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Abstract

The questions studied in this thesis are centered around the moment oper-
ators of a quantum observable, the latter being represented by a normal-
ized positive operator measure. The moment operators of an observable are
physically relevant, in the sense that these operators give, as averages, the
moments of the outcome statistics for the measurement of the observable.
The main questions under consideration in this work arise from the fact
that, unlike a projection valued observable of the von Neumann formula-
tion, a general positive operator measure cannot be characterized by its first
moment operator.

The possibility of characterizing certain observables by also involving
higher moment operators is investigated and utilized in three different cases:
a characterization of projection valued measures among all the observables is
given, a quantization scheme for unbounded classical variables using trans-
lation covariant phase space operator measures is presented, and, finally, a
mathematically rigorous description is obtained for the measurements of ro-
tated quadratures and phase space observables via the high amplitude limit
in the balanced homodyne and eight-port homodyne detectors, respectively.

In addition, the structure of the covariant phase space operator measures,
which is essential for the above quantization, is analyzed in detail in the
context of a (not necessarily unimodular) locally compact group as the phase
space.
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Chapter 1

Introduction

It has long been known that the conventional von Neumann formulation of a
quantum observable as a selfadjoint operator or, equivalently, a spectral mea-
sure, is insufficient in describing many natural properties of measurements,
such as measurement inaccuracy. Therefore, the more general concept of a
normalized positive operator measure, or semispectral measure, is currently
widely used, for instance, in quantum optics, to represent the statistics of
measurements.

An essential difference between a spectral measure and a general positive
operator measure is the fact that the latter is not, in general, characterized by
its first moment operator. In fact, even the entire moment operator sequence
is in some cases insufficient to determine a positive operator measure. In
particular, a general moment operator cannot be obtained as a power of the
first one, as is the case for spectral measures. These complications make it
interesting to investigate the relation between a positive operator measure
and its moment operator sequence.

As is evident from the above comments, the basic mathematical object
in this thesis is a normalized positive operator measure, which is understood
as a representation of an observable of some quantum mechanical system.
The moment operators of an observable are defined by means of operator
integrals, and we pay careful attention to the domains of these (typically
unbounded) operators. The basic problem is whether an observable is deter-
mined by (some of) its moment operators. However, we do not investigate
this difficult mathematical question systematically in a general context, but
instead concentrate on some relevant physically motivated special cases.

The introductory review of the thesis is organized around the above men-
tioned basic problem as follows. In Chapter 2, we give the definitions of
the basic concepts, and consider the characterization of spectral measures
among all observables in terms of the first and second moment operators



of the observable. Chapter 3 presents a quantization scheme, which maps
certain unbounded classical variables to normalized positive operator mea-
sures by means of the correspondence of the classical moments of the variable
and the moment operators of the resulting quantum observable. Various im-
plementations of this scheme are studied, some of which can be realized by
means of positive covariant phase space operator measures. Chapter 4 is de-
voted to the study of the structure of positive covariant phase space operator
measures in the context where the phase space is a (not necessarily unimod-
ular) locally compact group. In Chapter 5, we study the possibility of the
convergence of a sequence of quantum observables, given that the moment
operators of the observables converge. Then we apply the results to two
concrete physically relevant applications, balanced homodyne and eight-port
homodyne detectors, thereby giving a mathematically rigorous description of
the "high amplitude limit” which leads to a measurement of a quadrature in
the former case and a covariant phase space observable in the latter.



Chapter 2

Observables, moment operators
and sharpness

2.1 An observable as a semispectral measure

In standard quantum mechanics, a physical system is described by a complex
separable Hilbert space H, the states of the system being associated with
positive operators T' : ‘H — H of unit trace. We let ‘H be fixed throughout the
review. Let L(H) denote the set of bounded operators on H, let 7 (H) be the
set of trace class operators, and let S(H) :={T' € T(H) | T > O, Tx[T] = 1}
be the set of states. The pure states correspond to projections onto one-
dimensional subspaces of H. If ¢, € H, we use the symbol |¢)(¥| to
denote the operator n — (1¥|n)p. In particular, any pure state is of the form
|©) (| for some unit vector ¢ € H.

As mentioned in the Introduction, we adopt the view in which an obseruv-
able of the system is represented by a normalized positive operator measure
E : A — L(H) (see the definition below) with A a o-algebra of subsets
of a set () containing the measurement outcomes for the observable. In
this formulation, the outcome probability distribution Ep for a measure-
ment of an observable F : 4 — L(H) in a state T' € S(H) is recovered via
Er(X)=Tr[TE(X)], X € A. In the case where T = |p)(p| for some unit
vector ¢ € H, we write simply E, := E|y) (-

We are mainly interested in observables defined on the real line and on the
phase space R?, in which cases (22, 4) = (R, B(R)) and (22, A) = (R?, B(R?)),
respectively, where B(R™) is the Borel o-algebra of R", n = 1,2. However,
we will also use the concept of normalized positive operator measure as a
mathematical tool in a more general setting.
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Definition 1. Let € be a set, A a o-algebra of subsets of ), and let E :
A — L(H) be a map.

(a) The map E' is a positive operator measure if

(i) E(X) > O for all X € A;

(i) E(@) = 0, and E(U2X,) = > -, E(X,) for any sequence
(X,) C A of mutually disjoint sets, with the series converging
in the weak (or, equivalently, strong) operator topology.

(b) The map E is normalized, if E()) = I. A normalized positive operator
measure is also called semispectral measure.

(c) If F is a semispectral measure, such that F(X) is a projection for all
X € A, then E is a spectral measure.

If Q© and A are as in the preceding definition, ¢, € H, and £ : A —
L(H) is a positive operator measure, we let Ey , denote the complex measure
X = (| E(X)g).

Spectral measures correspond to conventional von Neumann type observ-
ables; they are in one-to-one correspondence with the selfadjoint operators in
'H according to the spectral theorem. For any selfadjoint operator A in H, we
let P4 denote the spectral measure of A. Spectral measures, or, equivalently,
selfadjoint operators, are also called sharp observables. For any linear (not
necessarily selfadjoint) operator A in H, we let D(A) denote the domain of
A, and for a densely defined symmetric operator A, the symbol A denotes
the least closed extension of A.

2.2 The operator integral and moment oper-
ators

We will consider the moment operators of observables only in the case {2 = R,
with A = B(R). For an observable E : B(R) — L(H), the moment operators
are defined as operator integrals of the functions z — a* with respect to
the positive operator measure F. To give a precise definition, we need the
following general concept of an operator integral, introduced in [36].

Let Q and A be as in Definition 1, let £ : A — L(H) be a positive
operator measure, and let f : A — C be an A-measurable function. It was
proved in [36] that the set

D(f,E) :={p € H| [ is Ey ,-integrable for all ¢ € H}

11



is a subspace of H, and that there exists a unique linear operator L(f, F) :
D(f, E) — H, such that

(WIL(f, E)¢ /dew, 4 €M, € D(f.E).

It was also shown in that paper that the square integrability domain

D(f,E) = {ngH ] /]f]2dEW, < oo}

is a subspace of D(f, ), and that L(f, F') is a symmetric operator, provided
that f is real valued. In general, the inclusion D(f, F) C D(f, E) may be
proper; see [36] for a trivial example. We let L(f, E) denote the restriction
of L(f, E) to the square integrability domain D(f, F).

