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Subnormal operators regarded as generalized observables

and compound-system-type normal extension
related to su(1,1)

Masahito Hayashi! Fuminori Sakaguchi?

Abstract

In this paper, subnormal operators, not necessary bounded, are discussed as gener-
alized observables. In order to describe not only the information about the probability
distribution of the output data of their measurement but also a framework of their imple-
mentations, we introduce a new concept ’compound-system-type normal extension’, and
we derive the 'compound-system-type normal extension’ of a subnormal operator defined
by an irreducible unitary representation of the algebra su(1,1). The squeezed states are
characterized as the eigenvectors of an operator from this viewpoint, and the squeezed
states in multi-particle systems are shown to be the eigenvectors of the adjoints of these
subnormal operators under a representation. The affine coherent states are discussed in
the same context as well.

Key Words: Subnormal operator, Positive operator-valued measure(POVM), Normal ex-
tension, Algebra su(1, 1), Eigenvector system, Generalized coherent state, Squeezed state, Affine

group.

1 Introduction

In quantum mechanics, observables are described by self-adjoint operators and the probability
distributions of the output data of their measurement are described by the spectral measures
of those self-adjoint operators and the density operators of states.

When a linear operator has its spectral measure, it is a normal operator where its self-
adjoint part and its skew-adjoint part commute each other (Lemma 3). In a broader sense,
therefore, it can be regarded as a complexified observable. (NB: From this viewpoint, in the
following, we will use the expression 'measurement a normal operator’ in this wider sense, even
if the normal operator is not always self-adjoint. The 'measurement of a normal operator’ is
regarded as the simultaneous measurement of the self-adjoint part and the skew-adjoint part of
the normal operator, as well.) However, the measurements in quantum systems, which are not
necessarily the measurements of any observables, are described by the positive operator-valued
measures (POVM), which are a generalization of spectral measures (Definition 5 and Lemma
4). In this paper, from these viewpoints, we try to treat the observables generalized even for
the class of subnormal operators®, which is known as a wider class including the class of normal
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operators. A subnormal operator is defined as the restriction of the normal operator into a
narrower domain. The pair of the normal operator and the wider domain is called its normal
extension (Definition 2). We can define the POVM of a subnormal operator uniquely in a
similar sense that we can define the spectral measure of a normal operator uniquely (Definition
15). In other words, the POVM is corresponding to the normal extension of the subnormal
- operator as will be shown in the proof of Lemma 10. By this correspondence, we will formulate
the measurements of the subnormal operators which are not necessary bounded. In this paper,
we will not only investigate the POV Ms of the subnormal operators but also give some examples
of frameworks of their implementations in a physical sense.

There are many cases where the adjoint operator of a subnormal operator has eigenvectors
with continuous potency and an over-complete eigenvector system. In these cases, the POVM
constructed from the over-complete eigenvector system is just the POVM of the subnormal
operator (Lemma 17). Thus the subnormal operator is closely related to eigenvectors with
continuous potency and to over-complete function systems, and these relations are important
for the discussions on the properties of the subnormal operator. This fact may give us an
illusion that the adjoint of any operator with a point spectrum with continuous potency would
be a subnormal operator. However, the subnormality is not necessarily guaranteed only by the
condition that its adjoint has point a spectrum with continuous potency.

For example, an implementation of the measurement of a subnormal operator has been
already known for an actual system in quantum optics. Let ¢ and P be the multiplication
operator and the (—i)-times differential operator on the Hilbert space L?*(R). A POVM is
constructed from the over-complete eigenvector system of the boson annihilation operator a; :=
v/1/2(Q+iP) (i.e. known as the coherent states system). Then the POVM is just the POVM of
the boson creation operator a; which is a subnormal operator. The measurement of this POVM
has been implemented as is shown in the following (see §3, in detail), and is called the heterodyne
measurement; This implementation is performed by the measurement of a normal operator
on the compound system between the basic system (i.e. the system of interest where the
measurement is originally discussed) and an additional ancillary system prepared appropriately.
Note that this operation, of measuring a normal operator on the compound system by preparing
an additional ancillary system, gives a kind of normal extension of creation operator aj. But,
only giving the definition of the normal extension is not sufficient for discussing such a physical
operation. For clarifying such a physical operation, in §3, we will introduce a new concept
compound-system-type normal extension which describes not only the normal extension but
also a framework of a physical operation (given in Definition 21).

In §4, under the circumstance where an irreducible unitary representation of the algebra
su(1,1) is given, we will construct two types of operators which have point spectra with continu-
ous potency, and will investigate what condition guarantees the subnormality of these operators.
The coherent states of the algebra su(1, 1) introduced by Perelomov [17], will be reinterpreted as
the eigenvectors of these operators. Moreover, in §6, we will derive the compound-system-type
normal extensions of these operators when they are subnormal operators.

In §5.2, from the relationship between the irreducible unitary representations of the algebra
su(1,1) and those of the affine (az + b) group, we will discuss what subnormal operators are
related to the irreducible unitary representations of the affine group. Moreover, we will discuss
the correspondence between the eigenvectors of this subnormal operator (or the coherent states
of the the algebra s1u(1,1) ) and the coherent states of the affine group. Hence we will show a
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relationship between our problem and the irreducible unitary representation of the affine group
which is closely related to the continuous wavelet transform.

Next, in §5.3, from the relationship between the representation of the algebra su(1,1) and
the squeezed states, it will be confirmed that the squeezed states can be described as the
coherent states of the algebra su(l,1) in our context. In other words, the squeezed states are
characterized as the eigenvectors of the operators (with point spectra with continuous potency)
which are canonically constructed from an irreducible unitary representations of the algebra
su(1,1). However, the adjoints of these operators are not necessary subnormal operators and
are not directly regarded as generalized observables.

We can easily confirm that the squeezed states are the eigenvectors of a operator with a point
spectrum with continuous potency as follows; According to Yuen [21], let b, , := pap+vaj with
|42 — |v|? = 1, and characterize the squeezed state by the eigenvector |a; u, ) of the operator
b, associate with the eigenvalue o € C. In special cases where o = 0, the vector |0; i, ) can be
obtained by operating the action of the group with the generators @2, P? and (PQ + QP) upon
the boson vacuum vector [0;1,0). The algebra with these generators satisfies the commutation
relations of the algebra su(1,1). By operating @ (or (a})~!) upon the characteristic equation
b.|0; 1, v) = 0 from the left, we have the characteristic equations

— N2
Q'PI0; p,v) = 1Z_V|O;M,V> (1)

o v
(@)l my) = 210p0). (2)

In §5.3, we will derive these two equations again and reinterpret them from the viewpoint of the
representation theory. In this framework, the operators Q™! P and (a})~!a; have point spectra
with continuous potency and they are constructed from an irreducible unitary representation of
the algebra su(1, 1) naturally. While the adjoints of these operators are not subnormal operators
in the case of one-particle system, the adjoints of these operators are subnormal operators
in the cases of two-particle system and multi-particle systems. Hence we can characterize a
type of physically interpretable states by tensor-product, as the eigenvectors of the adjoints of
subnormal operators in the cases of two-particle and multi-particle systems.

From a more general viewpoint, our investigation in this paper is regarded as a problem of
the joint measurement between the self-adjoint part and the skew-adjoint part of a subnormal
operator which do not always commute each other. However, we should be careful about the
difference between self-adjoint operators and symmetric operators in these discussions, because
there are many delicate problems when unbounded operators are treated (§6.1).

