is put through the evolution equations
and comes to a rest. In the middle, the stable wave, W=5. On the bottom, the numerical
difference between the two waves. The parameter a is plotted with the waves.
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We show that our unstable waves can also be made to settle down on one side and up
on the other side. This can happen if the wave is perturbed up on one side and down on
the other side, causing one of the unstable points to move up and the other unstable point
to move down. We show in Figure 5.6 what happens when we perturb a point on the left
side up and a point on the right side down. This causes the left unstable point to move up
and the right unstable point to move down before settling at a stable wave. Here the initial
unstable wave has W =5 and the final stables wave has W = 6.

What is going on here is that if an unstable wave is perturbed in any way, it will knock
the point(s) at the unstable equilibrium point ¢ = a out of equilibrium, and they then will
want to go away from a towards 0 or 1. Whether a point will go up or down is based on the
perturbation, so whichever side of a the point is originally knocked to will be the direction

that point will continue to travel until the entire wave reaches equilibrium again.

5.2 Verification of Our Ranges

We do this experiment to verify that our stable standing waves will exist within the ranges
prescribed by (4.1) and that our evolution equation works in a way that agrees with the
behavior that we would expect. We choose parameters b= 1,7 =1 (so = .5), and W =4
to do the experiment on. We then choose many different combinations of the parameters «
and a to test. For each value of o, we have a stable wave given by (3.3). We use this wave
as an initial condition and then run it through our evolution equation for several different
values of a inside, above, and below the range given by (4.1). In Figure 5.7 we plot each of
these points tested with a different symbol indicating a different type of behavior for that set
of parameters. We show more points near the boundaries of this range to illustrate the shift
in behavior precisely at these points. For values of a inside the range (4.1), the standing
wave remains.

If the value of a is raised above the upper bound of (4.1), the wave will die out; we
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Figure 5.6: An unstable wave is perturbed up by .001 at a point on the left side of the the
peak (k = 1) and down by .001 on the right side of the peak (kK = 4). On top, the original
wave. In the middle, the wave that remains after the perturbed wave is put through the
evolution equations and comes to a rest. On the bottom, the numerical difference of the final
wave minus the original un-perturbed wave. The parameter a is plotted with the waves.
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Figure 5.7: Verification of Our Ranges - Red squares are waves that died out. Blue triangles
81

are standing waves. Magenta circles are waves that propagated outwards.



illustrate this behavior in Figure 5.8. As a standing wave dies out, the width of the wave W
decreases. It is important to note that if a is above the upper bound of (4.1) for W = W*,
then a will be above the upper bound of (4.1) for all W < W*, so this dying out of the wave,
and shrinking of the wave’s width W, will continue until the wave is completely gone and

the medium is flat.

____________ T e A e S e e S P

Figure 5.8: A wave dies out because the detuning parameter a is too high for it to remain
a standing wave. Each box is a snapshot at a point in time. Inside each box we have the
wave on top and the recovery wave on bottom. The detuning parameter a is plotted as a
dotted line with the wave. Time passes from snapshot to snapshot going from left to right,
and then top to bottom.

If the value of a is lowered below the lower bound of (4.1), the wave propagates outward
in both directions; we illustrate this behavior in Figure 5.9. As the wave propagates outward

in both directions, the value of W increases. It is important to note that if a is below the
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lower bound of (4.1) for W = W*, then a will be below the lower bound of (4.1) for all
W > W*, so this propagation outwards, and growing of the wave’s width W, will continue

indefinitely.

Figure 5.9: A wave propagates outward because the detuning parameter a is too low for it to
remain a standing wave. Each box is a snapshot at a point in time. Inside each box we have
the wave on top and the recovery wave on bottom. The detuning parameter a is plotted as
a dotted line with the wave. Time passes from snapshot to snapshot going from left to right,
and then top to bottom.

5.3 Comparison with Elmer-Van Vleck Paper

In their paper [7], Elmer and Van Vleck study traveling waves of a generalized version of
the system (1.4)-(1.5). Our problem is a special case of their problem, and so if we match

parameters up we can compare our results.
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In [7] they find candidate traveling wave solutions to their generalized system. For
our corresponding system they have formulas for the candidate traveling waves involving

complicated integrals, with ¢ the voltage wave and v the recovery wave.

