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1. Introduction

We recall that an operator-valued function V(z) acting on a finite-dimensional
Hilbert space E belongs to the class of operator-valued Herglotz-Nevanlinna func-
tions if it is holomorphic on C \ R, if it is symmetric with respect to the real axis,
ie, V(2)* =V(z), z € C\ R, and if it satisfies the positivity condition

ImV(z) >0, zeC,.

It is well known (see, e.g., [14], [16]) that operator-valued Herglotz-Nevanlinna
functions admit the following integral representation:

V(z)—QJrquL/R(tizl_iﬂ) dG(t), ze€C\R, (1.1)
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where Q@ = Q*, L > 0, and G(t) is a nondecreasing operator-valued function on R
with values in the class of nonnegative operators in E such that

/R (dGl(tJ)if)E <oo, z€kE. (1.2)

The realization of a selected class of Herglotz-Nevanlinna functions is provided by
a system O of the form

(A—zDz=KJp_
{ o =p_ — 2Kz (1.3)
or
A K J
®_<’H,+C’HC’H_ E) (1.4)

In this system A, the state-space operator of the system, is a so-called ()-extension,
which is a bounded linear operator from ., into H_ extending a symmetric
operator A in ‘H, where Hy C ‘H C H_ is a rigged Hilbert space. Moreover, K is
a bounded linear operator from the finite-dimensional Hilbert space F into H_,
while J = J* = J~! is acting on E, are such that ImA = KJK*. Also, p_ € E is
an input vector, o4 € E is an output vector, and = € H is a vector of the state
space of the system O. The system described by (1.3)-(1.4) is called an L-system.
The operator-valued function

Wol(z) =T —2iK*(A—21)"'KJ (1.5)

is a transfer function of the system ©. It was shown in [14] that an operator-valued
function V(z) acting on a Hilbert space E of the form (1.1) can be represented
and realized in the form

V(z) =i[We(2) + I [We(z) —I] = K*(Re A — 2I) 'K, (1.6)

where Wg(z) is a transfer function of some canonical scattering (J = I) system
©, and where the “real part” Re A = J (A + A*) of A satisfies Re A D A=A*> A
if and only if the function V(z) in (1.1) satisfies the following two conditions:

L=o
{ Qr =y /2 Gz when [, (dG(t)z,2), < oo (1.7)

The class of all realizable Herglotz-Nevanlinna functions with conditions (1.7) is
denoted by N(R) (see [14]).

In the first part of this paper we present a solution of the extended Phillips-
Kato extension problem. We show the existence and parameterize all accretive
(x)-extensions (with the exit into triplets of rigged Hilbert spaces) of a densely de-
fined non-negative symmetric operator. Moreover, the analogs of the von Neumann
and Friedrichs theorems for existence of non-negative self-adjoint (*)-extensions
are obtained. In the remaining part of the paper we focus on the introduced ex-
tremal classes of Stieltjes and inverse Stieltjes functions. We show that any func-
tion belonging to these classes can be realized as the impedance function of an
L-system with special properties. In the end we establish the connection between
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the above-mentioned classes and the Friedrichs and Krein-von Neumann extremal
non-negative extensions.

The complete proofs of some parts of the material from [6], [20], [30] are
presented here for the first time.

2. Preliminaries

For a pair of Hilbert spaces Hi, Ha we denote by [H1, Hs] the set of all bounded
linear operators from H; to Hs. Let A be a closed, densely defined, symmetric
operator in a Hilbert space H with inner product (f,g), f,g € H. Any operator T
in ‘H such that
AcTc A

is called a quasi-self-adjoint extension of A.

Consider the rigged Hilbert space (see [14]) H4 C H C H_, where H, =
Dom(A*) and

(f:9)+ = (f9) + (A", A%g), f,g € Dom(A").
Let R be the Riesz-Berezansky operator R (see [14]) which maps H_ onto H,
such that (f,9) = (f,Rg)+ (Vf € H4, g € H_) and ||Rg||+ = ||g]|—. Note that
identifying the space conjugate to H+ with H, we get that if A € [H, H_] then
A e [Ho, Ho).

Definition 2.1. An operator A € [H,H_] is called a self-adjoint bi-extension of a
symmetric operator A if A = A* and A D A.

Let A be a self-adjoint bi-extension of A and let the operator A in H be
defined as follows:

Dom(A) = {f € H, : Af € H}, A= A]Dom(A).

The operator A is called a quasi-kernel of a self-adjoint bi-extension A (see [35]).
We say that a self-adjoint bi-extension A of A is twice-self-adjoint or t-self-adjoint
if its quasi-kernel A is a self-adjoint operator in H.

Definition 2.2. Let T be a quasi-self-adjoint extension of A with nonempty re-
solvent set p(T'). An operator A € [H4,H_] is called a (x)-extension (or correct
bi-extension) of an operator T if
1.ADT>A, A*D>T*DA,
2. the quasi-kernel of self-adjoint bi-extension Re A = %(A—i—A*) is a self-adjoint
extension of A.

The existence, description, and analog of von Neumann’s formulas for self-
adjoint bi-extensions and (x)-extensions were discussed in [35] (see also [5], [9],
[14]). In what follows we suppose that A has equal deficiency indices and will say
that a quasi-self-adjoint extension 7' of A belongs to the class A(A) if p(T) # 0,

Dom(A) = Dom(T") N Dom(T™*), and T admits (*)-extensions.
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Recall that two quasi-self-adjoint extensions 77 and T, of A are called dis-
joint if

Dom(7T7) N Dom(7T) = Dom(A)

and transversal if, in addition,
Dom(T}) + Dom(Ts) = Dom(A*).

Note that from von Neumann formulas immediately follows that two transversal
self-adjoint extensions are automatically disjoint.
Let A be a closed densely defined symmetric operator and let T € A(A).

It has been shown in [4] that 7" € A(A) if and only if there exists a self-adjoint
extension A of A transversal to T, and, moreover, the formulas

A=A" —RVANI - Pr;), A*=A"-RITAT - Pr;), (2.1)

set a bijection between the set of all (x)-extensions of T' € A(A) and their adjoint
and the set of all all self-adjoint extensions A of the operator A that are transversal
to T. Here P, ; and P,. ; are the projectors in H, onto Dom(7") and Dom(T™),
corresponding to the direct decompositions

Hy =Dom(T)+M;, Hi = Dom(T*)+M; , (2.2)
where 9 ; = Dom(A) © Dom(A). If a (x)-extension A of T takes the form (2.1),
we say that A is generated by A.

It is shown in [4] that if deficiency indices of A are finite and equal, then for
each quasi-self-adjoint extension T of A with p(T') # () there exists a self-adjoint
extension of A transversal to T. The latter is also true if there is z € C such that
z,% € p(T) even for the case of infinite deficiency indices of A.

Recall that a linear operator T in a Hilbert space $) is called accretive [24]
if Re(Tf,f) > 0 for all f € Dom(T) and maximal accretive (m-accretive) if it
is accretive and has no accretive extensions in $). The following statements are
equivalent [31]:

(i) the operator T is m-accretive;
(ii) the operator T is accretive and its resolvent set contains points from the left
half-plane;
(iii) the operators T and T™* are accretive.

The resolvent set p(T) of m-accretive operator contains the open left half-plane
II_ and

(T —20)7Y| < , Rez <0.

|Re z|
Let A and B be two densely defined closed accretive operators such that

(Af,9) = (f,Bg), f € Dom(A), g € Dom(B).
It was proved in [31] that there exists a maximal accretive operator T such that

T>A and T DB.
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In particular, it follows that if A is nonnegative symmetric operator, then there
exist maximal accretive quasi-self-adjoint extensions of A.

Let T be a quasi-self-adjoint maximal accretive extension of a nonnegative
operator A. A (x)-extension A of T is called accretive if Re (Af, f) > 0 for all
f € Hy. This is equivalent to that the real part Re A = (A + A*)/2 is nonnegative
self-adjoint bi-extension of A.

Definition 2.3. Let A have finite equal deficiency indices. A system of equations

(A—zDz=KJp_
oy =p_ —2K*x

)

Oor an array

A K J
0= <7—l+ CHCH E> (2:3)

is called an L-system if:

(1) A is a (x)-extension of an operator T of the class A(A);
2) J=J"=J ' e[B,E), dmE < oo
(3) ImA = KJK*, where K € [E,H_], K* € [H4, E], and

Ran(K) = Ran(Im A). (2.4)

In the definition above ¢p_ € E stands for an input vector, ¢+ € E is an
output vector, and x is a state space vector in H. An operator A is called a state-
space operator of the system ©, J is a direction operator, and K is a channel
operator. A system O of the form (2.3) is called an accretive system [17] if its
main operator A is accretive and accumulative system [18] if its main operator A
is accumulative, i.e., satisfies

(ReAf, f) < (A )+ (£Af), feM (2.5)
We associate with an L-system © the operator-valued function
Wol(z)=1—-2iK*(A—2I)"'KJ, z¢p(T), (2.6)

which is called a transfer operator-valued function of the L-system ©. We also
consider the operator-valued function
Vo(z) = K*(ReA — 2I)'K. (2.7)

It was shown in [14] that both (2.6) and (2.7) are well defined. The transfer
operator-function Wg(z) of the system © and an operator-function Vg (z) of the

form (2.7) are connected by the relations valid for Im z # 0, z € p(T),
Vo(z) = i[We(z) + 1] [We(z) — 1)J, 28)
Wo(z) = (I +iVe(2)J) Y I —iVe(z2)J). '

The function Vg(z) defined by (2.7) is called the impedance function of an L-
system O of the form (2.3). It was shown in [14] that the class N(R) of all Herglotz-
Nevanlinna functions in a finite-dimensional Hilbert space F that can be realized as
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impedance functions of an L-system is described by conditions (1.7). In particular,
the following theorem [3], [14] takes place.

