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1 Introduction

The Sturm-Liouville problems originated in the early 19th century by solving the heat-
conduction equation in partial differential equations, obtained by the method of separa-
tion of variables, and later found a wide range of applications in mathematics and physics.
For example, the first eigenvalue of the regular Sturm-Liouville problems represents the
first energy level in quantum mechanics and quantum chemistry (cf. [2, 10, 11, 14]), and
has been applied to the calculation of electron-cloud density, which is a powerful tool for
understanding and explaining quantum phenomena. Since the mathematical models of
many important issues in practical problems are defined on infinite intervals or on finite
intervals with singularities at the endpoints of the coefficient functions, the singularity
problem has been of interest to scholars of mathematics and physics. As the spectrum of
the singular problem becomes more complicated, not only the pure point spectrum ap-
pears in the regular case, but also the absolutely continuous spectrum and the singular
continuous spectrum. This leads to the fact that the spectral decomposition theorem for
the regular case is no longer applicable (cf. [3, 20, 25]), and therefore more research on the
spectral aspects of the singular problem is needed.

As early as 1910, Weyl gave a classification of the singular Sturm—Liouville equation by
using the circle-set method, which divides it into the limiting point type and the limiting
circle type at the infinity point. This led to the study of the singular Sturm-Liouville spec-
tral theory. In 1937, Saks [15] proved De la Vallée Poussin’s theorem using the Lesbgue de-
composition of measures. In 1943, Loomis [9] proved Fatou’s Lemma using the Poisson—
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Stieltjes integral. On the basis of these measure theories the Lebesgue decomposition of
the spectral measures was performed to complete the classification of the spectrum of dif-
ferential operators. In 1975, Levitan and Sargsjan [8] used the Lesbgue decomposition of
the spectral measure to classify the spectrum into: the absolute continuous spectrum, the
singular continuous spectrum, and the pure point spectrum. Regarding the absolute con-
tinuous spectrum, in 1957 Aronsajn [1] used the m(A) function to prove that the absolute
continuous spectrum of the Sturm—Liouville spectral problem is invariant under a rank-
one perturbation. In 1986, Simon and Wolff [18] gave equivalence conditions for the Borel
transform of the measure and the spectral decomposition. In 1989, Simon and Spencer
[17] proved that the potential function is a High Barrier function, i.e., the potential func-
tion tends to infinity, when the corresponding Sturm-Liouville differential operator has
no absolutely continuous spectrum. The singular continuous spectrum is more compli-
cated, in 1995, Simon [16] proved the existence of a purely singular continuous spectrum
for the general operator, that is, there is an interval in which there is no point spectrum
and no absolute continuous spectrum, but only a singular continuous spectrum.

With the deeper and deeper study of practical problems, the importance of singular
Sturm-Liouville problems (cf. [4—7, 19]) with a weighted function becomes more and
more significant as the solution space expands from the L? space to the L2, space with
a weighted function (cf. [12, 13, 22—24]) and has more practical applications. This paper
focuses on refining the definition of spectral measures for singular Sturm—Liouville prob-
lems with a weighted function. This paper finds several differences for the case of singular
Sturm-Liouville problems with a weighted function based on the analysis of the spectral
problem of general singular Sturm-Liouville problems. Finally, an example of singular
Sturm-Liouville problems with a weighted function is given, and its expansion theorem
and the expression of the support set of spectral measure are proved using the method of
this paper.

Following this section, for extending the regular Sturm-Liouville boundary value prob-
lem to the singular problem, some preliminaries will be given in Sect. 2. In Sect. 3, Wely—
Titchmarsh functions are introduced and the classification of the Limit Circle Case and
the Limit Point Case is derived. In Sect. 4, some criteria of the Limit Point Case will be
obtained. In Sect. 5, an example of the singular Sturm-Liouville problems with a weighted
function is studied.

