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ABSTRACT

Within this treatise we establish conditions for the existence of solutions to two-
point, discrete, non-linear boundary value problems. We will be examining two dif-
ferent variations of the problem. First, we will be examining generalized discrete non-

linear systems of the form
x(t+1) = Az(t) + f(z(t)), t € {0,1,..., N — 1}

subject to
Bx(0) + Dz(N) = 0.

We demonstrate the existence of solutions to this type of problem when the associated
linear, homogeneous boundary value problem has only the trivial solution, and the
nonlinear element exhibits sublinear growth.

Next, we will consider scalar, two-point, nonlinear boundary value problems of the
form

y(t+n) + anay(t+n—1) + -+ aoy(t) = g(y(t)),

fort € {0,1,..., N — 1}, subject to

n n
D by —1)+ D digy(j + N —1) =0,
J=1 J=1

fori=1,2,...,n.

In this case, we assume the associated linear homogeneous boundary value prob-
lem has a one-dimensional solution space and establish criteria that guarantee the exis-
tence of solutions by analyzing the relationship between the nonlinear element and the
solution space of the associated linear boundary value problem through a projection
scheme.
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1 Introduction

In this thesis, we attempt to establish conditions for the existence of solutions to non-

linear, discrete, two point boundary value problems of the form:
z(t+1) = Azx(t) + f(x(t)),t € {0,1,..,N — 1} (1)

subject to
Bz(0) + Dz(N) = 0. (2)

For the purpose of this paper, we will make the following assumptions:

1.z(t) is a vector in R™ for each ¢t € {0,1,..., N}.

2. Ais an invertible n x n matrix.

3. f : R™ — R" is a continuous map.

4. B and D are constant n x n matrices.

5. N is some fixed integer larger than two.

While this problem may appear benign at first glance, the non-linearity of the equa-
tion poses quite a unique challenge. Standard solution techniques commonly utilized
for linear difference equations and boundary value problems do not yield conclusive
results. Thus, a different plan of attack is necessary for determining if solutions exist
to our boundary value problem, and for establishing sufficient conditions for such a
solution to exist.

Our approach to this problem relies heavily on both linear and non-linear operators
on Banach spaces. Thus, chapter 1 will focus on a variety of preliminary notions and
theorems that will be vital to the remainder of the work done in this manuscript. We
will state and prove a few theorems concerning the dimension of vector spaces, as well
as the continuity and boundedness of linear operators. We will then spend some time
introducing the concept of degree theory, and utilize it to prove the Brouwer fixed point
theorem, a powerful theorem that will prove to be a highly useful tool in solving our
problem. We will next reformulate the problem using operators. Using these tools
vastly simplifies the problem, and allows us to make use of their properties to further

analyze it. To be more specific, we will introduce the following spaces:

and
Y={y:{0,1,--- /(N -1)} - R"}.

Then, we will rewrite the problem as follows:

Lx =Fx



where L : X — Y is defined by
(Lz)(t) = x(t+1) — Az(t),

and F': X — Y is defined by
(Fz)(t) = f(x(t)).

During the course of the chapter, we will demonstrate the equivalence of this new form
of the problem to the original. Following this convenient reformulation, we can exam-
ine the problem from two distinct perspectives:

1. If L is invertible.

2. If L is not invertible.

In Chapter 2, we will examine the case where L is invertible. We will impose specific
restrictions on the nonlinear element that will allow us to demonstrate the existence of
solutions to (1)-(2). This restriction will be an extension of previous work found in my
senior research project [3], and is similar to results found in [2]. We will examine the
structure of the linear operator L and its relationship to the main problem. This will
lead to an important conclusion about the nature of the dimension of the kernel of L,
namely that dim{ker(L)} = dim{ker[B + DAN]}. From here, we will see that the in-
vertibility of L is directly dependent on the invertibility of the matrix [B + DA]. Once
these criteria have been established, we will demonstrate the existence of solutions to
the problem given these conditions using both degree theory and the Brouwer fixed
point theorem.

In Chapter 3, we will consider a more specific family of problems. Namely, scalar,

discrete, nonlinear boundary value problems of the form
y(t +n) +an—1y(t +n— 1)+ +aoy(t) = g(y(t))

subject to
n n
S by - 1)+ digy(i+ N —1) =0,
j=1 Jj=1
fori=1,2,...,n.

We will see that this version of the problem can also be written in the form (1)-
(2). However, for this problem we will no longer assume that L is invertible. More
specifically, we will impose the restriction that the dimension of the kernel of L be one.
Using a projection scheme, we will work towards a set of viable conditions that will
allow us to demonstrate the existence of solutions, again through the use of degree
theory and the Brouwer fixed point theorem. This treatment is similar to work found
in [2],[8].

Finally, we will present a concrete example. We will utilize all of the concepts and



tools presented in this manuscript to demonstrate that this example does indeed have

a solution.



2 Preliminaries

2.1 Important Theorems

The plan of attack for our problem relies heavily on a variety of notions and theo-
rems from Linear Algebra and Analysis. This manuscript assumes that the reader has
some background in these areas. Concepts such as linear operators, vector spaces, Ba-
nach spaces, completeness, kernel, image, and theorems related to these concepts are
assumed to be a part of the reader’s knowledge base. In addition, basic knowledge
of solution processes for linear, homogeneous, discrete equations are considered prior
knowledge for this paper. For a concise exposition of any of these specific notions as
they related to this treatise, please see ([1], [4], [5], [6].).

There are, however, a few important theorems from functional analysis and analy-
sis of difference equations, crucial to our work, whose statement and proof are useful
exercises. We begin with a look at the solution process to linear, non-homogeneous

systems of difference equations.

Proposition 2.1. The solution to the non-homogeneous system x(t + 1) = Ax(t) + y(t),
t €0,1,..., where x(t) , y(t) are vectors in R", and A is an invertible n x n constant

matrix, is
t—1

(t) = Az (0) + AT~ ATy (i), 2.1)
=0

Proof. Clearly, the solution satisfies the initial condition. Now, using 2.1,
t .
l‘(t + 1) _ AtJrlx(O) + At+1 Z Af(erl)y(i).
i=0
We can then remove the last element of the summation, when ¢ = ¢, to obtain
t—1 4
p(t+1) = A z(0) + AT ATy (i) 4y (1),
i=0
Factoring out A, we have
t—1 '
(t+1)=A (At:r:(O) +A A—(”l)y(z’)) +y(t) = Ax(t) + y(t).
i=0

O]

Next, we examine a few important properties of linear operators. We begin with a

definition and lemma concerning norms on finite dimensional vector spaces.

Definition 2.1. Let X be a vector space, and || - ||, || - || g be two norms on X. || - ||o, and



|| - || are said to be equivalent if 3m, M > 0 such that
mzlla < |lzlls < M|zl
Vo e X.

Lemma 2.1. In a finite dimensional vector space, any two norms are equivalent.

