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Abstract

In this dissertation we present new results in the theory of symplectic systems on time
scales (also symplectic dynamic systems) obtained and published by the author (jointly
with collaborators) during his doctoral study between the years 2007 and 2011.

The dissertation is organized into five chapters. The study of symplectic systems is
motivated in the introductory chapter, where an overview of the new results contained
in the text is also given. In the second chapter, the reader will find fundamental parts of
the time scale calculus indispensable for the understanding of the subsequent chapters.

The main body of the text is represented by the following chapters. In Chapter 3,
we define trigonometric and hyperbolic systems on time scales and study their proper-
ties. Solutions of these systems generalize the well known trigonometric functions sine,
cosine, tangent, cotangent, and their hyperbolic analogies. They also satisfy formulas
generalizing some of the known trigonometric and hyperbolic identities from the scalar
continuous case (e.g., Pythagorean trigonometric identity, double angle, product-to-sum,
and sum-to-product formulas). In the following Chapter 4, the Weyl-Titchmarsh theory
for symplectic dynamic systems is established. We generalize results for linear Hamilto-
nian differential systems obtained particularly during the second half of the 20th century.
The theory given in both of these chapters is new even for symplectic difference systems,
which are a special case of the symplectic systems on time scales. In the final chapter,
we pay our attention to the most special case of the symplectic systems on time scales,
namely to the Sturm-Liouville dynamic equations of the second order. For operators as-
sociated with these equations we characterize the domains of their Krein—von Neumann
and Friedrichs extensions and also introduce the concept of the critical, subcritical, and
supercritical operators. Some results obtained in Chapter 4 are also new in this special
case, therefore the most important results of the Weyl-Titchmarsh theory for the second
order Sturm-Liouville dynamic equations are given in the last part of this chapter.

For completeness, this dissertation is finished with a sketch of a further research in
the presented theory, author’s current list of publications, and his curriculum vitae.

2010 Mathematics Subject Primary 34N05; 34B20; 34824.
Classification: Secondary 26E70; 39A12; 34C99; 34B27; 47B25.
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We could, of course, use any notation we want; do not
laugh at notations; invent them, they are powerful. In fact,
mathematics is, to a large extent, invention of better no-
tations.

RicHARD P. FEYNMAN, SEE [70, CHAPTER 17]

List of Notation

For reader’s convenience, in the following table we present a list of symbols (followed
by an explanation of their meaning) appearing in this dissertation.

H Z N B A

S

[a, b]

[a, b,

[a, bl

[a, 00)r
(—00, 00)¢
RHXH
CI‘IXI’I

A

M*—‘I — M—1*
M*(-)

M=)
M>0

the set of all complex numbers

the set of all real numbers

the set of all integers

the set of all natural numbers including 0

a time scale

an interval of real numbers

a discrete interval

a bounded time scale interval

a time scale interval, which is unbounded above
an unbounded time scale

the set of all real n x n matrices

the set of all complex n x n matrices

the identity matrix or operator of an appropriate dimension
I . 0 7

the matrix (—I 0)

the zero matrix of an appropriate dimension
an n x n matrix M

the transpose of the matrix M

the conjugate transpose of the matrix M
the inverse matrix of the square matrix M
the matrix [M*]™" = [/\/1_1]*

the value [M(-)[*

the value [M(:)]”"

positive definiteness of the matrix M

— X[ —



Notation

M>0 positive semidefiniteness of the matrix M

M <0 negative definiteness of the matrix M

M<O0 negative semidefiniteness of the matrix M

rank M the rank of the matrix M

Ker M the kernel of the matrix M

ImM the image of the matrix M

deftM the defect (i.e., the dimension of the kernel) of the matrix M
Re(M) the Hermitian component of the matrix M, i.e.,, (M + M*)/2
Im(M) the Hermitian component of the matrix M, i.e., (M — M*)/(2i)
A the complex conjugate of the number A

Re(A) the real part of the number A

Im(A) the imaginary part of the number A

0 (A) the value sgn(ImA)

Ay, the forward difference operator, i.e., the value y,,; — y,

o(+) the forward jump operator on T

() the backward jump operator on T

p(-) and v(-) the graininess functions on T

fo(t) the value f (o (t))

fP(t) the value f (p(t))

fA(t) the A-derivative of the function f at the point t

Y (t) the V-derivative of the function f at the point ¢

() the conjugate transpose of the function f(:)

f*9(t) = fo*(t)  the value [f*(t)]” = [fo(t)]"

FO(E) = F2%(t)  the value [f(1)]* = [fA(1)]

f(t%) the right/left-hand limit of the function f at the point ¢t
[F(6) the value f(b) — f(a)

Crd the set of all rd-continuous functions

Cprd the set of all piecewise rd-continuous functions

o the set of all rd-continuously A-differentiable functions

C|13rc| the set of all piecewise rd-continuously A-differentiable functions
Cu the set of all ld-continuous functions

Cptd the set of all piecewise ld-continuous functions

cl the set of all ld-continuously V-differentiable functions
C|13ld the set of all piecewise ld-continuously V-differentiable functions
(XY)(ii) we refer to the second identity in (XY)

—Xii—



The approach turns out to be fruitful and successful, and
leads to the effective construction as well as the theoret-
ical understanding of an abundance of what we call sym-
plectic difference scheme, or symplectic algorithms, or sim-
ply Hamiltonian algorithms, since they present the proper
way, i.e., the Hamiltonian way for computing Hamiltonian

dynamics.
KaNG FENG, SEE [69]
Chapter
INTRODUCTION
Discrete symplectic systems
Xie1 = Arxk + Beuyg,  ugy1 =Cexi + Deug, kel CN, (1.1)

where the coefficient matrix

A B

Ck D

&=( I 0

) is symplectic, ie., SISk =J forallkeland J:= ( 0 I) ,

were initiated as the proper discrete analogy (because systems (1.1) and (1.2) below have
symplectic transition matrices) of linear Hamiltonian differential systems

X(t) = Alt) x(t) + B(t)u(t), u'(t) = C(t)x(t) — A (t)u(t), telCR,  (12)

where B(t) and C(t) are Hermitian matrices for all t € /.
Unfortunately, the terminology “symplectic” and “Hamiltonian” can be for the reader
confusing because there were also introduced discrete linear Hamiltonian systems as

Axi = Akxies1 + Brug, Aug = Cexpeer — AZuk, kel CN (1.3)

with Hermitian matrices By and Cy and the invertible matrix Z — A for all kK € / in [63,64].
Nevertheless, if we rewrite system (1.3) into the form

X1 = (I = A xi + (I = Ax) ' Bieu,

it = Cell = A) ™ xc+ [ 1= AL+ Gl = A) T B u,

we obtain a symplectic system, see [3, Theorem 3].
In the unifying theory for differential and difference equations — the theory of time
scales — the theory of symplectic systems on time scales, i.e.,

xB(t) = A(t) x(t) + B(t)u(t), u®(t) =C(t)x(t) +D(t)u(t), teT, (1.4)

_1_



Chapter 1. Introduction

originated in [58]. These systems generalize and unify a large spectrum of differential and
difference equations and systems, in particular any even order Sturm-Liouville differential
and difference equations, systems (1.2), (1.1), and consequently (1.3). Let us note that, in
analogy with the discrete case, dynamic systems in the form

xB(t) = A(t) x°(t) + B(t)u(t), uP(t) = C(t)x°(t) — A*(t)u(t), teT, (1.5)

where the matrices B(t) and C(t) are Hermitian and Z—p(t) A(t) is invertible on T, are also
studied in the literature starting in [25,88-90]. Such systems are called linear Hamiltonian
dynamic systems and were developed as the dynamic analogy of (1.3). Similarly to the
discrete case, it can be shown that (1.5) is a special case of symplectic system (1.4).

In recent years, an increasing attention has been paid for the development of the
theory for symplectic systems on time scales. In this dissertation we present new contri-
butions to this theory. The text consists of five chapters (including this chapter) which are
organized as follows. In the next chapter we recall fundamental notions and necessary
parts from the time scale theory. In Chapter 3 we introduce and study the trigono-
metric and hyperbolic systems on time scales and in Chapter 4 we establish the Weyl—
Titchmarsh theory for symplectic systems on time scales. Moreover, the results presented
in both of these chapters are not only a unification of the discrete and continuous theory,
but they are new even in the discrete case. Finally, new results for the Sturm-Liouville
dynamic equations of the second order are given in Chapter 5. We characterize the do-
mains of the Krein—-von Neumann and Friedrichs extensions and introduce the concept of
critical operators on time scales. We also show the main parts of the Weyl-Titchmarsh
theory for these equations.

The motivation for the study of the topics presented in this dissertation and their
connection with the current literature are given in the introductory part of each of the
chapters.

1.1 Overview of author’s new results

This dissertation comprises of results which the author achieved as the PhD student
(jointly with his collaborators) in the years 2007-2011. More specifically, his new results
are the following:

e the qualitative theory of discrete trigonometric and hyperbolic systems, see [163],
and of trigonometric and hyperbolic systems on time scales (jointly with R. Simon
Hilscher), see [100] and Chapter 3,

e the Weyl-Titchmarsh theory for discrete symplectic systems with a spectral param-
eter appearing in the second equation (jointly with S. L. Clark), see [45], and for
symplectic systems on time scales (jointly with R. Simon Hilscher), see [145] and
Chapter 4,

e the characterization of the domains of the Krein—von Neumann and Friedrichs exten-
sions for second order Sturm-Liouville dynamic equations, see [164] and Section 5.1,

e the critical, subcritical, and supercritical operators of the second order Sturm-—
Liouville equations on time scales (jointly with P. Hasil), see [83] and Section 5.2.

Barring the results mentioned above, the author published (jointly with R. Simon
Hilscher) also a survey paper concerning the definiteness of the quadratic functionals

_o_



1.1. Overview of author’s new results

associated with symplectic systems, and a paper with a characterization of the Friedrichs
extension for the operators associated with the linear Hamiltonian differential systems,
see [A3,A4] on page 96.
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A major task of mathematics to-day is to harmonize the
continuous and the discrete, to include them in one com-
prehensive mathematics, and to eliminate obscurity from
both.

ELaiNe T. BELL, SEE [19, P. 13]

Chapter

TIME SCALE THEORY

The time scale calculus was established in Hilger’'s doctoral dissertation [85] and pub-
lished (first time in English) in his paper [86]. His work dealt with the so-called measure
chains, which are ordered topological objects equipped with a measure. However, with
respect to [86, Theorem 2.1] any measure chain is isomorphic to some nonempty closed
subset of R, i.e,, to a time scale, which is therefore the most illustrative and most appro-
priate form of measure chains, see also [17, p. 241]. Fundamental results of the time scale
theory are presented in the following sections.

This theory unifies particularly the continuous and discrete calculi but also the quan-
tum calculus (g-calculus), the calculus on the Cantor set, and (generally) a calculus on
a set represented by a union of disjoint closed intervals. Consequently, it provides suit-
able tools for a study of differential, difference, and (generally) dynamic equations and
their systems under the unified framework. Exempli gratia, the coexistence of a union
of closed continuous intervals appears in hybrid dynamic systems (with applications
in engineering, see [78] and the references therein) or in impulsive differential equations
(developed in modeling impulsive problems, e.g., in physics, population dynamics, biotech-
nology, pharmacokinetics, and industrial robotics, see [21,118]). Some applications of the
time scale calculus can also be found in economics, see, e.g., [13,15,29,152]. Moreover,
the study of the time scale theory can motivate (and really motivates) results being new

even in special cases of time scales (in particular in the continuous and discrete cases),
see, e.g., [91,95,96].

2.1 Basic notation

By definition, a time scale T is any nonempty closed subset of the real numbers R.
A bounded time scale T can be identified with the time scale interval [a, b]; :=[a, b]NT,
where a := minT, b := maxT, and [a, b] is the usual interval of real numbers. A time
scale unbounded above and below can be written as [a, 00); := [a, c0)NT and (—oo, b}, :=
(—o0, b]NT, respectively, and an unbounded time scale is denoted by (—o0, c0); := RNT.
Similarly, we use the notation [a, b], for a discrete interval, where a,b € Z, i.e., [a, b], :=

_5_



Chapter 2. Time scale theory

[a, b]NZ. Open and half-open time scale intervals are defined accordingly.
The forward jump operator o : T — T is defined by

o(t):=inf{s e T|s>t}

(and simultaneously we put inf@ := supT). The backward jump operator p : T — T is
defined by
p(t) :=sup{s € T|s <t}

(simultaneously we put sup @ := inf T).

Let t € T. A point t > infT is said to be left-dense and left-scattered if p(t) = t
and p(t) < t, respectively, while a point t < supT is said to be right-dense and right-
scattered if o(t) = t and o(t) > t, respectively, see also Figure 2.1. In addition, if a is
a minimum of T, then p(a) = a, and if b is a maximum of T, then o(b) = b. The point t is
called isolated if it is right-scattered and left-scattered at the same time, and it is called
simply dense if it is either right-dense or left-dense (compare to [32, p. 2] and [33, p. 2]).
The forward graininess function p : T — [0, 00) is defined by p(t) := o(t) — t and the
backward graininess function v : T — [0, 00) by v(t) := t — p(t).

to t1 t t3 ts ts

Figure 2.1: Illustration of time scale points.

2.2 Time scale derivative

For a better arrangement, we introduce for any time scale T the following notation

- T\ {b}, if the point b is a left-scattered maximum of T,
. T, otherwise.

For a function f : T — C it is possible to define the A-derivative of f at t € T¥
(denoted by f2(t)) in the following way

£ (6)—£(2) (2.1)

@uy—{mm*”@im,tumoza
R if p(t) > 0.

Let us note that the value f2(b) is not well defined if b = max T exists and is left-scattered.
The usual differential rules take the form

(F £ g)*(t) = 14() = (1), (22)

(fg)™(t) = () g(£) + £7(2) g™ () = F2(2) g (1) + £(1) g°(2).
We say that a function f(t) is A-differentiable on T* provided f2(t) exists for all t € T.
The special cases of the A-derivative for T = R and T = Z are presented in Remark 2.2

below.
A function f(t) is said to be regressive on an interval | C T* if

T+ u(t)f(t) #0 forallt el



2.3. Nabla calculus on time scales

and an n x n matrix-valued function A: T — C"*" is called regressive on | C T* if
T + p(t) A(t) is invertible for all t €/,

where T denotes an appropriate identity matrix. Analogously, we can also define v-
regressive scalar and matrix-valued functions. If an n x n matrix-valued function A is
A-differentiable and such that AA? is invertible, then the differentiation of the identity
AA™T =T yields

ATA = —(A9)TTAA AT = AT AR A%, (2.4)

A function f : [a, bl — C"™*" is called regulated provided its right-hand limit f(t%)
exists (finite) at all right-dense points t € [a, b]; and the left-hand limit f(¢t™) exists (finite)
at all left-dense points t € [a, b];. A function f is called rd-continuous (we write f € Cyq)
on [a, bl if it is requlated and if it is continuous at each right-dense point t € [a, b);.
A function f is said to be piecewise rd-continuous (f € Cyrg) on [a, bl; if it is regulated
and if f is rd-continuous at all but possibly finitely many right-dense points t € [a, b);.
A function f is said to be rd-continuously A-differentiable (f € Cly) on [a, b}, if f* exists
for all t € [a, p(b)}r and & € Cyq on [a, p(b)}:. A function f is said to be piecewise
rd-continuously A-differentiable (f € Clll_d) on [a, b if f is continuous on [a, b]; and f2(t)
exists at all except of possibly finitely many points t € [a, p(b)ly, and > € Cprd 0N
[a, p(b)]r. As a consequence we have that the finitely many points t;, at which f2(t;) does
not exist, belong to (a, b)r and these points t; are necessarily right-dense and left-dense
at the same time. Also, since we know that fA(tl-Jr) and fA(tl-_) exist finite at those points,
we replace the quantity f2(t;) by f2(tF) in any formula involving f2(t) for all t € [a, p(b)}r-

The introduced notation is possible to extend for an unbounded time scale [a, o)y, if
the conditions are satisfied on [a, b]; for every b € (a, 00);. It is known that a composition
of a continuous function f with an rd-continuous (or piecewise rd-continuous) function, is

an rd-continuous (or piecewise rd-continuous) function. We note that if f2(t) exists, then
fo(t) = f(t) + p(t)f2(t). (2.5)

Remark 2.1. For a fixed typ € [a, by and an n x n matrix-valued function A € Cpra on
[a, b]; which is regressive on [a, to);, the initial value problem

y? =A(t)y and y(ty) = yo for t € TX

has a unique solution y € Clll.d on [a, b} for any yo € C". Similarly, this result holds on
[a, 00)r.

If not specified otherwise, we use a common agreement that vector-valued solutions
of a system of dynamic equations and matrix-valued solutions of a system of dynamic
equations are denoted by small letters and capital letters, respectively, typically by z(:)
or z(-) and Z(-) or Z(:), respectively.

2.3 Nabla calculus on time scales

It was shown in [39] that statements known in delta calculus can be equivalently formu-
lated for nabla calculus on time scales and vice versa via the so-called duality principle.
Hence, in this section we present fundamental parts of the nabla calculus in analogy of
the corresponding results presented in the previous sections for the delta calculus.



Chapter 2. Time scale theory

For brevity, we define for any time scale T the set

K =

T {']1‘\ {a}, if the point a is a right-scattered minimum of T,

T, otherwise.

For a function f : T — C we introduce the V-derivative of f at t € T, (denoted by Y (t))
as

lime_, M, if v(t) =0,
£t -—{ et (0 (2.6)

f(t)—fr .
(t)v(t) (t), if V(t) > 0.

Analogously, we note that the value fV(a) is not well defined if a = min T exists and
is right-scattered. The fundamental differential rules for nabla calculus take the form

(f£g)V(t) = 1V(t) £ g7 (¢), (2.7)
(fg) V(1) = Y (t) g(t) + £P(t) g (1) = £V (t) g°(t) + (1) g™ ().
We say that a function f is V-differentiable on T,, if ¥ (t) exists for all t € T,.

Remark 2.2. One can easily see that for T = R we have
a(t) =t =p(t), p(t)=v(t) =0, and F2(t) = FV(t) = f'(¢).
On the other hand, for T = Z the relations
at)=t+1, p(t)y=t—1, p(t) =v(t) =1, FA=f(t+1)—1£(t), and ¥ = f(t) — f(t — 1)
hold true.

With respect to the definitions in the delta calculus, we can introduce the sets of
ld-continuous, piecewise ld-continuous, ld-continuously V -differentiable, and piecewise
ld-continuously ¥V -differentiable functions on [a, b} and write f € Cyg, f € Cpa, f € cly,
and f € Cllld, respectively, on bounded or unbounded time scales. We note that if £V (t)
exists, then

fP(t) = f(t) — v(t)fY (2). (2.9)

The following identities show the possibility how to interchange the V- and A-
derivatives. If f € C! ; on T%, then the function f is also V-differentiable on T, and

prd
it holds
lims_,~ f2(s), if tis left-dense and right-scattered point,
1o () = | 1M 1) . ' (2.10)
2 (p(t)), otherwise.

Similarly, if f € Cg,ld on Ty, then the function f is as well as A-differentiable on T* and
we have

A1) = (2.11)

lims_,+ fY(s), if t is right-dense and left-scattered point,
¥(o(t), otherwise.

Especially, if 2 and fV are continuous, we obtain f2(t) = ¥ (a(t)) and Y (t) = f2(p(t)).

_8—



24. Integration on time scales

2.4 Integration on time scales

Now, let ¢,d € T and ¢ < d. The A-integral and V-integral are defined in such a way
that they reduce to the usual Riemann integral in the continuous time case and to the
Riemann sum in the discrete time case, i.e,,

/Cdf(t)At:[Cdf(t)Vt:/Cdf(t) dt if T=R,

d d—1 d d
/f(t)Atsz(t) and /f(t)Vt: Y f(t) if T=2.

t=c+1

The basic rules for the time scale A-integral have the standard form

/Cd f(s)As = /Ce f(s)As + /ed f(s) As, /Cd f(s)As = _/dc f(s)As, (2.12)

where ¢ < e < d. Analogous properties hold true for the time scale V-integral. The
fundamental result from the theory of time scale integrals says that for every piece-
wise rd-continuous (or ld-continuous) function there exists a A-antiderivative (or a V-
antiderivative). The rule for the integration by parts takes the following form. If f,g €
C! . then we have

prd’
d d
] ()9 (1) At = [f(t)g(0))¢ [ A (6)g° (1) At 2.13)
and, if f, g € Cllld, then
d d
/ f(t)g¥ () Vit = [f(f)g(t)]g—/ ¥ (t)g" (1) Vt. (2.14)

Moreover, if f and g are A- and V-differentiable functions, respectively, with continuous
derivatives, the formulas fcd hP(t) V't = fcd h(t) At, fcd ho(t) At = fcd h(t) Vt and identities
(2.14), (2.13) yield

d d
/ f(0)g° (1) At = [f(t)g (1)) — / ¥ (t)g(t) Vt, (2.15)

d d
/ f(0)g¥ (1) Vit = [f(t)g(0)]! - ] A(1)g(t) At. (2.16)

The Cauchy-Schwarz inequality is an important tool in the proofs of some statements
in the Weyl-Titchmarsh theory for symplectic systems presented in Chapter 4. For f,g €
Cprd we have

d d 1/2 d 1/2
/|f(t)g(t)|Ats{/ |f(t)|2At} {/ |g(t)|2At} | 217)

Finally, it is a known fact that for any function f and s € T, the following identity

/S f(t)Vt = v(s)f(s) (2.18)
p(s)

holds true.
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2.5 Bibliographical notes

Excluding Hilger's doctoral dissertation and his first paper, the books [32,33] are the
fundamental references for theory of time scales. In addition, the concept of piecewise
rd-continuous functions and rd-continuously A-differentiable functions on time scales
was initiated in [92]. Special cases of (2.10) and (2.11) were proven in [14, Theorem 2.5
and Theorem 2.6], see also [32, Theorem 8.49] and [121, Theorem 4.8]. The statement of
Remark 2.1 is known from [86, Theorem 5.7] or [32, Theorem 5.8] and was also discussed
in [96, Remark 3.8]. The existence of an antiderivative is known from [32, Theorem 1.74 and
Theorem 8.45]. Identity (2.14) was proven in [32, Theorem 8.47(vi)] and identity (2.13) in [32,
Theorem 1.77(vi)]. For more details about the time scale integrals see, e.g., [17,30,79].
The proofs of identities (2.15) and (2.16) follow from [33, Corollaries 4.10 and 4.11]. Many
classical inequalities (Holder, Cauchy—Schwarz, Minkowski, Jensen etc.) were general-
ized on time scales in [1]. The proof of identity (2.18) can be found in [33, Lemma 4.13].
Moreover, similar identities also hold for the A-integral, and for the A- and V-integrals
over [s, a(s)], see [33, Lemma 4.13].

—-10-



One should always generalize.
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Chapter

TRIGONOMETRIC AND HYPERBOLIC
SYSTEMS ON TIME SCALES

In this chapter we study trigonometric and hyperbolic systems on time scales and proper-
ties of their solutions, the time scale matrix trigonometric functions Sin, Cos, Tan, Cotan,
and time scale matrix hyperbolic functions Sinh, Cosh, Tanh, Cotanh, which are all prop-
erly defined in this chapter. These trigonometric and hyperbolic systems generalize and
unify their corresponding continuous time and discrete time analogies, namely the sys-
tems known in the literature as trigonometric and hyperbolic linear Hamiltonian systems
and discrete symplectic systems. More precisely, the system of the form

X' =0 U, U =-0()X, (3.1)

where t € [a, b], X(t), U(t), and Q(t) are n x n complex-valued matrices and additionally
the matrix Q(t) is Hermitian for all t € [a, b], is called a continuous trigonometric system.
Basic properties of this system can be found in [18,65,134].

The discrete counterpart of (3.1) has the form

Xis1 = PiXie + QkUi, Uiy = —Or X + P U, (32)

where k € [a, b];, Xk, Uk, Pk, Qk are n x n complex matrices and, additionally, for all
k € [a, b]; the following holds

PPk + QkQx =T = PkPj + Qi 0y, (33)
PiQk and PrQf are Hermitian. (3.4)

System (3.2) is called a discrete trigonometric system and its basic properties can be
found in [5,26,157,162].
In a similar way we can define a continuous hyperbolic system as

X' =0t)U, U =0(@)X, (35)

—11-



Chapter 3. Trigonometric and hyperbolic systems on time scales

where t € [a, b], X(t), U(t) and Q(t) are n x n complex-valued matrices and, additionally,
the matrix Q(t) is Hermitian for all t € [a, b]. A system of this form was first studied
in [71].

A discrete hyperbolic system is defined as

Xy = PiXie + QU,  Ugpr = QklXic + P Uy, (3.6)
where k € [a, b],, Xk, Uk, Pk, Qk are n x n complex matrices and, in addition to (3.4),
PiPi — QkOk =T = PPy — QQ

holds for k € [a, b];. The reader can get acquainted with these systems in [61,162].

The conditions for the coefficient matrices in (3.1), (3.5) or (3.2), (3.6) are set in such
a way so that the considered system is Hamiltonian or symplectic, respectively. That is,
for the relevant matrices

sm:(_o?t) Q(()t)) or S(t)=( 0 Q(()t)) and

o(t)
Pr Ok ( P Qk)
-0k Pk

S, =
k ( Or Pk

) or 5S¢ =

we have the identities
S )T +TIS(t)=0 and S JSk=J,

respectively, i.e,, the matrix §(t) is Hamiltonian and Sy is symplectic.

The aim of this chapter is to unify and generalize the theories of continuous and
discrete trigonometric systems, as well as the theories of continuous and discrete hyper-
bolic systems. This will be done within the theory of symplectic dynamic systems defined
in the next section. We derive for general time scales T the same identities which are
known for the special cases of the continuous time T = R or the discrete time T = Z.