2 Preliminary
In this paper, we will extend the regular Sturm-Liouville boundary value problem to the
singular problem. Consider the regular Sturm-Liouville problem with separable boundary

conditions
1 N
y= () + @) =hy y=yxxeOb)beoo, @
cosay(0,A) — sinapy (0,1) =0, (2)
cos ﬂy(b, A) —sin ﬂl?)/(b:)\) =0, (3)

1

loc [0,00), p,w >0 a. e. and

where o, 8 € [0,7), 1/p,qwe L

oo
/ 1/p +|q| +w = o0.
0
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Take y(x, 1) as satisfying the Cauchy problem,

1 N
— () + @) =2 y=y),
¥(0,1) = sinc, py (0,)) = cosa,
which is the solution of equation (1). Denote A, as the nth eigenvalue of the regular prob-

lem (1), (2), and (3). Then, the corresponding eigenfunction is y,;(x) := y(x, A,p), which
satisfies the right boundary condition (3), cos By,,,(b) - sin Bpy,, ,(b) = 0. Denote

b
“i,b :=/ yz(x,)»,,,b)w(x)dx.
0

By the Parseval Identity, for any f € L2,(0, b), we have

b ) 00 1 b 2
d = - n d ’
fo frx)w(x) dx ;“i,b ( /0 S @)y ®)w(x) x>

where

b
Lﬁ,(O,b) = {f/ FHa)w(x) dx < oo}.
0

Now, we introduce the monotone nondecreasing function or measure p,(1),

1
=D h<hnp<0 2, A=0,
pp(R) = -
D 0<hnp<h 2 s A>0.
1,

By definition, p,(0) = 0. Then, the Parseval Identity can be rewritten as,

b o)
]0 P2 wln) dx = f F2(0) dos(0), (@)

o0

where

b
F(A):/0 F@)y(x, X)w(x) dx.

The above equation is called the generalized Fourier transform of f(x). In the following,
let b — 0o, and we will prove that the Parseval Identity still holds.

Lemma 2.1 For any positive integer N, there exists a positive constant A(N,w), such that

BN - pN) = Y - <AN,w) )

a
~N<hy p<N ~mb

where A(N,w) only depends on N and w, and is independent of b.
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Proof Let

h
ch ::/ w(x)dx, h>0.
0

Since w(x) € Lt [0,00) and w(x) > 0, a.e., it follows that ¢, > 0, for any / > 0.

loc
In the case sin« # 0, there exists sufficiently small positive numbers /4, such that |y(z, A)| >

|sina|/+/2, for any ¢ € [0, /] and A € [-N, N]. This fact leads to

h 2 2
(%./o y(x, A)w(x) dx) > %smza 6)

Define function f;, (x)

1/h 0<x<h,

Jula) = 0 x> h.

Using (6) and the Parseval Identity (4), we can obtain that

h
% - /0 F2(x)wlx) dx

00 1 h 2
= — A d dop(A
/_w(hfo Yo W) wlx) x) Po()
N 1 h 2
> / N<E fo y(x,x>w(x)dx) dos(3)

c2 N
> ﬁ sin® & /_N dop(A)

2

- ﬁsm a[os(N) = pp(~=N)]- )

Hence,

2
[6(N) = pp(-N)] <« ——— = AN, w).
¢ sin” a
Note that ¢;, only depends on N and w, and is independent of . Thus, (5) has been proved.
In the case sino = 0, [y'(0,1)| = | cos| = 1. Hence, there exists a sufficiently small num-
ber /1 > 0, such that y(¢, 1) > t//2, for any t € [h/2,h] and A € [-N,N]. We now have

1 [ A 2
(ﬁfo y(x,k)w(x)dx) ><h2 /h/z 2\/_ x)dx)

1

= g - cun)’ (8)

In this case, define function f;,(x) as

fiw) = hLZ 0<x<h,
0 «x>h
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Similar to the case where sin« # 0, we can obtain that

h
% - /0 F2(wlx) dx

o0 h 2

=/ (hizfo y(x,k)w(x)dx> dpp(A)
N/

=[G

1 , [N
- dpp(A
(e = cnr2) [ N (M)

h 2
f 3, )W) dx) dos(2)
0

" s

- ﬁ(w — ) [o(N) = pp(=N)].

Hence,

Sch .
[,Ob(N) - Pb(—N)] < m = A(N,w).

