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SQUARE-INTEGRABLE SOLUTIONS AND WEYL FUNCTIONS FOR
SINGULAR CANONICAL SYSTEMS

JUSSI BEHRNDT, SEPPO HASSI, HENK DE SNOO, AND RUDI WIETSMA

ABSTRACT. Boundary value problems for a singular canonical system of differential equations
Jf'@t)— H@) f(t) = MA@)f(t), t € 2 and X € C, are studied in the associated Hilbert space
L2A (2). With the help of a general monotonicity principle for nondecreasing matrix functions
the square-integrable solutions are specified. This yields a direct treatment of defect numbers
of the minimal relation and simultaneously makes it possible to assign certain boundary
values to the elements of the maximal relation induced by the system of differential equations
in L2A (2). The investigation of boundary value problems for these systems and their spectral
theory can be carried out by means of abstract boundary triplet techniques. The paper makes
explicit the construction and properties of boundary triplets and Weyl functions for singular
canonical system. Furthermore, the Weyl functions are shown to have a property similar
to that of the classical Titchmarsh-Weyl coefficients for singular Sturm-Liouville operators:
they single out the square-integrable solutions of the corresponding homogeneous system of
canonical differential equations.

1. INTRODUCTION

One of the central objects in the theory of singular Sturm-Liouville differential expressions
is the Titchmarsh-Weyl function m introduced in the classical works E.C. Titchmarsh [61, 62]
and H. Weyl [63]. If p(-,A) and (-, A), A € C, form a fundamental system of solutions of the
differential equation

(1.1) —(pu') + qu = \ru, 1/p,q,r € Li..(0,00) real, r >0,

and the differential expression is regular at the left endpoint 0 and in the limit-point case at
the singular endpoint +o00, then the Titchmarsh-Weyl function m : C \ R — C has the property
that

(1'2) @('7)‘) +m()‘)¢('7)‘) € L$(07OO)

for every A € C\R. Here L2(0,00) denotes the weighted L?-space consisting of (equiva-
lence classes of) complex valued measurable functions f on (0, 00) such that |f|?r € L'(0, 00).
Roughly speaking (1.2) states that the function m singles out the square-integrable solutions of
(1.1). This fact has direct consequences for the differential operators associated with the differ-
ential expression (1.1) in L2(0,00): the minimal operator has deficiency indices (1,1) and the
defect elements are given by (1.2). There are many other connections between the Titchmarsh-
Weyl function m and the corresponding Sturm-Liouville differential operators. Probably the
most important fact is that the spectral properties of all selfadjoint realizations are completely
encoded in m and its behaviour close to the singularities on the real line.

The present paper is devoted to the study of more general systems of ordinary differential
equations the so-called canonical systems of differential equations. These systems are of the
form

(1.3) JF@) = H)f(t) = A f(E),  AeC,

where J is a skewadjoint and unitary n x n matrix, and H and A are locally integrable n x n

matrix functions defined on an open interval + = (a, b) such that H(t) is selfadjoint and A(¢t) > 0.

The fundamental matrix Y (-, A) of the canonical system (1.3) consists of n linearly independent
1
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solutions which are locally absolutely continuous n x 1 vector functions on 2. For each A € C*
or A € C~ the n X n matrix function

(14) D(-A) = Y (-, A (—i)Y (£, 1)

is monotonically nondecreasing or nonincreasing, respectively, on 2. According to a general
monotonicity principle the limits D(a, \) and D(b, \) when ¢ tends to a and b exist as selfadjoint
relations (multivalued operators) in C"; cf. [3, 4]. The spectra of these selfadjoint relations
consist of n eigenvalues on the extended real line. One of the main ingredients for the theory
developed in the present paper is the fact that the eigenspaces of D(a,\) and D(b,\) are
intimately connected with the square-integrable solutions of (1.3). Here square-integrability of
a vector function f means that [ f(s)*A(s)f(s)ds is finite, that is, f belongs to the Hilbert
space LA (1). If the Sturm-Liouville problem (1.1) is rewritten as a canonical system, then the
function (1.4) is a 2 x 2 matrix function and Wey!’s limit-point and limit-circle classification of
a singular endpoint b reduces to the question whether the limit D(b, A) is a selfadjoint relation
with one-dimensional multivalued part or whether it is an ordinary 2 x 2 matrix, respectively;
cf. Examples 2.12 and 4.22.

Similarly as in Sturm-Liouville theory one associates minimal and maximal operators or,
more precisely, minimal and maximal relations to the canonical system in the Hilbert space
LA (). The maximal relation Ty is the adjoint of the closed symmetric minimal relation Ty, -
The minimal relation is not necessarily densely defined; both Ty, and Ti,.x are in general
multivalued. The number of square-integrable solutions in the upper- and lower-halfplane
coincide with the defect numbers of the minimal relation. In this sense the extension theory of
symmetric relations is the natural framework for boundary value problems involving canonical
systems of differential equations. For this purpose the abstract concept of boundary triplets and
their Weyl functions from [15, 16] is used. With the help of a boundary triplet all selfadjoint
extensions of the underlying symmetric operator or relation can be parameterized efficiently
and their spectral properties can be described with the help of the associated Weyl function.

The main aim of the paper is to study the square-integrable solutions of canonical systems
and to define a matrix valued analog M of the Titchmarsh-Weyl coeflicient from singular
Sturm-Liouville theory. It will be shown that this function singles out the square-integrable
fundamental solutions in the sense that in analogy to (1.2) formulas of the type

10 =YCN) () mECT ACCAR

hold, where v()) is a map from C™ into the defect subspace ker (Tiax —A). By a decomposition
of elements of the maximal relation which separates the behaviour at one endpoint of 2 from the
behaviour at the other endpoint, boundary values will be assigned to elements in the maximal
relation. These boundary values will be used to obtain boundary triplets for the maximal
relation. It will be shown that the Weyl function corresponding to such a boundary triplet
singles out precisely the square-integrable solutions of the canonical system; cf. Section 5 and
6.

The study of square-integrable solutions of canonical systems of differential equations or of
related (systems of) differential equations has a long history. In general two points of view
have been developed: the function-theoretic point of view and the functional-analytic point of
view. The functional-analytic approach was for a long time restricted to Hilbert space operators
which are densely defined; the introduction of linear relations (multivalued operators) meant
that this restriction need no longer be imposed. The approach to general canonical systems via
the extension theory of linear relations goes back to B.C. Orcutt [49] and 1.S. Kac [33, 34]; it was
rediscovered in [42]; see also [10, 17, 18, 24, 41]. The treatment of the square-integrable solutions
via the general monotonicity principle in [3, 4] was inspired by the work of F.V. Atkinson
[2] and of H.-D. Niessen and A. Schneider [46, 56]. Incidentally, the general monotonicity
principle itself depends very much on the framework of linear relations. The application of the
general monotonicity principle makes it possible to obtain easily some results going back to S.A.
Orlov [50]. The connection between the Titchmarsh-Weyl coefficient and the square-integrable
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solutions was investigated by D.B. Hinton and A. Schneider [27, 28] in a special case. In the
present paper it is shown that the theory of boundary triplets, including its recent extension to
the case of not necessarily equal defect numbers, provides the functional-analytic framework to
connect square-integrability with Weyl functions (or Titchmarsh-Weyl coefficients).

The class of canonical systems of differential equations contains large classes of linear ordinary
differential equations studied in the literature. There has been an extension of canonical systems
to so-called S-hermitian systems, but H. Langer and R. Mennicken [40] have shown how S-
hermitian systems can be reduced to canonical systems. The class of S-hermitian systems was
studied extensively by A. Schneider [56, 57, 58, 59, 60], and by H.-D. Niessen [46, 47, 48]; see
also [53, 54, 55]. A function-theoretic approach to canonical systems can be found in the works
of D.B. Hinton and J.K. Shaw [29, 30, 31], V.I. Kogan and F.S. Rofe-Beketov [38], A.M. Krall
[39], H. Langer and R. Mennicken [40], and S.A. Orlov [50]. Schneider [57] has shown how large
classes of differential expressions can be written in terms of canonical and S-hermitian systems
(see also [49]); this includes ordinary differential operators [8, 9, 35, 37] and pairs of ordinary
differential operators [5, 12, 13, 51].

The contents of the paper are now outlined. In Section 2 a number of elementary results
concerning canonical systems is reviewed. Proofs are included for completeness. The square-
integrable solutions of the canonical system are considered in Section 3. The main ideas here
are a general monotonicity principle (cf. [3, 4]) and a construction of square-integrable solutions
of the corresponding inhomogeneous canonical system (cf. [46]). In Section 4 the maximal and
minimal relations associated to the canonical system are constructed in the sense of Orcutt
and a decomposition of the maximal relation is proved in terms of solutions which are square-
integrable near the endpoints (cf. [27]). Furthermore, special forms of the minimal and maximal
relation are obtained in the case that the endpoints of the interval are quasiregular or in the
limit-point case. Boundary triplets and Weyl functions in the general case of equal defect
numbers are considered in Section 5; special attention is paid to the limit-point and quasiregular
case. Section 6 contains the treatment of boundary triplets and Weyl functions for the case
of unequal defect numbers. Finally, the appendix contains a very brief introduction to linear
relations in Hilbert spaces making the paper self-contained.

2. PRELIMINARIES CONCERNING CANONICAL SYSTEMS

This section provides a short introduction into the theory of canonical systems of differential
equations. Besides some elementary statements on the properties of solutions also the notions
of a singular; a quasiregular and a regular endpoint are explained, the concept of definiteness
of canonical systems is briefly reviewed and a cut-off technique for solutions is provided. For a
more detailed treatment of canonical systems the reader is referred to, e.g., the monograph [2].

2.1. Notations. Let ¢+ = (a,b) C R be an open interval and let n,m € N. The linear space
L1 . (2) of locally integrable n x m matrix functions on 2 consists of all measurable n x m matrix
functions F' defined almost everywhere on 2 such that for each compact subinterval I C 1

/I|F(s)\ds < 00.

Here |F'(s)| denotes the norm of F(s) in C**™. A function F' € L] () is said to be integrable
at the left endpoint a or integrable at the right endpoint b if for some ¢ € 2

c b
/|F(s)|d3 < oo or /|F(s)|d3 < 00,

respectively. In the notation of the function spaces the sizes n and m are suppressed; for
instance, the space of locally integrable functions on 2 with values in C™ will be denoted by
L. (2). The space of locally absolutely continuous functions on ¢ with values in C" is denoted

by ACoc (2). It is well known (see, e.g., [26]) that a vector function f belongs to AC)e (2) if
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and only if there exists a vector function h € L{ _(2) such that for some ¢ € ¢

f@) :/ h(s)ds, te€u.

The derivative h € L1 (1) of f € ACioc (2) will be denoted by f'.

Let A € L} _(2) be an n x n matrix function such that A(t) > 0 for almost every t € v
and let L% (2) denote the linear space of all measurable functions f with values in C" which
are square-integrable (with respect to A), that is, [ f(s)*A(s)f(s)ds < co. Here and in the
following ¥*¢ denotes the inner product of ¢, € C™. Note that

(f.9)a = / 95 A f(s)ds,  fog € LA (1),

(2

defines a semidefinite inner product on £3 (z). The corresponding seminorm will be denoted
by || - [|a. Observe that the identity [ f(s)*A(s)f(s)ds = 0 is equivalent to A(t)f(t) = 0 for
almost every ¢ € 1.

The space L34 .. (2) consists of all functions that are square-integrable (with respect to A)
for each compact subinterval I C 1, i.e., [, f(s)*A(s)f(s)ds < co. Note that if f € L3 (1),
then Af € Ll (1) as follows from the Cauchy Schwarz inequality and A € L] _(2). A function
fe LA)IOC( 1) is said to be square-integrable (with respect to A) at the left endpoint a or square-
integrable (with respect to A) at the right endpoint b if for some ¢ € 1

/f f(s)ds < oo or /f (5)/(s)ds < oo,

respectively. A function f € L% Aloc (1) belongs to LZ% (1) if and only if f is square-integrable
(with respect to A) at both endpoints of «.

The space L% (2) has the following approzimation property: each element of the seminormed
space L4 (1) can be approximated by square-integrable functions with compact support. To
see this, let I,,,, m € N, be a sequence of monotonously increasing compact intervals such that
1= U 11, For f € LA(2) put fn(t) = f(t) for t € I, and f(t) = O elsewhere. Then
fm € L4 (1), fm has support in I,,,, and

(2.1) If = fmld = /(f(S) — fm(8))"A(3)(f(5) = fin(s))ds — 0, m — oo,
as follows from the monotone convergence theorem.

2.2. Canonical systems of differential equations. Let + = (a,b) C R be an open, not
necessarily bounded, interval and let n € N. Let H and A be n X n matrix functions defined
almost everywhere on ¢ such that

(2.2) HAecLl (), H(@{)=H(t)* and A(t)>0
for almost every t € 2. Furthermore, let J be an n x n matrix which satisfies
(2.3) J=Jt=—J

Since the n x n matrix J is skewadjoint and unitary, the n x n matrix —iJ is selfadjoint and
unitary, and hence 1 and —1 are the only possible eigenvalues of —iJ. In the following the
multiplicity of the eigenvalues 1 and —1 of —i.J will be denoted by i™ and i~, respectively, so
that n =it +i".

An (inhomogeneous) canonical system of order n is a system of (inhomogeneous) differential
equations of the form

(2.4) Jf'(t)—H@)ft) = NA@)fF(t)+ A(t)g(t), ter, NeC,

where g is a locally square-integrable function with values in C"*. A function f with values
in C™ is said to be a solution of (the inhomogeneous canonical system) (2.4) if f belongs to
ACioc (1) and the equation (2.4) holds for almost every ¢ € 1. Observe that f is a solution of
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(2.4), then f is also a solution of (2.4) where g € L3, (2) is replaced by g € L3 1. (2) with
A(g—g)=0.
Lemma 2.1. Assume that A\, u € C and that g,k € £’2A,loc (x). Let f,h € ACioc (2) be solutions
of the inhomogeneous equations

Jf'(t) = H(t) f(t) = MA@ (1) + A(t)g(t)
and

Jh'(t) — H(t)h(t) = pA(t)h(t) + A(t)k(t),
respectively. Then for every compact interval [, 3] C 2:

h(B)" T f(B) = h(@)" T f(e) —/ (h(s)" A(s)g(s) — k(s)"A(s)f(5)) ds

6 (6%
—(A—p) / h(s)* A(s)  (s)ds.

Proof. The assumptions that J is skewadjoint and that H(t) and A(t) are selfadjoint almost
everywhere on 2 lead to the identity
(W TFY =W (JF) = (IW) f
=h"ANAf+Ag+ Hf) — (uAh+ Ak + HR)* f
=h"Ag—kK"Af+ (A= Rp)h"Af,
which is valid almost everywhere on . Integration over the interval [a, 8] completes the argu-
ment. g

For A = i the formula in Lemma 2.1 reduces to Lagrange’s (or Green’s) formula:
8
h(B)"Jf(B) — h(a)" T f(c) =/ (h(s)"A(s)g(s) — k(s)"A(s)f(s)) ds.

«

The homogeneous canonical system of order n
(2.5) JF(8) = HOF(®) = MO, ter, AeC,

has n linearly independent solutions f € AC). (2) for every fixed A € C. A fundamental matriz
of the canonical system (2.4) is an n X n matrix function Y (-, A) whose columns are formed by
the linearly independent solutions of the homogeneous equation (2.5) and which is fixed by the
initial condition

(26) Y(Co,/\) = In

for some ¢y € 1. If for each A € C the same initial point ¢y € ¢ is used in (2.6), then the function
A — Y (t,\) is entire for each ¢ € 2. The following result is a homogeneous version of Lemma
2.1.

Corollary 2.2. Let Y(-,\) be a fundamental matriz of the canonical system (2.4). Then for
every compact interval [o, 8] C 1 and all A\, u € C:

B
V(8,0 IY (8,0 = Y () IY (@) = (A=) [ Y (s.0)" AV (5, V) ds.
Consequently, any fundamental matrix Y (-, \) satisfies
(2.7) Y(#,\)*TY (t,A) =J =Y (£,\JY (N, teaq,
so that Y (¢, A) is invertible for all ¢ € ¢+ and
(2.8) Y(t, N7 = —JY (t, )T, Y(t,\) = -JY(t,\)J, tca.
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Remark 2.3. Observe that the canonical system (2.4) depends on the choice of basis for C".
If U is a unitary n X n matrix, then the matrix functions Hy and A( defined by

Ho(t) =UH@)U*, Ao(t)=UAQR)U", ten,
satisfy the conditions (2.2) and Jy defined by
Jo=UJU,

satisfies the conditions (2.3). For g € L2A,loc (2) and a solution f of (2.4), define the functions
fo(t) = Uf(t)and go(t) = Ug(t). Then go € LX 1, (2) and fo is a solution of the inhomogeneous
equation

Jof'(t) = Ho(t)f(t) = Ao () f(t) + Ao(t)g(t), teEn

The preceding remark shows that one can transform the canonical system (2.4) into an
equivalent canonical system (2.4) by transforming, for instance, J into a specific form. Hence
the following well known fact is useful.

Lemma 2.4. Let X be a selfadjoint 2m x 2m matriz which has m positive and m negative
eigenvalues (counted with multiplicities). Then there exists a (nonunique) invertible 2m x 2m

matriz V such that
x=v( 0 “im)y
- il,, 0 ’

If, in addition, the matriz X is unitary, then the matriz V is unitary.

In particular, if one has a canonical system (2.4) with n = 2m and it = i~ = m, then
Lemma 2.4 (applied to i.J) implies the existence of a unitary n x n matrix U such that
(2.9) J=U (Im 0 )U and UJU _<Im 0 )

Hence, in these cases the canonical system is equivalent to a so-called Hamiltonian system, see,
e.g., [29].

2.3. Regular and singular endpoints of canonical systems. The following definition gives
a classification for the endpoints of the canonical system (2.4).

Definition 2.5. An endpoint of the interval 2 is said to be a quasiregular endpoint of the
canonical system (2.4) if the locally integrable functions H and A in (2.2) are integrable up
to that endpoint. A finite quasiregular endpoint is called regular. An endpoint is said to be
singular when it is not regular. The canonical system (2.4) is called regular if both endpoints
are regular; otherwise it is called singular.