Theorem 2.4. Let © be an L-system of the form (2.3). Then the impedance function
Vo(z) of the form (2.7) belongs to the class N(R).

Conversely, let an operator-valued function V(z) belong to the class N(R).
Then V(z) can be realized as the impedance function of an L-system © of the form
(2.3) with a preassigned direction operator J for which I + iV (—i)J is invertible.

We will heavily rely on Theorem 2.4 in the last two sections of the present paper.

3. The Friedrichs and Krein-von Neumann extensions

We recall that a symmetric operator B is called non-negative if

(Bf.f) 20, Vf e Dom(B).
Let B be a closed densely defined non-negative operator a Hilbert space H and let
B* be its adjoint. Consider the sesquilinear form 75(f, g] = (Bf,g), f,g € Dom(B).

A sequence {f,} C Dom(B) is called 7;-converging to the vector v € H if

lim f, =u and lim 73(fn — fm] =0.
n—o00 n,m—00

The form 75 is closable [24], i.e., there exists a minimal closed extension (the

closure) of 7. Following the M. Krein notations we denote by B[, -] the closure of

75 and by D[B] its domain. By definition Blu] = Blu, u] for all u € D[B]. Because

Blu,v] is closed, it possesses the property: if

lim u, =« and lim Blu, — um,] =0,
n—oo n,m—00

then lim Blu — u,] = 0. The Friedrichs extension By of B is defined as a non-
n—oo

negative self-adjoint operator associated with the form B [-,-] by the First Repre-
sentation Theorem [24]:

(Bpu,v) = Blu,v] forall ue€ Dom(Bp) and forall ve D[B].
It follows that
Dom(Br) = D[B] N Dom(B*), Br = B*|Dom(Br).

The Friedrichs extension Bp is a unique non-negative self-adjoint extension having

the domain in D[B]. Notice that by the Second Representation Theorem [24] one
has

D[B] = D[Br| = Dom(B}/?), Blu,v] = (B} *u, By/*v), u,v € D[B].

Let B be a non-negative closed densely defined symmetric operator. Consider the
family of symmetric contractions

A = (aI — B)(aI + B)™!, a >0,
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defined on Dom(A(®) = (aI+ B)Dom(B). Notice that the orthogonal complement
M@ = H & Dom(A) coincides with the defect subspace M_, of the operator B.
Let A= A®M and let b= (1 —a)(a+1)"". Then b € (—1,1) and
AW = (A —bI)(I —bA)L.
Clearly, there is a one-one correspondence given by the Cayley transform
B=a(l — AT+ A=t A — (o] — B)(al + B)™*,

between all non-negative self-adjoint extensions B of the operator B and all self-
adjoint contractive (sc) extensions A(® of A(*). As was established by M. Krein in
[25], [26] the set of all sc-extensions of A forms an operator interval [A,,, Aar]. Fol-
lowing M. Krein’s notations we call the extreme contractive self-adjoint extensions
A, and Ajps of a symmetric contraction A by the rigid and the soft extensions,

respectively. The next result describe the sesquilinear form Blu,v] by means the
fractional-linear transformation A = (I — B)(I + B)™'.

Proposition 3.1.

(1) Let B be a non-negative self-adjoint operator and let A = (I — B)(I + B)~!

be its Cayley transform. Then
D[B] = Ran((I + A)'/?),

Blu,v] = —(u,v) + 2 ((I + A)~2u, (I + A)~2v), w,v € D[B]. (3.1)

(2) Let B be a closed densely defined non-negative symmetric operator and let

B be its non-negative self-adjoint extension. If A= (I — B)(I + B)™!, A=

(I — B)(I + B)™1, then

D[B] = Ran(I + A,)Y/? + Ran(A — A,)Y/2. (3.2)
Proof. (1). Since B = (I — A)(I + A)~!, one obtains with f = (I + A)h,
Blf] = (I = Ah, (I + A)h) = || (I + A)h|* + 2[|(I + A)'/2h]|?
= —[IFIP + 21T + A) 2 £,
Now the closure procedure leads to (3.1).

(2) Since A is a sc-extension of A, we get A, < A < Ap. Hence I + A =
I+A,+(A—-A,). Because I + A, and A — A,, are non-negative self-adjoint
operators, we get the equality [21]:

Ran((I 4+ A)Y/?) = Ran((I + A,)'/?) + Ran((A — 4,)'/?).
Since Ran((I+A4,,)"/2)N9 = {0}, where Nt = HSDom(A), and Ran(A—A4,,) C N,
we get Ran((I + A,)'/?) NRan((A — A,,)'/?) = {0}. Then we arrive to (3.2). O

We note that Ran(B'/2) = Ran((I — A)'/?). Now let A,, and Ay be the rigid
and the soft extensions of A. Then the operators
Br=(I-A)I+A,)", (3.3)

and
B = (I — Ap)(I+ Ap)™ Y, (3.4)
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are non-negative self-adjoint extensions of B. It also follows (see [25], [26]) that
Br =a(l — AW)I +A®), By =a(l - A1+ A
Since, the operators A,(f) and AS\Z) posses the properties
Ran((I + A®)Y2) N M_, = Ran((I — A{Y)/?)n<_, = {0},
we get the following result [25].

Proposition 3.2. Let B be a non-negative self-adjoint extension of B and let E(\)
be its resolution of identity. Then
1. B = Bp if and only if at least for one a > 0 (then for all a > 0) the relation

//\(dE(A)sa,w) = +o0, (3.5)
0

holds for each ¢ € M_, \ {0};
2. B = By if and only if at least for one a > 0 (then for all a > 0) the relation

/(dE(A/\)WP) = 400, (3.6)
0

holds for each ¢ € M_, \ {0}.

The self-adjoint extension B given by (3.3) coincides [25] with the Fried-
richs extension of B. In the sequel we will call the operator Bg defined in (3.4)
by the Krein-von Neumann extension of B.

4. Bi-extensions of non-negative symmetric operators

First we consider the case of bounded non-densely defined non-negative symmetric
operator B.

Theorem 4.1. Let B be a bounded non-densely defined non-negative symmetric

operator in a Hilbert space H, Dom(B) = Ho. Let B* € [H,Ho| be the adjoint of

B. Put By = Py, B, £ = H © Ho, where Py, is an orthogonal projection in H

onto Ho. Then the following statements are equivalent:

(i) B admits bounded non-negative self-adjoint extensions in H;

IBfI?
rero (B, f)

(ili) B*€ C Ran(By?).

< ooy

Proof. Since (Bf, f) = ||Bé/2f||27 f € Ho, and
B* = BOPHO + B*P,g,
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conditions (i) and (ii) are equivalent due to the Douglas Theorem [19]. Suppose B
admits a bounded non-negative self-adjoint extension B. Then for f € H, one has

IBfIP = ||BfI[> = |1 BY*BY2 |1 < [|B2|]*||BY* £
51/2
= [|B22(Bf, ) = |BY2|X(BF, ) = |BY2|I|By* 112
It follows that statement (ii) holds true.
Now suppose that (iii) is fulfilled. Then the operator Lo := Béﬁl/Q]B* [ £ is

bounded, where B([)_l/ %l is the Moore-Penrose inverse to Bé/ ®. Let L} € [Ho, £] be
the adjoint to Lg. Set

By = BPy, + (B* + L{Lo)Pe. (4.1)

Then By is bounded extension of B in . Let Pg be the orthogonal projection
operator in H onto £. For h € H we have

(Boh, h) = (BPyyh + (B* + LjLo) Peh, Pyyh + Pgh)
= || BY2 Py, h||? + || LoPeh|? + 2Re (Py, h, B* Pah)
= || BY2 Py, h||2 + || LoPeh|® + 2Re (By/? Py, b, BS /2 B* Pah)
— ||By/* Pyyh + LoPeh||.

Thus, By is non-negative bounded self-adjoint extension of B. Therefore (i) is
equivalent to (iii). O

Remark 4.2. Tt is easy to see that the conditions
I1BfI?

sup
f€7'l0 (B f»f) . .
2. there exists ¢ > 0 such that |(Bf, )2 < C(Bf,f)||g||2, J €Ho,gEH,
3. there exists ¢ > 0 such that [(Bf,g)|?> <c(Bf, f)llg||?, f € Ho,g€ L

are equivalent.

< 00,

Now we consider semi-bounded (in particular non-negative) symmetric den-
sely defined operators A,

(Az,z) > m(z,z), z € Dom(A).

According to the classical von Neumann’s theorem there exists a self-adjoint ex-
tension A of A with an arbitrary close to m lower bound. It was shown later by
Friedrichs that operator A actually admits a self-adjoint extension with the same
lower bound. In this section we are going to show that for the case of a self-adjoint
bi-extension of A the analogue of von Neumann’s theorem is true while the ana-
logue of the Friedrichs theorem, generally speaking, does not take place.

Theorem 4.3. Let A be a semi-bounded operator with a lower bound m and A be
its symmetric extension with the same lower bound. Then A admits a self-adjoint
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bi-extension A with the same lower bound and containing A (A D A) if and only
if there exists a number k > 0 such that

(A—mD)f,1)|" < k(A —mDf, f) [HIP (4.2)

for all f € Dom(A), h € Hy.