2 Subnormal operator and POVM

In this section, we will summarize several well-known lemmas and will modify them for the
discussion in the following sections. Some of the well-known lemmas will be extended for
unbounded operators, and the proofs of the extended version will be given, as well. In this
paper, only densely defined linear operator will be discussed. In the following, D(X) denotes
the domain of a linear operator X. and that of subnormal operator in the unbounded case. A
densely defend operator X is called closed if the domain D(X) is complete with respect to the
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graph norm ||¢||px) := v/||¢]|2 + | X¢]|2. In operator theory, for two densely defined operator
X,Y, the operator XY is defined as ¢ — X (Y (¢)) for any vector ¢ belonging to the domain
D(XY) :={¢ € D(X)|X(¢) € D(Y)}. We will begin with reviewing the definition of normal
operator

Definition 1 A closed operator T on H is called normal if it satisfies the condition T*T = TT™.

Remark that the operator X*X is defined on its domain D(X*X) := {¢ € D(X)|X¢ € D(X*)}
and it is self-adjoint and non-negative.

Definition 2 A closed operator S is called subnormal if there exists a Hilbert space K including
‘H and a normal operator T on K such that S = TPy , where Py denotes the projection from
K to H. In the following, we call the pair (K,T) a normal extension of the subnormal operator

S.

For a spectral measure E over C, [ 2E(dz) denotes the operator ¢ ~ limpo ( fIZI < 2E( dz)</§)

with the domain {¢ € H I Jc121(¢, E(dz)¢) < o0 }. Concerning normal operators, the follow-
ing lemma is well-known. See Chapter 13 of Rudin [19].

Lemma 3 For a normal operator T, there uniquely exists a spectral measure Ep over C such
that T = [ 2Er(dz).

Lemma 3 tells that a normal operator corresponds to a spectral measure by one to one. Next,
we will discuss measurements in a quantum system in order to investigate what is corresponding
to Lemma 3 in the case of subnormal operators.

Let M be a Hilbert space representing a physical system of interest. Then, the state is
denoted by a non-negative operator p on H whose trace is 1. It is called a density operator
on H, and the set of density operators on H is denoted by S(H). Let P, be the probability
distribution given by a density p and a measurement. Then, the probabilistic property of the
measurement is described by the map P : p — P,. We can naturally assume that the map P
satisfies the following condition from the formulation of quantum mechanics:

AP, + (1 =XN)P,, = Pyyii-npm> 0 <VA <L (3)

Lemma 4 For a map P satisfying (8), there uniquely exists a positive operator valued measure
(POVM) defined in the following M satisfying the condition

P,(B)=trM(B)p, VBe F(Q),VYpeS(H).

This lemma was proved by Ozawa [16] in a more general framework. For an easily proof of a
finite-dimensional case, see §6 in Chapter I of Holevo [11]. The lemma guarantees that we have
only to discuss POVMs in order to describe probabilistic properties.

Definition 5 Let M be a map from a o-field F(Q) over Q to the set Bf,(H) of bounded,
self-adjoint and non-negative operators on H. The map M is called a positive operator valued
measure (POVM) on H over Q if it satisfies the following:

o M(0) =0, M(Q)=1 (I: indentity op.)
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o > M(B;)=M(UB) for BN B; =0, (i#3j)

A POVM M is a spectral measure if M(B) is a projection for any B. The following Lemma
6 is called Naimark’s extension theorem. For a proof, see Naimark [15], §5 in Chapter II in
Holevo [11] or Theorem 6.2.18 in Hiai and Yanagi [10]. It tells that the set of spectral measures
is an important class in POVMs.

Lemma 6 Let M be a POVM over a o-field F(Q) on a Hilbert space H. There exist a Hilbert
space K including H and a spectral measure E on the Hilbert space K such that

M(B) = PyE(B)Py, VBe€ F(Q),

where Py, denotes the projection from K to H. We call such a pair (K, E) a Naimark extension
of the POVM M.

In the following, we will treat only POVMs over the complex numbers C whose o-field is a
family of Borel sets.

We will give the following definition with respect to the inequalities among linear operators
not necessarily bounded.

Definition 7 For non-negative and self-adjoint operators X, Y on M, we denote X >Y if they
satisfy

(¢, X¢) > (¢, Y), V¢ e D(qg(X))C D(q(Y)).

where q(S) denotes the closed non-negative quadratic form defined by a non-negative self-adjoint
operator S and D(q) denotes the domain of a closed non-negative quadratic form q.

We introduce the operators E(M) and V(M) which are represent formally [.2zM(dz) and
fc121*(M(dz), respectively. Later, by using Lemma 8, we will give more rigorous definition
of E(M) and V(M). Then, for ¢ € D(M),||¢] = 1 and a POVM M, the expectation is
(¢|E(M)|¢) and the variance is (¢|V(M)|¢) — [(¢|E(M)|¢)|*. It is sufficient to evaluate the
operator V(M), in order to evaluate the variance. But, when they are unbounded, we should
be more careful with respect to their domains. We define the closed non-negative quadratic

form q(M) with the domain D(q(M)) by
g(M)(¢,¢) := /{:|2|2(¢%M(d2)¢>a ¢ € D(q(M)).
D) = {sen| [0 (a)0) <o

We assume the condition that the set D(q(M)) is a dense subset of H. Let V(M) be the self-
adjoint operator defined by the closed non-negative quadratic form g(M). Next, we will define
the operator E(M). Define Eg(M) := f|z‘<R zM(dz) . Then, for any ¢ € D(q(M)), the se-
quence {E,,(M)¢} is a Cauchy sequence, because for n < m, we have |En(M)d—E,.(M)g||*> =
fng]z[ o 1217(¢, M(dz)$). Therefore, we can define the vector E(M)¢ := lim, . E,(M)¢.

Thus, we can define the operator E(M) on the domain D(g(M)).



79

Lemma 8 The operator E’(M) has a closed extension.

From this lemma, we can define the closed operator E(M) by the closure of the operator E(M).
Proof Let (F,K) and Py be a Naimark extension of M and the projection from K to H.
The operator 7' := [ 2FE(dz) is normal. From the definition of T', we have D(T) = {¢ €
K| ['|2[*(¢, E(dz)¢) < oo}. Then the domain D(g(M)) equals D(T) N H. Let T = U|T| be
a polar decomposition of T'. Since T' is normal, we have U|T| = |T|U. This equation implies
that the domain of |T'| is invariant for the action of U.

In general, for a closed operator X on K and closed subset H of K, the operator X Py
with the domain D(X) N H is closed if D(X) N H is dense in . We can define the closed
operator 1" Py on its domain D(T*Py) := D(T*)NH = D(T) N‘H = D(¢(M)). Then, we
have the relation D((T*Py)*) D D(T). Define the closed operator (T*Py)* Py, on its domain
D((T" Py)*Py) := D((T*Py)*) N1 D D(T) N'H = D(q(M)). Then, we obtain (T Py)*Py D
E(M). We proved that the operator E(M) has a closed extension. ' O

Lemma 9 Let X and M be an operator on a Hilbert space H and a POVM on the Hilbert
space H, respectively. If X D E(M), then we have V(M) > X*X.

Proof For a vector ¢ € D(g(M)), we have

/C (8l( — X")M(d2)(z ~ X)|¢) > 0
(M) (6, 8) — (BX°X|¢) > o.

Since D(¢(M)) € D(E(M)) C D(X), we obtain Lemma 9. O
The bounded version of this lemma is proved by Helstrom [9].