It will turn out that for a regular system all solutions of the homogeneous equation (2.5) are
square-integrable, whereas for a singular system not all such solutions are necessarily square-
integrable. The following result implies that if the inhomogeneous term g € LQAJOC (2) is square-
integrable at a quasiregular endpoint, then every solution of the inhomogeneous equation has
a continuous extension to that endpoint, so that it is square-integrable there.

Proposition 2.6. Assume that the endpoint a or b of the canonical system (2.4) is quasiregular
and that g € L% ), (1) is square-integrable (with respect to A) at a or b, respectively. Then each
solution f of (2.4) is square-integrable (with respect to A) at a or at b, and the limits

(2.10) fla)i=lim f(t) or f(b)i=lim f(2),

exist, respectively.
Moreover, for each v € C" there exists a unique solution f of (2.4) such that f(a) =~ or
f(b) ==, respectively.
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Proof. Tt suffices to consider the case of the endpoint b. With ¢ € (a, b) fixed, any solution f of
(2.4) satisfies

(2.11) f@®) = f(c) +/ JE(AA(s) + H(s)) f(s) ds—|—/ J1A(s)g(s) ds.

Note that both integrals on the righthand side exist since (AA + H)f € L (2) for any f €
ACioc (1) and Ag € L, (2) for g € LAJOC( 1).
Hence, for ¢t > ¢, it follows that

i< (1r1+ [ 18606 ds) + [ o)+ 115660 ds.

Since the first term on the righthand side is nondecreasing it follows from Gronwall’s inequality
(cf. [11, Chapter 1, Problem 1]) that

lf@®)] < (If |+/ IA(s)g(s)| ds) oS IAA(s)+H (s)] ds

Furthermore, as g is square integrable (with respect to A) at b it follows that Ag is integrable

n (¢, b). Since b is a quasiregular endpoint also AA + H is integrable on (¢, b) and hence the
solution f is bounded on (c¢,b). Then it is clear from (2.11) that the limit f(b) := limyqp f(2)
exists. Moreover, the local boundedness of the solutions shows that

/f )dS<M2/ |A(s)|ds < oo

and hence f is square-integrable with respect to A at b. As a consequence of the existence of
the limit at the endpoint b observe that

£(t) = 1(b) / JL (AA(s) + H(s)) £(5) ds — / T A(s)g(s) ds,
and thus

)] < (f |+/ |A(s) |d3> S INA()+H(s)] ds

In particular, for solutions f of the corresponding homogeneous equation (2.5) it follows that
the mapping f — f(b) is injective, and hence surjective. Therefore, for each v € C™ there exists
a unique solution f of (2.4) such that f(b) =~. O

Note that the condition that g € LQAJOC (1) is square-integrable at some endpoint is only used
to obtain that Ag € L1 (1) is integrable at that endpoint.

Corollary 2.7. Assume that the endpoints a and b of the canonical system (2.4) are quasi-
reqular and that g € L34 (1). Then each solution f of (2.4) belongs to LA (1) and both limits in
(2.10) exist.

The next statement is a direct consequence of Proposition 2.6 and identity (2.7).

Corollary 2.8. Assume that the endpoint a or b of the canonical system (2.4) is quasireqular
and let Y (-, \) be a fundamental matrixz of the canonical system (2.4). Then Y (-,\)¢ is square
integrable (with respect to A) at a or b for every ¢ € C™ and Y (-, \) admits a unique continuous
extension to a or b such that Y(a,\) or Y (b, \) is invertible, respectively. In particular, the
point ¢y in (2.6) can be chosen to be a or b, respectively.
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2.4. Definiteness of the canonical system. Let 5 C ¢ be a nonempty interval. The canonical
system (2.4) is said to be definite on j if for each A € C and for each nontrivial solution f of
the corresponding homogeneous equation (2.5) on ¢ the condition

0< /f(s)*A(s)f(s) ds < o0

holds. If H and A are integrable on ¢ (in particular, if the canonical system is regular on 1),
then the above integral is necessarily finite; see Corollary 2.8.

Lemma 2.9. If the canonical system (2.4) is definite on 3, then it is also definite on every
interval J with the property that 3 C 7 C 1.

Proof. Let the assumptions of the statement hold, then any nontrivial solution f of (2.5) on 2
satisfies

0< [ A6 ds < [ £ M) ds,
J J
Hence, the canonical system is definite on . O

An equivalent statement for definiteness on j is that for each A € C and each solution f of
(2.5)

/f(s)*A(s)f(s)ds:O implies  f(t) =0, te

According to the existence and uniqueness theorem for linear systems of differential equations
the conclusion f(t) = 0, t € j, implies that f(t) = 0, ¢t € s. The next lemma shows that it
suffices to check the definiteness condition for only one A € C.

Lemma 2.10. The canonical system (2.4) is definite on the interval 3 C v if and only if for
some \g € C and for each solution f of Jf' — Hf = MNAf the condition

/ F(5)°A(s)f(s)ds = 0

implies f(t) =0 fort € 3, and thus f(t) =0 fort € 1.

Proof. (=) This implication is clear.

(<) Choose any A € C and let f be a solution of Jf'—H f = AAf with fj FH(s)A(s)f(s)ds =
0 or, equivalently, A(t) f(t) = 0 for almost all t € y. Thus f is also a solution of Jf'—H f = MAf
with fj f*(s)A(s)f(s)ds = 0. By assumption this implies that f(¢) = 0 for ¢ € 7, and hence for
t € 1. Therefore the system is definite. O

It follows from Lemma 2.10 that the canonical system (2.4) is definite on the interval y C ¢ if
and only if for each solution f of Jf' — Hf = 0 the condition Af = 0 on 7 implies that f(¢) =0
for t € 5, and thus f(¢t) = 0 for ¢ € +. In particular, if there exists a nonempty interval j C 1
such that A(t) has full rank n for almost all ¢ € 7, then the canonical system (2.4) is definite
on the interval 3 C 1.

The following result will be used frequently in the rest of this paper; a proof is provided for
completeness.

Proposition 2.11. The canonical system (2.4) is definite on 1 if and only if there exists a
compact interval I C 1 such that the canonical system (2.4) is definite on the interval I.

Proof. Necessity follows from Lemma 2.9. Hence assume that the canonical system (2.4) is
definite on 2. Fix some A\g € C and introduce for each compact subinterval j of + the subset d(3)
of C" by

d(y) = {<b cC": gl =1, /qs*Y(s,Ao)*A(s)Y(s,Ao)qsds =0 } .
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Clearly, d(y) is compact and j C 7 implies d(j) C d(j). Now choose an increasing sequence of
compact intervals 3, C 2, m € N, such that their union equals the interval :. Then

meN

To see this, assume that there exists an element ¢ € C™ with |¢| = 1, such that

@*Y (5, 20)*A(5)Y (s, 0)pds =0
Im
for every m. Then by monotone convergence [ ¢*Y (s,A0)*A(s)Y (s,\o)¢ds = 0. Since the
canonical system (2.4) is definite, this implies that Y (-,A\)¢ = 0, which leads to ¢ = 0, a
contradiction. Therefore, the identity (2.12) is valid. Since each of the sets d(,,) in (2.12) is
compact it follows that there exists a compact interval j; such that d(jx) = 0. Hence I =
satisfies the requirements. O

The notion of definiteness can be found in [21, p. 249, p. 300] and [49]. Proposition 2.11
can be found in [48, Hilfsatz (3.1)] and [38]; for a more abstract treatment see [4].

Example 2.12 (Weighted Sturm-Liouville equations). Let + C R be an open interval. Let
1/p,q,r € LL (1) be real-valued functions, assume r(t) > 0 for almost all ¢ € 2, and define the

loc

2 x 2 matrix J and the 2 x 2 matrix functions H and A by

m =) mo=(50 L) s0=(03)

Let f be a solution of Jf' — H f = 0 which satisfies Af = 0, so that in components

7fé+Qf1:05 f{i(l/p)f2:07 Tf1:0

Assume that there exists a nonempty interval j C ¢ such that r(t) > 0, ¢ € 3. Then fi1(t) =0
and, hence, also fa(t) = 0, when ¢ € 5. Therefore the corresponding system is definite on j and,
thus, on 1.

Remark 2.13. A stronger form of definiteness is obtained when for all compact intervals I C ¢
the inequality

(2.14) O</If(s)*A(s)f(s)ds

is satisfied for any nontrivial solution f of (2.5); see [2, 29, 30, 31, 52, 56]. To see that this kind
of definiteness is stronger than the present notion of definiteness consider the following example.
Define the nonnegative locally integrable matrix function A such that A(t) is invertible for ¢
on a compact interval [«, 8] C ¢ and such that A(¢f) = 0 on the complement. The canonical
system (2.4) is clearly definite on 2 whereas (2.14) is not satisfied for any interval contained in
the complement of [a, G].

2.5. Localization of solutions. If the canonical system (2.4) is definite, then a solution of
the inhomogeneous canonical system can be localized at one endpoint, in the sense that it can
be made trivial at the other endpoint. First some preliminary results of general nature will be
stated.

Lemma 2.14. Let the canonical system (2.4) be definite and assume that its endpoints a and
b are quasiregular. Then for every A € C\ R the 2n X 2n-matriz

(2.15) (Y(a’ A Yo ;)

0
Y(b,A) Y (b X

1s invertible.
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Proof. Tt follows from Corollaries 2.2 and 2.8 that

(eny voar) (0 3) Gy V)
= [N R )

By definiteness (see Lemma 2.10) the matrix on the righthand side is invertible, which implies
the invertibility of the matrix in (2.15) for A € C\ R. O
In particular, the assumptions in Lemma 2.14 imply that for A € C\ R
Y (b,\)*JY (b,\) —Y(a,\)*JY (a, \)
A=A
is positive definite. The following two results are also immediate consequences of Lemma 2.14.

Corollary 2.15. Let the canonical system (2.4) be reqular and definite. Then for all v,,~v, € C™
and every A € C\R there exist solutions fx € L (2) and f5 € LX(2) of the homogeneous
equation (2.5) for X\ and X\, respectively, such that

@) + fx(a) =va,  fa(0) + fx(b) = .

Observe that the function f = fy + f5 with fy, fx € £4(2) as in Corollary 2.15 is a solution
of the equation
Jf' —Hf = Af+Ag, where g=\f5 — \fs.
This implies the following statement; cf. [49)].
Corollary 2.16. Let the canonical system (2.4) be reqular and definite. Then for all v,,~v, € C™

there exist an element g € L3 (1) and a solution f € L% (1) of (2.4) which satisfies the boundary
conditions

fla) =7a, f(0) =

Note that the conclusions in Corollaries 2.15 and 2.16 remain valid under the more general
conditions that H and A are integrable on 2. In this case f(a) and f(b) denote the limits in
(2.10).

Proposition 2.17. Let the canonical system (2.4) be definite, let g € LQAJOC (x) and let [ €

ACioc (1) be a solution of the inhomogeneous equation (2.4). Then there exists a compact interval
[a,8] €1, fo € ACic (1) and g, € L3 ), (1) satisfying

JfL(t) — H(t) fa(t) = ANA®) fo(t) + A(t)ga(t)
such that
f@t), te(a,q] t € (a,a

_ ) _ g(t), )
f“(t)_{o, t e [B,b), ga(t)_{o, te[B,b).

Similarly, there exists a compact interval [a, ] C 1, f, € ACioc (1) and gy € LzAJOC () satisfying
Jfo(t) — H(t) fo(t) = AA() fo(t) + Alt)gs(t)

folt) = {O, t € (a,ql, () = {0, t € (a,ql,

such that

f@), te[Bb), g9(t), telBb).

Proof. According to Proposition 2.11 there exists a compact interval [a, 8] C ¢ such that the
canonical system (2.4) is definite on [, 3]. In particular, the points o and [ are regular
endpoints for the canonical system (2.4) restricted to («, 3). Hence Corollary 2.16 implies that
for f(a) € C™ there exists a function k € L% (o, 3) and an h € ACe. (o, 3) satisfying

JR (t) — H(t)h(t) = NA()R(t) + A(D)k(t), h(a) = f(a), h(B)=0
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on (o, 3). Hence the functions f, and g, defined by

f(#), tel(aa, g(t), te(a,al,

fa(t) = h(t)7 t S (avﬂ)a ga(t) = k(t)7 t € (a716)7

07 te[ﬂ’b)7 O’ te[/@7b)'
satisfy the asserted properties. A similar argument shows the existence of the functions f, and
g» with the asserted properties. g

In particular, when f is a solution of the homogeneous system (2.5), then f can be localized as
indicated above. The following restatement of this fact in terms of matrix functions (groupings
of column vector functions) is useful.

Corollary 2.18. Let the canonical system (2.4) be definite and let Y (-, \) be a corresponding
fundamental matriz. Then there exits a compact interval [o, 5] C 12, a n X n matriz function
Ya(,A) € ACioc (1) and a n x n matriz functions Z,(-,\) whose columns belong to L% (1),
satisfying

JY(t, N)d — H(t)Ya(t, \)d = AA()Ya(t, )6 + A(t) Za(t, Ao, ¢ € C",

Yt ), te(a,q], )0, te(a,al
Ya(“){o, t€[B,b), Z“(t’A){o, t € [B,Db).

Similarly, there exists a compact interval (o, 8] C 1, a n X n matriz function Yy(-,\) €
ACioc (v) and a n x n matriz functions Zy(-, \) whose columns belong to LA (1), satisfying

JYE;,(ta )‘)(b - H(t)}/b(tﬂ /\)(rb = AA(t)Yb(ta )‘)QS + A(t)Zb(tv )\)Qﬁ, ¢ € Cna

Yt A) = {07 t € (a,ql, Zo(t\) = {0, t € (a,ql,

such that

such that

Y(t,A), telsb), 0, tels,b).

With ¢ € C", observe that the function Y, (-, \)¢ belongs to L2 (2) if and only if Y (-, \)¢ is
square-integrable at a, and, likewise, that the function Y, (-, A\)¢ belongs to £2 (2) if and only if
Y (-, \)¢ is square-integrable at b.

3. SQUARE-INTEGRABLE SOLUTIONS OF SINGULAR CANONICAL SYSTEMS

This section is concerned with the square-integrability of the solutions of the homogeneous
canonical system (2.5). These solutions are studied in terms of a monotone matrix function
on ¢ which by a general monotonicity principle from [3] admits limits at the endpoints of ¢ in
the sense of linear relations (multivalued operators). The number of square-integrable solutions
at the endpoints coincides with the multiplicity of the finite eigenvalues of the limits. One of
the advantages of this abstract geometric approach and point of view is that it provides a very
simple interpretation of the constructions from [2, 46, 56].

3.1. Monotonicity properties. For a fundamental matrix Y (-, \) of the canonical system
(2.4) introduce the n x n matrix function D(:,\) on ¢ by

(3.1) D(t,\) = Y(t, ) (—iJ)Y(t,\), teq, AeC.

Observe that the function ¢ — D(¢, \), ¢ € 1, is locally absolutely continuous for every A € C.
Moreover, for all ¢ € + and A € C the matrix D(¢,A) is selfadjoint and invertible, and the
identities (2.8) imply

(3.2) D(t,\)"t=JD(t,\N)J*, teca, MeC.

Furthermore, it follows from Corollary 2.2 that

(3.3) D(B,\) — D(a, A) = 2Im)\/ﬁ Y(s, \)*A(s)Y (s,A)ds, XeC,
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holds for any compact interval [, 5] C 2. Hence the matrix function D(-,\) is constant for
A € R, and only the case A € C\ R will be of interest in the following. The statements in the
next proposition are a direct consequence of (3.1), (3.3) and the fact that Y'(¢,A) is invertible
for all ¢t € 1.

Proposition 3.1. For A € C; or A € C_ the n x n matriz function D(-,\) is nondecreasing
or monincreasing on 1, respectively, and the numbers of positive and negative eigenvalues of
D(t,\), t €1, coincide with the multiplicities i™ and i~ of the eigenvalues 1 and —1 of —iJ,
respectively.

The monotonicity of the functions D(-, \) means that for each ¢ € C" the limit as t — a
or t — b of ¢$*D(t, )¢ exists as a real number or as +0o. Therefore, it is natural to define
domains associated with the endpoint a by

D(a,\) ={peC": ltilmgb*D(t, N¢ > —oo}, AeCy
3.4 ¢
(3.4) @(a,)\):{¢E(C”:ltiTm¢*D(t,)\)gb<oo}, reC_,

and with the endpoint b by

D(b,A) = {peC": lim 6" D(t, \)¢ < o}, AeCy,
(8:5) D(b,\) = {peC: lim " D(t, \)6 > —x}, AeC_.

The following theorem, which is an immediate consequence of [3, Theorem 3.1, Corollary 3.6],
explains the limits of the function D(-, A) in terms of linear relations (in the sense of multivalued
operators) which are selfadjoint; see Section 7 for a short introduction.

Theorem 3.2. For every A € C\ R there exist selfadjoint relations D(a,\) and D(b, X) which
are the limits of D(-, \) in the resolvent sense, i.e.,

(D(a,A) =) ™" =lim (D(t,A) =)™ (D0, A) =)~ =l (D, A) =)™,

for every p € C\ R. In terms of these limits the space C™ allows the orthogonal decompositions:

o dom D(a, A) & mul D(a, \) = D(a,A) @ mul D(a, A);
"~ | dom D(b, \) @ mul D(a, \) = D(b, \) ® mul D(b, \).