Proof. Let X be a finite dimensional vector space. Let || - ||, || - || 3 be two norms on X.
Let B = {b1, ..., b, } be a basis for X. So, for any = € X, we can write

x=ciby + -+ cpby
for scalars ¢, .., ¢,. For x € X, define
[£]loo = max{le;; 1 < j < n}.
So, if we can find m, M > 0 such that
m|[zlleo < [l2fla < M|2]o,

and similarly for ||z 3, then we will have our result.

Now,
n
[zlla < Z [eibilla
i=1
n
= leilllbilla
i=1
n
< (znbi@ ol
i=1

Thus, [lz]lo < M|[z[|o , for M = Z 1Billa-

Now, consider the unit sphere S ={r e X :|z)e =1} in (X,| - |lc). Letd =
inf{[|z|lo : € S}. Now, since S is compact, we know there is a sequence {y};>, of
unit vectors in S such that ||yx||o. — d. We know each y; can be written as

yk = Clkbl + e anbn-

Now, since y;, is in .S, we know |c¢j,| < 1 forall ¢;,,1 < j < n. Since j is finite, and
{cj.} € [-1,1], we may find a subsequence k1, k2, - - - such that {c;, } converges as m
approaches infinity.

So, let¢; = lim {¢;, }.
m— o0 m



n
We know ||y, |la — d. Letyo = > ¢;b;

i=1
We next seek to show that yx,, — yo in || - ||cc-

Consider
oo oo
1Yk — Wolloe = || D €ju b — > csb)
j=1 j=1
o0
= E : Cltem
7j=1

= max{|cj, —¢j|:1<j<n}.

Butc; = lim {¢j, }. So ||yk,. — Yollcc — 0, which shows that yx,, — yoin || - ||-
m— 00 m
Thus, since each y;, is in .S, we have ||yp||c = 1. Therefore, yo # 0.
We know |[yk,,, = yolla < M|[yk,, = Yolleo — 0. Thus, [lyolla = lim_||yx,, ||« = d. Thus,
d # 0.

Now, forz € X,z # 0, € S. So,

[E ||oo

lyolla < H -

lloo Ila

So we have

[z llocllgolla < 12l
= df|z]eo < ]l

Thus, we have for m = d,

m|z]loo < [|2]la < Mz

O]

Next, we introduce an important property concerning linear operators on finite-

dimensional vector spaces.

Proposition 2.2. Every linear map from a finite-dimensional normed vector space into
a normed vector space is bounded.

Proof. Let T : X — Y be a linear operator, with X being a finite-dimensional normed
vector space, and Y being a normed vector space. Let B = {by,...,b,} be a basis for
X. As in the proof for the previous proposition, let || - ||« be a second norm on X.
We know the map T is bounded with respect to the original norm if and only if it is



bounded with respect to the equivalent norm || - ||. Consider for x in X

)

n

Z ;11T |1y

ITz|| =

Y

(mx ) (2_: HTbjlly>
- (ZHT@-HY) ol
=1

Thus, we have established the boundedness of T'. O

Finally, we state a crucial theorem regarding the relationship between continuity
and boundedness of linear operators.

Proposition 2.3. If T : X — Y is a linear map from a normed vector space X into a
normed vector space Y, then the following are equivalent.

a) T is continuous at a point z in X.

b) T is continuous.

¢) T is bounded.

Proof. a = b. Suppose T is continuous at some point 2y in X. So, given ¢ > 0, there
exists a § > 0 such that

1Tz — Tzo|| < €, whenever ||z — zo|| < 9.
Now, let y, z be in X, with ||y — z|| < J. This means that
lxo — (xo + 2 — y)|| < 0.

This implies that

1Ty =Tz = |T(y = 2)Il = [IT[xo — (w0 + z =yl = [Tz = T(wo + 2z —y)|| <e,
which tells us that 7" is continuous on all of X.
b = c. Let e = 1. Now, since T' is continuous, we know there exists a 6 > 0 such that

Tz —T0| = ||Tx|| < e =1, whenever ||z — 0| < §,Vz € X

Now, suppose z is in X, with ||zg|| = 1. This means that ||0x¢| = d||zo|| = J. This gives
us that
IT(620)[| = 6| Txol| < 1.



This, in turn, gives us

Thus, |T|| < M, for M = .

¢ = a. Forzgin X, and € > 0, if

€

|z — z0|| < 0, where§ = ————,
L+ [T

then
[Tz — Txol| < ||T|[||lz — 2ol <e.
O

Now that we have established these crucial properties, we can move into another
realm of analysis that will prove vital to our problem’s solution process.



2.2 Introduction to Degree Theory

We now introduce perhaps the most important piece of the puzzle necessary to solve
the problem at hand. We will devote the next section of this treatise to the develop-
ment of degree theory. Degree theory is a powerful tool within analysis that allows
us to ascertain various properties of functions. Furthermore, degree theory can be uti-
lized to prove a variety of important and useful results within mathematics, such as
the Brouwer fixed point theorem. More importantly, it will serve as the key that will
guarantee the existence of a solution to our problem.

Prior to officially defining the degree of a map, we need to establish some prelim-
inary assumptions and concepts. Following [9], let D be an open, bounded subset of
R™. Next, define a map f : D — R". We assume this map is C!, which implies that
it is continuously differentiable. In addition, we assume f(Z) # 0 for all ¥ € 0D,
where 0D represents the boundary of the set D. We now define two important sets
A; = {7 D: (%) =0},and B; = {# € D : J¢(&) = 0}. For our purposes, J¢ (i), which
represents the Jacobian of the function f evaluated at some vector Z, will be defined as
the determinant of the matrix containing all of the first-order partial derivatives of our
function. We note that if Ay is non-empty, then it is compact. Finally, we assume that
Af N By = (. This simply means that when f(Z) = 0, J¢(Z) # 0. When this condition
holds, we say that the function f is non-degenerate. With these hypotheses in place, it
can be shown that Ay is a finite set. For more information on these preliminaries, and
a more in-depth examination into degree theory, see [9].

Now that these preliminary notions have been established, we can officially define
the degree of a map.

Definition 2.2. The topological degree of a map f, with respect to D and 0, denoted by
d[f, D, 0] is given by:
dlf,D,0] = Z signJg(Z).
FeA;

At this point, clarification of what we mean by signJ¢(Z) may be helpful. Recall that
we have defined the Jacobian to be the determinant of the matrix of first-order partial
derivatives of a function evaluated at a point. Certainly, this determinant will have a
sign, be it positive or negative. We assign to each sign a particular value. If the sign
of the determinant is positive, we assign it a value of 1. If the sign of the determinant
is negative, we assign it a value of —1. From this definition we can extrapolate an

extremely important result that will be useful throughout the remainder of this treatise.
Proposition 2.4. If d[f, D, 0] # 0, As # (.

Proof. This follows directly from the definition. We simply consider the contrapositive.
That is, if Ay = (), then clearly we have no elements to sum, and thus the degree of our
map is 0. Therefore, if d[f, D, 0] # 0, A; # 0. O



Before presenting the main result of our exploration into degree theory, we need to

introduce one final notion, which will prove crucial to our main problem.