It should be noted that the above definition for the operator integral
differs slightly from the usual convention. Namely, in the literature the square
integrability domain is frequently used as the actual domain (see e.g. [58]).
In the case where f is bounded, however, L(f, E) = L(f, E) is bounded and
defined in all of H, and is simply the usual weak operator integral (see e.g.
[5, Theorem 9]).

Since the operator integral is an essential mathematical tool in our con-
siderations, we have made some attempts to understand its structure. It
is instructive to compare a general operator integral L(f, F) to the special
case where F is a spectral measure. It was already proved in [36] that for
a spectral measure F, the operator L(f, E) is exactly the operator given by
the usual spectral integral; in particular, D(f, F) = D(f, E) in that case. In
article IV, we investigated, among other things, the possibility of approximat-
ing f with the truncated functions f,, n € N, with fn( ) = f(z) whenever
|f(x)] <n and f,(x) = 0 otherwise. It is well known that in the case where
E is a spectral measure, we have

D(f,E) = {90 € H | lim L(f,, E)y exists } ,

with L(f, E)¢ = lim,_.o L(f,, E)¢ for any ¢ € D(f,E). For a general
semispectral measure, this does not hold. (It is easy to give trivial examples,
see article IV.) However, the following result holds; for proof!, see article IV,
Proposition 1. (In the original formulation, we used the truncated versions
(fn) of f, instead of a more general sequence (f,), but the proof shows

!The proof is based on the fact that D(f, E) is the set of those vectors ¢ € H, for
which f is integrable with respect to the vector valued measure X +— FE(X)p. The vector
L(f, E)p is then the associated integral. (See [62].)
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immediately that the result holds also in the following form.) Here x denotes
the indicator function of a set Z C €.

Proposition 1. Let 2 and A be as above, let E : A — L(H) be a positive
operator measure, and let f : Q — C be a measurable function. Let (f,) be
any sequence of bounded measurable functions 2 — C converging pointwise

to £, with | fa(w)] < |f(w)| for allw € Q. Then

D(f, E) = {gp € M| lim L(xzfa, E)g exists for cach 7 € A} . (2.1)
and

L(f, B} = lm L(f,, E)p whencver ¢ € D(f, E). (2.2)

Having defined the operator integral, we can define the moment operators
of a real observable.

Definition 2. Let £ : B(R) — L(H) be a semispectral measure, and let
k€ N(=1{0,1,2,...}). The kth moment operator E[k| of the observable F
is defined as E[k] := L(z*, E), where 2" is a shorthand for the real function
z +— z*. In addition, we put E[k] := L(z*, E).

It follows from the above considerations that each moment operator is
symmetric, that is, E[k] C E[k]*. However, it need not be selfadjoint or even
densely defined.

Now we have defined the set {E[k] | &k € N} of moment operators for
each semispectral measure F. As mentioned in the Introduction, the basic
problem is whether this set uniquely determines E. It is known that for a
compactly supported semispectral measure, the answer is always yes. (In our
formulation, for instance, this can be seen immediately from Proposition 2
below.) However, for semispectral measures £ with unbounded support, the
moment operator collection {E[k] | k& € N} need not determine E (see e.g.
27)).

Before proceeding further, we will carefully define some concepts related
to the determination of a semispectral measure in terms of its moment op-
erators.

Definition 3. Let £ : B(R) — L(H) be a semispectral measure, and let
7 C N. We say that F is determined by the moment operators E[k|, k € T,
if £/ = F for any semispectral measure E’ : B(R) — L(H) satisfying E[k] =
E'[k] for all k € Z. If E is determined by the moment operators E[k], k € N,
we say that E is determinate.

13



The above definition is needed, since a phrase such as ”determined by the
moment operators” can be somewhat ambiguous. For instance, consider a
semispectral measure F : B(R) — L(H), which is supported in the two-point
set {0,1}. Then E is completely specified by the first moment operator
E[1] = E({1}), since for any X € B(R), the operator E(X) is either O,
E({1}), I—E({1}) or I according as X contains neither 0 nor 1, 1 but not 0,
0 but not 1, or both 0 and 1, respectively. Nevertheless, if E is not projection
valued, then F is not determined by the moment operator E[1] in the sense
of Definition 3, since the spectral measure of the selfadjoint operator F({1})
has the same first moment as FE.

In concrete applications, the problem of whether a given semispectral
measure is determinate can be approached via probability measures and the
classical moment problem. Hence, the following concept is needed.

Definition 4. Let E : B(R) — L(H) be a semispectral measure, and let
D C 'H be a subspace. The semispectral measure E is D-determinate, if the
positive measure E,, is determinate? for each ¢ € D.

It is easy to see that a D-determinate semispectral measure is determi-
nate, provided that D is dense. (For a proof, see article VI, Remark 2.)

The concept of exponential boundedness has proved to be useful in estab-
lishing the determinate character of certain concrete observables, e.g. mar-
gins of phase space observables [27, 28]. Recall that a positive measure
p: B(R) — [0,00) is exponentially bounded if

/e"'”” du(zr) < oo

for some constant @ > 0. An exponentially bounded measure is always
determinate (see e.g. [7, Theorem 30.1, p. 406]).

Definition 5. For a semispectral measure F : B(R) — L(H), we let £(F)
denote the set of those vectors ¢ € H for which the positive measure E, is
exponentially bounded.

We proved in article VI (Lemma 1) that £(FE) is a subspace of H for any
semispectral measure E : B(R) — L(H). Hence, the following holds.

Proposition 2. For any semispectral measure E : B(R) — L(H), the set
E(E) is a subspace of H, and E is E(E)-determinate. If E(E) is dense, then
E is determinate.

2Recall that a positive measure u : B(R) — [0,00) is determinate, if it has finite
moments of all orders, and y = v for any positive measure v : B(R) — [0, 00) satisfying
[ zFdu(z) = [2*dv(x) for all k € N.

14



2.3 A characterization of sharp observables
in terms of their moment operators

If £: B(R) — L(H) is a spectral measure, then a well-known consequence of
the spectral theorem implies that F[1] is selfadjoint and E[2] = E[1}*. If F
is a general semispectral measure, this need not be the case, i.e. the operator
N(FE) := E[2] — E[1]*> may be nonzero.

Consider the case where E is an observable with E[1] selfadjoint. Then
we may compare E with the sharp observable PPl the spectral measure of
E[1]. Now if E is different from P! or, equivalently, if F is not a spectral
measure, then E is obviously not determined by the moment operator E[1].

The difference between £ and PP is reflected in the measurement statis-
tics: For a pure state T' = |p)(¢|, ¢ € D(E[1]) N D(E[2]), ||l¢]| = 1, the
variance Var(E7) of the measurement outcome probability distribution Ep
can be written as

Var(Er) = [ 4B, - ([ 2 dB.Y = (pIN(E)) + Var(PEY),

showing that the variance of E is larger than that of the sharp observable
PP in any (suitable pure) state 7. (This well-known fact was mentioned
already in an old preprint by Ingarden [34, p. 87].) Accordingly, the operator
N(FE) is sometimes called intrinsic noise [12].

It is also thought that the property that E[1] is selfadjoint with F[2] =
E[1]?, characterizes the spectral measures among all semispectral measures.
In the case where E is boundedly supported (so that all the operators E[k]
are bounded), this is proved in [51, p. 466], but a proof for the unbounded
case seemed difficult to find. Some parts of the proof can be extracted from
[1, p. 130], but the result is not very detailed, and, moreover, our definition
for the moment operators is slightly different from the usual one as far as
the domains are concerned. In article IV (see Proposition 7 and Theorem
5), we generalized the method of [51, p. 466] to prove that the condition
E[2] = E[1]? is indeed equivalent to E being a spectral measure, provided
that E[1] is selfadjoint. In view of our definition of the moment operator, this
is still somewhat unsatisfactory, because E[1] is not the entire first moment
operator. It appears, however, that this detail is easily corrected, and this is
done in the following lemma.