The graphs of the selfadjoint limit relations D(a,\) and D(b, \) decompose accordingly:
D(a,\) = D(a,\)s & ({0} x mul D(a, \)),

D(b,A) = D(b,\)s & ({0} x mul D(b, \)),
where D(a,\)s and D(b,\)s are (the graphs of) selfadjoint operators in ®(a,A) and D(b, ),
respectively, and & denotes the orthogonal sum of subspaces in C™ x C™. Moreover,
D(a,\)s¢p = lglm D(t, N, ¢ € D(a,N),
3.6 ¢
3 D(b,X),6 = lm Dt N6, 6 € D0

The monotonicity of the n x n matrix function D(-, A) implies that the limit relation D(a, \)
and D(b, \) from Theorem 3.2 satisfy the inequalities

(¥, ¢) < (D(t,\)¢,¢) forall {¢, ¢} € D(a,A), AeCy,

3.1) (D(t, ), 8) < (,6) forall {64} € D(a,)), AeC..
and
(3 8) (D(t7 )‘)d)a (b) S (Q/Ja ¢) fOI‘ au {¢J/f} € D(b7 )‘)a >‘ S (C+7

(4,8) < (D(tN$,@) forall {64} € D(b,N), AeC.,
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hold for t € 1. For ¢ € dom D(a,\) = D(a, A) the inequalities (3.7) reduce to
(D(a,A)s¢,¢) < (D(t, ), 0),  AeCy,

(D(t, A9, 0) < (D(a,A)s, 9),  AeC,

and, analogously, for ¢ € dom D(b, \) = D (b, A) the inequalities (3.8) reduce to
(D(t, M), 9) < (D(b,A)s¢,0),  AeCy,

(Db, A)s¢,0) < (D(t, )b, ¢),  AeC..

In particular, if mul D(a, \) = mul D(b, A) = {0}, then the inequalities

D(a,\) < D(t,\) < D(b, \), A e Cy,

D(a,\) > D(t,\) > D(b,\), reC_,

(3.9)
(3.10)

(3.11)

are satisfied for ¢ € s.
Using the limit relations from Theorem 3.2, the identity (3.2) can be extended to the end-
points of the interval 2.

Corollary 3.3. The limit relations D(a,\) and D(b,\) satisfy
D(a,\)"t = JD(a,\)J*, D(b,\)"' = JD(b,\)J*.
Proof. Tt suffices to show that the limit values of D(t, A\) ! coincide with the selfadjoint relations

D(a,\)~! and D(b,\)~}, respectively. Let A be the resolvent limit of D(t,\)~! as ¢t tends to
a. Then by (A.1):

(A-¢ = lim (DN =0!
, 1 NNt 1
=i (‘cz (pen-2) ‘<>

1 o1
-z (pen-1) -2

for ¢ € C\ R. Hence using (A.1) once more, the above identity shows that the limit A satisfies
A = D(a,\)"!. For the endpoint b a similar argument can be used. O

Remark 3.4. Note that any two fundamental matrices Y7(-,A) and Ya(-, A) of the canonical
system (2.4) are related via

Yi(A) =Ya(, A)X(N),  where X(\) = Ya(c, ) 'Yi(e, \)
and ¢ is an arbitrary fixed point in ¢. This implies that the associated matrix functions Dq (-, \)
and Dsy(-, A) in (3.1) are connected via Dy (-, A) = X*(A)D2(-, \) X (A), where X ()) invertible.
This identity is preserved in the limits ¢ — a and ¢ — b. Therefore, the dimensions of the

eigenspaces corresponding to the positive, negative, zero and infinite eigenvalues of the selfad-
joint relations D(a, A) and D(b, A) do not depend on the chosen fundamental matrix Y (-, \).

3.2. Decompositions in terms of the eigenspaces of the limit relations. Denote the
eigenspaces of the selfadjoint relation D(a, \) corresponding to the positive, negative, zero, and
infinite eigenvalues by
AT, AT, AN, AT,
and denote the corresponding dimensions by
atO), am (), a’(N), a*(\).
Likewise, denote the eigenspaces of the selfadjoint relation D (b, A) corresponding to the positive,
negative, zero, and infinite eigenvalues by
BN, B-(N), BN, BN,
and denote the corresponding dimensions by
b¥(A). bT(N), BN, BTN,
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Then the spaces D (a, \) and D (b, A) allow the decompositions:
o1 D(aN) = AT () & A~ (\) 3 A°(N),
' D(b,\) =BT\ @B~ (\) @B (N,

and, moreover,

(3.13) D(a, \) ND(b,A) = AP (AL N BX(A)E = (A°(\) + BX(N) "
Furthermore, the identities

AT = JAT(N), AN =JA (), A®\) = JAY
BTN =JBT(N), B (A =JB"(N), B®\) =JBY
follow from Corollary 3.3.

The next lemma shows how the dimensions of the eigenspaces of D(a,\) and D(b,\) are
related to the numbers i" and i~ of positive and negative eigenvalues of the matrix D(t, \),
t € 1. The results in the following lemma can be derived from the continuous dependence of
the eigenvalues of D(t, \) on ¢; cf. [2, 48, 56] and [3, 4] for a general approach. If, e.g., A € C,
and t tends to b, then roughly speaking some of the positive eigenvalues of D(t, \) can move

to +o0o and some of the negative eigenvalues can move to 0. If ¢ tends ot a or A € C_ similar
phenomena appear.

(3.14)

Lemma 3.5. The identities

at(\) +a%\) =it =bT(\) +b2(N), Lo
a=(\) +a®(\) =i~ =b~(\) + b’(\), -
and
at(\) +a>(\) =iT =bT(\) +b°(N), Lo
a~(A\)+a’(\) =i" =b~(\) +b>()\), o
hold. In particular,
(3.15) at(\), bt <it, a=(A),b"(A)<i™, AeC\R.

Remark 3.6. Equality may happen in the inequalities (3.15). If the endpoint a is quasiregular,
see Definition 2.5, then it follows from the definition in (3.1) and Corollary 2.8 that a%()\) =
a®(\) = 0 and hence at(\) =i", a~(\) = i~. Likewise, if the endpoint b is quasiregular, then
bY(A\) =b>®(\) =0 and bT(\) =iT, b~ (\) =i".

Note that Lemma 3.5 provides lower bounds for the dimensions of the spaces D(a, ) and
D(b, ), respectively,

(3.16) dimD(a,)) = it +a~(\) >it, AeCy,
' ’ iT+at(\)>i7, xecC_,
and that

. i +bt\) >i7, AeCy,
3.17 dim®(b, \) =
(3.17) mD (6, A) {i++b‘()\)2i+, AeC_.

Under an additional condition Lemma 3.5 leads to a direct sum decomposition of C™ in terms
of the eigenspaces of D(a,A) and D(b, \).

Proposition 3.7. For A € C, equivalent are
(i) A°(\) NBO(\) = {0};
(i) C" = (AT(\) @ A°(N) + (B~ () @ B°(N)), direct sums;
(iii) C" = (A~ (N) @ A®(N)) + (BT (\) @ B=(N)), direct sums.
For A € C_ equivalent are
(1) A" NBY(A) = {0};
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(i) C" = (A~ (\) @ A°(\)) + (BT (X) @ B(N)), direct sums;
(iii) C* = (AT(N) ®A>®(N) + (B~ () @ B>(N)), direct sums.

Proof. Only the statements for A € C, will be shown. A similar reasoning applies for A € C_.
(i) = (iii) Assume that ¢ € C™ is orthogonal to the set on the righthand side of (iii), that is,

b€ (A" @A) N (BX() @ B=(N)"
= (AT @ A°(N) N (B~(\) @ B°(N))
and hence (D(b,\)s¢,¢) < 0 < (D(a,A)sp, ¢). On the other hand, for A € C, the function
D(-, A) is monotonically increasing,
(D(a,A)s¢,¢) < (D(t, )¢, ¢) < (D(b,A)s0,0), €
cf. (3.9) and (3.10). Hence (D(a,\)s¢,¢) = 0 = (D (b, \)sé, ¢), so that ¢ € A°(A) N B°(\) and
assumption (i) implies ¢ = 0. This shows that C™ can be written as in (iii). The fact that the
sum is direct follows from a dimension argument, see Lemma 3.5.
(iii) = (ii) It follows from (iii) that (A*(X) ®A%(A)) N (B~ (A) @ B°(N)) is trivial, hence the
sum in (ii) is direct. Lemma 3.5 and a dimension argument imply (ii).
(ii) = (i) If (i) would not be true, then the sum in (ii) would not be direct. O
Assume now that for some A € C the condition
(3.18) AN NB2(N) = {0} = A°(N\) N B°(N)
holds, or, equivalently, that
(3.19) A=(\) N B=(\) = {0} = A% (X) N B=(N)
holds, see (3.14). Then by Proposition 3.7 there exist skewprojections P,()), Py(A), Pa()), and
Py()\) with
(320) Pa(/\)+Pb()‘) :I:Pa(;\)"i_Pb(;‘)v
such that for A € C;
ran P,(\) = ker P,(\) = AT(\) @ A°(N),

(3.21) ~

ker P,(\) = ran P,(\) = B~ (\) @ B()\),
and

ran P,(\) = ker P,(\) = A~ () @ A°(N),
(3.22) _ _ _ 0x

ker P,(\) =ran P,(\) = BT (\) @ B°(N),
hold.

Lemma 3.8. Assume that the condition (3.18) holds for some pn € C\ R and let P,(\) and
Py(X) be the skewprojections in C™ defined in (3.21) and (3.22) for X € {u,a}. Then for
X € {u, i} the following hold:

(i) Po(\)* ( AN P,(N) > 0 and Py(\)*D(t, \)By(\) < 0 for all t € 1;

(i) Pu(N)*J ( ) =0 and Py(A)*JPy()\) = 0;

(iii) JP, ()\) Py(N)*J and JPy(\) = Pu(N)*J;

(iv) P(A)JP.(\)* + Pa(N)JP,(N)* =J;

(v) Pa(\)*D(t,\)P.(N) <0 and P,(N)*D(t, \)Py(A) > 0 for all t € 1.

Proof. (i), (ii) For A € C4 the inequality (3.11) yields

(D(t, ) Pa(N)d, Pa(N)9) = (D(a,N)sPa(N)¢, Pa(N)9), te€r, ¢€Cm,
and since P, ()¢ € AT (A)@A"(X), it follows that the term on the righthand side is nonnegative.

A similar argument applies for A € C_ and the endpoint is b.
(iil) It suffices to show the first identity, which follows from (ii):

TP.(N) = (Pa(N)* + Py(N)*) JPa(A) = Py(N)* T Pu()
= BV I(Pa(N) + B(N) = Py(V)" .
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(iv) This follows from (iii)
(PN TPa(N)* + Pa(N)TP,(N)) J = Py(\)JTPy(A) + Pa(\)JTPy(N)
= (Py(A) + Pa(N) = - L.
(v) For ¢,4 € C™ the identity ( a(;\) Pa( M), ) = (JP,(N)@, Pu(A)) together with (3.14)

and the definition of P,()\) and P,()\) implies P,(\)*JP,(\) = 0. Similar considerations apply
for the point b. O

3.3. Square-integrable solutions of the homogeneous and inhomogeneous equation.
The square-integrability of the solutions of the canonical system (2.4) is intimately related to
the limit relations D(a, A) and D(b, \) and their domains D (a, A) and D (b, A). In fact, it follows
from (3.3), (3.4) and (3.5) that

D(a,\) = {¢ cc: / Y (5, 0)" A(s)Y (5, N ds < o }
(3.23) ‘
D(b,\) = {(;3 eC": / Y (s, \)*A(s)Y (s, \)pds < o0 }7

and these equalities do not depend on the choice of ¢ € . Hence, ¢ € D(a,\) or ¢ € D(b, )
if and only if Y (-, \)¢ is a solution of (2.5) which is square-integrable at a or b, respectively.
Therefore, the number of solutions which are square-integrable at a or b coincides with the
dimension of D(a,A) or D(b, \), respectively. In particular, the number of solutions of (2.5)
which are square-integrable on ¢ coincides with the dimension of ®(a, ) N D (b, A). Under the

assumption (3.18) this dimension will be specified in Theorem 3.10 below. Incidentally, the
usual condition of definiteness of the canonical system implies condition (3.18).

Lemma 3.9. Assume that the canonical system (2.4) is definite on 1. Then the condition (3.18)
is satisfied for all A € C\ R.

Proof. Let A € C\ R and let ¢ € A°(A\) N B()\). Then

(D(a; A)s¢, ¢) = 0 = (D(b, A)s9, §)

and the monotonicity of D(-, A) implies (D(¢, A)¢, ¢) = 0 for ¢ € 2. Therefore, (3.3) and (3.23)
yield

/ng*Y(s, A A()Y (s, \)pds = 0.
Since the canonical system is assumed to be definite this implies ¢ = 0. O

Theorem 3.10. Assume that the condition (3.18) holds for some pn € C\ R. Then the numbers
of linearly independent solutions of (2.5) which are square-integrable (with respect to A) at both
endpoints a and b are for \ € {u, i} given by

a=(\) +bt(\), AeC,,

dim (D(a,\) ND(b, ) = {a+(,\) +b=()), AeC_.

In particular, if the canonical system (2.4) is definite on 1, then the preceding equality holds for
all x € C\R.

Proof. Recall that

(3.24) D(a, \) ND(b,A) = (A®(A\) + BZ(\))

cf. (3.13). Moreover, dim (A®(X) + B>®(N)) = a®(A) + b ()) for A € {u, i}, see (3.18) and
(3.19). Hence (3.24) implies that for A € {u, i}

dim (D(a,\) ND(b,A)) =n—a>®(A) —b*(\) =it +i7 —a®(A) = b™(})

and the statement follows from Lemma 3.5. O
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Assume that the condition (3.18) holds for some u € C\ R, or, more specifically, that the
canonical system (2.4) is definite on 2. Then Lemma 3.9 ensures that the skewprojections P, (\),
Py(X) in (3.20)-(3.22) exist for A € {u, i}. These projections lead to solutions of (2.5) which are
square-integrable near the endpoints: for each ¢ € 2 one has P,(A\)¢ € D(a, \), Po(A\)d € D(b, ),
and

(3.25) Y (-, A)P.(N¢ € LA(a,c), Y(-,\)P,(No € LA (c,b), ¢€C".

These functions provide i or i~ square-integrable solutions at a and i~ or iT square-integrable
solutions at b if A € C4 or A € C_, respectively; see Lemma 3.5, (3.21) and (3.22).
For a function g € L4 (2) define the functions G(\)g, A € {u, ii}, by

b
(S(N)9)(H) = Y (£, NV Pu(N) T / Py (V)Y (5, 1) A(s)g(s) ds

—Y(t,)\)Pb(A)J/ Pa(N)*Y (5, A)*A(s)g(s) ds.

a

(3.26)

It follows from (3.25) that the integrals, and hence the function G(A)g is well defined for
A € {u, i@}. In the next proposition it is shown that the constructions in [46, 56] given for
a definite canonical system remain valid under the weaker geometric condition (3.18). Since
it is fundamental for the rest of the paper a full proof is included for the convenience of the
reader.

Proposition 3.11. Assume that the condition (3.18) holds for some p € C\ R and let g,k €
L% (2). Then for X\ € {u, i}
(1) G(N)g € AC\oc (2) is a solutions of (2.4);
(i) §(\)g € LA(1) and |S(Nglla < (1/ImA)|lglla;
(i) (S(N)g.k)a = (9,5(N)k)a
In particular, if the canonical system (2.4) is definite on 1, then the preceding statement holds
for all X € C\R.

Proof. The following notation will be useful in this proof. For a compact interval I C 2 let

(f.9)as = / 9(5)" M) f(5)ds,  f,g € L3 100 (1),

and denote the corresponding seminorm by || - ||as-

Step 1. For any g € L2 (1) the integrands in the definition of G(\)g are square-integrable
near the respective endpoints, so that the function G(\)g belongs to AC)c (2). The function
G(A\)g can be written as (§(A)g)(t) = Y (¢, \)(F(X)g)(¢), where the function F(A)g is defined by

b
(FNg)(t) = Pa()‘)J/ Py(A)Y (s, A)" A(s)g(s) ds
(3.27) ¢ .
—Pb()\)J/ P.(N)*Y (s, \)*A(s)g(s) ds.
Therefore, it is clear that
(3.28) (S(Ng)' () =Y'(t, )([F(N)g)(t) + Y (£, ) (F(N)g)' (t).
Observe that with (3.27), Lemma 3.8 (iv), and the identity (2.7)
Yt M)(FN)g) () = =Y () [Pa(N)TPo(N)* + Po(A) T Pa(A)] Y (£, X)*A(t)g(t)
~Y(t,NJIY (£, \)*A(t)g(t) = —JA(t)g(t).
and the definition of Y (-, ), it follows that
)g) = [JY'(-;A) = HY (, N[ (F(N)g) + Ag
=AY (-, )F(N)g + Ag = AA(S(N)g) + Ag,

(3.29)

Hence, due to (3.28) and (3.2

9),
J(5(N)g)" — H(S(A

which completes the proof of (i).
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Step 2. Assume that g € L2 (1) has compact support and let I = [a, 3] C 2 be any compact
interval containing the support of g. By Step 1 the function §(A)g is a solution of (2.4). Hence,
it follows from Lemma 2.1 (with x4 = A) that

A =NISNglA 1 = (SNg.9)ar = (9.5Ng)as
+(5(N9)(B)"T(SN9)(B) = (S(Ng) ()" T(S(N)g)(e)-
From the definition of §(A)g in (3.26) one obtains that
(SN9)(@) = Y VPaNvas (SN9)(8) = Y(5, )P (N,

for some 7,4, v € C". Therefore, it follows from Lemma 3.8 (i) that

(3.30)

BN TEND) - p, ) 20N p (1), 5
and
RO TENDE) _ 1 3) PN 3, < 0

hold. It follows from these inequalities and (3.30) that
(S(Ng,9)ar — (9 SNgar _
IS(NgllA r <

A — - I )\
which leads to

1S(N)gllarllglla,z,

1
A < — .
I1Cgllar < s lglla
Observe that ||g]la.r = ||g]/a since g has support in I. Hence

1
ISNgllar < T llglla

holds for any compact interval I containing the support of g. Let I,, be a monotonically
increasing sequence of compact intervals such that their union equals 2. Then the monotone
convergence theorem implies
1

(3.31) 1S(N)glla = 7 llglla
for all g € L% (2) with compact support. In particular, §(\)g € L2 (2).

