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Abstract

In this paper, we investigate the spectral properties of dissipative difference operator, dissipative sum operator and con-
tractive operator. Using Solomyak’s method, we construct the characteristic function of the dissipative difference operator. For
this purpose, we use boundary spaces and functional embeddings. Then we pass to the characteristic function of the Cayley
transform of the dissipative difference operator which is a completely non-unitary contraction belonging to the class Cy. With the
aid of this characteristic function we achieve to pass to the minimal function of the contraction and we investigate the complete
spectral analysis of both the contractive and dissipative operators. Embedding the associated contraction to its natural unitary
colligation, we obtain a Carathéodory function. Moreover, self-adjoint dilation of the maximal dissipative difference operator
and its incoming and outgoing eigenfunctions are constructed. Finally, the truncated CMV matrix is established which is unitary
equivalent to the contractive operator. (©2017 All rights reserved.
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1. Introduction

A model of an operator is generally defined as an operator which is equivalent to the first one in a
certain sense. These models can be described by similarity, quasi-similarity, and unitary equivalence. Unitary
equivalence is particularly interested by the authors in recent years. Namely, a famous model operator of
contractive operators acting on the Hilbert spaces belongs to Nagy and Foias [16, 17]. In the basic of this
theory, unitary dilation of a given contraction plays an important role. An operator U acting on a Hilbert
space H is called dilation of an operator T acting on another Hilbert space H such that H C I if

™ = {PHun | H/ nz 1}/

where Py is the orthogonal projection of H onto H and J is called the dilation space. The geometric
structure of the dilation space was given by Sarason [22]: U : 3{ — J is a dilation of T : H — H if and
only if

H=G,oH®G,
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where UG C G, U*Gx C G4 and P4U | H = T. G and G, are called the outgoing subspace and incoming
subspace, respectively. If U is unitary on K, then U is called unitary dilation. Moreover in the case that
span(U"H:n € Z) = K,

U is called minimal. Then Wold-Kolmogorov lemma [19] implies that if U : H — H, H = G, ®H® G, is
the minimal unitary dilation of a contraction T : H — H then

G =P U EG. = PUTrE,,
n>0 n>0

where E = GO UG and E, = G, © U*G,. This representation makes one possible to give more precise
description of the minimal unitary dilation Uon H{ =G, ®H® G as

P.UIG, 0 0
U=| DpV: T o |,
~VT*V* VDt U|G

where Dy« = (I—TT*)/2, Dt = (I—-T*T)1/2, V is a partial isometry with initial space DTH and final
space E and V., is a partial isometry with initial space Dt+H and final space E.. Note that an operator
V : H — Kis called partial isometry if H = H; & Hp, where V : H; — H is an isometry and V | Hy = 0. H; is
called the initial space of V and its range VH; = VH the final space of V.

Let E and E. be two Hilbert spaces such that

dimE =dim G 6 UG, dimE, =dim G, & U*G,.
Then there exists unitary mappings
V:E—=-GOUG, vy :Ey — G, OUG

that identify these spaces. Therefore with the following unitary mappings called functional embeddings,

m: 2(E) - @O UG OUG), T *(E.) — @ U™(G. © UG.),
nez nez

Z Z"en — Z U ven, Z z"e — Z u™lu,er,
n n n n
where e, € E and e}, € E,, one can define the functional mappings as
[[:P®)e?E) =K, (fg) - nf+mg.

Finally letting ,
Of = minf, f € L7(E),

it is obtained the characteristic function © of the contraction T. An explicit form of the characteristic function
O is given by
Or(z2)h = Vo (~T+ 2D+ (I—zT*) " 'D1)V*h, h € E,

where
V:D1 < E Ve: D71 & E,,

D1 =DtH and ©1+ = Dt+H. If one chooses E = Dt and E, = D1+, then O is reduced to
O71(z) = —T+zD7+(I— ZT*)ilDT

which is the well-known characteristic function of Nagy and Foias.
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Solomyak used this coordinate free approach to obtain the characteristic function of a completely
non-self-adjoint (simple) maximal dissipative operator [26]. In fact, using boundary spaces of the dissipa-
tive operator, Solomyak constructed isometric isomorphism such that the characteristic function of the
maximal dissipative operator A and its Cayley transform T is connected by

A—1
A+i

SAA) =07 < ) , and SA(A) =P (A —AD)"HA-ADP L,

where P and P, are natural projections. Solomyak achieved to introduce a self-adjoint dilation of the
maximal dissipative operator with the aid of free parameters. Moreover, using the characteristic function
of the maximal dissipative operator, Solomyak described directly the generalized eigenfunctions of the self-
adjoint dilation. We use this construction in Sections 3 and 4.

In this paper, using the connection of the characteristic functions of a maximal dissipative operator
and its Cayley transform we investigate the complete spectral analysis of a maximal dissipative difference
operator. Namely, passing to the Cayley transform of the maximal dissipative difference operator we
obtain a contraction defined on a Hilbert space. Moreover, we obtain that this contraction is a completely
non-unitary contraction (c.n.u.) belonging to the class Cy. The spectral properties of the c.n.u. contractions
of the class Cp has been investigated by Nagy and Foias [16, 17]. It is known that for every contraction
T € Cp there exists a minimal function mt which is an inner function belonging to the class H* (HP is
the Hardy class). The minimal function my gives some information about the spectral properties of a
contraction T. Indeed, the spectrum of the contraction T € Cp and the zeros of the minimal function mt
in the open disc D and of the complement, in the unit circle C, of the union of the arcs of C on which
mr is analytic, coincide with each other. Furthermore, in the interior of the unit circle C, the points of the
spectrum are eigenvalues of T. As a characteristic value of T, A has finite index, equal to its multiplicity as
a zero of mt. Finally, completeness of the root functions of T associated with the points of the spectrum of
T in D can be obtained as proving that the minimal function my is a Blaschke product. On the other side,
there is a nice connection between the minimal function mt and the characteristic function @7. Therefore,
this connection allows us to investigate the complete spectral analysis of a contractive operator and hence
of a dissipative operator. We should note that we will also use the resolvent operator of the dissipative
difference operator.