Lemma 1. Let (2,.A) be a measurable space, f : Q@ — R a measurable
function, H a Hilbert space and E : A — L(H) a positive operator measure,
such that

L(f* E) = L(f,E)*. (2.3)

15



Then the following are equivalent.
(1) L(f, E) is selfadjoint (on its entire domain D(f, E));
(ii) The restriction L(f, E) is selfadjoint.

In that case, D(f,E) = D(f, E).

Proof. Assume first that (ii) holds. Since L(f, F) is a symmetric extension
of L(f, E), it follows that L(f, E) = L(f, E) is selfadjoint, i.e. (i) holds.

Suppose then that (i) holds, and denote L(f, E) = A. Since A is selfad-
joint, it follows from e.g. [26, p. 1245] that the dense subspace D(A?) C D(A)
is a core for A, i.e. the closure of the restriction A|p(42y is A itself. Now, let
o € D(f,E) = D(A), and choose a sequence (¢,,) of vectors in D(A?) con-
verging to ¢ such that the sequence (Agp,,) converges to Ap. This is possible,
because D(A?) is a core for A. Since D(A?) = D(L(f, E)?) = D(L(f* E))
by (2.3), we have

/f2dE<pn,<pn = <90n|L(f27E)‘Pn> = (@nlL(f, E)2¢n> = ”ASOnHQv neN

where (2.3), and the fact that L(f, F) is symmetric, have been used. Since
lim,, Ap, = Ap, we get

i [ P4, .o, = A6l (2.4)

NOW [y (B) = Epip(B)| < 0 — ¢l(Iall + ) IE®)], 5o that the
sequence of positive measures (E,, ., Jnen converges to E, ., uniformly, and
hence in the total variation norm ([25, p. 97]). Since the limit (2.4) exists,
it thus follows e.g. by [36, Lemma A.5] that f? is E, ,-integrable, i.e. ¢ €
D(f, E). We have proved that D(f, E) C D(f, E). Hence, L(f, E) = L(f, E)
so L(f, E) is selfadjoint, i.e. (i) holds. The proof is complete. O

Proposition 3. Let E : B(R) — L(H) be an observable. Then E is sharp if
and only if E[1] is selfadjoint and E[2] = E[1]%.

Proof. The ”only if” part follows from the spectral theorem. Assuming that
E[1] is selfadjoint, with E[2] = E[1]?, if follows from Lemma 1 that the
operator E [1] is also selfadjoint. It remains to apply Theorem 5 of article IV
to complete the proof. (See the discussion above.) ]

Proposition 3 implies, in particular, that sharp observables are deter-
mined by their first two moment operators:

16



Proposition 4. If £ : B(R) — L(H) is a sharp observable, then E is
determined by the moment operators Elk], k € {1,2}. In particular, E is
determinate.

Proof. Let E' : B(R) — L(H) be a semispectral measure, such that E[k] =
E'[k], k = 1,2. Since E is a spectral measure, the operator E'[1] = E[1]
is selfadjoint, and F'[2] = F[2] = E[1]* = E’[1]%. Tt now follows from the
preceding proposition that E’ is a spectral measure, and hence the uniqueness
part of the spectral theorem gives £ = E’. l

Note that a sharp observable is never determined by its first moment
operator alone®. To demonstrate this with a trivial example, let P : B(R) —
L(H) be a spectral measure, and define an observable £ : B(R) — L(H)
by E(X) == 3J(P(X — 1) + P(X +1)). Now ¢ € D(E[1]) if and only if
[3((x+1)*+(x—1)?)dP,,, < oo, which happens exactly when [ 22 dP,, <
oo, that is, when ¢ € D(P[1]). In that case, clearly E[1]p = P[1]p, so that
P[1] = P[1] = E[1] ¢ E[1]. But P[1] is selfadjoint and E[1] symmetric,
so that P[1] = E[1]. Hence, the observable E has the same first moment
operator as the sharp observable P, and so the latter is not determined by

the moment operator P[1].

3Recall that the spectral theorem says only that a sharp observable is determined,
among all other sharp observables, by its selfadjoint first moment operator.

17



Chapter 3

Quantization as a moment
problem

The original idea of quantization by Heisenberg and Schrédinger was to pro-
vide a method for constructing a quantum mechanical description of a phys-
ical system, assuming that its classical description is known. For a particle
in one spatial dimension, the dynamical variables are real functions on the
phase space R?, and these were quantized by replacing position and momen-
tum coordinates by the multiplication ¢ +— (z +— x1(x)) and differentiation
P —i% operators, respectively. These operators provide a solution to
the canonical commutation relation QP — P(Q) = il, in resemblance to the
classical Poisson bracket relation. Weyl transferred the canonical commu-
tation relation into the Weyl relation efe?*? = ei*ei*Qe? [60], involving
the one-parameter unitary groups generated by the selfadjoint operators ()
and P, and von Neumann proved [44] that the solutions of the Weyl relation
essentially determine the generators () and P as the above multiplication
and differentiation. Mackey replaced the Weyl relations by the condition
Ut)QU(t)* = @ + tI [41], which characterizes the position operator () in
terms of its covariance in translations (U (t)1)(x) = ¥ (z+t). He also used the
same idea more generally [42], giving rise to a modern understanding where
essential quantum observables, such as position, momentum, and angular
momentum are defined in terms of their symmetry properties, independently
of classical mechanics. In the modern operational approach to quantum
mechanics, where quantum observables are represented by semispectral mea-
sures, this kind of definition has permitted various so called unsharp position
and momentum observables, accounting for, e.g. measurement inaccuracies

[14].

18



3.1 Quantization as a correspondence

Although no quantization is needed to define position and momentum ob-
servables, it is still interesting to obtain correspondencies between classical
and quantum observables. In that sense, quantization is any procedure that
associates a quantum observable to a (suitable) classical variable. Tradi-
tionally, the procedure is understood as a map f — I['(f), where I'(f) is a
(preferably) selfadjoint operator. In addition, the map is usually required
to quantize correctly the position and momentum variables, and provide a
consistent operator ordering for more complex variables. For instance, the
classic Weyl quantization is like this.

The usual quantization maps, like Weyl quantization, can be implemented
as an integration with respect to suitable operator valued densities. To over-
come the mathematical difficulties arising from the integration of unbounded
functions, the resulting operators are usually defined on some fixed dense
subspace of L?(R) consisting of ”sufficiently smooth” vectors (see e.g. [23]).
Another way to proceed is to ignore unbounded functions, and concentrate
on a suitable C*-algebra of classical variables, e.g. compactly supported C'>°-
functions. The reader may wish to consult [37] for an extensive treatment of
the C*-algebraic approach to quantization. The problem of that approach,
however, is that the important canonical variables, being unbounded, seem
to be excluded from the treatment.

3.2 Quantization in terms of moments

Having discussed the traditional quantizations, we immediately notice that
those methods produce only operators as quantized observables. In the von
Neumann formulation of quantum observables as spectral measures, this is
reasonable, as the quantized observable I'(f) corresponding to a classical
variable f is obtained as the unique spectral measure having I'(f) as its first
moment operator. However, as we adhere to the view in which quantum
observables are represented by semispectral measures, it does not seem to be
sufficient to have quantizations that have nothing to say about the majority
of observables.