Similarly, we know that ¢, only depends on N and w, and is independent of b. The propo-
sition has been proved. O

In the following proof, Helly’s selection theorem is needed.

Lemma 2.2 (Helly’s Selection Theorem) Consider a nondecreasing function sequence
{pu(A), A € (—00,00) : m = 1,2,...}. If in any bounded interval [M,N], {p.(1), X € [M,N] :
n=1,2,...} are uniformly bounded, then there exists a subsequence {py, (1), . € (—00,00),
k=1,2,...} and a nondecreasing function p(A), such that

k]im P (A) = p(X), foramy —oo < <oo.
— 00

By Helly’s selection theorem, we can use the regular Sturm-Liouville problem (1) to
approximate the singular problem and study the properties of the spectrum.

Theorem 2.3 There exists a nondecreasing function p(A), A € (—00,00), such that for any
f(x) € L%(0,00),

[ " P wi) d - f "0 dp(),
0 —00

where F()) satisfies
lim | {F(G)-F.()} do(h) =0,

and F,, (1) := fomf(x)y(x, Aw(x) dx.
Proof Set

D = {f € L2(0,00) : f, pf’ € AC[0,00),and tf € L (0, oo)},
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where 7 is a formal differential operator in (1), and AC[0, co) denote the absolute contin-
uous function on (0, 00).
Suppose f;, € D satisfying the left boundary condition (2) and is a compactly supported

function, i.e.,
fu(x)=0, x€(0,m).

Then, the Parseval Identity tells us,

/ 2 (x)wlx) dox = / F2(1) dpy (), ©)
0 —00

where F,, is the Fourier transform of £, i.e.,

() = /0 " e 2 wi) i = /0 " fy e, i) d.

Using the Green formula, we can obtain

b
/0 Fn@{(py) (6, 1) — qx)y(x, 1)} dx

b
:/0 {(Pfé)/(x)—Q(xym(x)}y(x,k)dx. (10)

Substituting (10) into F,,(A), we have

En) =2 [ o= {(0y) () — gyt 1)}l d
- ——X/Ofmxm{(py) %, 1) — q(x)y(x, }wx x

b
__%/ {(Pfr:q)/(x)—q(x)j‘m(x)}y(x,x)dx. )
0

Using the Green formula again, we obtain
f F2, (1) dps()
SN
/ N N{ / Fu@®[(2Y) (5, 1) = q(x)y(x, 1)] dx} dps(1)
]\%/ {/0 fm(x)[(m/)’(xrk)—q(x)y(x,/\)]dx} dpp(2)
9] b 2
:A% / { / W(lx){(Pf ) (%) — q(x)fon () } x4 W(x)dx} dpy(3)

(of,) (%) — q(x)fon (x
= / { w(x) } w(x) dx.
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By (9), we have
m N
/ I @)w(x) dx — / F2 (1) dpb(k)'
0

(/) ) = q(x)fin(x)
<N2/ { (x) } w(x) dx. (12)

By Lemma 2.1, we know that the monotone function family {p,(1),A € (-N,N)} is
bounded by A(N, w), which only depends on N and w, and is independent of b. Then, by
Helly’s Selection Theorem Lemma 2.2, there exists a subsequence by, such that p;, weakly

convergent to measure o. Hence, for any F € L?>(-N, N), we have

N
lim / F>(1) d{pp (1) = p(2)} = 0. (13)

k—o00 _N

By (13) and (12), taking the limit, we can obtain

m N
‘ / F(x)w(x) dx — f F2(1) dp(
0 -N

L[ (f,) ®) - q@)fu(x) |
<]\?/0 { w } w(x) dx.

x)

Moreover, let N — 0o, we can obtain

/f2 x)dx = / an(k)dp(k).

So far, we have proved the Parseval Identity when f is a function that is compactly sup-
ported. In the following, we will prove the general case.

For any f € L2,(0,00), there exist a sequence of compactly supported functions {f,,(x)},
such that

11m / {f(%) fm(x)} w(x)dx = 0.

Hence,

f{fm1(x — oy (% } x)dx — 0, asmy, my —> 00.