Definition 2.3 (Homotopy). If X and Y are subsets of R”, and g and h are continuous
maps from X to Y, then g is homotopic to & if there is a continuous map ¢ : X x
[0,1] — Y such that ®(z,0) = g(z) and ®(x,1) = h(z),Vz € X. Such a map is called a
homotopy.

Armed with this definition, we can state the following theorem:

Theorem 2.1 (Theorem of Invariance with Respect to Homotopy). Let F : D x [0,1] —
R™ be a continuous function, with F(Z, \) # 0,V(Z, \) € D x [0, 1]. Define f, : D — R"
by f\(Z) = F(&, \). Then d[fy, D, 0] is independent of \.

For a proof of this theorem, see [10]. In essence, this theorem allows us to establish
to the existence of a zero for a function we know little about by relating it to another

function that we know has a zero.

10



2.3 The Brouwer Fixed Point Theorem

With these important preliminaries taken care of, we can set our sights on stating and
proving the Brouwer fixed point theorem.

Theorem 2.2 (The Brouwer Fixed Point Theorem). Let B; = {# € R" : ||Z|| < 1}. If

f : By — B is a continuous map, then f has at least one fixed point in B;.

Proof. Let By = {7 € R" : ||7|| < 1}. Let f : By — Bj be a continuous function. We
will show that 3% € Bj such that f(#) = 2.

Our plan of attack will center around the Theorem of Invariance with Respect to
Homotopy. So, we begin by constructing a homotopy:.

First, let T : By — R" be defined by T'(¥) = & — f(Z). Note that T is continuous,
and that if 7'(Z) = 0, then f(&) = #. Therefore, the remainder of this proof will focus
on finding a zero for this new map 7. Next, we let g : By — R" be the identity map.
That is, g(£) = #. The identity map presents a few useful properties. For instance, note
that:

i) 0 € By;

if) 9(0) = 0;

iii) 0 is the unique zero for g;

iv) J,(0) = 1.

From these properties, we know d[g, By, 0] = 1.

Equipped with these maps, we set about to construct a homotopy to relate g and 7.
Welet F : By x[0,1] — R" be defined by F(#, \) = Z— \f(). Clearly, F is a continuous
map. In addition, we note that F/(Z,0) = & = ¢(Z) and F(Z,1) = ¥ — f(&) = T(Z).

Our goal here is to show

d[Ta 3176] = d[g7B176]

In order to demonstrate this, we must show F(Z,\) # 0,¥(Z, \) € dB; x [0,1]. To do
this, we consider two cases:
Casel: A =1.
Let Z € 9B;. So we have

F(Z,1) =2 — f(2).
Thus, if F(#,1) = 0, then f(#) = &, and we have our fixed point. In this case, no homo-
topy argument is required.

CaseIL: \ € [0,1), F(&,1) # 0.
Once again, we let © € 0B;. So we have

F(Z,\) =T — M ().

11



Since f(Z) € By, ||f(Z)|| < 1. And certainly, since X € [0,1), A|| f(Z)| < 1.
Next, we let f\(Z) = F(Z, \). So we have:

@ =117 = Af (@)
> (171 = Al F (@)l
=1 = Alf@]
> 0.

Since || fA(Z)|| > 0, we know F(Z,\) # 0, when # € dB;,V\ € [0, 1]. Therefore, we
can use our theorem on the invariance of degree with respect to homotopy. This means
that d[fy, B1, 0] is independent of \. So we have

d|T, By,0] = d[f1, B1,0| = d[fo, B1,0] = d[g, B1,0] = 1.

Therefore, there exists an & € B; such that f(z) = Z. O

2.4 Extension of Brouwer

For the purposes of our problem, this basic incarnation of the Brouwer fixed point theo-
rem will be insufficient. While the theorem is quite useful within its original context, it
does not provide ample conditions for use in our situation. Thus, we need to establish

an extension of the theorem to other sets. We begin with a definition:

Definition 2.4. Let A and B be subsets of R". If ¢ : A — B is continuous, bijective, and
¢~ is also continuous, then we say ¢ is a homeomorphism, and A is homeomorphic
to B.

With this definition, we present an important proposition:

Proposition 2.5. A compact, convex subset of R™ with nonempty interior is homeo-
morphic to the unit ball.

For a proof of this proposition, see [3].
Armed with these tools, we can now present an official extension to the Brouwer
tixed point theorem:

Theorem 2.3. Let K be a compact, convex subset of R" with nonempty interior. If

f:+ K — K is continuous, then f has a fixed point in K.

Proof. Since K is a compact, convex subset of R” with nonempty interior, there exists
a homeomorphism ¢ : B; — K. Let g = ¢! f¢, then g is continuous and ¢ : B; — B;.

By the Brouwer fixed point theorem, g has a fixed point, denoted by z. From here we

12



see that

This means that ¢(z) is our fixed point for f.

13



3 Discrete, Nonlinear, Two-Point Boundary Value Problems

3.1 Introduction

We devote this chapter to demonstrating the existence of solutions to two-point, dis-

crete, nonlinear boundary value systems of the form
z(t+1) = Az(t) + f(z(t)), t € {0,1,...., N — 1} (3.1)

subject to
Bzxz(0) + Dz(N) = 0. (3.2)

We remind the reader of the basic assumptions of this problem, namely:

1.z(t) is a vector in R" for each ¢t € {0,1,..., N}.

2. Ais an invertible n x n matrix.

3. f :R" — R" is a continuous map.

4. B and D are constant n x n matrices.

5. N is some fixed integer larger than two.
Utilizing the results from the previous sections, we will first rewrite the problem in
terms of operators L and F' on finite-dimensional function spaces X and Y. From
here, we will discuss the relationship between the linear homogeneous boundary value
problem and the operator L.

Using these criteria, we will prove the existence of solutions to (3.1) and (3.2) with
the following conditions:

i) L is invertible;

ii) F'is a sublinear map.
More specifically, we will present two distinct proofs. One will utilize a degree theory

argument. The other will center on the Brouwer fixed point theorem.

3.2 Rewriting the Problem Using Operators

We can rewrite (3.1) and (3.2) using operators on finite dimensional function spaces. To

this end, we introduce the following spaces. Let
X ={¢:{0,1,....N} = R", B¢(0) + Dp(N) = 0}

and
Y={y:{0,1,...,(N-1)} = R"}.

We define norms on these spaces as follows:
Forxz € X:

[zl = sup |z(t)].
te0,1,...,N

14



Fory e Y:

lyll = sup  Jy(¥)],
t€0,1,.,(N—1)
where | - | denotes the any norm on R". These spaces are clearly finite-dimensional

Banach spaces.
With these definitions in hand, we can now define our maps. First, we define L :
X —Yby
(Lz)(t) = x(t+ 1) — Az(t).