In the literature there are some methods to investigate the spectral properties of a dissipative operator
acting on a Hilbert space. For example, Livsic’s theorem, Lidskii’s theorem, Krein’s theorem and Pavlov’s
method are used for such operators [12, 21]. In particular, Pavlov’s method is based on the fact that there
is a connection between a continuous semigroup of contractions {Z(t)}, >, and its cogenerator Z. Therefore
every model of Z generates a model of {Z(t)};>. In this paper, we do not use this connection. In fact,
we obtain the characteristic function of the dissipative operator directly and hence we are able to pass to
the characteristic function of the contractive operator. Then we investigate the spectral analysis of both of
them.

It is known that Sz.-Nagy-Foias characteristic function theory is a special case of unitary colligation
theory. To be more precise, we should note that a contraction with its defect operators can be embedded
into a unitary colligation [5, 8]. Arlinskif et al. studied the relation of c.n.u. contractions with rank-one
defects and corresponding unitary colligations [5]. Hence using the results obtained in [5] we introduce
some theorems about the Cayley transform of the dissipative difference operator.

Jacobi matrices are useful to understand the characterization of self-adjoint, non-self-adjoint, and
unitary operators acting on separable Hilbert spaces. Indeed, multiplication operators on the Hilbert
spaces [2(R) or L?(C) associated with the probability measure m on the real line R or on the unit circle
C, respectively, is unitary equivalent to the self-adjoint or unitary operators with a simple spectrum
acting on some Hilbert spaces [2]. Tri-diagonal Jacobi matrix representation of self-adjoint operators with
simple spectrum was introduced by Stone [1]. The non-self-adjoint version of Stone’s theorem has been
introduced by Arlinskii and Tsekanovskii [6]. Moreover, the canonical matrix representation of unitary
operators with simple spectrum has been introduced by Cantero et al. [9] with the help of five-diagonal
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unitary matrices called CMV matrices. Arlinskii et al. [5] obtained a connection between truncated
CMV matrix and Sz.-Nagy-Foiag characteristic function. Therefore, we introduce truncated CMV matrix
associated with the Cayley transform.

This paper is organized as follows. In Section 2, we introduce the difference dissipative operator and
its inverse operator. Using compactness property with a finite-rank imaginary component we obtain some
spectral results. In Section 3, we construct a contractive operator which is c.n.u. of the class Cy. Using
the characteristic function of the maximal dissipative difference operator we introduce some results. In
Section 4, we establish self-adjoint dilation of the maximal dissipative difference operator and incoming
and outgoing eigenfunctions of the dilation, directly. In Section 5, we introduce several properties of the
contraction Cayley transform of the maximal dissipative difference operator. Indeed, multiplicity of the
Cayley transform and its adjoint operator, the characteristic function of the unitary colligation with basic
operator and truncated CMV matrix which is unitary equivalent to the Cayley transform are obtained.

Throughout the paper the notations C and D will be used to denote the unit circle C ={p € C: [u| =1}
and unit disc D ={p e C: |y < 1}

2. Infinite difference equations

We denote by 2(Z), where Z :={--- ,—2,—1,0,1,2,-- -}, the Hilbert space consisting of all sequences
Yy = {yn)=, such that

o0

> lynf < oo

n=—oo

with the inner product

Wx)= D UYnXn-

n=—oo

We consider the following second order difference equations

Jy= {(Jy)n}iooo = an-1Yn-1+bnYn +anyni1 =Ayn, n € Z, (2.1)

where y = {yn}>,, and A is the complex parameter.

Let M be a subspace of (>(Z) consisting of all sequences y = {yn}>,, € (>(Z) such that Jy € *(Z). We
define the operator Lon M as Ly =Jy,y € M.

Consider the subspace M), of (*(Z) consisting of all sequences y = {yn}>,, € (*(Z) such that y has
only a finite number of nonzero components. The operator Lj, the restriction of L to M is symmetric.
Therefore it admits closure. We denote the closure of Lj, by Ly. The operator L is a closed, symmetric
operator with equal deficiency indices (r,7), where r = 0,1, 2. Moreover, it is obtained that L = L [23].

For arbitrary two sequences y = {yn}=,, X = {Xn}"s € M, the Green’s formula is obtained as

Z {(Ly)an _yn(LX)n} = [UIX](OO) - [H/XJ(_OO)/ (22)

n=—oo

where
[U/X](n) = an(Yn+1Xn —YnXn+1), n € Z. (2.3)

In fact, to obtain the equality (2.2), it is sufficient to consider the finite sum and then pass to the infinity as
well as negative infinity. (2.2) particularly implies for arbitrary two sequences y = {yn}=,, X = {xn) " €
M that the values [y, x](£o00) and [y, X](£o0) exist and are finite. The latter one follows from the fact that
a,, and b,, are real numbers.

Equation (2.3) can be regarded as the Wronskian of the solutions y and x of (2.1) as W[y, xl(n) =

[y, xI(n).
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We consider the solutions u and z such that u = {un >, z = {znJ° of Jy = 0 satisfying
[wzl=1, neZZ. (2.4)

In this paper, we assume that the deficiency indices of Ly are (2,2). In other words, we assume that L is
in Weyl-Hamburger limit-circle case. Therefore, u and z also belong to M.
Using (2.4) it is obtained for arbitrary two functions y,x € M that

y,xIn) =y, un)x zl(n) — ly,zl(n)x, ul(n), n € Z. (2.5)

My can be described with the aid of real solutions u and z. Indeed, Mg consists of those functions
Yy € M such that
[y/u](oo) = [yzl](oo) = [y,u](—oo) = [yiz](_oo) =0.

For y € M, we consider the following boundary value problem
Jy=A2Ay, [y, ul(—o0)—1ly,zl(—c0) =0, [y, ul(co)—hly,zl(c0) =0, (2.6)

where 1 is a real number, h is a complex number such that h = Reh 4 ilmh with Imh > 0.
We define the operator J on My as Jy = Jy, where My is the domain of J consisting of all functions
y € M satisfying [y, ul](—oo) — [y, z](—o0) =0, [y, ul](co) —hly, z](c0) = 0, Imh > 0. Therefore the equation

Jy=»Ny, ye My,

coincides with the problem (2.6).
The adjoint operator J* of J is defined by d*y = Jy, y € Mg+, where My is the domain of J* consisting
of all functions y € M satisfying [y, u](—oo) — [y, zl(—o0) =0, [y, ul(co) — hly, z](c0) =0, Imh > 0.
We shall remind that an operator T in a Hilbert space H with the domain D(T) is said to be dissipative
if
Im(Ty,y) >0, y € D(T).