Step 3. Let g € L4 (2) and let I,,, be a monotonically increasing sequence of compact intervals
such that their union equals 2. Denote by g,, € L3 (2) the function that equals g on I,,, and is
0 outside I,,,. It follows from the Cauchy-Schwarz inequality and (2.1) that for each fixed ¢t € ¢

b b
/t Py(N)Y (5, A)"A(s)gm (s) ds H/t Py(A)"Y (s,0)"A(s)g(s) ds

and
[ P Y (50 As)gn () ds / Pa(0)"Y (5, 1)* A(s)g(s) ds
as m — o0o0. Therefore (G(A\)gm)(t) tends to (G(A)g)(t) for each fixed ¢ € +. Hence for almost
every t € 1
(3.32) (S(N)gm) ()" AE)(S(N)gm ) (t) — (G(AN)g) ()" A(E)(S(A)g) (1)

It follows from (3.31) in Step 2 that

6005 A G 5) s < 2 [ (91 s)gms) s

(3.33) ' '
<o / 9(3)* A(s)g(s) ds < o0

for all m € N. Since the functions (G(\)gm)* A(S(/\)gm) are nonnegative, it follows from (3.32)
and (3.33) in connection with Fatou’s lemma (cf. [ ) that

/(S(A)g)(S)*A(S)(S(/\) )(s)ds < ﬁ s) ds (< 00).

3
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Hence it has been shown that for every g € L34 (2) and A € C\ R the function G()\)g belongs to
L% (2) and that

1
(3.34) 1I5SN)glla < 7~ llglla-

This completes the proof of (ii).

Step 4. Finally, let the functions g,k € L3 (1) have compact support in I = [«, 3] C 2. Since
the functions G(\)g and G(\)k are solutions of the inhomogeneous canonical system (2.4) with
A and )\, and with g replaced by g and k, respectively, it follows from Lemma 2.1 (with = \)
that

(S(Ng:k)a,r — (9, G(N)E)a 1
= (SVR)(@)"ISN)g(a) = (SVF)(B)" TG (N)g(B)-

From the definition of §(A)g in (3.26) one obtains that

(5(N)g)(a) =Y (e, ) Pa(Mrg.ar  (S(N)9)(B) =Y (B, \) Po(AN)vg.8,

(SN (@) =Y (a, N PaN)as  (SNVE)(B) = Y (B, \) Py(N) 7k,
where Vg.a; V9,85 Vh,as Vk,3 € C". Therefore (2.7) and Lemma 3.8 (v) imply that

(SNE) (@) TG (N)g(a) =0, (S(N)E)(B)*TG(N)g(B) = 0.
It follows from these identities and (3.35) that
(SNg, k)a,r = (9,5(Nk)ar

for all functions g, k € L% (1) with compact support on I = [, 3] C 1. Therefore
(3.36) (S(Ng,k)a = (9,5(N)k)a

for all functions g,k € L2 (2) with compact support. Now let g,k be any functions in L3 ()
and approximate them by square-integrable functions with compact support. Then it follows
from the approximation property (2.1), (3.34), and (3.36) that (G(\)g, k)a = (g, G(A\)k)a. This
completes the proof of (iii). O

(3.35)

4. MAXIMAL AND MINIMAL RELATIONS FOR SINGULAR CANONICAL SYSTEM

In this section the maximal and minimal relation associated with the definite canonical
system (2.4) in the Hilbert space L% (2) are investigated. The approach to canonical systems
via linear relations goes back to [49], see also [33, 34] and [24, 42]. The minimal relation is
closed and symmetric, and that its adjoint is the maximal relation. Hence the defect numbers
of the minimal relation are constant in the upper halfplane and in the lower halfplane, which is
equivalent to the number of square-integrable solutions of (2.5) being constant in each halfplane.
Furthermore, the technique from Section 2.5 is applied to obtain a decomposition of the maximal
relation in terms of cut-off solutions of the homogeneous equation (2.5) which is inspired by the
treatment in [27]. If, in addition, the endpoints of + are quasiregular or in the limit-point case
(see Definition 4.18) this yields special forms of the maximal and minimal relations, and their
defect spaces. It is stressed that from now on the canonical system is assumed to be definite.

4.1. Maximal and minimal relations associated to singular canonical systems. The
semidefinite space L3 (2) as considered in the previous sections gives rise to the Hilbert space
LA (1) which consists of the equivalence classes of elements from L3 (1) with respect to the
seminorm. The scalar product in LA (z) is denoted by (-,-)a. For more information concerning
these spaces, see [32] and the expositions in [1, Sections 1.4 and 8.6] and [19, p.1350].

In the Hilbert space LA (1) the canonical system (2.4) induces the mazimal relation Tipax
defined by

T = { {£.9} € ZA0) x IA() : ' — Hf = Ag ).

The corresponding minimal relation Ty, is defined in terms of Ty by

(41) Tmin = Tmax N Ty

max *
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The definition of Tiyay needs to be explained: an element {f, g} € L% (2) x LA (2) belongs to
Tax if and only if the equivalence class f contains a locally absolutely continuous representative
f such that the inhomogencous equation J f'(t) — H(t)f(t) = A(t)§(t) is satisfied for almost
every t € 1. Here g is any representative of g € L% (2) (observe that Ag is independent of the
representative of g).

Due to the standing assumption that the canonical system (2.4) is definite, the following
useful property holds. A proof is included for completeness; cf. [49]

Lemma 4.1. If {f,g} € Tmax, then the equivalence class f has a unique locally absolutely
continuous representative.

Proof. Let {Nf7 g}~6 Thax zind lgt fl and fQ be locally absolutely continuous representatives of
f. Then J(fl — fg)/ - H(fl - fg) = 0 holds and

(= ) A - P ds =0
Therefore, by Lemma 2.10 it follows that fi(t) = fa(t) for all ¢ € 1. O

The eigenspace of Tiax at A € C is defined by My (Tmax ) = ker (Timax — A). With DMy (Tinax )
one associates the subspace

‘ﬂ)\ max {{f)w)\f)\} f)\emA( Inax)} AeC.

If {fx, Ao} € ‘ﬁA( Timax ), then by definition there exists a unique representative fy € ACc (1)
of fy such that J f>\ H f;\ = )\Af)\. In other words, fA is a square-integrable solution of the
homogeneous equation (2.5). Conversely, every square-integrable solution of the homogeneous
equation (2.5) is the unique representative in ACj.. (2) of its equivalence class. Therefore,
the eigenspace My (Tmax ) Of Tmax is made up of the (equivalence classes of) square-integrable
solutions of the homogeneous equation (2.5):

(42) m)\( max {Y (ZS ¢ € @(a )\) N @(b )\) }
cf. (3.23) and Theorem 3.10. Clearly, the preceding identity shows that
(4.3) dim My (Thnax ) < 1.

In particular, the eigenspace My (Timax ) and, hence, also the space ‘.TIA( Tinax ) is closed for every
AreC.

In order to show the connection between the minimal and maximal relation, the operator
G(A) defined in (3.26) on the seminormed space L3 (2) needs to be lifted to an operator on the
Hilbert space L% (2). Therefore let g € L4 (2) and let § € L% (2) be an element in the equivalence
class g. Since the canonical system (2.4) is definite on 2, Proposition 3.11 implies that G(\)g
belongs to ACe. (1) N L% (2) and satisfies

(4.4) J(S(N)g)" — H(S(N)g) = AA(S(N)g) + Ag

for all A € C\ R. The definition of the operator §(A) in (3.26) implies that §(A)g remains the
same when g € L% (2) is replaced by h € L2 (:) which is in the same equivalence class; since
then A(g—h) = 0. Denote by f the equivalence class in L (2) to which §(\)g € £ (2) belongs
and set

(4.5) G(\)g = f.

Clearly, this procedure defines an operator G()) in L% (2). Moreover, by (4.4) and Lemma 4.1
G(A\)g is the unique representative of G(\)g that belongs to AC).c (¢). Hence the following re-
sult is obtained by reformulation Proposition 3.11 into the context of the Hilbert space L3 (1).
Observe that the definiteness of the canonical system implies that the statements in Proposi-
tion 3.11 hold for all A € C\ R.
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Proposition 4.2. Let G(\) be the linear mapping in LA (1) defined in (% 5) for A € C\R.
Then G()\) is a bounded everywhere defined operator in LA( ), GIA)* =G(\) and

{GN)g, (I + AG(N)g} € Tomax, g€ LA(0).

As a consequence of the preceding preparations, the abstract result given in Proposition A.2
shows that the minimal and maximal relations are each others adjoints. This leads to a von
Neumann decomposition of the maximal relation in terms of the minimal relation and the
defect subspaces of the maximal relation; cf. [46, 49] for the corresponding decomposition of
the domains.

Theorem 4.3. The minimal relation Ty, is a closed symmetric relation in LA (1) and T, =
Thax holds. Moreover, Tyax has the following componentwise sum decomposition.:

Twax = Tmin + ‘ﬁA( Timax ) + ‘ﬁ)\( Thax), AE€C\R, direct sums.

Proof. Since the eigenspace My (Tiax ) is closed, it follows from Proposition 4.2 that the operator
G(\) in (4.5) satisfies the assumptions of Proposition A.2. Hence, the relation Tiin = Tmax N

T, in (4.1) is closed and it is the adjoint of Tpay. The asserted decomposition of Tax 1S

therefore just the von Neumann decomposition for T, = Tiyax; cf. Proposition A.1. 0

Example 4.4 (Weighted Sturm-Liouville equations). Let 1/p,q,7 € L{ _(2) be real-valued
functions and assume that there exists an interval j C 2 such that r(¢) > 0 for ¢ € 5. Then the
associated canonical system with n = 2 and with J, H, and A defined by (2.13) is definite; cf.
Example 2.12. Define the space £2(2) of all measurable functions ¢ for which

/@(S)*T(S)w(s) ds < oo.

The corresponding semi-inner product is denoted by (-, -), and the corresponding Hilbert space
of equivalence classes of elements from £2(2) is denoted by L2(z). For f € L% (1) write

(RO,
1) = <f2(t)> 7
then it is clear that

7.0 = [ o) () )(ﬁg)w—uhm

Hence the mapping R taking f € L% () to f1 € L2(2) is an isometry in the sense of the semi-
inner products. It is clear that this mapping is onto, since each function in £2(2) can be seen as
the first component of an element in £2 (1) with the understanding that the second component
can be any measurable function. Furthermore, it is clear that R induces an isometry, again
denoted by R, from L% (2) onto L2(2).

In the Hilbert space L2(2) define the maximal relation Tyay as follows:

Tmax = {{F,G} € L}(1) x L2(2) : —(pF") +qF =G},

in the sense that there exist representatives Fand G € L2(2) of F and G, respectively, such
that F' € ACioc (), pF' € AC)oc (1), and

—(pF") + qF = rG.

It is clear that if {f, g} € Twmax, then there exist representatives ]7, g € L% (2) with fe AC)oc (2)
and ¢, such that

Jf —Hf = Ay,

which leads to the equations

—fotqfi=rg1  and  fi—(1/p)fa=0.
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Hence, the pair {f1,§1} in £2(2) x £2(1) generates an element in Tmax and, moreover, each
element in Ty« is obtained in this way. Hence {f, g} — {Rf, Rg} maps Ti,ax bijectively onto
Tmax - In particular, R maps ker (Ti,ax — A) one-to-one onto ker (Tmax —A). Since the functions
p, q, and 1 are real it follows that the defect numbers are equal.

Remark 4.5. In the rest of this paper the distinction between equivalence classes and their
representatives will not be made explicit as long as no confusion arises. In particular, to
all elements {f, g} € Tmax One can associate unique boundary values, in the extended complex
plane, by means of the limits to the boundary points of the unique locally absolutely continuous
representative of f, see Lemma 4.1.

4.2. Defect numbers of the minimal relation. Since T,,;, is symmetric, it follows from
the general theory of linear relations that the defect numbers of Ti,;, are constant in the upper
halfplane and in the lower halfplane; see Section 7. Hence

n+(Tmin) = dim‘ﬁA(Tmax), A E (C,,
’I’L_(Tmin) = dim‘ﬁ,\(TmaX), A€ (C+.
On the other hand, it follows from (4.2) and Theorem 3.10 that

a=(\) +b*(\), AeCs,

(4.6) dim DN (Tnax ) = {a+()\) +b7(A), AeC.,

where a*()\) and b*()) are the dimensions of the eigenspaces of the limit relations D(a, \) and
D(b, \) corresponding to the positive and negative eigenvalues; cf. Section 3.2. The preceding
observations lead to the following proposition.

Proposition 4.6. The following statements hold:
(i) a=(A) + b () is constant for A € C4;
(ii) at(A) + b~ (N) is constant for X € C_.

The above proposition is based on the connection of the numbers a™ (), a=()), bT(\), b~ ()\)
(which have been defined strictly in terms of the canonical system) to the defect numbers of a
symmetric relation in a Hilbert space; a different proof of Proposition 4.6 can be found in [38].
In addition, the following proposition gives similar results concerning the dimensions of the
individual eigenspaces of the limit relations D(a, ) and D(b, \). These results can be seen as
consequences of Proposition 4.6 and hence are based on general principles, see [3, 4] or [50, 56]
for a different point of view. Statement (ii) of Proposition 4.7 is known as Weyl’s first theorem;
cf. [25].

Proposition 4.7. The following statements hold:
(i) at(A), a=(\), bT(\), and b~ (A) are constant for A € C\ R;

(i) a%(\), a>=(\), b°(N), and b>(\) are constant for A € C4 and A € C_;

(iii) a%(\) = a*>(\) and b°(\) = b>()) for A € C\ R.
Proof. Since the canonical system (2.4) is assumed to be definite on ¢, it follows from Proposi-
tion 2.11 that there exists a compact interval [c, d] C ¢ such that the canonical system is definite
on the interval [c,d]. Hence the canonical system is also definite on the interval (a,d] and on
the interval [c, D).

(i) As the canonical system is definite on (a,d], Proposition 4.6 may be applied when the
underlying interval is (a, d). This leads to

a~(A\)+d"()\) constant for X € Cy,
at(A\)+d (\) constant for A€ C_,

with an obvious interpretation of the quantities d*(\) and d~()). Since d is a regular endpoint
for the interval (a,d), one has d¥(\) = i" and d7()\) = i~; see Remark 3.6. Hence a—()\) is
constant on C4 and a®t()) is constant on C_. Consequently, (3.14) implies that a—(\) and
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at()\) are constant on C \ R. Similar arguments show that b*()\) and b~ ()) are also constant
on C\R.
(ii) & (iii) These statements follow from (i) and Lemma 3.5. O

Proposition 4.7 leads to the following definition.

Definition 4.8. The quantities a*(\), a=()\), bT(\), and b~ (\) (being independent of \ €
C\ R) will be written as

at, a7, b", and b7,
respectively, in the rest of the paper.

Consequently, the defect numbers of Ty, , see (4.6), can be written as

(4.7) Ny (Tin) =at +b", n_(Tiin) =a +bT,
so that, in particular, by the von Neumann decomposition in Theorem 4.3
(48) dim (ﬂnax /ﬂnin) = N4 (ﬂnin) +n_ (Crmin) == a+ +a + b+ + b™.

4.3. The Lagrange identity and decompositions via localized solutions. In the follow-
ing it is convenient to make use of the notation

<{fvg}7 {ha k}>A = (gu h)A - (fa k)Aa {fv g}» {hv k} € Tmax .
With this notation an element { fo, go} belongs to Tiin if and only if
<{f7g}’ {angO}>A =0
for all {f, g} € Tiax; cf. (A.2).
Lemma 4.9. For {f,g},{h,k} € Tmax the limits

(4.9) £ hl(a) :=lim h(2)"J £(2),  [f,h](b) := lim h(t)" T £(t)
exist and the Lagrange identity

(410) ({ﬁg},{h, k}>A = [fﬂ h](b) - [f7 h](a‘)

holds.

Proof. Let I = [a, 8] C @ be any compact interval. Then for {f, g}, {h,k} € Tmax one has by
Lemma 2.1
B B
| Hey A ds = [ ke Al £(s)ds = h(8)" I7(8) - ha)" I f(a).

[

Since f,g,h,k € L% (1) the limits as & — a and 8 — b in (4.9) exist and the identity (4.10)
follows. g

The next proposition provides a characterization of the minimal relation.
Proposition 4.10. The minimal relation Tinin admits the representation
Trnin = { {f,9} € Tmax : [f, h](a) =0 =[f, h](b) for all h € dom Tyax }

Proof. Note first that T C T = Tmax implies {f, g} € Tin if and only if {f, g} € Tmax
and (g,h)a = (f,k)a for all {h,k} € Tiyax. Hence Lemma 4.9 implies

(4.11) Toin = {{f,g} € Tmax : [f, h](a) = [f, h](b) for all h € dom T}y ax }
It remains to show that an element {f, g} from the righthand side of (4.11) satisfies
[f,h](a) =0 and [f,h](b) =0 forall h € domTiax-.

To see this, let {h,k} € Thax be arbitrary, then by Proposition 2.17 there exists an element
{ha,ka} € Tmax such that h, coincides with h in a neighborhood of a and h, is zero in a
neighborhood of b. Consequently, by (4.11),

[f: hl(a) = [f, hal(a) = [f; ha](b) = 0.
A similar argument shows [f, h](b) = 0 for all {h,k} € Tinax - O
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The von Neumann decomposition of T}, in Theorem 4.3 will be supplemented by a decom-
position of Ti,.x in terms of localized versions of the fundamental solutions, see Definition 4.11
below. Therefore denote by A(A) and B()\) the eigenspaces of the nonzero finite eigenvalues of
the selfadjoint limit relations D(a, A) and D(b, A), respectively, i.e.

(4.12) AN = AT\ @A), BN =BT\ @B-(\), AeC\R

Recall that the dimensions of A¥()\) and B*(\) do not depend on A € C\ R, and that they
are denoted by a* and bi; cf. Definition 4.8. This implies

(4.13) dimA(\) =at +a7, dimB(\) =bT+b", XeC\R.
The cut-off functions Y, (-, A) and Y (-, A) from Corollary 2.18 lead to the following definition.