Comparing L to the linear homogeneous boundary value problem
x(t+1) = Az(t),
subject to
Bz(0) + Dxz(N) =0,

we can see that ker(L) and the solution space to the linear homogeneous problem have

the same dimension.

Claim. The solution space to the linear homogeneous boundary value problem and
ker([B + DA™]) have the same dimension.

Proof. We know the solution space to the linear homogeneous problem has the same
dimension as ker(L). Observe that x € ker(L) if and only if

z(t+1)=Ax(t),t€0,1,....,(N — 1)

and
Bz(0) + Dz(N) = 0.

This occurs if and only if there is some vector ¢ € R" such that
x(t) = Ale,

and

And this occurs if and only if
x(t) = Ale,

and
¢ € ker([B + DAM))

O

Therefore, the solution space of the linear homogeneous boundary value problem,
ker(L), and ker([B + DA™]) all have the same dimension.

15



Next, we can define ' : X — Y by

(Fa)(t) = f(x(t)).
Observe that z is a solution to (3.1)- (3.2) if and only if z is a solution to

Ly = Fux.

3.3 The Invertibility of L

This convenient reformulation presents a variety of useful results that allow us to
present conditions for the existence of a solution to (3.1)-(3.2). Perhaps the most sig-
nificant result that follows from this reformulation deals with the invertibility of our
linear operator L.

Recall that we are examining this problem under the constraint that L is invertible.
Thus, we must ascertain the conditions under which this will occur. To illustrate this,

we present the following proposition:
Proposition 3.1. L is invertible if and only if the matrix (B + DAY) is invertible.
Proof. Let y € Y. Based on how we have created our linear operator L, we know that
Lz = y if and only if
z(t+1) = Az(t)+y(t), t€0,1,..., (N - 1),
and
Bz(0) + Dz(N) = 0.

From here, we can utilize the Variation of Constants formula we examined earlier to
determine that Lz = y if and only if
t—1 '
(t) = Az (0) + AT A~Fy(i), (3.3)

1=0

for some xz € X, and
Bx(0) + Dz(N) = 0.

Combining these two equations yields Lz = y if and only if

N-1
Bz(0) + D (ANx(O) +AN Y A—<i+1>y(z')> =0.
=0
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With a little rearranging we find that

N-1
Bz(0) + DANz(0) = — (DAN > A—<i+1>y(¢)> :

1=0

Finally, we have

N-1
(B+ DAY) 2(0) = — (DAN > A—@H)y(i)) . (3.4)
i=0
Herein lies the proof of our claim. We note that Lz = y if and only if there exists an
x(0) € R™ that satisfies (3.4). If such an z(0) exists, we can thus explicitly express an
x(t) for equation (3.3), and we will have Lz = y. Using the fundamental theorem of
invertible matrices, we know that if (B + DAN ) is invertible, then there is a unique
x(0) that will solve (3.4). This implies that there is one and only one x that will solve
Lz = y. Therefore, L will be invertible.

Conversely, if L is invertible, then there is one and only one z that will solve Lz =
y. This will lead to a unique z(0) that will solve (4). Hence, (B + DA") must be
invertible. O

3.4 Main Theorem

Now that we have rewritten our original problem in terms of operators defined on
finite-dimensional operators, and have established conditions for which our linear op-
erator L will be invertible, we are now ready for the coup de grace. We will prove that
(3.1)-(3.2) has a solution using two methods. First, we will show existence using a de-
gree theory argument. Then, we will demonstrate our solution via the Brouwer fixed
point theorem.

Theorem 3.1. Let [B + DAN | be invertible. If there exist M, My > 0, and « € R, with
0 < a < 1, such that|f(z)| < M; + Mslz|* for all z € R, then there is at least one
solution to (1)-(2).

Proof (Method 1). Assume [B + DA™] is invertible. This implies that L is invertible.
This tells us that
Lz = F(x)

if and only if
z=L"'F(z).

We seek to establish existence by utilizing a homotopy argument. More specifically, we
will attempt to use the theorem of invariance of degree with respect to homotopy. To
this end, we begin by defining 7 : X — X by T(z) = z — L™'F(z). Notice that since
L is a linear map on a finite-dimensional space, it is continuous. Hence, L1 is also
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continuous. Thus, by the properties of continuous functions, we know that 7" is also
continuous. Also note that if T'(x) = 0, then L~! F(z) = z, and we will have shown that
(1)-(2) has a solution. Thus, we will devote the remainder of this proof to establishing
the existence of an z such that T'(z) = 0.

Next, we note that if f meets the stated criteria, | F'(z)| = sup |f(x(t))|, and
t€0,1,...,(N—1)
foreacht € {0,1,...,N — 1}:

[f(z(8)] < My + Ma|2(2)|* < My + Mollz||,

for some M7, M5 € R.

With this in mind, and prior to defining our homotopy map, we define the set
B={zeX:|z| < M,M € R}.

This set will play a crucial role in the development of this proof.

We now define g : B — B by g(x) = x. As was the case in our proof of the Brouwer
fixed point theorem, we utilize this map, because we know that d[g, B, 0] = 1.

Next, we construct our homotopy. Welet H : Bx[0,1] — X be defined by H(z,\) =
x — AL7!1F(x). Clearly, H is a continuous map. As before, we note that H(z,0) = z =
g(z),and H(z,1) = x — L' F(x) = T(x). We seek to demonstrate that

d[T, B, 0] = d[g, B, 0].

To accomplish this, we need to show that H (z, \) # 0,V(z, \) € 9B x [0, 1]. Once again,
we examine two cases:
Casel: A = 1.
We let z € 0B. So we have
H(z,1) =2 — L7'F(x).

We see that if H(z,1) = 0, then L~'F(2) = x, and we will have shown the existence of
our solution.

CaseIl: A € [0,1), H(x,1) #0.

As before, we let x € 0B. So once again we have

H(z,\) =z — AL F(z).

Now, we know that x € 9B. Thus we know ||z|| = M, for some M € R. Also, A € [0,1).
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So we have

1A (@)]| = ||lz = AL F ()]
> ||z = [IALT P ()
> ||z = AL F ()]
>l = [L7HI(M + Mo|z]|)

=M — ||[L7Y|(My + M| M]||).
This tells us that 1 Ha ()] v oL
AT -1 1 2
RN S oY (=2 + =2 ).
s o (5 + )

Thus, for M sufficiently large, % > 0. Hence, for M sufficiently large, || Hx(z)|| > 0.
With this, we have shown that H(xz, \) # 0,V(z, \) € B x [0,1], and for all z € B. As
a result, we can see that

d[T,B,0] = d[H,, B,0] = d[Hy, B,0] = d[g, B,0] = 1.

Therefore, there exists an z € B such that T'x = 0, and thus there exists an z € X such
that L' F(z) = z. O

We next prove our main theorem using a more concise method. This method relies
on the Brouwer fixed point theorem we proved earlier:

Proof (Method 2). As before, we assume [B + DA”] be invertible. This again implies
that L will be invertible, and thus we have

r=L"'F(z).