0(€) = [V (o)lsin(s(¢— o) —sin(s(e s+ | Z()cos(s(€ o)) —cos(s(é 1)
5.2)
1[0+ C(s)A(s)
W(s) = T ] (5.3)
e [=b+C(s)
X(s) = -7 De) } (5.4)
_ b [brA(s) +b—c*s®
Y6 = 2|70 ] (5.5)
_ c[A(s) +br
Z(s) = - b ] (5.6)
A(s) = 142d(1 — cos(s)) (5.7)
C(s) = b*r*+ s (5.8)
D(s) = c*s*(A(s) +br)* + (brA(s) — c*s* +b)? (5.9)

The parameter ¢ is the wave speed, and d is the diffusion coefficient. Their &, and &; are our
1o and 7;. Because of translational invariance, they are able to set & = 0. To satisfy the

fact that they must have ¢(&y) = ¢(&1), there must exist a value of & such that

/0 T X(s)[1 = cos(s6)]ds = 0. (5.10)

To be able to calculate a candidate traveling wave, we must first find a value of & that
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satisfies this.

We see a lot of complex integrals in these equations. We cannot solve these equations
analytically, so we try to compute approximations of them using numerics. We use the adap-
tive quadrature scheme of [24] in calculating these integrals. The integrals in the formulas
above are from zero to infinity, but we obviously can’t calculate the value of the integral all
the way out to infinity. We instead only calculate the value of the integral from zero to 80.
This is acceptable because the terms in the integral tend to zero as s gets bigger, so most of
the area of the integral will come from the lower values of s. Since all of this approximation
work that we are doing is numerical, some error will inevitably exist, but since the traveling
wave solutions they find are attractors, any small error should be inconsequential.

For each combination of parameters, when we numerically compute the candidate solution
and put it through our evolution equations, we get one of three results. Either we get a
traveling pulse wave like we have pictured in Figure 1.1, we get a wave that dies out and we
end up with a flat line, or we get a standing pulse wave which looks like one of our standing
wave solutions.

We set our parameters b = 1, and r = .25. Then we perform this experiment for
combinations of o and ¢ at increments each between 0 and 5. We plot in Figure 5.10 our
results for this series of experiments. Green circles represent parameter values where we got
a traveling wave. Red squares are parameters where the wave died out. Blue triangles are
parameters where we got standing waves.

An interesting thing we see from this is that we can have traveling waves and standing
waves for the same set of parameter values. In Figure 5.11 we show just the parameter
values where we got traveling waves, plotted on top of our intervals for standing waves from
Theorem 1. We see that we have traveling waves for parameter values inside these regions.

We look at all of the standing waves that we got in the previous experiment, and see that

they all fall within the ranges of parameter values that we would expect, from the ranges in

85



05—

02
Ef

05| qugégiﬁﬁ

ERRERRERERERER
EENEREEEEREEER
E§’~?“‘;‘§"“"<-6g%ﬂ?s&
B¢ g ¢ & = ¢ z & g8 B & g 8 8 8@ £ ¢
B8 ¢ § 5 ¢ 8 § 8 8 & 3 & § ¢ @ § & § &
EEEREEEEEREEEEEEEBEREE

005
0 \ | \ | | | | | | |
05 1 15 2 25 i 15 4 45 5

Figure 5.10: Plots of what type of waves we got for initial conditions from (5.1) and (5.2),
with » = .25, The parameter values of « tested are between .2 and 5 at increments of .2.
The values of ¢ tested are between .1 and 5 at increments of .1. Green circles are traveling
waves. Red squares are waves that died out. Blue triangles are standing waves.
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Figure 5.11: We plot with circles parameter values for which we got traveling waves. The
lines denote our intervals for standing waves from Theorem 1. The graph is plotted a vs. «.
b=1,r=.25.
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(4.1). We show this in Figure 5.12.

We chose one of these sets of parameter values that gave us a standing wave in the
experiments above and show that it fits with one of our standing wave solutions. We choose
parameters a = 2 and wave speed ¢ = .9 which gives us a = .1238. We show in Figure
5.13 how their initial conditions from these parameters evolved into a standing wave. We
look at the standing wave that results and see that it has W = 5. We show in Figure 5.14
a comparison of the wave that resulted from running the evolution equations on the initial
conditions from [7], as well as the wave given by (3.3), W = 5, that it matches up with, and
the numerical difference between the two.

An important point that we have learned from these experiments is that there can exist
traveling waves and standing waves for some of the same parameter values. This is different
than with fronts, where if there is a standing wave there can’t be a traveling wave. In the
next section we look into what can happen if both a traveling wave and a standing wave

exist.