In the continuous time case the study of elementary properties of scalar and matrix
trigonometric functions goes back to the paper [24] of Bohl and to the works of Bar-
rett, Etgen, Do3lg, and Reid, see [18,50-53,65,66,134]. Discrete time scalar and matrix
trigonometric functions were studied by Anderson, Bohner, and Dosly in [5,26-28], and
more recently by Dosla, Dosly, Pechancova, and Skrabakova in [49,60]. Parallel consider-
ations but for the hyperbolic systems, both continuous and discrete, can be found in the
works [61,71,162] by Dosly, Filakovsky, Pospisil, and the author. As for the general time
scale setting, scalar trigonometric and hyperbolic functions were defined in [32, Chap-
ter 3] by Bohner and Peterson and in [130] by Pospi$il. Some properties of the matrix
analogs of the time scale trigonometric and hyperbolic functions were established in the
papers [54,131,132] by Doslg and Pospisil.

By the same technique as in [52], namely considering two different systems with the
same initial conditions, we establish additive and difference formulas for trigonometric
and hyperbolic systems on time scales. In particular, utilizing these identities in the
continuous time we derive n-dimensional analogies of many classical formulas which are
known for trigonometric and hyperbolic systems in the scalar case. The second purpose
of this chapter is to provide a concise but complete treatment of properties of time scale
matrix trigonometric and hyperbolic functions, as well as to point out to the analogies
between them.

—12-



3.1. Symplectic dynamic systems on time scales

3.1 Symplectic dynamic systems on time scales
A symplectic dynamic system on a time scale T is the first order linear system
XA = AX+B(t)U, Ur=C(t)X +D(t) U, (S)

where X, U : T — C"*", the coefficients are n x n complex-valued matrices such that
A,B,C,D € C,q on TX, and the matrix
prd

s0= (e o) 7
satisfies
S*(t) T + TIS(t) + u(t)S*(t) TS(t) =0 (3.8)

for all t € T*. This identity implies that the matrix Z + p(t) S(t) is symplectic. Since
every symplectic matrix is invertible, it follows that the matrix function S(:) is regressive
on T“. Consequently, the existence of a unique solution for any (vector or matrix) initial
value problem follows by Remark 2.1.

Analogously, we can define nabla time scale symplectic systems. Such systems were
studied in [97] with a surprising outcome that some results known for system (S) do not
coincide with parallel results obtained for nabla time scale symplectic systems even in
the special cases T =R and T = Z.

If T =R, then with A(t) := A(t), B(t) := B(t), and C(t) := C(t) system (S) corresponds
to linear Hamiltonian system (1.2) and the coefficient matrix

Alt)  B(t)

S(t) = (C(t) —A*(t)) satisfies now JS(t) + S*(t)J =0 for all t € [a, b],

i.e., the matrix S(-) is Hamiltonian. If T = Z, then system (S) with
A =T+ A(k), Bx:=DB(k), Cr:=C(k), and D :=7+D(k)

is discrete symplectic system (1.1) and the matrix Sk := (ékk % ) is symplectic.

Identity (3.8) is in the block notation equivalent to (we omit the argument t € T)

B*—B+ u(B*D—-DB)=0,
C"—C+up(CA—-AC)=0,
A*+D+ p(A*D —-C*'B) = 0.

This implies that the matrices B*(Z + pD) and C*(Z + pA) are Hermitian. By using the
fact that 7 + p(t) S*(t) is symplectic as well, we can derive other equivalent identities

C—C* + y(CD* — DC)
B—B* + i (BA* — ABY)
D+ A" + u(DA* —CBY)

0!
Or
0.

IfZ = (ﬁ) and 7 = (
is defined on T as

e

) are any solutions of system (S), then their Wronskian matrix

W(Z, Z](t) := X*(t) U(t) — U*(t) X(t)

and the following is a simple consequence of the fact WA[Z,z](t) =0.

—13-



Chapter 3. Trigonometric and hyperbolic systems on time scales

Proposition 3.1. Let Z = (ﬁ) and Z = (i:(/) be any solutions of (S). Then the Wronskian
W[Z,Z|(t) = W is constant on T.

A solution Z = () of (S) is said to be a conjoined solution if W[Z,Z|(t) = 0, ie,

X*(t)U(t) is Hermitian at one and hence at any t € T. Two solutions Z and Z are
normalized if W[Z,Z](t) = Z. A solution Z is said to be a basis if rankZ(t) = n on T. It
is well known fact that for any conjoined basis Z there always exists another conjoined
basis Z such that Z and Z are normalized.

Proposition 3.2. Let Z be any solution of (S). Then rankZ(t) = r is constant on T.

Proof. Let ®(t) be a fundamental matrix of system (S), te, ® = (Z 2) where Z and

Z are normalized solutions. Then every solution of (S) is a constant multiple of ®(t),
that is, Z(t) = ®(t)M on T for some M € C*"*". If rank Z(ty) = r at some ty € T, then
rank M = r. Consequently, rankZ(t) = r for all t € T. |

From Propositions 3.1 and 3.2 we can see that the defining properties of conjoined
bases of (S) can be prescribed just at one point tyg € T, for example by the initial condition
Z(tg) = £y with £y T2y = 0 and rank Zp = n.

Proposition 3.3. Two solutions Z and Z of system (S) are normalized conjoined bases if
and only if the 2n x 2n matrix ®(t) := (Z(t) Z(t)) is symplectic for all t € T.

It follows that Z = ()&) and Z = (%) are normalized conjoined bases if and only if
(suppressing the argument t € T)
XU—UX =T = XU* — UX*, 39
XU=UX, XU=UX XX*=XX*, UU =U0U" '

The fact that the matrix ® is symplectic for all t € T implies that ®~" = J7*®*7, and
thus from ®7 = (Z + pS) ® we get P7T*P*T =T + uS for t € T¥. That is (suppressing
the argument t € T¥),
XU — XU =T +pA,  XX*—X°X* = B, 510
U°X* — U°X* =T +uD, U°U* —U°U* = uC. '

For a given point tg € T, the conjoined basis (g) of (§) determined by the initial

conditions )A((to) =0 and U(to) =T is called the principal solution at ty.

3.2 Time scale trigonometric systems

In this section we consider the system (S) on [a, b];, where the coefficient matrix takes
the form

P(t) Q(1)
=50 7o)
with n x n complex-valued matrices P, Q € Cpyq on [a, p(b)}r. Therefore, from (3.8) we get
that the matrices P and Q satisfy the identities (we omit the argument t)
Q- Q+p(QP—-PQ)=0,
P +P+u(QQ+PP) =0 (312
for all t € [a, p(b)]:, see also [32, p. 312] and [87, Theorem 7].

—_—
—_—
~— ~—
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3.2. Time scale trigonometric systems

Definition 3.4 (Time scale trigonometric system). The system
XA =PHX+Q()U, U*=—-Q)X+P(t)U, (3.13)

where the coefficient matrices satisfy identities (3.11) and (3.12) for all t € [a, p(b)}r, is
called a time scale trigonometric system.

Remark 3.5. System (S) is trigonometric if its coefficients satisfy, in addition to (3.8)
the identity J*S(t) J = S(t) for all t € [a, p(b)]r. Therefore, trigonometric systems are
also called self-reciprocal. Moreover, any symplectic system (S) can be transformed into
a trigonometric system.

Remark 3.6. Now, we compare the continuous time trigonometric system arising from
Definition 3.4, with the system (3.1) introduced at the beginning of this chapter. For
[a, bl; = [a, b], the time scale trigonometric system takes the form

X =Pt X+ 00U, U =-Q(t)X+P(t)U, (3.14)

where Q(t) is Hermitian and P(t) is skew-Hermitian, see (3.11) and (3.12) with ¢ = 0.
Now we use the special transformation to reduce the system (3.14) into (3.1), see [28,134].

More precisely, let H(t) be a solution of the system H" = P(t) H with the initial condi-
tion H*(a) H(a) = Z, i.e., the matrix H(a) is unitary. Now, we consider the transformation
X := H7'(t) X and U := H*(t) U, which yields

X' =H ' )Qt)H () U, U = —H"(t) Q(t) H(t) X.

Hence, this resulting system will be of the form (3.1) once we show that H*(t) = H™(t)
for all t € [a,b]. But this follows from the calculation (H*H)’ = 0 and from the initial
condition on H(a). Now, we put Q(t) := H*(t) Q(t) H(t) which is Hermitian, so that

X' =0(tU, U =-0(tX

Remark 3.7. Analogously, we consider the discrete case and show that the time scale
trigonometric system reduces for [a, bl; = [a, b], to system (3.2) introduced at the begin-
ning of this chapter. Upon setting Py := 7 +P(k) and Qi := Q(k) one can easily see that
identities (3.11) and (3.12) are in this case equivalent to the properties of Py and Qk in
(3.3)-(3.4).

Now, we turn our attention to solutions of the general time scale trigonometric system.

Lemma 3.8. The pair (ﬁ) solves the time scale trigonometric system in (3.13) if and only

if the pair (_%) solves the same system. Equivalently (%) solves (3.13) if and only if

( *6 ) does so.

The following definition extends to time scales the matrix sine and cosine functions
known in the continuous time from [18, p. 511] and in the discrete case from [5, p. 39].

Definition 3.9. Let s € [a, b]; be fixed. We define the n x n matrix-valued functions sine
(denoted by Sins) and cosine (denoted by Coss) as

Sing(t) := X(t) and  Coss(t) := U(t),

respectively, where the pair ()lj) is the principal solution of system (3.13) at s, i.e, it is
given by the initial conditions X(s) = 0 and U(s) = Z. We suppress the index s when
s = a, i.e., we denote Sin := Sin, and Cos := Cos,.

—15-



Chapter 3. Trigonometric and hyperbolic systems on time scales

Remark 3.10. (i) The matrix functions Sins and Coss are n-dimensional analogs of the
scalar trigonometric functions sin(t — s) and cos(t — s).

(i) When n =1 and P = 0 and Q = p with p € Cy, the matrix functions Sing(t)
and Coss(t) reduce exactly to the scalar time scale trigonometric functions sin,(t, s) and
cos,(t, s) from [32, Definition 3.25].

(iit) In the continuous time scalar case and when P = 0, i.e, system (3.13) is the
same as (3.1), the solutions Sin(t) = sin fat Q(t)dt and Cos(t) = cos fgt Q(t)dr. Similar
formulas hold for the discrete scalar case, see [5, p. 40].

Remark 3.11. By using Lemma 3.8, the above matrix sine and cosine functions can be
alternatively defined as Coss(t) := X(t) and Sing(t) := —U(t), where (g) is the solution
of system (3.13) with the initial conditions )~((5) =71 and D(s) =0.

By definition, the Wronskian of the two solutions ((S:‘L’If) and ( _a‘)';) is W(t) = W(a) =

Z. Hence, (g‘l’lf) and (_Cc")';) form normalized conjoined bases of system (3.13) and

d(t) :=

Cos(t) - S'Ln(t)) (3.15)

Sin(t) Cos(t)

is a fundamental matrix of (3.13). Therefore, every solution (ﬁ) of (3.13) has the form
X(t) = Cos(t) X(a) — Sin(t) U(a) and U(t) = Sin(t) X(a) + Cos(t) U(a)

for all t € [a, b];. As a consequence of formulas (3.9) and (3.10) we get the following.

Corollary 3.12. For all t € [a, b]; the identities

Cos™ Cos + Sin* Sin = Z = Cos Cos™ + Sin Sin*, (3.16)
Cos™ Sin = Sin* Cos, Cos Sin* = Sin Cos™ (3.17)

hold, while for all t € [a, p(b)]; we have the identities
Cos? Cos* +Sin? Sin* =7 + pyP, Cos? Sin* —Sin? Cos* = pQ.

The following result is a matrix analog of the fundamental formula cos?(t) +sin’(t) = 1

for scalar continuous time trigonometric functions, see also [32, Exercise 3.30]. Here H . HF
1
is the usual Frobenius norm, ie, [V = (X7 v5)?, see [23, p. 346]

Corollary 3.13. For all t € [a, b]; we have the identity

|Cos||% + ||Sin||z = n. (3.18)
Proof. Since for arbitrary matrix V € C"™" the identity tr (V*V) = |V|% holds, equation
(3.18) follows directly from (3.16). |

Corollary 3.14. For all t € [a, p(b)]: we have

Cos™ Cos* 4 Sin® Sin* = P, (3.19)
Sin® Cos* — Cos™ Sin* = Q. (3.20)
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Proof. Since (8‘)‘;) is the solution of system (3.13), we have

Sin® = P Sin +Q Cos and Cos? = —Q Sin+P Cos.

If we now multiply the first of these two identities by the matrix Sin* from the right and
the second one by Cos™ from the right, and if we add the two obtained equations, then
formula (3.19) follows. In these computations we also used (3.16)(ii) and (3.17)(ii). Similar
calculations lead to formula (3.20). |

Remark 3.15. If the matrix Cos and/or Sin is invertible at some point t € [a, b];, then, by
(3.16) and (3.17), we can write

Cos™" = Cos* + Sin* Cos*~' Sin*,  Sin™' = Sin* 4 Cos* Sin*~" Cos* . (3.21)

Next we present additive formulas for matrix trigonometric functions on time scales.
This result generalizes its continuous time counterpart in [66, Theorem 1.1] to time scales.

Theorem 3.16. For t,s € [a, by we have

Sing(t) = Sin(t) Cos*(s) — Cos(t) Sin*(s), (3.22)
Coss(t) = Cos(t) Cos™(s) + Sin(t) Sin*(s), (3.23)
Sin(t) = Sins(t) Cos(s) + Coss(t) Sin(s), (3.24)
Cos(t) = Coss(t) Cos(s) — Sins(t) Sin(s). (3.25)

Proof. We set
V(t) := Sin(t) Cos*(s) — Cos(t) Sin*(s),  Y(t) := Cos(t) Cos*(s) + Sin(t) Sin*(s).
Then we calculate
VA(t) = Sin®(t) Cos*(s) — Cos®(t) Sin*(s) = P(t)V(t) + Q(t) Y (1),
YA(t) = Cos®(t) Cos*(s) + Sin®(t) Sin*(s) = —Q(t)V(t) + P(t)Y(t),

where we used (3.16)(ii) and (3.17)(ii) at t. The initial values are V(s) =0 and Y(s) =7
where we used (3.16)(it) and (3.17)(ii) at s. Hence, equations (3.22) and (3.23) follow from
the uniqueness of solutions of time scale symplectic systems. That is V/(t) = Sing(t) and
Y(t) = Coss(t). Note that equations (3.22) and (3.23) can be written as

Cos*(s) Sin*(s)

(Sins(t) Coss(t)):(Sln(t) Cos(t)) —Sin*(s) Cos*(s)] "’

(3.26)

where the 2n x 2n matrix on the right-hand side equals to CT)_1(5) and the matrix Ci)(s) is
defined in (3.15). Multiplying equality (3.26) by ®(s) from the right, identities (3.24) and
(3.25) follow. |

Remark 3.17. With respect to Remark 3.10 for the scalar continuous time case, identities
(3.22)—(3.23) are matrix analogues of

sin(t — s) = sin(t) cos(s) — cos(t)sin(s), cos(t —s) = cos(t) cos(s) + sin(t) sin(s),
while identities (3.24)—(3.25) are matrix analogues of

sin(t) = sin(t — s) cos(s) + cos(t — s) sin(s), cos(t) = cos(t — s) cos(s) — sin(t — s) sin(s).

—17-



Chapter 3. Trigonometric and hyperbolic systems on time scales

Interchanging the parameters t and s in (3.22) and (3.23) yields expected properties
of the matrix trigonometric functions.

Corollary 3.18. Let t,s € [a, bl;. Then
Sins(t) = —Sin{(s) and Coss(t) = Cosj(s). (3.27)

Remark 3.19. In the scalar continuous time case with Q(t) = 1, the formulas in (3.27)
have the form

sin(t —s) = —sin(s —t) and cos(t —s) = cos(s — t).
Consequently, if we let s = 0, we obtain
sin(t) = —sin(—t) and  cos(t) = cos(—t),

so that Corollary 3.18 is the matrix analogue of the statement about the parity for the
scalar functions sine and cosine.

Next we wish to generalize the sum and difference formulas for solutions of two time
scale symplectic systems. This can be done via the approach from [52]. This leads to
a generalization of several formulas known in the scalar continuous case. Observe that,
comparing to Theorem 3.16 in which we consider one system and solutions with different
initial conditions, we shall now deal with two systems and solutions with the same initial
conditions. Consider the following two time scale trigonometric systems

XA =Pyt X+ Qut U, U = —Quy(t) X +Py(t) U (3.28)

with initial conditions X{;(a) = 0 and Uy(a) = Z, where i = 1,2. Denote by Sin(t) and
Cos;)(t) the corresponding matrix sine and cosine functions from Definition 3.9. Put

Sint(t) := Sing) (1) COSzkz)(t) + Cos1)(t) Sllﬂ?z)(t), (3.29)
Cos™(t) := Cos1)(t) Cos(y(t) F Sing)(t) Sinjy(t). (3.30)

Theorem 3.20. Assume that P and Q) satisfy (3.11) and (3.12). The pair Sin* and Cos*
solves the system

X = Poy(t) X + Quy(t) U+ XPpy (1) + UQy (1)

+u(t) [Py (6) (X () £ UQp(1)) + Qu(e) (FXQpy(0) + UPy(1)) |,
U = —Qq)(t) X + Proy(t) U F XQpy (1) + URG(1)

+ () [~ Qe () (XPpy (6) = UQy (1)) + Py(t) (FXQy(0) + URy (1)) |

L (331)

J

with the initial conditions X(a) = 0 and U(a) =ZI. Moreover, for all t € [a, b]y we have
Sin* (Sin*®)" + Cos® (Cos™)" =T = (Sin*)" Sin* + (Cos™)" Cos*, (3.32)
Sin* (Cosi)* = Cos* (S'mi)* , (S'Lni)* Cos™ = (Cosi)* Sin* . (3.33)

Proof. All the statements in this theorem are proven by straightforward calculations. In
these we use the identities, see (2.5),

Silﬂ = Sil1(1) —|-/_IS'lnﬁ) = Sinm +u (73(1) Sinm +Q(1) COS(1)) ,

U]
COSZT” = COS(1) +u COS(A” = COS(1) +u (—Q(1) Sil1(1) —I—’Pm COS(1)) ,
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3.2. Time scale trigonometric systems

time scale product rule (2.3), and system (3.28) for i = 1,2. Then it follows that the pair
Sin® and Cos™ solves the system (3.31) and Sin*(a) = 0, Cos™(a) =Z.

Next we show identity (3.32). From the definitions of Sin" and Cos", from the first
identity in (3.16) for i =1, and from the second identity in (3.17) for i = 2 we get

Sin* (Sin™)" + Cos™ (Cos™)" = Sing (Cosz‘z) Cos() + Sin(y S'm(z)) Sin
+ COS(1) (COSTZ) COS(Z) + S'ankz) Sil‘l(z)) COSZ‘”
= Cos) Cos(;) + Siny Sinpyy = 7.

The other identities in (3.32) are shown in analogous way. Similarly, by using (3.16) and
(3.17) for i = 1,2 one can show that all the identities in (3.33) hold true. |

Remark 3.21. The properties in (3.32) and (3.33) of solutions Sin* and Cos™ of system (3.31)
mirror the properties in (3.16) and (3.17) of normalized conjoined bases of (S). However,

. int e . . . .
the two pairs a‘)';r ) and ( gg;_ are not conjoined bhases of their corresponding systems,

because these systems are not symplectic.

Remark 3.22. In the continuous time case the assertion of Theorem 3.20 was proven
in [52, Theorem 1]. On the other hand, the discrete form is new. The details can be found
in [163, Theorem 3.14].

When the two systems in (3.28) are the same, Theorem 3.20 yields the following.
Corollary 3.23. Assume that P and Q satisfy (3.11) and (3.12). Then the system
XA = P(t)X + Q(t) U+ XP*(t) + UQ*(t)
+ (O PO(XP (1) + UQ* (1) + Q(6)(-XQ"(1) + UP*(1)) ]
US = —Q(t) X + P(t) U — XQ*(t) + UP*(t)
+ ()] = QU (XP* (1) + UQ (1)) + P(t)(~XQ*(t) + UP(1)) ]
with the initial conditions X(a) = 0 and U(a) =7 possesses the solution

X =2SinCos* and U = CosCos* —SinSin*,

where Sin and Cos are the matrix functions in Definition 3.9. Moreover, the above matrices
X and U commute, i.e., XU = UX.

Proof. The statement follows from Theorem 3.20 in which we take Py =Pz =P, Qn) =
Qp) = Q, and Sinp) = Sing) = Sin, Cos(y) = Cos(z) = Cos. Finally, from (3.16) and (3.17)
we get that XU — UX = 0. |

Remark 3.24. The previous corollary can be viewed as the n—dimensional analogy of the
double angle formulas for scalar continuous time goniometric functions

sin(2t) = 2sin(t) cos(t) and  cos(2t) = cosz(t) - slnz(t).

In the continuous time case, the content of Corollary 3.23 coincides with [65, Theorem 1.1].
On the other hand, this result is new in the discrete case, see [163, Corollary 3.16].
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Corollary 3.25. For all t € [a, b]; we have the identities

Sing) Sinjy = % (Cos™ — Cos"), (3.34)

Cosp1y Cospy = % (Cos™ + Cos™), (3.35)
1

Sing) Cospy = 5 (Sin™ +Sin*) . (3.36)

Proof. Subtracting the two equations in (3.30) we obtain Cos — Cos' = ZSinmSan‘Z)
from which formula (3.34) follows. Similarly, from identities

Cos™ + Cos" = 2Cos(1)Cosyy and  Sin™ + Sin" = 2Sin() Cospy
we obtain (3.35) and (3.30). |

Remark 3.26. In the scalar continuous time case identities (3.34)—(3.36) correspond to
sin(t) sin(s) = = [cos(t — s) — cos(t + s)],

cos(t) cos(s) = = [cos(t — s) + cos(t + s)],

N =N =N =

sin(t) cos(s) = = [sin(t — s) + sin(t + s)].

The next definition is a natural time scale matrix extension of the scalar trigonometric
tangent and cotangent functions. It extends the discrete matrix tangent and cotangent
functions known from [5, p. 42] to time scales.

Definition 3.27. Whenever Cos(t) and Sin(t) is invertible, we define the matrix-valued
functions tangent (we write Tan) and cotangent (we write Cotan), by

Tan(t) := Cos~'(t) Sin(t) and Cotan(t) := Sin~'(t) Cos(t), respectively.

Remark 3.28. Analogous results concerning Tan(t) and Cotan(t) which are presented
below, we can get by using the definitions

—_~—

faﬁ(t) := Sin(t) Cos~'(t) and Cotan(t) := Cos(t) Sin™(¢).
Theorem 3.29. Whenever Tan(t) is defined we get

Tan*(t) = Tan(t), (3.37)
Cos™'(t) Cos* ' (t) — Tan’(t) = T. (3.38)

Moreover, if Cos(t) and Cos’(t) are invertible, then
Tan®(t) = [Cos?(t)] ' Q(t) Cos*(t). (3.39)
Proof. From (3.17) it follows that
Tan* — Tan = Cos™' (Cos Sin* — Sin Cos*) Cos*™' = 0,
while from (3.16) and (3.37) we get

7 = Cos (Cos_1 Sin Sin* Cos*™! —1—1) Cos* = Cos (Tan2 —i—I) Cos*,
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which can be written as equation (3.38). In order to show (3.39) we note that if Cos(to)
and Cos’(to) are invertible, then TanA(to) exists and, by (3.16), (2.4), (3.21), and (3.37), we
obtain

A
Tan® = (Cos_1 Sin) = —(Cos?)~" Cos® Cos ™" Sin + (Cos?) ™" Sin®
— (Cos®) ' Q (— Sin Cos™" Sin + COS) — (Cos®)™" Q Cos*" .
Therefore (3.39) is established. |

Similar results as in Theorem 3.29 can be shown for the matrix function cotangent.

Theorem 3.30. Whenever Cotan(t) is defined we get

Cotan*(t) = Cotan(t), (3.40)
Sin~'(t) Sin*~1(t) — Cotan®(t) = Z. (3.41)

Moreover, if Sin(t) and Sin’(t) are invertible, then
Cotan®(t) = —[Sin?(t)] " Q(t) Sin*~(t). (3.42)
Proof. It is analogous to the proof of Theorem 3.29. |

Remark 3.31. In the scalar case n = 1 identities (3.37) and (3.40) are trivial. In the scalar
continuous time case, identities (3.38), (3.41), (3.39), and (3.42) take the form

2
———— —tan‘(s) =1,
cos?(s) ) sin

t— _,_Qt t— _I_—Q(t)
(tan/aQ(L)dL) = ocls’ (cotan/aQ(L)dL) = ole

compare with Remark 3.10(iif). The discrete versions of these identities can be found
in [5, Corollary 6 and Lemma 12].

t
— cotan’(s) =1, with s :/Q(T) dr,
a

Remark 3.32. In the continuous time case with Q(t) = Z, i.e., when system (3.1) is X’ = U,
U" = —X and hence it represents the second order matrix equation X”+ X = 0, the matrix
functions Sin, Cos, Tan, and Cotan satisfy

Sin’ = Cos, Cos' = —Sin, Tan’ = Cos™'Cos*~!, Cotan’ = —Sin~'Sin*".

The first two equalities follow from the definition of Sin and Cos, while the last two
equalities are simple consequences of (3.39) and (3.42).

Next, similarly to the definitions of the time scale matrix functions Sin(;), Cos, for
i =1,2, Sin*, and Cos™ from (3.28)-(3.30) we define the following functions

Tany(t) := Cosy' (1) Sing)(t), Cotan((t) := Sing' () Cosy(1),
Tar* () := [Cos™(1)] " Sin*(1), Cotan® (1) := [Sin*(t)] ' Cos*(t).

