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Abstract

In this work we will present the Sturm-Liouville classic theory for the regular problem,
showing that several properties of the eigenvalues and eigenfunctions of this problem, for
example, that the eigenvalues form an infinite increasing sequence and that the eigenfunctions
forms an orthonormal basis for the Cy, , [a,b] space.

In this way, we define the singular Sturm-Liouville problem that it depends continuously of
a parameter A and we prove that the eigenvalues accumulate into the endpoint v € AR under
certain conditions. We also study the case where it non-accumulate.

Lastly, we realize an application in Quantum Mechanics, where analyzing certain properties
of the potential function in the system we may obtain information about the accumulation or
non-accumulation of the energy.

Key-words: Sturm-Liouville Problem, Eigenvalue Accumulation , Schrédinger Equation.



Resumo

Neste trabalho apresentamos a teoria cldssica de Sturm-Liouville para o problema regular,
mostrando que diversas propriedades dos autovalores e das autofun¢des deste problema, por
exemplo, que os autovalores formam uma sequéncia infinita e crescente e que as autofungdes
formam uma base ortonormal para o espago Cy, , [a,b].

Em seguida, definimos o problema singular de Sturm-Liouville que depende continuamente
de um pardmetro A e mostramos que os autovalores acumulam no limitante superior v € A C R
sob certas condi¢des. Também estudamos o caso em que eles ndo acumulam.

Por fim, realizamos uma aplicacdo em Mecanica Quantica, onde analisando certas pro-
priedades da func¢do potencial em que o sistema estd submetido obtemos informagdes sobre a
acumulac¢do ou ndo-acumulacdo da energia.

Palavras-chave: Problema de Sturm-Liouville, Acumulacdo dos Autovalores, Equacao de
Schrodinger.
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CHAPTER

Infroduction

An important and significant application of Functional Analysis is the study of Sturm-
Liouville’s Problem come from Differential Equations. Several situations fall into type of
problem, for example, in some cases when we apply the Separation of Variables Method into
PDE’s obtaining a Sturm-Liouville problem whose solutions depends an eigenfunctions series.
This one may be transform into a integral equation, which in turn corresponding to a Hermitian
compact operator, thus by the spectral theory of these operators many properties about the
eigenfunctions and eigenvalues can be founded.

When we look for solutions on a certain interval I = |a, b], we need a specific condition in the
endpoints of /. This case is known as the Regular Sturm-Liouville Problem. However, in some
physical problems we cannot define the system on the endpoint, then consider that the interval is
defined by I = (a,b|, I = [a,D) or I = (a,b). Furthermore, the ODE may depends of a parameter
that has a central role on the model of this work. In our case, we have a Singular Sturm-Liouville
that depends of a parameter A which vary in determined interval on R. There are several papers
about this, see [1], [3] [5], [13], [15], [17], [22], [23] [24], [27], [28], [32], [34], [41].

In this work, we will present a detail study based on [23], [41] of a result about the accu-
mulation of the eigenvalues on the endpoint v € A and we will see that the eigenvalues are
intrinsically related with the oscillation properties of the solution at A = v € A. Accordingly,
this monograph is organized in the following outline:

Chapter 2: Mainly treats the main results about the Regular Sturm-Liouville theory.

Chapter 3: We discuss the Singular Sturm-Liouville problem which depends continuously of a param-
eter A, we did all the prerequisites and necessary results to show the main theorem of this
work, which provide conditions for the accumulation or non-accumulation of eigenvalues.
In addition, we present the proof of this result on a detailed way.

Chapter 4: Immediately we delve into the application of the main result of Chapter 3 in Schrodinger
Equation with its deduction and the physical meaning.

The main goal of this monograph is to gather classic results and very well known of the
Sturm-Liouville Theory with the most recent results about the singular problem, in general, not
raised in undergraduate course.

The figures in this work were prepared by the author in order to clarify some ideas present in
the proofs of the results.

In conclusion, I wish you all a good and pleasant reading and I hope you enjoy the text.



2.1

CHAPTER

The Regular Sturm-Liouville
Problem

In this chapter we will present the Regular Sturm-Liouville Problem, a classic problem in
the differential equations theory with applications in physics. In the Sections 2.2 and 2.4 we
will show some properties. In the Section 2.3, we will present an approximate determination
method of the eigenvalues. In the last section, we will study the Sturm Comparison Theorems
and Sturm’s Separation Theorem. The results of the sections 2.1, 2.2, 2.3 and 2.4 can be found
in [4], [18] and [19]. The section 2.6, in its totality, is in paper [6]. For the last section, the results
were based in the references [9], [16], [25], [30] and [44].

Basic Facts

In this section we will introduce some basic definitions, in such way that in the end of the
section we have the foundations necessary to define the Sturm-Liouville Problem.

In diverse cases, a physical phenomenon must satisfy some property on the boundary region
where it’s defined. This property, is called boundary condition. There are several types of
boundary condition, however, we will focus particularly in two that will be defined bellow.

Definition 2.1.1 Consider y € C([a,b],R) and a;, a2, B1,B2, 91,92 € R\ {0} such that
a? + a2 # 0 and B + B2 # 0. If the function y satisfies the following conditions

ouy(a) + oy (a) = ¢
Biy(b) + oy (b) = @2,

we say that these conditions are linear.

Definition 2.1.2 Let y be a function defined on interval [a,b] and a1, o, B, B> € R/{0}.
If the function y satisfies the following conditions

ayy(a) + ay' (a) =0
Bry(b) + B2y (b) =0,

we say that these conditions are linear and homogeneous.
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Every boundary value problem consists of a condition and a differential equation that
governing the system. Now, we will discuss about this equation of the Sturm-Liouville Problem.
For convenience, we will in introduce the following differential operator.

Definition 2.1.3 — Liouville Operator. LetJ = [a,b] C R the t-interval and let r, p and ¢
be real functions on J, such that
e ris continuous, differential and strictly increasing function on J, i.e, r € C!(|a,b])
with r(¢) > 0 for all 7 € [a, D]

e pis continuous on J, i.e., p € C([a,b],R)

e ¢ is continuous and strictly increasing on J, i.e, ¢ € C([a,b]) with ¢(¢) > 0 for all

t € a,b].
Given a function y € C?(|a, b]) we define the following second order linear differential
operators
Lyb] = —(r(@)y") +[p(t) — 2q(1)]y
and

Lly| = —[r(x)y"] + p(x)y-

where ’ denotes %. This operator is known as Liouville Operator.

Finally, we are ready to define the Sturm-Liouville Problem

Definition 2.1.4 — The Sturm-Liouville Problem. The Regular Sturm-Liouville Prob-
lem, or simply Sturm-Liouville Problem, consists in determining a function y € C?([a, b]),
such that the following BVC (Boundary Value Condition) is verified:

Lyble)=0  or  L[y]=2Aq()y, 2.1
for all t € [a, b], with the following linear and homogeneous boundary conditions,

ary(a) + 0ny'(a)

—0,
Biy(b) + B2y’ (b) = 0. (2.2)

@ We use the term Singular Sturm-Liouville Problem to indicate when at least one of the
functions r, p or g not satisfies one or more conditions in the endpoint of the interval.

The result bellow guarantees uniqueness of the solution to the problem in Definition 2.1.4.

Theorem 2.1.1 — Uniqueness of Sturm-Liouville Problem. If A = 0 is not a eigenvalue
of the Sturm-Liouville Problem, that is, if Ly = 0 with boundary conditions (2.2) has only
the trivial solution y = 0, then the Sturm-Liouville Problem in Definition 2.1.4 has a only
one solution.

Proof. Let y; and y, be distinct solutions of the Sturm-Liouville Problem, i.e., L;[y;] =0
and L [y2] = 0. Subtracting the two equation above, we obtain L [y;] — L, [y2] = 0. Since the
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Liouville Operator is linear
Ly[y1 —y2] =0.

As, by hypothesis, the above equation has only a trivial solution, thus

yi—y»2=0= y=y.

Now, we will do some considerations about this problem.

Proposition 2.1.2 Suppose that the non-homogeneous Sturm-Liouville Problem with ho-
mogeneous boundary conditions has a solution. Then, the same problem with homogeneous
boundary conditions has solution too.

Proof. Indeed, if yo € C?([a,b]) is a function such that

aiy(a)+ oy (a) = @i,
Biy(b) + B2y (b) = @s.

so it is easy to see that y = z+ yg is solution of

Ly (2] = f — Ly [yo],
a1z(a) + o7 (a )=
Biz(b) + 22 (b) =

Proposition 2.1.3 Every second order ordinary equation

—ap(t)y" +ar(t)y' + [ax(t) — Au()]y = g(t), (2.3)

where ag € C(]a, ]) with ap(f) > 0 on the interval ¢ € [a,b], u € C([a,b],R) can be write
in the form L; [y] =

Proof. Multiplying all the terms of the Equation (2.3) by the function

0= e | [ 4],

ao(t) ao(s)

we obtain that
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By Product Rule, we have

[r(6)y') o) Y= ®
e (et On() (80
_ raa(t _ r()u( o _r()s(
p) =", g =" g g =T
we have an equation under the form L, [y| = f. |

The next definition is fundamental to the theory of this chapter.

Definition 2.1.5 — Eigenvalues and Eigenfunctions of Sturm-Liouville Problem. We
say that A is a Eigenvalue of Sturm-Liouville Problem if the Equation (2.1) is satisfied by
some function yj,, that is usually A-dependent, and this function is called of eigenfunction
associated to the eigenvalue A of Sturm-Liouville Problem.

This nomenclature is justified because defining the operator

1
M =—-L,
q
we can write the equation Ly, + Agy; = 0 under the form My, = Ay, that is the eigenvalue
equation to the operator M.
Besides, several physical problems consist in solving Sturm-Liouville Problems, it’s useful
to solve non-homogeneous equations

where f is a given function, with boundary conditions like (2.2), known as the Sturm Problem.
The reason for this comes from the fact of the Green functions of the Sturm Problem can be
write in terms of eigenfunction and eigenvalues of a Sturm-Liouville Problem.

Now, we will give some physical examples

s Example 2.1 In Quantum Mechanics, to determine the one-dimensional wave function
of a particle with mass m, imprisoned on an interval [a,b] C R by through infinite barrier
of potential on x < a e x > b, and subject to potential V (x) on [a,b], consist in solving the
following time-independent Schrodinger equation,

7 d*y(x)
2m  dx?

() =V y(x) +Ew(x) =0,

on x-interval x € [a,b]. Due to the infinite barrier of potential we must impose the boundary
2

h
conditions y(a) =0 and y(b) = 0. This is a Sturm-Liouville Problem with r(x) = B’
m

p(x)=-V(x),q(x)=1,A =E. .
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= Example 2.2 When we are solving the wave equation and the diffusion equation in polar
coordinates, we obtain that the radial part result in the Bessel Equation

2y (x) 2/ (x) + (ax* = v3)y(x) = 0.

This problem is a Sturm-Liouville Equation with 7(x) = x, p(x) = —, g(x) =xand A = a?.

2.2 Properties of the Eigenvalues and Eigenfunctions

In this section we will show some results about the Regular Sturm-Liouville Problem. For
example, the eigenvalue are real and the eigenfunctions can be choose as real.

Before setting such properties of the Regular Sturm-Liouville Problem, it is necessary to
present an identity, known as Lagrange’s identity, which is basic to the study of linear boundary
value problems.

