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Abstract

In this paper we present an overview of the basic Weyl-Titchmarsh theory for
second order Sturm-Liouville equations on time scales. We construct the m(\)-
function, the Weyl solution, and the Weyl disk. We justify the terminology “disk”
by its geometric properties, show explicitly the coordinates of the center of the
disk, and calculate its radius. We show that the dichotomy regarding the square-
integrable solutions known in the continuous time and discrete theory works in the
same way for general time scales.

AMS Subject Classifications: Primary 34B20. Secondary 34N05, 34B27, 34B24.
Keywords: Time scale; Weyl-Titchmarsh theory; Second order Sturm-Liouville dy-
namic equation; m(\)-function; Weyl disk; Weyl circle; Limit point case; Limit circle
case.

1 Introduction

The purpose of this paper is to provide an overview of the Weyl-Titchmarsh theory for
the second order Sturm—Liouville dynamic equation

— (p(t) gr:A)A +q(t)z” = Aw(t)z°, t € [a,00)T, (1.1)

where T is a time scale which is unbounded above, i.e., T = [a, 00)r with @ := min T.
The coefficients p(-), ¢(-), w(-) are real piecewise rd-continuous functions on |a, co)t
such that

i[ng] |p(t)| >0 forallb € (a,00)r and w(t) >0 forallt € [a,0c0)r, (1.2)
te|a,b|T
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and A € C is a spectral parameter. The function p(-) is allowed to change its sign. For
the details of the calculus on time scales see Section 2.
It is well known that the second order Sturm—Liouville differential equations

—(p®) ) +qt)z = w(t)z, t € [a,00), (1.3)

can be divided into two cases depending on the count of its square-integrable solutions.
Namely, in the limit point case there is exactly one (up to a multiplicative constant)
square-integrable solution, and in the limit circle case there are two linearly indepen-
dent square-integrable solutions. This dichotomy was initially investigated (by using
a geometrical approach) by Weyl in his paper [48] from 1910. One of the most im-
portant contributions in extending this theory was made by Titchmarsh in the series of
papers from 1939-1945 (especially in papers [42—44] from 1941), which were summa-
rized in his book [45]. He re-proved Weyl’s results by using an alternative method and
established many properties of the fundamental function appearing in this theory, the
so-called m(\)-function. Hence in honour of the pioneers of this theory, it is called the
Weyl-Titchmarsh theory.

When studying differential equation (1.3), a crucial role is played by the solutions
6(-), o(:) : [a,00) — C satisfying the following boundary conditions

O(a) =singp, p(a)b'(a) = cosy, o(a) = —cosp, pla)d'(a)=sinp, (1.4)

where ¢ € [0, 7). Weyl considered in his paper [48] equation (1.3) with continuous p(-)
and ¢(-), p(-) > 0, w(-) = 1 on [a, o), and boundary conditions (1.4) in which p = 7.
On the other hand, Titchmarsh studied in his book [45] equation (1.3) with p(-) = 1,
continuous ¢(+), and w(-) = 1 on [a, 00), but with general boundary conditions in the
form (1.4) having ¢ € [0, 7).

Their results were extended in many ways. First of all, there were weakened condi-
tions put on the coefficients of the differential equation. For an overview of the progress
in this way we refer to [14, Section 1]. In addition, Sims discussed in [38] equation (1.3)
with p(-) = 1, w(-) = 1, and he allowed ¢(-) to be a complex function. This change
gives (surprisingly) a new limit point behavior which does not occur when ¢(-) is real-
valued, namely, there are two linearly independent square-integrable solutions while the
equation is in the limit point case. Therefore, paper [38] started the development of the
so-called Titchmarsh—Sims—Weyl theory.

The investigation of the Weyl-Titchmarsh theory for the second order difference
equations

br—1Yk—1 + ar¥i + OpYrs1 = Ay, k€N,

where a;, € R and b, > 0 for all & € N U {0}, was initiated by Hellinger and Nevan-
linna in their independent papers from 1922, see [16,32]. In the 20th century, the dis-
crete theory was not studied so intensively like the continuous theory, but some results
concerning our treatment can be found e.g. in [1,5, 6, 8,39]. In particular, in [5, 6] the
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second order difference equation
—A (pp Awy) + qpTps1 = AwWpTpqr, kEN

was investigated, where py, qx, wy are real and satisfy p, # 0 and w, > 0. A com-
prehensive summary of the history of the Weyl-Titchmarsh theory for the second or-
der differential and difference equations can be found in the expository paper [14] by
Everitt.