Lemma 10 Let S be an operator defined on the dense subset D(S). The operator S is subnor-
mal if and only if there exists a POVM M satisfying the conditions

S = E(M) (4)

S*S = V(M). "'(5)

Proof Let (K,T) and Py be a normal extension of the operator S and the projection from
K to H, respectively. By defining a POVM M by M(B) := PyEr(B)Py, the equation (4) is
trivial. Since V(M) = PyT*T Py = S*S, we have (5). Assume the equations (4) and (5). From
Naimark’s extension theorem (Lemma 6) there exists a Naimark extension (K, E) of the POVM
M. Define a normal operator T' := . 2zE(dz). Then we have V(M) = PyT*T Py, E(M) =
P3 TPy. From the equations (4), (5) and Lemma 11, we can prove that S is subnormal. [
The bounded version of this lemma is proved by Bram [3]. We will prove Lemma 11 applied in
the proof of Lemma 10.

Lemma 11 Let S, K and Py be an operator on a Hilbert space H, a Hilbert space including
the Hilbert space H and the projection from K to H, respectively. For an operator T on K, the
following are equivalent:

(A) S =TP;.
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(B) S*S = PyT*TPy, S=PyTPy.

Proof It is easy to derive the condition (B) from the condition (A). Assume the con-
dition (B) We have (TPH)*TP'H = (PHTP%)*PHTPH + ((I - P'H)TP%)* (I - P'H)TPH and
(PyTPy)*PyTPy = S*S = (T Py)*T Py. Therefore, we obtain (I — Py )T Py = 0. Then we get
the condition (A). O

A closed subspace H' of H reduces a normal operator T on H, if the projection Py to #H'
commutes Er(B) for any Borel set B. This condition is equivalent with the projection Py
commutes the operators U, U* and e!T” for any real number ¢. A normal extension (T,K) of
a subnormal operator S on H is called minimal if K has no proper subspace which reduces the
normal operator 7'.

Lemma 12 A normal extension (T, K) of a subnormal operator S on ‘H 1s minimal if and only
if K = L where the subspace L of K is defined as

L= { D Umret Ty

Y € H,oty € R,mg,n € Z}
k=1

and T = U|T| is a polar decomposition of T' such that U is unitary.

Proof Assume that a closed subspace K’ of K including H reduces the normal operator T
Then, for any h € H, any integer m and any real number ¢, we have U meitlTI’f, ¢ K. Since the
closed subspace K includes £, the closed subspace K includes L.

From the definition of £, we have the relation UL C L. Since U is bounded, we have the
relation UL C L. It implies that [Pz, U] = 0. Similarly, we have the relations [Pz, U*] = 0 and
[Pz, €!T*] = 0 for any real number ¢. It implies that the closed subspace £ reduces the normal
operator T'. The lemma is now immediate. O

Lemma 13 Let (T,K) be a minimal normal extension of a subnormal operator S on H. If a
Hilbert space K' including H and a normal operator T' satisfy the condition that T'Py D A,
there exists an isometric map V from K to K' such that VH = H and VIV* = T' Py, v. It
implies that T' Py = A i.e. the pair (T',K') is a normal extension of S.

This lemma guarantees the uniqueness of the minimal normal extension and that if a normal
operator T' on K including H satisfies TPy D S, the pair (T, H) is a normal extension of S.
Proof Define the subspace C of K and the subspace C’ of K' by

C:= {Z et Ty,

k=1

¢k6%,tk€R,nEZ}.

wk € H)tk € Ran € Z} ) C'= {Zeitk'T,lzlpk

k=1

Similarly to Proof of Lemma 12, we can prove that the closure C reduces |T'|* and the closure
C’ reduces |T"|%. Since the operator S*S is self-adjoint, the operator ets"9 is densely defined on

H ¢(z) = f(z)z*. for any real number t. Thus, we have

[o.e]

tk X ) 23] tk(S*S)k 15+ 5 o
Zic—!”S ¢ill* = ¢j:ZT¢j = (¢;,e"5¢;) < oo, for ¢1,¢s € D(eF).

k=0 k=0
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Using Schwarz’s inequality, we obtain

k N R k
(5°91,52) < > Llstanle,| Y Sl < w.

0 k=0 ' k=0

NE
?ZI‘*

o
i

From Fubini’s Theorem,

<¢)1’eit|T|v2¢2> _ <¢1,Z&Z|)— > <¢1,E ztS* > Z (zt) (Sk¢1,5k¢2>

k=0 k=0 k=0

= (p1,e"" ). (6)

From (6) and the fact that the operators ¢7”” and €''”'* are bounded and D(eS"5) is dense
in H, we have the equation (1, €MTF o) = (¢, eT'P ) for any ¢y, ¢y € H. Thus, we can
define the unitary map V; from C to c by

Ve (Z eitk|T|2¢k> — Z eitle’iquk.

k=1 k=1

Then we have V¢|T|?V# = |T'|? on C'. 1t implies that V|T|VZ = |T'| on C'. We can define the
inverses |T'|~! and |T'| ™! on Im |T|NC and Im |T’|NC7, respectively. Then we have Ve|T| V¢ =
|T'|"! on Im |T"| N C'.

Let T = U|T| and T' = U'|T"| be the polar decomposition of T' and the one of 7" satlsfylng
that U and U’ are unitary, respectively. The image Im |T| is invariant under the unitary
transformation U, and the image Im |7”| is invariant under U’. Then, we have Im A C Im|T| N
H C Im|T| N C. Similarly, we have ImS C Im|7”| N C’. Thus, for any ¢ € Im A, we have
VelT|7Y¢ = |T'|7*¢. For any ¢1, ¢2 € H, we have

(Vg1 U o) = ("7 61, [T|FUHTI o) = (€7 61, | T|*5*¢n)
— <Vceit|T|2 ¢1, VCITI—k:8k¢2> — <eit|TlI2 ¢17 }Tll—kzslt¢2> — <eit|T’I2 ¢1’ U,k¢2>.

Then, we can define the isometric map V from K to K’ by

1% (Z U eitk}TPwk) — Z U/’”":k eitk[T’[z wk
k=1 = k=1

The isometric map V satisfies that VH = H. From the definition of V, we obtain that
VUV* = U, VU*V* = U*, VellTPv* = VellT*V* on L' for any real number ¢, where £’ :=
ro UM el 4, l Y € Hoty, € Rymy,n € Z}. Then, we obtain that VTV* =T on L. It
implies that 7' Py = A. O
For a simple proof in the bounded case, see §2 in Chapter IT in Conway [4]. The following
lemma shows the one-to-one correspondence between POVMs satisfying the condition V(M) =
E(M)*E(M) and subnormal operators, in a similar sense to Lemma 3 which shows the one-to-
one correspondence between spectral measures and normal operators. ‘
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Corollary 14 For any subnormal operator S, there uniquely ea:isté the POVM M satisfying
the equations (4) and (5).

Proof It is sufficient to show the uniqueness. Let M be a POVM satisfying the equations
(4) and (5), and let (K, E) be a Naimark extension of M. Then, the pair of the Hilbert space
K and the normal operator T := [ zE(dz) is a Normal extension of S. Define £ as Lemma
12. Therefore, the pair of the closure £ and the normal operator T Pz is the minimal normal
extension of S. Then, we have M(B) = PyE(B)Py = PyErp(B)Py for any Borel set B.
From the uniqueness of the minimal normal extension (Lemma 13), we obtain the uniqueness
of the POVM satisfying the equations (4) and (5). O

Definition 15 If a POVM satisfies the conditions(4) and (5) with respect to the subnormal
operator S, we call it the POVM of the subnormal operator S.