Therefore, instead of having a correspondence f +— I'(f), where I'(f) is
an operator, we want a correspondence f +— E7, with B/ a semispectral
measure. In particular, such a correspondence could quantize position and
momentum variables so that the corresponding observables would be unsharp
position and momentum, rather than the operators (Q and P, which are sharp
observables. Following the basic problem of this thesis, we have formulated
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our quantization in terms of moments: instead of quantizing only the first
moment, as in traditional quantization, we quantize all the moments, using a
fixed map I'. In the following, €2 is the set representing the phase space, with
A a o-algebra of its subsets, M(£2) is the set of classical variables, i.e. real
valued A-measurable functions on 2, and O(H) is the set of all linear (not
necessarily bounded) operators in the Hilbert space H. We presented this
quantization scheme in article IV, and gave some additional considerations
and discussions in article V.

Definition 6. Let F C M(92), and let T : F — O(H) be a map. A classical
variable f € M(Q) is quantizable by T, if f¥ € F for all k € N, and there

exists a unique semispectral measure B/ : B(R) — L(H) such that
I(f*) = E'[k], keN.

The observable E/, and the family {I'(f*) | ¥ € N} of operators are both
referred to as a quantization of f.

By definition, any quantization E/ of a classical variable f is determined
by the moment operators E/[k], k € N.

We want to emphasize that Definition 6 should be seen as a natural
generalization of the traditional scheme, where we have only the requirement
I'(f) = E/[1], which is solved by the unique spectral measure E/ : B(R) —
L(H) of I'(f), provided the latter operator is selfadjoint. Instead of one
operator, we consider a sequence of operators, which, when taken together,
determine a unique observable. It is important to note that the operator
['(f) is, in general, not the quantization of f in the sense of Definition 6,
even if it is selfadjoint.

As for the physical relevance of Definition 6, note that f*(w) is the kth
moment of the (point) probability distribution of the classical observable f in
the pure state w € Q, while (p|E/[k]p) is the kth moment of the probability
distribution of the quantum observable E/ in a pure state |p){p|. These
correspond to each other via f* +— T'(f¥).

The moment approach to quantum observables was also used by
Woédkiewicz et al. [29], who have the term ”operational observables” for the
moments of an observable associated with a quantum measurement. How-
ever, it seems that they have not at all addressed the essential question of
whether the moment operators contain all information on the observable, i.e.
whether the observable is determinate.
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3.3 Examples of the quantization

It is obvious that a complete analysis of the quantizations permitted by
Definition 6 is a difficult mathematical problem, and we have not attempted
to do it. Instead, we have concentrated on interesting particular cases.

3.3.1 Quantization of questions

For any classical variable f € M(£2), and a set X € B(R), we get the variable
Xx © f, which assumes only two values, corresponding to whether f(w) € X
or not. Such variables are traditionally called questions [41]. Obviously,
the questions are exactly the indicator functions xz, where Z € A, so their
quantization seems to be somewhat trivial. Nevertheless, it is interesting
to compare it with the traditional quantization of questions as projections
(going back to Mackey [41]).

Consider a general map I' : F — O(H), where F C M(Q), and let
Xz, Z € A be the question to be quantized. Assuming that yz € F, put
A =T(xz) (=T(x%)), so that the moment problem arising from Definition
6 is simply

A= FEX[k], keN,

where the semispectral measure EXZ : B(R) — L(H) is the solution to be
found. The following simple result was proved in article V (Proposition 1).

Proposition 5. Let A € O(H) be densely defined. Then the moment problem
Elk] = A for all k € N, has a solution as a semispectral measure E : B(R) —
L(H) if and only if A is bounded and O < A < I. In that case, the only
solution is the two-valued semispectral measure defined by {0} — [ — A and

{1} — A.

Note that the condition that D(A) is dense is needed; it is easy to give
an example of an operator A with a nondense domain and having multiple
solutions to the above moment problem (see the remark following Proposition
1 of article V).

According to Proposition 5, a question yz with Z € A is quantizable by
" provided that I : F — O(H) is such that yz € F, and the operator I'(xz)
is bounded, with O < I'(xz) < I. In that case, the quantized observable
is the two-valued observable given by {0} — I —T'(xz), {1} — T'(xz). It
should be emphasized that the bounded selfadjoint operator I'(xz) is not the
quantization of yz, except in the special case where its spectral measure sat-
isfies the defining moment problem. According to Proposition 5, this occurs
exactly when I'(yz) is a projection. Clearly, this special case corresponds to
the traditional quantization of questions as projections.
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3.3.2 Quantization via operator integral

As mentioned before, amap I' : F — O(H), with F C M(Q), is traditionally
realized as a suitable operator valued integral over the phase space 2. One
way to do this is to use the operator integral defined in Chapter 2. Then
we have to fix a positive operator measure W : A — L(H), and define

Now the defining moment problem for the quantization is trivially solved by
putting
BI(X):=W(f1(X)), X eB(R).

(This follows from the definition of the operator integral by a change of
variables.) Hence, we are left with the nontrivial question of whether this
E7 is determinate. We have not investigated this question in general, and it
will be postponed to the more concrete examples.

In view of the idea of our quantization, it is obvious that the generating
operator measure! W should not be a spectral measure, since otherwise the
quantized observables E/ would all be mutually commuting spectral mea-
sures. In fact, even a single projection in the range of W would cause the
corresponding system of quantized observables to possess a nontrivial classi-
cal property (superselection rule), since each operator W(Z), Z € A, would
then commute with the projection in question. (See e.g. [4, 35] for discussion
on superselection rules of quantum systems.)

Next we will consider the characterizing properties of those maps I' :
M(2) — O(H) which are of the form 'y for some phase space operator
measure W : A — L(H). The first thing to note is that according to the
discussion of the preceding section, any question variable xz, Z € A is
quantizable by 'y, provided that W (£2) < I. This is conveniently realized
by requiring that W is normalized, and we will now do so.

There are different ways to characterize the restrictions of the operator
integral maps 'y to the set of bounded functions (see e.g. [5, p. 23, p. 39]).
Since we are also considering unbounded functions, we need something more.

The following proposition is a combination (and modification) of Proposi-
tion 2 of article II, Theorem 2 of article IV, and the above discussed results of
article V concerning question variables. The simple proof, relying on Propo-
sition 1, is given for the reader’s convenience. The following definition is
needed.

Note that in this context, W does not represent any observable, although it is a (possi-
bly normalized) positive operator measure. The quantized observables Ef are semispectral
measures on the real line.
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Definition 7. Let I' : M(Q2) — O(H) be a map.

(a) The map I' is (real) linear, if I'(af + Bg) D ol'(f) + BI'(g) for all
a, B eR.

(b) The map I' is quasicontinuous, if for each positive function f € M(£2)
and every increasing sequence (f,,) C M(2) of positive bounded func-
tions converging pointwise to f, we have

D(T(f)) = {gp € ﬂ D(I'(f,)) | nlg{)lo I'(xzfn)p exists for each Z € .A} :

neN

and
Tim T(fu)p = T(f)e, v € DI(f))-

(We defined quasicontinuity in article II in a slightly different way. That
definition was given by Berberian [5, Definition 7] in a similar context, but
involving only bounded functions.) It is easy to see that any map 'y is lin-
ear and quasicontinuous. In fact, the linearity follows immediately from the
definition of the operator integral (since |f + g| < |f] + |g|), and quasicon-
tinuity is a consequence of Proposition 1 and the fact that L(f, F) € L(H)
for any bounded function f € M(Q).