It is known that every Sturm-Liouville differential equation can be written in the
form of the linear Hamiltonian differential system, see [2] for the even order equations
and [46] for arbitrary order equations. As a consequence, since middle seventies of the
20th century a constant attention is paid for the study of the Weyl-Titchmarsh theory for
continuous time linear Hamiltonian systems, see [2,7,9, 10, 15, 18-25,27-31, 33-35].
The discrete analogy of these continuous time results, i.e., the Weyl-Titchmarsh the-
ory for discrete linear Hamiltonian systems and more generally for discrete symplectic
systems, was given in [11,36,40] and [4, 12].

Most recent extensions of the Weyl-Titchmarsh theory are represented by dynamic
equations on time scales. Following the results in [48], the elements of the Weyl-
Titchmarsh theory for equation (1.1) with p(-) = w(-) = 1 and the time scale analogue
of boundary conditions (1.4) with o = 7, see also (3.2), is considered in [49]. Similarly,
when p(-) is piecewise continuously nabla-differentiable and w(-) = 1, the results in
[48] are generalized in [26] to equation (1.1). A classification of the limit point and
limit circle cases for the second order dynamic equations with mixed time scale delta
and nabla derivatives and nonzero continuous coefficients is given in [47]. The Weyl—
Titchmarsh theory for linear Hamiltonian dynamic systems was studied in [41]. For the
purpose of this paper we consider the system

zA(t) = A(t) 2% (t) + B(t) u(t),
ut(t) = [C(t) = AW(t)] 2°(t) — A*(t) u(t), } t € [a,00)r, (1.5)

which has the spectral parameter in the second equation. The coefficients A(-), B(-),
C'(+), and W (+) are rd-continuous complex n X n matrix-valued functions such that B(-),
C(-), W(-) are Hermitian matrices, W (-) is nonnegative definite, and I — p(t) A(¢) is
invertible. Here A* denotes the conjugate transpose of the indicated matrix. Finally, it
is well known that linear Hamiltonian dynamic system (1.5) is a special case of the time
scale symplectic system

() = A(t) a(t) + B(t) u(?),

Aty = C(t) 2(t) + D) u(t) — \W(t) 27 (), } L€ la,00)r, (&)

T
u

where A(-), B(-), C(-), D(-), W(-) are piecewise rd-continuous complex n X n matrix-
valued functions on [a, o), W(+) is Hermitian and nonnegative definite on [a, co)T,

w07 esnsnsso-u o=@ 5. 1=( )
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System (S) generalizes and unifies the continuous, discrete, and dynamic linear Hamil-
tonian systems, and consequently continuous, discrete, and dynamic Sturm—Liouville
equations.

In this paper we present an overview of the Weyl-Titchmarsh theory for equa-
tion (1.1) in which the function p(-) is merely piecewise rd-continuous (without any re-
quirement on the existence of its delta-derivative or nabla-derivative) and w(-) is piece-
wise rd-continuous, satisfying (1.2). In particular, an important role in this theory is
played by the m(\)-function, whose natural properties

mA) =m(\) and (Im\)(Imm()\) >0 forA¢R

remain true on general time scales, where Im v denotes the imaginary part of the com-
plex number v. We construct the so-called Weyl solution and Weyl disk. We justify
the terminology “disk” by its geometric properties, show explicitly the coordinates of
the center of the disk, and calculate its radius. We show that the dichotomy mentioned
above works in the same way (especially, that the Weyl solution is square-integrable)
and present a necessary and sufficient criterion for the limit point case. Finally, we con-
sider a nonhomogeneous problem associated with equation (1.1). We define the Green
Jfunction and use it for expressing a solution of the nonhomogeneous problem. These
results complete the study in [49], in which the square-integrable Weyl solution and the
center and radius of the Weyl disk were obtained for the special case of (1.1) as we
discuss above.

Our method is to transform equation (1.1) into a 2 x 2 symplectic dynamic system
(S), which allows us to apply the results from [37]. Also, it needs to be mentioned that
when the coefficients of equation (1.1) satisfy the assumption that

p(+),q(+), w(-) are rd-continuous and (1.2) holds, (1.6)

then some of our results, but not all of them, follow from [41], where equation (1.1) is
considered as the special case of linear Hamiltonian system (1.5). In spite of that the
results of this paper are derived as a special case of the time scale symplectic system
(S) in [37], their particular forms for the second order dynamic equation (1.1) are now
published for the first time. Therefore, this paper provides a straightforward unification
and extension of the Weyl-Titchmarsh theory for the second order Sturm-Liouville
differential and difference equations.