Theorem 2.1. J is dissipative in (*(Z).

Proof. For arbitrary function y = {yn}>,, € My we obtain with a direct calculation that
(dy,y) — (y,dy) = [y, yl(o0) — ly, yl(—o0). (2.7)
Moreover using (2.5) one gets
[y, yl(oo) = [y, ul(o0) [y, z](c0) — [y, zl(c0) [y, ul(co). (2.8)

Since y € M4 we have from (2.8) that

ly,gl(c0) = 2ilmh |y, zl(c0)*, [y,yl(—o0) = 0. (2.9)

Equations (2.7) and (2.9) give
Im (Jy,y) = Imh|ly, 2](c0)*. (2.10)
Therefore (2.10) completes the proof. O

Definition 2.2. A dissipative operator A is called maximal dissipative if it does not have a proper dissi-
pative extension.

Maximal dissipative extensions given for a minimal symmetric operator with equal deficiency indices
can be obtained by Gorbachuks’ extension theorem [13]. The proof of the next theorem can be obtained
from [3, p. 111].
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Theorem 2.3. J is maximal dissipative in (*>(Z).

Definition 2.4. A non-self-adjoint operator A acting on a Hilbert space H is called simple if there is no
invariant subspace of H on which A has self-adjoint part there.

Theorem 2.5. J is a simple dissipative operator in 0>(Z.).

Proof. Consider that J has a self-adjoint part Js with domain My, on a nontrivial subspace of ¢2(Z). Then
for y € My, we have

0= (Jsy,y) — (y,dsy) = 2ilmh|ly, z](c0)*. (2.11)

Therefore from (2.11) we obtain [y, z](co) = 0. Substituting this in (2.6) we get that [y, u](co) = 0. Let
y = Q(A) and Q(A) be the solutions of (2.1) such that

[Q,Q] =1. (2.12)

Then using (2.12) and (2.5) we obtain

1=[Q Ql(eo) = [Q, ul(00)[Q, zl(00) ~ [Q, 2](00)[Q, ul(00) = 0.
This contradiction completes the proof. O
Corollary 2.6. All eigenvalues of J lie in the open upper half-plane. In particular, zero is not an eigenvalue of J.

Let P(A) be the solution of (2.1) satisfying the conditions

Consider the function

The zeros of wy, coincide with the eigenvalues of J. Since wy, is an entire function [14], all eigenvalues of
d form a discrete subset of C with a possible limit point at infinity. However, more detailed analysis will
be obtained with the aid of the resolvent operator and the characteristic function of J.

Now we shall find the inverse operator of . For this purpose let us consider the functions w =u—1z
and v =u— hz, where w = {wn}*__, v ={vn}*,, Wn = un — lzn, and v, = un —hzy, n € Z. Taking
WnVm, —oco<n<m< oo,

i 0 -
G= {Gnm}n,mzfoo’ Gnm = { WmVn, —oo<m<n< oo,

one obtains the inverse operator R of J as

(G/a) = (:Ra)n = Z Gnmam, a= {an}ofoo € QZ(Z)

m=—oo

Since Ly has the deficiency indices (2,2), R acts on the Hilbert space ?(Z), ie, R : 3(Z2) — 3(2).
Moreover, R is a Hilbert-Schmidt operator, because the inequality

00 00
Z Z |Gnm|2 < 00
n=—00 Mm=—00

holds. R can be written as R = R; +1iRy, i.e., the sum of real and imaginary parts. It is known that R; is
a self-adjoint Hilbert-Shmidt operator and R; is a finite-rank self-adjoint operator [27]. Therefore from [6]
and [15] we obtain the following results.
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Theorem 2.7.

(i) Eigenvalues of R are countable;
(ii) zero is the only possible limit point of the eigenvalues;
(iii) zero must belong to the spectrum of R, however, may not be an eigenvalue of R;

(iv) the non-real spectrum of R consists of eigenvalues of finite algebraic multiplicities and limit points of non-real
spectrum belong to the spectrum of the real part Ry.

Therefore from Theorem 2.7 we obtain the following theorem.
Theorem 2.8.

(i) Eigenvalues of J are countable;
(ii) infinity is the only possible limit point of the eigenvalues of J;
(iii) infinity must belong to the spectrum of g, however, may not be an eigenvalue of J.

The problem of completeness of root (eigen and associated) functions of J will be investigated by the characteristic
function of g.

3. Characteristic functions

In this section we will construct the characteristic function of the maximal dissipative operator 7.
Then we will pass to the characteristic function of the Cayley transform of it. For this purpose, following
Solomyak [26] we will use coordinate-free approach. But before the construction of the contraction we
shall remind the well-known results on dissipative operators and associated contractions [16, 17, 26].

Lemma 3.1.

(i) Assume the operator Ly is dissipative. Then the operator To = K(Lo) = (Lo —iI)(Lo +1il)~! is a contraction

from (Lo +1i)D(Lg) onto (Lo —il)D(Lo) and Ly = i(1+ To)(I — To) L. For each contraction Ty such that
1 & op(To) (the point spectrum of the operator), operator Ly = K~=1(To), D(Lg) = (1—To)D(To), is dissipative.

(ii) Each dissipative operator Lo has a maximal dissipative extension L. A maximal dissipative operator is closed.

(iif) A maximal dissipative operator is maximal dissipative if and only if T = K(L) is a contraction such that
D(T)=Hand 1 ¢ o, (T).

(iv) If L is a maximal dissipative operator, L = K=1(T), then —L* is also maximal dissipative, L* = —K~1(T*).

(v) If Lis a maximal dissipative operator, then o(T) C C, ||(L— ?\I)*lH <|mA ', AecC..

Note that in Lemma 3.1, the linear operators are considered in a separable Hilbert space H, not nec-
essarily bounded, D(-) denotes the domain of the corresponding operator, C. and C_ denote the upper
and lower half-plane, respectively, and of(-) is the spectrum of the corresponding operator.

Now we shall consider the Cayley transform 7 of the dissipative operator J as follows

T=(g—-i)(d+i1) ",

where 1 is the identity operator in the Hilbert space (>(Z). Because J is maximal dissipative, domain of T
is the whole Hilbert space (?(Z). One immediately gets that

[T < 1. (3.1)
Indeed, letting (J +1i1)~!f =y, f = {f,}*°,, we have

1@ —10)y* < [|(d +iDy[* & 2Im (3y,y) > 0.