Proof. Let Hy C H C H_ be the rigged triplet generated by A and R be a
Riesz-Berezansky operator corresponding to this triplet. In the Hilbert space H
consider the operator

B :=R(A—mlI), Dom(B)=Dom(A).

Then (Bf, f)4+ = ((Af —mlI)f, f) > 0 for all f € Dom(B). Observe that A is a

self-adjoint bi-extension of A containing A if and only if the operator B := RA is

a (+)-bounded and (4)-self-adjoint extension of the operator B in H_ . It follows

from Theorem 4.1 and Remark 4.2 that the operator B admits (4)-non-negative

bounded self-adjoint extension in H, if and only if there exists £ > 0 such that
|(Bf. R+ < KBS, )4]kI%, f € Dom(B), h € Ay

This is equivalent to (4.2) O

Remark 4.2 yields that if A has at least one self-adjoint bi-extension A con-
taining A with the same lower bound, then it has infinitely many of such bi-
extensions.

Corollary 4.4. Inequalities (4.2) take place if and only if there exists a constant
C > 0 such that

(A =mD)f,00)* < CUA=mI)f, ) | wall?, (4.3)
for all f € Dom(A) and all ¢, such that (A* — (m — a)I)p, =0, (a > 0).
Proof. Suppose (4.2). Then for h = ¢, € ker(A* — (m — a)I)) we have (4.3). Now
let us show that (4.2) follows from (4.3). It is known that there exists a self-adjoint

extension A of A (for instance, the Friedrichs extension of A) with the lower bound
m. If X\ is a regular point for A, then

H4+ = Dom(A) + N,. (4.4)
Indeed, if f € Hy = Dom(A*), then there exists an element g € Dom(A) such
that (A* — AI)f = (A — AI)g. This implies (A* — AI)(f — g) = 0 and hence
(f—g) € My for any f € H4 and g € Dom(A), which confirms (4.4). Further,
applying Cauchy-Schwartz inequality we obtain

(A=mI)f,g)* < (A—mI)f, f)((A—mlI)g,g)
< C((A—mI)f, NHlglZ,

for f € Dom(A) and g € Dom(A). Clearly, all the points of the form (m — a),
(a > 0) are regular points for A and the points of a regular type for A. Thus (4.4)

(4.5)
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implies

H4+ = Dom(A) + Nypp—q. (4.6)
Let h € H4 be an arbitrary vector. Applying (4.6) we get h = g + t,, where
g € Dom(A) and 9, € Ny—q. Adding up inequalities (4.3) and (4.5) and taking
into account that the norms ||-|| and ||-||+ are equivalent on M,,_, we get (4.2). O

The following theorem is the analogue of the classical von Neumann’s result.

Theorem 4.5. Let & be an arbitrary small positive number and A be a semi-bounded
operator with the lower bound m. Then there exist infinitely many semi-bounded
self-adjoint bi-extensions with the lower bound (m — ).

Proof. First we show that the inequality
(A= (m=e))f.9)* < k(A ~ (m =)D, gl

takes place for all f € Dom(A), g € M, and k > 0. Indeed,
(A= (m = o)D) f,9)| = |(f, (A" = (m — e)g)|
<|(f, A" g)l+m—el-|(f, )| < IfII- 1A gl + [m — el - I £ - llg]]

1 . m — € .
< G- onf ) Plall+ ™ (G o0 - ng 0l
1+|lm—e¢ .
= A G = - ons il
The statement of the theorem follows from Theorem 4.3 and Remark 4.2. O

Theorem 4.6. A non-negative densely-defined operator A admits a non-negative
self-adjoint bi-extension if and only if the Friedrichs and Krein-von Neumann ex-
tensions of A are transversal.

Proof. Tt was shown in [28] (see also [12]) that the Friedrichs and Krein-von Neu-
mann extensions are transversal if and only if

Dom(A*) C D[Ag]. (4.7)

Suppose that the Friedrichs extension Ar and the Krein-von Neumann extension
Af of the operator A are transversal. Then the inclusion (4.7) holds. This means
that Hy C Dom(A}(/Q). Since ||h||+ > [|h]| for all h € H,, and A%Q is closed in

‘H, the closed graph theorem yields now that A%Q € [H4,H], i.e., there exists a
number ¢ > 0 such that
1/2
1AK% ull” = Axc[u] < elfull%-
It follows that the sesquilinear form Ag[u,v] = (A}(/zu,A}(/zv), u,v € Hy is
bounded on H,. Therefore, by Riesz theorem, there exists an operator Ax €
[H,H_] such that

(Agu,v) = Aglu,v], u,v € Hy, u€ Hy.
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Due to Ag[u] > 0 for all u € D[Ag], the operator Ax is non-negative. Since
(Agu,v) = Ag[u,v] for all u € Dom(Ag) and all v € D[Ak], we get

(Agu,v) = (Axu,v), u € Dom(Ag), v e Hy.
Hence A D Ak, i.e., Ak is t-self-adjoint bi-extension of A with quasi-kernel Ay .

Conversely, let A admits a non-negative self-adjoint bi-extension. Then from
Theorem 4.3 we get the equality

((Af, R)[> < k(AF, £)IIR]1Z,

for all f € Dom(A) and all h € Hy = Dom(A*), and some k > 0. Applying the
theorem by T. Ando and K. Nishio [2] (see also [12]) we get that Hy C D[Ak].
Now (4.7) yields that Ar and Ak are transversal. O

Corollary 4.7. If a non-negative densely-defined symmetric operator A admits
a non-negative self-adjoint bi-extension, then it also admits a non-negative self-
adjoint bi-extension A with quasi-kernel Ak .

It follows from Theorem 4.6 that if Ax = Ap, then the operator A does
not admit non-negative self-adjoint bi-extensions. Consequently, in this case the
analogue of the Friedrichs theorem is not true. The following theorem provides a
criterion on when the analogue of the Friedrichs theorem does take place.

Theorem 4.8. A non-negative densely-defined symmetric operator A admits a non-
negative self-adjoint bi-extensions if and only if

/ td(E(t)h,h) <oo forall heMN_,, a>0, (4.8)
0

where E(t) is a spectral function of the Krein-von Neumann extension Ax of A.
Proof. The inequality (4.8) is equivalent to the inclusion

M_, C Dom(A}?) = D[Ag].
Since —a is a regular point of Ay, the direct decomposition

Dom(A*) = Dom(Ag)+N_,

holds. So, from (4.7) we get that (4.8) is equivalent to transversality of Ar and
Agk. The latter is equivalent to existence of non-negative self-adjoint bi-extension
of A (see Theorem 4.6). O

Observe, that since D1_,, is a subspace in H, Ak is closed in H, condition (4.8)
is equivalent to the following: there exists a positive number k& > 0, depending on
a, such that

/ td(E(t)h,h) < k[|h||?, Yh€MN_4, a > 0. (4.9)
0
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On the other hand, (4.8) is equivalent (see proof of Theorem 4.6) to the existence
of k > 0 such that

| ra®ws.n <kinE. Ve e Do),

5. Accretive bi-extensions

Let A be a densely defined and closed non-negative symmetric operator. In this
section we will study the existence of accretive (x)-extensions of a given maximal

accretive operator T' € A(A).
Theorem 5.1. If A is a quasi-self-adjoint bi-extension of T € Q(A) generated by A

via (2.1), then for all ¢ = h+ f € Hy, h € Dom(T), and f € Dom(A) we have
(Ag, @) = (Th,h) + (Af, f) + 2Re (T, f). (5.1)
Proof. Let A = A* — R~YA*(I — P, ;) according to (2.1). Note that for any

f € Dom(A) we have that Py ;f € Dom(A) and hence

(Praf,Th) = (APp4f,h),
for any h € Dom(T"). Besides,

(R—lA*(I — P g) =0, Vf,geDom(A).

Indeed, since Dom(A) = Dom(A) @& (U + I)MN;, where U is a unitary operator from
N, onto N_;, we have (I — Py ;)f = (I +U)p, for ¢ € N;, and

AL =Ppp)f =il - U)g.

Moreover, from the (4)-orthogonality of (U + INN; and (U — I)91; we obtain the
desired equation. Further,

(A, ¢) = (Th+ Af —RTAI =P 1) f, h+ f)
= (Th,h)+ (Af, f) + (Th, f) — (A(I = Pp4)f, h)+ + (Af, h),

and
(A(I = Pra)fih)y = (AL = Ppa)fh) = (I = Ppa)f, Th)
= (Af,h) = (APpzf,h) = (f,Th) + (Pr4f, Th)
= (Af,h) = (f,Th).
Consequently, (A¢, ¢) = (Th,h) + (Af, f) + 2Re (Th, f). O

Corollary 5.2. Let T be a quasi-self-adjoint mazimal accretive extension of A. As-
sume that A € [Hy,H_] is given by (2.1) and generated by a self-adjoint extension
A transversal to T'. Then A is accretive if and only if the form

Re (Th,h) + (Ag, g) +2Re (Th, g), (5.2)
is non-negative for all h € Dom(T') and g € Dom(A).
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By Z(A) we denote the set of all maximal accretive quasi-self-adjoint ex-
tensions of the operator A. In particular, the class Z(A) contains all nonnegative
self-adjoint extensions of A. It follows from Lemma 5.2 that if T € Z(A) and if

A € [H4,H4] of the form (2.1) is accretive, then A € Z(A). On the class Z(A) we
define Cayley transform given by the formula

KT)=I-T)I+T)™', TeZA). (5.3)

This Cayley transform sets one-to-one correspondence between the class Z(A) and
the set of quasi-self-adjoint contractive (gsc) extensions of a symmetric contraction

S=T—-A)I+A)7",

defined on a subspace Dom(S) = (I + A)Dom(A), i.e., both Q and Q* are exten-
sions of S and ||Q|| < 1. Put

N = H © Dom(S). (5.4)
Notice that 91 = 9M_; = ker(A* + I) (the deficiency subspace of A).
Let S, = K(Ap) and Sy = K(Ak). It was shown in [7], [8], [10] that

Q € [H,H] is a gsc-extension of a symmetric contraction S if and only if it can be
represented in the form

1 1
Q = 2(SM + Su) + 2(SM - Su)1/2X(SM - Su)1/2» (5-5>

where X is a contraction in the subspace Ran(Sy — S,) € M.
Clearly, if X is a self-adjoint contraction, then (5.5) provides a description of
all sc-extensions of a symmetric contraction S.