Concerning the structure of this paper, we recall in the next section some important
notation from the theory of time scales. The main results of this paper are then displayed
in Section 3, where at the end we quote the corresponding sources.

2 Sturm-Liouville Equations on Time Scales

For the basic notation and terminology of dynamic on time scales we refer to [3]. The
definitions of piecewise rd-continuous functions (C,4) and piecewise rd-continuously

delta-differentiable functions (Cll)rd) can be found in [17,37].
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For a given A € C, a function z(-, A) : [a,00)r — C is said to be a solution of
equation (1.1)if z(-, A) € C}4, (p2®) (-, A) € Cly. and equation (1.1) is satisfied for all

prd> prd>
t € [a,00)r. The existence and uniqueness of solutions of (1.1) together with the initial

conditions x(ty) = x¢ and z°(ty) = 1, where o, z; € C are given constants, follows
through the next lemma by the corresponding result for the linear systems, see [13,
Corollary 7.12].

Lemma 2.1. Equation (1.1) is equivalent with the time scale symplectic system (S) of

the form N . Lp(®) ) 0
Q) :<aw mw«wmu)<@)_<mmwf>’

where u(t) := p(t) x> (t), or equivalently with the Hamiltonian system (1.5) of the form

@f=(w»iw@1@®)63-

Proof. The statements follow by straightforward calculations. 0
For any two functions x(-),y(-) € C;rd on [a, 00)r we define their Wronskian by
Wizt),y(t)] = z(t) y>(t) — () y(t) forallt € [a,o0)r, (2.1)

which will be used in the formulation of our results similarly to [45].

3 Main Results
Throughout this paper we assume that /3, S € C are given numbers such that

BiBi+ Pafo =1, Bif2— Bif2 = 0. 3.1

Following (1.4), we denote by 6(-, A, ¢) and ¢(-, A, ¢) the solutions of (1.1) satisfying
the initial conditions

f(a,\, @) =singp, pwﬂﬁkuhw)ZC%wj}

N . (3.2)
¢(a, A, p) = —cos p, p(a) o= (a, X, ¢) = sinp,

where A € C and ¢ € [0, 7). Our first result is associated with the regular spectral
problem.

Theorem 3.1. Consider the boundary value problem
(1.1) with  z(a) sinp + p(a) 2°(a) cosp =0, B a(b) + B2 p(b) 22 (b) = 0, (3.3)

where b € [a, 00) is fixed. Then
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(i) a number \ € C is an eigenvalue of (3.3) if and only if
61 ¢(b7 )\7 ()0) =+ B2 p(b) ¢A<ba )‘7 ()0> = 07

(ii) the eigenvalues of (3.3) are real and the eigenfunctions corresponding to different
eigenvalues are orthogonal with respect to the semi-inner product

b
<m¢w»mw=/ﬁmwf@w%wAt (3.4)

The following definition corresponds in the continuous case to [45, identity (2.1.5)].

Definition 3.2 (m(\)-function). For any A € C\ R and b € [a,00)r we define the
m(\)-function

_ ﬁl €(b> )‘7 90) + 52 p(b) HA(b7 )‘7 90)
B1d(b, X, ) + Bap(b) g2 (b, A, )

In the next theorem we present the fundamental properties of the m(\)-function.

m(b, A, ) =

Theorem 3.3. The m(\)-function is an entire function in X and it satisfies
m(b, \, ) = m(b,\, ) forevery A\ € C\R.
Now, we define the so-called Weyl solution, compare with [45, pg. 25].

Definition 3.4 (Weyl solution). For any A € C \ R and m € C we define the Weyl
solution

X('a)\7907m) = 9('7>\a 90>+m¢<7)\7§0) (35)

Now, we describe how the m(\)-function depends on the value of ¢ used in the
initial conditions (3.2).

Theorem 3.5. For any ¢, € [0, 1) we have

sin(p — ) + cos(ip — ) mib, A, )
M. AP) = sl — ) ¥ simlp — ) mib A 0)

Now, we define the corresponding Weyl disk. The justification of this terminology
follows from Theorem 3.8 bellow.

Definition 3.6 (Weyl disk). By using the function
E(m) =i sgn(Im \) p(b) W [X (b, A, ,m), X (b, A, @, m)]
with fixed b € [a, 0o)r we construct the Weyl disk to be the set

D(b,A):={meC: &m) <0}.
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A characterization of elements of the Weyl disk is formulated in the following theo-
rem. In this result the numbers (;, 5, € C satisfy only the first identity in (3.1), while
the second identity from (3.1) is replaced by an inequality.