Remark 3.33. It is natural that the matrix-valued functions Tan®™ have similar proper-
ties as the function Tan. In particular, the first identity in (3.33) implies that Tan* are
Hermitian. Similarly, the functions Cotan® are also Hermitian.
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The results of the following theorem are new even in the special case of continuous
and discrete time, see [163, Theorem 3.26].

Theorem 3.34. For all t € [a, b]y such that all involved functions are defined we have
(suppressing the argument t)

Tang) %= Tanp) = Tan 1) (Cotan + Cotan(y )) Tan(y), (3.43)
Tanp) = Tan(y Cos SLn Cos(z) (3.44)
Cotan(y) = Cotan(y) = Cotan (Tm + Tan 1)) Cotan(y), (3.45)
Cotan(y) = Cotanpp) = + Stn SLH_ Sln (3.406)
Tan® = Cosi"z ! (I F Tanp) Tangz ) - (Tanm iTan(z)) Cosz‘z), (3.47)
Cotan®™ = Sln’("z ! (Cotan(z) + Cota|1(1)) !
x (Cotangy Cotan(y) F7I) Sing, - (3.48)
Proof. For identity (3.43) we have
Tangy £ Tan) = Cosa; Sing (SLH(Z) Cos(p) + Stn Cos ) Cos Stn
=Ta n(1) (Cotan(z) + Cotanm) Tan(z)
The equations in (3.44) follow from the fact that Tan(y is Hermitian, i.e,
Tang) = Tanp) = Cos(]; (S'an Cosz‘z) + Cosy) S'an‘z)) Cos = Cos Sm Cosz‘j1

The proofs of identities (3.45) and (3.46) are similar to the proofs of (3.43) and (3.44). Next,
by using the fact that Tan() are Hermitian, we obtain from (3.44) the identity

Tang) £ Tan) = Cos(_Z; (Tani)* (Cosi)* Cosz‘1_)1,
from which we eliminate Tan™. That is, with (Tani)* = Tan® and Tanzkl-) = Tan() we have
Tan™ = (Cosi)f1 Cosy) (Tan“) = Tanp, ) Cosy

.
[Cosm (I ¥ Cos ) Singy Singy Cos (s ) Cosiy| Cosp (Tanp) + Tangy) Cosy)
= Cos (I F Tang Tan(z)r (Tanm + Tan(z)) Cos?‘z) )

Therefore, the formulas in (3.47) are established. The identities in (3.48) follow from (3.47)
by noticing that Tan® Cotan™ = Z and by using Cotanz"i) = Cotan. |

Remark 3.35. Consider the system (3.13) in the scalar continuous time case with P(t) =0
and Q(t) =1, or equivalently system (3.1) with Q(t) = 1. Then the identities in (3.43) and
(3.44) have the form

cotan(s) &+ cotan(t) _ sin(t=*s)
cotan(t) cotan(s)  cos(t) cos(s)

’

tan(t) £ tan(s) =

identities (3.45) and (3.46) reduce to

tan(s) £ tan(t)  sin(s % t)
tan(t) tan(s)  sin(t) sin(s)’

cotan(t) & cotan(s) =
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In addition, it is common to write (3.43) and (3.45) as

tan(t) £ tan(s)
cotan(t) + cotan(s)’

H

tan(t) tan(s) =

Finally, the identities in (3.47) and (3.48) correspond in this case to

cotan(t) cotan(s) ¥ 1

tan(t) &+ tan(s
tan(t +s) = (t) ()

= and cotan(t *s) =
1 F tan(t) tan(s) ( )

cotan(s) % cotan(t)
3.3 Time scale hyperbolic systems

In this section we define time scale matrix hyperbolic functions and prove analogous
results as for the trigonometric functions in the previous section. In particular, we derive
time scale matrix extensions of several identities which are known for the continuous
time scalar hyperbolic functions. The proofs are similar to the corresponding proofs for
the trigonometric case and therefore they will be omitted. We wish to remark that some
results from this section have previously been derived in the unpublished paper [131] by
Z. Pospisil. We now present these results for completeness and clear comparison with
the corresponding trigonometric results established in Section 3.2, as well as we derive
several new formulas for time scale matrix hyperbolic functions.
Consider system (S) on [a, b]; with the matrix

where P,Q € Cyq on [a,p(b)ly are n x n complex-valued matrices satisfying for all
t € [a, p(b)]r the following identities

Q* — Q + p (Q*P — P*Q) = 0, (3.49)
P+ P+ (PP — Q*Q) =0, (3.50)

see also [131, p. 9] and [87, Theorem 8].

Definition 3.36 (Time scale hyperbolic system). The system
XE=Pt)X +Qt)U, U*=9(t) X+ P(t)U, (3.51)

where the matrices P(t) and Q(t) satisfy identities (3.49) and (3.50) for all t € [a, p(b)]:,
is called a time scale hyperbolic system.

Remark 3.37. The above time scale hyperbolic system is in general defined through two
coefficient matrices P and Q. However, in the continuous time case we can use the same
transformation as in Remark 3.6 and write the hyperbolic system from (3.51) in the form
of (3.5). Similarly, by using the same arguments as in Remark 3.7, in the discrete case
we can write the above hyperbolic system in the form (3.0).

Remark 3.38. In the discrete case it is known that the matrix Py is necessarily invertible
for all k € [a, b],, see [61, identity (12)] or [162, Remark 67]. Similarly, in the general time
scale setting we have that identity (3.50) implies (Z + pP*) (Z + pP) = T+p? Q*Q > 0, that
is, the matrix Z + pP is invertible. And then (3.49) yields that Q(Z + pP)~" is Hermitian.
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Remark 3.39. Similarly to Remark 3.5, symplectic system (S) can be written as a time

scale hyperbolic system if there exist normalized conjoined bases Z = (fj) and Z = ( g )
of system (S) such that XX* is positive definite.

Lemma 3.40. The pair ({;) solves system (3.51) if and only if the pair () solves the

same hyperbolic system.

Following [131, Definition 2.1}, we define the time scale matrix hyperbolic functions.
See also the discrete version in [61, Definition 3.1] or [162, Definition 32].

Definition 3.41. Let s € [a, b]; be fixed. We define the n x n matrix valued functions
hyperbolic sine (denoted by Sinhs) and hyperbolic cosine (denoted by Coshs) as

Sinhg(t) := X(t) and  Coshs(t) := U(t),
respectively, where the pair () is the principal solution of system (3.51) at s, Le., it is
given by the initial conditions X(s) = 0 and U(s) = Z. We suppress the index s when
s = a, i.e,, we denote Sinh := Sinh, and Cosh := Cosh;.

Remark 3.42. (i) The matrix functions Sinhs and Coshs are n-dimensional analogs of the
scalar hyperbolic functions sinh(t — s) and cosh(t — s).

(i) When n =1 and P = 0 and Q = p with p € Cq, the matrix functions Sinhg(¢)
and Coshs(t) reduce exactly to the scalar time scale hyperbolic functions sinh,(t, s) and
cosh,(t, s) from [32, Definition 3.17].

(i) In the continuous time scalar case and when P =0, i.e., system (3.51) is the same
as (3.5), we have Sinh(t) = sinh [;Q(T) dt and Cosh(t) = cosh fat Q(t)dt, see [71, p. 12].
Similar formulas hold for the discrete scalar case, see [61, equations (27)—(28)].

Cosh

Since the solutions (£51) and ( 2in

g} form normalized conjoined bases of (3.51),

_ [ Cosh(t) Sinh(t)
~ |\ Sinh(t) Cosh(t)

P(t) -
is a fundamental matrix of (3.51). Therefore, every solution (fj) of (3.51) has the form

X(t) = Cosh(t) X(a) + Sinh(t) U(a) and U(t) = Sinh(t) X(a) + Cosh(t) U(a)

for all t € [a, b];. As a consequence of formulas (3.9) and (3.10) we get for solutions of
time scale hyperbolic systems the following, see also [131, Theorem 2.1].

Corollary 3.43. For all t € [a, b]; the identities

Cosh™ Cosh — Sinh* Sinh = Z = Cosh Cosh* — Sinh Sinh*, (3.52)
Cosh* Sinh = Sinh* Cosh, Cosh Sinh* = Sinh Cosh* (3.53)

hold, while for all t € [a, p(b)]; we have the identities
Cosh? Cosh* — Sinh? Sinh* =7 + pP, Sinh? Cosh* — Cosh? Sinh* = Q.

Now we establish a matrix analog of the formula coshz(t) —sinhz(t) =1, see also [131,
Theorem 2.1}, as well as the formulas from [131, Theorem 2.5].
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Corollary 3.44. For all t € [a, b]; the identity
|Cosh||# — ||Sinh[|z = n
holds, while for all t € [a, p(b)]; we have
Cosh® Cosh* — Sinh® Sinh* = P, Sinh® Cosh* — Cosh® Sinh* = Q.

Remark 3.45. It follows from identity (3.52) that the matrix Cosh(t) is invertible for all
t € [a, b];. Moreover, if Sinh(t) is invertible at some t, then from (3.52) and (3.53) we
obtain

Cosh™" = Cosh* — Sinh* Cosh*™" Sinh*, Sinh~! = Cosh* Sinh*~! Cosh* — Sinh*.

The following additive formulas are established in [131, Theorem 2.2]. They are proven
in a similar way as in Theorem 3.16.

Theorem 3.46. For t,s € [a, by we have

Sinhg(t) = Sinh(t) Cosh*(s) — Cosh(t) Sinh*(s), (3.54)
Coshs(t) = Cosh(t) Cosh*(s) — Sinh(t) Sinh*(s), (3.55)
Sinh(t) = Sinh(t) Cosh(s) + Coshs(t) Sinh(s), (3.56)
Cosh(t) = Coshs(t) Cosh(s) + Sinhg(t) Sinh(s). (3.57)

Remark 3.47. With respect to Remark 3.42 for the scalar continuous time case, identities
(3.54)—(3.55) are matrix analogues of

sinh(t — s) = sinh(t) cosh(s) — cosh(t) sinh(s),
cosh(t — s) = cosh(t) cosh(s) — sinh(t) sinh(s),
while identities (3.56)—(3.57) are matrix analogues of
sinh(t) = sinh(t — s) cosh(s) + cosh(t — s) sinh(s),

cosh(t) = cosh(t — s) cosh(s) + sinh(t — s) sinh(s).

Interchanging the parameters t and s in (3.54) and (3.55) yields expected properties
of the time scale matrix hyperbolic functions, see also [131, formula (34)].

Corollary 3.48. Let t,s € [a, bly. Then
Sinhg(t) = — Sinh{(s) and Coshs(t) = Coshj(s). (3.58)

Remark 3.49. In the scalar continuous time case and when Q(tf) = 1 and s = 0, the
formulas in (3.58) show that sinh(t) = — sinh(—t) and cosh(t) = cosh(—t). So we can see
that Corollary 3.48 gives the matrix analogies of the statement about the parity for the
scalar functions hyperbolic sine and hyperbolic cosine.

Now we use the same approach as for the time scale trigonometric functions to
obtain generalized sum and difference formulas for solutions of two time scale hyperbolic
systems. Hence, we consider the following two time scale hyperbolic systems

XD = Py(t) X + Qu(t) U, U™ = Qu(t) X + Py(1) U (3.59)
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with initial conditions X;(a) = 0 and U(a) = Z, where i = 1,2. Denote by Sinh;(t)
and Cosh(;(t) the corresponding matrix-valued hyperbolic sine and hyperbolic cosine
functions from Definition 3.41. If we set

Sinh™(t) := Sinhg)(t) Coshiy(t) = Cosh)(t) Sinh(y (1), (3.60)
Cosh™®(t) := Cosh)(t) Cosh(y(t) = Sinhg)(t) Sinh((t), (3.61)

then similarly to Theorem 3.20 we have the following.

Theorem 3.50. Assume that By and Qg satisfy (3.49) and (3.50). The pair Sinh*™ and
Cosh*® solves the system

XD = Py(6) X + Quy(t) U + X P () = UQ (1)

+ u(t) [Py (6) (XT(6) = ULp(8)) + Qm(e) (£X (0 + UR5(0)) |
U = Qu)(0) X + Py(1) U &= XQpy) (1) + UPy(t)

() [ Q) (1) (X (6) = UDgy(0)) + Py(e) (£XDpy(0) + UR5(0)) ]

with the initial conditions X(a) = 0 and U(a) =Z. Moreover, for all t € [a, b]y we have

Cosh*(Cosh®)* — Sinh* (Sinh*)" = T = (Cosh*)" Cosh*™ — (Sinh*)" Sinh*, (3.62)
Sinh*(Cosh*)* = Cosh* (Sinh*)*,  (Sinh*)" Cosh® = (Cosh*)" Sinh* . (3.63)

Remark 3.51. An analogous statement as in Remark 3.21 now applies to the solutions
inht Y . .. .

(a‘)';'l}, ) and (g(‘)‘;'ll_ ) Namely, these two pairs are not conjoined bases of their corre-

sponding systems, because these systems are not symplectic.

Remark 3.52. In the continuous time case, the assertion of Theorem 3.50 can be found
in [71, Theorem 4.2]. For the discrete time hyperbolic systems this result is new, see the
details in [163, Theorem 4.13].

When the two systems in (3.59) are the same, Theorem 3.50 yields the following.

Corollary 3.53. Assume that P and Q satisfy (3.49) and (3.50). Then the system

>
>
[l
=
=
>
+
©
c
_I_
>
<
+
-
2
=

(
+ u(t)[fP(t)(X‘P*(t) + UQ*(t)) + Q(t) (XQ*(t) + U?*(t))],
UB = Q(t) X + P(t) U + XQ*(t) + UP*(
(t) + UQ* (1)) + P(t)(XQ*(t) + UfP*(t))]
with the initial conditions X(a) = 0 and U(a) =T possesses the solution

X = 2Sinh Cosh® and U = Cosh Cosh* + Sinh Sinh*,

where Sinh and Cosh are the matrix functions in Definition 3.41. Moreover, the above
matrices X and U commute, i.e., XU = UX.
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Remark 3.54. The previous corollary can be viewed as the n—dimensional analogy of the
double angle formulas for scalar continuous time hyperbolic functions, i.e.,

sinh(2t) = 2sinh(t) cosh(t) and cosh(2t) = cosh?(t) 4 sinh?(t).

In the continuous time case the content of Corollary 3.53 can be found in [71, Corollary 1].
In the discrete case we get a new result, namely [163, Corollary 4.15].

Now we can prove as in Corollary 3.25 the following identities.

Corollary 3.55. For all t € [a, b]; we have the identities

Sinhq) Sinh(y) = % (Cosh* — Cosh™) , (3.64)

Coshy) Cosh(y = % (Cosh™ + Cosh™) , (3.65)
1

Sinhg) Coshp, = 5 (Sinh* + Sinh™). (3.66)

Remark 3.56. In the scalar continuous time case identities (3.04)—(3.66) have the form
sinh(t) sinh(s) = % [cosh(t + s) — cosh(t — s)],
cosh(t) cosh(s) = % [cosh(t + s) + cosh(t — s)],
sinh(t) cosh(s) = % [sinh(t + s) + sinh(t — s)].

The next definition of time scale matrix hyperbolic tangent and cotangent functions is
from [131, Definition 2.2]. It extends the discrete matrix hyperbolic tangent and hyperbolic
cotangent functions known in [61, Definition 3.2] to time scales. Recall that the matrix
function Cosh is invertible for all t € [a, b];, see Remark 3.45.

Definition 3.57. We define the matrix-valued function hyperbolic tangent (we write Tanh)
and, whenever Sinh(t) is invertible, the matrix-valued function hyperbolic cotangent (we
write Cotanh) in the form

Tanh(t) := Cosh™'(t) Sinh(t) and Cotanh(t) := Sinh™'(t) Cosh(t), respectively.

Remark 3.58. Analogous results concerning Tanh(t) and Cotanh(t) which are presented
below, can be obtained by using the definitions

~——

T’a?h(t) := Sinh(t) Cosh™'(t) and Cotanh(t) := Cosh(t) Sinh~'(¢).

Similarly to Theorems 3.29 and 3.30 we can establish that the functions Tanh and
Cotanh are Hermitian. The following two results can be found in [131, Theorems 2.4, 2.5].

Theorem 3.59. The following identities hold true

Tanh*(t) = Tanh(t), (3.67)
Cosh~'(t) Cosh*~'(t) + Tanh?(t) = T, (3.68)
Tanh®(t) = [Cosh®(t)]"' Q(t) Cosh*~(t). (3.69)
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Theorem 3.60. Whenever Cotanh(t) is defined we obtain
Cotanh*(t) = Cotanh(t), (3.70)
Cotanh?(t) — Sinh™'(t) Sinh*~'(t) = 7. (3.71)
Moreover, if Sinh(t) and Sinh°(t) are invertible, then
Cotanh®(t) = — [Sinh?(#)] ' Q(t) Sinh*7'(¢). (3.72)

Remark 3.61. In the scalar case n = 1 identities (3.67) and (3.70) are trivial. In the scalar
continuous time case identities (3.68), (3.71), (3.69), and (3.72) correspond to

1 t
+tanh?(s) =1, cotanh?(s) — =1, with s=/ o(7) dr,
a

coshz(s) slnhz(s)

t 4 t ’ _
(tanh/Q(T) C|T) = Q(tz) ) (cotanh/Q(T) ClT) = Q(Zt) ,
a cosh’s a sinh®s

compare with Remark 3.42(iii). The discrete versions of these identities can be found
in [61, Theorem 3.4] or [162, Theorem 89.

Next, similarly to the definitions of the time scale matrix functions Sinh;, Cosh;, for
i = 1,2, Sinh*, and Cosh* from (3.59)-(3.61) we define

Tanh(t) := Cosh(&(t) Sinh/(t), Cotanh)(t) := Sinh(_l-;(t) Coshy(t),
Tanh*(t) := [CoshJ—r(t)]_1 Sinh®(t), Cotanh®(t) := [S'thi(l‘)]_1 Cosh™(t).

Remark 3.62. As in Remark 3.33 we conclude that the first identities from (3.63) imply
(Tanh*)" = Tanh*. Similarly, the functions Cotanh* are also Hermitian.

As it was the case for the trigonometric functions in Theorem 3.34, the results of the
following theorem are new even in the special case of continuous and discrete time, see
also [163, Theorem 4.25].

Theorem 3.63. For all t € [a, b]y such that all involved functions are defined we have
(suppressing the argument t)

Tanhpy & Tanh(y) = Tanhg) (Cotanh(z) + Cotanh(1)) Tanh(y), (3.73)
Tanhp) & Tanh(y) = Coshﬁ; Sinh* Cosh?‘{ﬂ, (3.74)
Cotanhy) £ Cotanh(z = Cotanhy (Tanh(z) + Tanhm) Cotanhy), (3.75)
Cotanhy) £ Cotanhp) = + Sinha; Sinh* Si|1|1?‘2_)1, (3.76)

Tanh® = Coshzkz_)1 (I + TanhmTanh(z))_1
x (Tanhg) = Tanh(y) Cosh(y), (3.77)
Cotanh®™ = S'thZ‘Z_)1 (Cotanh(z) + Cotanh“))_1
X (Cotanhm Cotanh(y iI) S'mh?‘z) . (3.78)
Remark 3.64. Consider now the system (3.51) in the scalar continuous time case with

P(t) = 0 and Q(t) =1, or equivalently system (3.5) with Q(t) = 1. Then the identities in
(3.73) and (3.74) have the form
cotanh(s) £ cotanh(t) sinh (t £ s)

tanh(t) £ tanh(s) = = )
anh(f) & tanh(s) cotanh(t) cotanh(s) cosh(t) cosh(s)

28—



3.4. Concluding remarks

identities (3.75) and (3.76) reduce to

tanh(s) £ tanh(t) sinh (s £ t)
cotanh(t) & cotanh(s) = = — - .
tanh(t) tanh(s) sinh(t) sinh(s)

In addition, it is common to write (3.73) and (3.75) as

tanh(t) £ tanh(s)
cotanh(s) & cotan(t)’

tanh(t) tanh(s) =

Finally, the identities in (3.77) and (3.78) correspond in this case to

tanh(t) £ tanh(s)
1 £ tanh(t) tanh(s)

1 &+ cotanh(t) cotanh(s
tanh (t £5) = anh(f) cotanh(s)

and  cotanh(t +s) =

cotanh(t) & cotanh(s)
3.4 Concluding remarks

In this chapter we extended to the time scale matrix case several identities known in
particular for the scalar continuous time trigonometric and hyperbolic functions. Namely,
for trigonometric functions these are the identity cos?(t) + sinz(t) =1 in Corollary 3.13,
and the identities displayed in Theorems 3.16, 3.29, and 3.34, Remarks 3.19 and 3.31,
and Corollaries 3.23 and 3.25. For hyperbolic functions these are the identity coshz(t) —
sinh?(t) = 1 in Corollary 3.44, and the identities displayed in Theorems 3.46 and 3.63,
Remarks 3.49 and 3.61, and Corollary 3.55.

On the other hand, there are still several trigonometric and hyperbolic identities
which we could not extend to the general time scale matrix case. For example, these are
the identities N

xX*y XFy

sinx £ siny = 2 sin 5 Cos——,

as well as other corresponding identities for the sum or difference of scalar trigonometric
and hyperbolic functions. When y = 0 in the above identity, we get

. 5 sin X
sinx = 2 sin = cos =.
2 2
The right-hand side is similar to the solution X(t) in Corollary 3.23, but the left-hand side
is not the matrix function Sin, because the corresponding system is not a trigonometric
system from (3.13), see Remark 3.21.

Furthermore, as for the time scale versions of the identities

sin (x + y) sin (x — y) = sin’x —sin’y,

cos (X + y) cos (x — y) = cos?x —sin’y, (3.79)
sinh (x 4 y) sinh (x — y) = sinh? x — sinh?y,
cosh (x + y) cosh (x — y) = sinh? x + cosh?y,

in the scalar case on an arbitrary time scale we can calculate the products

2

Sin® Sin~ = Sin%, — Sind), Sinh® Sinh™ = Sinh?, — Sinh%,,
M @) M 2) (3.80)
Cos* Cos™ = Cosfyy —Sing),  Cosh™ Cosh™ = Sinh{, + Cosh{y,

because the cross terms cancel due to the commutativity. However, in the general case
the matrix products Sin' Sin~, Cos' Cos™, Sinh™ Sinh™, and Cosh™ Cosh™ corresponding to
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the left-hand side of (3.79) do not simplify as in (3.80), since the matrix multiplication is
not commutative.
By straightforward calculations we can verify that

(Coss %i Sins)® = (P % iQ) (Coss i Sins),
(Sinhs % Coshs)® = (P £ Q) (Sinhs % Cosh)
hold. Hence, with using the exponential function introduced in [32, Section 5.1], see also

[32, Section 2.2], we can define the trigonometric and hyperbolic functions alternatively
in the form

Sing(t) = ep+ig(t,s) — ep—ig(t, s) Cosa(t) = ep+ig(t,s) + ep—ig(t, s)

2[ ! 2 ’
t, — _olt, t, _oft,
Sinhs(t) = osalt,3 2 70 S)r Coshs(t) = osalt,3 ; o S),

where the matrices P + iQ or equivalently 2P + p (P? + Q* + i (QP — PQ)) and matri-
ces P £ Q or equivalently 2P + p (TPZ +Q2+ QP — PQ) are regressive, compare also to
Remarks 3.10(it) and 3.42(ii).

Finally, for any time scale the following pairs of 2n x2n and (2n+1) x (2n+1) matrices

0 0 Z 0 071
T:(_g g) Q:(g g) and P = 0 00), @=(0 0 O
-7 0 0 Z 00

determine 4n x 4n and (4n + 2) x (4n + 2) hyperbolic systems, respectively. On the
other hand, the problem of finding similar coefficients for trigonometric systems remains
unsolved (but we conjecture that they do not exist in such simple form).

3.5 Bibliographical notes

The basic references for symplectic systems on time scales are [57,58] and [32, Chap-
ter 7]. The existence of a solution of the initial value problems connected with symplec-
tic system (S) was proven in [57, Corollary 7.12]. The proof of the existence of a con-
joined basis completing a given conjoined basis to a normalized pair can the reader find
in [32, Lemma 7.29]. The statement of Proposition 3.3 comes from [32, Lemma 7.27]. For
the definition of the self-reciprocal systems and transformation mentioned in Remark 3.5
see [58, Definition 4] and [58, Theorem 2], respectively. The statement of Remark 3.39
corresponds to [57, Theorem 10.56].

The results presented in this chapter were published by R. Simon Hilscher and the
author in [100], and their special case (for T = Z) by the author in [163].
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A modern mathematical proof is not very different from
a modern machine, or a modern test setup: the simple fun-
damental principles are hidden and almost invisible under
a mass of technical details.

H. WEYL

Chapter

WEYL-TITCHMARSH THEORY FOR
SYMPLECTIC DYNAMIC SYSTEMS

In this chapter we develop systematically the Weyl-Titchmarsh theory for time scale
symplectic systems. As the research in the Weyl-Titchmarsh theory has been very active
in the last years, we contribute to this development by presenting a theory which directly
generalizes and unifies the results in several recent papers, such as [34,45,150,166], and
partly in [6,38,40,43,44,106,112,122,138,142].

It is well known that the second order Sturm-Liouville differential equations

—(pt)X) +q(t)x = Aw(t)x, t€la,o0), (4.1)

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 [160] from 1910. One of the most important
contributions in extending this theory was made by Titchmarsh in the series of papers
from 1939-1945 (especially in papers [153-155] from 1941), which were summarized in his
book [156]. 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(A)-
function. Hence in honor of the pioneers of this theory, it is called the Weyl-Titchmarsh
theory. We refer to [22,67,158] for an overview of the original contributions to the Weyl-
Titchmarsh theory for equation (4.1)

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 [67, Section 1]. In addition, Sims discussed in [147] equation (4.1)
with p(-) =1, w(-) =1, and he allowed qg(-) 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 equa-
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Chapter 4. Weyl-Titchmarsh theory for symplectic dynamic systems

tion is in the limit point case. Therefore, paper [147] started the development of the
so-called Titchmarsh-Sims-Weyl theory.