Lemma 5.3.
1) The class Z(A) contains mutually transversal operators if and only if Ap and
Ag are mutually transversal.

2) Let Th and Ty belong to Z(A). Then Th and Ts are mutually transversal if
and only if

(K(T1) — K(T2))M =M.
Proof. Tt follows from (5.5) that

K(T) = K(T2) = (Sar = 5,020 = Xa)(Sar — 5,072

where X;, (I = 1,2) are the corresponding to T; contractions in Ran(Sas — S,.).
Relation (5.3) yields

K(T) - K(T)=2(I+T)"'—(I+Tx)™").
Thus

1
I+T)™ = (T+T) ™ = (Sn = 8)"* (X1 = X)(Sur = 5,)')%.
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Furthermore, using [35] we get that
(T+T) ' =T +To) )Ny =N,
Ran(Syr — Sp,) = Ran(Sy — Sp) =N =N_4,
{ Ran(X; — X2)01 = 9. 0

In what follows we assume that Ax and Ap are mutually transversal. Let A;

and Ay be two mutually transversal operators from Z(A). Consider a form defined
on Dom(A4;) x Dom(As) as follows

B(f1, f2) = (A1f1, f1) + (A2 fa, f2) + 2Re (A1 f1, f2), (5.6)
where f; € Dom(4;), (I =1,2). Let

o = ;(IJFAl)fz, Sy = ;(I* A fi,

be the Cayley transform of A; for { = 1,2. Then
fi=T+8S)o,  Afi=I-S)¢, (1=1,2). (5.7)
Substituting (5.7) into (5.6) we obtain a form defined on H x H
B(¢1,62) = [|p1 + ¢2|> — [[S1¢1 + Sa202|1> — 2Re ((S1 — S2)o1, ¢2) -

Let us set
F= ;(51 -82), G= ;(51 +52), wu= ;(@51 +¢2), v= ;(@51 —¢2). (5.8)

Then B(¢1, ¢2) = 4H (u,v) where
H(u,v) = ||u||* 4+ (Fv,v) — (Fu,u) — | Fv + Gul]?. (5.9)
Moreover, F'4+ G are contractive operators. From the above reasoning we conclude

that non-negativity of the form B(f1, f2) on Dom(A4;) x Dom(As) is equivalent to
non-negativity of the form H(u,v) on H x H.

Lemma 5.4. The form H(u,v) in (5.9) is non-negative for all u,v € H if and only
if operator F defined in (5.8) is non-negative.

Proof. If H(u,v) > 0 for all u,v € H then H(0,v) > 0 for all v € H. Hence
(Fv,v) > ||[Fv||? >0, ie., F >0.

Conversely, let F' > 0. Since both operators F' + G are self-adjoint contrac-
tions, then —1 < F+ G < T and —I < F — G < I. This implies —(I — F) < G <
I — F, and thus

G=(I-F)2X(I-F)"? (5.10)
where X is a self-adjoint contraction. Then (5.10) yields that for all u,v € H
| Fv+ Gul| = ||Fv|]* + |Gul|* + 2Re (Fv, Gu)

< ||Fv|)? + ((I ~F)X(I - F)Y2u, X (I - F)Wu)

+2 ’(F(I ~P)MY2X(I— F)1/2u,v>‘
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= ||Fo|? + || X (I — F)"?u|)® = (FX (I — F)Y?u, X (I — F)"/?u)
+2 '(FX(I — F)Y2, (I - F)l/%) ‘

<|[Full? + |1 X (1 = F)Y2ul> = (FX (I — F)"?u, X(I = F)"/?u)
+ (FX(I — F)"2u, X (I = F)Y?u) 4+ (F(I — F)Y?v, (I — F)/?v)
= | Foll? + | X (I = F)"?u|)? + (Fv,v) — || Fol|?

< (Fu,v) + |Jul|? = (Fu,u).

Therefore, for all u,v € H

H(u,v) = ||lul|®> = (Fu,u) + (Fv,v) — || Fv + Gul||* > 0.

The lemma is proved. (]

Theorem 5.5. Let A = A* — R™TA*(I — P, ) be a self-adjoint (x)-extension of a

non-negative symmetric operator A, with a self- adjoint quasi-kernel Ae= (A), and
generated (via (2.1)) by a self-adjoint extension A. Then the following statements
are equivalent

(1) A is non-negative

i) K(A)) I N, (where N is defined by (5.4)) is positively defined,
)

v)

( +0H) 1> (A+ )7, and A is transversal to A,
< A and A is transversal to A.

A

11

(iii
(i

Proof. Let (Af, f) > 0 for all f € H. Then due to (5.1) and Corollary 5.2 we
have that the form

B(g,h) = (Ag, h) + (Ah, g) + 2Re (Ag, h), (g € Dom(A), h € Dom(A)),
is non-negative on Dom(A) x Dom(A). Consequently, the form H(u,v) given by

(5.9) is non-negative for all u,v € H where

P ; (K(4) - K(4)) and @ = ; (K(A) + K (4)).

Using Lemma 5.4 we conclude that F'[9T > 0 and applying Lemma 5.3 yields
F91 = 9. This proves that (i) = (ii). The implication (ii) = (i) can be shown by
reversing the argument. Since

K(A) = -T+2A4+1)7', K(A)=-T+2(A+1)""
we get that (ii) <= (iii). Applying inequalities from [24] yields that (iii) <
(iv). O

Theorem 5.6. A self-adjoint operator A € Z(A) admits non-negative (x)-extensions
if and only if A is transversal to Ap.
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Proof. If A is transversal to Ap, then (K(fl) - K(AF)) [ 9N is positively defined.
Applying Theorem 5.5 we obtain that

A=A —RTA(I -Py,.),
is a non-negative (x)-extension.
Conversely, if A = A* — R7TA*(I — P;,) is a (x)-extension of A, then via
Theorem 5.5 we get that (K(/l) - K(A)) [ 91 is positively defined. But then due

to the chain of inequalities

K(A) > K(A) = K(AF),

the operator (K(/l) *K(AF)) [91 is positively defined as well. According to

Lemma 5.3 A is transversal A - O

We note that if A is a self-adjoint extension of A, then all self-adjoint (%)-
extensions of A coincide with t-self-adjoint bi-extensions of A with the quasi-kernel
A. Consequently, Theorem 5.6 gives the criterion of the existence of a non-negative
t-self-adjoint bi-extension of A and hence provides the conditions when Friedrichs
theorem for t-self-adjoint bi-extensions is true.

Now we focus on non-self-adjoint accretive (x)-extensions of operator T' € Z(A).

Lemma 5.7. Let A be a (x)-extensions of operator T € E(A) generated by an
operator A € Z(A). Then the quasi-kernel A of the operator Re A is defined by the
formula

F=@+Dg+ 5+ D@ ~9)7Q- Q).
Af=(T=Qu+ ,(T=9)Q -5 Q- Q.
where g € H, Q= K(T), Q* = K(T*), and S = K(A).

(5.11)

Proof. Let A = A* — R™VA*(I — Pra) (of the form (2.1)) be a (¥)-extensions of
operator T' generated by a self-adjoint extension A. Let

Dom(A) = Dom(A) & (U + )N,

where U € [D;,M_;] is a unitary mapping. Suppose f € Dom(A), where A is a
quasi-kernel of Re A. Due to the transversality of 7% and A and T and A we have

f=u+ U+, f=v+ U+,
where v € Dom(T'), v € Dom(T™), and ¢, ¢ € N;. Also

Af =Tu+ A*U+T)p — iR —U)g,

A f =T+ AU+ T — iR I — U,
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and
Af = J(af+4%)
= ; (Tu—i—T*v—i—A*(U—i—I)go+A*(U+I)w —m*la—uxwzp)).

Since flf € H, then ¢ = — and hence any vector f € Dom(A) is uniquely
represented in the form

f=u+¢, wuweDom(T), ¢c U+ 1N,

or in the form f = v — ¢, v € Dom(T*). By (2.1) (see also [11]) A is transversal
to A and

ReA = A" —R NI - P;,).