Definition 4.11. Let Y, (-, A\), Y3(-, A), Zo(-, A), and Z,(+, A) be the n x n matrix functions from
Corollary 2.18 and let A()\) and B(A) be as in (4.12). For ¢, € A(N) and ¢, € B()\) define

7>\ ¢a = {Y ¢a7)\y( )¢a+Za('7>\)¢a}v
b( Ay = N)Bp, Ay (s Ay + Zp (-, Ny |-
Note, that if [, 3] is a compact subinterval as in Corollary 2.18, then

_ Y (6,000, XY (1, M)}, a<t<a,
(414) ya(ta A)(ba - {{0’ 0}’ ﬁ <t<b,
~ [{o,03, a<t<a,
(4.15) ot Ao = {{Y(t, Ny AY (8, Nn}, B<t<b.

Theorem 4.12. For A € C\ R the maxzimal relation Tiax has the following componentwise
sum decomposition:

(416) Tmax :Tmin 1{%(',)\ ¢ d’a €-A } +{yb b - (,25(, GB()\)},
where the sums are direct and A(X), B(N\) are as in (4.12).

Proof. The equations (4.14) and (4.15) show that Y, (¢, N)da, Ys(t, \)dp € LA (2) x L4 (2) for all
¢a € A(N) and ¢ € B(A), see (3.23) and (3.12). Consequently, Y, (t, N)da, Y6 (t, \)dp € Tmax
for all ¢, € A(X) and ¢, € B(N), see Definition 4.11. T.e. by the preceding arguments the
righthand side in (4.16) is contained in Tiax -

As to the reverse inclusion define f(A) and h(A) by

f(A) = ga('a )‘)¢a + yb('v /\)¢>b7 h(/\) = ya('a )‘)wa + 1éb(" A)%
for ¢a,q € A(X) and ¢y, ¥y € B(A). Then, see (4.9),
[F(0), A1) = [9(-, A)de, Yo (-, Al (b) = dlim Y (2, A)* (=i )Y (£, A)

and a similar result holds at the endpoint a. Hence by Theorem 3.2

[F(X), h(N](b) = iy D(b, A)sn,  [f(A), h(N)](a) = itz D(a, A)sa-

Consequently, [f(\), h(A)](b) = 0 for arbitrary h()) if and only if ¢, € A%(N), i.e. ¢ = 0. A
similar statement holds for the limit at a. Therefore f(A) € Tiin if and only if ¢, = 0 = ¢,
see Proposition 4.10. These arguments show that the righthand side of (4.16) is an extensions
of Thin of dimension dim A(A) + dimB(\) =a®™ +a~ +b" +b~. Hence the statement follows
from (4.8). O

The next statement can be obtained with the same arguments as in the proof of Theorem 4.12

by computing ({f, g}, 9a(-; A)Xa)a and ({f, g}, ¥s(-, A)xs)a, respectively, for {f, g} € Tax,
Xa € AN), xp € B(N). It shows, in particular, how ¢, and ¢, in (4.16) can be obtained in

terms of the elements in Ti,.x .
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Corollary 4.13. Let A € C\ R and decompose {f, g} according to Theorem 4.12 in the form

{f:9} ={fo,90} +Yal(-; \)Pa + Yb(-, \) b,
with {fo, 90} € Twmin s ®a € A(N), and ¢y € B(N\). Then

(D(a’ )‘)s(ybav Xa) = [f? Y(a )‘)Xa] (a)’ (D(bv )‘)s¢ba Xb) = [fa Y(v A)Xb] (b)
hold for all x, € A(N) and x» € B(N).

4.4. Quasiregular endpoints and singular endpoints in the limit-point case. The max-
imal and minimal relations Ti,.x and Ty, have special properties when one or both of the
endpoints of the interval + on which the canonical system (2.4) is considered are quasiregular
or in the limit-point case; cf. Definitions 2.5 and 4.18.

Recall from Remark 3.6 that if the endpoint a is quasiregular, then at = i" and a= =i~
and

(4.17) AN = AN\ ={0}, AT @A (\)=C", AeC\R.
Similarly, if the endpoint b is quasiregular, then b™ =iT and b~ =i~, and
(4.18) BO\) =B>*(\) ={0}, BTN\ @B (\)=C", AcC\R.

In the case of a quasiregular endpoint Ty, and T, take a special form. The following
proposition shows these forms in the case that the endpoint a is quasiregular, if the endpoint b
is quasiregular similar results hold.

Proposition 4.14. Assume that the endpoint a is quasiregular. Then for X € C\ R the maxi-
mal relation Tyax has the componentwise sum decomposition

Tax = Trnin +{Ya( Nda : ¢ € C" } +{Ys( N = b € B(A) },
where the sums are direct. Moreover, the minimal relation admits the representation
Trnin = {{ﬁg} € Thmax : f(a) =0, [f,h](b) =0 for all h € dom Tyax }
In particular, the mapping T : Tyax — C™, {f, g} — f(a) is well defined and onto.

Proof. The form of Tiayx is a consequence of Theorem 4.12 and (4.17). Since a is quasiregular,
it follows that f(a) exists for every {f, g} € Tmax by Proposition 2.6, see Remark 4.5. Hence
TYa(, N da = Y(a,N) g, ¢o € C™, which shows the surjectivity of I, because Y (a,\) is in-
vertible. Finally, for f € domTiin and Y, (-, \)dg € Trax it follows from Definition 4.11 and
Proposition 4.10 that

0=1[f,Ya(:,N)¢al(a) = ¢3Y (a,A)* T f(a),  ¢a € C".
Since Y (a, A) is invertible one concludes f(a) = 0 and hence Tyi, has the indicated form. O

Observe, that if in Proposition 4.14 {f, g} € Tiax is decomposed as

(419) {f,g} = {angO} + ya(H)\)(ba + yb('7)\)¢b

with {fo,90} € Timin, o € C", and ¢, € B(N), then ¢, = Y (a,\)"1 f(a).
The following simple lemma is inspired by [27, Section 4].

Lemma 4.15. Let the endpoint a be quasireqular. Then the defect numbers are given by

Ny (Tin ) =it +b~ and n_(Tmin) =i +bT.
In particular, if the defect numbers coincide, then b™ = b~ if and only if it =i~, in which case
n =2t =2i".
Proof. The quasiregularity of a yields a* = i" and a~ = i~, see Remark 3.6. Hence the first

statement follows directly from (4.7). The other statements are clear. O
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The preceding result shows that i™ < ny (Thin) <n and i~ < n_ (T ) < n, which implies
that
n < 7/L—&-(,-Tmin) +n_ (Tmin) < 2n.
The above simple inequality which actually holds if either of the two endpoints is quasiregular,
goes back to Atkinson; cf. [2, Theorem 9.11.1] and also [45].

Proposition 4.16. Let the endpoints a and b be quasireqular. Then the defect numbers are
equal and 1y (Tpax ) = 1 (Tmax ) =n =i +i~ holds. Then for A\ € C\ R the mazimal relation
Tmax has the componentwise sum decomposition

Tmax — 4dmin -T-{léa(',/\)fba . ¢a S (Cn} —T_{gb(a)\)¢b : ¢b S (Cn }7

where the sums are direct. Moreover, the minimal relation Ty, is given by

Tin = {{f:9} € Timax : f(a) = f(b) =0}
and the space Ny (Tmax), characterized in (4.2), has the form
Ny\(Tmax) ={Y(,N)p: o€ C*}, AeC\R.

In particular, the mapping T : Tmax — C2*, {f, g} — {f(a), f(b)} is well defined and onto.
Proof. The statements concerning the defect numbers are direct consequences of Lemma 4.15
and Remark 3.6. The characterization of Tiax Tmin is obtained from Proposition 4.14 (applied
to a and b). Since a and b are quasiregular, it follows from (4.17) and (4.18) that ®(a,\) =
C™ = D(b,\), see (3.12). Hence D(a,\) N D(b,\) = C™, which together with (4.2) leads to
the given form of My (Tinax ). The statement concerning I' follows from similar arguments as in
Proposition 4.14. O

Remark 4.17. Note that canonical systems (2.4) having maximal defect numbers (n,n) were
called quasiregular canonical systems in [42]. In their paper these systems are characterized by
means of trace condition, see [42, Theorem 5.16].

As the complete opposite of a quasiregular endpoint the concept of an endpoint in the limit-
point case is introduced in the next definition. In Example 4.22 below the connection to Weyl’s
limit-circle and limit-point classification for the special case of Sturm-Liouville differential ex-
pression is explained.

Definition 4.18. The endpoint a or b of the interval 2 is said to be in the limit-point case if
at=a"=0 or bt =b~ =0,
respectively.
Observe that a is in the limit-point case if and only if
(4.20) AT =A"(\) ={0}, A’V @A®(\)=C", XeCx.
Likewise, b is in the limit-point case if and only if
(4.21) BTN\ =B~ (\) ={0}, B°N@B®(\)=C", \cCi.

If an endpoint is in the limit-point case, Tinax and Ty, take a special form. The following
proposition shows these forms in the case that the endpoint b is in the limit-point case, if a is
in the limit-point case a similar result holds.

Proposition 4.19. Assume that the endpoint b is in the limit-point case. Then for A € C\ R
the maximal relation Tyax has the componentwise sum decomposition

Tmax = Lmin I_{ya('a)‘>¢a : ¢a € ‘A()‘) }7
where the sums are direct. Moreover, the minimal relation admits the representation

Tin = { {f, 9} € Toax : [f,h](a) =0 for all h € dom Tppax }-.
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Proof. If b is in the limit-point case, then B(A) = {0}, see (4.12) and (4.21). Hence the
representation of Ty, follows from Theorem 4.12. Now {f, g} € Tmax belongs to Ti, if and
only if for all {hg, ko} € Timin and ¢, € A(N)

0= ({f,g}, {h(lka} +Y9a(sA)@a)r = <{fag}7ya('7)‘)¢a>A = —[f7Y(-, )‘)(ba](a)’

which implies the representation for Ty, . O
Since Tax = Ty > See Theorem 4.3, the above statement has the following consequence.
Corollary 4.20. If both endpoints a and b are in the limit-point case, then Tynin = Tmax 1S

selfadjoint.

Finally, consider the case that one endpoint is quasiregular and one endpoint is in the limit-
point case; cf. Proposition 4.14 and 4.19.

Proposition 4.21. Let the endpoint a be quasiregular and let the endpoint b be in the limit-
point case. Assume that the defect numbers are equal or, equivalently, that i™ =i~ in which
casen = 2iT = 2i”. Then for A € C\ R the mazimal relation Tynax has the componentwise sum
decomposition

Tmax = Lmin :F{ya('a)\)(éa: ¢a S cn }7

where the sums are direct. Moreover, the minimal relation admits the representation
Tnin = {{f,9} € Tmax : f(a) =0},
and the space Ny (Tmax), characterized in (4.2), is given by
M (Tnax) = {Y (N9 : ¢ € B°(N)}, A€ C\R,
where dim BO(\) =it =i~

Proof. The statement on the defect numbers follows directly from Lemma 4.15 and Defini-
tion 4.18. The expression for Ty, follows from the formulas for T,;, in Propositions 4.14
and 4.19. Furthermore, as a is quasiregular and b is in the limit-point case D(a,A) = C™ and
D(b,\) = B°()\), see (3.12), (4.17) and (4.21). Hence

D(a,\) ND(b,\) = C" N B(N) = BO(N),

which together with (4.2) the stated expression for My (Tinax ). For dim B°()\), see Lemma 3.5.
0

Example 4.22 (Weighted Sturm-Liouville equations). Assume that the endpoint a for the
weighted Sturm-Liouville equation in Examples 2.12 and 4.4 is regular. Since the corresponding
matrix J has the form
0 -1
= ()

it is clear that it = i~= 1, so that at = a== 1; ¢f. Remark 3.6. Since the defect numbers are
equal (see Example 4.4) it follows from Lemma 4.15 that b¥ = b~. Since bt + b~ < 2 there
are two cases:

(1) bT =b~ =0;

(2) bt =b"=1;
In particular, the defect numbers are either 1 or 2, see Lemma 4.15. The first case corresponds
to the usual limit-point case since the defect numbers are (1,1), i.e., for every A € C\R
there exists (up to scalar multiples) one solution of the homogeneous equation which is square-
integrable at the singular endpoint b, see [61, 62, 63] and e.g., [11, 25, 45]. The second case
is the limit-circle case since the defect numbers are (2,2); it corresponds to a 2 X 2 canonical
system whose H and A are integrable on 2; cf. [20].
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4.5. An alternative characterization of the minimal relation. Recall that by Propo-
sition 4.10 T, consists, roughly speaking, of all elements {f, g} € Timax of which the first
component vanishes at the endpoints of 2. Let T be the restriction of the maximal relation
Thax to the elements where there first component has compact support in 2,

Ty == { {f, 9} € Tmax : [ has compact support }

More precisely, an element {f, g} € L% (2) x L4 (2) belongs to T if and only if the equivalence
class f contains a locally absolutely continuous representative f with compact support such
that the inhomogeneous equation Jf/(t) — H(t)f(t) = A(t)g(t) is satisfied for almost every
t € 1. Here g is any representative of g € L7 (2).

The following proposition offers a different characterization of the minimal relation T,
which is of independent interest; cf. [49].

Proposition 4.23. The minimal relation Ty, s the closure of Ty in LQA(Z).

Proof. Observe first that the inclusion Ty C Ty follows immediately from Proposition 4.10.
Therefore Theorem 4.3 implies that To C Tin = 15 which leads to

max ’
_ *
Tmax =T C T3

Hence to prove the statement in the proposition it suffices to show that 75 C Tinax -

For this, let {f,g} € T§ so that f,g € LA(:). From the theory of differential equations
it follows that there exists a locally absolutely continuous function ¢ € AC).e (¢) which is a
solution of

(4.22) Jo'(t) — H(t)e(t) = At)g(t).

Now let [a, 5] C 2 be an arbitrary compact interval which contains the compact subinterval I on
which the canonical system is definite; cf. Proposition 2.11. Since the system is also definite on
7:= (a, 8) the maximal and minimal relation Tyax (7) and Tin (7) associated to the restricted
system are well defined and have the properties shown in the previous subsections. Then it is
clear that (the restriction of) {¢, g} belongs to Tyax (7) as ¢, g € L4(3). Now let {h,k} € Ty
and assume that the support of h is contained in 5. Note that, in particular, it follows that
Ak = 0 outside the compact interval [«, 3]. Therefore, as {f, g} € T it follows

B

8
/h(s)*A(s)g(s)ds:/ k(s)"A(s)f(s)ds.

[0

However, {¢, g} € Timax () also implies that

/ ()" As)g(s)ds = [ k(s A(s)i(s) ds,

since (the restriction of) {h, k} is an element in Ty, (9); cf. Proposition 4.10. Combining these
identities shows that

B
(4.23) / k()" A(s)(f(s) — o(s)) ds = 0.

Note that each element in T, (7) can be seen as a restriction of an element in T whose first
component has support in j. Therefore it follows that (4.23) holds for all k € ran Ty, (9), so
that by Theorem 4.3 (applied to the interval 7), f — ¢ € (ran Tinin (7)) = ker Tiax (7). Hence,
there exists a constant ¢, and a measurable function w, on j for which

(4.24) f@) — o) =Y (,0)c, +w,(t) and A(t)w,(t) =0

for almost all ¢ € 5. Since the canonical system is definite on every interval j which contains I,
see Proposition 2.11, it follows that the constant ¢, in (4.24) does not depend on the choice of
the interval y, i.e., ¢, = c¢. To see this, let 7 C 2 be an interval that contains j and let ¢ and wy
be such that

f(t) = (t) =Y (t,0)c; +wi(t) and  A(t)ws(t) =0
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for almost all ¢t € 7. Hence Y (-,0)c, — Y(-,0)c; = wj — w, is a solution of the homogeneous
equation on 7 such that A(t)(wy — w,)(t) = 0 for almost all ¢t € 5. By definiteness w;(t) = w,(?)
for all t € 7 and hence ¢, = ¢;.

Therefore, for any interval j C ¢ which contains the compact interval I in Proposition 2.11,
it follows that the function

(4.25) f=¢=Y(0)c

is a null-function with respect to A on the interval 5. Therefore the function in (4.25) is a null-
function with respect to A on the interval 2. Now the function ¢ 4+ Y (-, 0)c solves the equation
(4.22) and it belongs to the same equivalence class as f. Since by assumption f € L4 (1) it
follows that {f, g} € Tmax. Hence T§ C Tiax - O

5. BOUNDARY TRIPLETS AND WEYL FUNCTIONS FOR SINGULAR CANONICAL SYSTEMS WITH
EQUAL DEFECT NUMBERS

Boundary triplets and associated Weyl functions provide an efficient abstract tool for the
description of the spectral properties of the closed extensions of a symmetric operator or relation
with equal defect numbers, see, e.g., [6, 7, 15, 16, 22, 36] and Section 5.1 below for a brief
summary. The aim of this section is to show how boundary triplets for singular canonical system
with equal defect numbers can be chosen and to interpret the corresponding Weyl function as
an analytic object that specifies the square-integrable solutions of the underlying homogeneous
canonical differential equation. Besides the general singular case also the quasiregular and
limit-point case is discussed in detail. As in Section 4 the canonical system is assumed to be
definite in the following.

5.1. Boundary triplets in case of equal defect numbers. In this subsection S stands
for a closed symmetric relation with equal, not necessarily finite, defect numbers ni(S) =
dimker (S* £ 4) in a Hilbert space (9, (-,)s). The following definitions and basic facts are
taken from [15, 16, 22].

Definition 5.1. A boundary triplet {3, T9,T'1} for the adjoint relation S* consists of an aux-
iliary Hilbert space (3, (+,-)s¢) and two mappings o,y : S* — H such that the abstract
Lagrange or Green’s identity

(5.1) (f' 96 — (£,9)5 = (T1F,T0@)sc — (Tof,T19)s¢

holds for all f = {f, '}, 9=19,9'} € S* and such that the mapping I : f— {Fof, Flf} from
S* to H x JH is surjective.