Using the Parseval Identity of compact support functions, the Fourier transform of se-
quence f, is a Cauchy sequence in Lﬁp(—oo, o0), i.e.,

/ (Fo () = Eny () dp(3) = /0 Uit ) = fo () () dx = 0.

o0

By the Completeness of L%i p(—oo, 00), there exists a function F()) € L%i p(—oo, o0) that sat-
isfies

/ [En(2) = FW)} do(h) — 0,

oe]
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and the Parseval Identity

/oofz(x)w(x) dx = lim /oofm(x)zw(x) dx
0 m— 00 0

:W}E%Ofooan(x)dp(x):/OOFZ(/\)dp(/\).

—00

The proposition has been proved g

In Theorem 2.3, F = fooo fx)y(x, A)w(x) dx is called the generalized Fourier transform
of f. For another g € L2 (0, 00), and its generalized Fourier transform G, we have

[ee]

/0 () + g} i) dx = / (FG)+ G dp(),

(o¢]

and
| e -ewPwwas= [ {Fe) - 60} ot

Subtracting the two formulas, we can obtain

/ F)glwlx) dv = / F()G() dp(h), (14)
0 —00
and this identity is called the generalized Parseval Identity.

3 Wely-Titchmarsh functions
Suppose ¢(-, 1) is the solution of equation (1), i.e., satisfies

~(pe(t 1)) + qp(t, 1) = Aw(D)p(t, 1), (15)
with the Cauchy condition
©(0,1) = cos«, p(0)¢'(0,1) = —sina,
where « € [0, 7). Similarly, let 1 (-, 1) be another solution of (1) with the Cauchy condition
¥ (0,A) = sina, p0)y'(0,1) = cosa,
therefore v (-, A) satisfies the left boundary condition (2),
cosar(0,1) —sinap(0)y'(0,A) = 0.

By the differentiable dependence of solutions on parameters, we know that ¢ and ¢ are
both analytic functions of A and their Wronskian satisfies

e(M)©0) ¥ (1)(0)

pe'(1)(0)  py’(2)(0)

W (), ¥(3))(0) =
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All solutions of equation (1) except ¥ can be expressed as
xGA) =9 A) +myp(, A1), meC.

Forany b € (0,00) and 8 € [0, 1), let m = m(b, 1, B), such that x satisfies the right boundary
condition (3),

x(b)cos B +pyx'(b)sinB =0.
We can obtain the expression of m(, b),

py'(b,1) + ¢(b, ) cot
"y (b, 1) + Yr(b, ) cot B

m(A, b, B) = (16)
which is a fractional linear mapping. Hence, as 8 goes through (0, 77), the graph of m forms
a circle C(A, b). After calculation, we can obtain that the center of circle C(A, b) is

U (B, pY' (b,A) — (b, py (B, ) W(), w())(b)

mo(A, b)

the radius of circle C(A, b) is

1
(W), ¥ (G))®)

r(A,b) =

and the inside of circle C(A, b) is

e W(x,x) <
W), ¥ (1)

Now, consider two solutions of equation (1), f (x) and g(x), and they are satisfied if Tf = Af
and 7g = Ag. Then, we can obtain

b
()L—)L)/(; fx)gx)w(x)dx

_ / b{f ®)(g(x)g(x) — (pg)' )  gX)(g(x)f () — (pf") (%))
0

w(x) wix) }W(x) dx
b

=—_/0 {f(x)(Pg')/(x)—g(x)(pf’)’(x)}dx

= W(f,£)(0) - W(f,g)(b),

where

fx) g
pf'(x) pg'(x)

W(f,g)(x) = ’

In particular, let f = ¥, g = ¥ and A = A, then we have

b
23m fo (&, 1) Pw(e) de = iW (Y (1), Y (1) (0) = iW (¥ (1), ¥ (1)) (b), (17)
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and hence we can deduce that
b 2
W (¥ (A), () () = 2iImA /0 |y, 1) w(e)de,
W(x, x)(0) = m(, b) — m(%, b),
and

b
W (x, x)(b) = ~2iSmm(%, b) + 2i3m /0 |x @ w(z)dz.