Thus M 4 + U + I)M; = M, where M ; = Dom(A) © Dom(A). It follows from

Mr + U+ 1M, =M, where My = Dom(T') © Dom(A4),
that P, ,9M7 = M ; and hence for any u € Dom(T') there exists a ¢ € (U + I)N;

and f € Dom(A) such that f = u + ¢. Similarly, for any v € Dom(T) there exists

a¢e (U+IM and f € Dom(A) such that f = u — ¢. Since
Dom(T) = (I + Q)H, Dom(T") = (I + Q*}H, Dom(A) = (I + S)H,

and

Q[ Dom(S) = Q*] Dom(S) = S| Dom(S),

we conclude that for any f € Dom(A) there are uniquely defined g¢,g. € H and
h € 9 such that

f=@Q+Dg+(S+Dh, f=(Q" +1)g«—(S+1I)h. (5.12)

Conversely, for every g € H (respectively, g. € H) there are g. € H (respectively,
g € H) and h € N, such that (5.12) holds with f € Dom(A). Since A*(Q + I)g =
(I—Q)g, A*(I+Q*)g. = (I — Q*)g., and A*(I + S)h = (I — S)h, then

Af=(I-Q)g+(I-8)h, Af=(1-Q%)g.— (I—S)h. (5.13)
From (5.12) and (5.13) we have 2h = g, — ¢g and 25h = Q*¢g. — g, which implies
2Q"=S5)h=(Q@-Q)g. (5.14)

Since T™* and A are mutually transversal, according to Lemma 5.3 (Q* — S)| N is

an isomorphism on 9. Then (5.14) implies
1 * — *
=@ =8 @Q- Q. (5.15)

Substituting (5.15) into (5.12) and (5.13) we obtain (5.11). O
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Lemma 5.8. Let T € Z(A) and A € Z(A) be a transversal to T' self-adjoint opera-
tor. If the operator

[K(T) + K(T") = 2K(A)]I1 N,
is an isomorphism of the space M (defined in (5.4)), then the quasi-kernel A of
the real part of the operator A = A* — R™LA*(I — Pra) is a Cayley transform of
the operator
§=5+(Q-S5)ReQ-9)7HQ" - 9),
where S = K(A) and Re Q = (1/2)[K(T) + K(T™)].
Proof. Let A = A* —R-VA*(I —Pra). Then by the virtue of Lemma 5.7, formula

(5.11) defines the quasi-kernel A of the operator Re A. It also follows from (5.11)
that

f+Af=29+(Q -9 Q- Q).

Let Py and Pg denote the orthoprojection operators in H according to (5.4) onto

N and Dom(.S), respectively. Then
20+ (Q" —9)7HQ - Q)9 =2Psg + (Q" — )71 (2Q" — 25+ Q — Q") Pnyg
=2Pgg+2(Q" — 5) ' (ReQ — S) Py,
and R
(I+A)f=2P;g+2(Q" —S5) "(Re@ — S)Pny. (5.16)
From the statement of the lemma we have that (Re @ — .S)[ 91 is an isomorphism
of the space M. Hence, (5.16) Ran(I + A) = H and the Cayley transform is well
defined for A. Let
S=(T-A)T+A)"

It follows from (5.11) that

(S+D¢=(@Q+Dg+3(S+DQ" -9 HQ-Qg,

(I=8¢=(I-Qg+;(I-9)Q -9 HQ-Qy.
Therefore,

¢=g+,(Q —8) Q- Qg
S¢ = Qg+ 35(Q" —5)"1(Q—-Q")g.

and hence

$¢ =86+ (Q— 5)Png,
¢ =Pgg+(Q" = 5) ' (ReQ — S)Png.
Using the second half of (5.17) we have
Png = (ReQ — 8)71(Q" — S)Pno. (5.18)
Substituting, (5.18) into the first part of (5.17) we obtain
S¢ =S¢+ (Q - S)(ReQ — 5)~1(Q" — 5)9,

which proves the lemma. O

(5.17)
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Let T € Z(A). By the class 247 we denote the set of all non-negative self-
adjoint operators A D A satisfying the following conditions:
1. [K(T) + K(T*) — 2K(A)]| M is a non-negative operator in M, where N is
defined in (5.4);
2. K(A)+2[K(T)-K(A)[K(T)+K(T*)-2K (A) 7 [K(T*)-K(A)] < K(Ak).!

Theorem 5.9. A (x)-extension of operator T € E(A)
A=A —RTA(I - Pra),
generated by a self-adjoint operator A D A is accretive if and only if A € Ear.

Proof. We prove the necessity part first. Let A = A* — R™1A*(I — Pry4) be an
accretive (x)-extension, then Re A is a non-negative (x)-extension of the quasi-
kernel A € Z(A). But according to Lemma 5.7 A is defined by formulas (5.11).
Since (—1) is a regular point of operator A, then (5.16) implies that the operator

1

(Re@ —5)[N = [K(T) + K(T") — 2K (A)] 19,

is an isomorphism of the space M. According to Lemma 5.8 we have
K(A) = K(A) + 2[K(T) — K(A)[K(T) + K(T*) = 2K (A)] " [K(T*) = K(A)].

Since K (A) is a self-adjoint contractive extension of S, then K (A) < K (Ag). Also,
since Re A is generated by A and ReA > 0, then by Theorem 5.5 the operator
[K(A) — K(A)]] 91 is non-negative. Consequently, the operator [K(T) + K(T*) —
2K (A)[ D is non-negative as well and we conclude that A € 4.

Now we prove sufficiency. Let A € Z47, then by Lemma 5.8, A is a Cayley
transform of a self-adjoint extension S of the operator S. Since

[S = 8]0 = [K(A) - K(A)1 7,
is a non-negative operator, then due to Theorem 5.5 the operator Re A is a non-
negative (x)-extension of A. That is why A is an accretive (*)-extension of opera-
tor 7T'. (|

Theorem 5.10. An operator T € Z(A) admits accretive (x)-extensions if and only
if T is transversal to Ap.

Proof. If T admits accretive (x)-extensions, then the class Z 1 is non-empty, i.e.,
there exists a self-adjoint operator A € Z(A) such that the operator

[(K(T) + K(T™) = 2K (A)]I' N,
is non-negative. But then [(K(T) + K (T™*) — 2K (Ar)]] 91 is non-negative as well.

This yields that [K(T) — K(Ap)]] 2 is an isomorphism of 91. Then by Lemma 5.3
T and Ap are mutually transversal. This proves the necessity.

'When we write [K(T) + K(T*) — 2K (A)]~! we mean the operator inverse to [K(T) + K(T*) —
2K(A)]IM
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Now let us assume that 7' and Ap are mutually transversal. We will show
that in this case Ap € Eqr. By Lemma 5.3, [K(T) — K (Ap)][ 2 is an isomorphism
of the space M. Then using formula (5.5) we have

1 1
K(T) = Q= ,(Sn+5u) + 5 (Sn = 8)" 2 X (S = 5,)'7,
where X € [N, 9] is a contraction. Furthermore,
1
(@ — Su)[’ﬁ = 2(SM - S#)I/Q(X +1)(Sm — Su)l/Qrm-

Thus, X + I is an isomorphism of the space 91. Moreover, Re X + I > 0 and for
every f € M

(ReX +1)f, f) = ; (AP = IX A + 11X+ D FI) - (5.19)

But since [[(X + I)f||? > a||f||?, where a > 0, f € 9, we have
(ReX +D)f, f) = bl fII”,  (b>0).

Hence, Re X + I is a non-negative operator implying that
/(KT + K(T) = KA R = (S — 5,0 (Re X + 1)(Sar — 5,021
is non-negative too. Also (5.19) implies
ReX +1> ;(X* + (X +1).
It is easy to see then that (Re X + I)~! < 2(X + I)~}(X* + I)~!. Therefore,

;(X+I)(ReX+I)’1(X* +I)<1I. (5.20)

Now, since
K(Ap) +2[K(T) = K(A)[K(T) + K(T*) = 2K (A)] 7 [K(T”) - K(A)]

=S, + (Su—S)YHX +D(Re X + 1)1 (X" +1)(Sar — Su)?,

1
2
then applying (5.20) we obtain

K(Ap) +2[K(T) = K(A)][K(T) + K(T*) = 2K (A)] 7 [K (T*) - K(A)] < K(Axk).
Thus, Ar belongs to the class 247 and applying theorem (5.9) we conclude that
A= A* —R1A*(I — Par) is an accretive (x)-extension of 7. O

A gsc-extension
1 1
Q= 9 (Sm + Su) + 2(SM - Su>1/2X(SM - Su>1/2

is called extremal if X is isometry.

Theorem 5.11. Let T € Z(A) be transversal to Ap. Then the accretive (x)-extension
A of T generated by Ap has a property that Re A D Ak if and only if T' and T~
are extremal extensions of A.
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Proof. Suppose Re A D A and Re A = A* — R~YA*(I — Pra,). Then by Lemma
5.8 we have
Su =5+ (Q—5u)(Re@ — Su)_l(Q* = Sp)-
Thus,
(X +D(ReX + 1) HX*+1) =21, (5.21)
where ) 1
Q=K(T) =, (Sar +Su) + , (Swr — Su)Y2X (Sar — Su)Y2.

It is easy to see that

(X*4+DRe X+ DM X+1) =X +D(Re X +1)"1(X* +1). (5.22)
Then it follows from (5.21) and (5.22) that

X' X=XX*=1,

Le., X is a unitary operator in 91. Then both operators T" and T™ are extremal

m~accretive extensions of A.
The second part of the theorem is proved by reversing the argument. O

6. Realization of Stieltjes functions

Definition 6.1. An operator-valued Herglotz-Nevanlinna function V' (z) in a finite-
dimensional Hilbert space E is called a Stieltjes function if V'(z) is holomorphic
in Ext[0, +00) and

Im[2V (z)]

Im z

> 0. (6.1)

Consequently, an operator-valued Herglotz-Nevanlinna function V' (2) is Stiel-
tjes if 2V (z) is also a Herglotz-Nevanlinna function. Applying the integral repre-
sentation (1.1) (see also [17]) for this case we get that

i (ZkV(Zk) — ZZV(ZI)

_ hkahl> >0, (6.2)
ZL — 21 E

k=1

for an arbitrary sequence {zx} (k =1,...,n) of (Im z; > 0) complex numbers and
a sequence of vectors {hy} in E.