For a vector ¢ € H x H the first component in H x {0} and second component in {0} x K is
denoted by ¢g and ¢1, respectively, sometimes also by [¢]o and [¢]1, respectively. In particular,
the following notation will be used:

(5.2 o= ()= () wa o= (o0t~ (il
o1 (9],
If {H,Ty,T1} is a boundary triplet for S*, then dimH = ny(S) and S = ker I. Moreover,
the relations Ag and A; defined by
(53) AO = ker Fo, Al = ker Fl,
are selfadjoint extensions of S such that
(5.4) AgNA; =S, Ay + A =5,

where the last sum is componentwise. Conversely, for any two selfadjoint extensions Ay and
Ay of S with the properties (5.4), there exists a boundary triplet {H,Ty,T'1} for S* such that
(5.3) holds. In particular, a boundary triplet is not unique if the defect numbers ny(S) of S
are not equal to zero.
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Let {H,Ty,T'1} be a boundary triplet for S*, then S* has with respect to the selfadjoint
extension Ay = ker I" the direct sum decomposition

(5.5) S* = Ay F M\(S), A€ p(Ap), direct sum,
where the eigenspace 9y (5*) is defined by
(5.6) MA(S*) = {{fa. Mk s fr €M(S™) ], IMN(S™) = ker (S* — ).

Definition 5.2. Let {H,T'o,I'1 } be a boundary triplet for S* with Ag = ker I'g. The associated
~v-field is defined by

YN = {{Tofa fr} € M(S)} A€ p(Ao),
and the associated Weyl function is defined by

M) = {{Tofs.,T1fi} : fa € M(S)}, A€ p(Ag).

Denote by m; the orthogonal projection in $ @ $ onto the first component. The following
result follows from the decomposition (5.5) and the properties of the boundary mappings; it
will be used frequently in this section.

Proposition 5.3. The restriction T'g [‘fb\(S*), X € p(Ay), of the mapping Ty to ‘YKA(S*) is a
bijective mapping onto H. In particular, v(\) € B(H, ) is a bounded linear operator from 3
to 9, given by R

1) = 1T 19(S) 7Y, A€ p(Ao).
The values M (X) of the Weyl function M are in B(H) and are given by

M(A) =T1(To [ (S*)™Y A€ p(A).

Let {H,Ty,T'1} be a boundary triplet for S* with associated v-field v and Weyl function M.
Then the ~-field satisfies the identity

(5.7) YA = I+ A=) (Ao = N)"v(w), A p € p(Ao),
which, in particular, shows that 7 is a holomorphic on p(Ag). The Weyl function and the y-field
are related via the identity

M) — M(p)* .
5:5) =M 9, Aw € plda)
In particular, since () is injective and maps onto Dty (S*), (5.8) shows that M is a Nevanlinna
function with the additional property 0 € p(Im M ())) for all A € C\ R.

Remark 5.4. The y-field and Weyl function are defined on the set p(Ag) which contains C \ R.
However, due to the holomorphy of the functions v and M it is sufficient (and in the case of
canonical systems in the present paper more convenient) to consider only the values v(\) and
M(X) for e C\R.

Boundary triplets are particularly convenient for the parametrization and description of the
extensions H of S which satisfy S C H C S*. More precisely, the mapping

(5.9) O Ag:={fe S : {[of,T1f} € O} = ker ('} — OLy)

establishes a bijective correspondence between the closed linear relations © in H and the closed
extensions Ag C S* of S. Furthermore, Ag~ = (Ag)* holds and, in particular, the closed
extension Ag of S in (5.9) is symmetric or selfadjoint if and only if the relation © is symmetric
or selfadjoint, respectively.

Let O be a closed relation in H and let Ag be the corresponding extension of S in (5.9). With
the help of the Weyl function the spectral properties of Ag can be described. For instance, a
point A € p(Ap) belongs to p(Ae) if and only if 0 € p(© — M(\)), and similar correspondences
hold for the spectral subsets of Ag; see [16, Proposition 1.6]. Furthermore, for all A € p(A4g) N
p(Ae) Krein’s formula for the resolvents for the canonical extensions of S holds,

(Ao — N1 = (Ag = V) =2V (M() - 6) v (V).
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Recall that a relation © in H is selfadjoint if and only if there exists a Nevanlinna pair
{®, T}, ie,

(5.10) O,V eB(H), PU*=TP* and 0¢€ p(¥+id),
such that © can be written in the form
(5.11) O ={{h,h} eHxH: ®h+Vh =0} = {{¥*k, —P*k} : k € H}.

In the case n = dimH < oo the condition 0 € p(¥ £ i®) in (5.10) can be replaced by the
equivalent condition that the rank of the n x 2n matrix [®; U] is maximal. In terms of this
parametrization one has

(5.12) Ao ={fe€S :®lof + W1 f =0} =ker (BT + ¥Ty),
and Krein’s formula reads as
(Ao = N) 7' = (Ag = A) 71 = y(N)T* (MN)T* + &%)~

for all A € p(Ae) N p(Ao).

All possible boundary triplets associated to S* can be described as follows; cf. [16, Propo-
sition 1.7]. For a given boundary triplet {JH,Ty,T'1} for S*, a Hilbert space H’, and a block
operator matrix W = (Wy;)j i_o € B(H x 3, H' x H'), with the properties

O

0 —ilse\.n [0 —ils

(5.13) W (ilﬂ, 0 )W = (u}c 0 )
and

«f 0 =il 0 — i1
(5.14) w (Z.I% 9{) W = (Z,I%, 0% ) ,
the triplet {3, T¥ , TV} defined by

Ty {f g}) <Woo W01> (Fo{f g})

5.15 O W = ’ , ,gr € 5%,
(5.15) <F¥V{f,9} Wio Wi ) \I'i{f g} {f.9}

is also a boundary triplet for S*. Conversely, for each pair of boundary triplets {3, T'o,T'1 } and
{H', T, T} for S* there exists an operator W with the above mentioned properties such that
Iy =T and T} =T} hold.

If {HW, T}, TV} is a boundary triplet for S* which is connected with the boundary triplet
{H,Ty, 1} via (5.15), then the corresponding 7-field vy and Weyl function My, satisfy the
identities

(5.16) v (A) = 7(A) (Woo + Wor M(N) 7,
and
(5.17) My (A) = (Wig + Wi M(N)) (Woo + Wor M(A)) ™,

for all A € p(Ap) N p(AY), where A} = ker TV In particular,

(0 Iy
v (5 )

satisfies (5.13) and (5.14), the corresponding boundary triplet via (5.15) is given by

F(‘)/V{f7g}:1—‘l{fag}a Fil/v{fvg}:_l—‘(){]ig}a
and the associated vy-field and Weyl function are given by

(N = Y OMON)Y, M () = =M™, A€ p(Ao) N p(Ay):
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5.2. Canonical systems with quasiregular endpoints. In this subsection the abstract
concepts of boundary triplets and Weyl functions is illustrated for the canonical system (2.4)
in the case that both its endpoints are quasiregular. Then the defect numbers of the associated
minimal relation Ty, from Section 4.1 are equal to n and that each element {f, g} € Tmax
admits boundary values f(a), f(b) € C™ at the endpoints of the interval ¢; cf. Propositions 4.16.

In the next theorem a boundary triplet for T, is given and its corresponding vy-field and
Weyl function are obtained.

Theorem 5.5. Assume that both endpoints a and b are quasireqular endpoints for the canonical
system (2.4). Then {C™, Ty, T'1} with

Lo{f,g} == %(f(a) +f(0), Ti{f.g}:= —%(f(a) — f(0));

s a boundary triplet for Tyax . Moreover, the v-field v and the Weyl function M associated to
{C™",To,T1} have the form
1

YA =V2Y (N (Y(a,A) + Y (B, N) . AeC\R,

and
M) = =J(Y(a, ) = Y(5,)) (Y(a, ) + Y(b,\)) "', A€C\R.

Proof. Since the endpoints a and b are quasiregular, the Lagrange identity (4.10) reduces to
<{f7g}7 {h7 k}>A = h(b)*‘]f(b) - h(a)*‘]f(a)7 {fvg}7 {h, k} € Tnax -

Now a straight-forward calculation shows that the boundary mappings I'g and I'; satisfy the

abstract Lagrange identity (5.1). The surjectivity of the mapping I' = (I'g,I'1)" : Thax —

C™ x C" follows from Proposition 4.16. Hence {C",T'y,I'1} is a boundary triplet for Tiax -
To obtain the expressions for the associated 7y-field and Weyl function recall that

m)\(Tmax):{Y('v)‘)d): peC” }7 )\E(C\R,
see Proposition 4.16. Hence for f:\ ={Y(, N, \Y(-,\) ¢}, ¢ € C", one has
Lofy =

which leads to

(¥ (@)~ V(b))

L Y@ + Y (b)), nh- -2

V2

Y(A) = { {\}E(Y(a’)\) +Y (0, )\))qg,y(.,)\)qg} L $eCn }
and

1 J .
M()) = { {ﬁ(Y(a, N+ Y (5,26, ~ V(@) Y, /\))¢>} L peC } :

see Definition 5.2. These identities together with Proposition 5.3 yield the formulas for the
~-field and the Weyl function. O

Let {C™,T,T'1} be the boundary triplet for Ty,ax from Theorem 5.5. Then the selfadjoint
relations Ayg = ker 'y and A; = ker I'; are given by

A; =ker T'; = {{f. g} € Tax : f(a) = (=1)"T' f ()}, i=0,1.

All other selfadjoint extensions of Trin in L% (2) can be described via (5.9) or (5.12) with the
help of selfadjoint relations © in C™ or Nevanlinna pairs {®, U}. The next corollary is a direct
consequence of Theorem 5.5 and (5.12).

Corollary 5.6. Assume that a and b are quasiregular endpoints for the canonical system (2.4)
and let © be a selfadjoint relation in C™ represented by a Nevanlinna pair {®, ¥} of n X n
matrices in the form (5.11). Then

(5.18) Ao = {{f,9} € Toax : @(f(a) + £(b)) = VI (f(a) = £(b))}

is a selfadjoint realization of the canonical system (2.4) in LA (1), and conversely, each selfad-
joint realization of the canonical system can be written in the form (5.18).
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The selfadjoint relation Ag in (5.18) can also be written as
Ag = {{f’g} € Thax : Uf(a)+Vf(b) :O}a
where U = ® — WJ and V = & 4+ UJ are n X n matrices satisfying
UJu* =vJv®, rank[U;V]=n,
see [21, p. 250], [49, Theorem 2.9]. Note that the y-field and Weyl function in Theorem 5.5 are
connected by
Y(A) = V2V () (Y(a,X) = Y (5, ) T IM(N), A€C\R,

and that the invertibility of the matrices Y (a, A) £ Y (b, \) follows directly from Lemma 2.14.
Formulas for the Weyl function M as in Theorem 5.5 can be found in the literature; cf. [41]
where the notion of @-function is used. However, other forms may occur due to a different
choice of the boundary triplet. One special case of interest may be mentioned in particular,
namely when n = 2m and J is of the form

0 —In
(5.19) J = (1 0 )

Decompose the vectors ¢ € C* = C™ x C™ into two components [¢]o, [¢]1 € C™ as in (5.2) and
let the fundamental matrix be decomposed accordingly into m x m block form:

B Y, (.7)\) Y. ('7)\)
ven= (a0 i)

In order to apply the abstract transformation results from Section 5.1, define the 4m x 4m
matrix W by

0 —-L, In 0

so that W satisfies (5.13) and (5.14). Let {C", Ty, "1 } be the boundary triplet in Theorem 5.5.
If this boundary triplet is transformed by (5.15), where W is as in (5.20), then the following
result is directly obtained.

Corollary 5.7. Assume that a and b are quasiregular endpoints for the canonical system (2.4)
and that J is of the form (5.19). Then {C*™ Ty, T'1} with

s = (). vasor = (40

is a boundary triplet for Tyax - Moreover, the y-field v and the Weyl function M associated to
{C?™ Ty,T1} have the form

WY (6D GY) - e

and

Yio(a,A)  Yir(a, M)\ (Yoo(a, N) Yor(a, A)\
M(*):<on<b,A> Yu(M)) (;%E@,A) Y&(b,A)) » AECAR.

For a Nevanlinna pair {®, U} of m x m matrices define the relation T/,

Toax = {{f+9} € Tnax : @[f (D))o + C[f(D)]1 =0},
and the linear relation 77 ., by
Tr/nin :{ {f,g} € Thax : f(a) =0, (I)[f(b)]o + \I/[f(b)]l =0 }

by

Then T, is closed and symmetric with defect numbers (m,m) and its adjoint is given by
T x> see [14]. Here T .. can be interpreted as a restriction of Ti,.x by means of a selfadjoint

boundary condition at b.
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The defect subspaces of T}, ., have the form
M (T ) = { V(N6 2 DY (5, \)go + W[V (b, )]s = 0, ¢ € T }
for A € C\ R. Note that the condition ®[Y (b, N\)¢]o + Y[Y (b, A\)¢]1 = 0 is equivalent to
(5.21) (@Yo1(b, A) + UY11(b, A)) b1 = — (@Yoo (b, A) + Yi0(b, A)) do.
It is not difficult to verify that {C™,T'(, T} } with

Fi){fv g} = [f(a)]oa Fll{fhg} = [f(a)]lv {f’g} € Tr,naxv

is a boundary triplet for 77 .. Under the assumption Y (a, ) = I it follows from Definition 5.2
that for A € C\ R the corresponding v-field and Weyl function are given by

Y/(3) = {60, Y (- \)g} : @Y (b, \)lo + L[¥ (b, )]s =0, 6 € C },
M'(N) = {{¢0, 1} : ®[Y (b, )]0 + U[Y (b, )]s =0, € C*™ },
and they are connected via

’Y/(A) = Y(v)‘) (M/I(/\)) ’ AeC \ R;

cf. Proposition 5.3. With the help of (5.21) one also obtains
M'(A) = —(BYo1(b, A) + UY11(b, A)) " (@Yoo(b, A) + TYig(b,\)), A€ C\R.

5.3. Canonical systems in the limit-point case. One of the main motivations for the
introduction of abstract v-fields and Weyl functions has been the Titchmarsh-Weyl theory for
Sturm-Liouville equations in the limit-point case. In this subsection the corresponding limit-
point case for canonical systems is treated. This treatment is of independent interest, but
also serves as an introduction to the case of general singular canonical systems. Let Ty, and
Timin be the maximal and minimal relation associated to the canonical system (2.4) on ¢ and
assume that the endpoint a is quasiregular and that the endpoint b is in the limit-point case.

Furthermore, suppose that the defect numbers of Th;, are equal, so that it =i~ and n = 2m,
where m := iT; c¢f. Proposition 4.21. In particular, there exists a 2m x 2m unitary matrix U,
which satisfies (2.9):

(5.22) UJUu* = (Im 0 ) ,

see Lemma 2.4. Recall that [¢]g, [¢#]1 denote the first and second component of ¢ € C" =
C/n’l X (Cm.

Theorem 5.8. Assume that a is a quasireqular endpoint, that b is a singular endpoint which
is in the limit-point case, and that the defect numbers of Tmin are equal. Let U be a unitary
2m x 2m matrixz such that (5.22) holds. Then {C™, Ty, T} with

Lo{f.g} =[Uf(a)lo, T1{f g}:=[Uf(a),

s a boundary triplet for Tyax . Moreover, the v-field v and the Weyl function M associated to
{C™,To,T1} have the form

YN = {H{IUY (@, )glo. Y (-, Mo} : 9 € BY(N) }, A€ C\R,
and

M) = {{[UY (a,\)¢o, [UY (a,\)¢]:} : ¢ € B°(N) }, AeC\R.

Proof. Since the endpoint a is quasiregular the elements {f, g}, {h,k} € Tinax have boundary
values f(a),h(a) € C™ which are of the form f(a) = Y(a,\)¢, and h(a) = Y (a, N\)v,, where
®a, Ve € C", respectively, see Proposition 4.14 and the observations following it; cf. (4.19).
Moreover, according to Proposition 4.19 {f, g}, {h, k} € Timax admit the decompositions

{fvg} = {anQO} +ya('7>‘)¢a7 {ha k} = {ho,k’o} + ya('y)\)d}ay
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where {fo, 90}, {ho,ko} € Twmin- Therefore the Lagrange identity has the form

({£.93 (. k}) 5y = ({fo, 90} + Ya(, M), {ho, Ko} + Ya(-, Na) 5
= (Ya(-, Ndas Ya s Na) o
= —[Y(,N)éa, Y (-, \)tba] (a)
= —h(a)*J f(a)
and from (5.22) one obtains

o)) = ~wna)y (4" Usta)

= [Uh(a)[s[U f(a)]1 — [Uh(a)]5[U f(a)]o-
Hence the abstract Lagrange identity (5.1) holds. The surjectivity of the mapping I' =
(To,T1) " : Thax — C™ x C™ is a consequence of Proposition 4.14. Thus {C™, Ty, T} is
a boundary triplet for Ty ay .
To obtain expressions for the associated ~-field and Weyl function recall that

mA(Tmax) = {Y(7 >‘)¢ : ¢ S ‘BO()‘) }7

where dim B°(\) = m; see Proposition 4.21. Hence for fx = {Y (-, \)$, A\Y (-, )¢}, ¢ € BO(N),
one has
Tofx = [UY(a,N)glo, Tifx=[UY(a,\)¢)1, ¢€B°(N).
Hence the statements on the y-field and the Weyl function follows directly from Definition 5.2.
O

Remark 5.9. Observe the analogy between the boundary triplet and the formulas for the ~-field
and the Weyl function in Theorem 5.8 (with U = I,,) and the boundary triplet {C™, T'}, T},
~-field 4/, and Weyl function M’ below Corollary 5.7.

Let {C™,T,T'1} be the boundary triplet for Ty,ax from Theorem 5.8. Then the selfadjoint
relations Ayg = ker 'y and A; = ker I'; are given by

A; =ker T'; = {{f, 9} € Thax : [Uf(a)]; =0}, i=0,1.
In the next corollary the selfadjoint realizations of the canonical system in the limit-point case

are described with the help of Nevanlinna pairs {®, U}; cf. (5.11) and (5.12).