It is obtained
J=i1+T(1-7)L
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Note that 1 is not an eigenvalue of T. However this does not imply that J is a bounded operator (see [17,
p. 143, p. 171]).
We also have
1T < 1. (3.2)

Let Dy = (1—‘.T*‘.T)1/2 and Do+ = (1—77*)1/2 be the defect operators of T acting on 2(Z), D5 =

D+?(Z) and D1+ = Dg+{?(Z) be the defect spaces and 03 = dim Dy and 0« = dimDq+ be the defect
indices of T. The relations TDg = D5+7, 7*Dg+« = D5T* hold.

Definition 3.2. A contraction C on a Hilbert space H is called c.n.u. if it has no non-zero reducing
subspace C which C | € is a unitary operator.

(3.1) implies the following theorem.
Theorem 3.3. T is c.n.u. contraction in {>(Z).
Definition 3.4 ([16-19]). The classes Cp, and C of contractions are defined as

TeCo if Tf -0 for all f, TeCy if T"™f -0 for all f.

Asymptotic classifications of Cg. and C are given as
— . 1 n i _ . : *M _
Co. = {T. ITI < 1,1171;n |[T™f]] = 0 for every f}, Co= {T T < 1,11Trln |T*™f|| = O for every f}.

Cyo is defined as Cyyp = Co. N Cyp.
Theorem 3.5. T € Cy.

Proof. 1t is known that the following inequality holds
[T < NTI™ I (3.3)
Therefore using (3.1) in (3.3) and letting n — oo we obtain that 7 € C . On the other side, we have
[Tyl < (1T 111 (3:4)
Therefore (3.2) and (3.4) imply for n — oo that T € C,. Consequently the proof is completed. O

To obtain the characteristic function of the contraction 7, now we shall construct the characteristic
function of the dissipative operator J. Therefore we shall use Solomyak’s method [26].

Definition 3.6. Let A be a maximal dissipative operator with the domain D(A) . The subspace
Ga ={y e D(A)ND(A%) : Ay = A"y}
is called the Hermitian part of domain of A.

For a maximal dissipative operator A and its Hermitian domain G A, let us consider the natural projec-
tion P as P: D(A) — D(A)/Ga, where D(A)/GA is the quotient space. On the quotient space following
inner product is defined
i
(Py, Px) = 5 ((y, Ax) = (Ay,x)), y,x € D(A).

The completion of the quotient space D(A)/Ga is denoted by F(A) with respect to the corresponding
norm. In a similar manner it is defined F,(A) := F(—A*). Similarly, the projection P, is defined as
P, :D(A*) —» D(A*)/Ga. Then we have

1Pyl = Im(Ay,y), [Payllf. = —Im(A*y,y).
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F(A) and F.(A) are called the boundary spaces of the operator A.
Note that in the case that if one has all dissipative extensions of a symmetric operator A, then Ga is
dense in the Hilbert space. For y € D(A) N D(A*), one has Ay = A*y,ie, D(A)ND(A*) = Ga [26].
There exist isometric isomorphisms p : F(J) = ®¢ and p, : F.(J) = D+ [26] such that

pr(l—‘T) = Df;r, p*T*(l—T*) = Dg‘*.

A cn.u. contraction T is defined to within a unitary equivalence of the characteristic function O :
E — E., where E and E, are auxiliary Hilbert spaces, isomorphic to ®5 and Dg+, respectively. Fixing
arbitrary isometric isomorphisims Q : E — ©g and Q. : E, — D~ it is obtained

O (n) = QF (=T + uDg+(1—uT")Dg) Q

and
O7(1)Q*Dg = Q;Dg+(1—pT*) H(p1— 7).

The characteristic function Sp of the completely non-self-adjoint maximal dissipative operator A is
defined on the sense set D(A)/Ga as Sa : F(A) — F.(A) by the equality [26]

SAA) =P (A* —=AD)HA =ADP L. (3.5)
Now we are ready to obtain the characteristic function of J.

Theorem 3.7. The characteristic function Sg(A) of the dissipative operator J is as follows

Proof. Since J is a dissipative extension of the symmetric operator Ly, we have G5 = My N My-. Moreover,
F(H) = Mg/Gg and F*(g) = Mg*/Gg.

Let P and P, denote the natural projections such that P : My — F(J) and P, : Mg — F.(J). From
(2.10) we have for y = {yn ., € F(J) that

|Pylf2 = Imh|ly, z)(co0) .

With a similar calculation for x = {xn}~,, € F.(J) that

1P.xF. = Imhlx, z](c0) .

We set E = E, = C and we define the isometric isomorphisms ¥, ¥, :

Y: E—F(3),

a—¥Y(a)="7Py, (3.6)

YIS Mg, and
Y,.: E.— F.(),

a— Y.(a) =Pux, 37)

X € Mg+, such that

a a
ly,zl(c0) = — [x,zl(c0) = T

Taking A = J in (3.5) we get that the characteristic function of J is as the following form

Sg(A) =WiP, (9 — A1) H(g — A1) Py (3.8)
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Using (3.6) we obtain from (3.8) that
Sy(\a=ViP.x, (39)

where
X = (3" = 1)1 —A1)y, (3.10)

y € My with [y, zl(o0) = a/vImh. Finally, using (3.7) we obtain ¥;P,x = [x, zl(co)v Imh. In other words,
we obtain from (3.9) that

SgA\)a=———7=a. (3.11)
Equation (3.10) particularly implies that
(0" —A1)x = (3 — A1)y,

where x € My- and y € My. Therefore x —y can be represented as a solution of Jip = Ap with ) € 2(7)
satisfying [\, u](—oo) — [, z](—o0) = 0. Consequently, x — Yy is a multiple of the solution P = P(A) :

X —Yy = cP. Since [y, uJ(co) — hly, z](c0) = 0 and [x, u](oo) — hlx, zl(co0) = 0 we obtain from the equation

that
{[P(A), ul(c0) —h[P(A),z](c0) } [x, zl(00) = {[P(A), ul(c0) — h[P(A), z](c0)} [y, z](c0). (3.12)

Substituting (3.12) in (3.11) we find

Therefore the proof is completed. O

Since there is a connection between the characteristic functions of J and T with the rule

A—1i
A1

Sg(A)Z@g’( ),SHZE—)E*, Im7\>0,

we obtain the following theorem.