Similar to (1.1) formula holds true for the case of a Stieltjes function. Indeed,
if V(z) is a Stieltjes operator-valued function, then

v =+ [, (63
0

where v > 0 and G(t) is a non-decreasing on [0, +00) operator-valued function

such that -
dG(t)h, h
/(GU’)E<m,h€E. (6.4)
14+t
0
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Theorem 6.2. Let © be an L-system of the form (2.3) with a densely defined non-
negative symmetric operator A. Then the impedance function Vo(z) defined by
(2.7) is a Stieltjes function if and only if the operator A of the L-system © is
accretive.

Proof. Let us assume first that A is an accretive operator, i.e., (ReAf, f) > 0, for
all f € Hy. Let {2} (k=1,...,n) be asequence of (Im z; > 0) complex numbers
and hy be a sequence of vectors in E. Let us denote

th = 6k» gk = (ReA — ZkI 5k, g = ng (6.5)
Since (Re Ag, g) > 0, we have

> (ReAgy, i) > 0. (6.6)
k=1

By formal calculations one can have (Re A)gy = 05, + zx(Re A — 2,1) 16y, and
Z (ReAgk,gl = Z 6k; ReAleI) (Sl)
k=1 k,i=1

( (RGA — Zkl)715k, (RGA — Zkl)715l)} .
Using obvious equalities
((RGA - Zkf)_lth, Khl) = (V(_)(Zk)hk, hl)E

and

(ReA — 5I) " (Re A — 2 I) " Khy, Khy) = (V@(Z’“) ~Vel@), hl) ,
2k — 2l E

we obtain

” "\ (2 Vel(z) — ZVe(Z
Z (ReA)gr, g) = Y ( #Vo(zx) ! o l>hk,hl> >0, (6.7)
=1 E

2k — %,
k=1 k=<

which imphes that Vo (z) is a Stieltjes function.

Now we prove necessity. First we assume that Aisa prime operator?. Then
the equivalence of (6.7) and (6.6) implies that (ReAg,g) > 0 for any ¢ from
c.l.s.{M.}. It was shown in [11] that a symmetric operator A with the equal defi-
ciency indices is prime if and only if

c.ié.g. N, =H. (6.8)
Thus (ReAg, g) > 0 for any g € H, and therefore A is an accretive operator.

Now let us assume that A is not a prime operator. Then there exists a sub-
space H' C H on which A generates a self-adjoint operator A;. Let us denote by

2We call a closed linear operator in a Hilbert space H a prime operator if there is no non-trivial
reducing invariant subspace of H on which it induces a self-adjoint operator.
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Ag an operator induced by A on H° = H © H'. As it was shown shown in the
proof of Theorem 12 of [14] the decomposition

Hy=H, @HL, HI =Dom(A}), HL = Dom(4,), (6.9)
is (+)-orthogonal. Since A is a non-negative operator, then
(ReAg,g) = (A1g,9) = (Ag,g) >0, Vg€ M} = Dom(A).

On the other hand operator Ay is prime in H#° and hence c.é;g.‘ﬁg = H°, where
RZFZ

MY are the deficiency subspaces of the symmetric operator Ag in H°. Then the
equivalence of (6.7) and (6.6) again implies that (ReAg,g) > 0 for any g € HY.
Taking into account decomposition (6.9) we conclude that Re (Ag, g) > 0 holds for
all g € H4 and hence A is accretive. O

Now we define a class of realizable Stieltjes functions. At this point we need to
note that since Stieltjes functions form a subset of Herglotz-Nevanlinna functions,
then according to (1.7) and realization Theorems 8 and 9 of [14], we have that
the class of all realizable Stieltjes functions is a subclass of N(R). To see the
specifications of this class we recall that aside of the integral representation (6.3),
any Stieltjes function admits a representation (1.1). According to (1.7) a Herglotz-
Nevanlinna operator-function can be realized if and only if in the representation
(1.1) L=0 and

Qh = /_ :)O ) +t 1 AGOM, (6.10)
for all h € E such that
/OO (dG(t)h,h)g < 0. (6.11)
holds. Considering this we obtain
Q=)+ V(i) =7+ /M b dG(). (6.12)
2 o 1+t

Combining (6.10) and (6.12) we conclude that vh = 0 for all h € E such that
(6.11) holds.

Definition 6.3. An operator-valued Stieltjes function V(z) in a finite-dimensional
Hilbert space E belongs to the class S(R) if in the representation (6.3)

vh =0
for all h € E such that
/ (dG(t)h, h) < oo (6.13)
0
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We are going to focus though on the subclass So(R) of S(R) whose definition
is the following.

Definition 6.4. An operator-valued Stieltjes function V(z) in a finite-dimensional
Hilbert space E belongs to the class So(R) if in the representation (6.3) we have

/ (dG(t)h,h) g = oo, (6.14)
0
for all non-zero h € E.

An L-system O of the form (2.3) is called an accretive L-system if its operator
A is accretive. The following theorem is the direct realization theorem for the
functions of the class Sp(R).

Theorem 6.5. Let © be an accretive L-system of the form (2.3) with an invert-

ible channel operator K and a densely defined symmetric operator A. Then its
impedance function Vo (z) of the form (2.7) belongs to the class So(R).

Proof. Since our L-system O is accretive, then by Theorem 6.2, Vg (z) is a Stieltjes
function. Now let us show that Vg (z) belongs to So(R). It follows from Theorem

7 of [14] that By = K€, where £ = H © Dom(A) and
+oo
B = {h cE: / (dG(E)h, ) < oo}.
0
But Dom(A) = # and consequently £ = {0}. Next, E; = {0},

| actn me = .
0
for all non-zero h € F, and therefore Vg(z) € So(R). O

We can also state and prove the following inverse realization theorem for the
classes Sp(R).

Theorem 6.6. Let an operator-valued function V (z) belong to the class So(R). Then
V(z) can be realized as an impedance function of a minimal accretive L-system ©
of the form (2.3) with an invertible channel operator K, a densely defined non-
negative symmetric operator A, Dom(T) # Dom(T™*), and a preassigned direction
operator J for which I + iV (—i)J is invertible.

Proof. We have already noted that the class of Stieltjes function lies inside the
wider class of all Herglotz-Nevanlinna functions. Thus all we actually have to show
is that Sp(R) C No(R), where the subclass No(R) was defined in [16], and that the
realizing L-system in the proof of Theorem 11 of [16] appears to be an accretive
L-system. The former is rather obvious and follows directly from the definition of
the class So(R). To see that the realizing L-system is accretive we need to recall
that the model L-system O was constructed in the proof of Theorem 11 of [16] and

3Tt was shown in [14] that if J = I this invertibility condition is satisfied automatically.
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then it was shown that Vg (z) = V(z). But V(z) is a Stieltjes function and hence
so is Vo (z). Applying Theorem 6.2 yields the desired result. d

Let us define a subclass of the class So(R).

Definition 6.7. An operator-valued Stieltjes function V' (z) of the class Sy(R) is
said to be a member of the class S (R) if

/°° (dG(Ohh)e _ (615)

t b)
for all non-zero h € E.

Below we state and prove direct and inverse realization theorem for this
subclass.

Theorem 6.8. Let © be an accretive L-system of the form (2.3) with an invertible
channel operator K and a densely defined symmetric operator A. If the Krein-von
Neumann extension Ay is a quasi-kernel for Re A, then the impedance function
Vo (z) of the form (2.7) belongs to the class SE(R).

Conversely, if V(z) € SE(R), then it can be realized as the impedance func-
tion of an accretive L-system © of the form (2.3) with Re A containing Ak as
a quasi-kernel and a preassigned direction operator J for which I + iV (—i)J is
invertible.

Proof. We begin with the proof of the second part. First we use realization The-
orem 2.4 and Theorem 6.6 to construct a minimal model L-system © whose
impedance function is V(z). Then we will show that (6.15) is equivalent to the
fact that self-adjoint operator A introduced in the proof of Theorem 2.4 (see [14])
and constructed to be a quasi-kernel for Re A, coincides with A, that is the Krein-
von Neumann extension of the model symmetric operator A of multiplication by
an independent variable (see [14]). Let L% (E) be a model space constructed in the
proof of Theorem (2.4) (see [14]). Let also E(s) be the orthoprojection operator
in L%(F) defined by

f(t), 0<t<s

6.16
0, t>s ( )

E(s)f(t) = {
where f(t) € Coo(FE,[0,+00)). Here be Coo(F,[0,+00)) is the set of continuous
compactly supported functions f(¢), ([0 < t < +00)) with values in E. Then for
the operator A, that is the operator of multiplication by independent variable
defined in the proof of Theorem 2.4 (see [14]), we have

A= /0 sdE(s), (6.17)

and FE(s) is the resolution of identity of the operator A. By construction provided
in the proof of Theorem 2.4, the operator A is the quasi-kernel of Re A, where A
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is an accretive (x)-extension of the model system. Let us calculate (E(s)f(t), f(t))
and (Af(t), f(t)) (here we use L% (E) scalar product).

oo S

(E(s)f (1), f(t)) = /(dG(t)E(S)f(t),f(t))E = /(dG(t)f(t),f(t))E, (6.18)

0 0

0 0 0
The equality A = Ak holds (see Proposition 3.2) if for all ¢ € 9M_,, ¢ # 0

[ Ee 6.20)
0 t

(are. )= [ sd{ / <dG<t>f<t>,f<t>>E} ~ [ (Gt a)e. (6.19)

where 2_, is the deficiency subspace of the operator A corresponding to the point
(—a), (a > 0). But according to Theorem 2.4 we have

mzz{th eL2G(E)|heE},
—Z

and hence

h
e = LL(E)|heEy. 21
to={,}, eLuB) neb) (6:21)
Taking into account (6.15) we have for all h € F
/(dE( $), )12, () /(dE( )t+a» tra) L2 (E) /
S 5 + a
0 0 0
Hence the operator A = Ax iff
[ (AG(Oh, k)
= Vhe E, h#0. 6.22
/ t(t + CL)2 OO? S 9 7é ( )

Let us transform (6.15)

[ [ (),

_/Ooot(dG(t)tfa,tfa>E+2a/om <dG(t)tja,tﬁa>E (6.23)
e /°° (dG(t)h,h) g
0

tH(t + a)?