Corollary 5.10. Assume that a is a quasiregular endpoint, that b is a singular endpoint which
is in the limit-point case, and that the defect numbers of Tmin are equal. Moreover, let U be
a unitary 2m X 2m matriz such that (5.22) holds and let © be a selfadjoint relation in C™
represented by a Nevanlinna pair of m x m matrices {®, ¥} as in (5.11). Then

(5.23) A@ = {{fvg} € Thax : @[Uf(a)]o + W[Uf(a)]l = O}

is a selfadjoint realization of the canonical system (2.4) in LA (1), and conversely, each selfad-
joint realization of the canonical system can be written in the form (5.23).

The next theorem, which is a simple consequence of the previous theorem and Proposition 5.3,
shows that the Weyl function M singles out the square-integrable solutions of the homogeneous
canonical differential equation (2.5).

Theorem 5.11. Let {C™,Ty,T'1} be the boundary triplet for Tyax from Theorem 5.8 and let
v and M be the associated ~y-field and the Weyl function. Then

S =YY (@ 0 (0 )

holds for alln € C™ and A € C\ R.
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Proof. Since the ~-field is defined everywhere on C™ the mapping ¢ — [UY (a, \)d]o is an
isomorphism from B°(\) onto C™; cf. Proposition 5.3. Hence for every n € C™ there exists a
unique ¢ € B°()\) such that n = [UY (a, A)@o. Making use of the form of the Weyl function M
from Theorem 5.8 and Proposition 5.3 one concludes

'y()\)[UY(a, /\)Gﬂo = Y('7 /\)¢ = Y(" )‘)Y(av )‘)_1U_1 ({g};g}l: i;;ﬂ?)
B 1 [UY (a, \)¢)
=Y(, Y (a, )70 <M(/\) [UY (a, A())QS]O) ’
which completes the proof. =

Example 5.12 (Weighted Sturm-Liouville equations). Consider the Sturm-Liouville equation
from Examples 2.12, 4.4, and 4.22 on the interval + = (0,00) and assume r(t) > 0 for ¢t € 1.
Then the corresponding canonical system is definite and Tp,ax is (the graph of) an operator.
Let the Sturm-Liouville expression

0 1 d d .
e \Catlar Y
be regular at 0 and in the limit-point case at co. Then at =a~ =1 and b™ = b~ =0, and the
boundary triplet {C,Ty,I'1} in Theorem 5.8 (here U = I5) is given by

FO{flaTmaxfl}:fl(o)a Fl{flag‘maxfl}:(pf{)(o% fl GdomeaX.

The selfadjoint realizations Ay and A; coincide with the Sturm-Liouville operators correspond-
ing to Dirichlet and Neumann boundary conditions at 0, respectively. Let

u (t7)\) 'Ul(t7)‘)
Y(tA) = <u;(t,)\) va(t, \)

be a fundamental matrix of the corresponding canonical system with Y (0, A) = I5. Then uq (-, A)
and vy (-, A) are solutions of the differential equation £f = Af which satisty the boundary condi-
tions w1 (0, A) = (pv1)’(0,A) =1 and (pu1)’(0,A) = v1(0,A) = 0. In this situation Theorem 5.11
implies

), AEC\R, te(0,00),

uy (-, A) + M(N)vi (-, \) € L*(0,00), A€ C\R,
i.e., the Weyl function M coincides with the classical Titchmarsh-Weyl coefficient associated to

the singular Sturm-Liouville expression which combines the solutions uq (-, A) and v1(-,\) to a
square-integrable solution; cf. [61, 62, 63] and [11, 25, 45].

5.4. General canonical systems with equal defect numbers. In this subsection bound-
ary mappings for the maximal relation Ty,.x associated to the canonical system (2.4), see
Section 4.1, are given under the assumption that the defect numbers of the minimal relation
Twmin are equal, that is,

(5.24) m:=a +bt =at4+b"

holds; cf. (4.7).

Fix some A9 € C\ R and consider the matrices D(a, Ag)s and D(b, Ag)s from Theorem 3.2
which have a1 positive and a~ negative eigenvalues, and b™ positive and b~ negative eigenval-
ues, respectively. Their restrictions to the corresponding positive eigenspaces AT (A\g), BT (o)
and negative eigenspaces A~ (Ag), B~ (Ag) will be denoted by D(a, A\o)T, D(b, A\o)", D(a, )™,
and D(b, \g)~, respectively. Recall that A(A\g) = AT(Ag) ® A (Ag) and B(Ag) = BT (\g) ®
B~ (Ao); cf. (4.12). As a consequence of the assumption (5.24), Lemma 2.4 implies that there
exists a (nonunique) invertible 2m x 2m matrix V' in A(Ag) X B(\g) such that

—D(a,\o)* 0 0 0

* 0 77;17” _ 0 *D(d,)\o)i 0 0

(625) Vv (um 0 )V_ 0 0 DAt 0
0 0 0 D(b, \o)~
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The next theorem gives a description of the boundary triplets for general singular canonical
systems with equal defect numbers. Roughly speaking the Lagrange identity (4.10) will be
rewritten with the help of the decomposition in Theorem 4.12, the matrices D(a, o)™ and
D(b, X\g)* and the identity (5.25). The formulas for the boundary mappings in Theorem 5.13
below can be written in a more explicit form by constructing V' and applying Corollary 4.13,
see also Section 5.5. As in (5.2) the components of a vector ¢ € C*™ with respect to the
decomposition C2™ = C™ x C™ will written as [¢]g and [];.

Theorem 5.13. Assume that the defect numbers of Twmin are equal. Fiz A9 € C\R and
decompose {f, g} € Tmax according to Theorem 4.12 in the form

{f.9} ={fo, 90} +Ya(:; Ao)da + Ys (-, Ao) o,
with {fo, 90} € Tmin, ¢a € A(X0), &b € B(No). Then the following statements hold:
(i) #f V is a matriz which satisfies (5.25), then {C™,Ty,T'1}, with

roifar= v (%) e rutna = v (%))

18 a boundary triplet for Tax -
(ii) of {C™, Ty, 1} is a boundary triplet for Thmax, then there exists a (nonunique) matriz
V' which satisfies (5.25) such that To and T'y have the form in (i).

Proof. (i) Decompose {f, g}, {h,k} € Tmax in the form

{f,9} ={fo,90} +Ya (-, X0)Pa + Yu (-, Xo) D,
{h,k} = {ho, ko} +Ya (s Xo)a + Yo (-, o),

with {fo, 90}, {ho, k0} € Tmin , Pa,®¥a € A(Ng) and ¢p, by € B(Ag). Then the Lagrange identity
(4.10) becomes

{fr93,{n k) o = (Yal-; M) da + Y (- X0) b, Ya (- Xo) e + Yb (- X)) 5
= [Y (-, 20)06, Y (-, o)1) (b) — [Y (-, Ao)Pa, Y (-, Ao) o] (a).
In a similar way as in the proof of Theorem 4.12 one concludes from (4.9), (3.1), and (3.6) that
13%1/1; (t, Mo0)* JY (¢, No) oy — aifngy(t’ 20)"JY (¢, Ao) e

= 'thlgl w;D(tv >‘0)¢b - iltigzl ¢ZD(t7 )‘0)¢a = i¢;D(b7 )‘O)sqsb - ’L"(/JZD(G, )‘O)S(ba

(Db o) . (D(a,ho)* 0
=" ( 0 Do, )\o)) P~ e ( 0 D(a,Ao)) oo

Combing the previous two identities with the identity (5.25) and the definition of I'g and T’y
ones gets

(5.26)

<{f7 g}’ {h> k}>A

—D(a,\o) 0 0 0
AN 0 —D(a, \o)™ 0 0 ba
- (wb) 0 0 D(b, Xo) T 0 <¢b)
0 0 0 D(b, Ao)™

() v (S ()
(5, ) (Rl (Rl
= (I1{f, 9}, To{h, k}) — (To{f, g}, T1{h, k}).

Since dimA(M\g) x B(Ag) = 2m and V is invertible, the mapping I' = (I'0,T1) " : Thpax —
C™ x C™ is onto. Hence {C™,Ty,T'1} is a boundary triplet for Tiax -
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(ii) Suppose that {C™, Ty, I'1} is a boundary triplet for Ti.x and let V' be a fixed matrix
that satisfies (5.25). Then there exists a unique 2m x 2m matrix W such that (5.13) and (5.14)
hold with I,,, = Is¢ = I and

@) tfhgh=wv (ﬁb) . {f.9) € T

It is not difficult to check that the matrix V := WV also satisfies (5.25) which implies (ii). O

For completeness the analogue of Corollary 5.6 and 5.10 is stated in the general case.

Corollary 5.14. Let {C™, T, T'1} be a boundary triplet for Tmax from Theorem 5.18 and let
O be a selfadjoint relation in C™ represented by a Nevanlinna pair of n x n matrices {®, ¥} as
in (5.11). Then

(5.27) Ao = {{f,g} € T : {v (iz)h + [v (Z:)]l _ o}

is a selfadjoint realization of the canonical system in LA (1), and conversely, each selfadjoint
realization of the canonical system can be written in the form (5.27).

To derive the formulas for the corresponding y-field and the Weyl function, the m-dimensional
space D(a,\) N D(b,A), A € C\ R, will be identified with a subspace of the 2m-dimensional
space A(Ag) X B(Ag) with g € C\ R fixed. Recall that

si\t)\(Tmax) = { {Y(7>‘)¢a /\Y(7>‘)¢} : ¢ € @(a,)\) N Z)(bv )‘) }v AeC \ ]Ra

see (4.2). Tt follows from Theorem 4.12 that for ¢ € D(a,\) N D(b,A) there exist unique
{fo()\),go()\)} € Thin d)a(/\) S .A()\o) and ¢b()‘) S %()\0) such that

(5.28) A ={Y (N0 (N0} = {fo(AN)s 90N} + Yal, 20)Ba(A) + Yo (-, o) (A
holds. Hence the mapping

Z(A) : D(a, ) ND(b,A) = A(Xo) X B(Xo), ¢+ @83) ’

is injective and ran Z(\) is an m-dimensional subspace of the 2m-dimensional space A(Xg) X

B(Xo).

Proposition 5.15. Assume that the defect numbers of Tmin are equal, let V be a matrix
which satisfies (5.25), and let {C™,Ty,T'1} be the corresponding boundary triplet for Tax from
Theorem 5.13. Then the associated v-field v and the Weyl function M have the form

vy(A) = {{[VZ(A)¢]O Y N0} ¢ € D(a, \) ND(b, /\)}, A e C\R,
and

M) ={{IVZ(N¢ly, [VZ(Nel}: 6 € D(a,\)ND(b,A)}, AeC\R.

Proof. Decompose fx € My (Tmax ) in the form (5.28) with ¢ € D(a,\) ND(b, A) and ¢, ()) €
A(Xo), op(A) € B(Ng). Then the definition of the mappings I'; in Theorem 5.13 shows that

N ba O‘)) :| .
Lifan=1|V = [VZ(N)];, =0,1.
Now the expressions for the y-field and Weyl function follow from Definition 5.2. O

The following statement shows that also in the general singular case with equal defect num-
bers the Weyl function associated to a boundary triplet singles out the square-integrable solu-
tions of the homogeneous canonical differential equation. Here the inverse mapping Z(\)~?! :
ran Z(A) — D(a, \) N D(b, \) will be used.
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Theorem 5.16. Let {C™ Ty, T'1} be a boundary triplet for Tiax from Theorem 5.13 and let ~
and M be the associated v-field and Weyl function from Proposition 5.15. Then

A Y.,AZA1VI< ! )
00 =Y N2V (0
holds for alln € C™ and X\ € C\ R.

Proof. Let A € C\R. Since the v-field is defined everywhere on C™ the mapping ¢ —
[VZ (M@)o is an isomorphism from D(a, A) N D (b, ) onto C™; cf. Proposition 5.3. Hence
for every n € C™ there exists a unique ¢ € D(a,\) ND(b, A) such that n = [VZ(\)¢]o. Now
Proposition 5.15 implies

YN VZNely =Y (N =Y (-, NZ\)VTIVZ(N)e,

where Z(A\)¢ € A(Mo) X B(Ag). Making use of the Weyl function M in Proposition 5.15 and
Proposition 5.3 one obtains

TN VZ(Nl, =Y (-, NZ(N) v (%Ei;ﬁf)

Ly (V29
=620 ()

which completes the proof. O

The result in Theorem 5.16 holds for all boundary triplets for Ty : if W is a matrix which
satisfies (5.13) and (5.14), then WV satisfies (5.25) and hence the ~-field vy and the Weyl
function My associate to WV via the boundary triplet in Theorem 5.13 satisfy by Theorem 5.16

T (W =Y () Z(0) 7 (Wv) ™ <MW77()\)77>

for all n € C™ and A € C\ R.

5.5. Boundary triplets in terms of the limit relations. In this subsection boundary
triplets for singular canonical systems with equal defect numbers (m, m) in two special cases are
expressed in terms of the limit relations D(a, \g) and D(b, Ag), Ao € C\ R. More specifically,
these boundary triplets are obtained by constructing a 2m x 2m matrix V satisfying (5.25), see
Theorem 5.13, in terms of the restrictions D(a, A\g)™, D(a, Xo)~, D(b, A\g)*, and D(b, A\g)~ of
D(a, \g)s and D(b, Ag)s, respectively, cf. Section 5.4.

Define the 2m x 2m matrix C by

1

(D(a, 2o)")¥ 0 0 0
o 0 (—D(a, \o)7)? 0 0
- 0 0 (D(b, Xo) ")z 0
0 0 0 (—=D(b, Ao) )%
Furthermore, define the 2m x 2m matrix S and the unitary 2m x 2m matrix U by
0 I,- O 0 I,- 0 I+ 0
g 0 0 L+ O U — 1 0 I+ 0 I-
I+ O 0 0|’ V2 | s 0 —il+ 0
0 0 0 Iy 0 i+ 0 —ilp-

Then it is not difficult to check that the matrix V' := USC satisfies (5.25). This matrix can
be computed for the general case of equal defect numbers of Ty, . In the next corollary the
special case aT = a—, or equivalently b™ = b, is considered. In this situation one has

(D(a,Mo)*)?  (—=D(a,\o)7)? 0 0
1 0 0 (D(b, \0)*) (D(b,\o)™)?
V2 | —i(D(a, M) ")z i(=D(a, \g)")2 0 0
0 0 i(D(b, X))z —i(=D(b,Xo)7)2

=

V =
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In the following the elements ¢, € A(\o) and ¢, € B()\g) are decomposed in ¢ € A*()\) and
(b;f € B*(\g), respectively.

Corollary 5.17. Suppose, in addition to (5.24), that at = a~— or, equivalently, b* = b~ holds,
and decompose {f,g} € Tmax according to Theorem 4.12 in the form

{f,9} = {fo,90} +Ya(-, Xo)ba + Y (-, Ao)Pv,
with {fo,go} € Thin , ¢a S A(/\()), and (bb S B()\()) Then {Cm Fo,rl} with

(D(a,20)*) 26 + (—D(a, o)~) 26y
Lo{f g9} = \[(( D(b, /\0) ) ¢b (D(b, Ao)~ ) st )
and
_ L (=i(D(a, X)) Eef +i(-Dla, X)) ey
I{f. g9t = ﬁ( i(D(b, M) )2 —i(—=D(b,Xo) )2y >’

is a boundary triplet for Tiax -

If the endpoint a is quasiregular and b is in the limit-point case, then the boundary triplet
in Corollary 5.17 can be transformed into the one in Theorem 5.8.

Similar considerations as above show that in the special case at = b™, or equivalently
~— = b, the matrix
(D(a, X)*)* 0 (D(b, Ao)*)# 0
1 0 (_D(aa )‘0>_)% 0 (_D(b7 )‘0)_)%
V2 | —i(D(a, ho)")? 0 i(D(b, Ao)™)? 0
0 i(—D(a, \o)7)? 0 —i(=D(b,Ao) )%

satisfies (5.25). This leads to the following corollary, which can be regarded as a generalization
of the quasiregular case from Section 5.2.

Corollary 5.18. Suppose, in addition to (5.24), that a* = b" or, equivalently, a— = b~ holds,
and decompose {f,g} € Tmax according to Theorem 4.12 in the form

{fa g} = {f0790} + %a('a )\0>¢a + yb('? )‘0>¢b;
with {fo,go} € Thmin , (ba € .A(/\o), and ¢b S B(/\()) Then {(Cm, Fo, Fl}, with

1 (D(a,20)t)EgE + (D(b, Xo)F) 2y
Dolf 9} =75 (<D<a,xo>>%¢a (Db, Ao>>%b¢;>

and

to\»—A

Fl{f g} = i ( —Z.(D(CL,AO)J'_)I%(ﬁ;_ ( (ba )‘0) ) . )
7 V2 \i(=D(a,Ao) )2 ¢, —i(—D(b, )\0)7)5%
is a boundary triplet for Tiax -
Remark 5.19. The boundary triplets in Corollaries 5.17 and 5.18 may be written in a more

explicit form by expressing ¢ and ¢i in terms of {f, g} € Timax . More precisely, if Ao € C\ R
is fixed and {f, g} € Tmax is decomposed in the form

_ o (o oy (9
{fi9} ={fo,90t +Ya(-20) | 2] +Y(- ) | 2],
Pa oy
where {fo,90} € Tmin, then it follows that
(D(a7>\0) ¢a 7Xa) [f?Y(a)‘O)X;t] (CL),
(D(b7 /\0)5 b > Xb ) = [f» Y('a )‘O)Xbi] (b>7

hold for all x* € A(X\g)* and Xbi € B(X\og)T, respectively; cf. Corollary 4.13. Therefore, by
introducing bases in A(X\g)* and B(\g)T the elements ¢F and gi),:)t can be computed in terms of

{f.9}.
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6. BOUNDARY TRIPLETS AND WEYL FUNCTIONS FOR SINGULAR CANONICAL SYSTEMS WITH
UNEQUAL DEFECT NUMBERS.

The notion of boundary triplets can be extended to symmetric operators and relations with
unequal defect numbers; cf. [43] and [44]. In this section the definition and some properties
of such boundary triplets and the associated ~-fields and Weyl functions are briefly recalled
and the class of boundary triplets for singular canonical systems with unequal defect numbers
is characterized. Furthermore it is shown that also in the general singular case with unequal
defect numbers the Weyl function singles out the square-integrable solutions of the homogeneous
canonical differential equation.