Theorem 3.8. The characteristic function of T is

A A—i
wnN A=t s

Oy(u) = =3

— wr(A)

To investigate the spectral properties of the c.n.u. contraction T, we shall obtain that T belongs to the
class Cy. Therefore following lemma is useful. Note the the idea belongs to Nikolskii [19].

Lemma 3.9. 05 = 09« = 1.

Proof. For y = {yn}>=,, € My, let us consider the equation (J + il)y = f, where f = {f;,}°_ . Following
[19], we obtain
D3f = (J+1il)y — (J* +i1)x, (3.13)

where
x = (" =) (I —ity.
Consequently, one gets
Iy —x) =iy —x).
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Note that x = {xn}",, € My-~. Therefore, y —x is a multiple of P = P(A) : y — x = cP. Using this in (3.13)
we obtain
D3f = (J+11)(y —x) = 2icP(i).

This implies that ® is spanned by P(i), i.e., 03 =1.
Now lety ={yn}™,, € My and (J* —il)y = f, where f = {f,,}° . Then
DZ.f = (3* —il)y — (I —i1)x, (3.14)
where
X = (@+i)71 (7" + i1y,
Therefore
Iy—x)=ilx—y).
Hence (3.14) gives
D3.f = (J—1i1)(y — x) = 2idP(—).

This implies that ©g- is spanned by P(—i), i.e., 93+ = 1. The proof is completed. O

The characteristic function of the adjoint operator 7* can be obtained with the aid of the characteristic
function of 7. Indeed, the following equality is known

Og+(n) =05 (1), pe D.
Therefore we have the following corollary.
Corollary 3.10. The characteristic function of T* is
.1
=) A

—1
O« (1) = , H= -, ImA > 0.
Wh (_l%iﬁ> A+1

Using Theorem 3.5 and Lemma 3.9, we have the following theorem.

Theorem 3.11. The c.n.u. contraction T belongs to the class Co. Moreover, the characteristic function g (u) of T
coincides with the minimal function mg(u) of J.

Remark 3.12. 1 is not an eigenvalue of T. On the other side, the spectrum of T coincides with those n
belong to the disc D for which the operator ©(p) is not boundedly invertible, together with those p € C
not lying on any of the open arcs of C on which @ (u) is a unitary operator-valued analytic function of
n and point spectrum of T coincides with those p € D for which © () is not invertible at all. Since the
zeros of wn(A), ImA > 0, are eigenvalues of J, A = i(1+p)/(1 —p) for A = is, lims_,5(is) =t As can not
be a zero of wy,(A) or equivalently an eigenvalue of J.

Remark 3.13. Since T € Cy, O« (u) is an inner function.

Theorem 3.14. Og(u) is a Blaschke product in the disc w € D or equivalently in the open upper half-plane
ImA > 0.

Proof. Remarks 3.12 and 3.13 imply that ©5(A), ImA > 0, has the representation
O7(A) = B(A) exp(iAb), b >0, (3.15)
where B(A) is a Blashke product. Therefore
O3 (A)] < exp(—bImA). (3.16)

Letting As = is and s — oo we obtain from (3.16) that wh (As) = 0, that is, A = lims_, is is a zero of wy,
or equivalently is an eigenvalue of . However, as was pointed out in Remark 3.12 that this is not possible.
Therefore there is not a singular factor in the factorization (3.15) and this completes the proof. O
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According to the well-known theorem of Nagy and Foias [16] we obtain the following result.

Theorem 3.15. Root functions of T associated with the points of the spectrum of T in D span the Hilbert space
2(2).

Definition 3.16. Let all root functions of the operator A span the Hilbert space H. Such an operator is
called complete operator. If every A-invariant subspace is generated by root vectors of A belonging to the
subspace then it is said A admits spectral synthesis.

Since every complete operator in Cp admits spectral synthesis [18, 19], we obtain the following.
Theorem 3.17. T admits spectral synthesis.

Since the root functions of T span (?(Z) then those of J must span 2(Z) 7, p. 42] . Therefore, we have
the following.

Theorem 3.18. Root functions of J associated with the point spectrum of J in the open upper half-plane ImA > 0
span the Hilbert space (*(Z).

Root functions of J and eigen and associated functions of J coincide. Moreover, the eigenvalue problem
of g coincides with the eigenvalue problem of the problem (2.6). Therefore we have the following corollary.

Corollary 3.19.

(i) Eigenvalues of (2.6) are countable in the open upper half-plane;
(i) infinity is the only possible limit point of the eigenvalues of (2.6);
(iif) infinity must belong to the spectrum of (2.6), however, may not be an eigenvalue of (2.6);
(iv) the system of all eigen and associated functions of the problem (2.6) span the Hilbert space {*>(Z.).

4. Selfadjoint dilation

4.1. Selfadjoint dilation
Let A be a maximal dissipative operator in a Hilbert space H and £ be a self-adjoint operator in
another Hilbert space J. If one of the followings holds,
(i) (A=AD)1=Pu(L—-AD"1|H AeC;
(i) (A4+i) ™ =Py(L+HD) ™™ [H,n>0;
(iii) exp(iAt) = Prexp(ilt) [H,t>0;
(iv) the operator (L —iI)(L + il)lisa unitary dilation of (A —iI)(A + i),
then £ is called a self-adjoint dilation of A [26].
If A is a maximal dissipative operator in H with finite deficiency indices and Ga is dense in H, then
the self-adjoint dilation of A can be given as the following theorem [26].

Theorem 4.1. Let A be a maximal dissipative operator with domain D(A) and finite deficiency indices such that
G is dense in H. Then its self-adjoint dilation has the form

A, fvy) = <iv’_,ﬁf,iv/+>,
where the domain D (A) consists of those vector-functions (v_, f,v.) such that

v_ € W3 (R, E), vy € Wh(Ry,Ey)

and
f \% (W,v_(0)) € D(A), f+ \% (Wu.(0) € D(A®).
Here  and E, are auxiliary Hilbert spaces which are isomorphic to ®g and D+, respectively, R_ = (—o0,0],
R, =[0,00), and
A, onD(A),

Ar=(alear ={ oDl
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Then we have the following theorem.

Theorem 4.2. The self-adjoint dilation J of the operator J acts on the direct sum Hilbert space 1*(R_) & (*(Z) @
[2(R.) and has the following form

J{v_,fug) = (W, Jf, ),

where v_ € W%(]R_), vy € W%(]R+) such that

[f,u](00) — hif, z](c0) = V2Imhv_(0), [f,ul(co) — hlf, z](c0) = V2Imhv, (0).