Since Re A is a non-negative self-adjoint bi-extension of A in the model system,
then we can apply Theorem 4.8 to get (4.9). Then first two integrals in (6.23)
converge for a fixed a because of (4.9) and equality

/0°° (dG(t)tJf:a’ tﬁa)E = /Oood(E(t)%sa), ©eEN_,.
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Therefore the divergence of integral in (6.15) completely depends on divergence of
the last integral in (6.23).

Now we can prove the first part of the theorem. Let © be our L-system with
A that is a quasi-kernel for Re A, and the impedance function Vg(z). Without
loss of generality we can consider © as a minimal system, otherwise we would take
the principal part of © that is minimal and has the same impedance function (see
[14]). Furthermore, Vg(z) can be realized as an impedance function of the model
L-system ©; constructed in the proof of Theorem 2.4. Some of the elements of ©
were already described above during the proof of the second part of the theorem. If
the L-system O is not minimal, we consider its principal part ©1 ¢ that is described
in Theorem 12 of [14] and has the same impedance function as ©;. Since both ©
and O o share the same impedance function Vg (z) they also have the same transfer
function We(z) and thus we can apply the theorem on bi-unitary equivalence of
[11]. According to this theorem the quasi-kernel operator Ay of ©1 ¢ is unitary
equivalent to the quasi-kernel Ax in ©. Consequently, property (6.20) of Ay gets
transferred by the unitary equivalence mapping to the corresponding property of
Ap making it, by Proposition 3.2, the Krein-von Neumann self-adjoint extension
of the corresponding symmetric operator Ay of ©O1,0. But this implies that the
quasi-kernel operator A of ©; (defined by (6.17)) is also the Krein-von Neumann
self-adjoint extension and hence has property (6.20) that causes (6.22). Using
(6.22) in conjunction with (6.23) we obtain (6.15). That proves the theorem. O

7. Realization of inverse Stieltjes functions

Definition 7.1. We will call an operator-valued Herglotz-Nevanlinna function V' (z)
in a finite-dimensional Hilbert space E by an inverse Stieltjes if V(z) it is holo-
morphic in Ext[0, +00) and
Im[V(z)/7]
Im 2
Combining (7.1) with (1.1) we obtain (see [18])

i (V(zk)/zk — V(El)/fl

> 0. (7.1)

2k — 21

hkahl) >0,
k=1 E

for an arbitrary sequence {zx} (k = 1,...,n) of (Imz; > 0) complex numbers
and a sequence of vectors {h;} in E. It can be shown (see [23]) that every inverse
Stieltjes function V'(z) in a finite-dimensional Hilbert space F admits the following
integral representation
V(z)=a+z8 +/ < . 1) dG(t), (7.2)
0 t—2z ¢

where @ < 0, 8 > 0, and G(t) is a non-decreasing on [0, +00) operator-valued

function such that o (4G R
/ ( (t)’)<oo, Vh e E.
0 t+ 2
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The following definition provides the description of all realizable inverse Stieltjes
operator-valued functions.

Definition 7.2. An operator-valued inverse Stieltjes function V(z) in a finite-
dimensional Hilbert space E is a member of the class S~!(R) if in the repre-
sentation (7.2) we have

) p=0,

ii) ah =0,
for all h € E with

/Oo(dG(t)h,h)E < .
0

In what follows we will, however, be mostly interested in the following sub-
class of ST1(R).

Definition 7.3. An inverse Stieltjes function V(z) € S71(R) is a member of the
class Sy ! (R) if

| acton me = .
0
forall h € E, h # 0.

We recall that an L-system © of the form (2.3) is called accumulative if its
state-space operator A is accumulative, i.e., satisfies (2.5). It is easy to see that if
an L-system is accumulative, then (2.5) implies that the operator A of the system
is non-negative and both operators 7" and T* are accretive.

The following statement is the direct realization theorem for the functions of
the class Sy '(R).

Theorem 7.4. Let © be an accumulative L-system of the form (2.3) with an invert-

ible channel operator K and Dom(A) = H. Then its impedance function Vo(z) of
the form (2.7) belongs to the class Sy ' (R).

Proof. First we will show that Vig(z) is an inverse Stieltjes function. Let {2z} (k =
1,...,n) is a sequence of non-real (z, # Z) complex numbers and py (zx # Zk)
is a sequence of elements of I, , the defect subspace of the operator A. Then for
every k there exists hy € E such that

or = zk(Re A — 2,.1) "' Khy, (k=1,...,n). (7.3)

Taking into account that A*py, = zppk, formula (7.3), and letting ¢ = >, _; ¢k
we get

(A*p,0) + (p, A¢p) — (Re Ay, ¢)

[
NE

(A% r,01) + (o0, A1) = (Re Apn, 1)
1

>
~
Il

)

I
WE

([—RGA + 2k + El](Pka (pl)
1

=
-
Il
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z": (ReA — z 1)~ Y(z(Re A — 1) — 2. (Re A — 2,1))(Re A — 2, 1)~ !

z21z1(ze — Z1)

x>

=1

hk,Khl)

[
M= «

z1Zi(ze — Z1)

=
~
Il

1

)

K
ZK*(ReA — 2, 1) 71K — 2, K*(Re A — 1) 'K
b, hy

I
NE

ZiVe (2 —ZkVe(Zl)mC m)

zrz(z6 — Z1)

k=1

The last line can be re-written as follows

i (V@(Zk)/zk - V@(Zl)/zl Ay, hl> > 0. (7.4)

2k — 2
k=1 k=<

Letting in (7.4) n =1, 21 = z, and h; = h we get

(V@(Z)/Z - Y@(g)/gh’ h) > 07 (75)

Z—Z

which means
m (Vo (2)/z)

>0
Im 2 ’

and therefore Vg(z)/z is a Herglotz-Nevanlinna function. In Theorem 8 of [14]
we have shown that Vg (z) € N(R). Applying (7.1) we conclude that Vg(z) is an
inverse Stieltjes function.

Now we will show that Vg (z) belongs to S™'(R). As any inverse Stieltjes
function Vg (z) has its integral representation (7.2) where o < 0, 8 > 0, and

/ (dG(2)h, h) < oo, YheE.
0 t+ 2

In a neighborhood of zero the expression (¢ + ¢?) is equivalent to the (¢ + ¢?) and
in a neighborhood of the point at infinity

1 1
t+1¢3 < t+t2
Hence,
/OO (dG(2)h, h) < oo, YheE.
0 t+¢3
Furthermore,

t—z 1+4+t2  14t2 ¢

o [ [ )

V@(z):a-l—zﬁ-i-/:o( ST —1)dG(t)
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On the other hand, as it was shown in [14], a Herglotz-Nevanlinna function can
be realized if and only if it belongs to the class N(R) and hence in representation
(1.1) condition (1.7) holds. Considering this and the uniqueness of the function

G(t) we obtain
4G _ [t
(a/o t+t3>f_/0 14 GO, (7.6)

for all f € E such that fjof(dG(t)f, f)E < oo. Solving (7.6) for o we get

af = /OOO 1 dG(t)f, (7.7)

for the same selection of f. The left-hand side of (7.7) is non-positive but the
right-hand side is non-negative. This means that a = 0 and Vg (z) € S~1(R). The
proof of the fact that Vg (2) € Sy *(R) is similar to the proof of Theorem 6.5. [

The inverse realization theorem can be stated and proved for the class Sy ' (R)
as follows.

Theorem 7.5. Let an operator-valued function V(z) belong to the class Sy (R).
Then V(z) can be realized as an impedance function of an accumulative minimal
L-system © of the form (2.3) with an invertible channel operator K, a non-negative
densely defined symmetric operator Aand J=1.

Proof. The class Sy '(R) is a subclass of Ny(R) and hence it is realizable by a
minimal L-system © with a densely defined symmetric operator Aand J = I.
Thus all we have to show is that the L-system © we have constructed in the proof
of Theorem 11 of [16] is an accumulative L-system, i.e., satisfying the condition
(2.5).