If ImA # 0, we have m € C(A, b) is equivalent to

Smm

b
/0 X (O wle)dt =

Smhr

The inside of circle C(A, b) is

b ~
/ O w(e)de <« ==, (18)
0 S
and the radius is
1
r(A,b) = (19)

23 [ 19 (e ) Pwe)de

Using these facts, we can obtain the following summaries. The circles satisfy that for any
0 < by < by <00, C(A,by) C C(A, b1). Hence, for any Smi # 0, C(x,b) — a circle C(A) or a
point m(1), as b — oo. Furthermore, if we set x = ¢(A) + m (1), then we have that

Smm

b
/0 |x @O w() dt <

Sm

and letting A — 0o we obtain

~
3

e (20)

o0
f |x(Ow(e) de <
0

By (1), we know that there exists at least one L2, solution at +00. As C(%, b) — a circle C(}),
(19) tells us that all solutions of (15) belong to L2 at +00, and at this time, (15) is called the
Limit Circle Case at +00. As C(A, b) — a point m(A), there is only one linear independence
solution of (15) belonging to L? at +00, and at this time, (15) is called the Limit Point Case
at +00. In the next section, we will study some judgments about the two classifications at
infinity.

4 A criterion of the limit point case
Now, we consider the formal differential operator

ly:= —(py/)/ +qy=Aiwy, y=yx),xe(0,00), (21)
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with the nature domain
/ 2 / 1 2
D:=13y,py €L;]0,00):y,py € AC[0,00) and —ly € L; [0,00) ¢,
w

where y € AC[0, 00) means y is an absolute continuous function on [0, 00).

The formal differential / and 7 in (1) satisfy the relationship / = wr. In this section, we
will use the coefficient functions p, ¢, and w in equation (21) to describe whether the
differential equation is the Limit Point Case or the Limit Circle Case (see [21]). In the

following, some preliminaries will be given.

Lemma 4.1 If there exists Ao € C, such that all solutions of ly = howy belong to L% [0, c0),
then for any complex number ). € C, all solutions of ly = Awy also belong to L2,[0,00).

Proof Suppose @, Vo € L%[0, 00) are two linearly independent solutions of Iy = Agwy, and
satisfy,

pW (o, o) = 1.

For any complex number A € C, let x (¢, A) be any solution of /y = Awy. Then, x (¢, 1) is the
solution of the differential equation

ly — Xowy = (A — Ao)wy.

By the variation of constant formula, the above equation can be transformed into an inte-

gral equation,

x(t, ) = Ago(t) + Byro(t) + (/\—ko)/ w(T)[@o(t)o(t) — wo(T)¥o(®) ] x (z, 1) dz, (22)

where A and B are constants. Set

¢ 1
t 2 2
Il = (/ M wdt) ,
[

and

ve = max{ g0l 1Yol }-

By @0, Vo € L%[0,00), we know that y, — 0, as ¢ — 00. Hence, there exists N > 0 large
enough, such that for any ¢ > N, we have

1
A= holyl < .
4

Using the Schwarz inequality, for any £ > ¢ > N > 0, we have

/ w(T)[@o(O)Vo(T) — 0o(D)Vo(D)]x (T, 1) d | < ye[|@o@®)] + [wo(®)| ]I x II%
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Using the above two inequalities and (22) we can obtain the next estimate

1
xllf < (|A| + |B|)Vc +2|K—}\0|VCZ||X||z < (|A| + |B|))/c + §||X||é,
and hence

e < 2(1A] +1B1) e

The right-hand side of the inequality is independent of ¢, therefore let t — oo, which can
give x € L20,00). O

Corollary 4.2 If there exists Ao € C such that ly = Aowy has a nontrivial solution ¢, i.e.,
@ # 0, satisfying ¢ ¢ L2,]0,00), then, for any A € C,Im #0, the differential equation ly =
Awy has only one L2 [0, 00)-solution, which is in the linearly independent sense.

Now, we can obtain a criterion of discriminating the Limit Point Case.