Proof. Let us consider the sums n_ := f— % (WVw_(0)) € Mgy and n4 = f+ % (WYv4(0)) € My-. Let
Yy = {yn}=, € My with [y, zl(c0) = v4(0)/VImh and x = {xn}~,, € Mg+ with [x, z](oc0) = v_(0)/vImh.
Since n— € My one has

i

V2

[x, ul(c0) = hlf, z](0co0) h[x, z](o0)

S

and hence

[f,u](c0) — h[f, z](c0) = vV2Imhv_(0).

In a similar manner, 1, € Mg« implies

i - i —
[f, ul(c0) + ﬁ[y,u](oo) = hlf, zl(c0) + —zh[y,z](oo)

S

and consequently we get

[f, u](c0) — h[f, z](c0) = V2Imhv (0).
Therefore the proof is completed. O

4.2. Functional embeddings

Let A be a maximal dissipative operator in a Hilbert space H and A be its minimal self-adjoint dilation
in the space
H=G,oH®G,

where G is the incoming subspace and G, is the outgoing subspace such that
exp(iAt)G C G, t > 0; exp(iAt)G. C Gy, t<O0.
Consider the following isometries
™ %(R,E) - H, dimE = dimF(A),

and
R %(R,E,) - H, dimE, =dimF,(A),

such that (A +1il) 'R = AR (Z 417!, (A +iD) IR = 7R (Z 411!, niRH?(C,,E) = G, nRH?(C_,E,) =
G.,and A | G = Z. 7R and 7R are called functional embeddings. If T = (A —il)(A +1iI)~!, then

oW, lm, oW},

where 71, 1, are functional models of T,

1 1 xX—1
i - e (5)

and W is an isometric isomorphism of L2(D, €) onto L?(R, €) for any space €.
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The operator S = (R)*7R acts from L?(RR,E) into L%(R, E.), maps H?(C,E) into H*(C,,E.), and
commutes with multiplication (z + i)~!. Consequently, S is a multiplication by a function Sp € H®>,
Sa :E — E,. Sa is called the characteristic function of A. Moreover

A—1
SA(A)=0 ,
A(A) T ( N +i>
where O is the characteristic function of T.

Hence generalized eigenfunctions of the dilation can be described by the characteristic function of the
maximal dissipative operator A. In fact, incoming eigenfunctions are of the form

<S(7\) exp(—iAg) ((A* =AD) 1A =) — 1) P1yq, exp(—i?\(,)d> , (4.1)

i
d —
V2
and outgoing eigenfunctions are of the form
L
V2

where {, e R_,€eR,,deE,ecE,,and A € R.
Hence we have the following theorem.

<exp(—i7\E)e, —— ((A=AD) " HA* =AI) = 1) P, "W, e, S*(A) exp(—v\c)e> , (4.2)

Theorem 4.3. The incoming eigenfunction of the dilation J is

<$h&; exp(—iAE), V2Imh ([P(A), uwl(co) — h[P(X), 2](c0)) ' P(?\),exp(—iAC)> (4.3)
h
and outgoing eigenfunction of J is
<exp(—0\a), V2Imh ([P(A), ul(00) — RIP(A), zl(00)) ' P(A), L“’Uhx exp(—v\c)> , (4.4)
h

where , e R_, e Ry, and A € R.
Proof. Consider the equation
(" =A1)~H(d - A1) —1)P~Wa = cP(A),

where x —y = cP(A), x € Mg+, and y € My. Then we have

_ 2iImh[P(A)

C[P(A)’Z’](OO) = [Y,Z](OO) - [ﬂ,z](oo) = ZMOO) d

[P(A), ul(c0) —h[P(A),z](c0) VIMh'

Therefore we get

c=c(\) = d. (4.5)

Substituting (4.5) into (4.1) we obtain (4.3).
Similarly consider the equation

((@—A1) 713" —A1) — 1P, 'W.e = cP(A),
where y —x = cP(A), x € My, and y € M. Hence we have

2ivImh d

c=cA) = (4.6)

Substituting (4.6) into (4.2) we obtain (4.4). The proof is completed. O]
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5. Other properties of T

5.1. Multiplicity of T
Let us consider the linear mappings A: X -+ X,B: U = X, C=X = Yand D: U — Y, where X,Y and
U are Banach spaces and following linear dynamic system [19, 20]

x'(t) = Ax(t) + Bu(t),
y(t) = Cx(t) + Du(t),

0, (5.1)

t>
t>0, (5.2)

with x(0) = xg, t > 0. Here x(t) € X and u(t) € U. The operators A, B are called the generator operator and
control operator, respectively, while C and D are called observation operators. X is called state space and x(t)
is the state of the system at time t. Finally, u is the input function, y is the output function, and x¢ is the
initial state.

It is meant by controlling the system (5.1)-(5.2) to act on the system with the help of the function u
in such a way that starting from a given initial state xo the system attains a time T > 0 the final state
x1 = x(7), T > 0. The system (5.1) is called approximately controllable if for every xo,x; € X and arbitrary
€ > 0 there exist T € [0,00) and u € L2(0, T) such that

[Ix(t) —x1]] <€, x(0) =xo.

Let the system (5.1) be controllable. This is referred as the system (A, B). Let S(-) be a semigroup
associated with A. The system (A, B) is approximately controllable on [0, co) if and only if

span{S(t)BU:t > 0} = X. (5.3)
If the generator A is bounded, then (5.3) is satisfied if and only if
span{A"BU:n >0} =X.

Therefore, it is important to find the least possible dimension of the control subspace dim BU such that
(A, B) is approximately controllable, i.e.,

min {dim BU : (A, B) is approximately controllable}.
For an arbitrary bounded operator T : X — X the multiplicity of the spectrum is defined by
put = min{dim C : span (T"C : n > 0) = X}.

T is called multiplicity-free if pt = 1.
One can infer that T is unitary equivalent to the model operator Z : Hg — Hg, where

He = (H2 @ closAL?) © (@ ® A) H?,

[2 = [2(C), H? is the Hardy space, A = (1—|0]*)'/2, Zf = Pozf, f € Ho, Po = OP_O, and P_ is the
projection of L? into H2 (the Hardy space in the lower half plane).