5.4 Collision of Traveling Wave and Standing Wave

Here we show an experiment of a traveling wave colliding with a standing wave. For this
experiment we pick parameter values for which we know that we can have both standing
waves and traveling waves. We set a =d =2, b=1,c =2, a = .1252, and r = .25. We
initialize a traveling wave using the adaptive quadrature method for the integrals in (5.1)
and (5.2). We initialize a standing wave from our formula (3.7). We place the standing
wave in the path of the traveling wave, so that they will collide. Each box in Figure 5.15 is
a snapshot of the wave at a point in time. In each box, we have on top the wave, and on
bottom the recovery wave. Time passes from one snapshot to another, moving from left to
right, then top to bottom. The amount of time between each snapshot is not equally spaced,

but the snapshots are chosen to best illustrate the behavior around the time of the collision.
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Figure 5.12: Plots of all of the standing waves the we got in the previous experiment, plotted
on top of with the ranges from Theorem 4.1. We see that all of the standing waves we found
fall inside the grey regions, as we would expect.
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Figure 5.13: An initial condition generated from [7] turns into a standing wave. On top, the
wave. On bottom, the recovery wave.
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Figure 5.14: On top, the standing wave the resulted from the evolution equation. In the
middle, the exact solution from our formulas. On the bottom, the numerical difference
between the two waves, which is essentially zero.
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We see that the traveling wave hits the standing wave and both waves are annihilated. Even
though we may have the existence of a traveling wave and a standing wave for the same
parameter values, if the standing wave is in the way of the traveling wave, the standing
wave can block the traveling wave and cause propagation failure. It is not proved here to be
true in all cases, but in all the experiments we performed for different parameter values, the

traveling wave and standing wave were annihilated upon collision of the two waves.
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Figure 5.15: A traveling wave colliding with a standing wave. Both waves are annihilated.
In each box, we have on top the wave, and on bottom the recovery wave. The snapshots are
in order going left to right, then top to bottom.
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6 CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

A main conclusion we have come to here is that studying propagation failure pulse waves of
the FitzHugh-Nagumo equations is much more complex than studying propagation failure of
fronts of the Nagumo equation. We see that the direct connection between the existence of
standing waves and propagation failure does not exist with the FitzHugh-Nagumo equations.
We have found parameter values that allow us to have both standing waves and traveling
waves, which could not exist with just the Nagumo equation. We have numerical results on
when we can have traveling waves from [7], and we would like to understand where these
ranges of parameter values come from. Still, we know that standing waves can block traveling

waves, and so this knowledge of standing waves can be useful in studying wave blocking.

Part of this difference between fronts and pulses may come from the differences in shape
of standing waves and traveling waves. With the Nagumo equation, traveling fronts and
standing fronts look the same, except one is moving and the other is not. For the FitzHugh-
Nagumo equations though, standing waves don’t look quite like traveling waves. Our stand-
ing waves are relatively, or exactly symmetrical, while traveling waves are not. Traveling
waves have an asymmetrical shape such they are oriented to travel in a specific direction,

either left or right.

Standing pulse waves can be looked at as two opposing standing fronts, like the ones in
Figure 6.1. We see from our results in Section 5.2 that when these symmetrical standing
waves move, it is just as fronts would move, and they move in a symmetrical manner, either

both inwards, or both outwards.
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Figure 6.1: Pictures of two standing fronts oriented in opposite directions. The detuning
parameter a is plotted as a dashed line.

As in [6], the formula for a standing front wave form is given by

1—(1—@)AF k>0,
Pr =
0¥, k<(a+1)/2.
We can see the similarities between standing fronts and pulses by comparing this formula to

our formula (3.3). We can also see the similarities between our ranges for standing waves

and the interval of propagation failure in [6]. For stable front waves, this range is given by

c 1 A
a —_— .

A+1A+1
We see that this agrees with our range(4.2), if we let W — oco. This says that a standing
pulse wave really does correspond in a way to two standing fronts, and if we let the distance
W between these opposing fronts grow indefinitely, then the effect of each side of the standing

pulse on each other disappears. As this happens, each side of the standing pulse converges

to a front solution.
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Here we plot the complete families of symmetrical waves, split onto two graphs. Figure
6.2 shows point-top waves, with even values of W > 0. Figure 6.3 shows flat-top waves, with

odd values of W > 1.