According to [67], the investigation of the Weyl-Titchmarsh theory for the second order
difference equations

br-1yk—1 + aryk + bryrs1 = Ayk,  k € N\ {0},

where ax € R and bx > 0 for all kK € N, was initiated by Hellinger and Nevanlinna in
their independent papers from 1922, see [84,124]. Since then a long time elapsed until
the theory of difference equations attracted more attention. Some results concerning
the Weyl-Titchmarsh theory for the second order difference equations can be found, e.g.,
in [12,36,37,41,148). In particular, in [36,37] the second order difference equation

—A (/Jk AXk) + X1 = Awgxer1, kEN

was investigated, where py, qi, wi are real and satisfy px # 0 and wx > 0. A com-
prehensive summary of the history of the Weyl-Titchmarsh theory for the second order
differential and difference equations can be found in the expository paper [67] by Everitt.

Extensions of the Weyl-Titchmarsh theory to more general equations, namely to the
linear Hamiltonian differential systems

Z(t) = [H(t) + AHo(t)] 2(t),  t €[0,00),

where H(-) and Ho(-) are 2n x 2n complex-valued Hermitian matrices, was initiated in [16]
and developed further in [38,42,43,68,101-108,111-114,119,133,137,141].

For higher order Sturm-Liouville difference equations and linear Hamiltonian differ-
ence systems, such as

Axe = Aexirr + Br + AW ui, Aug = (G = W) xiq — Ak, k €10, 00)s,

1 2 . .
where Ak, By, Ck, W,[< ], W,E] are complex n x n matrices such that By and Ci are Hermitian

and W,[j] and W,[(z] are Hermitian and nonnegative definite, the Weyl-Titchmarsh theory
was studied in [44,142,149]. Recently, the results for linear Hamiltonian difference systems
were generalized in [34,45] to discrete symplectic systems

X1 = Arxi + Beuk,  ugs1 = Cixe + Dt + AWiexir1,  k €0, 00), (4.2)

where Ay, By, Ck, Dk, Wi are complex n x n matrices such that Wy is Hermitian and
nonnegative definite and the 2n x 2n transition matrix in (4.2) is symplectic.

The classification of second order Sturm-Liouville dynamic equations to be of the limit
point or limit circle type is given in [109,159,166] and we refer to Section 5.3 for more
details about this special case.

Another way of generalizing the Weyl-Titchmarsh theory for continuous and discrete
Hamiltonian systems was presented in [6,150]. In these references the authors consider
the linear Hamiltonian system

xA(t) = A(t) X (t) + [B(t) + AWa(t)] u(t),
)

[C(t) — AWA (1)) X9 () — A*(t) u(t), } t €la, 00)r (4.3)

oy
>
—
~
=
Il

on the so-called Sturmian or general time scales, respectively.
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In the present chapter we develop the Weyl-Titchmarsh theory for more general linear
dynamic systems, namely the time scale symplectic systems

xXA(t)
ul(t)

A(t) x(t) + B(t) u(t),

} t € a,o0)r, (S))
C(t) x(t) + D(t) u(t) — AW(t) x°(t),

where A, B, C, D, W are complex n x n matrix functions on [a, o)y, W(t) is Hermitian and

nonnegative definite, A € C, and the 2n x2n coefficient matrix S(t) = ( “é((:)) g((g ) in system

(S,) satisfies (3.8) for all t € [a, 00);. The spectral parameter A appears only in the second
equation of system (S,). This system was introduced in [116] and it naturally unifies the
previously mentioned continuous, discrete, and time scale linear Hamiltonian systems
(having the spectral parameter in the second equation only) and discrete symplectic
systems into one framework. Our main results are the properties of the M(A) function,
the geometric description of the Weyl disks, and characterizations of the limit point
and limit circle cases for the time scale symplectic system (S,). In addition, we give a
formula for the sz/v solutions of a nonhomogeneous time scale symplectic system in terms
of its Green function. These results generalize and unify in particular all the results
in [34,45,150,166] and some results from [6, 38,40, 43,44,106,112,122,138,142]. The theory
of time scale symplectic systems or Hamiltonian systems is a topic with active research
in recent years, see, e.g. [4,57,93-95,98,100,116]. This chapter can be regarded not
only as a completion of these papers by establishing the Weyl-Titchmarsh theory for
time scale symplectic systems, but also as a comparison of the corresponding continuous
and discrete time results. The references to particular statements in the literature are
displayed throughout the text.

In the next section we present fundamental properties of perturbed time scale sym-
plectic systems with complex coefficients, including the important Lagrange identity (The-
orem 4.5) and other formulas involving their solutions. In Section 4.2 we define the time
scale M(A)-function for system (S,) and establish its basic properties in the case of the
regular spectral problem. In Section 4.3 we introduce the Weyl disks and circles for sys-
tem (S)) and describe their geometric structure in terms of contractive matrices in C"*".
The properties of the limiting Weyl disk and Weyl circle are then studied in Section 4.4,
where we also prove that system (S,) has at least n linearly independent solutions in the
space L12/v (see Theorem 4.41). In Section 4.5 we define the system (S,) to be in the limit
point and limit circle case and prove several characterizations of these properties. In the
final section we consider the system (5,) with a nonhomogeneous term. We construct its
Green function, discuss its properties, and characterize the le,v solutions of this nonho-
mogeneous system in terms of the Green function (Theorem 4.55). A certain uniqueness
result is also proven for the limit point case.

4.1 Perturbed symplectic systems on time scales
Let A(:), B(-), C(-), D(-), W(:) be n x n piecewise rd-continuous functions on [a, co); such
that W(t) > 0 for all t € [a, o)y, t.e, W(t) is Hermitian and nonnegative definite, and

the coefficient matrix S(t) satisfy identity (3.8). In this chapter we consider system (S,)
introduced in the introduction of this chapter. This system can be written as

At =8(t) z(t, A) + ATW(1) 2°(t, A),  t € [a, 00)r, (S1)
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where the 2n x 2n matrix W(t) is defined and has the property

o [W(t) 0 Y 0 0
W(t) := ( 0 0) . JW(t) = (—W(t) 0) . (4.4)
System (S,) can be also written in the equivalent form
2,0 =8t Nzt A, tela, o), (4.5)

where the matrix S(t, A) is defined through the matrices S(t) and W(t) from (3.7) and (4.4)
by

S(t,A) == S(t) + AT W) [T + u(t) S(t)] (4.6)

A(t) B(t)
C(t) = AW( [T + u(t) A(t)] D(t) — Au(t)W(t) B(t)

By using the identity in (3.8), a direct calculation shows that the matrix function S(:, )
satisfies

SN T + TSt ) + u(t)S*(t, A) IS(t,A) =0, t € [a,00)r, A€ C. (4.7)

Remark 4.1. The name time scale symplectic system and Hamiltonian system have been
reserved in the literature for the systems of the form (S) and (1.5), respectively. Since for
a fixed A, v € C the matrix S(t, A) from (4.6) satisfies

S*(t, )T + TS(t, v) + u(t) S*(t, A) TS(t, v)
- (A - v) [T + u(t) S*(t)] W(t) [T + p(t) S(t)], (4.8)

it follows that the system (S,) is a true time scale symplectic system according to the
above terminology only for A € R, while strictly speaking (S,) is not a time scale sym-
plectic system for A € C\ R. However, since (S,) is a perturbation of system (S) and
since the important properties of time scale symplectic systems needed in the presented
Weyl-Titchmarsh theory, such as (4.7) or (4.10), are satisfied in an appropriate modifica-
tion, we accept with the above understanding the same terminology for the system (S,)
for any A € C.

Equation (4.7) represents a fundamental identity for the theory of time scale symplec-
tic systems (S)). Some important properties of the matrix S(t, A) are displayed below.
Note that formula (4.9) is a generalization of [57, Equation (10.4)] to complex values of A.

Lemma 4.2. Identity (4.7) is equivalent to the identity

S(t, )T + TS (t,A) +u(t)S(t,\) ITS*(t,A) =0, t€la, o), A€C. (4.9)

In this case for any A € C we have
[T + p(t)S*(t, A T [I + p(t) S(t, ;\)] =J, tela, oo, (4.10)
[Z+uSEN] T Z+u0S A=, telaoca)s, (4.11)

and the matrices T + p(t)S(t, A) and T + p(t) S(t, A) are invertible with

T+ () S(t A =~ [I + () 3*(t,;\)] J, tela, o). (4.12)
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Proof. Let t € [a,00); and A € C be fixed. If t is right-dense, i.e., y(t) = 0, then identity
(4.7) reduces to S*(t,A) J + JS(t,A) = 0. Upon multiplying this equation by J from the
left and right side we get identity (4.9) with p(t) = 0. If t is right-scattered, i.e., p(t) > 0,
then (4.7) is equivalent to (4.10). It follows that the determinants of 7 + u(t)S(t, A) and
T+u(t)S(t, A) are nonzero proving that these matrices are invertible with the inverse given
by (4.12). Upon multiplying equation (4.10) by the invertible matrices [T + p(t)S(t, A)]|J
from the left and —[Z + p(t)S(t, A)]7'J from the right and by using J? = —Z, we get
formula (4.11), which is equivalent to (4.9) due to p(t) > 0. |

Remark 4.3. Equation (4.12) allows to write system (S5,) in the equivalent adjoint form
2,2 = TS (t, ) TZ°(t,A), teEla, o). (4.13)

System (4.13) can be found, e.g., in [93, Remark 3.1(iit)] or [98, Equation (7)] in the con-
nection with optimality conditions for variational problems over time scales.

In the following result we show that equation (4.7) guarantees, among other properties,
the existence and uniqueness of solutions of the initial value problems associated with

(S2).

Theorem 4.4 (Existence and uniqueness theorem). Let A € C, ty € [a, o0)y, and zg € C"
be given. Then the initial value problem (S,) with z(tg) = zo has a unique solution
z(-, A) € Cg,,_d on the interval [a, c0)r.

Proof. The coefficient matrix of system (S,), or equivalently of system (4.5), is piecewise
rd-continuous on [a, 00);. By Lemma 4.2, the matrix Z + p(t) S(t, A) is invertible for all
t € [a,00)r, which proves that the function S(-,A) is regressive on [a,c0);. Hence, the
result follows from Remark 2.1. |

Next we establish several identities involving solutions of system (S,) or solutions
of two such systems with different spectral parameters. The first result is the Lagrange
identity known in the special cases of continuous time linear Hamiltonian systems in
[112, Theorem 4.1] or [43, Equation (2.23)], discrete linear Hamiltonian systems in [44,
Equation (2.55)] or [142, Lemma 2.2], discrete symplectic systems in [34, Lemma 2.6] or
[45, Lemma 23], and time scale linear Hamiltonian systems in [150, Lemma 3.5] and [6,
Theorem 2.2].

Theorem 4.5 (Lagrange identity). Let A,v € C and m € N be given. If z(-,A) and z(-, v)
are 2n x m solutions of systems (S,) and (S,), respectively, then

[Z*(t, \) Tz(t, V)> = (A — v) 27 )W) 20(t, V), tE [a, 00)r. (4.14)

Proof. Formula (4.14) follows from the time scales product rule (2.3) by using the relation
Zo(t, A) = [T + p(t) S(t, A)] z(t, A)

and identity (4.8). ]

As direct consequences of Theorem 4.5 we obtain the following.

Corollary 4.6. Let A,v € C and m € N be given. If z(-,A) and z(-, v) are 2n x m solutions
of systems (S,) and (S,), respectively, then for all t € [a, c0); we have

Z5(t, ) T z(t,v) = z"(a,A) T z(a, v) + (A — v) /tz"*(s,)\)W(s) 7z%(s, v) As.
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One can easily see that if z(-, A) is a solution of system (S,), then z(-, A) is a solution
of system (S;). Therefore, Theorem 4.5 with v = A yields a Wronskian-type property of
solutions of (S,).

Corollary 4.7. Let A € C and m € N be given. For any 2n x m solution z(-, A) of system
(S2)
Z*(t, ) T z(t,A) = z%(a,A) Tz(a, A) is constant on [a, 00)y.

The following result gives another interesting property of solutions of system (S,) and

(S3)-

Lemma 4.8. Let A € C and m € N be given. For any 2n x m solutions z(-, A) and z(-, A)
of system (S,) the 2n x 2n matrix function K(-, A) defined by

K(t,A) == z(t, A) 2*(t, A) — 2(t, \) Z*(t, A), t € [a, o00)s,
satisfies the dynamic equation
KA(t, ) = S(t,A) K(t, A) + [T+ u(t)S(t, A)]K(t,A)S*(t,A), tE[a,oo)r,
and the identities K*(t, A) = —K(t, A) and

Ko(t, ) = [ + p(t)S(t, A K(t, A) [T + p(t) S*(t, A)], t €a, o). (4.15)
Proof. Having that z(, A) and 2(-, A) are solutions of system (S,), it follows that z(-, A) and
(-, A) are solutions of system (S;). The results then follow by direct calculations. [

Remark 4.9. The content of Lemma 4.8 appears to be new both in the continuous and
discrete time cases. Moreover, when the matrix function K(-,A) = K(A) is constant,
identity (4.15) yields for any right-scattered t € [a, 00); that

S(t, ) K(A) + K(A)S*(t, A) + p(t) S(t, A) K(A) S*(t, A) = 0. (4.16)

It is interesting to note that this formula is very much like equation (4.9). More precisely,
identity (4.9) is a consequence of equation (4.16) for the case of K(A) = J.

Next we present properties of certain fundamental matrices W(-,A) of system (S,),
which are generalizations of the corresponding results in [57, Section 10.2] and dis-
played in (3.9) and (3.10) to complex A. Some of these results can be proven under
the weaker condition that the initial value of W(a, A) does depend on A and satisfies
W*(a,A) J W(a,A) = J. However, these more general results will not be needed in this
chapter.

Lemma 4.10. Let A € C be fixed. If W(-,A) is a fundamental matrix of system (S,) such
that W(a, A) is symplectic and independent of A, then for any t € [a, c0); we have

YN TW(EA) =T, WL = —TWEANT, YENTYH(L)=T.  (417)

Proof. Identity (4.17)(i) is a consequence of Corollary 4.7, in which we use the fact that
W(a, A) is symplectic and independent of A. The second identity in (4.17) follows from the
first one, while the third identity is obtained from the equation W(t, )W~ (t,A)=Z. A
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Remark 4.11. If the fundamental matrix W(-,A) = (Z(-,)\) Z()\)) in Lemma 4.10 is
partitioned into two 2n x n blocks, then (4.17)(i) and (4.17)(iii) have respectively the form

ZXANTZ(tA) =0, Z*tNTZ({t AN =T, Z*t,NTZ(t ) =0, (4.18)
Z(t N ZHtA) = Z(t, ) Z¥5(t,h) = T. (4.19)

Observe that the matrix on the left-hand side of equation (4.19) represents a constant
matrix K(t, A) from Lemma 4.8 and Remark 4.9.

Corollary 4.12. Under the conditions of Lemma 4.10, for any t € [a, co); we have
Wot, ) T W (t, A) = [T + p(t) S(t, A)]JT, (4.20)
which in the notation of Remark 4.11 has the form
Z0(t, ) Z¥(t, A) — Z9(t, \) Z*(t, A) = [T + p(t) S(t, )] T.

Proof. ldentity (4.20) follows from the equation W7 (t, A) = [Z + p(t)S(t, A)]W(t, A) by ap-
plying formula (4.17)(ii). |

4.2  M(A)-function for reqular spectral problem

In this section we consider the regular spectral problem on the time scale interval [a, b];
with some fixed b € (a, 00);. We shall specify the corresponding boundary conditions in
terms of complex n x 2n matrices from the set

= {O(E(CnXZn, aa* :I, aja* :O} (421)

The two defining conditions for @ € C"*?" in (4.21) imply that the 2n x 2n matrix
(0(* —JO(*) is unitary and symplectic. This yields the identity

(a* —Ta*) (ij

) =T eC¥ e, da—Ja*aT=1. (4.22)
The last equation also implies, compare with [115, Remark 2.1.2], that
Kera =ImJa". (4.23)
Let a, B €I be fixed and consider the boundary value problem

(S), az(a,A)=0, Bz(b,) =0. (4.24)

Our first result shows that the boundary conditions in (4.24) are equivalent with the
boundary conditions phrased in terms of the images of the 2n x 2n matrices

R, = (JO(* 0), Rp = (0 —JB*),
which satisfy Ry TRy =0, R;J Ry = 0, and rank (R; RZ) =2n.

Lemma 4.13. Let a,B € and A € C be fixed. A solution z(-,A) of system (S,) satisfies
the boundary conditions in (4.24) if and only if there exists a unique vector & € C?" such
that

z(a,A) =R, &, z(b,A) =Ry &. (4.25)
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Proof. Assume that (4.24) holds. Identity (4.23) implies the existence of vectors &,, &, € C”
such that z(a,A) = =Ja* &, and z(b,A) = =T B* &. It follows that z(-, A) satisfies (4.25)
with & := (— o E,j)* It remains to prove that & is unique such a vector. If z(-, A) satisfies
(4.25) and also z(a,A) = R, ¢ and z(b, A) = Ry, { for some &, ¢ € C?", then R, (E—{)=0
and Rp (& —¢) = 0. Hence, Ja* (I 0) (&—¢) =0and —-JB* (O I) (E—=2¢)=0. If we
multiply the latter two equalities by aJ and BJ and use aa* =7 = BB*, we obtain
(I 0) (¢—=¢) =0and (0 I) (& —=<¢) =0, respectively. This yields & — ¢ = 0, which
shows that the vector & in (4.25) is unique. The opposite direction, i.e., that (4.25) implies
(4.24), is trivial. |

Following the standard terminology, see, e.g., [2,31], a number A € C is an eigenvalue
of (4.24) if this boundary value problem has a solution z(-, A) # 0. In this case the function
z(-,A) is called the eigenfunction corresponding to the eigenvalue A and the dimension
of the space of all eigenfunctions corresponding to A (together with the zero function) is
called the geometric multiplicity of A.

Given a € T, we will utilize from now on the fundamental matrix W(-, A, @) of system
(S,) satisfying the initial condition from (4.24), that is,

WAt A, a) = S(t, ) W(t, A, a), telapb)l, WaAa) =(a" —Ta*).  (426)

Then W(a, A, a) does not depend on A and it is symplectic and unitary with the inverse
given by W='(a, A, a) = W¥(a, A, a). Hence, the properties of fundamental matrices derived
earlier in Lemma 4.10, Remark 4.11, and Corollary 4.12 apply for the matrix function
W(-, A a).

The following assumption will be imposed in this section when studying the regular
spectral problem.

Hypothesis 4.14. For every A € C we have
b —~
/ Wo(t, A, a) W(t) WO(t, A, a) At > 0. (4.27)
a
Condition (4.27) can be written in the equivalent form as
b —~
/ z75(t, )W(t) 2°(t, A) At > 0 (4.28)

for every nontrivial solution z(-,A) of system (S,). Assumptions (4.27) and (4.28) are

equivalent by a simple argument using the uniqueness of solutions of system (S,). The

latter form (4.28) has been widely used in the literature, such as in the continuous time

case in [43, Hypothesis 2.2], [107, Equation (1.3)], [102, Equation (2.3)], in the discrete time

case in [44, Condition (2.16)], [142, Equation (1.7)], [34, Assumption 2.2}, [45, Hypothesis 2.4],

and in the time scale Hamiltonian case in [150, Assumption 3] and [6, Condition (3.9)].
Following Remark 4.11, we partition the fundamental matrix W(-, A, a) as

wﬂﬂp{amﬂ)amﬂ”, (4.29)

where Z(-, A, @) and 2(~,)\,a) are the 2n x n solutions of (S,) satisfying Z(a, A, a) = o*
and Z(a, A, a) = —=J a*. With the notation

AMmm:wmAwwmAmm—m:(ijm\mﬂ (4.30)
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we have the classical characterization of the eigenvalues of (4.24), see, e.g., the continuous
time in [135, Chapter 4], the discrete time in [142, Theorem 2.3, Lemma 2.4, [45, Lemma 2.9,
Theorem 2.11], and in the time scale case in [2, Lemma 3], [31, Corollary 1].

Proposition 4.15. For o, B € I and A € C we have with notation (4.30) the following.
(i) The number A is an eigenvalue of (4.24) if and only if det A(A, a, B) = 0.

(it) The algebraic multiplicity of the eigenvalue A, i.e., the number defA\(A, a, B) is equal
to the geometric multiplicity of A.

(iit) Under Hypothesis 4.14, the eigenvalues of (4.24) are real and the eigenfunctions
corresponding to different eigenvalues are orthogonal with respect to the semi-inner
product

b —_—
(z(-, A), z(-, v)Iw, b = / z7(t, AVW(t) 2°(t, v) At.

a

The next algebraic characterization of the eigenvalues of (4.24) is more appropriate
for the development of the Weyl-Titchmarsh theory for (4.24), since it uses the matrix
BZ(b, A, a) which has dimension n instead of using the matrix A(A, @, B) which has di-
mension 2n. Results of this type can be found in special cases of system (S,) in [43,
Lemma 2.5], [112, Theorem 4.1], [44, Lemma 2.8], [142, Lemma 3.1}, [34, Lemma 2.5}, [150, The-
orem 3.4}, and [45, Lemma 3.1].

Lemma 4.16. Let a,B € [ and A € C be fixed. Then A is an eigenvalue of (4.24) if and
only if detBZ(b, A, @) = 0. In this case the algebraic and geometric multiplicities of A
are equal to defBZ(b, A, a).

Proof. One can follow the same arguments as in the proof of the corresponding discrete
symplectic case in [45, Lemma 3.1]. However, having the result of Proposition 4.15, we
can proceed directly by the methods of linear algebra. In this proof we abbreviate A :=
A, a, B) and 7 = z(b,)\, a). Assume tllat A is singular, ie., —Zc + jﬁid = 0 for some
vectors ¢, d € C”, not both zero. Then Zc = JB*d, which yields that BZc =0. If c =0,
then JB*d = 0, which implies upon the multiplication by 8J from the lef[ that d = 0.
Since not both ¢ and d can be zero, it follows that ¢ # 0 and the matrix BZ is singular.

Conversely, if Bzc = 0 for some nonzero vector ¢ € C", then —Zc + JB*d = 0,
e, A is singular, with the vector d := —BJZc. Indeed, by using identity (4.22) we
have JB*d = —jB*Bch = (L — B*B)zc — Zc. From the above we can also see
that the number of linearly independent vectors in Ker[a’? is the same as the number
of linearly independent vectors in Ker A. Therefore, by Proposition 4.15(ii), the algebraic
and geometric multiplicities of A as an eigenvalue of (4.24) is equal to defBZ. |

Since the eigenvalues of (4.24) are real, it follows that the matrix Bz(b,)\, a) is in-
vertible for every A € C except of at most n real numbers. This motivates the definition
of the M(A)-function for the regular spectral problem.

Definition 4.17 (M(A)-function). Let a, 8 € . Whenever the matrix Bz(b,)\, a) is invert-
ible for some value A € C, we define the Weyl-Titchmarsh M(A)-function as the n x n
matrix

M(A) = M(A, b) = M(A, b, a, B) = — [32(/3,/\, a)]_1 BZ(b, A, q). (4.31)

—~39_



Chapter 4. Weyl-Titchmarsh theory for symplectic dynamic systems

The above definition of the M(A)-function is a generalization of the corresponding
definitions for the continuous and discrete linear Hamiltonian and symplectic systems in
[43, Definition 2.6], [44, Definition 2.9], [142, Equation (3.10)], [34, p. 2859, [45, Definition 3.2]
and time scale linear Hamiltonian systems in [150, Equation (4.1)]. The dependence of the
M(A)-function on b, a, and B will be suppressed in the notation and M(A, b) or M(A, b, , B)
will be used only in few situations when we emphasize the dependence on b (such as
at the end of Section 4.3) or on a and B (as in Lemma 4.26). By [99, Corollary 4.5, see
also [116, Remark 2.2], the M(:)-function is an entire function in A. Another important
property of the M(A)-function is established below.

Lemma 4.18. Let a,B € and A € C\R. Then
M*(A) = M(A). (4.32)

Proof. We abbreviate Z(A) := Z(b, A, a) and Z()\) = 2(/3,)\, a). By using the definition of
M(A) in (4.31) and identity (4.19) we have

M*(A) = M(A) = [BZ(A)]'B[Z(A) Z*(X) — Z() Z* (W) B* [BZ(A)]

(19 5 v * 171y 1
= [BZW]'BIB*[BZ(N] =0,
because B € I'. Hence, equality (4.32) holds true. |

The following solution plays an important role in particular in the results concerning
the square-integrable solutions of system (S,).

Definition 4.19 (Weyl solution). For any matrix M € C"™*" we define the so-called Weyl
solution of system (S,) by

X( A M) =W A a) (T M) =Z(,Aa) +Z(,Aa)M, (4.33)

where Z(-, A, a) and z()\ a) are defined in (4.29).

The function X(-, A, a, M), being a linear combination of two solutions of system (S)),
is also a solution of this system. ~f\/loreover, aX(a, A a,M) =71 and, it BZ(b,A, ) is
invertible, then B;Y(b,)\, a, M) = BZ(b, A, a)[M — M(A)]. Consequently, if we take M :=
M(A) in Definition 4.19, then BX (b, A, o, M(A)) = 0, i.e., the Weyl solution X(-, A, a, M(A))
satisfies the right endpoint boundary condition in (4.24).

Following the corresponding notions in [43, Equation (2.18)], [44, Equation (2.51)], [142,
p. 471], [34, p. 2859], [45, Equation (3.13)], and [150, Equation (4.2)], we define the Hermitian
n x n matrix function £(M) for system (S,).