A cn.u. contraction T with a scalar characteristic function may help one to compute the multiplicity
of T. This method was constructed in [19]. Since © # 0, we obtain the following theorem ([19, p. 247]).

Theorem 5.1. py =1.

In general, the adjoint of a multiplicity-free operator is not generally multiplicity-free. However, since
T € Cp we can find the multiplicity of T7*. Before this, we shall give some definitions.
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Definition 5.2. Let V be an isometry on the Hilbert space H. A subspace £ of H is called a wandering
space for V if VPL L V9L for every pair of integers p,q > 0, p # (. An isometry V on H is called a
unilateral shift if there exists in H a subspace £ which is wandering for V and such that

[09]
H= Vv L.
0

The dimension of H© VL is called the multiplicity of the unilateral shift V.
Let S denote the unilateral shift of multiplicity one acting on H2.

Definition 5.3. For each inner function ¢ € H*, the Jordan block S(¢) is the operator defined on H(¢p) =
H2 & @H2 by S(¢p) = Ph(¢)S | H(@) or equivalently, S(¢)* = S* [ H(¢@).

Definition 5.4. By an affinity from H; to H; it is meant a linear, one-to-one, and bicontinuous transfor-
mation X from H; onto Hy. Thus bounded operators, say S; on H; and S; on Hp, are said to be similar if
there exists an affinity X from H; to Hy such that XS; = $,X (and consequently X718, = $1X).

Definition 5.5. By a quasi-affinity from H; to H; it is meant a linear, one-to-one, and continuous transfor-
mation X from H; onto a dense linear manifold in H; if S; and S, are bounded operators, S; on H; and
Sy on Hy, it is said that S; is a quasi-affine transform of S, if there exists a quasi-affinity X from H; to H,
such that XS; = S$>X. The operators S; and S, are called quasi-similar if they are quasi-affine transforms
of one another.

Definition 5.6. Let L be a bounded operator in H, and let £ be a subspace of H. £ is said to be hyperin-
variant for L if it is invariant for every bounded operator which commutes with L.

Then we may introduce the following results [17, Chap. X, Sect. 4] .

Theorem 5.7.
(i) T* is multiplicity-free, i.e., py= = 1;
(if) T is quasi-similar to the Jordan block S (%;) ;

(iii) T | C is multiplicity-free, i.e., uyje = 1, where C is a invariant subspace of T;
(iv) Cis hyperinvariant, where C is a invariant subspace of 7.

5.2. Unitary colligation

Unitary colligation theory is more general than Sz.-Nagy-Foias characteristic function theory [8] and
in recent years this theory has been developed by many authors (see [4] and references therein). Now
we shall give some information about the unitary colligation theory. A set A = (9,5, 6;T,F,G,S), where
9,3, G are seperable Hilbert spaces, is called a unitary colligation if the following block form

i)

T F
U:<G S>:5@S—>f)@6. (5.4)

is a unitary mapping such that

The spaces $), S, and § are called, respectively, the inner, left-outer, and right-outer spaces and U is called
the connecting operator. By P; and P, we denote the orthogonal projections of $ @ & onto $ and G,
respectively. The operators

T=P[U[H], F=P[U|F], G=P[U]H], S=P,[U]F]
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are called the components of A. The components T,F, G, and S are called the basic, right-channeled, left-
channeled, and duplicating operators, respectively and following relations hold:

T'T+ GG =1, F'F+S*S =15, T*F+G*S =0,
T*T+FF =1y, GG* +58* =g, TG™ +FS" =0.
If one takes F = D1+, G =D7, S =—T%, § = D71+, & = D7 then U also provides a unitary colligation.

The connecting operator U given in (5.4) can be given with a slightly different form:

U:<§ ?):S@ﬁ%@@ﬁ. (5.5)
Consequently following block form gives a unitary colligation:

_( =T Dt .
U—(DT* T ).@T*@H%KDT@H.

Let $(¢) and $(°) be the subspaces of §) as follows [5]
Hle) = span{T"F§,n=0,1,...}, flo) = span{T*™"G*6,n=0,1,...}.

The subspaces £(¢) and $(°) are called the controllable and the observable subspaces, respectively. Let
(9T =505, (H©) =non).

A unitary colligation is called prime if $H(¢) +§l°) = §. A unitary colligation A = (§,6,9;S,G,F,T)
associated with (5.5) is prime if and only if T is c.n.u. contraction. The characteristic function ©4 () is
defined by

@a(l) =S+ G(Ig—CT)'F, e D.

Following theorem describes all unitary colligations with basic operator T.

Theorem 5.8 ([5, p. 163]). Let T be a contraction with 01,0+ < oo acting on Hilbert space H. Suppose that O and
N are two Hilbert spaces such that dimN = 01 and dim 9 = o1-. Then all unitary colligations with the basic op-
erator T and left-outer and right-outer subspaces 9t and N take the form A = (9, N, H; —=KT*M, KD, D1-M, T)
such that

DM T

where K : D1 — MNand M : I — D« are unitary operators. The characteristic function of A is

OA(C) = KOT+(M, € D.

<_KT M KDy ) MO H = NOH,

Now consider the unitary colligation Ay = (Dg+, D, ?(Z); —T*,De, D+, T). The characteristic func-
tion of Ay is
Op,(0) = [-T* + (D7 (1—T) "Dy ] | D

Clearly ©4,(C) is the characteristic function of 7*. Hence we have

.1
Wy (—1%) A—1
, L= -, ImA > 0.
Wh <_1%J—FE) A1
Because 95 = 0+ = 1, one may set the following isometric operators K : ®3 — C and M : C — Dq-.
Now we consider the controllable and observable subspaces in H as follows

Oap, (W) =

H'®) =span{T"Dy~MC,n =0,1,...}, H®) =span {T*" (KDg)*C,n=0,1,...}.

Let (H(C))L = (2(Z) o Hle), (H(O))L = (2(Z) © H(®). Then using the results of [5] we give the following.



E. Ugurlu, D. Baleanu, J. Nonlinear Sci. Appl., 10 (2017), 5999-6019 6016

Theorem 5.9. T = (J —1i1)(J +1i1) ! can be included into the unitary colligation Ag = (C,C,*(Z);—KT*M,
KDg,Dg:M,7) as

[ —KT*M KDg \ . >
u0< DM T ).C@E(Z)—NZEBE(Z).