Proposition 6. A4 map I' : M(Q2) — L(H) coincides with Ty, for a (clearly
unique) normalized positive operator measure W if and only if the following
conditions hold:

(1) T'(xz) € L(H), with O < T'(xz) < I for all questions xz, Z € A, with
I(xe) = I;
(11) T is linear;
(i1i) T is quasicontinuous;

(w) DU(f)) = D(T(|f]) for all f € M(Q).

Proof. We have already noted that the conditions (i)-(iii) hold for a map
I'w with W a normalized positive operator measure. Condition (iv) follows
directly from the definition of the operator integral.

Suppose then that the conditions hold for a map T' : M(Q2) — L(H).
Using (i), we can define W(Z) :=I'(xz) € L(H), Z € A. Then W(Q) =1
by (i). Now (ii) implies that W : A — L(H) so defined is additive, with
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W(0) =T(0) =0. If (Z,) C A is a decreasing sequence of sets with empty
intersection, then

lim W(Z,)e = lim (I'(xe)e — T(xa\z,)e) =¢ —9 =0

n—oo n—oo

by (ii) and (iii). Hence, W is a normalized positive operator measure. It is
clear from (i) and (ii) that I'(f) = L(f, W) € L(H) for any A-simple function
f. Let f € M(Q) be positive, and let (f,) € M(Q) be an increasing
sequence of positive A-simple functions converging pointwise to f. Since
I'(fn) = L(fn, E) € L(H) for all n, it follows from (iii) and Proposition 1
that

D(T'(f)) = {4,0 €EH| Jl_)ﬂolo L(xzfn, E)p exists for each Z € A} =D(f, E),

and
L(fe = lim I'(f,)p = lim L(f,, E)p = L(f, E)y

for all ¢ € D(I'(f)). Hence, I'(f) = L(f, E). For a general f € M(Q), we
can write f = f, — f_, where fi are positive, and so I'(f) D L(f,,E) —
L(f-,E) D L(f,FE) by (ii) and the definition of the operator integral (note
that |f] < |f]). But DU(f) = D(T(f) = D(fL,E) = D(f, E), so
['(f) = L(f, E) also in this case. O

3.3.3 Covariant quantization

Now we proceed to a more concrete case, assuming that Q2 = G, and A =
B(G), where G is a connected locally compact second countable topological
group. We let A\ denote a left Haar measure on G. In addition, we postulate
more structure on the phase space G, assuming that the group structure
of G can be transferred to the group Aut(S(H)) of state automorphisms
(i.e. bijective mappings S(H) — S(H) preserving convex combinations)
via a group homomorphism 5 : G — Aut(S(H)) which is continuous (with
respect to the projective topology induced by the functions s — Tr[s(T)A],
T € S(H), O < A < I). According to the classic Wigner theorem?, (3
can be written as (5(g)(T) = U(g)TU(g)*, where U is a projective unitary
representation (see the following definition (a)).

Definition 8. (a) A map U : G — L(H) is a projective unitary represen-
tation, if

2The original proof by Wigner can be found in [61, p. 251-254]; for a modern treatment,
the reader may wish to consult [17]
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(i) U(g) is unitary for all g € G and U(e) = I, where e is the identity
element of G;

(ii) the map g — (¥|U(g)¢) is a Borel function for all ¢, ¢ € H;

(iii) there is a Borel map m : G x G — C, such that U(gh) =
m(g,h)U(g)U(h) for all g,h € G.

The (clearly unique) map m associated with U is called the multiplier
of U.

(b) A projective unitary representation U : G — L(H) is square integrable,
if there exist nonzero vectors ¢, ¢ € ‘H, such that

1wl @er ag) <.

The irreducibility of a projective unitary representation is defined in the
same way as in the case of ordinary unitary representations. For informa-
tion on projective unitary representations, the Wigner theorem and related
concepts, see e.g. [54, 2, 17].

The group G acts on the phase space G by means of translations®, i.e.
for each h € GG, we have the left translation g — hg. Via the homomorphism
3, translations act in the state space as transformations 3(h). Considering a
map I' : G — O(H) in this setting, we can require that it behave covariant
under translations:

Definition 9. Let F C M(G). A map I' : F — O(H) is U-covariant, if
Ulg)T(NU(g) =T(f(g), 9€G, feF.

Notice that the above operator equality requires, in particular, that

U(g)D(T'(f(g-))) = DI'(f))-

Consider the operator integral map 'y : M(G) — O(H), where W :
B(G) — L(H) is a normalized positive operator measure. If Iy is covariant
in the sense of the above definition, then the operator measure W obviously
satisfies the following covariance condition.

Definition 10. A positive operator measure W : B(G) — L(H) is U-
covariant, if

Ulg)W(Z)U(g) =W(g'Z), g€ G, Z e B(G).

3Thus we consider only the special case where the group acts on itself; the more general
setting consists of a (symmetry) group G acting on a transitive G-space €) (the phase space)
(see e.g. Holevo [33, p. 62]).
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Although the following result is rather simple, we did not state it in article
IV. We give the proof here for the reader’s convenience, since the associated
equality of the domains should be carefully verified.

Proposition 7. A semispectral measure W : B(G) — L(H) is U-covariant,
if and only if the associated map 'y is U-covariant.

Proof. We have already noted that the covariance of I'y, implies the covari-
ance of W. Assume now that W is U-covariant, let g € G, and f € M(9).
First, consider 9, ¢ € H. By covariance, the complex measure Wy (g)p,v(9)
coincides with Z — (|W(g7'Z)p). Hence, upon changing the integration
variable, one sees that f is Wy (g)yu(g),-integrable, if and only if f(g-) is
Wy -integrable.

Now U(g)e € D(f, W) if and only if f is Wy, 17(4),-integrable for all ¢ € H.
Since U(g) is unitary, this happens exactly when f is Wy (g)y,u(g)o-integrable
for all 1, i.e. f(g-) is Wy o-integrable for all ¢). The latter is equivalent to
v € D(f(g-), W). We have proved that U(g)D(f(g:), W) = D(f,W).

The equality

(WU (g)"L(f,W)U(g)p) = (LIL(f(g), W)e), ¥ e€H, peUl(g)"D(f,W)

now follows by a change of variables. O]

The above result implies, in particular, that D(f, W) is an invariant sub-
space for U if D(f(g-),W) = D(f,W) for all g. Therefore, the following
result is immediate?. A similar result concerning the square integrability
domain also holds; see e.g. Proposition 4 (a) of article IV or [58].

Proposition 8. If U is irreducible, and f € M(G) is such that D(f,W) =
D(f(-g),W) for all g € G, then D(f,W) is either trivial or dense.

Each function f € M(G) satisfying |f(gh)| < My|f(g)| + Ky, for all
g,h € G, where M, > 0 and Kj; > 0 depend only on h, clearly meets the
domain condition of the preceding proposition. For example, in the case
where G = R?", all the polynomials and exponentials depending only on one
coordinate are like this.

For the rest of this subsection, we will assume that the group G is unimod-
ular, and the projective unitary representation U is irreducible and square
integrable. In this case, the structure of covariant normalized positive op-
erator measures is well known, and there are at least two different ways to
obtain it; see [18] for the one and [31, 56] and articles II, III for the other.