Definition 4.20. For a fixed @ € I and A € C\ R we define the matrix function
E:CMM S C™", EM) =EM, D) :=id(A)X*(b, A, a, M) TX(b, A, a, M),
where 0(A) := sgn (Im (A)).

For brevity we suppress the dependence of the function £(-) on b and A. In few cases
we will need £(M) depending on b (as in Theorem 4.28 and Definition 4.36) and in such
situations we will use the notation £M, b). Since (iJ)* = iJ, it follows that E(M) is
a Hermitian matrix for any M € C"*". Moreover, from Corollary 4.6 we obtain

b
EM) = =20(A) Im(M) + 2 |Im()\)|/ X (t, A, q, /\/I)W(t) XO(t, A, a, M) At, (4.34)
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where we used the fact

4.26
X (a, A, a, M) TX(a, A, a, M) v M — M* = 2i Im(M). (4.35)

Next we define the Weyl disk and Weyl circle for the regular spectral problem. The
geometric characterizations of the Weyl disk and Weyl circle in terms of the contractive
or unitary matrices which justify the terminology “disk” or “circle” will be presented in
Section 4.3.

Definition 4.21 (Weyl disk and Weyl circle). For a fixed a € I and A € C\ R the set
D) = D(A, b) :={M e C"™", EM) <0}
is called the Weyl disk and the set
C(A)=C(Ab):=0aDN)={MeC"™", EM)=0}
is called the Weyl circle.

The dependence of the Weyl disk and Weyl circle on b will be again suppressed. In
the following result we show that the Weyl circle consists of precisely those matrices M(A)
with B € I". This result generalizes the corresponding statements in [43, Lemma 2.8], [44,
Lemma 2.13], [142, Lemma 3.3], [34, Theorem 3.1}, [45, Theorem 3.6}, and [150, Theorem 4.2].

Theorem 4.22. Llet a € [, A € C\ R, and M € C"™". The matrix M belongs to the Weyl
circle C(A) if and only if there exists B € ' such that BX(b, A, a, M) = 0. In this case and
under Hypothesis 4.14, we have with such a matrix B that M = M(A) as defined in (4.31).

Proof. Assume that M € C(A), i.e,, E(M) = 0. Then with the vector
Bi=X*b)T = (T M)W (b,Aa)J e C™,
where X(b) denotes X (b, A, a, M), we have
BX(b) = X*(b) JX(b) =[1/(i 6(A))]EM) = 0. (4.36)

Moreover, rank B = n, because the matrices W(b, A, a) and J are invertible and it holds
rank (I /VI*) = n. In addition, the identity J* = J! yields

(4.36)
BIB* = X*(b)JX(b) = 0. (4.37)

Now, if the condition BB* = 7 is not satisfied, then we replace B by B = (BB*)~"?p
(note that BB* > 0, so that (B8*)~'/? is well defined) and in this case

BX(b) = (BB7) 2B X(b) = 0,
BIB = (BB PR IB (BB
BB* = (BB*)~"*BR*(BB*) " =1T.

Conversely, suppose that for a given M € C"*" there exists B € [ such that BX(b) = 0.
Then from (4.23) it follows that X(b) = JB*P for the matrix P := —BJX(b) € C"™".
Hence,

437)
= 0,

EM)=i0(A)PBIT*TIBP =id(A)P*BIBP =0,
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e, M € C(A). Finally, since A € C\ R, then by Proposition 4.15(iii) the number A is
not an eigenvalue of (4.24), which by Lemma 4.16 shows that the matrix BZ(b, A, a) is
invertible. The definition of the Weyl solution in (4.33) then yields

BZ(b, A, &)+ BZ(b,A,a)M = BX(b, A, a, M) =0, (4.38)
which implies that M = —[32(/3,/\, a)'BZ(b, A, @) = M(A). [

Remark 4.23. (i) The matrix P := —BJX(b,A,a,M) € C"™" from the proof of Theo-
rem 4.22 is invertible. This fact was not needed in that proof. However, we show that
P is invertible because this argument will be used in the proof of Lemma 4.26 below.
First we prove that Ker P = Ker X(b, A, a, M). For if Pd = 0 for some d € C"”, then from
identity (4.22) we get X(b, A, a,M)d = (T —B*B) X(b, A, a, M) d = TB*Pd = 0. Therefore,
Ker P C Ker X (b, A, a, M). The opposite inclusion follows by the definition of P. And since,
by (4.33), rank X(b, A, o, M) = rank (I /\/l*)* = n, it follows that Ker X(b, A, a, M) = {0}.
Hence, Ker P = {0} as well, i.e., the matrix P is invertible.

(il) For the proof of Theorem 4.24 below we need to recall the fact that if the matrix
Im(M) is positive or negative definite, then the matrix M is necessarily invertible. The
proof of this fact can be found, e.g., in [45, Remark 2.6].

The next result contains a characterization of the matrices M & C"*" which lie
“inside” the Weyl disk D(A). In the previous result (Theorem 4.22) we have characterized
the elements of the boundary of the Weyl disk D(A), i.e.,, the elements of the Weyl circle
C(A), in terms of the matrices B € . For such B we have BJB* = 0, which yields
i 6(A) BIB* = 0. Comparing with that statement we now utilize the matrices B € C"*%"
which satisfy i 0(A) BT B* > 0. In the special cases of the discrete and continuous time
this result can be found in [44, Lemma 2.18], [45, Theorem 3.13] and [43, Lemma 2.13].

Theorem 4.24. leta € [, A € C\ R, and M € C"*". The matrix M satisfies EM) < 0
if and only if there exists 8 € C"*?" such that i 5(\)BJIB* > 0 and BX(b, A, a,M) = 0.
In this case and under Hypothesis 4.14, we have with such a matrix B that M = M(A) as
defined in (4.31) and B may be chosen so that BB* =1

Proof. For M € C"*" consider on [a, b]; the Weyl solution

Xa()

X() = X(, A a, M) = (Xz(-)

) with n x n blocks &X4(-) and X;(-). (4.39)

Suppose first that £(M) < 0. Then the matrices X;(b), j € {1,2}, are invertible. Indeed, if
one of them is singular, then there exists a nonzero vector v € C” such that X4(b)v =0
or X>(b)v =0. Then we get

VIEM) v = i 0(A) v X*(b) TX(b) v = i 0(A) v [ XS (b) Xa(b) — X5(b) X4(b)]v =0, (4.40)
which contradicts (M) < 0. Now we set By :=1T, B, := —X1(b) X5 (b), and B := (B B2).
Then for this 2n x n matrix 8 we have BX(b) = 0 and, by a similar calculation as in
(4.40),

E(M) = i 0(A) X7 (b) TX(b) = i 6(A) X5(b) (B2B1 — B1B2) Xa(b)
— 25(0) X3 (b) Im(B1B3) Xa(b) = —i 5(A) X3(b) BT B* Xa(b),

— 42—



4.2. M(A)-function for regular spectral problem

where we used the equality BJB* = 2i Im(B153). Since E(M) < 0 and X;(b) is invertible,
it follows that io(A) BT B* > 0. Conversely, assume that for a given matrix M € C"*"
there is B = ([3’1 [3’2) € C"*?" satisfying i 6(A) BJIB* > 0 and BX(b) = 0. Condition
i0(A) BIB* > 0 is equivalent to Im(B155) < 0 when Im(A) > 0 and to Im(5155) > 0 when
Im(A) < 0. The positive or negative definiteness of Im(813) implies the invertibility of
and 32, see Remark 4.23(ii). Therefore, from the equality 81 X1(b) + B2 Xa2(b) = BX(b) =0
we obtain X4 (b) = —31_1/92 X>(b), and so it holds

E(M) = 600 (X7 (b) a(b) — X3(b) 1 (b)] = i 3(A) X5(b) By (Ba} — BuB3) B al)
= —i6(A) X5(b) By BIB* By Xa(b). (4.41)
The matrix X,(b) is invertible, because if X2(b) d = 0 for some nonzero vector d € C”, then
Xi(b)d = —[3’14[3’2 X2(b)d = 0, showing that rank X(b) < n. This however contradicts
rank X(b) = n which we have from the definition of the Weyl solution X(-) in (4.33).
Consequently, equation (4.41) yields through i 3(A) B JB* > 0 that E(M) < 0.
If the matrix B does not satisfy BB8* = 7, then we modify it according to the procedure
described in the proof of Theorem 4.22. Finally, since A € C\ R, we get from Proposi-

tion 4.15(iii) and Lemma 4.16 that the matrix BZ(b, A, @) is invertible which in turn implies
through the calculation in (4.38) that M = —[BZ(b, A, a)]'BZ(b, A, a) = M(A). |

In the following lemma we derive some additional properties of the Weyl disk and
the M(A)-function. Special cases of this statement can be found in [43, Lemma 2.9], [113,
Theorem 3.1], [44, Lemma 2.14], [142, Lemma 3.2(ii)], [34, Theorem 3.7, [45, Lemma 3.7],
and [150, Theorem 4.13].

Theorem 4.25. Let a € I and A € C\ R. For any matrix M € D(A) we have
b —~
0(A) Im(M) > |Im()\)|/ Xt A o, M)W(t) XO(t, A, a, M) At > 0. (4.42)
a

In addition, under Hypothesis 4.14 we have 3(A) Im(M) > 0.

Proof. By identity (4.34), for any matrix M € D(A) we have
b —~
20(A) Im(M) = =EM) + 2 |Im(/\)|[ X (t, A, a, M)W(t) X(t, A, a, M) At
) a N
>2 |Im()\)|/ X (t, A, a, M)W(t) X (t, A, a, M) At,
which yields together with W(t) > 0 on [a, p(b)]r the inequalities in (4.42). The last

assertion in Theorem 4.25 is a simple consequence of Hypothesis 4.14. |

In the last part of this section we wish to study the effect of changing a, which is one
of the parameters of the M(A)-function and the Weyl solution X(-, A, @, M), when «a varies
within the set I'. For this purpose we shall use the M(A)-function with all its arguments
in the two statements below.

Lemma 4.26. Let a,B,y € [ and A € C\ R. Then

M, b, a,B) = [aTy* +ay* M(A, b, v, B)][ay* — aJy* M(A,b,y.B)"".  (443)
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Proof. Let M(b, A, a, B) and M(b, A, y, B) be given via (4.31) and consider the Weyl solu-

tions
Xo() =X A a,M(b, A, a,B)) and  X,(:) :=X(-, A, y,M(b, A, y,B))

defined by (4.33) with M = M(b, A, a,B) and M = M(b, A, y, B), respectively. First we
prove that the two Weyl solutions X,(:) and X,(-) differ by a constant nonsingular mul-
tiple. By definition, BX,(b) = 0 and BX,(b) = 0, which implies through (4.23) that
Xo(b) = TB*Py and X\ (b) = JB*P, for some matrices P, P, € C"*", which are in-
vertible by Remark 4.23(i), Le. it holds X,(b) P! = JB* = X,(b) Py_1. Consequently,

Xq(b) = X\ (b) P, where P := Py_1Pa. By the uniqueness of solutions of system (S,), see
Theorem 4.4, we obtain that X,(-) = Xy(-) P on [a, b]z. Upon the evaluation at t = a we
get

T

W(a, A, a) (M(/\’b,aﬁ)) =W(a, A y) (M(/\, g ) B)) P. (4.44)

Since the matrices W(a, A, a) = (0(* —ja*) and W(a, A, y) = (y* —Jy*) are unitary, it
follows from (4.44) that

O R B L] P

aJy*+ay*MA b, y,B)| "

The first row above yields that P =[ay* — a Jy*M(A, b, y, B) ]_1, while the second row
is then written as identity (4.43). |

Corollary 4.27. Let o, B,y € I and A € C\ R. With notation (4.33) and (4.31) we have
X(, A a, MA, b, a,B) = X(, Ay, MA by, B)ay* —aTy*MA, b, y,B) .

Proof. The above identity follows from (4.44) and the formula for the matrix PP from the
end of the proof of Lemma 4.26. |

4.3 Geometric properties of Weyl disks

In this section we study the geometric properties of the Weyl disks as the point b moves
through the interval [a,c0);. Our first result shows that the Weyl disks D(A, b) are
nested. This statement generalizes the results in [112, Theorem 4.5}, [127, Section 3.2.1],
[44, Equation (2.70)], [142, Theorem 3.1], [150, Theorem 4.4] and [6, Theorem 3.3(i)}.

Theorem 4.28 (Nesting property of Weyl disks). Let a € [T and A € C\ R. Then
D(A, by) € D(A, by)  for every by, by € [a,00)r, b1 < by.
Proof. Let by, by € [a, 00); with by < by and take M € D(A, by), te, EM, by) < 0. From

identity (4.34) with b = b1 and later with b = b, and by using W(-) > 0 we have

434 b1 —
E(M, by) ( = ) —20(A) Im(M) + 2 |Im(A)] X (t, A, a, M)W(t) X (t, A, a, M) At

a

< —=25(A) Im(M) + 2 |Im(A)] /b2 X7 (t, A, a, M)W(t) X(t, A, @, M) At

(4.34)
=" €M, by) < 0.

Therefore, by Definition 4.21, the matrix M belongs to D(A, b1), which shows the result. W
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Similarly for the regular case (Hypothesis 4.14) we now introduce the following as-
sumption.

Hypothesis 4.29. There exists by € (a, c0)r such that Hypothesis 4.14 is satisfied with
b = bg. That is, inequality (4.27) holds with b = bg for every A € C.

From Hypothesis 4.29 it follows by W(-) > 0 that inequality (4.27) holds for every
b € [bg, o). For the study of the geometric properties of Weyl disks we shall use the
following representation

E(M, b) = i 5(A) X*(b, A, &, M) TX(b, A, a, M) = (T M) (% (022 ) g*(b'A'“))(I)

Gb,A,a) H(b,Aa)] \M
of the matrix £(M, b), where we define on [a, co); the n x n matrices

F( A a) :=i0(A)Z*( A a) TZ(- A a),
G- A @) = i8N Z5( A a) TZ(-, A q), (4.45)
H(- A a) == i0(A) Z*( A, @) TZ(-, A, a).

Since (M, b) is Hermitian, it follows that F(-, A, @) and H(:, A, ) are also Hermitian.

Moreover, by (4.26) we have H(a, A, a) = 0. In addition, if b € [bg, o)y, then Corollary 4.7
and Hypothesis 4.29 yield for any A € C\ R

b
H(b, A a) =2 ||m(/\)|/ Z7%(t, A, ) W(t) Z°(t, A, @) At > 0. (4.46)

Therefore, H(b, A, ) is invertible (positive definite) for all b € [bg, 00); and monotone non-
decreasing as b — oo, with a consequence that H~'(b, A, a) is monotone nonincreasing
as b — oo. The following factorization of £(M, b) holds true, see also [45, Equation (4.11)].

Lemma 4.30. Let a € [ and A € C\R. By using the notation in (4.45), for any M € C"*"
and b € [a, co)r we have

EM, b) = F(b, A, a) —G*(b, A, &) H™' (b, A, @) G(b, A, @)
+[G*(b, A a)H (b, A, @) + M*JH(b, A, @) [H (b, A, @) G(b, A, a) + M,

whenever the matrix H(b, A, @) is invertible.

Proof. The result is shown by a direct calculation. |

The following identity is a generalization of its corresponding versions published
in [112, Lemma 4.3], [34, Lemma 3.3], [142, Proposition 3.2], [45, Lemma 4.2], [150, Lemma 4.6),
and [6, Theorem 5.6].

Lemma 4.31. Let a € I and A € C\R. By using the notation in (4.45), for any b € [a, 00);
we have

G*(b, A, a)H (b, A, @)G(b, A, @) — F(b, A, @) = H (b, }, a), (4.47)

whenever the matrices H(b, A, a) and H(b,)_\, a) are invertible.
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Proof. In order to simplify and abbreviate the notation we introduce the matrices

(4.48)

F:=Fb,Aa), G:=Gb Ara), H:=HbAa),
F:=F(b,Aa), G:=G(b,Aa), H:=HbAa),

and use the notation Z(A) and 2()\) for Z(b, A, a) and 2(/3,)\, a), respectively. Then, since
F* =F and 8(A) 6(A) = —1, we get the identities

GF —FG=2"NTZNZ*A) = Z(N) Z* N T Z(A) D rmgzn'2o, (449
HG —GH" = Z*NTZWN 2N — 2N 2Tz = g 2 2o, (450)
GG—HF =Z*NT[ZWN)Z5A) — Z(N) Z*N]TZ(A) D —Z* N TZ(A) ey (4.51)

~ ~ _ (4.19) (4.18)

GG —FH=ZNTIZNZ*N) - ZWNZ*NTZA) = Z*NITZA) = I. (452)

Hence, by using that ‘H is Hermitian we see that

L 452) o~ o~ ~ o~ (4.50) ]
H' = GGH '-F=GG¢H" -F = GH G-F.
which proves identity (4.47). |

Corollary 4.32. Let a € I and A € C\ R. Under Hypothesis 4.29, the matrix H(b, A, @) is
invertible for every b € [bo, 0o)r and for these values of b we have

G*(b, A, a)H (b, A, @) G(b, A, @) — F(b, A, @) > 0. (4.53)

Proof. Since b € [bg, 00)r, then identity (4.46) yields that H(b, A, a) > 0 and H(b, A, a) > 0.
Consequently, inequality (4.53) follows from equation (4.47) of Lemma 4.31. |

In the next result we justify the terminology for the sets D(A, b) and C(A, b) in Def-
inition 4.21 to be called a “disk” and a “circle”. It is a generalization of [142, Theo-
rem 3.1}, [45, Theorem 5.4], [6, Theorem 3.3(iii)], see also [127, Theorem 3.5], [102, pp. 70—
71], [43, p. 3485], [142, Proposition 3.3], [34, Theorem 3.3}, [150, Theorem 4.8]. Consider the
sets V and U of contractive and unitary matrices in C"*", respectively, i.e.,

v={vel™, VVILTI} U=0v={UeC™, UU=T} (4.54)
The set V is known to be closed (in fact compact, since V is bounded) and convex.

Theorem 4.33. Let a € [ and A € C\ R. Under Hypothesis 4.29, for every b € [bg, 0)r
the Weyl disk and Weyl circle have the representations

D(A, b) = { P(A,b) + R(A,b) VR(A,b), V€V, (4.55)
C(A b) = { P(A, b) + R(A, b) UR(A,b), UeU}, (4.56)

where, with the notation (4.45),
P(A b) := —H' (A b,a)G(A b, a), R(Ab):=H 2\ b,a). (4.57)

Consequently, for every b € [bg, 00); the sets D(A, b) are closed and convex.
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The representations of D(A, b) and C(A, b) in (4.55) and (4.56) can be written as
D(A, b) = P(A, b) + R(A,b)VR(A, b) and C(A, b) = P(A b) + R(A, b)UR(A, b). The im-
portance of the matrices P(A, b) and R(A, b) is justified in the following.

Definition 4.34. For a € I, A € C\ R, and b € [a, o0); such that H(A, b, @) and H(A, b, @)
are positive definite, the matrix P(A, b) is called the center of the Weyl disk or the Weyl
circle. The matrices R(A, b) and R(A, b) are called the matrix radii of the Weyl disk or
the Weuyl circle.

Proof of Theorem 4.33. By (4.46) and for any b € [bg, 00)r, the matrices H := H(A, b, a) and
H = H(A, b, a) are positive definite, so that the matrices P := P(A, b), R(A) := R(A, b), and
R(A) := R(A, b) are well defined. By Definition 4.21, for M € D(A, b) we have £(M, b) <0,
which in turn with notation (4.48) implies by Lemmas 4.30 and 4.31 that

—R?(A) + (M* = P*)R™2(A) (M — P)
" F _GHIG+ (G + My H(HT'G + M) = E(M, b) < 0. (4.58)

Therefore, the matrix
V=R M—-P)RT(A) (4.59)

satisfies V*V < 7. This relation between the matrices M € D(A, b) and V € V is bijective
(more precisely, it is a homeomorphism) and the inverse to (4.59) is given by M = P +
R(A) VR(A). The latter formula proves that the Weyl disk D(A, b) has the representation
in (4.55). Moreover, since by the definition M € C(A, b) means that £M, b) = 0, it follows
that the elements of the Weyl circle C(A, b) are in one-to-one correspondence with the
matrices V defined in (4.59) which, similarly as in (4.58), now satisfy V*V = 7. Hence, the
representation of C(A, b) in (4.56) follows. The fact that for b € [bg, 00); the sets D(A, b)
are closed and convex follows from the same properties of the set V, being homeomorphic
to D(A, b). |

4.4 Limiting Weyl disk and Weyl circle

In this section we study the limiting properties of the Weyl disk, Weyl circle, and their
center and matrix radii. Since, under Hypothesis 4.29 the matrix function H(-, A, @) is
monotone nondecreasing as b — oo, it follows from the definition of R(A, b) and R(A, b)
in (4.57) that the two matrix functions R(A,-) and R(A,-) are monotone nonincreasing for
b — oo. Furthermore, since R(A, b) and R(A, b) are Hermitian and positive definite for
b € [bg, 00)r, the limits

R.(A):= lim R(A, b), Ry (A):= lim R(A,b) (4.60)

b—o0 b—o0

exist and satisfy R1(A) > 0 and Ry(A) > 0. The index “+”" in the above notation as
well as in Definition 4.36 refers to the limiting disk at +oco. In the following result we
shall see that the center P(A, b) also converges to a limiting matrix when b — oo. This
is a generalization of [112, Theorem 4.7], [34, Theorem 3.5] [142, Proposition 3.5], [45,
Theorem 4.5], [150, Theorem 4.10].

Theorem 4.35. let « € I and A € C\ R. Under Hypothesis 4.29, the center P(A,b)
converges as b — oo to a limiting matrix Py (A) € C"", that is,

P.(A) == lim P(A,b). (4.61)

b—oo
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Proof. We prove that the matrix function P(A, -) satisfies the Cauchy convergence criterion.
Let by, by € [bo, 00)r be given with by < by. By Theorem 4.28, we have that D(A, by) C
D(A, by). Therefore, by (4.55) of Theorem 4.33, for a matrix M € D(A, by) there are (unique)
matrices V4, Vo € V such that

M = P(A bj)+ R(A bj)ViR(A b)), je€{1,2} (4.62)
Upon subtracting the two equations in (4.62) we get
P(A, by) — P(A, b1) + R(A, ba) Vo R(A, ba) = R(A, b1) Vi R(A, by).
This equation, when solved for V; in terms of V5, has the form
Vi = R7Y(A, b1) [P(A, ba) — P(A, b1) + R(A, b2) Vo R(A, bo) | R, by) =: T(Va),

which defines a continuous mapping T : V — V, T(V2) = V4. Since V is compact, it
follows that the mapping T has a fixed point in V, i.e, T(V) = V for some matrix V € V.
Equation T(V) =V implies that

P(A, ba) — P(A, b1) = R(A, b1) VR(A, b1) — R(A, ba) VR(A, by)
= [R(A, b1) — R(A, b2)] VR(A, b1) — R(A, b2) VIR(A, b1) — R(A, b)].
Hence, by ||V|| <1, we have
[P(A, b2) — P(A, b1)|
< IR b1) = R b2 [R5 + IR ba)| |ROb1) = RO B[ (463)

Since the functions R(A,:) and R(A,-) are monotone nonincreasing, they are bounded.
That is, for some K > 0 we have ||R(A, b)|| < K and HR()_\, b)H < K for all b € [bg, 00)r.

Let € > 0 be arbitrary. The convergence of R(A, b) and R(A, b) as b — oo yields the
existence of b3 € [bg, 00)r such that for every by, by € [b3, 00)r with by < by we have

[R(v, b1) — R(v, by)|l < €/(2K), v € {1 A} (4.64)
Using estimate (4.64) in inequality (4.63) we obtain for by > by > b3
|P(A, b2) — P(A, b1)| < €/2K) - K + €/(2K) - K = €.
This means that the limit Py (A) € C"™" in (4.61) exists, which completes the proof. |

By Theorems 4.28 and 4.33 we know that the Weyl disks D(A, b) are closed, convex,
and nested as b — oo. Therefore the limit of D(A, b) as b — oo is a closed, convex, and
nonempty set. This motivates the following definition, which can be found in the special
cases of system (S,) in [102, Theorem 3.3], [34, Theorem 3.6], [45, Definition 4.7], [150,
Theorem 4.12].

Definition 4.36 (Limiting Weyl disk). Let « € " and A € C\ R. Then the set

D)= () DA Db)
bela,00)T
is called the limiting Weyl disk. The matrix Py(A) from Theorem 4.35 is called the center

of D4 (A) and the matrices R, (A) and R, (A) from (4.60) its matrix radii.
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As a consequence of Theorem 4.33 we obtain the following characterization of the
limiting Weyl disk.

Corollary 4.37. Let a € T and A € C\ R. Under Hypothesis 4.29, we have
Di(Y) = Pr(A) + Ry VRL (),
where V is the set of all contractive matrices defined in (4.54).

From now on we assume that Hypothesis 4.29 holds, so that the limiting center Py (A)

and the limiting matrix radit R+(A) and R4 (A) of D4 (A) are well defined.

Remark 4.38. By means of the nesting property of the disks (Theorem 4.28) and Theo-
rems 4.22 and 4.24, it follows that the elements of the limiting Weyl disk D, (A) are of the
form

My(A) € De(A), My(A) = blggo M(A, b, a, B(b)), (4.65)

where B(b) € Cn*2n satisfies B(b) B*(b) =7 and i d(A) B(b) TB*(b) > 0 for all b € [a, o0).
Moreover, from Lemma 4.18 we conclude that

M (A) = My (A). (4.66)

A matrix M4 (A) from (4.65) is called a half-line Weyl-Titchmarsh M(A)-function. Also, as
noted in [45, Section 4], see also [43, Theorem 2.18], the function M, (A) is a Herglotz
function with rank n and has a certain integral representation (which will not be needed
in this chapter).