0.2 1 | 1 I 1

Figure 6.2: Complete Family of Symmetrical Point-Top Waves. Even W >0, a =1, v = .1.

Continuing with our symmetrical waves, we want to show that our wave forms for stable
waves can also be solutions of unstable waves, with different a. For our unstable waves, given
«, v and W, we have a family of possible solutions, and we know we have hyx = hy; € [0, 1].
The minimal solution in this family comes if /s = hyx = 0 and the maximal solution comes

if hgz; = hg; = 1. In these cases our unstable wave form is the same as a stable wave because
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Figure 6.3: Complete Family of Symmetrical Flat-Top Waves. Odd W > 1, a =1, v = .1.
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when hy equals 0 or 1 Vk, then we have the same equation as we do in the case of a stable
wave. The only difference is that in this unstable case, a intersects the wave at lattice points
and with the stable wave it does not. In Figure 3.7 we see a family of unstable waves with
W = 4. At the lower edge of this family is the wave form for a stable wave with W = 4. At
the upper edge of this family is the wave form for a stable wave with W = 6. This is also

the lower edge of the family of unstable waves with W = 6.

Here we show more analysis on our ranges for standing waves. We look at the case of
stable waves. We look at the case where v = 0, so # = 1. In Figure 6.4 we connect the

intervals for standing waves with the family of standing waves. In blue we plot the areas

Figure 6.4: On the left we have our ranges for standing waves. We pick the value a = 1 to
look at. For o = 1 we have four corresponding points that define our ranges. On the right
we plot these four values on top of the corresponding family of standing waves with o = 1
and v = 0.
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for each wave where the wave crosses a. Looking at where the four values from the bounds
are placed on the family of standing waves, we see that the inner ranges denote the area
where a can be to cross each member of the family in a blue part. The red lines denote the
largest possible areas where a can be to be able to cross any of the waves in the family at

an appropriate spot to allow for its existence.

6.2 Future Work

Much future work on this problem involves looking at more complex versions of the problem.
One added complexity can be to look at the case of inhomogeneous media, or inhomogeneous
diffusion. FH-N type and related models with in inhomogeneous media have been studied
in [6, 18, 21, 17, 13]. When studying inhomogeneous media, the diffusion coefficients are
allowed to vary on an integer lattice. We represent this variable diffusion over the spatially

discrete domain with the operator L, a difference Laplacian operator of the form

Lug(t) = o (upr1(8) — un(t)) + e (up—1(t) — ui(t)), (6.1)

where

ar —m<k<n
a k<-m or k>n

with a, € RTV k& € Z. This means that the diffusion coefficients are allowed to vary
within some finite range, but at some point they are the same for every lattice point to the
right going to infinity, and at some point they are the same for every lattice point to the
left going to infinity. This problem can be studied using the same approach that we used
here, the theory of Jacobi operators. The difference will be that we will have more complex
fundamental solutions, since the values of oy will be different at different points.

Another complexity we can add to this problem is to examine the case of standing wave
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solutions with multiple pulses. Here we only looked at 1-pulse solutions, waves that went up
once and then back down. A multiple pulse solution will go up and down multiple times.

For this case the nonlinearity (1.10) may be written as a linear inhomogeneous term
Flor) = e+ > (=17 h(k — ),
=0

which is independent of a. For an N-pulse wave we will have n = 2N — 1, and for an N-front
wave we will have n = 2N — 2. Thus, solving (1.15) is equivalent to solving the difference

equation
n

ApPr11 — (1 + Y + ap + Oék_l) Pk + O 1Pk—-1 = Z(—l)j+1h(1€ — nj) vk € Z, (63)
j=0

The right side of (6.3) will still equal 0, 1, or [0, 1] at each point. The difference here is that
there will be more places where this value changes.

Another complexity we can add to this problem is to look at different nonlinearities, such

as the cubic (1.9) or the zig-zag nonlinearity:

u, u<a/2,
flusa) =¢ a—u, a/2<u<(a+1)/2
u—1, u> (a+1)/2.

The zig-zag nonlinearity has been studied in [22, 23]. The zig-zag nonlinearity is useful in
that it is still piecewise linear, which makes it easier for us to study. The McKean nonlinearity
has an infinite slope at the point u = a, which the zig-zag nonlinearity has slope —1, much

closer to the slope of the cubic function at that point.

We would like to further our understanding of the connection between standing waves

and propagation failure of traveling waves. We have seen that we can have standing waves
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and traveling waves for the same parameter values. We would like to be able to understand
what the parameters are that will cause propagation failure.