The proof of Lemma 10 shows that Naimark’s extension theorem (Lemma 6) guarantees the one
to one correspondence between the normal extension of a subnormal operator and its POVM.
Subnormal operators have the following properties:

Lemma 16 Let S be a subnormal operator on H. Then
§*S > 8S*. (7)

Proof Since I > Py, we have PyTT*Py > PyTPyT*P;. From the normality of T, we get
S*S = Py T*TPy > PyTPyT*Py =TPyT* = SS*. d
Operators satisfying (7) is called hyponormal operators* and the class of these operators is
important in the operator theory. The following lemma 17 tells a relation between the POVM
of a subnormal operator and an over-complete eigenvector system.

Lemma 17 Let B and K be an operator on H and a subset of complex numbers C, respectively.
Assume that there exists a vector |z) € D(B) satisfying B|z) = z|z) for any compler number
z € K, and there exists a measure p on K satisfying [, |2)(z|u(dz) = I. Then, B* is subnormal
and the POVM |2)(z|u(dz) is the POVM of the subnormal operator B*.

Proof From the assumption, we have

=5 [ [)Elud) = [ A=) u(de)

Thus, The POVM M (dz) := |2){z|u(dz) satisfies the condition (4). Therefore, we obtain

55 = [ BB u(de) = [ |l de) = V(1)

Then the POVM M satisfies the condition (5) and the operator B* is subnormal from Lemma
10. We can confirm that the POVM |z)(z|u( dz) is the POVM of the subnormal operator B*.
O

In the following of this section, we treat a relation between a subnormal operator and its
spectrum.

4This class is introduced by Halmos [7].




83

Lemma 18 Let S and ¢ be a subnormal operator and an eigenvector of S, respectively. Then,
a vector ¢ is an eigenvector of the adjoint operator S* of S.

Proof Let (K,T) and Py be a normal extension of S and the projection from K to H,
respectively. Assume that ¢ € D(S) is the eigenvector of S associated with an eigenvalue ¢
such that ||¢|| = 1. Since T'¢ = c¢, we have T*¢ = ). Then S* = PyT*. Therefore we get
S*¢ = ¢¢. Thus, we obtain the Lemma. ]

Definition 19 A subnormal operator S is called pure subnormal if it satisfies the following
condition; If a subspace I of H satisfies that SPr is subnormal, then the subspace T is {0}.

Lemma 20 Any pure subnormal operator S has no point spectrum.

Proof Let (K,T'), Py and ¢ be defined in Proof of Lemma 18. Since, we have S*¢ = ¢¢, the
operator |¢)(¢| commutes the pure subnormal operator S. The fact contradicts the definition
of pure subnormal operators. O
According to Conway [4], it is sufficient to assume the purity and hyponormality in Lemma 20.

3 Compound-system-type normal extension

Now, as an example of a subnormal operator and its normal extension, we will treat the boson
creation operator a; and the heterodyne measurement in quantum optics. The pair (L?(R) ®
L*(R),af ® I + I ® a) is a normal extension of the subnormal operator af under the isometric
embedding L*(R) — L?*(R)® L?(R) defined by ¢ ~ 1®|0), where |0) denotes the boson vacuum
vector. Here, a; ® I+1®ay is a normal operator, and we have (a; @1 +1Q®a;)¢®|0) = (a;¢)®|0)
for any ¢ € L*(R). By substituting a; for B in Lemma 17 and and by letting |a) be the boson
coherent state, we can confirm that |o)(a| d*c is the POVM of the subnormal operator af.

The heterodyne measurement is implemented by the measurement of a; ® I + I ® ay, (i.e.
the joint measurement between Q@ ® I +1® Q and P ® I — I ® P which commute each other)
under the circumstance where the state of the basic system is ¢ and the state of the ancillary
system is controlled to be the vacuum states |0)(0]. In detail, see §6 in Chapter III in Holevo
[11] or §6 in Chapter V in Helstrom [9]. We will generalize normal extensions of similar type
to this, by the name of compound-system-type normal extensions, as follows;

Definition 21 Let S be a subnormal operator defined on a dense linear subspace D(S) of H
and let H', T and v be a Hilbert space, a normal operator defined on a dense subspace D(T)
of the Hilbert space H @ H' and an element of H' whose norm is 1, respectively. We call the
triple (H', T, ) a “compound-system-type normal extension” of the subnormal operator S if it
satisfies the condition

D(S)®y C D(T), (S¢)®@y=T(¢®%), forany¢e D(S). (8)

Thus the definition of the compound-system-type normal extension describes not only the
probability distribution but also a framework of the concrete implementation process, while
the definition of the normal extension given in §2 describes only the probability distribution.
Therefore, a compound-system-type normal extension contains more informations than the

corresponding POVM.
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In the following of this section, we discuss compound-system-type normal extensions of
isometric operators and symmetric operators. Let {| 1), | })} be a CONS of C2.

Lemma 22 An isometric operator U on H is subnormal. Define the operator T := U ® | 1
YA 4+ U@ | IV |+ Py ® | 1L |, where InU* denotes the orthogonal complementary
space of ImU. Then, the operator T is unitary on H ® C? and the triple (C*,T,| 1)) is a
compound-system-type normal extension of U.

Proof From the definition, we have
™T
N +U S| DU+ Papgr @D DU +U" @ | DU [+ Py @[ D
L@ | (M + Pav @ | {1+ Py @[ D = T @ L2

Then, the operator T is unitary. Moreover, we have T(¢ ® | 1)) = (U¢) ® | ). Therefore, the
triple (C2,T,| 1)) is a compound-system-type normal extension of U. O
A closed symmetric operator X is called mazimal symmetric, if there exists no symmetric
operator Y such that X G Y.

Lemma 23 A closed symmetric operator X 1s subnormal if and only if X is mazimal sym-
metric. Define the operator T := X* @ |—){+| + X ® |+){(—| on the domain D(T) := D(X*)®
|+) ® D(X) ® |-) with |£) := 71—§(| 1 £ 1)), for the mazimal symmetric operator X on H.
Then, T is a self-adjoint operator and the triple (C2,T,| 1)) is a compound-system-type normal
extension of X.

For this lemma, the proof that the maximal-symmtric property guarantees the subnormality
has been given by Naimark. (Naimark [13, 14], Ahkiezer and Glazman [1].)

Proof Define the isometric map I3 from H to K := HRC? by Iyp = ¢®| 1). Therefore, for
§ € D(X), we have Iyd € D(X) & C* C D(T) and T($® | 1)) = (X) ® (|-} (+] + ) ()| 1
Y = (X¢) ®| 1) = IyX¢. Then, we obtain X C I} TI;. It implies that the operator I3, Ty
is subnormal. Since T is normal, the operator I} TIy is symmetric. When X is maximal
symmetric, we have X = I}TI; and the operator X is subnormal. If the operator X is
symmetric and subnormal, there exists a maximal symmetric operator ¥ such that X C Y
and a normal extension (T,K) of Y. Then, we have X C TPy. From Lemma 13 and the
subnormality of X, we have that X = TPy =Y. It implies that X is maximal symmetric. [
For example, we apply the inequalities (7) in Lemma 16 to a symmetric operator X which
doesn’t necessary have a self-adjoint extension. If X is self-adjoint, we have X*X = X X*.
But, if the operator X have no self-adjoint extension, we have X*X ;Ct X X*. This fact isn’t
contradictly to the inequalities (7).