Our next result shows another characterization of the elements of D (A) in terms of the
Weyl solution X(-, a, A, M) defined in (4.33). This is a generalization of [112, p. 671], [102,
Equation (3.2)], [34, Theorem 3.8(i)], [45, Theorem 4.8], [150, Theorem 4.15].

Theorem 4.39. Leta € I, A € C\R, and M € C"™". The matrix M belongs to the limiting
Weyl disk D (A) if and only if

/ X (£, 2, MYW(E) X9t A, o, M) At < M)
a

~ Im(A) (4:67)

Proof. By Definition 4.36, we have M € D (A) if and only if M € D(A, b), e, E(M, b) <0,
for all b € [a, 00);. Therefore, by formula (4.34), we get

EM,b)  8(A) Im(M) _ Im(M)
2 ImA)] " Im)] = Im(A)

b —_—
[ X7 (t, A, a, MYW(t) X(t, A, o, M) At =

for every b € [a, 00)r, which is equivalent to inequality (4.67). |

Remark 4.40. In [34, Definition 3.4], the notion of a boundary of the limiting Weyl disk
D4 (A) is discussed. This would be a “limiting Weyl circle” according to Definitions 4.21
and 4.36. The description of matrices M € C"*" laying on this boundary follows from
Theorems 4.39 and 4.22, giving for such matrices M the equality

Im(M)
Im(A)

/ Xt A, o, M)W(L) XO(t, A, a, M) At = (4.68)

a
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Condition (4.68) is also equivalent to

lim X7(t, 4, @, M) TX(t, A, o, M) = 0. (4.69)
-0

This is because, by (4.35) and the Lagrange identity (Corollary 4.6),

X*(t, A, a, M) TX(t, A, a, M)

= 2i Im(A) [ I;:;((/\/VI))

t —~
— / X% (s, A, a, M)W(s) X%(s, A, a, M) As ]
a

for every t € [a,00);. From this we can see that the integral on the right-hand side
above converges for t — oo and (4.68) holds if and only if condition (4.69) is satisfied.
Characterizations (4.68) and (4.69) of the matrices M on the boundary of the limiting
Weyl disk Dy (A) generalize the corresponding results in [34, Theorems 3.8(ii) and 3.9],
see also [142, Theorem 6.3].

1

Consider the linear space of square-integrable C4 functions

13, = L3]a, 00)y == {z:[a, 00); — c, ze Clll.d, 12(-)[ly < oo},

where we define
1z() == VA{2(), z(Dw, (2(), 2()w 1=/ 27 () W(t) 2°(t) At.

In the following result we prove that the space L]Z/V contains the columns of the Weyl
solution X(-, A, a, M) when M belongs to the limiting Weyl disk Dy(A). This implies
that there are at least n linearly independent solutions of system (S,) in L%,V. This is
a generalization of [112, Theorem 5.1], [142, Theorem 4.1}, [45, Theorem 4.10], [6, p. 716].

Theorem 441. Lleta € [, A€ C\R, and M € D, (A). The columns of X(-, A, a, M) form
a linearly independent system of solutions of system (S,), each of which belongs to L12/v-

Proof. Let us denote by z;(-) := X(-, A, a,M)e; for j € {1,..., n} the columns of the
Weyl solution X (-, A, a, M), where e; is the j-th unit vector. We prove that the functions
z1(:), ..., zy(:) are linearly independent. Assume that Z}; ¢;jzj(-) = 0 on [a, co); for some

c1,...,cp € C. Then X(-, A, a,M) c = 0, where ¢ := (c},...,c;)* € C". It follows by (4.35)
that

2ic* Im(M)c = c*X*(a, A, a, M) JTX(a, A, a,M) c =0,

which implies the equality c¢* d(A) Im(M) c = 0. Using that M € D, (A) C D(A, b) for some
b € [bg, 00)r, we obtain from Theorem 4.25 that the matrix 0(A) Im(M) is positive definite.

Hence, ¢ = 0 so that the functions z(:),...,z,(:) are linearly independent. Finally, for
every j € {1,...,n} we get from Theorem 4.39 the inequality
2 Xk (A TO() (9, Im(M) 16(A) Im(M) ||
(- = C J(YAt < e i <
IEAR]INS /a Z(OW(t) Z] () At < e} ) &S ]
Thus, z;(-) € L)z/v for every j € {1,...,n} and the proof is complete. |
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Denote by N (A) the linear space of all square-integrable solutions of system (S)), L.e.,
N :={z(-) € L}, z() solves (S))}.
Then as a consequence of Theorem 4.41 we obtain the estimate
dim N(A) > n for each A € C\ R.
Next we discuss the situation when dim N (A) = n for some A € C\ R.

Lemma 4.42. Llet « € T, A € C\ R, and dim N'(A) = n. Then the matrix radii of the
limiting Weyl disk D (A) satisfy Ry (A) = 0 = R.(A). Consequently, the set D, ()) consists
of the single matrix M = Py(A), i.e., the center of D (A), which is given by formula (4.61)

of Theorem 4.35.

Proof. With the matrix radii Ry(A) and Ry(A) of Di(A) defined in (4.60) and with the
Weyl solution X(-, A, a, M) given by a matrix M € D,(A) we observe that the columns
of X(-,A, @, M) form a basis of the space N(A). Since the columns of the fundamental

matrix W(-, A, a) = (Z(~,)\, a) Z(.,/\, a)) span all solutions of system (S,), the definition

of X(-, A, a, M) = Z(-, A, @) +2(.,A, a) M yields that the columns of 2()\ a) together with
the columns of X(-, A, a, M) form a basis of all solutions of system (S,). Hence, from
dim N'(A) = n and Theorem 4.41 we get that the columns of Z(-, A, @) do not belong to L%V.
Consequently, by formula (4.46), the Hermitian matrix functions H(:, A, @) and H(-, A, @)
defined in (4.45) are monotone nondecreasing on [a, co); without any upper bound, i.e.,
their eigenvalues — being real — tend to co. Therefore, the functions R(A, ) and R(A, )
as defined in (4.57) have limits at co equal to zero. That is, R;(A) = 0 and R, (A) = 0.
The fact that the set D4 (A) = {Py(A)} then follows from the characterization of D (A) in

Corollary 4.37. |

In the final result of this section we establish another characterization of the matri-
ces M from the limiting Weyl disk D4 (A). In comparison with Theorem 4.39 we now use
a similar condition to the one in Theorem 4.24 for the regular spectral problem. How-
ever, a stronger assumption than Hypothesis 4.29 is now required for this result to hold,
compare with [44, Lemma 2.21] and [45, Theorem 4.16].

Hypothesis 4.43. For every ag, bg € (a, 0o)y with ag < bg and for every A € C we have
bo N
/ Wo(t, A, ) W(t) W(t, A, @) At > 0.
ag

Under Hypothesis 4.43, the Weyl disks D(A, b) converge to the limiting disk “mono-
tonically” as b — oo, i.e., the limiting Weyl disk D, (A) is “open” in the sense that all its
element lie inside Dy (A). This can be interpreted in view of Theorem 4.24 as £(M, t) < 0
for all t € [a, 00)r.

Theorem 4.44. let a € [, A € C\ R, and M € C"™*". Under Hypothesis 4.43, the matrix
M € D4 (A) if and only if

EM,t) <0 foralltela,oco). (4.70)
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Proof. If condition (4.70) holds, then M & D, (A) follows from the definition of D, (A).
Conversely, suppose that M € D,(A) and let t € [a,00); be given. Then for any b €
(t, 00)r we have by formula (4.34) that

EM, t) = —25(A) Im(M) + 2 [Im(})| /txﬂ*(s, A o, MYW(s) X(s, A, a, M) As
b
= &M, b) —2 |Im()\)|/ X7(s, A, o, MYW(s) X% (s, A, @, M) As, (4.71)
t

where we used identity (2.12). Since M € D, (A) is assumed, we have M € D(A, b), ie.,
EM, b) < 0, while Hypothesis 4.43 implies the positivity of the integral over [t, by in
(4.71). Consequently, equation (4.71) yields that £(M, t) < 0. |

Remark 4.45. If we partition the Weyl solution X(-,A) := X(-, A, a, M) into two n x n
blocks Xq(-, A) and X5(-, A) as in (4.39), then condition (4.70) can be written as

O(A) Im (X5 (t, A) X2(t, A)) >0 for all t € [a, 00)r.

Therefore, by Remark 4.23(ii), the matrices Xy(t, A) and X(t, A) are invertible for all t €
[a,00)r. A standard argument then yields that the quotient Q(-, A) := X>(-, A) X1—1(~,)\)
satisfies the Riccati matrix equation (suppressing the argument t in the coefficients)

Q" — (C+DQ)+ Q°(A+BQ)+ MWL + u(A+BQ)| =0, tela,oco),

see [58, Theorem 3], [94, Section 6], and [95].

4.5 Limit point and limit circle criteria

Throughout this section we assume that Hypothesis 4.29 is satisfied. The results from
Theorem 4.41 and Lemma 4.42 motivate the following terminology, compare with [166,
p. 75], [159, Definition 1.2] in the time scales scalar case n = 1, with [43, p. 3486], [133,
p. 1668], [107, p. 274], [141, Definition 3.1], [137, Definition 1], [167, p. 2826] in the continuous
case, and with [142, Definition 5.1], [45, Definition 4.12] in the discrete case.

Definition 4.46 (Limit point and limit circle case for system (S,)). System (S,) is said to
be in the limit point case at oo (or of the limit point type) if

dim N(A)=n forall A€ C\R.
System (S,) is said to be in the limit circle case at oo (or of the limit circle type) if
dim N(A) =2n forall A€ C\R.

Remark 4.47. According to Remark 4.38 (in which B(b) = ), the center Py(A) of the
limiting Weyl disk D4 (A) can be expressed in the limit point case as

Pi(A) = M4 (A) = lim M(A, b, a, B),

b—oo

where 8 € [ is arbitrary but fixed.

Next we establish the first result of this section. Its continuous time version can
be found in [107, Theorem 2.1}, [112, Theorem 8.5] and the discrete time version in [44,
Lemma 3.2], [45, Theorem 4.13].
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Theorem 4.48. Let system (S,) be in the limit point or limit circle case, fix a € I, and let
A, veC\R. Then

lim X% (, A, o, My (A) TXL(t, v, @, My (v)) = 0, (4.72)

t—o00

where X, (-, A, a, M (A)) and X1 (-, v, a, My (v)) are the Weyl solutions of (S)) and (S,), re-
spectively, defined by (4.33) through the matrices M (A) and My (v), which are determined
by the limit in (4.65).

Proof. For every t € [a, o)y and matrices B(t) € C"*?" such that the identities
B(t)B*(t)=Z and i0A)B(t)TB*(t) >0
holds true, and for k € {A, v} we define the matrix (compare with Definition 4.17)
Mk, t, a, B(t)) = —[B(t) Z(t, k, o)] ' B(t) Z(t, k, a).

Then, by Theorems 4.22 and 4.24, we have M(k, t, a, B(t)) € D(k, t). Following the no-
tation in (4.33), we consider the Weyl solutions X(-, k) := X(-, k, a, M(k, t, a, B(-))). Simi-
larly, let X, (-, k) := X(, k, a, M(k)) be the Weyl solutions corresponding to the matrices
M, (k) € D4 (k) from the statement of this theorem.

First assume that system (S,) is of the limit point type. In this case, by Remark 4.47, we
may take B(t) € I forall t € [a, 00);. Hence, from Theorem 4.22 we get that B(-) X(-, k) = 0
on [a,00)r. By (4.23), for each t € [a,00)r and k € {A, v} there is a matrix Q,(t) € C"™"
such that X(-, k) = JB*(*) Q«() on [a, 0)r. Hence, we have on [a, 00);

Xi(t, ) TXL(t,v)+ F(t, A v, B(t) + G(t, A, v, B(t))
= X*(t, A) TX(t, v) = Qx(t) B(t) TB*(t) Qu(t) = 0, (4.73)

where we define

F(t. A v, B(t) := Xi(t, A) JZ(t, v, ) M(v, t, a, B(t)) — M4 (v)],
G(t, A v, B(t) :=[M*(A t, a, B(t) — Mi()\)]z*(t,)\, a) JX(t, v).

If we show that
tlim F(t, A v,B(t) =0, tlim G(t, A v, B(t) =0, (4.74)

then equation (4.73) implies the result claimed in (4.72). First we prove the limit (4.74)(ii).
Pick any t € [bg, o). By Theorem 4.33, Corollary 4.37, and D4 (A) C D(A, t) we have

M(A t,a,B(t) = P(A, t) + RA ) U(t) RA ), Mi(A) = PAt)+ R(A t) V() R(A, 1),
where U(t) € U and V(t) € V. Therefore,
M(A, t, a, B(t) — M (A) = R(A, t)[U(t) — V(1) R(A, t).

Since 2(~, A, a) and X (-, v) are respectively solutions of systems (S,) and (S,) which satisfy
Z*(a, A, a) JX(a,v) = —Z, it follows from Corollary 4.6 that

75t A a) TX(t,v) = -T + (A —v) /tZ”*(s,)\, a)W(s) X%(s, v) As.

a
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Hence, we can write
G(t, A v, B(t) = R, t) [U(t) — V*(O)] R(A, t)[()_\ - v)/tif’*(s,/\, a)W(s) X9(s, v) As —I],

where we used the Hermitian property of R(A, t) and R(A, t). Since we now assume that
system (S,) is in the limit point case, we know from Lemma 4.42 that lim;. R(A, t) =0
and lim;_. R(A, t) = 0. Therefore, in order to establish (4.74)(ii) it is sufficient to show
that

R(A, t) /t?’*(s, A ) W(s) X(s, v) As

is bounded for t € [bg, 00);. Let n € C" be a unit vector and denote by X;(-, v) := X(:, v) e;
the j-th column of X(-, v) for j € {1,..., n}. With the definition of R(A, -) in (4.57) we have

t o~ —
/ M*R(A,s) Z7%(s, A, a) W(s) X7 (s, v) As

< /
a

(2.17) t - - 172
< (/ I7*R()\,S)ZU*(S,)\,O’)W(S)ZU(S,)\,O()R()\,S)I’]AS) X
a

W'2(s) Z9%(s, A, @) R(A, ) n‘ . ‘W 2(s) X9 (s, v)‘ As

t _ 1/2
X (/a X7 (s, v)W(s) X7 (s, v)As) , (4.75)

where the last step follows from the Cauchy-Schwarz inequality (2.17) on time scales.
From equation (4.40) we obtain

t

= ~ = 1
HV2(t, A, a)/ 7% (s, A, a)W(s) Z%(s, A, a) As H " (t, A\ a) = ———— T

o 2 [Im(A)]
so that the first term in the product in (4.75) is bounded by 1/4/2 |Im(A)|. Moreover,
from formula (4.34) we get that the second term in the product in (4.75) is bounded by
the number [e;‘ Im(M(v, t, a, B(t))) e;]/ Im(v). Hence, upon recalling the limit in (4.65), we
conclude that the product in (4.75) is bounded by

1 e; Im(M(v)) e;

2 [Im(A)] Im(v) '

which is independent of t. Consequently, the limit (4.74)(ii) is established. The limit
(4.74)(i) is then proven in a similar manner. The proof for the limit point case is finished.

If system (S,) is in the limit circle case, then for k € {A, v} the columns of Z(-, k, &)
and X, (-, k) belong to L2, hence they are bounded in the L,Z,V norm. In this case the limits
in (4.74) easily follow from the limit (4.65) for M4 (k), k € {A, v}. [

In the next result we provide a characterization of the system (S,) being of the limit
point type. Special cases of this statement can be found, e.g.,, in [142, Theorem 6.12]
and [45, Theorem 4.14].

Theorem 4.49. Let a € [. The system (S,) is in the limit point case if and only if for

every A € C\R and every square-integrable solutions z1(-, A) and z3(-, A) of (S,) and (S;),
respectively, we have

Zi(t ) Tzo(t, }) =0 for all t € [bg, 00)=. (4.76)
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Proof. Let (S,) be in the limit point case. Fix any A € C\ R and suppose that z1(-, A) and
7(+, A) are solutions of (S,) and (S3), respectively. Then, by Theorem 4.41 and Remark 4.38,
there are vectors &, & € C" such that z1(-,A) = Xy (-, A) & and z2(-, A) = X4 (-, A) & on
[a, 00)r, where X, (-, k) := X, (-, k, @, M4 (k)) are the Weyl solutions corresponding to some
matrices M, (k) € D (k) for k € {A,A}. In fact, by Lemma 4.42 the matrix M, (k) is equal
to the center of the disk Dy (k). It follows that for any t € [bg, o0); equality
X (t, A) TXL(t, A) (423) (I /\/Ii()\)) W(t, A, ) T W(t, A, @) (I /\/Ij(}\))*
(417)(@) ME () — M2 () (4.06) 0
= " " =

holds, so that equation (4.76) is established.

Conversely, let v € C\ R be arbitrary but fixed, set A := v, and suppose that for
every square-integrable solutions zi(-,A) and z(-, v) of (S,) and (S,) condition (4.76) is
satisfied. From Theorem 4.41 we know that for My (k) € Di(k) the columns X_[,{](-,K),
j € {1,...,n}, of the Weyl solution Xy (-, k) are linearly independent square-integrable
solutions of (Sk), k € {A, v}. Therefore, dimN(A) > n and dimN(v) > n. Moreover, by
identity (4.17)(i) we have

X3 (t, ) JXU(t,v) =0 forall t €[bo,00): and j € {1,...,n}. (4.77)

Let z(-, v) be any square-integrable solution of system (S,). Then, by our assumption
(4.76),

Xi(t,A)Tz(t,v) =0 forall t € [bg, o). (4.78)

From (4.77) and (4.78) it follows that the vectors XL{}(CI, v), j€{1,...,n}, and z(a, v) are
solutions of the linear homogeneous system

Xi(a,A)JIn=0. (4.79)

Since, by Theorem 4.41, the vectors X_[{](CI, v) for j € {1,...,n} represent a basis of the

solution space of system (4.79), there exists a vector & € C” such that z(a, v) = X4 (a, v) &
By the uniqueness of solutions of system (S,) we then get z(-, v) = X4(-, v) & on [a, 00);.
Hence, the solution z(-, v) is square-integrable and dimN'(v) = n. Since v € C\ R was
arbitrary, it follows that system (S,) is in the limit point case. |

As a consequence of the above result we obtain a characterization of the limit point
case in terms of a condition similar to (4.76), but using a limit. This statement is a general-
ization of [107, Corollary 2.3], [44, Corollary 3.3], [142, Theorem 6.14], [45, Corollary 4.15], [34,
Theorem 3.9], [150, Theorem 4.16].

Corollary 4.50. Let a € . System (S,) is in the limit point case if and only if for every
A, v € C\ R and every square-integrable solutions z1(-, A) and z(-, v) of (S,) and (S.),
respectively, we have

tlgyo Zi(t, A) T z2(t, v) = 0. (4.80)

Proof. The necessity follows directly from Theorem 4.48. Conversely, assume that condi-
tion (4.80) holds for every A, v € C\ R and every square-integrable solutions z(-, A) and
z5(-,v) of (S)) and (S,). Fix A € C\ R and set v := A. By Corollary 4.7 we know that
z{(-,A) Jz2(:, v) is constant on [a, 00)r. Therefore, by using condition (4.80) we can see
that identity (4.76) must be satisfied, which yields by Theorem 4.49 that system (S,) is of
the limit point type. ]
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4.6 Nonhomogeneous time scale symplectic systems

In this section we consider the nonhomogeneous time scale symplectic system
22,2 = S(t,A) z(t, A) — JW(t) fo(t), tela,oo)r, (4.81)

where the matrix function (-, A) and W() are defined in (4.6) and (4.4), f € L3, and where
the associated homogeneous system (S,) is either of the limit point or limit circle type at
oo. Together with system (4.81) we consider a second system of the same form but with
a different spectral parameter and a different nonhomogeneous term

yA(t, v) =S(t,v)y(t,v) — JW(t) g°(t), teE€la, o), (4.82)

with g € L%V. The following is a generalization of Theorem 4.5 to nonhomogeneous
systems.

Theorem 4.51 (Lagrange identity). Let A,v € C and m € N be given. If z(-,A) and y(-, v)
are 2n x m solutions of systems (4.81) and (4.82), respectively, then

256, ) Ty(t, V) = (A=) 27(8, )W) y (2, v)
— (W) Yt v) + 275t A)W(1) g°(t), t € [a,00)r.  (4.83)

Proof. Formula (4.83) follows by the product rule (2.3) with the aid of the relation
29(t, A) = [T + p(t) S(t, N z(t, A) + p(t) W(t) F(t)
and identity (4.8). |

Forael, A€ C\R, and t,s € [a, 00)r we define the function

Z(t, A a) X% (s, A, ), for t €[a, s)r,

Git,s, 0, q) = | ZLEA Q) XEls A @) rtela sy (4.84)
Xi(t, A a)Z%(s, A, ), for t €[s, 00)r,

where 2()\ a) denotes the solution of system (S,) given in (4.29), i.e,, Z(a,)\, a) =-Ja,

and X, (-, A, a) := X(-, A, a, My (A)) is the Weyl solution of (S,) as in (4.33) determined by
a matrix My (A) € D4 (A). This matrix My (A) € D4(A) is arbitrary but fixed throughout this
section. By interchanging the order of the arguments t and s we have

X, (t. A a)Z%s, A a), fors€la,th,
Git,s, A ) = | TrbAZ(sAa), ors &la, ] (4.85)
Z(t, A o) Xi(s, A ), for s € (t, 00)r.

In the literature the function G(-,-, A, @) is called a resolvent kernel, compare with [107,
p. 283], [111, p. 15], [45, Equation (5.4)], and in this section it will play a role of the Green
function.

Lemma 4.52. Leta € and A € C\R. Then
X(t, A o) Z5t, A o) — Z(t, A, @) Xi(t, A, a) =T for all t €[a,o0);. (4.86)

Proof. |dentity (4.86) follows by a direct calculation from the definition of X, (-, A, @) via
(4.33) with a matrix My (A) € D1 (A) by using formulas (4.19) and (4.60). |
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In the next lemma we summarize the properties of the function G(-, -, A, ), which
together with Proposition 4.54 and Theorem 4.55 justifies the terminology “Green function”
of the system (4.81), compare with [14, Section 4]. A discrete version of the result below
can be found in [45, Lemma 5.1].

Lemma 4.53. Llet a € T and A € C\ R. The function G(-, -, A, a) has the following
properties:

(i) G*(t,s, A, a)=G(s, t, A ) forevery t,s € [a,o0), t #5,
(i) G*(t, t, A a) = G(t, t, A, a) — T for every t € [a,o0)y,
(iit) for every right-scattered point t € [a, 00); it holds
G(a(t), a(t), A a) =[Z + u(t)S(t, )] G(t, a(t), A )+ T,

(iv) for every t,s € [a,00)r such that t & T (s) the function G(-, s, A, @) solves homoge-
neous system (S,) on the set T (s), where

T(s):={7€la,), T+pls)ifs is left-scattered },

(v) the columns of G(-,s, A, a) belong to L]z/v for every s € [a, 00)r, and the columns of
G(t, A, a) belong to L3, for every t € [a, 00)r.

Proof. Condition (i) follows from the definition of G(-, s, A, @) in (4.84). Condition (ii) is
a consequence of Lemma 4.52. Condition (iii) is proven from the definition of the function
G(o(t), a(t), A, a) in (4.84) by using Lemma 4.52 and

Z(t, A ) =Z°(t, A, ) — u(t)S(t, A) Z(t, A, ).

Concerning condition (iv), the function G(:, s, A, @) solves system (S,) on [s, 0o); because
Xi(-, A, a) solves this system on [s,00)r. If s € (a,00); is left-dense, then G(:, s, A, a)
solves (S,) on [a, s)y, since Z(-, A, a) solves this system on [a,s);. For the same reason
G(-, s, A ) solves (S)) on [a, p(s))r if s € (a,00)r is left-scattered. Condition (v) follows
from the definition of G(-, s, A, @) in (4.84) used with t > s and from the fact that the
columns of X, (-, A, @) belong to 12, by Theorem 4.41. The columns of G(t,-, A, a) then
belong to L12/v by part (i) of this lemma. |

Since by Lemma 4.53(v) the columns of G(t, -, A, a) belong to L3, the function
2(t, A Q) = —/ G(t, a(s), A, O()W(s) fo(s)As, t€[a,o0)r, (4.87)
a
is well defined whenever f € L12,V. Moreover, by using (4.85) we can write Z(t, A, a) as

2(t, A a) = =X, (t, A a) /tiﬂ*(s,;\, a) W(s) f7(s) As

a

—Z(t, A a) /OOX:{*(S,)_\, a)W(s)f’(s)As, te [a, 00)r. (4.88)

Proposition 4.54. Fora €, A€ C\R, and f € L%V the function 2(-, A, ) defined in (4.87)
solves the nonhomogeneous system (4.81) with the initial condition az(a, A, a) = 0.

57—



Chapter 4. Weyl-Titchmarsh theory for symplectic dynamic systems

Proof. By the time scales product rule (2.3) when A-differentiating expression (4.88) we
have for every t € [a, o) (suppressing the dependence on « in the calculation below)

28(t,0) = —X2(t,}) /tZ"*(s N W(s) f9(s) As — X0 (t, X) Z7(t, ) W(t) °(t)

t/\[X"* N W(s) f9(s) As + Z°(t, A) XT(t, ) W(t) £ (1)

= S(t,A) 2(t, A) — [X9(8, 2) Z7%(¢, 3) — Z°(t, A) XT(¢, WPW(D) 1)
U S(6, ) 206 4) — T £ (1),

This shows that (-, A, @) is a solution of system (4.81). From equation (4.88) with t = a
we get

~ Sy _ —~
az(a, A a)=—aZ(a,A, 0()/ X7 (s, A, a)W(s) f9(s) As = 0,

where we used the initial condition Z(a, A, @) = —Ja* and the fact a Ja* = 0 coming
fromael. [ |

The following theorem provides further properties of the solution z(-, A, @) of system
(4.81). It is a generalization of [106, Lemma 4.2], [112, Theorem 7.5}, [45, Theorem 5.2] to
time scales.