Proposition 2.2.1 — Lagrange’s Identity. Let L be a Liouville operator and u, v € C([a, b],C)
given functions. Then

/a ’ (SL{u] — uL[T)dt = M| (b) — Mlu.v)(a)

where M{u,v](t) = —r(t) [ (v)v(r) — u(t)v' (1)),

Proof. The Liouville operator is given by

Lly| = —(r(t)y") + p(2)y,

where r € C!([a,b],R) and p € C([a,b],R). In this way p(t) = p(t) e r(¢) = r(t). Then

b - b
/a (VL{u] — uL[V])dt = / (W(=(ruY + put) — (= () + pv))dt

b
= / [—v(ru') + pyu+u(rv') — pvuldt
a

b b ,
= —/ ?(ru')'dt-l—/ u(rv') dt.
a a

Integrating both terms on the variable ¢ on the right side by parts, we obtain
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b - b
/a (VL[u] — uL[v])dt = /a V(—(ru') + pu) — uu(—(rv') + pv))dt

b b
—/ V (ru')dt —/ u'rvdt
a a

+ " () — ol T

b b

+

u(rv')

a a

=— [V(ru')

b

= [—V(ru') + u(rv/)}

= —r[u'v —uv')?

= M[u,v)(b) = M[u,v](a),

a

which is Lagrange’s identity. [

Now, we will show the following result called Green’s Lemma

Lemma 2.2.2 — Green’s Lemma. Let u,v € C*([a,b]). Suppose that these functions
satisfy the Boundary Conditions (2.2). Then,

(Lu,v) = (u,Lv),

/ava[u]dt = /ab uL[v]dt.

that is

Proof. From Lagrange’s identity, we get
b S
|| L) ~ L)t = Ml (8) ~ Ml v)(a)

So, if we show M[u,v](b) = M|u,v|(a) = 0 we finish the proof.
Since u and v satisfy the Boundary Conditions (2.2), we have

{ oqu(a)+ opu'(a) =0 . { Bru(b) + B/ (b) =0
apv(a)+ oy (a)=0 Biv(b) + Bov'(b) = 0.

Since, B; and o; are real functions, thus, follow by conjugation

{ oqu(a) + o' (a) =0 . { Bru(b) + Bou’ (b) =

oyv(a)+av'(a)=0

0
Biv(b) + B2V (B) =0

writing in the matrix form

) =6) o (e (B)-6)

As (a') =+ <8) and (?) # (8), for the system above be possible, we must have




2.2 Properties of the Eigenvalues and Eigenfunctions 17

v(a)u'(a) —v'(a)u(a) =0
and N
v(b)u'(b) —V'(b)u(b) = 0.
Hence, Mu,v|(a) = M[u,v|(b) = 0. "

The Green’s Lemma affirm that L is a symmetric operator with respect to the inner product
defined by

< fg>= [ feea

Now, from Green’s Lemma, we will show finally some properties that are true for whatever
the Sturm-Liouville problems.

Proposition 2.2.3 The eigenvalues of the Sturm-Liouville problem are real.

Proof. Let A be an eigenvalue and let u be a corresponding eigenfunction, i.e., L[u] = Ar(t)u(t).
Note that

Llu] = —(r(0)u (1)) + p(t)u(r) = —(r(e)y'(t))' + p(r)a(t) = L[],

that can be write as L[u] = L[u].
Applying the Green’s Lemma to the function « and u, we have

0= /ab (ﬁL[u] - uﬂ) dt

then,
_ b 5
(A—7) / g(1)|u(t)Pdi = 0. (2.4)

b _
Since u # 0 and g > 0, by hypothesis, / q(t)|u(r)|>dt # 0. Therefore, A —A =0, i.e., A = A.
a

Hence, A is real, so the theorem is proved.
[ |

Proposition 2.2.4 The eigenfunctions of the Sturm-Liouville Problem are a linear combi-
nation of real eigenfunction, corresponding to the same eigenvalue.
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Proof. Lety € C? be an eigenfunction corresponding to the eigenvalue A. From the Proposition
2.2.3, we have L[y| = Aqy = Agy. However, we can rewrite y in the following form

—_— l —_—

(1) +3(1)) = 5 (iy(e) — iy (r)).

Setting,

Thus,

Analogously
Ar(t)y2(t) = Llya].

Hence, we always can write y as a linear combination of real eigenfunctions y; and y;. |

@ The previous proposition allows us to consider that the eigenfunctions of the Sturm-Liouville
problem can be choose always as real functions.

The following theorem describe a fundamental property about the eigenfunction of Sturm-
Liouville Problem.

Theorem 2.2.5 — Relationship of Orthogonality. Let y; and y; be two eigenfunctions of
the Sturm-Liouville problem corresponding to distinct eigenvalues A; and A,, respectively.
Then y; and y, are orthogonal with respect inner product

b
@hnﬁzé)ﬂﬂm@ﬂﬂmZQ

This relationship is called relationship of orthogonality.

Proof. Let u be any eigenfunction. Note that

L[u] = L[]
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Thus, applying the Green’s Lemma to the functions y; and y,, we have

0= /ab (y_zL[yl] —Y1M) dt
= /ab (Y_Z(I)M‘I(f)w () = (t)/l_zq(t)y_z(t)) dt
= () [ MO0

By hypothesis, A; # A,, therefore

[ om0 =o

2.3 Lower Bound for the Eigenvalues

The main objective of this section is show that the eigenvalues of Sturm-Liouville Problem
cannot be less than a constant M that depends on the functions r, p and g and of the constants

al7a27ﬁ1 and ﬁZ-

Definition 2.3.1 Let Cy () ([a,b]) be the space of continuous functions getting to complex
value defined on interval [a,b]. On this space, consider the norm |[x||, , with x € C([a,b]),

where
b 1/p
o= | [ Wop@I]

where p is a strictly positive continuous function defined in [a, b].

I

In the case where p =2 and p = 1, we will denote this space by Cy, ([a,b]) with the norm

b 1/2
vecliat)— il = | [ W Froa]

Theorem 2.3.1 Consider the Regular Sturm-Liouville given by the Definition 2.1.4. Then
there is a constant M, that depends on the functions r, p and g and on the constants ;, 0, B;
and [, such that all the eigenvalues A satisfy

A>M

Proof. Let y be an eigenfunction correspondent to the eigenvalue A. It is sufficient to show that
there is a M such that for A < M and y € C?([a,b],R) with ||y||, = 1, we get

[ Lablosar o
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that is i
/ [—(ry')' 4+ py — Agylydt > 0.
a
Thus,

b b
/ [—(ry')' + py — Agylydt = / [—(ry)'y + py* — Agqy*)dt

b b b
=— / (1) y+ry?ry®dt + / py*dt — 2 / qy*dt
a a a

b b b b
+ / ry?dt + / py*dt — A / gy*dt.  (2.5)
a a a

a

—(ry)y

In the case y(a) =0, then r(a)y’(a)y(a) = 0. Now, consider y(a) # 0, from o y(a) + 0y’ (a) =0
follow that

/ 0y 2 (241 1 /
= — <|— —+2 .
@y @@l = @) i@?| < |2 @l (52, + 20,
Setting
ﬂ@ =M, and ﬂ2}’((1) :Mz,
ob—a 10%)
we obtain
[r(@)y (a)y(a)] <My +Mao|y'[|, = r(@)y(@)y(@) > =My —Ma[y'l|,.  (26)
Analogously, there are M3 e M>, such that
—r(b)y (b)y(b) > M3+ M;||y'||,. (2.7)

We have already studied the first term of the right side of the Equation (2.5). Now, we will
study the others three terms.

The second term is fab r(t)y'(t)?dt. As we have r(t) > 0, Vt € [a,b], then r| = inf,<;<; r(t) >
0, such a way

b b
/a FO)y (1)2dt > / rly (0)Pe = (|| ],)* 2.8)

The third term is ffp(t)y(t)zdt. Since p is continuous on [a, b] there is g; = inf,<,<p p(¢) such
that

b b
| ey @2de = [ pilsto) P = pi(I) = pi
a a
which implies

b
/ g(0)y(1)%de > py 2.9)

a

Lastly, the fourth term is —A | f q(t)y(t)?dt, since this term is continuous and strictly positive on
interval [a, b], we have ¢ = inf,<;<; ¢(¢) and

4 [ atterar= [ aab@)Pd = —aa (1) = -2,
implies

— /1/ (t)%dt > —Aq. (2.10)
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Hence, adding (2.6), (2.7), (2.8), (2.9) and (2.10), we obtain

—|—/ ry’zdt—k/ pyzdt—ﬂt/ qy

> M;j +M4||y Hz—Ml —MzHy H2+r1 Hy H2 +ri—Aq
= Ms Mo /||, +ri([lY[|,)° =2,

/ [—(rY) + py — Agqylydt =

1 M 1 M?
= (VA S 2 ) A gy g
ZM7—)LQI»

2

1M
where Ms = M3 — M1+ py, Mg = My — M> and M7 = Ms —1—6. Thus
r1

M
M;—Agq) >0 — 7L<—7:M8.
q1

and enough to take M = min{0, Mg}. |

Rayleigh’s Quotient

In this section, we will present an approximate determination method of the eigenvalues,
known as Rayleigh’s quotient and we will show some condition under which the Sturm-Liouville
problem has only positive eigenvalues.

Let y, be an eigenfunction with eigenvalue A € R, i.e.,

(r3) +pys +Agqyy =0.

Multiplying this equality by y; and integrating from a to b, we obtain

b b

l/ 1 (x)2g(x)dx = —/ 2 () (ryy) dx+/ ya(x (2.11)

Integrating the first term on the right side by parts
b Y / b b / 2
3 @ = () )] = [ 04,00 ()
Taking this result into (2.11)
b ! 2 2 / !

A [ va0Pa(wax= [ (04,0970 2 (9Pt [r@)va ) (@) — v (01 0)]

Isolating A, we get

[ 15509709 2 002+ @ (@) (@) (B ()3 )

A= b
| 3awPgax

(2.12)
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The right side of the Equation (2.12) is called Rayleigh’s quotient, whose main application
consist in an approximate determination of the eigenvalues from approximation to eigenfunc-
tions. It’s extremely useful when the solutions of the Sturm-Liouville Problem can’t be found
analytically.

Now, we will use the following proposition to rewrite Rayleigh’s quotient given by the
Equation (2.12).

Proposition 2.4.1 Let y; be an eigenfunction corresponding to the eigenvalue A of the
Sturm-Liouville Problem, i.e,

(ry}) +pya+Agyy =0,  Vx€|[a,b]
a1y (a) 4+ oy (a) =0
Biy (b) + Bay', (b) =0.

Then, there are different constants y; and 75, that are independents of y, , such that
r(a)yr(@)yy(a) = niba (@) (2.13)
and
r()ya (0)y3 () = —p[ya(B)]. (2.14)
Proof. On the point a, y, satisfy
a1y (a) + any’y (a) =0.

First, let’s suppose that oy # 0. Multiply the equation above by r(a)y, (a) we obtain

o
rlap(aa(a) = = r(@)baa))”
. oy
In this case, we take ¥} = —r(a)a—.
2

If ap = 0, the relation iy, (a) + apy) (a) = 0 tell us that y; (a) = 0. Therefore, it’s evident
that (2.13) is satisfied, since to any constant 7;, both sides are null. This finish the proof to the

Equation (2.13). Similarly, we found y» = r(b)% for B, # 0 in the Equation (2.14). [
2

Inserting (2.13) and (2.14) into (2.12), we may rewrite the Rayleigh’s quotient as:

/ D) s (Pl R @+ o ()

b
| yaePaods

(2.15)

where

a . B .
%:{ —”(a)a—27 if ap #0 and = r(b)g, if B #£0

0, if oy =0 0, if B, = 0.