For this proof we introduce the map ® : X — X, defined by ®(x) = L' F(x). By how
we define composition of functions, ® is a continuous map. We seek to demonstrate
that there exists an z € X such that ®(z) = x.

Recall that F'(x) is a bounded function. As such, we can see that
1@(2)]| = IL7 F(2)]| < [IL7H|(My + Mallz]|®)

for some non-negative real numbers M, M>. Thus, note that if we let x reside in our

set B, which was defined earlier in Version I of the proof, then certainly
@ ()| < [IL7H[(My + MaM®).
Thus,

()] 1y (M My
0 <L Ly 2 ).
N v veer
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So, for M sufficiently large, &Aj)” < 1. So, there existsan M > Osuch thatforallz € X,

if ||z]| < M, ||®(z)|| < M. With this, we see that ® maps B = {x € X : ||z|| < M} onto
itself. In addition, we know that B is a compact, convex subset of R” with non-empty
interior. Thus, we know that ® has a fixed point in B.
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4 Scalar, Nonlinear, Two-Point Boundary Value Problems

4,1 Introduction

We now consider a more specific type of nonlinear, discrete boundary value problem.

These scalar problems are of the form

y(t+n) +an—1y(t+n—1)+ - +aoy(t) = g(y(t)) (4.1)

fort € {0,1,...N — 1}, subject to

n n
S by -1+ diy(i+ N —1) =0, 4.2)
Jj=1 j=1
for i = 1,2,...,n. In similar fashion to the previous section, we will assume g is a

continuous, real-valued function, and N is some integer larger than two. In addition,
the constants b;;, d;;, and a, ..., a,,—1 are all real-valued, with ag # 0.
Our exploration into the existence of solutions to (4.1)-(4.2) will involve a process

of transforming the scalar problem into a discrete, nonlinear system of the form

x(t+1) = Azx(t) + f(z(t)), t € {0,1,...N — 1}

subject to
Bx(0) + Dx(N) = 0.

We will then rewrite the problem using linear and nonlinear operators, again trans-

forming the problem into the form
Lz = F(x).

In this section, we will consider the case where L is not invertible. More specifically,
we will examine the problem under the assumption that the dimension of the kernel of
L is 1. Then, using a projection scheme, we will establish conditions for the existence
of solutions to (4.1)-(4.2) that will rely on the end behavior of the function g, and on the
behavior of the linear component. The reader should note that much of the following
exposition follows closely with the work presented by Dr. Padraic Taylor, as well as
earlier work presented by Dr. Debra Etheridge and Dr. Jesus Rodriguez. For more

information on these works, see [8], and [2]
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4.2 Rewriting the Problem

Recall that we are considering the existence of solutions to

y(t+n) +an—1y(t+n—1)+ - +aoy(t) = g(y(t))

fort € {0,1,...N — 1}, subject to
S by -1+ > diy(i+ N —1) =0,
j=1 j=1

fori=1,2,...,n.

We now work to rewrite the problem as an n x n system of the form
z(t+1) = Az(t) + f(z(t)), t € {0,1,...N — 1}

subject to
Bxz(0) + Dz(N) = 0.

First, we state the form of our n x n matrix A:

0 1 0 0
0 1
A= s
0 0 0 1
|—ap —ai —az —Qn—1]

(4.3)

(4.4)

Next, define the matrix B = (b;;), and the matrix D = (d;;), fori € 1,2,...,n, and

j €1,2,...,n. Then we set the vector

x1(t) y(t)
oo [20] | e
X (t) y(t+n—1)

and define the function f : R — R" by

T 0
T2

f . =
Tn g(xl)

With these definitions, (4.1)-(4.2) can be analyzed as (4.3)-(4.4).

As before, we wish to make use of linear and nonlinear operators to further study
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this problem. To this end, we remind the reader of the following spaces and maps:
Let
X ={¢:{0,1,...,N} = R", B$(0) + Dp(N) =0}

and
Y={y:{0,1,....,(N—-1)} - R"}.

We define norms on these spaces as follows:

Forz € X:
lzll = sup [x(t)]-
t€0,1,...,N
ForyeY:
lyl= sap  Jy(t)],

te0,1,...,(N—1)

where | - | denotes the standard Euclidean norm on R".
Define L : X — Y by
(Lz)(t) = x(t+ 1) — Az(t).

Define F' : X — Y by
(Fa)(t) = f(x(t)).

Recall that z is a solution to (4.1)- (4.2) if and only if z is a solution to

Lz = Fux.
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4.3 Analysis of the Linear Operator

We now examine the structure of the linear component of our problem. We first exam-
ine the linear homogeneous problem of the form

y(t+n)+ap—1yt+n—1)+---+apy(t) =0 (4.5)
subject to
S by -1+ D digy(i+ N 1) =0, (4.6)
J=1 Jj=1

fori=1,2,...,n. Recall that for = to be a solution to the linear homogeneous boundary
value problem, z(t) must be of the form A’z(0), and x(0) must be in ker[B + DAY].
Additionally, we saw that that = € ker(L) if and only if

z(t+1) = Az(t),t€0,1,..., (N —1)

and
Bx(0) + Dz(N) = 0.

Therefore, ker(L) is equivalent to the solution space of the linear homogeneous prob-
lem. In our problem, we are considering the case where the dimension of the kernel of
L is one. From here we define the following map S : {0,1,..., N} — R" by

S(t) = Ald,

where d is a unit vector in ker(B + DAN).

Clearly, we can see that x is in the kernel of L if and only if z(¢) = S(¢)c for some
ce R

We now begin constructing our projection scheme by introducing projections onto
the kernel and image of L.

Let d be a unit vector in ker(B + DAY). Define P : X — X by

(Pz)(t) = S(t)d"z(0).

Claim. P is a projection onto the kernel of L.

Proof. The linearity and boundedness of P are clear. Thus, we need to demonstrate
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that P? = P, and that Im(P) = ker(L). we begin with showing that P? = P. Consider

(P(P2))(t) = P(S()d"x(0))()
t)d" $(0)d"z(0)
t)(d"d)d" x(0)
)d" x(0)

)(t)-

S(

S(

S(t

(P

Next, we need to show that I'm(P) = ker(L). First, let x € X. So we have
(Pz)(t) = S(t)d" z(0)

where a = d’'z(0). Thus, Px € ker(L). So, Im(P) C ker(L.)
Now, let x € ker(L). so x = S(t)3, for some 5 € R. So we have

(Pz)(t) = P(S(t)3)(t)
= B(P(5(1)))(t)
= BS(t)d" S(0)
= BS(t)d"d
= BS(t)
= z(t).
Thus, if x € ker(L),x € Im(P).
So, ker(L) C Im(P).
Thus, Im(P) = ker(L). O

Next, we begin constructing a projection onto the image of L. This turns out to be
quite an arduous process, and involves utilizing a few other important maps to lay a
framework. To this end, we introduce the following:

Let c be a vector in R”, with ker([B + DAN]T) = span{c}. Define v : {0,1,...,.N — 1} —
R™ by
(1) = [DAN AT

With this definition, we state a crucial lemma:
Lemma 4.1. 1 is the zero map if and only if ker(BT) N ker(DT) #£ 0.