Let T = (}) € C& (@) Then (H)" = (€ C@) ospan{UPT,n=0,1,.}, (H®)" = (Ca

>(Z)) © span {US“T,n =0,1,.. .}, and
(i) Ao is prime;
(ii) T is the cyclic vector for Uy : span {UE}?, ne Z} =Ca (2Z).

All other unitary colligations with basic operator T and left- and right-outer spaces C are of the form Ay =
(C,C,1?(Z2); —d1d,T*, d1 Dy, d2Dy+, T) with

{, _ ( ~41dKT*M  diKDg
0= d,DM T

) Cal’(Z)—» Cat*(2),
where |d1| = |dp| = 1.

In the unit disc D, if a holomorphic function F has the properties ReF > 0 and F(0) = 1, then F is called
the Carathéodory function. For example,

(F(We,e) = | Feam(Q
C
is a Carathéodory function, where U is a unitary operator with a cyclic vector acting on a Hilbert space

and m is a nontrivial probability measure on the unit circle C (that is, not supported on a finite set) [5].
Since 03 = 99+ = 1, we have the following theorem.

Theorem 5.10. Let
U — ( —KT"M KDg
o=\ DM T

be the prime unitary colligation with the characteristic function © 4. Let

) Co(2Z)— Ca?(2),

. _ 1= =
Fw) = (Uo+ul) (Up—pD) ' T,T) - weD,

where

10
[= [ 01 ] Cal’(Z) - Ca?(z2),

is the operator in C @ (*(Z) such that 1 is the scalar in C and 1 is the identity operator in (*>(Z). Then

1+ u®a, (1)
F({)=———-—=,neD
1—uOa,(u)

5.3. Truncated CMV matrix

Cantero et al. introduced five-diagonal matrix representation of a unitary operator with a single
spectrum. Now we shall introduce this matrix representation and associated results. Note that one can
find several papers including such a matrix representation [9-11, 24, 25].

Let m be a probability measure m on the unite circle. The function F(z) defines a Carathéodory
function:

F(z) = F(z,m) := J Ejzdm(c) =14+2) Buz", Bn = J ¢ mdm.

C n=1 C
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F is analytic function in the disc D and ReF > 0, F(0) = 1. One defines the Schur function as follows

_ 1+ zf(z)

f(Z) = f(Z, m) = 1 F(Z) —1 ?‘f(z)

T ZF(z)+ 17

F(z)

f(z) is an analytic function in the unit disc D with supp, [f(z)| < 1 [5]. There is a connection between
probability measures, Carathéodory function and Schur function. Under this correspondence m is trivial
if and only if the associated Schur function is a finite Blaschke product. Let f = fo be a Schur function
and not a finite Blaschke product. Then we let

fn (Z) —Yn
f = , = fn(0).
{fn} is an infinite sequence of Schur functions and neither of its terms is a finite Blaschke product. The
numbers {vy,,} are called the Schur parameters

8t ={vo,v1,.-}.

If a Schur function f is not a finite Blaschke product, the connection between the nontangental limit
values f(() and its Schur parameters {y,, } is given by

ﬁ (1= val) =exp {iln (1-17@)P) dm} .

n=0
Consequently,

> hval = o0& In (1-1f(Q)7) ¢ L'(C).

n=0

Then we have the following.

Theorem 5.11. There exists a probability measure m on C such that T = (J —1i1)(J +1i1) ! is unitary equivalent
to the following operator
Th(w) = Pg (h(w), h € R:=L*(C,dm) 5 C,

where Pg is the orthogonal projection in L2(C, dm) onto 8. The Schur function associated with m is the character-
istic function O () of T :
-, ImA > 0.

f(u) = Og(p) = o) M T AT
h

If m is a nontrivial measure on C, the monic orthogonal polynomials @ (z, m) are uniquely deter-
mined by

n
D, (z) = H(Z—zn,j), J (0 (0)dm=0,j=0,1,...,n—1. (5.6)
j=1 C
Therefore on the Hilbert space L?(C, dm), (®y,, @) = 0, n # m. Orthonormal polynomials ¢, are of the

form q)n = (Dn/ ||(DnH .
(5.6) and the fact that the space of polynomials of degree at most n have dimension n + 1 imply

deg(P)<n, PLJ,j=0,1,...,n—1=P =cd}.

Therefore ®,,1(z) — 20 (z) is of degree n and orthogonal to 2,5j=1,2,...,m,and

Qni1(z) = 20n(z) — Xn (M) (2), (5.7)
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where oy, (m) are complex numbers called Verblunsky coefficient. (5.7) is known as Szego recurrences.
For z =0, (5.7) implies
(M) = oy = =Dy 1(0).

The inverse Szeg6 recurrences is
20 (z) = 9:12 (Pny1(z) + A @y (2)),

P; ::\/1—’06)' 2,0<p]‘<1,

Then the norm || ®,,|| in L2(C, dm) may be determined as

where

o]” +p? = 1. (5.8)

n—1
|oull = [Top n=12....
j=0

The CMV basis {xn} is obtained by orthonormalizing the sequence 1, (, Y 2,072,. .., and the matrix
C=Cm) =lenmlym=o = l&Xm, xn)ll, mmn €Zy
is five-diagonal. The elements of {X,,} may be expressed as follows:
Xen(z) =27 "3, (2), Xont1(2) =2 "3, 44(2), n € Z.

Therefore one can find the matrix elements in terms of «’s and p’s as

oy X1po  P1P0 0 0
Po —X1xg —P10tg 0 0
0 0p1  —0QX1 K3P2 P3P2
C=C{Hon}) = —
({oen}) 0 P2p1  —P20t1 — X3y  —P3X2

0 0 0 o4P3 — 43

Here s are the Verblunsky coefficients and p’s are as given in (5.8). C ({an}) is the matrix representation
of the unitary operator of multiplication by ¢ in [?>(C,dm).

Finally we let the following matrix which is obtained from C by deleting the first row and the first
column:

—X1000 —P1% 0 0
2P —0X] X3P2 P3P2
T=T({xn}) = P2P1 —P2X1 —O30p —P3X2

0 0 ogp3  — X403

Since 93 = d9+ = 1, following theorem follows immediately from the result of [5].

Theorem 5.12. T = (J —i1)(J +1i1) L is unitary equivalent to the operator acting on 0?(Z) determined by the
truncated CMV matrix T =T ({oen}) , where {oen } are the Schur parameters of the characteristic function @ of 7.
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