What follows are an example of Rayleigh’s quotient to determine an approximation eigen-
value.
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= Example 2.3 Let u € C?[0, 1] be a solution of BVP

u’(’(()))c)—i—?tu(x) =0, x €[0,1]
1)

u
u

This is a Regular Sturm-Liouville Problem on interval [a,b] = [0, 1] with r(x) =1, p(x) =0
and ¢g(x) = 1 for all x € [0, 1], therefore (o, ) = (1,0) and (B, B2) = (1,0). This is the
harmonic oscillator equation, whose eigenvalues are A, = n’n> with n =1,2,3,4,... and the
eigenfunctions (not normalized) are u; (x) = sin(n7mx).

For example, we take the case n = 1, the eigenfunction is u, (x) = sin(7x), where is null
on x =0 and x = 1, being positive in the rest of interval [0, 1] and maximum value is equal to
lonx=1/2.

The function u(;) = 4x(1 —x) is similar to u,,, as show the Figure 2.1, and can be
considered an approximation to the function uy, .

Replacing u(y) by uy, into (2.12) or (2.15), we get an approximation to the eigenvalue

A1 = 2 given by
1
/ (1-20)%dx

T TR —x2dx 130

=0
=0

which provides the approximation 7 = /10 = 3,162, which has relative error of only 0,66%.

; uy,(z) = sin(wz) \ ugy(x) = 4z(l — x)
0.8 0.8
0.6 0.6
04 04
02 02
uy,(x) = sin(7x) u)(z) = 4z(1 — x)
0 0.2 0.4 056 0.8 \ s 0 02 0.4 06 038 \x

Figure 2.1: On yours left we can see u, (x) = sin(7x) and on right u(;) = 4x(1 —x), that show
their similarities.

This method was developed by Rayleigh in 1870, that systematized it, adding ideas of cal-
culus of variations. The variational methods of eigenvalue determination are very utilized in
computational simulation due to its simplicity and efficiency. Originally, these methods were
developed to Sturm-Liouville Theory, but these results can be applied in another problem involv-
ing the determination of isolate eigenvalues, as in several applications of Quantum Mechanics,
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Nuclear Physics and Solid State Physics.

Finally, in several problems in physics we need that the eigenvalues of the Sturm-Liouville
problem to be positive. The following proposition show that there are some conditions that imply
this occurs.

Proposition 2.4.2 Consider the conditions of the Sturm-Liouville Problem listed previously.
If the following conditions are simultaneously valid:
(I p(x) <0, for all x € [a,b]
(II) opop <0

(1D Bif2 >0
then the eigenvalues A of the Sturm-Liouville Problem are strictly positive.

Proof. Let y be a eigenfunction with eigenvalue A € R, i.e., (ry') 4+ py+ Agy = 0. We can show
that A > 0 if Rayleigh’s quotient (2.12) is positive.
Note that the denominator of the Rayleigh’s quotient (2.12) is always greater than zero, that

b
is, / y(x)?q(x)dx > 0, because y(x)> > 0 and g(x) > 0, by hypothesis. By the same argument,
a
b b
we have / (¥ (x))?r(x)dx > 0, so that — / (y(x))?p(x)dx be larger than zero we must impose
a a

b
the condition (I)(p(x) < 0), thus —/ (y(x))*p(x)dx > 0.

a
Therefore, remains to analysis under what conditions

r(a)y(a)y'(a) = r(b)y(b)y'(b) < 0. (2.16)
On the point a, y satisfy o y(a) + 0y (a) = 0. We can rewrite the equation as

afy(a)* + o3y (a)* + 200 apy(a)y (a) = 0,

then,

200 0y(a)y' (a) = — [aiy(a)* + &5y (a)?] . (2.17)
Analogously, for the point b,

2B1 B2y (b)Y (b) = — [Biy(b)* + B3 (b)?] . (2.18)

The Equation (2.18) show that o @, e y(a)y'(a) has opposite sign, and by boundary conditions,
if cyay =0e BB = 0, follow respectively, y(a)y'(a) = 0 and y(b)y' (b) = 0.

Thus, so that (2.16) be satisfied, we have that y(a)y'(a) > 0 e y(b)y' (b) < 0 and by Equations
(2.17) and (2.18), this occurs if, and only if, the conditions (I) and (II) be satisfied, in another
words, ajap < 0 and B8, > 0. Hence, so that A be larger than zero, the conditions (I), (IT) and
(IIT) must are simultaneously valid. [

It’s important to observe that there are negative eigenvalues. However, by the Theorem 2.3.1
these not be arbitrarily negative.

@ We can also show the Theorem 2.3.1 using Rayleigh’s quotient (2.12), that can be found

in the page 21, where we consider all possible combinations for constants y; e ¥ which
are positive real numbers or negative, show that in all cases, the eigenvalue A given by the
Rayleigh’s quotient always have a lower bound.
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Main Result

A very useful tool when studying a Sturm-Liouville Problem is to turn it into an integral
equation using the Green function. As we will see, this can only be done by assuming that A = 0
is not an eigenvalue of the Sturm-Liouville Problem.

Before we continue the discussion, we will give some definitions and results that will useful.
The first result is known as Spectral Theorem for Hermitian Compact Operators. The proof can be
found in the classical books about Operator Theory and Functional Analysis [18], [19], [20], [33].

Theorem 2.5.1 — Spectral Theorem for Hermitian Compact Operators. Let P be a
pre-Hilbert space (or inner product space) and A a Hermitian compact operator defined on
P, A # 0. Thus, there is a sequence A, € R of nonzero eigenvalues of A and a sequence e,
of corresponding eigenvectors that form an orthonormal set such that Vx € P, we have:

Ax = Zﬂ,,,xnen, where x, =< x,e, > .

Now, we will introduce to the Green function, which will be responsible for transforming
ODE into an integral equation.

Definition 2.5.1 — Fundamental Solution. Let H be a symmetrical function, we called it
the fundamental solution from Sturm-Liouville problem if it satisfies

L ( /a "u (x,9)f (y)dy> = f(x)

and

L[H(x,y)] = —% (r(x)%—f) +pH = 8(x—y).

Definition 2.5.2 — Green’s Function. A two-variable function G(x,y) with x,y € [a,b] is
a Green function for the Sturm-Liouville problem, if G is a fundamental solution of the
problem and the expression

/a Gl

satisfy the boundary conditions (2.2).

Now we can enunciate Green’s theorem for Sturm-Liouville problem.
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Theorem 2.5.2 — Green’s Theorem. There is a continuous function
G: [a,b] x [a,b] — R
such that f € C([a,b]), y € C*([a,b]) is solution of
Lyl=—(n')+py=f  on[a,b]
satisfying the boundary conditions (2.2), that is,
Fi[y] = ayy(a) + axy' (a) =0

By] = Biy(b) + By (b) =0

if and only if
b
:/ G(t,s)f(s)ds
a
where the function G is a Green’s Function, given by
t
yL(¢)y2(s) = G(t,s), ifa<t<s
G(t S) = r(s)W[yl7y2] (S)
’ wnls) :
Ga(t,s), ifs<t<b

rOWhioal(s)

where W represents the Wronskian, y; and y, are linearly independent solutions of the
equation L[y] = 0, with the conditions (2.2).

Proof. According to the theory of ordinary differential equations, the general solution of the
equation
Lly| = f(1) (2.19)
is
¥(1) = cryi () +coy2 () +yp (),
where ¢; and ¢, are constant,the particular solution is the form y, () = v (t)y1 (t) +va(t)y2(2),
where v (¢) e v,(t) are time dependent functions. Therefore

S (s)n() f(2) b ya(s)y1(2) f(t)
i) = / Wyl +/s OWyl(0)°
So we define Green’s function by

t.

o) s if a s

G(t,s) = (%wzgy]{z;( 5 = Gi(t,s), fa<t<s,
1S . S . |

r(s)Wlyn,yal(s) Ga(t;5), fs<t<b

Then we can write

dt+/ Ga(s,t)f(t)dt

9= [ o
A
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b
Now, by Green’s theorem, y(x) = / G(x,s)f(s)ds is a solution for L[y] = f with the

a
conditions (2.2) then, this solution is unique. However, under the hypothesis that A = 0 is not

an eigenvalue of the Sturm-Liouville problem, every function y that satisfies Ly] = f with the
b

boundary conditions (2.2) also satisfies y(x) = / G(x,s)f(s)ds for any continuous function

. Thus, for a specific f, we have the followin caonse uence:
f P g q

Corollary 2.5.3 A function y is a solution to the non-homogeneous Sturm-Liouville problem
with conditions (2.2) if and only if

b
¥(t) = A / G(t,5)y(s)q(s)ds = g(z),

where

2(r) = / ’ G(t.5)f(s)ds.

Proof. By Green’s Theorem for the Regular Sturm-Liouville Problem, we have that y is solution
of

Lly|=2Aqy+f
satisfying (2.2) if and only if

b
y(0) = [ G9)Ra(5)y() +f(9)ds,
this is,
b
Y0 =2 [ Gles)y(s)a(s)ds = g(0).
[ |

An equation like this, where function G(¢,s)g(s) is continuous on a closed interval, is known
as the Fredholm integral equation of the second type. We then define an operator related to
this type of integral equation.

Definition 2.5.3 — Fredholm Operator. Let us indicate by § the integral operator in
Cr,(r)([a,b]) defined by

We called § as Fredholm operator.

As a consequence of the previous corollary, the homogeneous Sturm-Liouville Problem can
be written as

b
y(0) =2 [ Gt 9¥)al)ds.
a
However, the previous equation
1

that is, 1/A is an eigenvalue of the Fredholm Operator §. Proving the following Corollary.
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Corollary 2.5.4 (a) A is an eigenvalue of the Sturm-Liouville problem if, and only if, 1/A is
a eigenvalue of §.

(b) y is the eigenfunction of the Sturm-Liouville Problem corresponding to the eigenvalue
A if and only if y is a eigenfunction of the operator § corresponding to the eigenvalue 1/A.

Since the kernel G is a real function and symmetrical, follows that the integral operator
§ is Hermitian and compact, so we can apply the theory of operators and integral equations
(see [18], [19], [46]), such that the results that follows are valid.

Proposition 2.5.5 Let P = Cy,(|a,b],C) be a pre-Hilbert space, K : a,b] X [a b] —Ca

b
continuous function and k : P — P the operator defined by (kf)(¢ /

Then » b b
Y22 < [ [ IK(es)Pdsar,
n=1 ¢ J@

where A, are the nonzero eigenvalues of the operator k.

Theorem 2.5.6 Given a Hermitian continuous kernel K and an eigenvalue A # 0 of the
Hermitian compact operator k, associated with K, then the integral equation,

= y(¢) —I—/abK(t,s)x(s)ds

has a solution if and only if | ab y(t)z(t)dt = 0 for all continuous function z € C([a,b],C)
such that

b
/ K(t,s)z(s)ds = Az(t). (2.20)
The solutions have the form
x(1) = ly + ) A =en(t) +2(0), 2.21)
/1,,# M

b
where z is an element of C([a,b],C) that satisfies (2.20) and y, = / y(s)en(s)ds.
a

The series (2.21) is absolutely and uniformly convergent.

For the demonstration of the next theorem, we will introduce the following notation: Let
9 (]a,b]) be the vector space of functions that mapping elements of |a,b[= (a,b) to complex
values that are infinitely derivable and null outside a closed interval contained in |a, b[. Finally,
we can prove the main theorem:
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Theorem 2.5.7 Consider the Sturm-Liouville Problem given in the Definition 2.1.4. Then

(a) The values A € C such that there is a solution y # 0 of L, [y] = 0 satisfying F[y] =

F>[y2] = 0, that is, the eigenvalues of the Sturm-Liouville problem form an infinite
increasing sequence A,, of real numbers such that

r}1_r>r°10/l,,:—|—oo and ,,2'1/1_n<°o.