Proof. Assume there is some nonzero vector v in ker(BT) (N ker(D?). This tells us that

BTy =0,
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and

This tells us that

(AMT(DTv) =0
= (DAM)Ty = 0.

From here, we obtain

0=0+0
= 0= BTv+ (DAM)Ty
= 0= (B+ DAy

Thus, visinker([B+DAN]T). So, v = ac, where ¢ € ker([B+DAN]T),and o € R, a # 0.
Therefore,

And so 1
W(t) = [DANA- DT 2y =0, vt €0,1,..., N — 1.
«

Next, assume that v is the zero map forall ¢ € 0,1, ..., N — 1. So we have

YN —-1)=0
= [DANA-N=1+D1. = ¢
= DTe=0.

Thus, ¢ € ker(DT). But, we also know that ¢ € ker([B + DAN]T). So, ¢ € ker(BT).
Therefore, ¢ € ker(BT) N ker(DT). O

Now, in order to properly create a projection onto the image of L, we need to get a
sense of what that space looks like. To that end, we introduce the following proposition:

Proposition 4.1. Let h € Y. Then h € Im(L) if and only if

N-1

}:wﬂomo:o.

1=

Proof. Let h € Y. We know from Proposition (3.1) that & is in the image of L if and only
if

N-1
Bz(0) + DANz(0) = — (DAN > A—<i+l>y(i)> .
=0
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This occurs if and only if

N-—1
DAN > " AU Un(i) € Im([B + DAM)).
=0

We note at this point that Im([B + DAY]) is orthogonal to ker([B + DAN]T). So, we

have
N-1

[DAN Y= A~ (i) T8 =0
i=0
Vp € ker([B + DANT).
With some rearranging, we see this is equivalent to
N-1 4
> AT(@)[DAN AT =,
i=0

where ¢ spans ker([B + DAN]).
N-1
Thus, & is in the image of L if and only if }° hT (i)y (i) = 0, or equivalently

=0
N-1
S 0T (i)h(i) = 0
=0

g

Armed with this definition, we are ready to create our projection onto the image of
L. We define W : Y — Y by

s

N-1
(Wh)(t) = 4(t) (Z !¢(i)\2> > W ()h().
1=0 1=0

We can use this definition, in conjunction with the knowledge that if ker(BT) ( ker(D?) =
0, then 7 is not identically the zero map, to officially construct our projection onto the
image of L.

Proposition 4.2. Assume ker(B) (N ker(D?) = 0. Then E = I — W is a projection onto
the image of L.

Proof. We must first demonstrate that W is a projection. We can clearly see that W is
linear. Thus, since W is a linear map defined on a finite-dimensional vector space, we
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know that W is bounded. It remains to be shown that W?2 = W. So, consider

1y
(W (Wh))(t) ( (er ) ZwT(i)h(i))

(g
(g
o5

k
N— L n—
|9 () > 0

7

(Wh) (t)_

o) & (S

—1n_ -1 1y
) (K < |¢(i)l2> @7 (i)h(i)
—0 i=0 i=0
1

1y

$T(0)h(i)

1=0

This shows that W is indeed a projection. Hence, E' = I — W must also be a projection.

Next, we seek to show that Im(E) = Im(L). Recall that we previously demonstrated

N-1
that y € Im(L) when Y 97 (i)y(i) = 0. So, let h € Y, and consider
i=0

N-1 N-1
DT (O)(ER)G) = ' DT (@) (i) — (Wh)(i))
= ]z/z—ol N-1
= > _WThGE) = Y T (@)(Wh)(i)
=0 =0

N ]T_Ol
= ST @h) — Y W (RA(E)
=0 =0

=0

Thus, Im(E) C Im(L). Now, let h € Im(L). Then

N-1 1y
(ER)(t) = h(t) — ¥(t) <Z |¢(i)l2> > T (k)h(k) =
i=0 i=0

Therefore, Eh = h, which tells us that Im(E) = Im(L).

3 ¢T<k>h<k>)
k=1

h(t).

O]

We conclude our analysis of the linear component by noting some important prop-

erties of elements of our space X. Since P is a continuous projection, we know for
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x € X,z = P(z) + (I — P)(x). Furthermore, if we denote Xp = Im(P) and X;_p =
Im(I — P), we see that Xp ([ X;—p = {0}. Thus, X = Xp & X;_p. Since Im(P) =
ker(L), we can see that L : X;_p — Im(L) is a bijection. This tells us that there exists a
bounded linear map M : Im(L) — X;_p such that

a. LM(h) = h,Vh € Im(L),

and
b. ML(x) = (I — P)(z),Vz € X.
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4.4 Main Theorem

We are now ready to tackle the main problem. With the tools we have constructed,
we can work towards establishing the necessary criteria that guarantee solutions to
(4.1)-(4.2). Recall that we have reformulated the problem using operators in the form

Lx = F(x).

From here, we take our first step towards establishing our conditions with a proposi-

tion:

Proposition 4.3. Let [z]; denote the k' component of the vector z. Lz = F(z) if
N—1

and only if there exists & € R such that z = aS + MEFz, and Y [¢(i)]ng([aS(i) +
i=0

MEFz(i)]);) = 0.

Proof. Denote zp,z;_p by zp = P(z), and z;_p = (I — P)(x). Then, consider the

following:

Ly =F(x) < E(Lv — F(z)) =0and (I — E)(Lz — F(z)) =0
< ELx — F(z) =0and Lx — ELz — (I — E)F(z) =0
& Lr— FEF(z)=0and (I — E)F(z) =0
& L(xp+x;-p) — EF(z) = 0and F(x) € Im(L)
N-1
& L(z;_p) — EF(z) = 0and Y " (i)(F(x))(i) = 0

=0

N-1
& MLz, p=MEF(z)and Y 47 (i)(F(2))(i) =0
=0

N-1
& zp_p=MEF(z)and Y 7 (i)(F(z))(i) =0
=0

& x=xp+ MEF(z)and VT @) f(x(i) =0
1=0 ) .
0
N—-1 0
&2 =aS+ MEF(z)and YT () 0 =0
=0 :
L9(1(7)) |

for some a € R. This occurs if and only if
N-1
r=aS+MEF(z)and Y [¢(i)lng([aS(i) + MEFx(i)]) =0
i=0
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O]

We are nearly ready to establish the final conditions that guarantee the existence of
solutions to our problem. Prior to this, we need to introduce a few important concepts.
We begin by letting lim g(x) = g(o0), and lim g(x) = g(—0o0). So, we introduce the
following sets: Let o T

Uy ={i€{0,1,....N —1} : [S(i)]; = 0},

U ={i€{0,1,...N —1} : [S(i)]1 > 0},
Uy ={i€{0,1,...N =1} : [S(i)]y < 0}.