Since the L-system © is minimal then the operator A is prime. Applying (6.8)
yields

c.iés.‘ﬁz =H, z#Z. (7.8)
In the proof of Theorem 7.4 we have shown that
(ReAp, @) < (A*p,0) + (0, A%0), ©=> on, wr €Ny,  (7.9)
k=1
is equivalent to (7.4), where z;, are defined by (7.3). Combining (7.8) and (7.9) we
get property (2.5) and conclude that © is an accumulative L-system. O

It is not hard to see that members of the classes So(R) and Sy '(R) are
the Krein-Langer Q-functions [27] corresponding to a self-adjoint extensions of a
densely defined symmetric operator.

Now we define a subclass of the class Sy ' (R).
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Definition 7.6. An operator-valued Stieltjes function V(z) of the class
Sy (R) is said to be a member of the class SO_}(R) if

/OOO . i (@G(0)h, e = o, (7.10)

for all non-zero h € E.

Theorem 7.7. Let © be an accumulative L-system of the form (2.3) with an invert-
ible channel operator K and a symmetric densely defined operator A. If Friedrichs
extension Ap is a quasi-kernel for Re A, then the impedance Vo(z) of the form
(2.7) belongs to the class S&};(R).

Conversely, if V(z) € SO_};(R), then it can be realized as an impedance of an
accumulative L-system © of the form (2.3) with Re A containing Ap as a quasi-
kernel and a preassigned direction operator J for which I 4+ iV (—i)J is invertible.

Proof. Following the framework of the proof of Theorem 6.8, we begin with the
proof of the second part. First we use the realization Theorem 2.4 and Theorem
7.5 to construct a minimal model L-system © whose impedance function is V(z).
Then we will show that (6.15) is equivalent to the fact that self-adjoint operator
A introduced in the proof of Theorem (2.4) (see [14]) and constructed to be a
quasi-kernel for Re A, coincides with Ap, that is the Friedrichs extension of the
symmetric operator A of multiplication by an independent variable (see [14]). Let
L%(E) be a model space constructed in the proof or of Theorem (2.4). Let also
E(s) be the orthoprojection operator in LZ(E) defined by (6.16). Then for the
operator A defined in the proof of Theorem 2.4 (see [14]) we have

A_/OootdE(t),

and E(t) is the spectral function of operator A. As we have shown in the proof
of Theorem 6.8 the relations (6.18) and (6.19) take place. The equality A = Ap
holds (see Proposition 3.2) if for all ¢ € 91_,

/Ooo HAE (), o) = 00, (7.11)

where 2_, is the deficiency subspace of the operator A corresponding to the point
(—a), (a > 0). But according to Theorem 2.4 we have M_, described by (6.21).
Taking into account (7.10) we have for all h € E

ZS(dE(s)so, Pz, (m) = st (E(s)t ﬁ o ﬁ a>L2G(E) _ 075 (dgi)g),zh)E

Hence the operator A = Ap iff

o0

t(dG(t)h, h)p
/ Crap | =% Vh e E, h#0. (7.12)
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Let us transform (7.10)

<t ® t(t+ a)? h h
dG(t)h,h) g = dG(t
|7 ot acemme = [T (G()HG,HG)E
<t t? h h
= . dG(t
/0 (t+a)? t2+1<G()t+a’t+a>E

12 /OO r acw th
“ o (t+a)2(t2+1) t+a't+a/y

e /°° o t(dG(t)h,h)E
o P41 (t+a)?
Consider the following obvious inequality
t2 1 #—(t+a)?  (2t+a)(—a)

(t+a)2(t2+1) t2+1 (E+a)?@+1) (t+a)?(t?+1)

Taking into account this inequality and the fact that the integral
/°° (dG(t)h, h) e

0 t2+1
converges for all h € F, we conclude that the second integral in (7.13) is convergent.
Let us denote this integral as ). Then using (7.13) and obvious estimates we obtain

/OOO t2t+1 (dG()h, h)e < /OOO (t+ta)2 (dG(t)tJera’tﬁc)E

+2aQ + a? /OOO ! (dé?(fgzh)ff

(7.13)

< 0.

)

)

or
h h

oo t 0o "
/0 241 (dG(t)h,h)ES(a2+1)/0 (t +a)? (dG(t)t+a,t+a>E+2aQ_

Since V(z) € Sy (R), then (7.7) holds and the integral on the left diverges causing
the integral on the right side diverge as well. Thus A = Ap.

Now we can prove the first part of the theorem. Let © be our L-system with
Ap that is a quasi-kernel for Re A, and the impedance function Vg (z). Then Vg (z)
can be realized as an impedance function of the model L-system ©; constructed
in the proof of Theorem 2.4. Repeating the argument of the second part of the
proof of Theorem 6.8 with Ay replaced by Ar we conclude that the quasi-kernel
operator A of ©; is the Friedrichs self-adjoint extension and hence has property
(7.11) that in turn causes (7.12) for any a > 0. Let a = 1, then by (7.12)

o0 oo

[ t(dG)hh)p t (dG(H)h, h) 5
oo-/ 417 g/ 2 FL VhEE h#o,

and hence the integral on the right diverges and (7.10) holds. This completes the
proof. 0
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8. Examples

Let H = Lsla,+00) and I(y) = —y” + ¢(x)y where ¢ is a real locally summable
function. Suppose that the symmetric operator

Ay =—y" +q(x)y
{mwzyww=o ®1)

has deficiency indices (1,1). Let D* be the set of functions locally absolutely con-
tinuous together with their first derivatives such that I(y) € La[a, +0c0). Consider
Hy = D(A*) = D* with the scalar product

(y,2)4 = /aoo (y(iﬂ)Z(:v) + l(y)l(z)) dz, y, z € D*.

Let H4 C Lafa,+00) C H_ be the corresponding triplet of Hilbert spaces. Con-
sider operators

Thy = l(y) = —y" +q(2)y Try=1Uy) = —y" +q(x)y
{ it 225 At 682

Ay=1ly) = —y" +a@)y .. _
{uy(a)=y’(a) =0

It is well known [1] that A = A*. The following theorem was proved in [11].

Theorem 8.1. The set of all (x)-extensions of a non-self-adjoint Schrodinger op-
erator Ty, of the form (8.2) in Lafa, +00) can be represented in the form

Ay = —y" +q(x)y — ) ! , (@) = hy(@)] [pé(z —a) + '(z — )],
(8.3)

Ay =—y" +qlx)y — [y (a) = hy(a)] [ud(z — a) 4 0" (x — a)].

w—nh
In addition, the formulas (8.3) establish a one-to-one correspondence between the
set of all (x)-extensions of a Schrédinger operator Ty, of the form (8.2) and all real
numbers p € [—00, +00].

Suppose that the symmetric operator A of the form (8.1) with deficiency
indices (1,1) is nonnegative, i.e., (Af, f) > 0 for all f € D(A)). It was shown in
[34] that the Schrodinger operator Tj, of the form (8.2) is accretive if and only if

Reh > —my(—0), (8.4)

where Mmoo (A) is the Weyl-Titchmarsh function [1]. For real h such that h >
—moo(—0) we get a description of all nonnegative self-adjoint extensions of an
operator A. For h = —m(—0) the corresponding operator

Agy=—y" +q(x)y
{ y'(a) + meo(—0)y(a) = 0 (8.5)
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is the Krein-von Neumann extension of A and for h = 400 the corresponding
operator

Apy =—y" +q(x)y
8.6
L (56)
is the Friedrichs extension of A (see [34], [11]).

We conclude this paper with two simple illustrations for Theorems 6.8 and 7.7.

Ezxample. Consider a function

V(z) = (8.7)

i
vz
A direct check confirms that V(z) in (8.7) is a Stieltjes function. It was shown in
[29] that the inversion formula

1t i
Git)=C +7}1£% - Im (\/:1: +zy> dx (8.8)

describes the measure G(t) in the representatlon (6.3). By direct calculations one
can confirm that

V(z):/ dG (1) = ! , and that / 4G (1) :/ dt = oo.
0 t—z \/z 0 t o mt3/2

Thus we can conclude that V(z) € SE(R). It was shown in [17] that V() can be
realized as the impedance function of the L-system

o A K 1
o H+CL2[G,+OO)CH_ Cc)’
where
Ay =—y" +[iy(0) - y'(0)]d(x).
The operator T}, in this case is

y'(0) = iy(0),
and channel operator K¢ = ¢g, g = (), (c € C) with
K*y = (y,9) = y(0).

{ Thy =~y (8.9)

The real part of A
ReAy = —y" —y(0)d()
contains the self-adjoint quasi-kernel
{ Ay = —y"
'(0) = 0.
Clearly, A = Ay, where Ay is given by (8.5).

Ezxample. Consider a function

V(z) =iy (8.10)
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A direct check confirms that V(z) in (8.10) is an inverse Stieltjes function. Applying
the inversion formula similar to (8.8) we obtain

1t . .
G(t) :C—l—?}lg%)ﬂ | Im (z\/x—i—zy) dx,

where G(t) is the function in the representation (7.2). By direct calculations one

can confirm that
V(z) /0 <t—2 t) G(t) =iz,

AR A AR

Thus we can conclude that V(z) € SO_}(R). It was shown in [18] that V(z) can be
realized as the impedance function of the L-system
o_ A K 1
“ \H. C Lafa,+o0) C H_ c/)’

and that

where
Ay =—y" —[iy'(0) + /' (0)]¢" (2).
The operator T}, in this case is again given by (8.9) and channel operator K¢ = cg,
g =9(x), (c € C) with
K*y=(y,9) = —y(0).
The real part of A
ReAy = —y" —y(0)'(x)
contains the self-adjoint quasi-kernel

{ Ay = —y"
y(0) =0.
Clearly, A = Ap, where Ap is given by (8.6).
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