Theorem 3.7. The number m € C belongs to the Weyl disk D(b, \) if and only if there
exist 31, By € C such that (3.1)(i) holds, 315> — 152 > 0, and

Br X (b, A, 0,m) + Bop(b) X2 (b, A, 0,m) = 0.
Moreover, in this case we have m = m(b, A, ¢).

The following properties represent the time scales analogies of the geometric char-
acterization of the Weyl disk obtained for the continuous time case in [45, pg. 24].

Theorem 3.8. For b € [a, 00), the Weyl disk D (b, \) has the form
D(b,\) = {c(b,\) + (b, \) v, v € Cwith |jv]| < 1},
where the center c(b, \) € C is the point
c(b, A) = =W[p(b, A),0(b, )] | W[ (b, A), 6(b, V)],
and the radius r(b, \) € R is given by
1/r(b, ) = |p(8) W[o(b, X), 6(5, V]|

From now on, we consider the corresponding singular spectral problem. For this
case we use the semi-inner product which is the limit of (-, -),, , as b — o0, i.e.,

(2(), y( ) = / () 27 (8) 57 (1) At

First of all we use the nesting property of the Weyl disks and define the limiting Weyl
disk.

Theorem 3.9. The Weyl disks D(b, \) are closed, convex, and nested with respect to
b — oo. Hence, the so-called limiting Weyl disk

D.(N):= () D@
b€la,c0)T

is closed, convex, and nonempty. Moreover, the limits blim c(b, \) and blim r(b, \) exist
—00 —00

and define the center c,(\) and the radius r(\) of the limiting Weyl disk D, ()\), i.e.,

cr(A) = lim (b, A), 7(N\) = lim r(b,\) > 0.

b—oo b—o0
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Next, we consider the linear space of complex square-integrable CII,rd functions on
the interval [a, 00)T, i.e.,

1= (€ Gl 15012 = [Tu0 7 2t < oo
The following theorem says that the Weyl solution is square-integrable, which cor-

responds to [45, inequality (2.1.9)] in the continuous time case.

Theorem 3.10. For any m € D (\) we have

From Theorem 3.10 it follows that there is always at least one square-integrable
solution. Hence, it is natural to classify the second order Sturm-Liouville equations
on time scales of the form (1.1) depending on their number of linearly independent
square-integrable solutions.

Definition 3.11. Equation (1.1) is said to be in the limit point case if, for every A €
C\R, there is exactly one (up to a multiplicative constant) square-integrable solution on
[a, 00)T, while it is said to be in the limit circle case if there are two linearly independent
square-integrable solutions on [a, 00)r.

The limit point case is characterized in the next theorem.
Theorem 3.12. The following statements are equivalent.
(i) Equation (1.1) is in the limit point case.
(ii) For every A € C\ R we have r,.(\) = 0, and consequently D, (\) = {c,(\)}.

(iii) For every \,v € C\ R and every square-integrable solutions (-, \) and z5(-, v)
of (1.1) with the spectral parameter equal to \ and v, respectively, we have

lim p(t) Wz, (t, N), 22(t,v)] = 0.

t—o0
Now, for f(-) € L? we consider the nonhomogeneous equation
(p(t) 22)° + gtz = Mw(t) z” +w(t) f(t), € [a,00)r. (3.6)

The form of the solution of the nonhomogeneous problem given in the following theo-
rem corresponds to the continuous time case in [453, identity (2.6.1)]. For m € D, ()
we define the Green function

[0, A) +m o, )] ¢(s,A), s € la,t]r,

Gt )= {m, N) [0(s,A) +m o5, 0)], s € [t 00)r.
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Theorem 3.13. The function

BN == [ Glto(s) N (5)as, L€ a0
solves equation (3.6) and satisfies the boundary conditions

(a, \) sin @ + p(a) #(a, \) cosp = 0,
lim p(t) W (2,7, ,m), (8, N)] = 0
—00

forevery v € C\ R. Moreover, we have the estimate

120 Ml < )l / [T AJL

Remark 3.14. The statements of the results in this paper follow from the corresponding
results in [37], and some of them under (1.6) in [41]. More precisely, Theorems 3.1, 3.7—
3.10 and Definition 3.6 have their counterparts both in [41] and [37]. The remaining
results in this paper follow from [37] alone.
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