4 Irreducible unitary representations of the algebra su(1,1)
and their coherent states

In this section, from the discrete-series-type unitary representations of the algebra su(1,1)
(defined in this section), we will canonically construct the corresponding subnormal operators,
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and will investigate the relationship between the coherent states defined by Perelomov [17] and
these subnormal operators.

When a triplet (Ey, Ey, E_) of skew-adjoint operators on a Hilbert space satisfies the fol-
lowing commutation relations, then it is called a unitary representation of the algebra su(1,1):

[Eo, By] = +2Ey, [E4,E_] = Ey. (9)

In the following, for a prescribed unitary representation (Ey, E., E_), we will discuss the re-
lations under the representation. For a unitary representation (Ey, E;, E_) of the algebra
su(1, 1), define another triplet (Lo, Ly, L_) by

Lo:=14(E_ - Ey), Ly:= %(EQ +i(Ey + E_)). (10)
Then, this triplet satisfies the commutation relations of the same type
[Lo, Li] = £2Ly, [Ly,L_]= Ly. (11)
For this triplet, | ”
Li=Lo, LY =—L. (12)

hold, where L, and L_ are neither self-adjoint nor skew-adjoint. Conversely, from the triplet
(Lo, L, L_) satisfying the conditions (11) and (12), a unitary representation (Ep, E,, E_) of
the algebra su(1, 1) can be constructed by

Bo=L.+L_, Ei :i%(LOZ}:L+:tL_). (13)
The Casimir operator of the algebra su(1,1) is given by
C:=E’+2(E,E_+E_E,)=L}+2(LyL_+L_L,). (14)
The relation (14) can be written in another form
C=L3—2Lg+4L, L_ (15)

by using (11).

In the following, only non-trivial irreducible unitary representations will be discussed. From
this assumption, it is easily shown that the dimensions of the kernels of L and L, are not
more than one, and that either of them should be zero. In this paper, we discuss the irreducible
unitary representations of the algebra su(1,1) only in the cases where the dimension of the
kernel of L_ is one. Let vy be a unit vector belonging to the Kernel of L_. Then, because the
Casimir operator should be scalar-valued, we can show that v, is the eigenvector of Lg from
(15). Let A be the eigenvalue of Ly with which vy is associated and let v, := (L;)"vp. From
the commutation relations (11), we have the following relations;

LOvn - (A + Qn)vn n Z O L—‘U’I'l, = —n(/\ + n— l)vn——l n 2 ]'
L+’U” = Un+t1 n>0 L—UO = 07
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whence we can confirm that the eigenvalue A, with which v, is associated, specifies the rep-
resentation uniquely. From the above assumptions, we can confirm that the basis {v,}:2; is
complete and orthogonal. In the following discussions, H, denotes the representation space of
the irreducible unitary representation of su(1,1) characterized by the minimum eigenvalue A.
We call such a representation a representation of discrete-series type. Especially, when A is an
integer, the representation of the Lie group SU(1,1) can be constructed and it is well-known
as the discrete series [12, 6]. From the above relations, the Casimir operator C'is calculated to
be the scalar A(A — 2). The unitarity of the representation guarantees A > 0 [12]. From the
commutation relations (11), we have

<vn7 vn) = n()\ +n - 1)<'Un—1, 'Un—1>'

Define the number operator by N := Z(Lo — A). Then its eigenvector |n)y associated with the
eigenvalue n is given by
r'(\)

|Inyv = | =

nTO+n) ™

Next, we will construct the su(1,1)-annihilation operator in the following way; Since N|n)y
belongs to the range of L for any n and the kernel of L, is {0}, the operator a := L{'N =
%LQI(LO — A) can be defined as a bounded operator by the relation

aln)y = 4/ = —5In— ), (16)

where we mean a|0)y = 0 by (16) in the exceptional case where A = 1,n = 0, as a convention.
From (16), the commutation relation [a, N] = a is derived. The su(1, 1)-creation operator is
defined by the adjoint a* of a, and

n+1
n+ A

a*|n)y = In+1)n. (17)

From (16) and (17), we have

a*a=(N+A—=1)7'N, aa*=(N+NHN+1), [a,a]=A=DN+N)(N+r-1)"
(18)

for A # 1, and
aa* =1, a'a=1-|0)n n(0, [a,a*]=]0)n n(O| (19)
instead of (18) for A = 1. In the case where A # 1, from (18), we have
ad* = —(a*a+ X —2)"'(Aa*a—1), a*a=(aa* —N)7((2— ANaa" —1).

Next we will construct the eigenvector system of a. Introduce the unitary operator D(§) :=
exp (f L,—¢ Li) for a complex number &, according to Perelomov [17]. For the complex number
¢ such that |¢| < 1, define the coherent state |(), of the algebra su(1, 1) by

Qe = D(%qii—}il) 0} = exp(CL+) exp (-;-m(l—m?) Lo) exp(CL-) |0)420)

= (1=[¢[*)* exp(¢L+) [0)w, (21)



87

where see pp.73-74 of Perelomov [17] for the derivation of the second equation (20). Because
we can show that [a, L] = I, we obtain the commutation relation [a, exp(¢L.)] = (exp({L+).
Moreover, from exp (5 In(1 — [(|?) Lo) exp(CL-) |0)n = (1 —|¢|*)*/?|0) v, we have

aIOa =exp((L4) a [O)n + CeXp(CL-I—)lO)N = C|C>a (22)

Therefore, the coherent states of the algebra su(l,1) are characterized as the eigenvectors of
the su(1,1)-annihilation operator a. Here the point spectrum o,(a) is D := {z € C| |2| < 1},
the continuous spectrum o.(a) is S := {z € C||z| = 1} and the residual spectra is the empty
set. Moreover, from Lemma 26, the point spectrum o,(a*), the continuous spectrum o.(a*) and
the residual spectrum o,(a*) of a* are the empty set, S and D, respectively. When 0 < A, a is
not subnormal from Lemma 18 and the fact that it has eigenvectors. When A < 1, it is shown
that a* is not subnormal from Lemma 16 and the fact that [a,a*] > 0 does not hold.

Moreover, when A > 1, the resolution of identity by the system of the coherent states holds,
as

0= [ [aalclild) =T with  p(d0) 1= — i (23)

1—[¢?)*
From this resolution of identity and Lemma 17, when A > 1, we can show that a* is a subnormal
operator. On the other hand, when A < 1, the integral in (23) diverges. However, the equations
(19) implies that a* is isometric when A = 1. Then, ¢* is subnormal even when A = 1.
Next, define the unbounded operator A by a linear fractional transform (Mdbius transform)
of a, as

A= —i(a+1)(a—1)",

where the domain D(A) of A is defined by ({|n)n}220)°. The domain of A* is dense in H,, as
will be shown in the last part of §5.2. Therefore, A is closable and we can define the operator
Aby A := A = A* (See Reed and Simon [18]). It is shown that (), € D(A) in the last
part of §5.2. Hence we have A|(), = —i%{—ﬂ()a. By defining |n)4 := l%ﬁ> , we can show
that A|n)a = n|n)a holds. (Formally, the operator a is the Cayley transform of A, with an
appropriate discussion on its domain.) From the relations [a,L;] = I, (11), (13) and the
definition of a, we can show that the relations

2By —N(a—-1)Ly = (Ly+Lo—X)(Lo—(A—2)—2L,)

(Lo— Ly + L )(=A+ Lo+2+2Ly)