Theorem 4.55. leta €, A € C\R, and f € L)Z,V. Suppose that system (S,) is in the limit
point or limit circle case. Then the solution z(-, A, a) of system (4.81) defined in (4.87)
belongs to le/v and satisfies

R 1
120, A @) [y < Tim(] 1w (4.89)

tllm Xi(t,v,a)J2(t,A,a) =0 forevery v e C\R. (4.90)
—0Q

Proof. To shorten the notation we suppress the dependence on « in all quantities ap-
pearing in this proof. Assume first that system (S,) is in the limit point case. For every
r € [a,00); we define the function f.(-) := f(-) on [a, r]y and f.(:) :== 0 on (r, o), and the
function
Ct o(s W(s /Ct o(s W(s)f"( s)As.
a

For every t € [r, 00)r we have as in (4.88) that

2(t,0) = —Xe(t, ) g(r A, g(rA) = /r?’*(s,i)W(s) £7(s) As. (4.91)

a

Since by Theorem 4.41 the solution Xy (-,A) € L}, equation (4.91) shows that 2.(-,A),
being a multiple of X4 (-, A), also belongs to L%V. Moreover, by Theorem 4.48,

4.91 4.72
lim 27(t,4) T2,(t, ) "2 gt lim XL(t,2) TX+(t,A) g(r, A "0, (4.92)

On the other hand, 2f(a,A) J2,(a,A) = 0 and for any t € [a, o0); identity (4.83) implies

t —~
Xt N T2t A) = —2i Im(A) / 29%(s, ) W(s) 2%(s, A) As

a

+2i Im ( /téf*(s,)\) Wi(s) f7(s)As |. (4.93)
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Combining equation (4.93) where t — oo, formula (4.92), and the definition on f.(:) yields

12,(- ) ||§V=/méf*(s,A)W(s)é,‘?(s,/\)As=l ! |m(/2§’*(s,/\)W(s) f"(s)As).

o Im(2)

By using the Cauchy-Schwarz inequality (2.17) on time scales and W() > 0 we then
have

1510, A) 2 = 2¢||11(/\)[ [z awe eas- [ f”*(s)W(s)éf(s,A)As]

a

1 r —
= [Im(A)] /23*(5'A)W(5) f9(s) As
(2.17) 1 r _ 12 ; . 10
< m (/2;7*(5,)\)W(S)2,‘_7(S,)\)A5) (/ fU*(S)W(S)fU(S)As)
1

Since || 2(, A) ||,y is finite by 2,(-, A) € L, we get from the above calculation that

1
12-(- A) I < Tim()| 1l - (4.94)

We will prove that (4.94) implies estimate (4.89) by the convergence argument. For any
t,r €la,o0)r we observe that

2t ) — 2.t A) = — /OOG(t, a(s), )W(s) f7(s) As.

Now we fix g € [a, r);. By the definition of G(-, -, A) in (4.84) we have for every t € [a, q];

2t ) — 2:(t, A) = —Z(t, A) X* ), )W(s) f9(s) As. (4.95)

Since the functions X, (-, A) and f(-) belong to L3, it follows that the right-hand side of
(4.95) converges to zero as r — oo for every t € [a, ql;. Hence, 2,(-, A) converges to the
function 2(-, A) uniformly on [a, g];. Since 2(-, A) = 2,(-, A) on [a, q];, we have by W() >0
and (4.94) that

(4.94) 1

q ~
/2"*(5,/\)W(5)2"(S,A)ASS I 2 Ay < > 11 (4.96)

[Im(A)]
Since g € [a,00); was arbitrary, inequality (4.96) implies the result in (4.89). In the
limit circle case inequality (4.89) follows by the same argument by using the fact that all
solutions of system (S,) belong to L12/v~

Now we prove the existence of the limit (4.90). Assume that the system (S,) is in
the limit point case and let v € C\ R be arbitrary. Following the argument in the
proof of [107, Lemma 4.1] and [45, Theorem 5.2}, we have from identity (4.83) that for any
r,t e la,oo)r

X5(t, V) T2,(t, A) = X% (a, v) T20(a, A) + (v — /\)/ X7 (s, v)W(s) 2%(s, A) As

N / X(5,v) TWls) £7(5) A (4.97)
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Since for t € [r, 00); equality (4.91) holds, it follows that

4.72
lim X%t v) T2,(t, ) = = lim XL(t,v) TX4(t,4) g(r, ) "2
Hence, by (4.97),
OO —~
Xt (a,v) T2 (a,X) = (A— \7)/ X%(s, v)W(s) 2%(s, A) As
- / X%(s, v)W(s) f?(s) As. (4.98)
a

By the uniform convergence of Z.(-, A) to 2(-, A) on compact intervals, we get from (4.98)
with r — oo the equality

Xi(a,v)T2(a,A) = (A—V) /Oon_*(s, V)W(s) 2%(s, A) As

a

- / X7 (s, v)W(s) f%(s) As. (4.99)
a
On the other hand, by (4.83) we obtain for every t € [a, o0)¢

XE(t,v) T2(t, X) = X¥(a,v) T2(a, A) + (v — A) /txz*(s, V)W(s) 2%(s, A) As

a

+ / tXﬂ*(s, V) W(s) f%(s) As. (4.100)

Upon taking the limit in (4.100) as t — oo and using equality (4.99) we conclude that the
limit in (4.90) holds true.

In the limit circle case the limit in (4.90) can be proved similarly as above, because
all the solutions of (S4) now belong to L)Z/v- However, in this case we can apply a direct
argument to show that (4.90) holds. By formula (4.88) we get for every t € [a, c0);

XE(t,v) T2(t, A) = —X%(t, v) TXL(L, A) [ tZJ*(s,Z) Wis) f9(s) As

—XE(t,v) TZ(t, A) / X% (s, )W(s) f%(s)As.  (4.101)

The limit of the first term in (4.101) is zero because X7 (t, v) JX4(t, A) tends to zero for
t — oo by (472), and it is multiplied by a convergent integral as t — oo. Since the
columns of Z(-, A) belong to L%, the function X% (-, v) JZ(-, A) is bounded on [a, o)y and
it is multiplied by an integral converging to zero as t — oo. Therefore, formula (4.90)

follows. m

In the last result of this chapter we construct another solution of the nonhomogeneous
system (4.81) satisfying condition (4.90) and such that it starts with a possibly nonzero
initial condition at t = a. It can be considered as an extension of Theorem 4.55.

Corollary 4.56. Let a € [ and A € C\ R. Assume that (S,) is in the limit point or limit
circle case. For f € L)Z/v and v € C" we define

Z(t, A ) = X (t, A a)v+2(t,A ) forallt €la,oo)r,
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where z(-, A, a) is given in (4.87). Then z(-, A, ) solves system (4.81) with az(a, A, a) = v,

. 1
12(- A @) [lyy < Tmel Il + 1 X (A @) vy (4.102)
tlﬂgo?(i(t, v,a)Jz(t,A,a) =0 forevery v e C\R. (4.103)

In addition, if system (S,) is in the limit point case, then z(-, A, @) is the only le/v solution
of (4.81) satisfying az(a, A, a) = v.

Proof. As in the previous proof we suppress the dependence on a. Since the function
X4+ (-, A) v solves (S)), it follows from Proposition 4.54 that Z(-, A, @) solves the system (4.81)
and az(a,A) = aXy(a,A)v =v. Next, 2(-,A) € L12/v as a sum of two L12/V functions. The limit
in (4.103) follows from the limit (4.90) of Theorem 4.55 and from identity (4.72), because

tl'u‘n Xi(t,v)Tz(t,A) = tllm {XL(t V) TXL(t A) v+ X (t,v) T2(t, N} = 0.

Inequality (4.102) is obtained from estimate (4.89) by the triangle inequality.

Now we prove the uniqueness of Z(-, A) in the case of (S,) being of the limit point type.
If z1(-,A) and z3(-, A) are two L%,V solutions of (4.81) satisfying azi(a,A) = v = az(a, A),
then their difference z(-,A) := z1(-,A) — z2(-, A) also belongs to L12/v and solves system
(Sa) with az(-,A) = 0. Since z(-,A) = W(-,A) c for some ¢ € C?", the initial condition
az(-,A) = 0 implies through (4.20) that z(-, A) = Z(-, A) d for some d € C". If d # 0, then
z(-,A) & L)Z/V, because in the limit point case the columns of Z(-, A) do not belong to L3,
which is a contradiction. Therefore, d = 0 and the uniqueness of 2(-, A) is established. B

4.7 Bibliographical notes

More details about the Hermitian components of a given matrix M can be found [75,
pp. 268-269], see also [23, Fact 3.5.24]. For the proof of Proposition 4.15 we refer to [116,
Section 5], [31, Corollary 1], [150, Theorem 3.6]. Moreover, since it is more appropriate and
better-arranged, the references for special cases of the statements established in this
chapter are given through the text.

We recall the fact that the results from this chapter were obtained by R. Simon
Hilscher and the author in [145] as a generalization of the Weyl-Titchmarsh theory de-
veloped for the discrete symplectic systems by S. L. Clark and the author in [45].
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Mathematics is not a deductive science — that's a cliche.
When you try to prove a theorem, you don’t just list the
hypotheses, and then start to reason. What you do is trial
and error, experimentation, guesswork.

PauL R. HAaLmos, SEE [81]

Chapter

SECOND ORDER STURM-LIOUVILLE
EQUATIONS ON TIME SCALES

In this chapter we are interested in the second order Sturm-Liouville equations on time
scales which are the most special, the simplest, and the most illustrative case of symplec-
tic dynamic systems. In the continuous time case, Sturm—Liouville differential equations
of the second order have the form

(p(t)y') +aq(t)y =0, (5.1)

while in the discrete time case, the second order Sturm-Liouville difference equations
are known in the form

A (Pk Agk) + gk Yk = 0. (5.2)

There is not a unique analogue of these equations in the time scale theory. Basic
properties were developed for the following dynamic equations

(pt1g®) +awry =0, (pt1y7)" +aly =0, and (p(11y*)" +al)g” =0, 63

which reduce to (5.1) and (5.2), if T = R and T = Z, respectively. Although different
equations from (5.3) provide some advantage over the others in some calculations, we
will see in this chapter that all dynamic equations displayed in (5.3) are justifiable in the
theory of dynamic equations. In addition, equations (5.3)(i) and (5.3)(ii) are essentially
equivalent and, moreover, it is becoming apparent that these equations are more con-
venient for the investigation, because they are self-adjoint — in the functional-analytic
sense — whereas equation (5.3)(iii) is not, see [47, (c) p. 5] and also [46].

In each section of this chapter we present new results achieved for different forms
of Sturm-Liouville dynamic equations in (5.3). More specifically, in the following section
we characterize the domains of the Krein—von Neumann and Friedrichs extensions of
operators associated with equation (5.3)(i). In Section 5.2 we introduce the concept
of critical, subcritical, and supercritical operators in connection with equation (5.3)(ii).
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Chapter 5. Second order Sturm-Liouville equations on time scales

Finally, in the last section we present the Weyl-Titchmarsh theory for dynamic equations
of the second order with the left-hand side in the same form as in (5.3)(iii).

5.1 Krein-von Neumann and Friedrichs extensions for second
order operators on time scales

The Friedrichs extension of linear differential operators was investigated in the litera-
ture intensively, especially for operators associated with the Sturm—Liouville equations.
This theory was initiated in [73], where Friedrichs showed that for a symmetric, densely
defined, linear operator £ which is bounded below in a Hilbert space H, there exists
a self-adjoint extension of £ with the same lower bound. Such an extension was called
“ausgezeichnet” (=excellent) and is known as the Friedrichs extension of L. In this con-
text the Friedrichs extension and its domain are denoted by L and D, respectively. The
outstanding role of this extension in physics was illustrated in [161, Figure 5.1, p. 255].

The first characterization of the domain of the Friedrichs extension of the operator
defined by the second order Sturm-Liouville equation on a finite interval was given in [74],
where it is shown that it can be determined by the Dirichlet boundary conditions. About
the same time Freudenthal presented in [72] the following description of the domain of
Lr:

Dr ={y €Dnax : FYs € Dyin wWith ys - y in H as s — oo and (5.4)
(Llys = yrl ys —yr) = 0 as s, r — oo}, '

which will be used in the proof of our main result about the Friedrichs extension, i.e.,
of Theorem 5.5. Moreover, this characterization is regarded as the definition of the
Friedrichs extension (as an operator with the given domain) in some publications, see,
e.g., [165, Definition 10.5.1] or [126, Definition 3.1]. Rellich observed in [136] that functions
in the domain of Lf behave near oo like the recessive (or principal) solution of a certain
disconjugate equation associated with £. Other investigations of L which extend the
Friedrichs’ result from 1936 can the reader find, e.g,, in [110,125,139]. The question of
the uniqueness of the Friedrichs extension was answered by Krein in [117]. Friedrichs
extension of a singular differential operator on a finite and an infinite interval by using
the recessive solution was given in [120]. An overview of the theory of the Friedrichs
extension for operators associated with the second order Sturm-Liouville equation can
be found in [165, Section 10.5].

The Friedrichs extension of linear difference operators connected with the second
order Sturm-Liouville difference equations was considered in [20,35,128,143]. The main
motivation for this section lies in the results from [35]. In this reference, the authors
deal with a positive linear operator defined by a three terms difference equation and
characterize the domains of its Krein-von Neumann and Friedrichs extensions via the
corresponding recessive solution. This result was extended to operators associated with
the 2n-th order Sturm-Liouville difference equations in [55].

The Krein—von Neumann (called also only Krein or only von Neumann) extension
was developed as an analogue of the Friedrichs extension. In the continuous case, it
was shown in [117, Theorem 2, p. 492] that the Friedrichs and the Krein—von Neumann
extensions play extremal roles in the spectral theory of the given symmetric, densely
defined, linear operator which is bounded below. Indeed, the Friedrichs extension is the
greatest self-adjoint extension of the operator (Krein used the terminology the “hard”
extension) and the Krein—von Neumann extension is the smallest self-adjoint extension
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of the operator (Krein called it as the “soft” extension). Moreover, the domain of the
Krein-von Neumann extension can be characterized similarly to (5.4), see [11, Corrolary 2].

5.1.1 Preliminaries on equation (5.3)(i)

In this section, we deal with operator L[x](t) associated with the second order dynamic
equation on a time scale unbounded above, i.e.,

\Y%
LX](t) =0, where L[x](t) := (p(t) XA) +q(t)x, tel[a,oo) (5.5)

where p(:) is continuous on [a, 00);, ¢ € Cpig on [a, 00)r, and p, g are real-valued functions
such that

inf |p(t)] >0 forall b e (a,00)
te(a,blr

holds. Additionally, the following equations

XAV +aq1(t) xY + az
XAV + by

XAV 4 ot

( 0
t) x> + by(t)x =0, (5.6)
0

) xY 4 ay(t) xP =
can be given in the form (5.5) under some additional conditions regarding the smoothness
and the regressivity of the coefficients. Now, we denote the set

Dav = {x Ja,00)r = C, x € Clll_d and (p XA)(-) € Cllld}

and by a solution of equation (5.5) we mean a function x € Day satisfying this equation
for all t € [o(a), 00)r. For any ty € [a, 00)r and any given constants xg, x1 € C the initial
value problem
LIx)(t) =0, x(to) =x0, x(to) = x1 (5.7)

possesses a unique solution on [a, 00);.

In connection with equation (5.5), we define the inner product of functions x(:) and
y(-) by

o0
<x, g> ::/ x(t)y(t)Vt.

a

We consider the Hilbert space [? := [?([a,0):). Moreover, we suppose that equation
(5.5) is in the limit circle case, i.e., with respect to Definition 4.46, there are two linearly
independent solutions of (5.5) in L2.
If x,y : T — C are A-differentiable functions on T¥, then we define their Wronskian
by
Wix, y|(t) == x(t)y>(t) — ¥ (t)y(t) for all t € T¥

and the Lagrange bracket by
[x, y](t) := p(t)W[x, y](t) for all t € T*. (5.8)

It is known that for any x, y : [a, 00)r — C such that x,y € Davy the so-called Lagrange
identity (or Green’s formula) holds, i.e.,

(x, Llyl) = (LIx], y) = [p(OOW [x, y] (O], (5.9)
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where [p(t)W [x, y] ()] := limisoo p(t)W]x, y](t). The calculation is based on formulas
(2.16) and (2.15). It is natural fact that the Lagrange bracket of any two solutions of (5.5)
is independent of t. Moreover, two solutions x,y of (5.5) are linearly independent on
[a, 00)r if and only if Wix, y](t) # 0 for some (and hence for any) t € [a, c0)r.

By a straightforward calculation and using identities (2.14) and (2.10) we obtain for
any function x € Day N L? that

(x, LIx]) = Favlx) = [plox(ox®(0)]
0 5 (5.10)
where Fav(x) := / {q(t) |x(t)|2 — pP(1) ‘xv(t)‘ }Vt

a

is the so-called quadratic functional associated with equation (5.5).
A solution xp : [a, 00)r — R of equation (5.5), which is given by the initial conditions

xp(a) =0, xB(a)= L, (5.11)

pla)

is called the principal solution and a solution xa : [a,00); — R of equation (5.5), which
satisfies

xala) = =1, x&(a) =0, (5.12)

is called the associated solution. From initial conditions (5.11), (5.12) and from the con-
stancy of the Lagrange bracket it follows that xp(t) and xa(t) are linearly independent
with Wixp, xa](a) = ﬁ Thus, [xp, xal() = 1. Since equation (5.5) is supposed to be in
the limit circle case, we have xp, xp € [2. Moreover, it can be verified by a direct com-
putation that for any V-differentiable functions x, y : [a, 00); — C the so-called bracket

decomposition
D gl(t) = Do xe(t) [xa, y(t) =[x, xal(8) [xe, y](1) (5:13)

holds true. A solution u() of equation (5.5) such that

()
A T

is satisfied for any solution x(-) of (5.5) which is linearly independent with u(-) and
eventually x(t) # 0O, is called the recessive solution at +oco. The existence of the recessive
solution is implied by the nonoscillation of equation (5.5) or by the positivity of the
quadratic functional F(x), where x € Cllld, x(a) = 0, and eventually x(t) = 0.

Finally, the following lemma is a very useful tool for the proof of the main result of

this section.

Lemma 5.1. For s € (a,00);, let xs : [a,00)y — C be the solution of (5.5) such that
xs(a) =1 and xs(s) = 0. Then

) xp(t) and  lim xs(t) = —xa(t) + axp(t) = u(t), (5.14)

XP(S) S—00

Xs(t) = —xa(t) +

Xa(S)
xp(s)

where a := lims_ 00 and u(:) is the recessive solution of (5.5) at 4+oc.
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5.1.2 Main results

In this subsection we establish our main results about the Krein—-von Neumann and
Friedrichs extensions of the operator £ defined by the dynamic equation (5.5). Let us
denote

Diax : = {X € Dav N L2 E[X] € LZ},
Df: = {x € Dav N L2 : suppx C (a,00):}.

It can be verified that the set D§ is dense in [? and as a consequence of the Lagrange
identity (5.9) we have that £ defines a symmetric operator on Dj. The maximal operator
L nax generated by £ is defined as £ max @ Dmax — L2 Lumaxlx](t) := L[x](t), and then
the minimal operator is the closure of the restriction of the maximal operator to the set
D¢. The domain of this minimal operator is denoted by Dyin. We note that an operator
generated by £ with the domain D is said to be the pre-minimal operator. It follows
from the definition D§ that x(a) = 0 for any x € Dyin and Lnin = L%, (the adjoint
operator in LZ), Le.,

(Llx], y) = (x, L[y]) for all x € Dyin and y € Dyax. (5.15)

For any x,y € Dyax both inner products in the left-hand side of equation (5.9) are
finite (due to the fact that all the elements are in L?), so the limit

b, yl™ = lim [x, y(t) = (x, Lly]) = (L], y) +[x, yl(a) (5.16)

exists and is finite. By using that [x, y|(a) = 0 for any x € Dyin, Y € Dpax, identities
(5.15) and (5.16) yield that it is possible to describe the domain of the minimal operator
explicitly as

Diin = {X € Diax : x(a) =0, [x,y]*° =0 for every y € Dyax},

which corresponds to the continuous time result in [144, p. 6] and to discrete time result
in [35, p. 183]. Moreover, by using identity (5.13) we get

Diin = {X € Dax : x(a) =0, [x,xa]® =0 =[x, xp|*}.
For any h € RU {co} we denote by L the extension of £ i, with the domain

Dn:=D(Lp) = {x € Dnax: x(a) =0, [x,xa]° —h[x,xp]* =0}, heR,
Doo :'=D(Le) = {X € Dnax : x(a) =0, [x,xp]° =0}, h=o0.

Remark 5.2. Note that the value of x(a) for x € Dy or x € Dy is irrelevant as in [35].
Hence, without loss of generality we can take it to be zero. Indeed, if x(a) # 0 and the
point a is right-dense, then it is possible to modify the function x(-) by a suitable function
with a compact support to obtain the desired value x(a) = 0, see [120, pp. 415-418]. If
x(a) # 0 and the point a is right-scattered, then we can extend the time scale interval
[a,00)r by a right-scattered point ap := a — 1 in order to get x(ag) = 0 without any
change of the value of the corresponding quadratic functional. Now, if the function x(t)
has to be a solution of equation (5.5) on the interval [ag, 00)r, we define

plag) := [p(a)xA(a) + q(a)x(a)] /x(a)

while the value of g(ag) can be chosen arbitrary.
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By simple calculations and with respect to Remark 5.2, it can be shown that xa—h xp €
Dy (when h € R) or xp € Dy (When h = o0). Moreover, for x,y € Dy the bracket
decomposition (5.13) implies that [x, y]** = 0. Hence, the Lagrange identity (5.9) yields
that £, is symmetric, e, (Lulx], y) = (x, Lply]) for every x,y € Dy. If x € D(L%) we
have

<L’ nlyl, X> = (y, L’h[x]> for all y € Dy,

e, L is a self-adjoint operator. In particular,
[x, xa]”° — h[x, xp]® = (x, L plxa — th]) — (Emax[x], XA — th> =0

and consequently x € Dy. It is easily seen that D(L ) # D(Lyy) when h # h’. Moreover,
in accordance with the continuous and discrete time theory we can say that every self-
adjoint extension of L iy has the form £, for some h € RU{o0}, see, e.g., [151, Section 2.6,
Lemma 2.20].
We now define the Krein—von Neumann extension Lk to be a self-adjoint extension
of L nin with the domain
D(Lk) := Dhin + N,

where N is the null space of £ ax. The following result is a consequence of the previous
discussion.

Theorem 5.3. The domain of the Krein—von Neumann extension of L i, corresponds to
h=0,ie,
D(LK) = {X € Dyax : x(a) =0, [x,xa]* =0}.

Proof. From the previous discussion it follows that D(Lg) is the domain of a self-adjoint
extension of £ . We have to show that D(Lk) C D(Lg). Obviously, xx € N' C D(Lk), so
that for any x € D(Lk) we have

[x, xal™® = (X, Lmax[xal) = (L max[x], xa) = (x, Lk[xal) — (Lk[x], xa) =0,
where we apply the self-adjointness of the operator Lk in the last equality. |

Now, we assume that the minimal operator is bounded below (positive), i.e., there
exists € > 0 such that

<£[X], x> >c (x, x> for all x € Duin. (5.17)

This assumption is not really restrictive, since, e.g., the nonoscillation of equation (5.5)
implies that the operator L , is bounded below, see (5.10), i.e., <£[x], x> >y <x, X> holds
for some constant y € R. The construction of the Friedrichs extension then applies to
the operator L min — (v — €)Z for a suitable € > 0, where Z denotes the identity operator.

Remark 5.4. We have the following inclusions
Dé - Dm'Ln CDrC Dmax-

Moreover, let g = g. = dimKer(L ynin = iZ) be the deficiency indices of the minimal
operator L nin. If g =0, then the operator L i, is self-adjoint and Dy, = Dr.

Theorem 5.5. Assume that (5.17) holds true and that equation (5.5) possesses the re-
cessive solution u(-). Then u(:) belongs to the domain of the Friedrichs extension of the
operator L min.
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Proof. Let the assumptions of the theorem be satisfied. For s € [a, 0o);r we consider the
function ys(-) defined by

xs(t), for t € [a, s,
ys(t) :==

otherwise,

where xs(t) is defined in Lemma 5.1. With respect to Remark 5.2, we conclude ys € Dpin

From Lemma 5.1 we know that ys(t) — u(t) as s — oo. Hence, for each t € [a, 00y,
r>s,reT, we obtain

o
<£[Ur —Ysl, yr — US> = / {_LISE[US] —yrLlys]—ys Llyr] + Urﬁ[yr]}Vt-

Now we distinguish the character of the point s € [a, o)
point. Then we have

(Llyr —ys) yr — /p(S) {ys [ys]— yr Llys] —

+

First, let s be a left-scattered

f ys Lly.} vt

/ps,{”sﬁbs g, Lys] - ys £y, 1} vt
/m{ Llys| - ysﬁ[yr]}Vt
/ Vf+/l_oo yr L[y, V't

= () yi(s) LTl

—v(s) x(s) [(p(s) y2(5))" + q(s)ys)]

= x(s)p”(s) (—XQ(P(S)) + j:i;x'%(p(s)))
xr(s)

xp(s)

+

ys Llys

where we used the fact that x,(t) and xs(t) are solutions of equation (5.5), the constancy
of the Lagrange bracket, and the following computation

1= p(s)Wxp, xal(s) = p”(s) Wxp, xa] (o(s))
(210

p?(s) {xp(5) X4 (pls) — xals) 56 (p(s) }

Moreover, the first identity in (5.14) yields

xr(s) _—XA(S) + )X(IAE:)) Xp(S)  xa(s) _ xalr) 0
xp(s) xp(s)

w6 xp(n) for r,s — oo.