(b) The sequence @, of the eigenfunctions forms an orthonormal basis of the pre-Hilbert

space Cp,(y)([a,b]).
(¢) For every function x € C?([a,b]), such that

Fi [x] = Fz[x] =0,

we have

x(t) = ilxnwnm

where .
50 =< 5.0 >= | x()9u(a(0)dr

being the series uniformly and absolutely convergent in [a, D).
(d) Let A # A, for all n, and f € C([a,b]) the system

Lyl =f, with Fi[y] =Ry =0,

has only one solution y,

being the series uniformly and absolutely converging in [a, b].
(e) If L = Ay, given a f € C([a, b)), the system

Lyyl=f, with Fi[y]=FR[y] =0,
has a solution if and only if < f, ¢,, >= 0, this is,
b
| £©)gn(0)at 0.
a

In this case the solution is like in (d), being arbitrary component y,, of @,.
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Proof. (c) Letx € C%(|a,b]) with F[x] = F>[x] = 0. From Green’s Theorem, it follows that

Since § a Hermitian compact operator, by the Spectral Theorem for Compact Hermitian Opera-

tors, we have
x(t) = { x]] :i (L[x)n (1), (2.22)

n=l
() (5 o)

%=<m%»_/bo%w<wr

- ['| [ o] awaa

= ["Slod6)eids)as

— o [ o (2 ) as
()
(L

L

g
L[x
V)

where

Consider oy, =< x, ¢, >4, thus

A
1
"

I

Therefore,
= 1 [ Lx] =
0=Y 1 (“2) 00 = L oty
where the series is uniformly and absolutely convergent.

(b) Forall x € Z(]a,b[) the conditions Fj[x] = F>[x] = 0 are satisfied, so the item (c) can be
applied to functions from %(]a,b[,C), this is,

= ian(l)n(t)

where the series converges uniformly and absolutely in (a,b). Since Z(]a,b|,C) is dense in
Cr,(q)(Ja,b[,C), given y € Cp,(4)([a,b],C) and € > 0, there is a x € ¥(]a, b[,C) such as

Iy = x| =

- Z an(Pn
n=1
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Therefore, if we consider all linear combinations of ¢, so we have that itis dense in Cy,,(,(]a, b[,C),
thus the @, are a complete orthogonal family of Cy, (4 (Ja,b[,C).

(a) Since the kernel is Hermitian, all the eigenvalues of the Sturm-Liouville Problem are
real. From item (c) follows that the sequence of the eigenvalues, (4,), is infinity and by the

1
Spectral Theorem for Hermitian Compact Operators, and Corollary 2.5.4 follows that " —0
n

and therefore, A, — +oo. We still have from Corollary 2.5.4, that A, is an eigenvalue if, and

1 1
only if ?L_ is a eigenvalue of §, so for the sequence (/l_)’ the Proposition 2.5.5, page 28, and
=1

from Corollary (2.5.4) follows that Z R < oo,
n

(d) From Corollary 2.5.3, page 27, follows that the solution y of the Sturm-Liouville problem
satisfies

n=1

W5 =4 / Gt 9)y(s)q(s)ds + / " G(t.5)f(s)ds

_ / ’ G(t.9)[Ay(s)q(s) + F(s))ds

= /ab Gl(t,s) [Aq(s) + %} q(s)ds,

that is,

%3 {]ﬂ = ;y—SM

1
Since the eigenvalues are real, replacing A by 1/A, A, for 1/4,, x by y e y for z% []—C} , We
q

conclude that

where we use (2.22) and the series converges uniformly and absolutely on [a, b].

(e) It follows the same way of the Theorem 2.5.6, page 28 (see [18], [19]). [ |

Sturm’s Theorems

It is very important from the point of view of physical applications, to determine the number
of zeros which the solution has on interval [a, b], this problem was first attacked by Sturm in
1936, see [40].
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The principal interest of this section will be to study the zeros set of a solution y of Sturm-
Liouville equation

— (r(x)y' ()" + p()y(x) =0 (2.23)

where r and p are continuous, real-valued functions defined on interval [a,b] with p > 0.
An useful tool for the proof of the Comparison Theorem is the Priifer Transformation. From
the Figure 2.2, we may introduce the following "polar" coordinate

y=psin0 (2.24)
{ry/ = pcosb. (2.25)
2 Yy
7,
’I“y/

Figure 2.2: Prufer’s Triangle.

We want to obtain p and 6 as functions of the variables y and ry’. As such, dividing (2.24)
by (2.25),

tan6 = l/ — 6 =tan! <l/) . (2.26)
ry ry
Square (2.24) and (2.25), then adding it, we obtain
v+ (ry)? =p?. (2.27)

Differentiating the Equation (2.26),

y\ Y =)
6/_ ry/ (ry,)z

2 2 ?
y y
1 1
Tor Ty
thus L ( ,)/

yry —y\ury

=27 V77 2.28

(ry')?+y? (228

Replacing the Equation (2.27) into (2.28) and from (2.23),

g =YY =) Y —y(py)
(2.23)
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L (5) )
r\p P\p) -

1
0’ = — cos? 6 — psin’ 6.
r

that can be rewrite

Thus, from (2.24) and (2.25),

Now, differentiating the equation (2.27), we get
2pp" =2(ry")(ry) +2y".
Dividing both sides by 2p implies

COPENIR N
pl="—=(ry)+=y.

p p
Replacing the equations (2.24) and (2.25) into the above equation

/

p' = (ry) cos@+y'sin0,

from (2.23),
p' = pycos8 +y'sin. (2.29)
However, from (2.24) and (2.25), we have
6 =tan~! (l/)
0 ry (2.30)
ry = =cos0
r

In this way, replacing (2.30) into (2.29),

1
p' = (; —l—p)pcos@sin@.

Definition 2.6.1 — Priifer Transformation. Let y be a nontrivial real-valued solution of
(2.23) and let

{ y=psinf
p> =y +(ry).
These relations transform the Equation (2.23) into
! 1 2 : 2
0" = —cos“ 6 — psin“ 0, (2.31)
r
1
p' = <—+p> pcosBsinf. (2.32)
-

Note that any solution of (2.31) exist on the whole interval, where p, g are continuous
similar to (2.23).

Note that if y is null then 8 assume value m7, where m is an integer number.
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Lemma 2.6.1 Let y be a nontrivial real-valued solution of (2.23) with r(x) > 0 and p(x)
real valued and continuous on [a, b]. Consider that y(x) has exactly ngeql zeros, z; < zp <
- <zpona<x<b. Let 0(x) be a continuous function given by (2.26) with 0 < 6(a) < 7.
Then,
i) 0(z) =
(i) 9(x > kn’ for zx <x <b.
forkel,.

Proof. Let’s show the case (i). Since 6 and 6’ do not vanish simultaneously follows from (2.27),
that p(x)? > 0 on interval (a,b). In this way, we can assume p (x) > 0. As consequence, follow
from (2.24), that y = p sin 6 vanishes only when 0 (x) is an integer multiple of 7.
To prove the case (ii) observe from the first case, for a x-value, y = 0 if only if 6 = m, for
some integer number m. Thus, from (2.31), follow that
1
6'=—>0.
p
In this way, 0(x) is increasing in the neighborhood of x where 6(x) = mm. Hence, if a < xo < b
and mm < 6(xp), then 6(x) > mm for xo < x < b. This proves the case (ii).
[ |

For the theorems that follows in this monograph, consider two Sturm-Liouville equations

— (r1(x)y'(x)) + p1(x)y1(x) =0
— (r2(x)y' (%)) + p2(x)y1 (x) = 0,
denoted by (SLE/) and (SLE,), respectively. Let r;(x), p(x) be real-valued continuous function

on an interval / and r; > O for j = 1,2. Thus, we may define

Definition 2.6.2 — Sturm Majorant. Under the above condition, if r; > r, and p; > p»
on /, then, the Equation (SLE/) is said to be a Sturm Majorant for Equation (SLE;) on /,
and will be denoted by (SLE;) >~ (SLE).

@ We say also, (SLEy) is a Sturm minorant for (SLE,).

Definition 2.6.3 — Strict Sturm Majorant. If, in addition the previous conditions, either

ri(x) > ra(x) or p1(x) > pa(x)

for some x € I. Then (SLE)) is said to be a strict Sturm Majorant for Equation (SLE;)
on / and denoted by (SLE;) > (SLE»).

Finally, we will show the Sturm’s Comparison theorem in two different cases that will depend
on the endpoints.
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Theorem 2.6.2 — Sturm’s First Comparison Theorem. Let (SLE;) be a Sturm Majorant
for (SLEy), i.e., (SLE;) = (SLE;) on an interval [a,b]. Consider y(x) a nontrivial solution
of (SLE;) with exactly n zeros z; < zp < --- < z, on (a,b] and y; is a nontrivial real solution
of (SLE,) satisfying

ri(@yi(a) _ ra(a)yh(a)
yia) = yf(a)
where the quotient is considered to be +eo when y;(a) =0,i € 1,2.
Then y; has at least n zeros on (a, z,]. Furthermore, the result also holds if either (SLE;)
> (SLE,) or the inequality in (2.33) is strict.

(2.33)

The idea of the proof is to use the Priifer Transformation (see page 33) and its properties to
show that 6,(x) < 0;(x), Vx € [a,b]. When x = z,, we have 0,(z,) = nm < 6;(z,) and applying
the Lemma 2.6.1 the result follows.

Proof. The inequality (2.33) motivates us to use the Priifer Transformation. Thus, let

6;(x) = tan~! (%) ,  fori=1,2

and, from (2.33), we have
0:(a) < 6y(a). (2.34)

From da Definition 2.6.1 of the Priifer Transformation, 8 must satisfy (2.31), i.e.,

1
0! = —cos® 6; — p;sin’ 6; = fi(x, 6;). (2.35)
ri
Since cos? 6 and sin” 0 are uniformly bounded, the function f;(x, 6;) is smooth as function of
the variable 6;, i = 1,2, then the solution of (2.35) is unique and determined by their initial

conditions.
Since (SLE)) is a Sturm majorant for (SLEy), it follows that

fi(x,0) < fo(x,0)
fora < x < b and all 8. From (2.35) and Corollary I11.4.2 ( [16]), we get
0>(x) < 61(x), Vx € [a,b].

Hence, since 6;(z,) = nx this implies that nw < 6;(z,). Then, by the Lemma 2.6.1, y; has at
least n zeros on (a,z,|. This show the first assertion.

In the case where either (SLE;) > (SLE;) or the inequality in (2.33) is strictly, the proof
is analogous, since 6;(a) < 0;(a) or fo(x,0) < fi(x,0) on interval [a,b], then, by the same
argument in the first part, y; has at least n zeros on (a,z,). This completes the proof. [

Now, studying the same result, however on the another endpoint. Thus, we obtain the
following assertion.



2.6 Sturm’s Theorems 36

Theorem 2.6.3 — Sturm’s Second Comparison Theorem. Let (SLE;) be a Sturm Ma-
jorant for (SLEy), i.e., (SLE}) = (SLE;) on an interval [a,b]. Consider y;(x) a nontrivial
solution of (SLE;) with exactly n zeros z; < z < - -+ < z, on (a,b] and y; is a nontrivial real
solution of (SLE,) satisfying

r(bYi(B) _ ra(b)yh ()
yi(b) = »(b)
where the quotient is considered to be —eo when y;(b) =0, i € 1,2.
Then y; has at least n zeros on [z1,b). Furthermore, the result also holds if either (SLE;)
> (SLE,) or the inequality in (2.36) is strict.