~4iE,(a+ 1)Ly

—(Eo = M|0)y = (Lo — L4)|0)w = —2iE4|0)y = —2E,(a + 1)|0)n

(Bo — M)(a—1)[0)n
hold on D(A). Hence, on D(A), we have

(Bo— M)(a—1) = —2E,(a + 1). (24)

(X ) denotes the vector space whose elements are finite linear sums of X.
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By using (24), the operator A can be written in another form

A= %E;l(EO ~ ). (25)

Now define v(s,t) := exp(sE,) exp(tEp)vo. Then, from [4, E,] = I, we have
Aexp(sE}) = exp(sE;)A + sexp(sE}), Aexp(tEy) = e* exp(tEy)A
and hence
Av(s,t) = (e*i + s)v(s,t). (26)

From this relation, by letting = e*i+s € H := {z € C|Im z > 0}, we have v(s,t) = e?®|n),
with a real-valued function (n) of 7. Moreover, from (25), we can show the relation

[A>A*] =—(A- 1)E4_—2
formally, and

on D(AA*) A>1

27
on D(A*A) 0 <A <1 (27)

A*A — AA* = (A =1) (BE1Y) E? {

in more precise form (The proof of this relation will be given in the last part of §5.2) . Hence
it is shown that the point spectrum o,(A) of A is H, the continuous spectrum o.(A) is R and
the residual spectrum o,(A) is the empty set. On the other hand, from Lemma 26, the point
spectrum ¢,(A*), the continuous spectrum o.(A*) and the residual spectrum o, (A4*) of A* are
the empty set, R and H, respectively. Therefore, for 0 < A, from Lemma 18 and the fact that
the operator A has eigenvectors, it is shown that A is not subnormal. When X\ < 1, A* is
not subnormal because the relation (18) shows that the condition AA* > A*A is not satisfied.
Moreover, in a similar manner to the above discussion, the resolution of the identity by the
eigenvectors of A '

dzn

(A=1) /H )4 alnla(dn) =T with  v(dn) = 2o omss

holds. Hence, when A > 1, we can show that A* is subnormal from Lemma 17. When X < 1,
the integral in (23) diverges. However, as will be proved in the last part of §5.2, the operator
A* is maximal symmetric when A = 1. From Lemma 23, A* is subnormal even when A = 1.

5 Concrete representations of su(1,1)

5.1 Representation on the space of holomorphic functions

In the following, we will summarize the representations on the space of holomorphic functions
in the case where A > 1 in general. The corresponding representation of Lie group SU(1,1)
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cannot necessary be constructed. The case of that it can be constructed i.e. ) is an 1nteger
see Knapp [6]. Define two Hilbert spaces

H(D)y := { f : a holomorphic function on D

117 = [ 1@Pa- PP < oo}

K(D)y := {f : a complex function on D l|[f|{2 = /é ()P (1= 2]) 2 d%2 < } :
Define a map D, from H, to H(D)y
DA 1= L s

From (23), it is easily shown that D,(f) belongs to K(D),. The holomorphy of D, (f) can be
confirmed from the modified expression

DA(f)(e) = 3 LU0

!
n=0 s

derived by using (21). It is easily shown that (Dy|n)y) (2) = 1;,’1\1?:)) 2"
From these relations and some considerations, we can show that D, is a unitary map from
H into H(D),. Moreover, by defining D) .(X) = D)XDj for the operator X on H,, the

following relations are derived;

Dy(By) = Az+(z2—1)dii, DA,*(E+)=%(1-2) (A+(z—~1)jz>

) d
Dy.(E-) = —%(1 + z2) ()\ +(z+ 1)z> ,  Da.(a*) =z,
d 5 d d d
’D)\,*(Lo) = A4 22— 7 'D,\Y*(L+) =Az+z E, D,\,*(L_.) = ——-CE, ’D,\,*(N) = Z—L—i; :

In this representation, defining the multiplication operators Sy : f(z) = zf(z) on K(D),, we
can show that the pair (Sy,K(D),) is a normal extension of D) ,(a*).
Next, we consider the case where A = 1. Let

> gl < oo}, K(S): := L*(S).

n=0

H(S)1 = {9 = {gn}no

We can interpret the Hilbert space H(S): as a subspace of the Hilbert space K(S); by the
isometric map Vi : g = o= > o0 goe™® . Define a unitary map D; from H; to H(S)1 b

(Di(f)n = (fln)n-

Moreover, define Dy .(X) := ViD1 XD;V}* for a operator X on H;, the following relations are
derived;

: . d -1 , . d
Y ON . B Al — (1 — 0i __ _—6iy_
,DL*(E()) - ’L(e € )d97 DL,;(E,;,) 9 (]‘ € € )d97
1 d e d
Dl’*(E-) = 2(1 + 69Z + 8—91) d0 'Dlv*(a ) = 69 5 D]_’*(N) = —Z—(-i-é' — 1,
. d . ¢ d . g 4
IDL*(L()) = —’1»79', Dl*(L+) = —160 ?d—g-, Dl,* (L_.) = 1€e o Eé
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In this representation, defining the multiplication operators S; : f(z) — zf(z) on K(D)1, we
can show that the pair (S1, K(D);1) is a normal extension of Dy .(a*). Therefore a is subnormal
in the case where A = 1.

However, these types of construction of the normal extension are not directly corresponding
to the construction of physical measurement. We can construct a normal extension of A* by a
similar method, though there arises the same problem that it is not directly corresponding to
a physical operation.

5.2 Representation associated with irreducible unitary representa-
tion of affine group

Next, we will construct discrete-series-type irreducible unitary representations of the algebra
su(1,1) from an irreducible unitary representation of the affine group (az + b group) generated
by E, and E;. The representation which will be constructed in this section is closely related
to the continuous wavelet transformation [5, 20]. According to Aslaksen and Klauder [2], there
is not any irreducible representation of the affine group but the representations equivalent
unitarily to the following representation on L2(R*) or L*(R™);

E, =i(PQ+QP), E,=1iQ, (28)

where Ey and E, are shown to be skew adjoint. In this representation, 1/(2;—’(%:%—;1:0"’6""’” is

called the affine coherent state®, and it is obtained by operating the affine group on 2 pkeFr
P g P T(2k+1)

In the following, we will construct an irreducible unitary representation of the algebra su(1,1)
from the above type of unitary representation of the affine group, and will discuss how to in-
terpret the affine coherent states in terms of the unitary representation of the algebra su(1, 1).
Therefore, in addition to the two generators in (28), we should construct the representation of
another additional generator £_. By choosing

E_p:=—i(PQP+k*Q") (k >-1/2) (29)

for this additional generator, we can construct an irreducible unitary representation where the
triplet Eo, E, and E_ satisfies the commutation relations (9). However, we should be careful
about the domain of E_, as follows; First, define the dense subspace D(E_ ;) of L*(R*) by

D(E_ )
(2k + 1)z* fo(z) + 271 fg (=) € L*(RY),
= {f(a:) = z* fo(z) € L*(R*) N CHRY) lim sup f:(c,(sS) i oo,cC mk;)”oéc) —+0asz — o0 }
s—0

6The Fourier transform of this affine coherent state is equivalent to the Cauchy wavelet in signal processing,

. . . t.
whose basic wavelet function is Z(—ci%%f—&
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Then E_ is an operator defined on D(E'_’k). It is confirmed that iE'_’k =PQP+k’Q'isa
symmetric operator on D(E_ ), from the fact that the difference '

[ @ePTFa N N@ste)aa - [ Fo) (PP + Q) o) (@) o
= [27(2)g(z) — z¢'()F(c)].