Theorem 4.3 If q(t) > 0, and w ¢ L*[C, 00), for any C > 0, then, (21) is the Limit Point
Case at infinity.

Proof Let ¢(z) be the solution of the equation ly = 0, satisfying the Cauchy condition,
9(0)=0,  pg'(0)=1.

Set
c= inf{t € [0,00)|py’(t) = 0}.

Then, ¢ > 0, and ¢(¢) > 0 on (0, ¢). For the identity equation:

(P09 ®) = q(t)p(2)

integrate over [0, c] on both sides, i.e.,

PO =1+ /0 de()dt >0,

which obtains a contradiction. This shows that ¢(¢), p¢’(£) is constant positive on [0, 00),
Also, by w ¢ L'[0,00), it follows that ¢(£) ¢ L%[0,00). According to the above inference,
we can see that (21) belongs to the limiting point type at the infinity point. O

In particular, when the weighted functionw=1,w ¢ L'[0, 00), Therefore, it follows from
the above theorem that in this case (21) is a limiting point type at the infinity point. How-
ever, if w € L0, 00), this theorem does not necessarily hold, see the following example.

Example 4.4 Considering the formal differential operator (21), withp =1, ¢ =0, w(x) =
1/(x+ 1),

/! 1
-y :)\my, on [0, 00).
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Note ¢(x) = 1 and ¥ (x) = x are two linear independent solutions of the equations at A = 0,
both belonging to L2, so this form of differential operator is of limiting circular type at
infinity.

This example shows that there is a fundamental difference between the Singular prob-
lem, for the weighted function case and the without-weighted function case, at the singu-
larity point.

5 An example
In the following, we consider a differential operator,

1) = 2z () + &> - 1))y) =1y, on[1,00),

L= (23)
y(1)=0.
Set
Pow swew)  (@w)’ / W
= pwy, =qlw- - , t= — dx.
U=VPW rEaw 16pw? 16w? | 4w o Vp *
We can obtain that
Wu):=u"—ru+ru=0,
2_1
where r = at%.
Hence, we have transformed (23) into the next differential operator,
) =~y + 54 [1,00)
=—y"+ —%y, on/[1,00),
£ rrTed (24)
y(1) = 0.
Now, we obtain the Fourier—Bessel equation,
o?-1
'+t =sly(s? = ). (25)

Equation (25) has two linear independence solutions /2], (st) and /Y, (st), where, J, (x),
Y, (x) are first-kind and second-kind Bessel functions, respectively,

o)=Y CLr x)
¥ _ZI‘(n+1)F(n+a+1)(2> ’

n=0

Ju(x) cosamr—_a (%)
Ya (x) — ) sSiInomw - . .
ZJo@)Ing +x7* Y " ax", ao#0,a = nonnegative integer.

, o #integer,

Furthermore, we can obtain the asymptotic expression of J,(x) and Y, (x). As x — oo,
we have that,

Page 13 of 15
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and

Now, we can consider (24). Suppose ¥ (¢, ), ¢(£,A) are two solutions of (24) with the
Cauchy condition,

¥(1,2) =0, Yv'(1,A) = -1
and

p(L,A) =1,  ¢'(1,2)=0.
We can obtain the two solutions

Y(t,n) = %ﬁ(fa(tswa(s) — Ya () (5)),

and
0(6.2) = 2 VB E)Y6) ~ Y1)/, (9) + 3 06,2,

We will reduce the solution of the (24) to the solution of (23). Set v = (pw)‘% v, @ =
(pW)_%L(p, and £ = f: \/% dx. Then, we can verify that

7 an0t o—1
, xY — Yo
¥i(1,2) = %(LA) _o,  ya= LEe xf (L1)=-1;
and
e o—1
% / px° —pax
alLN=ZM)=1  ¢)=— () =a

Hence, ¥1(1, 1) and ¢;(1, 1) are two linear independent solutions. By the asymptotic ex-

pression of J,(x), as x — 0o, we can obtain,
V1 = (ow) IV (V7)) ¢ L2[1,00).

Hence, [(y) is the Limit Point Case at 0o, and £ is a self-adjoint operator.
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