Next, let the point s be left-dense and consider a left-sequence {s,}?2, such that s, s
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Then we calculate

(Llyr—ys) yr —ys)
_ / {us £lys] = v, Lly] - g LIy 1} 9t

a

* j:o {Us Llys] = yr Llys] —ys ,C[y,]}vt

+/ y,,,C[g,.]At-i—/ yr Ly V't

Sk
= l'tm[ {USE[US]_U/‘E[US]_USL[U/‘]}Vt:O
a

k—o0

Hence, with respect to the Freudenthal's characterization displayed in (5.4) we proved
that the recessive solution u(-) belongs to the domain of the Friedrichs extension of the
minimal operator, i.e., u € D(LF). |

As a direct consequence of the previous theorem we obtain the following.

Theorem 5.6. Assume that (5.17) holds true and that equation (5.5) possesses the reces-
sive solution u(:). Then the domain of the Friedrichs extension of the minimal operator
L min corresponds to h = a, where «a is from Lemma 5.1, i.e,

D(LF) = {x € Dnax : x(a) =0 and [x, u]*® = 0}.

Proof. The statement follows directly from Theorem 5.5 and from the Lagrange identity
in (5.9). |

5.2 Ciritical second order operators on time scales

In this section we extend to time scales the discrete time result given in [77], where the
theory of critical operators was investigated and were also discussed the connection
between the Friedrichs extension and this theory. The concept of critical operators was
recently studied in the continuous time case, e.g., in [76,123,129]. Let us recall the
definition of critical operators as introduced in [77] and the main result of that paper
which deals with the second order Sturm-Liouville difference equation

—AakAyg—1) + ckyx =0, ax >0,k € Z, (5.18)
and the corresponding three-term symmetric recurrence relation
T(g) =0, where T(y) = —dr1Yk+1 + bkyk — Y- and by = ary1 + ag + ck. (5.19)

Definition 5.7. Let (5.18) be disconjugate on Z, i.e.,, T > 0. We say that the operator 7 is
critical if the recessive solutions at oo and —oo are linearly dependent, in the opposite
case T is said to be subcritical. If T # 0, i.e, (5.18) is not disconjugate, 7 is said to be
supercritical.

Theorem 5.8. The following statements are equivalent.

(1) The operator T is critical on Z.
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(it) For any € >0 and m € Z, the operator © which we get from t by replacing a,, by
am — &, is supercritical on Z, i.e., T % 0.

(i) For any € > 0 and m € Z, the operator T which we get from t© by replacing b, by
by, + €, is supercritical on Z, i.e, T } 0.

In [77], the authors used a matrix operator associated with (5.19) and proved Theorem
5.8 by a construction of solutions of (5.18). More recently in [56], this result was extended
to 2n-order Sturm-Liouville difference operators, where the variational approach was
used. We use a similar technique to prove the main result of this section.

5.2.1 Preliminaries on equation (5.3)(ii)

In this section we consider an unbounded time scale, i.e., (—o0, 00)r, and the operator
M(x](t) associated with the equation given by

—(mnﬁﬁA+max:Q Le., Mpwy:—(mnfjA+mnx (5.20)

where p is continuous and positive, g is rd-continuous, and p, g are real-valued functions
on (—oo, 00)r. Let us introduce a set

Dya = {x:(—oo,oo) - R, XECpld (PXV)()ECpml}

Then x € Dya is a solution of the equation M[x](t) = 0 if it is satisfied for all t €
(—o0, 00)r. Moreover, for any typ € (—oo, 00)r and any given constants xp, x1 the initial
value problem

MX|(t) =0, x(to)) =x0, x"(to) = xi (5.21)

possesses a unique solution on (—oo, o0)r. Similarly to (5.6), we can show that the
following equations

A+a1()x +ax(t)x =0
A 4 bi(t)x® + ba(t)x = 0, (5.22)
VA Lo () XD + aa(t) x°

can be written in the form (5.20).
Now, let x € Dya be a solution of (5.20) with a bounded support. Then we have

— /00 [X (p(t) XV)A +q(t) x2] At

_ (2;) [ p(t) xxv]oo / [x pY( (o(t) —I—q(t)xz] At

:/ [pa(t) (XA)2+ 1 (t) x ]At—.fVA(X)-

We recall the definition of generalized zeros and disconjugacy of equation (5.20).

Definition 5.9. We say that a function x(-) has a generalized zero in (p(t), tol, if x(to) =0
or xP(to) x(to) < 0. Equation (5.20) is said to be disconjugate on T provided there is no
nontrivial real solution of this equation with two (or more) generalized zeros in T.

Finally, the following theorem concerning properties about the recessive solution for
equation (5.20) is an important tool in the proof of the main result in this section.
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Theorem 5.10 (Recessive and dominant solutions). Let a € T, and let w := supT. If
w < oo, then we assume p(w) = w. If (5.20) is nonoscillatory on [a, w)y, ie. there is
a nontrivial solution having only finitely many generalized zeros in [a, w), then there is
a solution u(-) called a recessive solution at w, such that u(-) is positive on [ty, w)r for
some tg € T, and if v(-) is any second, linearly independent solution, called a dominant
solution at w, the following hold:

(i) limeso- 4 =0,

. w 1 .
W Sy pravaterart V't = 00
(i) fbw th < oo for b < w sufficiently close,

(iv) ptvY(t) o plu¥(t

G Gl L fort < w sufficiently close.

The recessive solution u(-) is unique up to multiplication by a nonzero constant.

The statement for recessive and dominant solutions at inf T is analogical.

5.2.2 Main results
First of all, we extend Definition 5.7 to the operator M.

Definition 5.11. Let (5.20) be disconjugate on T. We say that the operator M is critical
if the recessive solutions of (5.20) at co and —oo are linearly dependent. In the opposite
case M is said to be subcritical. If (5.20) is not disconjugate, operator M is said to be
supercritical.

The main result of this section read as follows.

Theorem 5.12. Let the operator M be critical on T, let | = [a, bly be an arbitrary time
scale interval, such that p(b) > a, and let € > 0 be arbitrary. Then the operators

M =~ (px7)" + qto),
M7 = — (p(t) xv)A + q(t) x,

where

ﬁ(t):{P(t)—s, fort e l, E/(t):{q(t)—e, for t € 1,

p(t), otherwise, q(t), otherwise,

are supercritical on T.

Proof. Let h(:) be a recessive solution of (5.20) both at co and —oco. Now, let us introduce
a solution x(-) of equation (5.20) in the form

-

0, t € (—oo, K)r,

f(t), telK, L),
x(t) ;== h(t), te[L, M), (5.23)
g(t), te[M,N),
L 0, t € [N, 00)r,
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where

' 1 , . : 1 A\
f(t):Ah(t)/Kp(s)h(s)hP(s)vs with A:= (/K p(T)h(T)hp(T)VL) ,

N 1 , . N 1 A\
g(t)=Bh(t)/t WVS with B := (/M /J(T)I‘)(T)/‘I/‘)(T)Vl) ,

and moreover K < L <M < N, K,L,M,N €T, are chosen such that I C [M, NJ; in case
of the operator MP or | C [L, M]; if we deal with MY. Because

f(K)=0, f(L) = h(L), h(M) = g(M), and g(N) =0, (5.24)
x is continuous. Now, we calculate the functional F at x given by (5.23), i.e.,
Foalx) = / [p“(xA)2 + C/xz] At
N

L M
= / [p"(fA)2 + qu] At + / [p"(hA)2 + C/hZ] At + / [p"(gA)2 + qu] At
K L M

= [pffv]LK + [phhv]/Lw + [pggv]M
= h(L) [p(L) Y1) = pL) ¥ ()] + bM) [p(V) Y (M) = p(M) ¥ (M)]
=A+ B.

N

Here we used at first the fact, that for [a, B]r C supp x we have

P A2 A, 2 [P V\A V\A 2
]:VA(X)=/ [p”(x ) —}—qx]At = / [(pxx )= — (px )x—{—qx]At

[l e jae o]

a
identity (5.24), and the calculations

A
p(L) Y (L) = p(L) hY (L) + h(D)’ pM)g¥ (M) = p(M) h¥ (M)
Next, Theorem 5.10(ii) implies that A and B tend to 0 as K — —oo and N — oo, respec-
tively. Therefore we obtain for any d > 0 that

B
~ h(M)

N | O

Foalx) <

for K sufficiently negative and N sufficiently positive. Finally, we calculate the values
of the functionals P and F9 corresponding to the operators M” and MY, respectively.
We obtain (see the choice of K, L, M, N above) the following inequalities

0 1)
FP(x) = Foalx) = ef(xA(t))zAt <S-8=-5<0,
/
=0
2 0 )
Fi(x) = Foal) —e [(xOPAL < 5 —5=—5 <0.
/
=0
Therefore ./\A//l/J and /A\;lq are supercritical and the theorem is proven. ]
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We end this subsection by a direct consequence of Theorem 5.12.

Corollary 5.13. Let the operator M be critical on T, let | = [a, b]y be a time scale interval,
such that p(b) > a, and let € > 0 be arbitrary. Then the operators

MP =~ (/A(t)yv)A +q(t)y,

—~

M1 == (p(t)y”) +a0)y.

where
. p(t)+e, fortel, . q(t)+¢, fortel,
p(t) = . g(t) = .
p(t), otherwise, q(t), otherwise,

are subcritical on T.

Proof. Suppose that MP is critical. We perturb this operator in the sense of Theorem 5.12
(we replace p with p). The resulting operator should be, according to Theorem 5.12,
supercritical, which is a contradiction. The result concerning MY is proven similarly. W

5.2.3 One term operator

In this subsection we give, as an example, a criterion of criticality of the following one
term operator

Al = — (p(6x7)" (5.9

Theorem 5.14. Operator p is critical if and only if

© 1 0 4
/0 p(t)w_oo_/_oo mvr. (5.26)

Proof. At first we find the recessive solution of (5.25) at co. We use the following linearly
independent solutions of (5.25) given by

x1(t)=1 and xz(t):/O pzs)Vs.

By a direct computation (compare with Theorem 5.10(i)) we obtain

t
X 1
im 2 = lim ——Vs =00,
S xi(t) ~ oo Jo pls)
e, x1(t) =1 is the recessive solution at co. At —oo we use the solutions

0
1
x1(t)=1 and x3(t) = / ——Vs
t P(s)
Since
t 0
lim ——= = lim —Vs=o00
oo xi() 50 ) pls)

holds, the function x4(-) is the recessive solution both at co and —co. Hence, the operator
p s critical.
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On the other hand to verify the second implication, it suffices to show that if at least
one of the integrals in (5.26) is convergent, the operator p is not critical. Let us assume
that fooo pz—t)Vt < oo and let us introduce the solutions

o0 1 t 1 1
xi(t)=1 and X4(t):/0 p(s)vs_/op(s)vszjt @VS

x4(t <
lim a(t) = lim ——Vs=0,
S xi(t) o )i p(s)
therefore x4(-) is the recessive solution of (5.25) at co. This solution is linearly independent
with the recessive solution at —oo, which is xq(t) = 1 (if the second integral is divergent)

or (which we can verify analogously) it is x5(t) = ftoo pz )Vs (if the second integral is
convergent). Altogether, the statement is proved. |

We have

5.3 Weyl-Titchmarsh theory for second order equations on time
scales

The purpose of this section is to provide an overview of cornerstones of the Weyl-
Titchmarsh theory for the second order Sturm-Liouville dynamic equation in the form

A
— (p(t) xA) +q(t)x° = Aw(t)x°, t € [a,00)s (5.27)

as the special case of the Weyl-Titchmarsh theory given for symplectic dynamic systems
in Chapter 4.
When studying differential equation (4.1), i.e.,

— (p(t) x’)/ +q(t)x =Aw(t)x, tE[a, ),

a crucial role is played by the solutions 6(-), ¢(:) : [a,00) — C satisfying the following
boundary conditions

O(a) =sing, p(a)'(a) = cos @, ¢(a) = —cos @, pl(a)d'(a) = sine, (5.28)

where ¢ € [0, 7). Weyl considered in his paper [160] equation (4.1) with continuous p ( )
and q(:), p(-) > 0, w(-) = 1 on [a, o), and boundary conditions (5.28) in which ¢ =
On the other hand, Titchmarsh studied in his book [156] equation (4.1) with p(:) =
continuous ¢(-), and w(-) =1 on [a, 00), but with general boundary conditions in the form
(5.28) having ¢ € [0, 7).

Following the results in [160], the elements of the Weyl-Titchmarsh theory for equation
(5.27) with p(-) = w(:) = 1 and the time scale analogue of boundary conditions (5.28)
with ¢ = 7, see also (5.33), are considered in [166]. Similarly, when p(-) is piecewise
continuously nabla-differentiable and w(-) = 1, the results in [160] are generalized in [109]
to equation (5.27). 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 [159].

We present in this section an overview of the Weyl-Titchmarsh theory for equa-
tion (5.27). In particular, an important role in this theory is played by the m(A)-function,
whose natural properties

AN‘\]

mA)=m(A) and Im(A)-Im(mA) >0 for AR
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rematin true on general time scales. 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 di-
chotomy 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 consider a nonhomogeneous problem associated with equation (5.27)
and we express its solution explicitly. These results complete the study in [166], in which
the square-integrable Weyl solution and the center and radius of the Weyl disk were
obtained for the special case of (5.27) as we discuss above.

Our method is based on the transformation of equation (5.27) into a 2 x 2 dynamic
system, see Lemma 5.15, which allows us to apply the results from Chapter 4. Also, it
needs to be mentioned that when the coefficients of equation (5.27) satisfy the assumption
that

p(-), g(-), w(-) are rd-continuous and (5.30) holds, (5.29)

then some of our results, but not all of them, follow from [150], where equation (5.27)
is considered as the special case of linear Hamiltonian system. This section provides
a straightforward unification and extension of the Weyl-Titchmarsh theory for the second
order Sturm-Liouville differential and difference equations.

5.3.1 Preliminaries on equation (5.3)(iii)

In the last section of this chapter we deal with equation (5.27) on [a, 00);, where the
coefficients p(:), g(-), w(-) are real piecewise rd-continuous functions on [a, c0); such that

%nfl] Ip(t)] >0 forall b € (a,00)y and w(t) >0 forall t €a,o0)r, (5.30)
tela,b|r

and A € C plays a role of a spectral parameter. The function p(-) is allowed to change
its sign.
For a given A € C, we introduce the following set

prd

Daa (A) = {x(-,/\) :[a,00): = C, x(-,A) € Cly and (p XA) (LA ec } .

A function x(-, A) : [a, 00); — C is said to be a solution of equation (5.27) if x(-, A) € Dana (A)
and equation (5.27) is satisfied for all t € [a,00);. The existence and uniqueness of
solutions of (5.27) together with the initial conditions x(tg) = xo and x®(tg) = x1, where
x0,x1 € C are given constants, follows through the next lemma by the corresponding
result for the symplectic dynamic system systems introduced in Section 4.1.

Lemma 5.15. Equation (5.27) can be equivalently written as the time scale symplectic
system, i.e., (S,), of the form

(X)A: ( 0 1/p(t) ) (x) _( 0 )
Y q(t)  wut)q(t)/p(t)] \U Aw(t)x® |

where u(t) := p(t)x2(t), or with the linear Hamiltonian dynamic system, i.e., (4.3), of the

form
(x)A B 0 1/p(t) (x”)
ul N g(t) — Aw(t) 0 ul’
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Proof. The statements follow by straightforward calculations. |

For any two functions x(-, A), y(-, v) € C|13rc| on [a,o0)r, where A, v € C, we define their
Wronskian by

WIx(t, A), y(t, v)] = x(t, A) y(t, v) — x2(t, A) y(t, v) for all t € [a, o0)r, (5.31)

which will be used in the formulation of our results similarly to [156]. This form does not
correspond with the Wronskian introduced in (5.8) because solutions of (5.27) are real
with respect to t and complex only with respect to the spectral parameter A. Moreover,
this Wronskian is constant with respect to t and consequently two solutions of (5.27) are
linearly independent if and only if W[x y](t) #0.

5.3.2 Main results

Throughout this section we assume that B1, 8> € C are given numbers such that
() BiBi+BBr=1, (i) BiB2— BB, =0. (5.32)

Following (5.28), we denote by 6(-, A, ¢) and ¢(-, A, @) the solutions of (5.27) satisfying the
initial conditions

O(a, A, @) = sin ¢, p(a) 62(a, A, @) = cos ¢, }

A (5.33)
¢(a, A, @) = —cos g, pla) ¢ (a, A, @) = sin g,

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

Theorem 5.16. Consider the boundary value problem
(5.27) with  x(a) sing + p(a)x®(a) cos@ =0, Bix(b) + B p(b)x2(b) =0,  (5.34)
where b € [a, ), is fixed. Then

(i) a number A € C is an eigenvalue of (5.34) if and only if
B1 ¢(b, A, @) + B2 p(b) p*(b, A, ¢) = 0,

(it) the eigenvalues of (5.34) are real and the eigenfunctions corresponding to different
eigenvalues are orthogonal with respect to the semi-inner product

b
X() y(Dw,b :=/ w(t)x°(t) y°(t) At. (5.35)

The following definition corresponds in the continuous case to [156, identity (2.1.5)].

Definition 5.17 (m(A)-function). For any A € C\ R and b € [a, o0); we define the m(A)-

function
Bi16(b, A, @)+ Bap(b) 0%(b, A, )

B d(b, A @)+ Bap(b) §A(b, A )

In the following theorem we present the fundamental properties of the m(A)-function.

m(b, A, @) =
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Theorem 5.18. The m(A)-function is an entire function in A and it satisfies
m(b, A, @) =m(b,A @) forevery A € C\R.
Now, we define the so-called Weyl solution, compare with [156, p. 25].

Definition 5.19 (Weyl solution). For any A € C\R and m € C we define the Weyl solution
XA @.m):=0(, A @)+ mae(, A ). (5.36)

In the following theorem, we describe how the m(A)-function depends on the value of
¢ used in the initial conditions (5.33).

Theorem 5.20. For any ¢, ¢ € [0, ) we have

_sin(e — () + cos(ep — ) m(b, A, )
mib. A ¢) = cos(@ — ) + sin(p — Y)m(b, A, )’

Now, we define the corresponding Weyl disk. The justification of this terminology
follows from Theorem 5.23 bellow.

Definition 5.21 (Weyl disk). By using the function
E(m) == i6(A) p(b) W [X(b, A, . m), X(b, A, @, m)]
with fixed b € [a, 00); we construct the Weyl disk to be the set
D(b,A) :={m e C: &m) < 0}.

A characterization of elements of the Weyl disk is formulated in the following theorem.
In this result the numbers B1, 82 € C satisfy only the first identity in (5.32), while the
second identity from (5.32) is replaced by an inequality.

Theorem 5.22. The number m € C belongs to the Weyl disk D(b, A) if and only if there
exist By, B> € C such that (5.32)(i) holds, 18> — p1B, > 0, and

Bi X(b, A, @, m) + B2 p(b) X*(b, A, ¢, 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 [156, p. 24].

Theorem 5.23. For b € [a, o)y, the Weyl disk D(b, A) has the form
D(b,A) = {c(b,A)+ r(b,A)v, v e C with |v| <1},
where the center c(b, A) € C is the point
c(b, A) = —W[gp(b, A), (b, A)] | W[ (b, A), (b, A)],
and the radius r(b, A) € R is given by

1/r(b, A) = |p(b) W[g(b, A), p(b, A)]| .
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From now on, we consider the corresponding singular spectral problem. For this case
we use the semi-inner product which is the limit of (-, )y, » as b — oo, i.e,

o
(0O = [ mOR (0710 A
First of all we use the nesting property of the Weyl disks and define the limiting Weyl

disk.

Theorem 5.24. The Weyl disks D(b, A) are closed, convex, and nested with respect to
b — oo. Hence, the so-called limiting Weyl disk

D)= () D(b.A)
bela,00)

is closed, convex, and nonempty. Moreover, the limits lim,_. c(b,A) and limp_eo r(b, A)
exist and define the center c,(A) and the radius ri(A) of the limiting Weyl disk Dy(A),
ie,

c+(A) = bl'Lm c(b,A), ri(A)= lim r(b,A) > 0.

b—o0

Next, we introduce the linear space of complex square-integrable Clll,d functions on
the interval [a, o0), e,

o
2. 1 2. 2
L2 i= {x & Cha I = [ it W0 &t < oo
a
The following theorem says that the Weyl solution is square-integrable, which cor-
responds to [156, inequality (2.1.9)] in the continuous time case.

Theorem 5.25. For any m € D4 () we have
| X(-, A, @, m)||€v < (Im(m)) /Im (A) .

From Theorem 5.25 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 (5.27) depending on their number of linearly independent square-
integrable solutions.

Definition 5.26. Equation (5.27) 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, 00y,
while it is said to be in the limit circle case if there are two linearly independent square-
integrable solutions on [a, 00);.

The limit point case is characterized in the next theorem.
Theorem 5.27. The following statements are equivalent.
(1) Equation (5.27) is in the limit point case.
(i) For every A € C\ R we have ry(A) =0, and consequently Dy (A) = {c+(A)}.

(iit) For every A,v € C\ R and every square-integrable solutions xi(-,A) and xz(-, v)
of (5.27) with the spectral parameter equal to A and v, respectively, we have

lim p(t) W[x1(t, A), x2(t, v)] = 0.

t—o00
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Now, for f(-) € L2, we consider the nonhomogeneous equation
w

A
(p(t) XA) +q(t)x% = Aw(t)x? + w(t) FO(t), t € [a, 0o (5.37)

The form of the solution of the nonhomogeneous problem given in the following theorem
corresponds to the continuous time case in [156, identity (2.6.1)]. For m € D, (A) we define
the Green function

[0(t,A) + mp(t. V)] (s, A), s €la,t],

G(t, s, A) = {
P(t,A) [6(s,A) + m P(s,A)], s €[t 00)r

Theorem 5.28. The function

” G(t, o(s), A)w(s)f°(s)As, t € [a,o0)r,

a

solves equation (5.37) and satisfies the boundary conditions
X(a,A) sing + p(a)&2(a, A) cos =0 and tlim p(t)y W[X(t, v, @, m),k(t,A)] =0
—0Q

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

1% A < 1) /|Im

5.4 Bibliographical notes

Equation (5.5) was studied, e.g., in [10,14,121] and in [32, Section 8.4]. The equivalency of
(5.5) and (5.6) follows from [33, Theorem 4.23 — Corollary 4.25]. The existence of a unique
solution of the initial value problem (5.7) was shown in [14, Theorem 3.1]. The Hilbert space
L? ([a, 00);) was introduced in [47), see also [140]. The constancy of the Lagrange bracket
was proven in [14, Theorem 3.2]. The existence of the recessive solution of equation (5.5)
follows from [33, Theorem 4.55]. The content of Lemma 5.1 can be proved by using the
same arguments as in [35, Lemma 2]. The density of the set D§ in the Hilbert space [?
follows from [47, Theorem 3.12]. In Section 5.1 we suppose that equation (5.5) is in the
limit circle case. In the opposite case, i.e., in the limit point case, there is a unique (up
to a multiplicative constant) solution in L? and the domains of the Krein-von Neumann
and Friedrichs extensions have to be characterized by using an another construction,
compare with [167].

Equation (5.20) was investigated in [7-9,80]. The existence of a unique solution of the
initial problem (5.21) was proven in [7, Theorem 3.6]. The definition of a generalized zero
and the concept of the disconjugacy of equation (5.20), i.e., the content of Definition 5.9,
are introduced in an analogy with [121, Definition 4.43 and Definition 4.44], see also [2,62].
The content of Theorem 5.10 can be found in [32, Theorem 4.55]. For the continuous and
discrete analogies of the one term operator g[x] given in (5.25) we refer to [56,59, 82].

The existence of a unique solution of an initial problem associated with (5.27) follows
from [57, Corollary 7.12] via the transformation given in Lemma 5.15. Moreover, basic
theory for equation (5.27) with A = 0 was established in [32, Chapter 4].

The main results presented in Section 5.1 were published by the author in [164]. An-
other generalization of the Friedrichs extension (for an operator associated with a linear
Hamiltonian differential system) was developed by R. Simon Hilscher and the author
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5.4. Bibliographical notes

in [144]. The results concerning critical operators from Section 5.2 were given by P. Hasil
and the author in [83]. The results from Section 5.3 are derived as a special case of the
time scale symplectic system from [145] presented in Chapter 4, their particular forms for
the second order dynamic equation are from paper [146] by R. Simon Hilscher and the
author. They follow from the corresponding results in [145] or in Chapter 4, and some
of them under assumption (5.29) from [150]. More precisely, Theorems 5.16, 5.22-5.25
and Definition 5.21 have their counterparts both in [145,150]. The remaining results in
Section 5.3 follow from [145] or Chapter 4 alone.
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Appendix

Further research

The topics presented in this dissertation can be extended in various ways. We sketch
some of the related problems in this section.

Although solutions of scalar trigonometric systems are periodic in the continuous and
discrete time cases, this property was not studied for a general trigonometric system on
time scales in Chapter 3. The coefficients determining the hyperbolic system on any time
scale are given in Section 3.4. The problem of finding similar coefficients for trigonometric
systems is unsolved.

The Weyl-Titchmarsh theory is intensively studied in the literature, especially in the
continuous time. In Chapter 4, fundamental results which enable us to generalize the
works of Clark, Everitt, Gesztesy, Hinton, Krall, and Shaw are given. Moreover, these
results will be new also in the discrete time case.

The results given in Sections 5.1 and 5.2 are established in the the simplest case of
symplectic systems on time scales, i.e., for the second order Sturm-Liouville equations
on time scales. They can be generalized to higher order Sturm-Liouville equations as it
was done recently in the continuous and discrete time cases.
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