(2.36)

Proof. The proof of this result is totally analogues to the previous Theorem, just note that
the assumption of the zeros set of y, implies the transformation of the equation (2.36) in
nw < ez(b) < 6; (b) < (1’1+ 1)71'. [ |

The following result is a corollary of the Sturm’s First Comparison Theorem, known as
Sturm’s Separation Theorem.

Theorem 2.6.4 — Sturm’s Separation Theorem. Let (SLE;) be a Sturm Majorant for
(SLEy), i.e., (SLE;) = (SLE;) and y; (x), y2(x) be nontrivial real-valued solutions of (SLE/)
and (SLEy), respectively. Suppose that y; vanish at z1,z € [a,b], with z; < zp. Then y, has
at least one zero on [z1,22].

Proof. We may assume that 6>(z;) =0 and 6>(z2) = w and 0 < 6;(z;) < . From the proof of
Sturm’s Fist Theorem it follows that

6>(x) < 6;(x),

for z; < x < zp. Then exist z; < zj < z2, in such a way 0;(z}) = 7, i.e., there are at least one
zero of y; on the interval [z1,z;]. Thus the assertion is proved. [ |

Corollary 2.6.5 In particular, if p; (x) = p2(x) = p(x), g1 (x) = q2(x) = g(x), and y; (x), y2(x)
are two independent solutions of the same Sturm-Liouville Equation, then, the zeros of y;
separate and are separated by those of y».

The main utility of the Sturm’s Comparison Theorem is it may used to show that a second
order linear equation (sometimes nonlinear) is oscillatory. For this purpose, we will close the
Chapter with an important application of Sturm’s Comparison Theorem to obtain the zero set of
nontrivial solution Bessel’s Equation.

Consider the following Bessel’s Equation

2y 4 xy + (2= vy =0 (2.37)

where V is a real positive parameter (v > 0). For x > 0, setting the change of variables y = %,
X
transform the Equation (2.37) into

1 —4v?
u”+(1+—2>u:o forx >0 (2.38)
4x
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Now, for the study about the zeros of the Equation (2.38), we need consider the values of v.

[0<vVv<1/2] In this case, we will use the Sturm Comparison Theorem to compare (2.38)
with
Y/ +y=0, (2.39)

which has a solution sinx with zeros at x = n7, n € N. Therefore, a solution u of (2.38) has at
least one zero on each of the open intervals ((n— 1)7,nm),n € N

[v>1/2] Once again, we will utilize the Sturm’s Comparison Theorem with (2.38) and
(2.39) and conclude that between any two consecutive zeros, o and 3 of y, there exist at least
one zero of sinx. Thus, we have o < nw < B for some n € N.

In the course of the work, this argument of comparing some equation with (2.39) will be
employed.



3.1

CHAPTER

The Singular Sturm-Liouville
rroblems in Spectral Parame-
er

In this chapter we will investigate the Singular Sturm-Liouville problems with spectral parameter,
that is, the coefficients depend continuously on the spectral parameter A in an interval A. The
focus is to show that the accumulation/non-accumulation of eigenvalues at endpoint v of A is
determined by oscillatory properties of the equation at the boundary A = v. In the two first
sections we will define the problem with spectral parameter and some basic results. In the
Section 3.3 we will prove two lemmas that will be auxiliary in the proof of the main result of the
last section.

Basic Definitions

In the previous chapter we saw that the Sturm-Liouville equation has a parameter A € R. Now
we will vary A on some interval A C R.

Definition 3.1.1 — The Parameter Dependent Sturm-Liouville Equation. We called of
a parameter dependent Sturm-Liouville equation, a family of equations

—(r(sA) f(x)) + p(;A)f(x) =0, xcICR

denoted by (SLE)(A), A e ACRand r,p : I x A — R are continuous functions with » > 0.
The Sturm-Liouville equation —(r(x) f(x)")’ + p(x) f(x) = 0, will be denoted simply by
(SLE).

The result bellow guarantees the existence and uniqueness of the solution to the problem in
Definition 3.1.1, as well as the continuous dependence on A.
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Theorem 3.1.1 — Existence-Uniqueness. If y : A— I, and o, 3 : A —> C are continu-
ous functions, then, for each value of the parameter A in A, the initial value problem

—(r(sA)f(x)) +p(sA)f(x) =0,  xel

fx)=a@),  f(x@1))=BA)

dy(A) dy(-: o)
ox — ox

uniformly on T as A — Ay € A; in particular, y, 8_y : I x A — C are continuous.
X

has a unique solution y(-;A) on I, and y(;A) — y(-; o), locally

The proof will be omitted, however, it follows in such way that we need to transform the
initial value problem into a linear first order problem and then apply the standard Picard-Lindelof
method [see [7]].

Now consider the following Sturm-Liouville problem:

Problem 3.1.2 — A-Nonlinear Singular Sturm-Liouville Problems. The problem consist
of a family of parameter dependent Sturm-Liouville equations

—(r(x:A) f(x)") + p(x: A) f(x) =0,

on an x-interval / = (a,b) (=0 <a < b <o) or [ = [a,b) (—e < a < b < oo) where the
parameter A varies in an interval A = (U, V), —oo < u < v < oo, Incase I = [a,b), we also
consider a A-dependent boundary condition

a(A)f(a)+B(A)f'(a) =0 (3.1

where it will always be assumed that
e o, : A — R are continuous,
o 0?(A)+PB%(A)#0forall A € A,
e cither B =0 or B is never zero on A.

Definition 3.1.2 — Limit-Equation. If the limits

r(x;v) = )thlv r(x;A) >0, p(x;v) = AIEVP(X;)L)

exist for all x in a subinterval J of I and define continuous functions r(-;4) and p(-;A) onJ,
then the Sturm-Liouville equation

—(r(sv)f(x)") +p(xv)f(x) =0,
will be called the limit-equation for A — v on J and denoted by (SLE)(v) (on J).

In the next section we will give two concepts about the solution of this problem.



3.2 Oscillatory Equations and Principal Solutfions 40

3.2 Oscillatory Equations and Principal Solutions

We begin this section defining oscillation and disconjugate solution of Problem 3.1.2 which
we will use throughout this chapter.

Definition 3.2.1 — Oscillatory and Nonoscillatory. If one or every nontrivial real valued
solution of (SLE)(A) has infinitely many zeros on I, then we say that (SLE)(A) is oscillatory.
Conversely, when the nontrivial solution has at most a finite number of zeros on /, it is said
to nonoscillatory.

Definition 3.2.2 — Disconjugate. In the case where every nontrivial real valued solution
of (SLE) has at most one zero on I, then, we called (SLE)(A) of disconjugate.

The following lemma is a simple corollary to the First Comparison Theorem;

Lemma 3.2.1 If the function p > 0 on [ then (SLE)(A) is disconjugate on /.

In the singular problem we have no boundary condition. Thus, in this kind of problem, the
solution needs to be principal on the endpoint.

Definition 3.2.3 — Principal Solution. Suppose (SLE) is defined on a half-open interval
I = [a,b) and is nonoscillatory at b, i.e., it is nonoscillatory on [x¢,b) for some xg € [a,b).
Then, a nontrivial real valued solution y is referred to as principal or nonprincipal at b
according as the integral
/b ds
r(s)y(s)?

diverges or converges, respectively. The lower limit of integration of above equation being
any point beyond the last zero of y.

Another way of characterize a principal solution y at b is when it satisfy the following
condition
lim & =0,
x—b u(x)

for any nontrivial solution « independent of y.

Principal Solutions are unique up to constant multiple.

Motivated by the results in the previous section about the Comparison Theorem, we can
formulate this one for the principal solutions.
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Theorem 3.2.2 — Comparison Theorem for Principal Solutions. Let (SLE;) = (SLE;)
on I = [a,b) and let (SLE;) be disconjugate on /. Then, for any nontrivial real valued
solution y of (SLE;) there are a principal solution w and a nonprincipal solution v of (SLE;)

such that ; ; ;
rnw r v

1 < 2y < 1

w y %

for all points of / beyond the last zero of y.

The proof of following results will be omitted, however the first Lemma can be found in [30]
and the remaining found in [24].

Lemma 3.2.3 If (SLE) is disconjugate on I = (a,b), then a solution which is principal at b
(or a) has no zeros on /.

Lemma 3.2.4 — Principal Solutions and Boundary Conditions. Let p be given by the
Definition 3.1.1:

(I) If p(-) > € on I = [xp,b) for some € > 0, then any solution of (SLE) which is principal
at b is also in L2[xg,b). If, in addition, (SLE) is in the limit point case at b, then the
space of L2-solutions at b is just C - f where f is any principal solution at b.

(1) If p(-) > 0on I = [xg,b) and

/ p(x)dx = oo,

then a nontrivial real solution w of (SLE) is principal at b if and only if w(x) — 0 as
x—b.

Lemma 3.2.5 — Continuous Families of Principal Solutions. Suppose that for (SLE)(A)
there is a continuous function B: A — I = (a,b) such that p(x;A1) > 0 on [B(A),b) and

/bp(x;l)dx =

for every A. Then there is a family {w(;4) | A € A} of solutions of (SLE)(A) principal at

w .
b such that w, — are continuous on / X A.

ox

Of course that the last two lemmas also holds for the left endpoint.

3.3 Background to Main Result

The proof of the main result will be summarized in the lemmas bellow. For the rest of chapter
we will made the following assumptions
(D) When a (respectively b) is a singular endpoint, there is a continuous function A : A —
(a,b) (respectively B: A — (a,b)) such that (SLE)(A) is disconjugate on (a,A(A)]
(respectively [B(A),D)) for every A € A.



3.3 Background to Main Result 42

(PS) In the case where a (respectively b) is a singular endpoint, there are a family of solutions
{v(.sA) | A € A} (respectively {w(.-;A) | A € A}) of (SLE)(A) such that v(.-;4) (respec-
tively w(.-;A)) is principal at a (respectively b) for each A and v, a—v (respectively w, a—w)

X X

are continuous on I X A.

(MC1) Forany Aj,A; € A such that 4| < A, and (SLE)(4;) = (SLE)(A;). Then for any subinterval
of I like J = (¢,b) (or J = (a,c) when a is also a singular endpoint) we have (SLE)(4)|;
~ (SLE)(A)],.

(MC2) Inthe case I = [a,b), then A — M

, B(2)
function).
We first consider only the special case where the following conditions holds:
(a) The x-interval is I = (—o0,b),
(b) The hypotheses (D) and (PS) hold for the endpoint b of I,
(¢) The limits,

is increasing on A (as an extended real valued

lim supr(x;A) < oo and lim supp(x;A) <0

X——o0 X—>—00

holds for each A € A

Lemma 3.3.1 Suppose that (a)-(c) occurs and let B(+) be as in (D) and w(-;-) as in (PS).

(i) The set of all zeros of w(-;-) on (—eo,b) X A consists of an infinite sequence {z, :
A — (—o0,b)}>_| of continuous curves such that z,,1(-) < z,(-) < B(-) on A for
every n.

(i1) Consider that (MC1) holds, then the zero curves of w are strictly increasing in A and,
for any fixed xo € (—e0,b),

r(x0; )W (xo,°)
w(xo;-)

is strictly increasing on any subinterval Ay of A such that no zero curves of w intersect
{x()} X Ao.

Proof. By the assumption in (¢), for a given A € A there are €, > 0 such that

—ef"—8f=0 (3.2)

where
lim supr(x;A) =¢ and lim supp(x;A) = —6.
X——o0 X—r—o0
The equation (3.2) is a Sturm majorant for (SLE)(A) near —eo and since this equation is obviously
oscillatory, because is a classic harmonic oscillator’s equation, it follows that w(-; A ) has infinitely
many zero which of course cannot accumulate at any finite point.