= )90 = td 070 - (s905) (7 - 70e)) - 57 <g'<s> =20))
= (F(0)9(t) - tg ()T (2) — (9()s"Ta () = sT(s)s* ()

tends to zero as s — 0,t — oco. Moreover, we can show that D(Eka) NC?*(R*) = D(E_}).

Therefore, E’_,k is a closable operator and ¢E_j := i?—,k is a self-adjoint operator. By letting
Ly, Lo gy Lok, Ak, Ny and [n)%, |n)% be Ly, L_, Ly, A, N, |n)y and |7) 4 in this representation,
respectively, we have

Lip = % (i(PQ+ QP) — Q+ PQP+k*Q™"),

Loy = % (i(PQ + QP) +Q — PQP —k*Q™"),

- 1
Loy, = (PQP+KQ'+Q), A,=P+ikQ™", Ny.= 5 (PQP+K*Q ' +Q —1—2k),
(2 Im 77)2k+1 k _inz

) (a) = \/#‘L——sm) Inp () =

n+ 2k + 1) T2k+1) =~ ©

when S!(z) is the Sonine Polynomial (or the associated Laguerre polynomial) defined by’

iy = (=)™ D(n+1+1)z™
Sh(@) = (n—m)IT(m+ 1+ 1)m!’

m=0

Moreover, in this representation, the minimum eigenvalue of Ly is A = 2k + 1, and the
Casimir operator is 4k? — 1. Therefore, the representations of discrete-series type (defined in
§4) in general can be constructed concretely by (28) and (29) on L*(R™).

In the following, we will show the properties of Ay in order to show the properties of
A in the representations of discrete-series type. Since the domain of Az is ({|n)}%,) and
Ay = P +ikQ™!, the following relation (30) is derived, and hence we can show that D(A})
is dense in L2(R"). Thus A} is shown to be a closable operator. Letting Ay := Ay, then the
following (31) is confirmed. Note that X = X** and X* = X* hold for a densely defined linear
operator X.

D(A)NCHRY) = {w_kf(:c) e L*(RM) N CYRY) (30)

a7k f'(z) € L*(RY) }
f(s) > 0ass—0,
2" f'(z) € L*(R™) } ET)

D(A) N CLRY) = {g;kf(a:) € L*([R*) N CYR™) limsup,_,, f(5) < oo

"Sometimes another definition with n 4 { instead of [ is used.
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Note that limsup,_, . fo(z) = 0 for & > —1, when z* fo(z) € L*(R*). From (31), we can show
that |¢), € D(Ay). The subspaces D(A}) N CY(RT) and D(A;) N CH(R*) are the cores® of
A and Ajg. In the special case where A = 1 (i.e. where k = 0), we can show that Af is a
symmetric operator. When —% <k < %, the domain of Ay is larger than the domain of A*,,
though A and A* are the same formally, i.e. A*; & Ay. These relations D(A;) C D(Ay) and
D(A%) C D(E3") are shown in the cases where A < 1 (k > 0), only the relation D(A}) C D(Ay)
is shown when A = 1 (k = 0), and these relations D(Ax) C D(A}) and D(A;) C D(E;') are

shown when 0 < X <1 (-1 <k <0). From these discussion and (25), we obtain (27).

5.3 Representation associated with squeezed states

Next, we will discuss the following representation of the algebra su(1,1) on the Hilbert space
L*(R); Let

Fy=:(PQ+QP), Bi=:Q%, E.=-3P (32)
then we have
1 1, . 1
Lo=mny+ 57 L,= _5(%)27 L= 5‘11?7

where a; := /1/2(Q + iP) and n; := 1/2(Q* + P? — 1) = aaj. In this representation, the
Casimir operator is the scalar ——%. From the fact that the Casimir operator is the scalar A(A—2),
the solutions are A = 1/2,3/2. Under the representation given in (32), L3(R) is not irreducible
and it is decomposed into two irreducible subspaces as:

LZ(R) = szen(R) ©® Lﬁdd(R)

2 .(R) is the set of square-integrable even functions and L2 4(R) is the set of square-
integrable odd functions. We have the solution A = 1/2 in the subspace L% (R), while we
have the solution A = 3/2 in the subspace L234(R). In the subspace L2.,(R), a, A and N are
written in the forms

where L2

o= (a) ', A=Q'P, N= %n,,, In)w = (—1)"[20)m;

PN C'®) = {1 € @ N CU®) |1 1) € B |

where |n),, denotes the eigenvector in L*(R) of the boson number operator n; associated with
the eigenvalue n. These are just corresponding to the characteristic equations (1) and (2) of
squeezed states explained in §1, and hence it is shown that the eigenvectors of a and A are

squeezed states, as:
1 =1|=) .
H—=V/ 4 K/

8The subspace of the domain D(X) of a closed operator X is called a core of the operator X if it is dense
in D(X) with respect to the graph norm of the operator X.

|0; p, v) =
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Substituting these relations into (22) and (26), we obtain (2) and (1). In the following, the
vector |¢)q in L2, (R) is denoted by |¢)4even- On the other hand, in LZ;4(R), a, A and N are

written in the forms
1
a=aya})t, A=PQ7', N= 5(n,, —1), and |n)y = (=1)"]2n+1),,

Next, we will discuss the representation of the algebra’ su(1,1) in the Hilbert space LA}(R") =
L*(R) ® - -- ® L*(R). In this representation,

n

Bo= 53 (P +QiF), Zcz Bo=—LY P, (33)

j=1 7=1

where @Q); and P; denotes the multiplication operator and the (—i)-times differential oper-
ator, respectlvely, with respect to the j-th variable. Let LZ(R™) be the closure of the lin-
ear space generated by {|C)a moen L= IC)aeven ® - ® €Y, even} Then, LQ(R”) is irreducible

under the representation (33) of the algebra 5u(1 1), and then we have LER™) = {f €
L*(R™)|f is a function of Z" z2}, and then |(), in this representation on L%(R™) is equivalent
to |0)Znven-

Letting A, . be the operator A in this representation, then we obtain the relation

-1, n
T._-(ZQ) ZQJ-P]:—i( 2—58—)
j=1 j=1 J

with » := 23", 22. Now deﬁne U, : L*(R") = L¥RY) @ L3(S™1) =2 L(R' x S"71) by

i=1"y
(Un(f)) (r, (e1,€2,... ,e,, — T \/_el, \/—_62, . \/gen) , where 5"~! denotes the (n—l)—

dimensional spherical surface and (ey, es,... ,€,) is an element of S7~1. Then, the following
relations hold; '

—-1]

UnBoUy;, = Bgnz © I, UnB Uy =E 22®1, UEU;=E_ »2®1,
. A 1\ .0 . (n 1)1 2/ T2/
UnAn U, = <P+z(z—§)Q >®I_ 28T+z(4—2> , U L:R™ = L*(R™) @ ¢n,

”
m%‘%f’(m) € LA(RY) }®¢

UnD(Ane) N (CHRY) ® 9,) = {w%"%f(w) € PRYNCERY | L) Lo as s - 0.

where 1,, denotes the constant function on S"~! such that ||¢,,|| = 1. The compound-system-
type normal extension of A,, , in the above relations is reduced to the discussion of A%“ 1 which
will be treated in §6.1 and §6.2.
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6 Construction of compound-system-type normal exten-
sion of A*

6.1 The case where A\ =1

In this subsection, we will construct an compound-system-type normal extension of A* when
A =1. Let {| 1),] })} be a CONS of C?. From Lemma 23 and the fact that A* is maximal

symmetric, we obtain the following theorem.