4We proved it somewhat awkwardly in article IV (Proposition 4 (b)), using the explicit
form for the covariant positive operator measure.
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We will discuss the characterization in some detail in Chapter 4, but at this
point we will only need the result: Each U-covariant semispectral measure
W : B(G) — L(H) is of the form W = W7 for a unique positive operator T
of trace one, where W7 is defined by

WI(Z2) = 5 [ V0TV da). Z € B(G).

where the integral is understood in the weak sense, and d is a constant
depending only on U.

Consider now briefly the quantization of question variables via an opera-
tor integral map I'yy where W : B(G) — L(H) is a U-covariant semispectral
measure. The covariance brings in the following important property, proved
in article IV. (Since the phase space semispectral measures are studied ex-
tensively, this result may well be known; however, we have been unable to
find it anywhere.)

Proposition 9. Assume that the projective representation U is continuous
with respect to the strong operator topology. Let W : B(G) — L(H) be
a U-covariant semispectral measure. Then 'y (xz) is never a nontrivial
projection.

Since the quantized observable E/ corresponding to a classical variable f,
obtained via the map Ty, is of the form E/(X) = W(f~1(X)), the preceding
proposition implies that E/ is never a spectral measure, if W is U-covariant.

To consider some concrete applications of the covariant quantization, we
take the simple special case G = R?. Fixing an orthonormal basis {|n) | n €
N} of H, we can define the canonical position and momentum operators @) =
\%(a* +a) and P = \%i(a* — a), where a and a* are the lowering and rising
operators® associated with the basis. In addition, we let N = a*a. The Weyl
operators are defined as W(q,p) = ezie=14PeirQ  We use the coordinate
representation, i.e. H ~ L*(R), via |n) — h,,, where h,, is the nth Hermite
function. In the coordinate representation, () and P act as multiplication
Y — (x — x(z)) and differentiation ¢ — —i%, while the rule for the
Weyl operator is (W (g, p)¢)(z) = e 12" p(z — q). The operators Q and
P are connected by the unitary equivalence P = F*QF, where F is the
Fourier-Plancherel operator on L*(R).

The map R? > (q,p) — W(q,p) € L(H) is a strongly continuous irre-
ducible square integrable projective unitary representation, so W-covariant

5See [48, Chapter IV] or [8, Chapter 12] for details concerning these very thoroughly
studied operators.
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semispectral measures are given by
1 *
W (Z) = g/ W (q,p)TW (g, p)* dgdp, Z € B(R?), (3.1)
Z

where T is a positive operator of trace one®. This form allows some essential
operator integrals to be calculated explicitly, as we will see in Subsection
3.3.5.

3.3.4 Weyl quantization on R?

The mathematical formulation of the Weyl quantization has been studied
extensively (see e.g. [46, 20, 23] and the references therein). In view of our
quantization, we consider the traditional Weyl quantization map as a means
to implement a map I' : F — O(H), where F C M(R?) is a suitable set. As
is well known, the Weyl map is formally given by

[ %/f(q,p)W(q,p)PW(qm)*dqdp,

where P is the parity operator. This can be made precise by letting F be the
set of those f € M(R?) for which there is a symmetric operator R/ : S — H,
defined on the Schwartz space S C ‘H, with

(WIRYe) =~ [ Fa.p) el W @ 0)PW 0.0 dadp, € S.

Now the Weyl map eyl can be defined as the association F 3 f
rWesl(f) .= R € O(H). In article V, we compared the quantization via
I'evl to the covariant quantization via operator integral. In particular, even
the quantization of questions is problematic for the Weyl map, as there seems
to be no guarantee that yz € F for all Z. Only some particular cases are
known. For example, if the Lebesgue measure of Z is finite, then y; € F
and T"!(y ;) is bounded by the classic result of Pool [46]. However, due to
the nonpositivity of the Wigner functions (g, p) — %(@\W(q,p)PW(q,p)*cp),
the condition O < I'"®!(y,) < I need not hold, even in this simple case.
Another example of sets Z € F are sectors in R?; see [57].

In articles I, IT, and IV, we defined the Weyl operators so that (W(q,p)¢)(x) =
€39 (g + ¢), and then used W (—gq,p) in the definition of the phase space observable
W7, so the result is the same.
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3.3.5 Quantization of position and momentum in R?

In article IV, we applied covariant quantization to the position and mo-
mentum variables (¢,p) — ¢ and (q,p) — p, which will be denoted by x
and y, respectively. If T is a positive operator of trace one, the map I'yyr
defines a covariant quantization, according to the moment problem in Defi-
nition 6. The observables corresponding to position and momentum are now
X = Wla Y(X)) = WI(X x R) = ET*(X) and Y — WT(y=}(Y)) =
WT(R xY) = ET¥(Y). Of course, this does not guarantee that these
observables are quantizations of x and y; by definition, the variable x, for
instance, is quantizable by I'yyr provided that the semispectral measure E7+*
is determined by the moment operators ET*[k] = L(z*, W7T), k € N, in the
sense of Definition 3. We will discuss this problem shortly, but before that
we give the explicit form for the moment operators in question, as obtained
in articles I and IV. Related calculations can also be found in [58].

Proposition 10. (a) Let k € N. Then D(z*, WT) # {0} if and only
if Q"/T is a Hilbert-Schmidt operator. In that case, D(z* W7T) =
D(z*, WT) = D(Q¥), and

L(zF WT) = zk: <( ) )R lTr[Q’HT]) Q.

=

(b) Part (a) holds true also if "z and "Q” are replaced with "y” and "P”,
respectively.

One should note that the above proposition determines the moment op-
erators only for the case where the square integrability domain is nontrivial.
We do not know whether it is possible that e.g. D(z* WT) = {0} with
D(z*, WT) £ {0}.

Now we proceed to consider the problem of whether the above moment
operator sequences constitute quantizations of position and momentum, i.e.
whether the observables ET* and ET¥ are determinate. Unfortunately, we
have only been able to deal with the stronger condition of exponential bound-
edness.

In the case where T' = |n)(n|, the measures E.* and EL¥, with ¢ €
Cs°(R), were proved in [28] to be exponentially bounded, so that E7* and
ETY are determinate in that case. The following lemma characterizes the
exponentially bounded cases completely.

Lemma 2. Let T be a positive operator of trace one.
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(a) E(ET=) #£ {0} if and only if e2®Q/T is a Hilbert-Schmidt operator

for some constant ay > 0. In that case,

E(ETw) = {90 cH | /€a|t]¢(t)|2dt < oo for some a € (0,610]} :

(b) E(ETY) # {0} if and only if e2PI\/T is a Hilbert-Schmidt operator

for some constant ag > 0. In that case,

E(ETY) = {gp eEH| /e“t||Fgo(t)|2 dt < oo for some a € (0,(10]} :

Proof. To prove (a), we show first that for any a > 0,

/e”' dEg’z(t) < oo if and only if
(3.2)
e2°I%1\/T is Hilbert-Schmidt and /e"'“|<p(t)|2 dt < oo.