Since the solutions w(-; A ) are assumed to be principal at b and (SLE) (A) is disconjugate on
(B(A),b), by the Lemma 3.2.3, they can have no zeros on the interior of the interval [B(1),b).
Thus, consider z,(4) as being the n’th zero of w(-,A) to the left of B(A).We can see that z,,(1)
is well-defined and since w is oscillatory, w(z,(a),a) = 0, where z,(a) < B(a).

The continuity of z, at a given Ay € A follows from the Implicit Function Theorem, since
w, ((99_: : (—o0,b) x A — R are continuous and —;V is not null at zeros of w, by the Implicit
Function Theorem for each j € {1,...,n} there exist an open bounded rectangle R; =I; x A; C
(—oo0,b) x A centered at (zj(9);Ao) with A; C A, as shown in Figure 3.1, and exist a unique
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continuous function /2; : A — I; such that 2;(Ag) = z;(A9) and w(h;(A);4) =0, forall L € A;.

B(\)

Figure 3.1: The figure illustrates the rectangles R; cited above.

The rectangles may be taken sufficiently small that they are disjoint and such that /; exhausts
the set of zeros of w in R;. Write I; = (a;,b;) and choose an upper bound M < b for B(-) on the
compact interval NfA; such that also M > by. In particular, w(-; Ao) has no zeros on (M, b) for
A € N{A;. Because w(-,Ag) also has no zeros on the compact set

K = [bn,an_l] U [bn_l,an_g] U--- [bz,al] U [bl,M]

and w(-;A) — w(-; Ag) locally uniformly as A — Ay, then, there is a neighborhood Ag C NA;
of Ay such that w has no zeros on K x A, as shown the Figure 3.2.

K x Ag

A.]:m;'AJI hs, V1 V2SR Jh
Ao 4 //// W i

N\

R o

e “ B(\)

Figure 3.2: The figure illustrates the neighborhood Ag where w has no zeros on K x Ag.

Therefore, the only zeros of w in (a,, b) X A are just those given by the functions Ay, hy, ..., hy,
and, since the z; are defined by counting zeros from right to left, z; = h; on Ay, where 1 < j <n.
By the same arguments, we concluded that z,, where n € {1,2,...} is a continuous curve.
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Now, we will prove the part (ii). For A; < A, in A consider the equations (SLE)(4;) >
(SLE)(A,) and choose a bound B(-) < d < b on [A,A;] so that, by (D), both equations are
disconjugate on (B,b), since this is valid also in a subinterval, thus both equations are disconjugate
on [d,b).

By the Comparison Theorem for Principal Solutions (Theorem 3.2.2), there is a principal
solution u of (SLE)(4) on [d,b) such that

r(x; A1) o (x) < r(x;A2) w'(x;A2)
u(x) - w(x;A2) ’

Vx>d.

Since w(-;A;) is a principal solution on [d,b) and such solutions are unique up to a constant
multiple, we have

r(x; A1) w(xA)
w(x; )

r(x;A2) w(x;A2)
wxdy)

< Vx> d. (3.3)

According to (MC1), we can choose dy € (d,b) such that (SLE)(4;) > (SLE)(4,) on
[zn(A1),dp). This fact, the inequality given by the Equation (3.3) for x = dj and the fact that
w(-; A1) has exactly n zeros in [z,(A;),dp), imply, by the Sturm’s First Comparison Theorem,
that w(-, A2) has at least n zeros on (z,(A1),dp), i.e., za(A2) > zu(A1).

Now, let xg, Ag be as in (i), A} < A, in Ag, d as above. Since xp is not zero of w(-,1;)
and w(-,A;), remembering the construction of the sequence (z,(11)), (z,(A2)) (from the right
to the left) and the fact of z,(4;) < z,(A2), Vn € N, hence, we may choose dy, satisfying
max{xg,d} < dy < b, such that, the "non-intersection”" hypothesis implies w(-,4;) and w(-,A,)
have the same number of zeros on [xq,dp). This fact together the Equation (3.3) and the Second
Comparison Theorem imply

r(x; A1) w'(xp; A1) - r(x;A2) w'(x0;A2)
w(xo; A1) wixpsda)

Before the next lemma, we will define the interface condition and the crossing of successive
zero curves of w and 7.

Definition 3.3.1 — Interface Condition. For o, 8 : A — R, where a*(1) + B%(A) #0
for all A € A and either B = 0 or 8 is never zero on A. We called the equation

a(A)w(y(A); 1) +B(A)w (v(2);4) =0 (3.4)

of interface condition for w a long a given continuous curve ¥ : A — (—oo,b).
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Definition 3.3.2 — Crossing of Successive Zero Curves of w and y. We say that a pair
of points A,,A,+1 € A are crossing of successive zero curves of w with y if satisfies

zj(Aj) =y(4;),  for j=nn+1,

where w(z;(4;),4;) =0.

Lemma 3.3.2 Suppose the conditions (a)-(c) are satisfied and let B(+) be as in (D) and let
w(-,-) be as in (PS). The follows statements are verified

(i) Consider that T and w, with T < @, are crossings of successive zero curves of w with

7, then [T, @) contains at least one solution A of (3.4) as well as values which are not

solutions.
(1) Assume that (MC1) holds, ¥ is constant equivalent to xo (Y = x¢), and
r(xo;-)a(:)
B()

is increasing (as an extended real valued function), then there is at mot one solution
of (3.4) in any subinterval Ag of A such that no zero curves of w intersect {xo} x Ao.

Proof. Note that the part (i) is obvious when 8 = 0, because (3.4) becomes
a(A)w(r(A);4) =0 = w(y(1);4) =0

and this occurs if, and only if, y(A) = z(4), thus, the crossing points are themselves, the only
solutions of (3.4). Now, we assume f3 is never zero, i.e, B ZOandlet T =1, < A, = @ be
as defined in the Lemma 3.3.1. Then there are ¢, d such that 4, < ¢ <d < A,41, za(c) = y(c),
Znt+1(d) = y(d) and no zero curves of w cross Yy between ¢ and d, i.e. w(y(1);1) # 0 for
¢ < A < d. We can constructed these points by setting

d = inf{L € [ A 1] | 20s1 (A) > YA},
¢ i= sup{A € [Ansd] | za(2) < Y(A)}.

To ensure the existence of values ¢ and d, we have some cases to analyses:
1° There is not intersection between the curves, except in the extremes, we have d = 4,1 |
and c = A,,.
2° There is intersection between the curves, it’s illustrated in Figure 3.3.
Using the continuity we have

Zn(d)=yd)  and  z(e) < ¥e), (3.5)

in particular, if ¢ = d, then we have the contradiction z,,+1(c) > z,(c), thus ¢ < d.
For A € (c,d) the definitions imply z,11(4) < ¥(1) < z,(A) (we also may see this in Figure
3.3), hence, w(y(A);4) # 0 for A € (¢,d). From the Equation (3.4), we have

W(A)A) )

w(r(A):A)  BA)
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I
1
I
+
[

)\u—l

>4
=

Figure 3.3: It’s easy to see that there is not zero curves of w cross ¥ between ¢ and d.

Thus, define (Y(A); A) W (7(A); 1)
_ r(Y(A); w'(Y(A); on (¢
O(A) = WA A) (c,d) (3.6)
and
__r@dxMa@d)
H(A) = B(A) () Y

We want to find Ay € (c¢,d) such that Q(Ay) = H(Ap), i.e., satisfy the Equation (3.4).

Note that H is continuous on [c,d], consequently bounded and w(y(c);c) = w(y(d),d), so if
we will show that Ran(Q)= R then Ay will be the point of intersection between Q and H. For
this it suffices to shown

sgnw'(¥(c);c) = —sgnw'(y(d);d) (3.8)
because sgnw(y(A); 1) is constant on (¢,d) and lim Q(A) =tecand lim Q(A) = Feo. To
A—ct A—d~
Show (3.8), is the same, by (3.5), to prove

sgnw (z,(c);c) = —sgnw/(z,41(d);d). (3.9)

Because A — w/(z,(A4); ) is continuous and not null, its sign is constant and (3.9) follows,
since sgnw'(z,(d);d) = —sgnw'(z,+1(d);d) .

Now we will prove the part (ii). If B = 0, then there are obviously no solutions of (3.4) in Ag.
For B never zero and y = x let Q be defined on Ag. The claim follows, since the function (3.7)
is decreasing and the function (3.6) is strictly increasing by the Lemma 3.3.1, Therefore them
has at most one intersection, that imply the Equation (3.4) there is at most one solution.

For the special case where

(a’) The x-interval is I = (a,o0).
(b’) The hypotheses (D) and (PS) hold for the endpoint a of 1.
(c’) The following limits holds,

lim supr(x;A) < oo and lim supp(x;A) <0

X—300 X—$00

forall A € A.
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We have the exact analogues of the Lemma 3.3.1 and Lemma 3.3.2 for the solutions v(-; 1)
in (PS) (principal at a). Specifically, in Lemma 3.3.1(i) we get zero curves

A(')SZ](')<Z2(')<"'<Zn(')<"'

r(xo; )W (xo,-)

and in the part (ii) of the same lemma
w(xo;-)

is strictly decreasing on Ag if no zero

r(xo;-) ()
B()

curves of v intersect {xo} X Ag . In Lemma 3.3.2(ii) the hypothesis must be that

is decreasing.

3.4 Main Result

The main result of this work is related to the eigenvalue of the Sturm-Liouville problem,
however as we treating with a singular problem, the definition of eigenvalue is a little different.

Definition 3.4.1 — Eigenvalue. We say that a fixed A is an eigenvalue of the Problem
3.1.2 if exist a nontrivial solution y such that

e y is principal at both endpoints a and b in case I = (a,b),

e yis principal at b and satisfies (3.1) at a in case I = [a,b).
Then, we called y as eigenfunction with corresponding eigenvalue A.

Theorem 3.4.1 — Eigenvalue Accumulation. Let r, p: I x (1, v) — R be continuous
functions with r(-;v) > 0 and suppose (SLE)(V) is oscillatory on I. Then, v is an accumu-
lation point of (simple) eigenvalues of the parameter dependent Sturm-Liouville Problem in
A and every left neighborhood of v has some points which are non-eigenvalues.

Proof. We will prove this statement for two types of I. First we consider the problem for
I = (a,b). We will assume A(A) in (D) is such that (SLE)(A) is disconjugate on (a,A(1)+€(1))
for some €(A) > 0. Then the assumption implies that the solution v(-; 1) in (PS) is principal at a,
by the Lemma 3.2.3, imply that v(-; 1) has no zeros on (a;A(A) + €(A)), hence, v(A(1); 1) # 0,
VA €A

From the Definition 3.4.1, we have that a point A € A is an eigenvalue if the associated
non-trivial solution is principal at both endpoints a and b. From (PS), v(-; A4 ) is principal at a and
w(-;A) is principal at b, thus w is equal to a v up to constant multiple, i.e.,

By differentiating with respect to A we obtain

d (w(:A)\ 0
dr \v(sA) ) 7
matched at A(A), we obtain that the following statement: A point A € A is an eigenvalue if, and
only if,

VAL MW (AA);A) =V (AA); Aw(A(A); A) = 0.
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We will now begin the proof. The idea of the proof is show that every left neighborhood
of v always has an eigenvalue. For this, we will show that given an any neighborhood exist an
interval in this neighborhood that contains an eigenvalue.