Theorem 24 Define the operator T := A ® |=){(+| + A* ® |+)(—| on the domain D(T) :=
D(A) @ |[+) ® D(A*) ® |—) with |£) := —k(l N |[1])). T is a self-adjoint operator. Moreover,
the triple (C2,T,| 1)) is a compound-system-type normal extension of A*.

Similarly, we can construct a compound-system-type normal extension of a* according to
Lemma 22. The spectrum of the compound-system-type normal extension of A* for A = 1
appears only on the real axis. That of the compound-system-type normal extension of a*
appears only on the unit circle.

6.2 The cases where A >1

In the following, we will discuss the cases when A > 1. Let {| 1),| |)} be a CONS of C2. We
obtain the following theorem.

Theorem 25 The pair of E, @I and Eq Q@I+ 1® Ey on Hy @ Ha—1 satisfies the commutation
relation of the generators of the affine group. This representation of the affine group is written
as follows: There exist a Hilbert space H' and a unitary map U from H @ Hx-1 to H @ L?(RT)
such that U(E, @ NU* =1 Q E;,U(Ey® I + I ® Eg)U* = I ® Eo. Then, the operator U*] ®
AU | =Y +|+U*I® AU ® |+){—| with the domain DU I®AU)®|+)®D(U*I®@AU)®|—)
is self-adjoint.

Moreover, the operator T := U*I @ AgU ® |=){+| + U*I @ AJU @ |+){(—| —iE;' @ E. @ I
with the domain D(T) := (D(U*I @ AU) ® |[+) ® D(U*I ® AjU) ® |-)) N D(E;' ® E;) @ C*
s normal.

Moreover, the triple (H) = Hy-1 ® C2,T,¢ = [0)y ® | 1)) is a compound-system-type
normal extension of A*.

Proof It is sufficient to prove them under the representations given in §5.2. Now define
the unitary operator U on L?*(R*) ® L2(R¥) by (U(f))(w,v) = vvf(v,uv). Then we have
UE, @ )U* =1 ®Ey, UE,® I +1® E)U* =1® Eg and U(—iE{' ® B.)U* = —E* @ .
From the proof of Lemma 23, Ay ® |—)}(+] + A} @ |+)(—] is shown to be self-adjoint and its
domain is shown to be D(A4*) ® |—) @ D(A) ® |+). In general, for a self-adjoint operator X on
K1 and a skew-adjoint operator Y on K, we can show that the operator X ® I + I ® Y with
the domain D(X)® D(Y) = D(X)®@K:NK;® D(Y) C K1 ® K is normal. Then, the operator
T :=1® (A ®|-){(+|® 45 ®|+)(—|) — Et ® I ® I with the domain given above, is normal.
The domain D(T") of T' equals (D(I ® Ag) ® |+) & D(I ® A}) ® |-)) N D(E}) ® L*(R*) @ C*.
Then, we proved that the operator T'(= U*T'U) is normal.
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Now, we will prove that the triple (H),T,9 = |0)l;,_5 ® | 1)) is a compound-system-type

normal extension of A}. Since the set D(A;)NC 1(]RJF) is a core of the operator Ay, it is sufficient
to show that (Af¢) ®[0)§ ® | 1) =T (¢ 0577 o 1)) for any ¢ € D(4}) N CH(RY).

From the definitions and (30), some calculations result in
" k=3
U (D) N C*RY) @0} )
={f(v)uF2e ™ ¢ [X(RT x RY)|z™* f'(z) € L*(RY), f(s) = 0 as s — 0}.
We can show that a function u — u*~1/2e™*" is contained by D(E,) C L*(RY) for any v € R*.

If a function f satisfies the condition x k f ( ) € L2(RY), f(s) = 0 as s — 0, then a function
v flv)ub~ 1/2¢=w is contained by D(A}) C Lz(RJr) for any u € Rt.

Then, the set U (( (A NCHRY)) ® |0) ) is included in the set
U (D(I ® 45) 0 D(E4 @ 1)1 (c'®*) @ o)y )) Hence, |

U ((D(ap) 0 (&) ©10))7) ®11)

cU®I(D IQAI)ND(EL.QI®I)N (Cl(R+)®|0)k_5®IT)))

cUeI (DU e (48| +)—|+ A ®|-)(+) N DE © 101N (c'®hH el eln))
=UeI(D(T)n (c'®rhe 0y elh)).

Thus, for the function f(z) satisfying ¢(z) = f(z)z~*, we obtain

(6004 @ |1) = —ie (f(v)uk—%e—w) ® ()1 + 1)) | 1) — i @ | 1)

d
= i et e 1

= (40) ® [0 * ® | 1).

The theorem is now immediate. O

In the above discussions, it is sufficient only to choose Hy_; instead of H) in order only
to show that the operator T formally satisfies [T',7*] = 0 and formally satisfies (8). However,
the above definition of ) is required in order that 7" may be a normal operator defined in
Definition 1.

Since the spectrum of the compound-system-type normal extension of A* for A = 1 appears
only in the upper half plane including the real axis, the spectrum of the compound-system-type
normal extension of a* appears only on the unit disc (including the unit circle) if the latter is
related to the former by the adjoint of the Cayley transform.

\

7 Conclusions

We have discussed subnormal operators as a class of generalized observables. The POVM of
a subnormal operator defined in Definition 15 has little information about its implementation.
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We have defined compound-system-type normal extensions in order to describe not only the
probability distributions characterized by the POVMs but also a framework of their implemen-
tations. (The heterodyne measurement known in quantum optics is interpreted as a special
case of compound-system-type normal extensions.) In these contexts, we have constructed the
compound-system-type normal extensions of two subnormal operators a* and A* canonically
introduced from an irreducible unitary representation of su(1, 1), when the minimum eigenvalue
A of the generator L is not less than one. The squeezed states are regarded as the coherent
states of the algebra su(l,1), and have been characterized as the eigenvectors of an operator
defined in this mathematical framework. The squeezed states in two-particle or multi-particle
systems have been interpreted as the eigenvectors of the adjoints a and A of the subnormal
operators a* and A*. The coherent states of the affine group have been interpreted in the same
framework, as well. The squeezed states in one-particle system have been interpreted as the
eigenvectors of the operator a and A, though the operators a* and A* are not subnormal and
their compound-system-type normal extensions do not exist in this case because A is less than
one in this case.

The information described by a compound-system-type normal extension isn’t enough to
completely specify the experimental implementation, where the measurement of the normal
operator on the compound system is performed by the measurement on each system after
some interactions were made between the basic system and the ancillary system. Therefore,
the formulation including this specification is one of future problems, where interaction-based
normal extensions of subnormal operators, as it were called, will be proposed. As another
possibility, since the affine group is closely related to Lorenz group, our results about the affine
group may be applicable to the relativistic quantum mechanics.
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Appendix

The following lemma about spectra is well-known. (See Hiai and Yanagi [10].) In Hiai and
Yanagi [10], it is proved in the case of bounded operators. But, it can be easily extended to
the case of unbounded operators.

Lemma 26 For a densely defined operator A on H, Let 0,(A),0.(A) and 0,(A), be the point
spectrum, the continuous spectrum and the residual spectrum, respectively. Then we have the
following relations:

e A€o, (A) = X €o,(AY)
e M€ a,(A) = A€ g (A%)Uo,(A4%)

e A€o (A) = X (AY).
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