Write 7' in the form T = Y > w,|n,)(n,|, where > w, =1, w, > 0 and
(1) is an orthonormal sequence in H. A calculation similar to one in the
proof of Proposition 6 of article IV shows that

[etast=w = [ [ S et tupn @)oo dedg (< o0

for any ¢ € H. If this expression is finite, then Fubini’s theorem implies that
>, et =w,n.(q)> dg < oo for almost all ¢ € R, and [ e®lt=9l|p(t)[2 dt <
oo for almost all ¢ € R. Since e.g. |t| < |q| + |t — ¢| for any ¢,t € R, this
implies

S waleelel, |2 = / S el (g dg < oo, (3.3)
n=0 n

and

/ Mo ()2 dt < oo. (3.4)

(The monotone convergence theorem is used to obtain the equality in (3.3),
which is always true, under the convention that ||e29/?ly,|| ;= co whenever

1
1, is not in the domain of e29) On the other hand, if (3.3) and (3.4) hold,
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then [ el dEL*(t) < co. But by Lemma 1 of article IV, the condition (3.3)
holds exactly when e271Ql\/T is Hilbert-Schmidt. Hence, we have proved
3.2).

| S)ince the subspace {¢ € H | [e|p(t)[>dt < oo} is clearly non-empty
for any a > 0 (it contains, e.g. all compactly supported continuous functions),
the result (3.2) immediately gives the first claim of part (a). Now assume that
there is ag > 0 such that ez®/Ql\/T is Hilbert-Schmidt. First, let ¢ € 'H be
such that EZ;’“’ is exponentially bounded. This means that [ el dEZ’g”(t) <

oo for some a > 0, and so (3.2) gives that [ e®l|p(t)>dt < co. If a > ag, then
eltl < ealtl for all ¢, so [ e |p(t)[? < co. Hence, in any case, [ el!l|p(t)? <
oo for some a < ag. Conversely, let ¢ € H be such that [ e®l|p(t)? < oo

for some a < ag. Since e%“O‘QR/T was assumed to be Hilbert-Schmidt, and
now a < ag, we have [ > ew,|n,(q)]*dg < oo, so that also 290 \/T is
Hilbert-Schmidt. But now (3.2) implies that [ e®*l dE*(t) < oo, so that
EZ* is exponentially bounded. Now (a) is proved.

Part (b) follows in a similar way, since P = F*QF, and

Jetaszne = [ [ St tu, P @PIFaoF didg (< o)

for any ¢ € H. (See the proof of Proposition 6 of article IV.) O

One should note that in the case where T = |n)(n| for some unit vector
n € ‘H, the above Hilbert-Schmidt condition reduces to the requirement that
[ e®n(t)|*> dt < oo for some constant ag > 0.

The following proposition presents a class of covariant quantizations
which permit the quantization of position and momentum variables.

Proposition 11. Let T be a positive operator of trace one.

(a) If e©Q/T is a Hilbert-Schmidt operator for some constant ag > 0,
then the position variable x is quantizable by Ty r.

(b) If e PI\/T is a Hilbert-Schmidt operator for some constant ag > 0,
then the momentum variable y is quantizable by I'yr.

Proof. By the preceding lemma,
E(E™) = {(,0 eH| /e“|t||cp(t)|2dt < oo for some a € (O,an]}
with the assumptions of (a) and

E(ETY) = {go eEH| /e“t||Fgo(15)|2 dt < oo for some a € (0, 2a0]}
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with the assumptions of (b). The subspaces in the right hand sides are both
dense, as the first contains all the compactly supported functions, and the
second is the image of the first in the inverse Fourier-Plancherel transform
F~1. Hence, an application of Proposition 2 completes the proof. O]

Note that the requirement in part (a) that e®/?/\/T be Hilbert-Schmidt
implies, in particular, that each operator Q*+/T is a Hilbert-Schmidt operator
for all £ € N (use the integral formula in the above proof, and the inequality
2k < %62“0”‘). Similarly, the requirement in part (b) implies that P*v/T
is Hilbert-Schmidt for all £ € N.

Hence, under the assumptions of Proposition 11, which thus ensure the
quantizability of x and y, the moment operators that constitute the quan-
tizations are all selfadjoint, and can be written as in Proposition 10. The
corresponding observables ET>* and ET*¥ are known to possess the symmetry

properties which make them unsharp position and momentum observables.

As a final remark concerning the quantization of position and momen-
tum, consider the Weyl map 'V, It is known that IV (z%) = Q* and
[Wevl(y*) = P* for all k € N. [23, Proposition 8.31]. The moment prob-
lems corresponding to the quantizations of position and momentum are now
solved by the spectral measures E9 and ET | respectively. Since any spectral
measure is determinate by Proposition 4, position and momentum variables
are quantizable by the map I'*¥!, and the resulting observables are just
the standard position and momentum observables. Hence, our quantization
scheme contains the traditional Weyl quantizations for position and momen-
tum variables as a special case.
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Chapter 4

On the structure of covariant
phase space observables

We have already utilized the general form of covariant phase space semispec-
tral measures as a mathematical tool in our quantization scheme. However,
these semispectral measures have an essential role as phase space observables
in quantum mechanics; in particular, they constitute important examples
of approximate joint measurements of position and momentum observables
[21, 32, 11, 53]. The importance of these examples has been emphasized by
the recent result of Werner [59], which says that for any approximate joint
observable of position and momentum of a quantum object there is a covari-
ant phase space observable which approximates them to a degree at least as
good as that of the original observable. (For a precise formulation, see the
original paper [59], as well as subsequent developments [15, 12, 13].)

In this chapter, we concentrate on the structure of covariant phase space
observables in the more general context where the phase space is a locally
compact second countable topological group G, and the covariance is with
respect to a square integrable projective unitary representation. There are
at least two different ways to obtain the result (Theorem 1 below). A di-
rect method was outlined by Holevo [31] for a unimodular group G, and
further elaborated by Werner [56] in the case where G = R?". Werner’s
proof relies on the fact that the Banach space of trace class operators has
the Radon-Nikodym property. The other approach [18] (Cassinelli et al.), is
group theoretical in flavour, being based on Mackey’s imprimitivity theorem.
Cassinelli’s proof also covers nonunimodular cases.

In article II, we generalized Werner’s proof to unimodular groups G,
thereby filling in the details missing from Holevo’s original sketch. In article
ITI, we further generalized the result to not necessarily unimodular groups,
achieving Cassinelli’s result by using an entirely different method.
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We use same notations as in Chapter 3, where the characterization was
already used in the unimodular case. Let G be a locally compact second
countable topological group, and fix A to be a left Haar measure on G.
Let A denote the corresponding right Haar measure Z — A Z71), and let
A : G — R be the modular function. As in Chapter 3, we assume that
there is an irreducible square integrable projective unitary representation U :
G — L(H), which will remain fixed throughout the chapter. The projective
representation U determines a densely defined, injective, positive selfadjoint
operator K, called the formal degree of U, such that U(g)K = A(g)"'KU(g)
for all g € G, and

/|<¢|U(g)<ﬁ>!2dk(g) = [SIPIIE 20l ¢4 € H,

with the understanding that ||[K~2¢| = co whenever ¢ ¢ D(K~2). We let
Cy denote the square root of the formal degree, i.e. Cpy := K 2. Now also Cy
is densely defined, selfadjoint and injective. The operator Cy; is bounded if
and only if GG is unimodular, and in that case, it is a multiple of the identity.
(See [24, Theorem 3] and e.g. the discussion preceding Lemma 3 of article
II1.) The characterization in question is the following:

Theorem 1. (a) For each positive operator T of trace one, there is a
(clearly unique) U-covariant semispectral measure W' : B(G) — L(H),
such that

wm”wwwzzthvwﬂwwm%wdxw,ZeBm»

for all p,v € D(Cy).

(b) Each U-covariant semispectral measure W : B(G) — L(H) is of the
form W = W7 for a unique positive operator T' of trace one.

In the case where G is unimodular, the left Haar measure is the same as
the right one, and the operator Cy is a multiple of the identity. The above
theorem then gives the canonical form

W(2)=a ! [ Ulg)TULe) iNo). Z € B(G)
z
of covariant semispectral measures we already presented in Chapter 3. The
integral actually exists in the ultraweak sense in this case.