Let u(-;A) be the solution of (SLE)(A) on I determined by the initial conditions

{ u(xp;A) =1
u'(xp;A) =0

at some fixed point xp € I. Since u(-;A) — u(-;v) and o' (-;A) — u'(; v) locally uniformly
on/as A — v and u(-; v) must have infinity many zeros on I, because (SLE)(V) is oscillatory
on [. Tt follows that the number of zeros of u(-;A) on I goes to o as A — v. Hence, by the
Separation Theorem (observe that SLE;=SLE;), between two zeros of a solution u there exist a
zero of w and since the number of zeros go to infinity, w also has infinity zeros as A .

Since (SLE)(A) is disconjugate on (a,A(A)) for any A, w(-; 1) may have at most one zero on
(a,A(A)]. Thus, fix ty € A, let 0 < n < o be the number of zeros of w(+; ty) on [A(uo),b), and
choose Ay € (Uo, V) such that w(-; Ag) has at least n+ 2 zeros on [A(Ag),b). Now fix any xo with

a<xo<min{AA) | up <A <A} (3.10)
and consider, for the A-interval [o, Ao|, the auxiliary equation

— (F ) /(%) + P(xA) f(x) = 0 (3.11)
with continuous coefficients 7, p on (—oo,b) X [, Ag] defined by

FlA) = {

r(gd) xo<x<b
r(xp;d) —eo<x<xg
and ()
Sy . ) P\ xo<x<b
pleh) = { p(x0;A) + (x —x9) —o0 < x < xp.
The term (x —xp) in p(x;A) above is due to the condition (c).

Let w(-;4) be the extension of w(-;A) from [xg,b) onto (—eo,b) as a solution this auxiliary
equation, in this way, w and w are identical on [xg,b) X [Uo, Ag]. From the comments above at
least the (n+ 1)’st and (n+2)’ns zero curves of W must cross A(+) on [y, Ap] which will be
denoted by & and 1 in the Figure 3.4. Setting o((1) = —V'(A(1);4) and B(A) =v(A(A);A) in
the Equation (3.4) and applying the Lemma 3.3.2(i) to the auxiliary equation it follows that there
is at least on eigenvalue in [ug, Ag]. Thus, by the previous construction we can choose a arbitrary
Uo so close of v and repeating the same arguments above, we guarantees the existence of an
eigenvalue A between L and v, concluding that v is a accumulation point for A.

)

-1 =
=
<=
s T
e
=
b
&
=

Figure 3.4: The figure illustrates the accumulation of the eigenvalue in v.

The proof for I = [a,b) is a special case of the arguments above. We must apply the above
consideration to the auxiliary equation (3.11) with xo = a VA € A. Another consideration that
we apply the Lemma (3.3.2) with Yy =a on A. [ |
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Theorem 3.4.2 — Non-accumulation. Consider that (MC1,MC2) hold, r(-;v) and p(-; V)
are continuous with r(+; v) on I, except at finitely many points ay,...,a,, and let (SLE)(1)
be non-oscillatory on each component of I\{ay,...,a,}. Then, the eigenvalues do not
accumulate at any point of A nor at the endpoint u either.

Proof. We will prove this statement for two type of I. First we consider I = (a,b). We assume,
without loss of generality that A(4) above is decreasing. Due to the non-oscillation hypothesis,
on each component of I\{ay,...,a,},we have a bound on the number of zeros of any nontrivial
solution of (SLE)(v). By the Sturm condition in (MC1) and the Sturm’s Separation Theorem
we also obtain such bounds on the number of zeros of nontrivial solutions of (SLE)(A) on the
corresponding components independent of A. Taking into account the possibility of zeros at
the points ay,...,a,; we get a bound M on the number of zeros for any nontrivial solution of
(SLE)(A) on I independent of A,in this way , the solutions w(-; A1) has a bound M on the number
of zeros.

Note that there are only finitely many zeros of w(-;A) on A(+). Indeed, we will show this
claim by contradiction. If there were infinitely many zeros we could choose [, i] C A such that
there are at least M + 1 zeros of won A|, . A and we can define xy and the auxiliary equations

like at the Equations (3.10) and (3.11), respectively. From the monotonicity of zero curves of Ww
by hypothesis, there are at least M + 1 crossing of different zero curves of w with A, as shown in
the Figure 3.5.

r

@ M + 1 intersection points

@ Zero curves of w

>
o

M

Figure 3.5: The figure illustrates the level curves of zero curves of w crossing with A(A4) in at
least M + 1 points.

Since w and w coincide on this interval, w(-; A1) has at least M + 1 zeros on (a,b) for some

A

A € [f1,A] and that is a contradiction.
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Therefore, we can choose [y such that there are no zeros of w on Al . Let A9 € (Uo, V)
be arbitrary and we will observe the auxiliary equation (3.11) and the segment {x¢} X [to, 40|
for xp := A(Ap), then the zero curves of W (also w) cannot intersect this segment for the choose of
Uo. The eigenvalues in [, Ag| are the points where v and w can be "matched" along the segment
{x0} % [Ho, o], as shown the Figure 3.6.

v h\ Lo Ao v

Figure 3.6: The figure illustrates the construction of Ly, Ay and the segment {xo} X [Lo, Ao] (the
segment blue) where we can calculated the eigenvalues.

Now, consider an analogous auxiliary equation with coefficients 7, p defined on (a, o) x
(1o, o] by (—o0,b) X [Uo, Ao] defined by

oy r(sA)  a<x<xg
Pl d) = { r(xp;A) xo < x < oo,

and ) _
Sy . ) PWG a<x<Xxp
plxd) = { p(xog;A) — (x—xp) xp < x < oo.
Similar to the Theorem 3.4.1, the term —(x — xg) in p(x;A) above is due to the condition (c).

Let ¥(-;A) be the extension of v(-;A) from (a,xp| onto (a,0) as a solution this auxiliary
equation. Setting a(A) = —V'(xp;4) and B(A) = v(xp;A) in the Equation (3.4) and applying
the Lemma 3.3.2(i) to the auxiliary equation it follows that there is at most one eigenvalue in
[1o, o). Since the choose of L is arbitrary, the non-accumulation at v is proved by the same
argument utilized in the Theorem 3.4.1.

To finish the proof, we will show the non-accumulation of the eigenvalue at , and for this
we do not need any information about the limit-equation. Let yy € A be fixed and observe
that there is a finite bound M for the number of zeros of any nontrivial solution of (SLE)(t)
on (a,b). Thus, since (SLE)(A) = (SLE)(Up), due to the Separation’s Theorem, we get that a
nontrivial solution of (SLE)(A) has at most M + 1 zero. Arguing in the same way as the non
accumulation at v above, we obtain that ¢ is not an accumulation point to the eigenvalues. Since
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the eigenvalue non accumulation on the interval neither (1, o) non (g, v), we get that the has
not an accumulation point to the eigenvalues.

The proof for I = [a,b) is a special case of the argument utilized above. We must do the
same considerations as the Theorem 3.4.1 (in the end of the proof), but in this case we have that
the A-dependent boundary condition is given (as an interface condition on w along the line x=a)
instead of being generated by the family of solutions v.

|
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CHAPTER

Application to Schrodinger
Equation

Emmy N oether!, in 1918, proved the following theorem [45], [14].

"Every conservation law is consequence of a particular symmetry
in the laws of physics that govern the universe."

Hence, if the potential energy is rotationally invariant (i.e., symmetric to rotations about a
point), then it dependent only on the distance r from a center of force, chosen as the coordinate
origin, therefore, the orbital angular momentum is conserved. This constant enables us to reduce
three-dimensional Schrodinger Equation to an ordinary differential equation, the radial equation.

In this chapter, firstly, we will deduce the Schrodinger Equation like Ervin Schrodinger make
and we will give a physical support about the Schrodinger Equation based in [8] [29] [35], and in
the end, we will apply the Theorem about the Eigenvalue Accumulation of the previous chapter
for this physical application.

Deduction of The Schrodinger Equation

In this section we will deduce the Schrodinger Equation in the same way that Ervin
Schrodinger make in his papers [37], [38].

The beginning of this deduction is the Hamilton-Jacobi Equation. We may obtain it at least
two ways. The first is applying a canonical transformation (a change of coordinates where
the equation (Lagrange, Hamilton, etc.) are invariants) on the Hamiltonian, where the new
Hamiltonian is identically null. This transformation is

as as

— — E— ———
P34 o1

where obtain

H(q,p,t)=E — H( ﬁt)——ﬁ
q,p,t) = C]agq, = o

that is the Hamilton-Jacobi Equation.

'NOETHER, Emmy (1882-1935), studied in Godttingen and Erlangen, becoming associate professor in Got-
tingen in 1922. After her emigration to the United States in 1933, she obtained a guest professorship at the small
college of Bryn Mawr. N. has deeply influenced various branches of algebra by her work. It may be ascribed to her
influence that structural theoretical thinking became a dominant principle of modern mathematics. [14]
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@ The Hamilton-Jacobi is a formalism to study the motion, like the Hamiltonian H and the
Lagrangian L but the equations of motion are the same of the Hamiltonian, just to this
transformations.

The function § that appears in Hamilton-Jacobi Equation is known as action and given by

S= /dtL. 4.1)

This functional is extremely important in the Physics because the minimization of action §
implies in the equation of motion (Principle of Least Action). Feynman [11], based on the work
of Dirac [10], concluded that the classical trajectory, is nothing more than the function, among
all the possible function, that minimize the functional action.

The another way to obtain the Hamilton-Jacobi is due to A. Small and K. S. Lam [39].
Consider the functional action, given by the Equation (4.1). Since the Lagrangian L and the
Hamiltonian H are related by the equation

dq
A g t)=L
P (p,q,t)

where p and ¢ are the generalized coordinates and the generalized conjugate momentum, we
obtain

t dq
S = dt — —H t
s (pdt (p,q, ))

and can be rewrite in the form
q t
S(g,t) = / pdq— | Hdt (4.2)
q

0 Io

where go = ¢(tp)-
Furthermore, since S is a function of g and p, we may write it as

N N
Wﬁ_%%@+m§a (4.3)

Comparing terms in Equations (4.2) and (4.3), we conclude that

S
P=3. (4.4)
and P
EZ_H<p7q7t)' (45)
Replacing (4.4) into (4.5)
S dS
H (a—q,q,t> -2 (4.6)

where (4.6) is the Hamilton-Jacobi Equation.
Now we will begin the deduction of Schrodinger Equation. In the conservative case (without
explicit temporal dependency) the function § is separable in the form

S=W—-Et
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where E is the energy of the system. Then, the Hamilton-Jacobi Equation becomes

H<%%g):E. 4.7)

Studying analogies between this equation and the wave theory, Schrodinger do the transfor-
mation
W =Ky, (4.8)

where the constant K must be introduced from consideration of dimensions, being dimension of
action.

In his paper, Schrodinger not explain the reason for this transformation, but he do as analogy
with the entropy’s expression in statistic Physics [31] [36] [21].

Consider a non-relativistic particle submitted to Keplerian motion, thus, the Hamiltonian is
given by

p2

H =—+4V
(@,p) =~ +V(q)
where V is the potential.
The choice of coordinates can be arbitrary, then let us take rectangular Cartesian. Thus q =r

andr =xi+yj+ zk. Hence, the Equation (4.7) becomes

L[ oW\ [ow\* [ow)\?
n [<W) () +(5) |rvo-s
and make the substitution (4.8), we obtain
N AN A A B
Schrédinger postulate that in Quantum Mechanics, R must be non-null and the integral
[[favavazr (. 2¥. 22V . (4.10)
dx’ dy’ dz

assume the smallest value. In the Schrodinger words

We now seek a function y, such that for any arbitrary variation of it the integral of
the said quadratic form, taken over the whole coordinate space, is stationary, Y being
everywhere real single-valued finite, and continuously differentiable up to the second
order. (SCHRODINGER, 1926).