6.1. Boundary triplets in the case of unequal defect numbers. Let S be a closed sym-
metric relation with unequal defect numbers ny (S) < n_(S) in the Hilbert space (9, (-,")g)-
The following definition of a boundary triplet for this case is taken from [43]. The range H
of the first boundary mapping will be decomposed in subspaces H; & Hy and the orthogonal
projections in Hy onto H; and Hy will be denoted by P; and Ps, respectively.

Definition 6.1. A boundary triplet {Ho x H;y,To, Ty} for the adjoint relation S* consists of an
auxiliary Hilbert space (Ho, (-, -)3¢,) which decomposes into the orthogonal sum Hy = H; @ Ha,
and two mappings I'; : S* — 3{;, j = 0,1, such that

(f'.9)s — (£,9)s = (CLf. T0d)3c, — (Cof.T19)ac, + i(PoLof, PoLog)ac,

holds for all f = {f,.f'}Y, 9 ={9,9'} € S* and the mapping T : f— {Fof, Flf} from S* to
Ho x H; is surjective.

Boundary triplets in the case of unequal defect numbers have similar properties as boundary
triplets for symmetric relations with equal defect numbers in Section 5.1. In the following some
basic facts from [43] are recalled for the convenience of the reader. If {Hy x 3(1,T,I'1} is a
boundary triplet for S*, then

dim Ho = n_(S) and dim H; = ny(S).!

Furthermore, the closed extension Ay = ker I'y is maximal symmetric and the same holds for
Ay, where A; = ker I';. The mapping © — Ag in (5.9) establishes a bijective correspondence
between the closed linear relations in Hy x H; and the closed extensions Ag C S* of S. In
particular, the maximal symmetric, maximal dissipative or maximal accumulative extensions
Ag can be described with the help of similar properties of the relation ©® C Hy x Hy; cf.
[43, Proposition 3.9]. Moreover, if {3 x H}, T, T} } is a second boundary triplet for S* then
there exists a block operator matrix W with similar properties as (5.13) and (5.14) such that
(T, 1) T = W(To,T'1) " holds, see [43, Proposition 3.12] for details.

The following definition is a generalization of Definition 5.2. Note that the dimension of the
eigenspace ‘3\1,\(5*) from (5.6) is given by

dimﬂ‘fo, )\E(C+,
dimH;, AeC_.

Definition 6.2. Let {Hy x H1,T9,I'1} be a boundary triplet for S*. The associated y-field is
defined by

dim 9, (S*) = {

()\): {{FO}\A’IX}}\;\/E\&/\ES*)}a )‘E(C-i-a
{{PiTofr, fa}: FreM(ST)}, reC_,
and the associated Weyl function is defined by

{{Tofr.T1fr}: J?AAE My (5%) 1, AeCy,
M(A) = > [ Tifa -
{{P1F0f,\,<ipzroﬁ\>} : fa € M(S )}, AeC_.

INote that in [43] the defect numbers of a closed symmetric relation T are defined as 714+ (T) := dim ker (T* —
A), A € C4, whereas in this paper the usual definition n4 (T) = dimker (T* — X), A € C, is used; cf. (A.3).
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The above definition parallels Definition 5.2 and differs only for A € C_ from this definition.
Note that for A € C_ the element in ran M () is decomposed with respect to the decomposition
Fo = H1 & Hs. In [43] the y-field and Weyl function are formally defined in a slightly different
way. The next proposition is the analogue of Proposition 5.3. The orthogonal projection in
H B H onto the first component is denoted by 7.

Proposition 6.3. The restriction I'g [‘?t,\(S*), A € C\ R, of the mapping Ty to ‘JA’IA(S*) s a
bijective mapping onto Ho or Hy if A € Co or A € C_, respectively. In particular, () is the
graph of a bounded linear operator from Hy or Hy to Mx(S*) if A € C4 or A € C_, respectively,
given by

_ 7T1(F0f‘ﬁ/\(5*))_17 AeCy,
") = {M(Plro IMA(S))!, AeC_.

The values M (X) of the Weyl function M are in B(Ho, H1) or B(Hi,Hp) if \ € C1 or A e C_,
respectively, and are given by

Ty (Fo [ (57)) 7L, e Cy,

M) =14 [ Ti(PiTo M (S*)) !
(iPQFo(P1F0 r%(S*»—l) et

The analogues of the formulas (5.7), (5.8) and more details on the properties of v and M
can be found in [43].

6.2. General singular canonical systems with unequal defect numbers. In this section
boundary triplets for singular canonical systems which do not satisfy the assumption a* +b~ =
a~ +b* from Section 5 will be characterized. For brevity only the case Nt (Tmin ) < M- (Trnin ),
ie.,

(6.1) m:=at+b” <a +bT,

see (4.7), will be discussed. Similar results can be established for ny (Timin ) > n— (Tmin ). Let r
be a positive integer such that

m+r=a +bt.

Before stating an analogue of Theorem 5.13 in the case (6.1) of unequal defect numbers a
suitable generalization of the identity (5.25) will be provided. For this fix Ay € C* and denote
by D(a, )", D(a, o)™, D(b, o)™ and D(b, A\g)~ the restrictions of D(a,\g)s and D(b, Ao)s
onto the subspaces A1 (Ag), A~ (Ag), BT (o) and B~ (o) corresponding to positive and negative
eigenvalues, respectively. A variant of Lemma 2.4 shows that there exists an invertible (2m +
r) X (2m + r) matrix V such that

| —D(a, ho)* 0 0 0
0 0 —il, ) _
. - 0 —D(a, \o) 0 0
62) Vv OO L 0 0 D) 0
m 0 0 0 D(b )

since the (2m + r) x (2m + r) matrix on the righthand side has m + r positive and m neg-
ative eigenvalues. The vectors ¢ € C™T7+™m = C™*" x C™ will be decomposed into vectors
[6]o € C™*" and [¢1] € C™; cf. (5.2). Furthermore, P,,[¢]o and P,.[¢]o denote the orthogonal
projections of [¢]o onto C™ x {0} and {0} x C", respectively. For ¢,1 € C™T"T™ one gets the
identity

0 0 —il,
63) ¢ { 0 L 0 )o=—i((Pultlo) [¢h — [V]1(Pnldlo)) + (Pr[]o)" Pr[d]o-
i, 0O 0

The next theorem is the analogue of Theorem 5.13 for the case (6.1).
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Theorem 6.4. Let A\g € C\ R be fized, assume that the defect numbers of Tnin satisfy (6.1),
and decompose {f,g} € Tmax according to Theorem 4.12 in the form

{f,9} = {fo, 90} +Yal(-; Xo)da + Yo (-, Ao)bo,

with {fo, 90} € Tmin s ®a € A(No), ¢p € B(Ag). Then the following statements hold:
(i) if V is a matriz which satisfies (6.2), then {C™*" x C™,To,T1}, with

To{f,g} = {V (f;bﬂo and T1{f,g} = {V (f;bﬂl

s a boundary triplet for Tiax -
(ii) if {C™t" x C™,Ty,T1} is a boundary triplet for Tmax , then there exists a (nonunique)
matriz V. which satisfies (6.2) such that Ty and 'y have the form in (i).

Proof. (i) Decompose {f,g},{h,k} € Tmax in the form (5.26) with {fo, g0}, {ho, %0} € Tmin,
Da, Vo € A(No), db,¥p € B(Ao). As in the proof of Theorem 5.13 with (5.25) replaced by (6.2)
if follows that

roninia= (5 v (00w (%)

7Im O O
0o 0 I
= 7o) (Tolfay) (Tofh.k}
) f?m " o <F1{f79}>’(F1{h7k}>

= (Fl{f7g}ﬂF0{h7k}) - (FO{fa g}arl{h7k}) + i(PrFO{fug}verO{h>k})7

where in the first two inner products in C™ only the first m entries of T'g{h,k} € C™"" and
To{f,g} € C™*" appear (see (6.3)). Since V is invertible, the map I' = ([o,T'1)" : Tipax —
C™+m x C™ is onto.

(ii) This statement can be proved in the same way as Theorem 5.13 (ii). O

Next the -field and Weyl function corresponding to the boundary triplet in Theorem 6.4
will be specified and related to the square-integrable solutions of the canonical system. Recall
that the dimension of the space ®(a, A) N D (b, \) coincides with the defect numbers of Ty ,

m+r, e Cg,

dim (D(a,\) ND(b,N)) = {m AeC_.

As in Section 5.4 the space D(a, A)ND(b,A), A € C\ R, can be identified with subspaces of the
2m + r-dimensional A(\g) X B(Ag), where Ag € C\ R fixed. Since

&/\(Tmax) = { {Y(v)‘)(ba )‘Y(a)‘)¢} : ¢ € :D(av)‘) n ©(b7 >‘) }7 reC \ R7

if follows from Theorem 4.12 that for ¢ € D(a, A\) N D (b, A) there exist unique {fo(A), go(N\)} €
Tnin s Pa = Pa(X) € A(Ng) and ¢p = ¢p(A) € B(Ng), such that

F= Y (MY (N8 = {fo(N), go(N)} + Ya (-, A0)da(A) + Ya (-, Ao)du(N)
holds. Hence the mapping

Z(0) D@, 2) ND(b,A) — ARo) X BAo), 6 (ig;) ,
b
is injective and ran Z(\) is an (m 4+ r)-dimensional subspace of A(Ag) X B(Ag) if A € C; and an
m-dimensional subspace of A(\g) x B(Ng) if A € C_. The next proposition is the analogue of
Proposition 5.15 for the case of unequal defect numbers. The proof remains the same, except
that the definition of the 7-field and Weyl function from Section 6.1 has to be used.
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Proposition 6.5. Assume that the defect numbers of Tmin are Ny (Timin ) = m and n_ (T ) =
m+r, let V be a matriz with which satisfies (6.2), and let {C™*" x C™,Ty,T'1} be the corre-
sponding boundary triplet for Tyax from Theorem 6.4. Then the associated y-field v and Weyl
function M have the form

) = H{IVZNdlo, Y (-, N)e} : 6 € D(a, ) ND(B, A}, AeCy,
{{PnlVZ(N) 8o, Y (5 A6} : ¢ € D(a, ) ND(b,A)}, AeC.,

and
HIVZ(N)dlo, VZ(N) i} : ¢ € D(a, \) ND(b, )}, AeCy,
MO = V209, \\ ., o
{{Pm[VZ()\)¢]O7 <iPr [VZ(/\)(;S](J)} c 9 € D(a,\) ND(b, )\)} , xeC_.

The following statement shows that also in the general singular case with unequal defect
numbers the Weyl function associated to a boundary triplet singles out the square-integrable
solutions of the homogeneous canonical differential equation; cf. Theorem 5.16. As a conse-
quence of the definition of the Weyl function the following matrix J appears when A € C_:

I, 0 0
g=10 o0 I,
0 i, 0

Theorem 6.6. Let {C™F" x C™ Ty, 1} be a boundary triplet for Tyax from Theorem 6.4 and
let v and M be the associated v-field and Weyl function from Proposition 6.5. Then

Y=Y NZ0 v ()

holds for allm € C™*" and A € C, and

An=Y -,)\Z)\‘1V‘1”‘1< g )
(M) (-, A)Z(A) J M(\)n
holds for alln € C™ and X € C_, respectively.

Proof. For A € C4 the statement coincides with the one in Theorem 5.16. Hence only the
case A € C_ will be shown. The same reasoning as in the proof of Theorem 5.16 shows that
the mapping ¢ — P, [VZ(X)@]o is an isomorphism from D(a, A\) N D (b, A) onto C™ and hence
for every n € C™ there exists a unique ¢ € D(a, \) 1D (b, A) such that n = P,,,[VZ(A\)¢|o; cf.
Proposition 6.3. Now Proposition 6.5 implies

VNP [VZ(N)ely =Y (-, N)¢ =Y () Z(N)VTITTIIVZ(N),

where Z(A)¢ € A(Ng) X B(Ag). With the help of Proposition 6.3 and the particular form of the
Weyl function from Proposition 6.5 one concludes

P’m [VZ(/\)(MO
YN P [VZN)ly =Y (,NZN VTS | PIVZ(V)elo
VZ(Nely
PLVZ(Nélo
=Y(NZWNTVTRTH [VZ(N)6),
iP[VZ(Nolo

B —iy-ta-1 (- PulVZ(N)4]
=Y(NZN)VT (M()\)Pm[VZ(ASJd)]o)’

which completes the proof. O



CANONICAL SYSTEMS 45

APPENDIX A. SOME GENERAL FACTS CONCERNING LINEAR RELATIONS

This appendix contains a brief outline of linear relations in Hilbert spaces; for more infor-
mation, see for instance [10, 23]. A (closed) linear relation A in a Hilbert space ) is a (closed)
linear subspace of the product space $ x §). The elements in a linear relation are usually denoted
in the form {f, g}. The domain, range, kernel, and multivalued part of a linear relation A in $
are defined by

domA={feH: {f g} €A forsome g€ H},
ranA={geH: {f g} €A for some f e H},
ker A={fe%H:{f0}eA}
muld={geH: {09} €A}

respectively. A linear relation A is (the graph of) a linear operator if and only if mul A is
trivial. The inverse A=! of a linear relation A is defined as A=! = {{k,h} : {h,k} € A}, so
that dom A™! =ran A, ranA~' = dom A4, ker A~' = mul 4, and mul A~" = ker A. It is not
difficult to check that with the above notions the following identity holds:

-1
(A1) (A‘l—)\)‘lz—l—l(A—1> , AeC, X#0.

AN A
The resolvent set p(A) of a closed linear relation A is the set of all A € C such that (A—X\)~! €
B($). Here B($)) = B(9, ), where B($), &) stands for the linear space of bounded everywhere
defined operators from the Hilbert space $) to the Hilbert space £. The complement of p(4) in
C is the spectrum o(A) of A. A point A € C is said to be an eigenvalue of a linear relation A if
MA(A) :=ker (A — )) is nontrivial; i.e., {fx, \fa} € A for some f) # 0. The following notation
will be used

MA(A) = { /r = (AN} r € M(A)}.
The adjoint A* of a linear relation A is defined by

(A.2) A* = {{h,k}: (g,h) = (f,k) for all {f,g} € A}.

If A is a densely defined operator this definition reduces to the usual definition of the adjoint
operator. It follows immediately from the definition that A* is closed and that the identities
(dom A)t = mul A* and (ran A)t = ker A* hold. A relation S is said to be symmetric if
S C S*. The defect subspace of S is defined by 95 (S*) = ker (S* — A). The defect numbers of
S are defined by

n4(S) = dimker (S* —X), XeC_,

A.
(A.3) n_(S) =dimker (S* — X)), AeC,.

They are well defined since the dimension of ker (S*— ) is constant for A € C; and for A € C_,
respectively.

A relation H is said to be selfadjoint if H = H*. Each selfadjoint relation H induces an
orthogonal decomposition $ = dom H @ mul H, where dom H stands for the closure of the
domain of H in $). The selfadjoint relation H itself decomposes accordingly

H = Hs @ Hmul
where Hy and Hy,, are given by
Hi={{f,9te H: geHomulH}, Hyy={0}xmulH.

The above sum is a componentwise sum which is orthogonal, so that Hy is a selfadjoint operator
in dom H and H,, is a purely multivalued selfadjoint relation in mul H.
The symmetric relation S has selfadjoint extensions in § if and only if the defect numbers

of S are equal. Since § =ran (S — \) @ ker (S* — A), A € C\ R, the adjoint S* of S can be

decomposed via von Neumann’s decomposition.
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Proposition A.1. Let S be a closed symmetric linear relation in a Hilbert space $ and let
uwe C\R. Then

S*=87%F ‘?IH(S*) T ‘5‘\1@(5*), direct sums,
where + stands for the componentwise sum in $ x §. The sums are orthogonal when p = +i.
For each symmetric relation one can construct a so-called symmetric bounded right inverse,

for instance by means of the above von Neumann decomposition. Conversely, each symmetric
bounded right inverse gives rise to a symmetric relation.

Proposition A.2. Let T be a linear relation in a Hilbert space §. Let € Cy and assume
that for A € {u, i} the eigenspace My (T') is closed and that there exists a bounded everywhere

defined linear operator G(X) such that G(A)* = G(X) and
(A.4) {GNg, (I +AGN)gt €T, ge 9.
Then Ty :=T NT* is a closed symmetric relation and T = T .

Proof. Define H(X), A € {u, i}, by

(A.5) H) = {{GNg, (I +AG(N)g} : g € 9},
so that
(A.6) (H(\) — /\)71 =G(\).

Since G(p)* = G(f), the preceding equality shows that H(u)* = H(f). By the assumption
(A.4) H(p),H(z) C T, hence
T*CH(u)"=H(g) CT.
Therefore, the relation 7o = T* NT = T* is closed and symmetric.
Moreover, since G(u) is bounded and everywhere defined, (A.6) implies that ran (H (u)—p) =
9 and hence a direct, algebraic, argument shows that
(A7) T=Hu) T+ ‘YIH(T), direct sum.

It remains to show that T is closed. To see this, assume there is a sequence {h,,k,} € T
converging to {h,k} € 9 x $. By (A.7) there exist x,, € 9 and ¢,, € MN,(T) such that
{hns kny = {G(w)xn, (I + G (1)) xn} + {en, pon}

Hence it follows that x, = k, — wh, converges to k — ph and, therefore, ¢, converges to
h — G(p)(k — ph). Decompose the element {h,k} as follows

{h, k} = {G () (k — ph) (I + pG(p) (k — uh)}
+ {h = G)(k — ), p(h — G(p)(k — b)) }.

The first element in the righthand side of (A.8) belongs to H(u) by (A.5). Since it is as-
sumed that 91, (7)) is closed, the last element in the righthand side of (A.8), being the limit of

{@n, hpn} € ‘fK,L(T), belongs to ‘/I\IM(T). Therefore, it follows from (A.7) that {h,k} € T. O

(A.8)
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