Next, define H;, and Hy by

and

i€Ur i€EU2
Finally, define R, and R_ by
N-1
R =) [()lng([aS(i) + MEFz(i)),
i=0
and
N-1
R_= ) [(@)lg([~aS(i) + MEFz(i)l).
i=0

Armed with these definitions, we present the following corollary.

Proposition 4.4. Assume Uy = (), H; # 0, Hy # 0. Also, assume g(c0), and g(—o0) exist.
Then, there exists oy > 0 such that for a > ag, Hy has the same sign as R, and H> has
the same sign as R_.

Proof. Let ¢ > 0. We show that for sufficiently large «, H; has the same sign as R.. The
proof for Ha, R_ is similar.

Recall that each of the maps P, S, M, and FE are all linear operators on finite-dimensional
spaces, and are therefore bounded. Also, F' is bounded by assumption. Thus, [S(i) +
MEFx(i)] is bounded for each i. Now, since U is empty, we can find a9 > 0 large
enough that

g9(00) — e < g([aS(i) + MEFx(i))1) < g(0) + ¢,

fori € Uy, and

g(—o0) —e < g([aS(i) + MEFz(i)]1) < g(—o0) + €

31



fori € Us,Va > ay.

Now, to simplify the problem, we introduce the following spaces:

10 ={i €Uy : [¥(i)], = 0},

V()—{ZEUQ [ (
V1={Z€U22[1/J(Z n>0},
Vo ={i €Uy : [¢(1)], <0}

So, for a > «agp, we have

iU
= Z )ng([aS(i) + MEFz(i)]1) + Z[w(i)]ng([as(i) + MEFz(i)]1).

So we have

(g(00) =€) D [(i)]n + (9(00) +€) D [¥(i)]n

<> [ )+ MEFxz(i)))
1€U
< (g(o0) +¢) Z[w(i)]n + (g(o0) —€) Z[¢(i)]n.

Similarly, we have for a > ay,

D [W(@)]ag([aS(i) + MEF(i))

1€Us
= > [ )+ MEFz(i)]1) + Y _ [1( )+ MEFz(i)]1).
1EV1 1€V
This yields

(9(=00) =€) D [¥(D)]n + (g(=00) +€) > [(i)]n

1€V, 1€Vo

< Y [W(@)]ag([@S(i) + MEFz(i)))

1€U2

< (g(=00) +€) D [()]n + (9(—00) =€) D [W(i)]n-

%! 1€Vo
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We can combine all of these inequalities to obtain

(9(00) =€) D [(@)]n+ (g(00) +6) Y[ (D)]n+ (9(=00) =€) D [$(i)]n+ (9(—00) +€) Y [¢(i)]n

1ETL 1E€ET2 i€V 1€Vo

< Y W@lag([@S(0) + MEFz(D)h) + Y [(D)]ag([aS (i) + MEF(i)))

i€Uy 1€U2
< (9(00)+€) Y _[(D)]n+(g(00) =€) D [Wh(i)]n+(g(—00)+€) D [(i)ln+(g(—00) =€) D [¥(i)]n
1ET] 1ET2 i€V 1€Vo

After some clever factoring and rearranging, we obtain

Hy —¢ (Z[wu)}n = W@n + Y [ — Y W(i)]n) <R,

€T 1€ i€V i€V2

and
Ry < Hi+e (Z[w(mn = W @n + Y @] = Y W(i)]n) :
1ETL 1E€ETY 1€V 1€Vs

This tells us that

N—-1 N-1
Ry € <H1 — (Z |[w<mn> Hi+€ (Z w)(z‘)m)) -

=0 1=0

Now, since H; # 0, we know there exists some i € {0, 1, ..., N — 1} such that [¢(¢)],, # 0. So, our
interval described above is non-empty. Since € was chosen arbitrarily, then there is an g > 0
such that H; and R, have the same sign for all & > «y. A similar argument demonstrates the
result for Hy and R_ O

We now state our main theorem, and as before, use two different arguments to

prove the result.

Theorem 4.1. Assume the kernel of (B+D A" ) is one-dimensional, and that ker(B”) N ker(DT) =
{0}.If

a.) g is a continuous, bounded function;

b.) g(c0) and g(—o0) exist;

c)Uy=0;

d.) and H1H> <0,

then there is at least one solution to (4.1)-(4.2).

Proof (Method 1). Without loss of generality, suppose H; > Hj. As from the last

proposition, let o be sufficiently large that for « > «, H; and R have the same sign,

and Hs, R_ have the same sign. Additionally, let ag > mN |||, where m = sup |g(t)|.
teR

We seek to utilize the Brouwer fixed point theorem to demonstrate our result. To that
end, we introduce the following maps:
Let G; : X x R — X be defined by

Gi(z,a) =aS+ MEFz.
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Let G2 : X x R — R be defined by

N-1

Ga(r,a) = a = Y [¥()]ng([@S(i) + MEFz(i))),

=0

andlet G : X x R — X x R be defined by
G(z,a) = (Gi(z,a), Ga(z, a)).

Our goal is to construct a nonempty, closed, convex set B C X xR such that G(B) C B.
To that end, we construct the following set:

B ={(z,a) : ||z|| <||S|| + m||ME||, and |a| < §,where 6 = ag + mN||¢||}.

Now, we know H1Hy < 0, and Hy > Hs. So, for o > g we know

N-1
Ry =) [W(i)lng([aS(i) + MEFx(i)]1) > 0,
i=0
and Noi
R_ = [(i)ng([—aS(i) + MEFz(i)]1) < 0
=0
So,if ag < a0 < 6,
N-1
Go(z,0) =a— > [U(i)]ng([aS(i) + MEFz(i)h) < o,
i=0
and Noi
Ga(z,—a) = —a— Y _[¥())lng([—aS(i) + MEFz(i)h) > —a
i=0

Now, we know

N—
| 2 [(@)]ng([@S(@) + MEFz(i)1)] < mN|[v].
0

=

P
So, since o > a9 > mN |||,

N-1

Gal,0) = a— 3 [0(D)]ag([aS(i) + MEFa(i)]y) > 0.
1=0

Similarly, Ga(z, —a) < 0. So, for any z, and any a € [ag,d],(or — a € [—J, —ag])
Go(z,a) € [-4,].

34



Now, consider « € [0, o). So we have

N-1

|Ga(z, )| = |a= Y [¥(D)]ag([@S (i) + MEFx(i)])]

i=0
< laf +mN|[y||
< ag+mN|[y||
=4.

Similarly, |G2(z, —a))| < 4. Thus, for any z, and any a € [0, ), (or — a € (—ayp,0]),
Ga(z,a) € [-6,0]. So, for any (z, o) in B, Ga(z, @) is in [0, J].
Now, let (z,«) € B. We have

|G (2, )| = [leS + MEFz|| < 6[|S|[ 4 m|| M E]|.

So, for (z,a) € B, Gi(x,a) € B.