Thus, the quantum condition are replaced by a variation problem.
The Equation (4.10) is minimized when the following Euler equation for three independent
variables [2]

JR Jd OR Jd JdR Jd OR
Ty axdw avow oy " “4.11)

is satisfied. Therefore, replacing Equation (4.9) into (4.11), we get

_ 2

WVZ v(r)+V(r)y(r) = Ey(r)
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that is the Famous Schrodinger Equation.

Due to the Balmer Series to the hydrogen atom, we have that the constant K must have the
value //2m.

As a consequence of choosing R # 0, we get the concept of trajectory does not exist and the
wave function y stores all the information about to dynamics of the system.

Stationary Schrédinger Equation

Consider a particle of mass m moving in a central-force field. The Hamiltonian for this particle
is given by
P2
H=—+V 4.12
2m V() ( )

where p is the momentum.
The Schrodinger Equation in the position representation to the Hamiltonian above is given by

2
Sy (ra) =~ Ay ()£ V()Y (e 4.13)

where V¥ is known as wave function.
Since the potential does not depend on the time, we can try to find solutions of this equation
of the form

y(r,1) = o(r)z(?). (4.14)
Substituting (4.14) into (4.13), we obtain
d h?
ihe(r) :i(tt) =—1(t) {%A(p(r)} +V(r)t(t)e(r). (4.15)

Dividing both sides of the Equation (4.15) by ¢(r)7().

T(t) dt @

Since the left side of the Equation (4.16) depends only on ¢, and the right side depends of r, then
both the sides must be equal to a constant, which we shall set equal to E, where we will see that
this E is the energy of the system. Thus we obtain two ODE’s.

. 2
_h de(r) _ 1 [zﬁ—mA(p(r)] YV (). 4.16)

ih =E7(t 4.17
in 2 = Exr), @.17)
hZ
—%A(p(r)—i—V(r)(p(r) =Eo(r). (4.18)
Solving the Equation (4.17), we have that the solution of the Schrodinger Equation is
y(r,0) = g(r)e ™

called stationary solution of the Schrodinger Equation due to time-independent probability

density |y(r,)> = [o(r)[.
Therefore, the interest is in to study the Equation (4.18), that can be written

ﬁ2
oAV plr) = Eg) (@.19)
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Replacing the Equation (4.12) into the Equation (4.19), we obtain
Ho(r) = E¢(r)

Thus, ¢@(r) is an eigenfunction associated to the eigenvalue E.

The Equation (4.19) is also known as time-independent Schrodinger Equation, as opposed
to time-dependent Schrodinger Equation, name given to Equation (4.13).

Schrédinger Equation for Central Force

Consider the same system of the Section 4.2, where a particle of mass m is moving in a central
force field. The fundamental importance of this type of Hamiltonian, given by the Equation
(4.12), lies in the fact that it is spherically symmetrical.

We saw, by Noither’s Theorem, that the orbital angular momentum is conserved. Another
way to show this, is to check that [H,L] = 0, and this occurs since [L,P?] = [L,V (r)] = 0, where
L is the orbital angular momentum operator, given by

L=LX+Ly+L;.
From the eigenvalue equation of H, in the position representation
ﬁZ
——A+V =FE .
oAV o) = Ee(r)
In spherical coordinates, we can express the Laplacian A as
A 182+1 82+1 a+ 1 02
e
r or? 2\ 962 tan0 J6O sin29 8q>2

and now the eigenfunction ¢(r) is a function of the variables r, 0, ¢.
Furthermore, we known the operator L? is given by

92 1 0 1 92
2 32 v
Lo=—h (ae2+taneae+sin298¢2>'

Thus, the Equation (4.19) becomes
[ R 1 92 1

S 3 sl V()] 0(:6.0) = Eo(:0.0) @.20)

Since the operator H, L, and L? all commute with each other, i.e.,
[H,L] = [H,L7) = [L;, L] =0

we have that the basis of the state space of the particle is composed of eigenfunctions commons
to these three observables, i.e., the energy eigenfunctions are also eigenfunctions of L, and L%,
Thus, the function ¢(r, 0, ¢), that is a solution of (4.20) and eigenfunction of L? and L., must
satisfy

Ho(r,0,0) =E@(r,0,0), (4.21a)
L>¢(r,0,9) =1(1+1)*¢(r,0,9), (4.21b)
Lo(r,0,¢) =uho(r,0,0). (4.21c)
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However we already know that the common eigenfunction of L? and L, is the spherical
harmonics Yl“ (8, ¢) that depends only the coordinates 0 and ¢.

Therefore, we may concluded that ¢(r) is a products of a function of r, that we called R(r),
and the spherical harmonics Yl” (6,¢) where [ and u are fixed values because the angular orbital
to be conserved. Thus,

o(r) =R(r)Y}(6,9)
is a solution of the Equation (4.21). Replacing this equation into (4.20) we obtain
n 192 1, u B
ot ST L V()| ROV (0.0) = ERIT(0,0).
I(1+1)h?, then

From the Equation (4.21b), we have that ¢(r) is an eigenfunction of L? with the eigenvalue

n? od> I(1+1)h?
—_ — 4V R(r) = ER(r). 4.22
[ 2mrdr? 2mr? + (r)] (r) (r) (4.22)
Our procedure is entirely equivalent to the method of separation of variables [42], [12], [26]

in spherical coordinates, however we emphasize the physical meaning of the method.

Introducing another radial wave function by the substitution

y(r) = rR(r),
we obtain, multiplying both sides of the Equation (4.22) and making this substitution
n? d*y(r) 11+ 1)k?
- 1% =F 4.23
0 [ v o) = Bt @23)
potential

We can interpret y as a wave function in one dimension for a particle moving in an effective

I(I+1)R?
Veff(r) = V(I’) + %

In the case where the potential energy V (r) is not too singular at the origin, then the Equation
above shows that there is an angular momentum barrier for all states with / # 0, as shown in
Figure 4.1, which makes it very improbable for a particle to located near the origin.

2

Vest(r)

A

Figure 4.1: The V, s that governs the behavior of the "radial wave function” y(r). [35]
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Accumulation of the Energy

Consider the radial Schrédinger Equation with symmetric potential, given by the Equation (4.23),
with the boundary conditions

50+ N v -] <o
re (0.09) (4.24)
¥(0)=0

where units have been chosen such that /2 /m = 1 and [ € N is the quantum number for orbital
angular momentum.

We assume some conditions about the potential V (r):

e V(r) is continuous on (0, o)

e lim inf V(r)=0

r—>o
[ I(I+1
o V(r)>-— (2+2 ) on (0,xp] for some constant /,x9 > 0.
r r
. 1)
o rhﬁmwsup 2 +V(r) <eo

We consider E € (—oo,0) and wish to determine if O is an accumulation point of eigenvalue
from the left.

In this case, A = E is defined to be an eigenvalue if, and only if, there is a nontrivial solution
y € L*(0,00) of (4.24).

Observe that the second hypothesis about V(r) and Lemma 3.2.3 imply hypothesis (D) and
the second and third hypothesis on V (r) together with Lemma 3.2.5 ensure (PS). Furthermore,
(MC1) obviously holds and since the solutions which satisfy y(0) = 0 are just those which are
principal at 0, then (MC2) is not verified.

At last, as the term )

+
2r2 Vi)
is bounded, then we have the limit point case at o for each E. By the Lemma 3.2.4, holds that £
is an eigenvalue in the sense of the Main Theorem (Theorems 3.4.1 and 3.4.2) and if and only if
E is an eigenvalue in the sense defined here.

By the Theorem 3.4.1, the negative eigenvalues of (18) are discrete and bounded in (—e0,0),

and they accumulate at O if and only if the limit-equation

0+ | v )] s =0

is oscillatory near +oo.
Consider potentials "behaving like"

V(r)ec —cr™7 near oo,

in another words, suppose —V (x)r¥ — ¢ as r — oo for some constants ¢,y > 0. Applying
Hille-Kneaser Oscillation Criteria give:
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y<2
or / (H— l) — accumulation at 0
y=2,¢c>1/8+ >
(4.25)
Y>2
or I+ 1) — no accumulation at 0
Y=2,c< 1/8+T

We can check our result in the physics, on the particular case where Y = 1. In this situation
we obtain the Hydrogen atom problem, where consider the potential being the Coulomb potential.
The energy of this system is given by

13,6

En=—=n

neN* (4.26)

Thus, we can see through the Equation (4.26) that 0 is an accumulation point.
Another point to emphasize is that physically, our result is coherent. In the case where

I(l+1
Y < 2 we have that the term ( 2+2 ) is more dominant than the potential V, i.e., near infinitely,
r
I(l+1
( 2+2 ) > V. Thus, the effective potential behaves like the Figure 4.2.
;
Vers
1(1+1)
2
0 %

(I +1)

2r2

Figure 4.2: The figure illustrates the solution of 4.24 in the case where >V.

Hence, we have discrete eigenvalue which accumulate in 0. For energy above of the value 0,
the spectrum is continuous.
I(I+1)

Furthermore, in the case y > 2 we have 5— <V near infinity, the potential V' is dominant.
r
The effective potential behaves like the Figure 4.3.
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Verr

l(l+1)

o5 <V

I(1+1)
2r2

Figure 4.3: The figure illustrates the solution of 4.24 in the case where <V.

We may even have discrete eigenvalue on the interval (0,a), however, when the energy is
"high", occurs the phenomenon called tunneling. In addition, when we have "lower" energy the
electron go to collide with the nucleus, and this case the atom not is stable. Thus, the energy not
accumulate.



APPENDIX

Hille-Kneaser Oscillation Cri-
teria

In the Main Theorem of this Undergraduate Thesis, we need the hypothesis of the equation
being oscillatory. In this section, we will provide some criteria of oscillation which will utilize
in our application, see [43].

Theorem A.0.1 — Hille-Kneaser Criteria. Let

o 2 T . 2
0= xh_r)noosupx c(x), 0y = xh_r)nwlnfx c(x).

where c is a real-valued continuous function. Then, the equation
U +c(x)u=0 (A.1)

is:

1
e Nonoscillatory if ®* < 7

1
e Oscillatory if @, > T

e No information about the oscillation if either @, or ®* is equal to 1/4.

1
Proof. In the case where 0* < T there exists a number ¥ < 1/4 and a number xy > 0 such

that c(x) — yx~2 < 0 for x > xo. Suppose that the solution of (A.1) had arbitrary large zeros,
then, by the Sturm’s Comparison Theorem, every solution of the Euler equation v/ 4+ yx~2v =0
would have arbitrarily large zero for y < 1/4. However, we know that the Euler Equation is
nonoscillatory for ¥ > 1/4. Hence, the contradiction show that (A.1) is nonoscillatory.

Now, when w, > 7 the idea of the proof is analogous to the first case.

Finally, to prove the last statement of theorem, consider the equation (A.1) with

1 0

cx) = a2 (xlogx)?’

where we have as general solution

() =22 [k (logx)? +ka(log )19
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where, we choose
1+£vV1-46
S = 2
for the Equation (A.1) to be satisfied. Notice that,
e if § <1/4then & € R, and we got u(x) is nonoscillatory because (logx)> —s +oo and
(logx)' =6 — 400 as x — oo,
e if 6 > 1/4then & = a+ PBiand

(logx)P? = (elogx>ﬁi = cos(Blogx) +isin(PBlogx).

Thus, the solutions are oscillatory.
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