We would also like to explore the physical and biological significance of standing waves
on their own. In what types of physical systems will we encounter standing waves, and how

will they interfere with propagation of traveling waves?
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APPENDIX: VERIFICATION OF PARTICULAR SOLUTION
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Here I verify our particular solution

— Z;?:kgﬂ hio(k —3) k >k

1
Pr=—4 0 k =k (6.4)
hyso(k — k) k <k}
of the difference equation (1.21):
— a1 + (1 4+ 7+ 20) o — apr_1 = hy Vk € Z. (6.5)

I will use a form of the equation (2.2) that tells me that since o is a fundamental solution

to this homogeneous equation, we have that:
—o(k+1)+2uc(k)—o(k—1)=0  VkeZ. (6.6)

Also keep in mind that hy = 0 if £ < k§ and hy = 1 if k§ < k < k7.

We have three different definitions of ¢y, according to (6.4) and we have three terms in
our difference equation (6.5), vr_1, ¥k, and @g.1. Therefore we must look at five different
cases depending on where k is so that we cover all of the possible combinations of definitions

of ¢ in our difference equation.

Case 1: (k< kj—1)

1 k
Yr = ahkga(lf—ko)
1 *
Prkr1 = ahksO'(/{? — kO + 1)
1
k-1 = ahksd(k — /{E; — 1)
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(6.5) says:

—app + (1 +7+20)pr —apr—1 = hy
—hkSO'(k’ — k’g + 1) + Q/Lhkéd(k - ké) - hkso'(k‘ - k’é - 1) =0

his[—o(k — kg + 1) +2uo(k — kg) —o(k — kg —1)] = 0
By (6.6),
[—o(k—kj+ 1)+ 2uo(k — ki) —o(k—ky—1)] =0

and so this case is verified.

Case 2: (k=Fkj—1)

1
or = Przo1 = —hgzo(=1)
oY
Ort1 = iz =0

1
Pr-1 = Prz—2 = Ehk30<_2)

(6.5) says:

1 2
(14+~+ a)hk;;a
(@)

(—1) — hkad(—Q) = hk(f;_l =0

Since ¢(0) = 0, I can add in a —hy:0(0) to his equation without changing it. This gives me:
—hkaO'(O) + 2,uhk30(—1) — hk30'<—2) =0

his[—0(0) 4+ 2u0(—1) —(=2)] =0

By (6.6),
[—(0) + 2u0(—1) — 0(—2)] = 0
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and so this case is verified.

Case 3: (k= k)

o = iy =0

ki+1
1 < . . 1
Pt = Prg1 = T Z hijo(ks +1—j) = _ahka‘ﬂa(o) -
j=kg+1
1
Pr-1 = Prz-1 = ahkgff(—l)
(6.5) says:
—hygo(=1) = hy;
Since o(—1) = i:l)\ii = —1, we are left with hy: = hy: and so this case is verified.
Case 4: (k=Fkj+1)
Yr = PYrz+1 =10
| Kot ) .
Perl = Prga2 = Z hjo(ky+2—7) = —a[hk(’;+10(1) + hyg420(0)] = —ahkgﬂ
J=k§+1
V-1 = @i =10
(6.5) says:
1
_Q(_ahngrl) = hkgﬂ
Pz +1 = Iz
So this case is verified.
Case 5: (k> kj + 1) (6.5) says:
k+1 1 k k-1
> hjo(k+1—j) - ~(1+7+20) S hjolk—j)+ Y hjo(k—1—j)=h (6.7)
Jj=ki+1 Jj=kg+1 J=kp+1
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k+1 k—1

> hjo(k+ 1= j) = hypao(0) + hyo(1) + > hjo(k — j + 1)

j=ki+1 j=1
k k—1

> ok —j) = ho(0) + > hio(k — )
j=ki+1 j=1

Plugging these last two equalities into (6.7), we get:

k—1 k-1
10 (0) + hpo (1) + > hjo(k—j+1)| = 2p [hpo(0) + Y hyo(k - j)
j=kg+1 j=ki+1
k—1
+ Z th’(k—l—j):hk
j=k§+1

hk»+ i: hj[O'(k’—]—i—l)—2#0(k—])+0‘(/€—]—1)]:hk

By (6.6),
o(k —j+1) — 2u0(k —j) + ok —j—1)] =0

So we are left with h, = hy, and so this case is verified.
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