Therefore, for any (z, o) € B, G(z, «) € B. Now, since G is continuous, by the Brouwer
fixed point theorem, G has at least one fixed point in B. That is, if (z, &) is a fixed point
in B, G(&,&) = (&, &). This tells us that

i =aS+ MEFz,
and
N-1
> [ (i)]ng([S(i) + MEFx(i)]1) = 0.
1=0

So, by proposition 4.3, we know Li = F(Z).
Thus, (4.1)-(4.2) has at least one solution. O

Proof (Method 2). In this proof, we will utilize a homotopy argument to demonstrate
our main result. We begin with the same assumptions as those in method 1. And, as

before, we assume H; > H,. We utilize a slightly modified set
B ={(z,a) : [[z[| < 4[|S|| + m[|ME]||;and|a| < 6, where § = ag + mN|[¢]},

and modify our function G in the following way:
Let G; : X x R — X be defined by

Gi(z,a) =x —aS+ MEFzx.

Let G2 : X x R — R be defined by

N—

Ga(w,a) = Y [(D)]ag([@S(i) + MEFz(i)h),
=0

—_
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and let G : X x R — X x R be defined by
G(xaa) = (Gl(:c,a),GQ(a:,a)).

For a homotopy argument we need to find an (z, «) in B such that G(z,a) = (0,0).
This would then show that
aS+ MEFx =z,

and
N-1

> [ (D)lng([S(i) + MEFx(i)]; = 0).
1=0

From here, we define ¢ : B — B by

o(z, ) = (z, ).

We note that the degree of this map is 1.
We now work towards creating our homotopy map. We first define T'x : BxRx[0,1] —
X by

Tx(z,a,\) =z — ANaS+ MEFzx],

then define T : B x R x [0,1] — R by
Tr(z, 0, \) = (1 — A a+AZ S(i) + MEFxz(i))),

andletT : B x R x [0,1] — B x Rby
T(z,a,\) = (Th(z, 0, A), To(x, a, N)).

We note that T'(z, o, 0) = (z,a) = ¢(z, ), and that T'(z, o, 1) = G(z, ). As with previ-
ous homotopy arguments throughout this article, we introduce the following notation:
Let T)\(z, ) = T'(x, t, A).

We seek to show that

—.

d[¢, B,0] = d|G, B,0].

To accomplish this, we need to demonstrate that 7'(z, a, ) # (0,0) for all (z, ) in 0B,
and for all A in [0, 1]. As before, we examine two cases:

Case1l: A\ =1, (z,a) € OB

If \=1,weknow T'(z,a,1) = G(z,a). If T(z,,1) = (0,0), then G(z,a) = (0,0), and
we will have established the existence of our solution.

Case2: A\ € [0,1), (z,«) € OB.

Now, we know that since (z,a) € 9B, ||z|| = J||S|| + m||ME||, and |a| = § = agp +
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mNN||v||. Additionally, we recall that || Fz| = sup |f(z(t))| < m.So, consider
te{0,1,...,N—1}
MaS+ MEFz| < ||aS+ MEFx|
< [lasS|| + [MEFz]|
< 8[|S]| + m|[ M E]|

= ||z||.
From here we see that

|Tx (2, M) = [l = AaS + MEFa]|
> |lz]| = A||aS + M EFz||

> 0.

Also, just as in method 1 of our proof, we know there exists an oy > 0 such that for
a > ap, Ry > 0,and R_ < 0. We can then see that for A\ € [0, 1),

Tr(z,6,)) = (1 — X 5+>\Z i)+ MEFz(i)];) > 0,
and
N-1
Ta(z,—6,A) = (1 = A)(=0) + A > [(0)|ng([~05(i) + MEFx(i))1) < 0.
i=0

We note that in the case where H; < H», we would need a slightly modified homo-
topy. In this instance, we would modify 7T by letting

Tr(z,a, ) = (1 - A a—)\z S(i) + MEFz(i)]).

With this modification, the proof will be analogous to that found above.
Thus, T)\(z,a) = T(z,a, A) # (0,0) for all (z, ) in B, and for all A in [0, 1]. This tells
us that
d[G, B,0] = d[T1, B, 0] = d[Ty, B, 0] = d[¢, B, 0].
Therefore, there exists an (z,«) € B such that G(z,a) = (0,0). Hence, we have

Lz = F(z), and, as in method 1 of the proof, we achieve the desired result. O
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5 Example

We now introduce a concrete example to illustrate the utility of the tools we have con-

structed. Consider
y(t+2) +2y(t+1) +y(t) = g(y(?)), (5.1)

fort € {0,1,...N — 1}, subject to

y(0) +y(1) =0, (5.2)
and

y(N)+y(N +1) =0, (5.3)

and where

() 2 arctan(z) +1 2 >0
xTr) =
g —2arctan(z) +1 z <0.

For this problem, we assume that NV is some odd integer greater than six.

First, we convert this scalar problem into a two-point, discrete system of the form

x(t+1) = Az(t) + f(z(t)), t € {0,1,...N — 1} 5.4)
subject to
Bz(0) + Dz(N) =0, (5.5)
by letting )
s 0 1 ’
-1 -2
and letting )
1
B = ] ,and D = 00 ] .
-1 -1
Additionally, we have )
(1) = zi(t)| _ | y(@) 7
[z2(t)]  |y(E+1)
and

() =L

With this reformulation, we begin checking all of the conditions that were discussed in
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section 4. First we consider

a1 ) =[]}
ity [ ) - [}

So, clearly ker BT N ker DT = {0}.
Next, we use Maple to see that

and

From here, we find that

1 1
(B+DAY) = [(1)N+1 (1)N+1] )

so
-1
ker {(B + DAM)} :span{[ ) ] }
This also tells us that the kernel of (B 4+ DAY) is one-dimensional.

Next, we have
(-1
G

forallt € {0,1,..., N}. This allows us to build the following important sets:

-1

S(t) = A* .

Uy ={i: [S(i)h =0} =05

Uy = {i: [S(i)1 >0} = {1,3,...N - 2};
Uy = {i: [S(i)]1 <0} ={0,2,.... N —1}.
Next, we consider
(B+DAM)T = [1 <—1>N+1]
1 9

(_1)N+1

which means

ker{(B + DAM)T} = span{ [(—1)]\[] } .
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From here, we define

w(t) — (DAN_t_l)T [(_1)]\] _ [(_1)Nt] ’

forallt € {0,1,..., N — 1}. Now, we know

lim g(z) = g(o<) = 2,

Tr—00

and

lim g(z) = g(—o00) =3.

r——00

From here we use ¥ and these limits to check that H; Hs < 0. So,

N-2 A
SN = D (-)N
€Uy 1€Ur

=1

Likewise,

So we have

B <N—1>_3<N+1>
2 2

_2N-2-3N-3

N 2

_—-N-5

2

< 0,when N > 3.
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Similarly,

> (0,when N > 7.

Thus, HiHy < 0. Therefore, we have met all of the necessary criteria to guarantee
the existence of a solution to (5.1)-(5.3).
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