In article 11, we generalized Werner’s approach [56], and treated the
unimodular case by characterizing the weak-*-continuous covariant maps
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[: L®(G,\) — L(H), with T'(1) = I." Werner’s idea was to use the fact that
the Banach space 7 (H) of trace class operators on a separable Hilbert space
has the Radon-Nikodym property [22, p. 61, 79]. This property is the follow-
ing: for any finite measure space (2, .4, ) and a v-continuous vector measure
p: A— T(H) of bounded variation, there is a v-(Bochner-)integrable func-
tion f, : Q@ — T(H), such that u(X) = [, f.dv for all X € A. The function
f. is v-essentially unique. The above concepts and results concerning the
theory of vector measures can be found in the book of Diestel and Uhl [22,
pp. 1-2, 11, 45-47).

In the proof of Theorem 2 of article III, we used semispectral measures
directly to obtain the characterization also in the case of nonunimodular
groups. The proof is still based on the Radon-Nikodym property of 7 (H).
We will outline this proof in the following section. In section 4.2, we present
a slightly different proof, which shows that the problem can be understood
as a special case of a more general setting, already considered in article II
but applied there only for the unimodular case.

As the proof of part (a) of the theorem is straightforward (see Theorem
1 of article IIT), we will concentrate on part (b).

Since the treatment involves integration of Banach space valued functions,
one must pay careful attention to the correct notion of measurability in this
context: If B is a Banach space, a function f : G — B is A\-measurable, if for
each Z € B(@G) of finite A\-measure there is a sequence of A-simple functions
converging to yz/f in A-measure (or, equivalently, Ad-almost everywhere) [25,
p. 106,150]. The measurability with respect to the right Haar measure A
is, of course, defined similarly. Since G is g-compact, and both A and )\ are
finite on compact sets, it follows that A-measurability and A-measurability
are equivalent.

If B is separable (in particular, if B is a scalar field), then A\-measurability
is equivalent to the measurability with respect to the Lebesgue extension of
the o-algebra B(G) associated with A [25, p. 148]. In the following section,
we will use the Banach space 7 (H), which is indeed separable®. (This is
probably well known, but we gave a simple proof in article II, Lemma 5.)

!Since each such map defines a covariant semispectral measure via B(G) > Z
I'(xz) € L(H), and each covariant semispectral measure W : B(G) — L(H) defines a
weak-*-continuous covariant map L>*(G,\) > f — L(f,W) € L(H), this approach also
gives the characterization of covariant observables.

2This requires that H be separable, which we assumed in the first chapter.
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4.1 A proof of the characterization

First we need the following lemma; for its proof, see Lemma 4 of article III.
In the unimodular case, this result was given in the proof of Lemma 6(b) of
I1, which is based on [31].

Lemma 3. Let W : B(G) — L(H) be a U-covariant semispectral measure.
Then } .

MZ) = Cy' W(Z)z |, Z € B(G),
where || - ||gs denotes the Hilbert-Schmidt norm, with the notation ||S|| gs ==

oo whenever the (not necessarily bounded) operator S is not Hilbert-Schmidt.
In particular, if G is unimodular, then

NZ)=Te[W(2Z)|d, Z e B(G),
where the constant d is given by Cy = d=1.

To begin a proof of Theorem 1 (b), assume that W : B(G) — L(H) is a
U-covariant semispectral measure. Take Z € B(G) with A(Z) < co. Define
AZ) = (C’Z}IW(Z)%)(CZ}IW(Z)%)*. By the above lemma, this operator is
everywhere defined, and in the trace class, with Tr[A(Z)] = A(Z). In addi-
tion, one easily sees that A(Z) coincides with the densely defined operator
C;'W(Z)Cp* on the subspace D(Cp'). Using this fact, a straightforward
calculation confirms that the covariance of W is reflected by

A(hZ) = AU AZ)U(LY*, heG, ZeB(G), MZ) < oco.  (4.1)

Since A is o-finite, we can write G = (J°°, K,, with K, € B(G) and
AMK,,) < o0.

Then we use an adaptation of an idea of Werner [56] to get a representa-
tion

A(Z) = /ZvdX, Z € B(G), M(Z) < oo, (4.2)

where v : G — T(H) is a A-measurable function and the integral is a
T (H)-valued Bochner integral. Namely, the relation Tr[A(Z)] = \(Z) im-
plies that for any n € N, the map B(K,) > Z — A(Z) € T(H) is a
A-continuous vector measure of bounded variation, so by the the Radon-
Nikodym property of 7(H), there exist (A-essentially unique) A-measurable
functions v, : G — T(H), with A(Z) = [, vnd\ for any Z € B(K,). Then
v =3 v, (pointwise) is \-measurable and satisfies (4.2).

It follows from the construction that v(g) > 0 and ||v(g)||tx = 1 for A-
almost all ¢ € G. In particular, v is A-essentially bounded. Now define
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vo: G — T(H) by vo(g) = U(g )v(g)U(g71)*. Lemma 2 of article ITI, the
results (4.1) and (4.2), together with the fact that g — U(g) is a projective
representation, imply that vy is A-measurable, A-essentially bounded, and
satisfies

for each h € G, vy(g) = vo(hg) for A-almost all g € G.

The next step is to show that vy is constant, i.e. there exists a T' € T (H),
such that vo(g) = T for A-almost all ¢ € G. This is not immediately obvious
from the above result; although wvg(g) = wvo(hg) for g in a set S, € B(G)
whose complement is a null set, the set S;, could be different for each h. We
proved the following result in article II as Lemma 4.

Lemma 4. Let B be a Banach space, and f : G — B a A-measurable \-
essentially bounded function such that for each h € G, the function f(h-)
coincides with f A-almost everywhere. Then there is an s € B, such that
f(g) = s for A-almost all g € G.

This lemma establishes that vy(g) = T for A-almost all g € G, for a fixed
T € T(H). Now it follows that v(g) = U(g)TU(g)* for A-almost all g € G,
so that

A(Z) = /Z U(g)TU(q)" dA(g), 7 € B(G), MZ) < o0, (43)

Notice that the integral is a Bochner integral with respect to the trace norm.
It is also worth mentioning that the cumbersome unbounded operator Cy
is not explicitly present in this formula. It enters only when we return to
the original observable W by using the above mentioned fact that A(Z)p =
C'W(Z)Cpte for any ¢ € D(C;'). To derive the desired formula for
W (Z), we also have to use the fact that

[TV piNe) = TTIC el < o0

for ¢ € D(C;') (see Lemma 3 (a) of article II1), which implies that the
positive function g — (p|U(g)SU(g)*p) is integrable over the group G, even
though the trace class valued Bochner integral in (4.3) exists only when Z is
of finite A\-measure.

4.2 More general covariant maps

In article II, we investigated the problem of covariant maps also in a slightly
more general setting which need not involve a Hilbert space, and proved the
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following result (Proposition 1 in that paper). The essential part of the proof
is again Lemma 4 above. For a Banach space B, let Aut(B) denote the group
of linear homeomorphisms from B onto itself.

Proposition 12. Let B be a Banach space having the Radon-Nikodym prop-
erty, and assume that there is a homomorphism o : G — Aut(B), such that

(1) supgeq [le(g)|| < oo;
(ii) for allw € B, the map g — a(g~')(w) is A\-measurable.

IfT: LY(G,)\) — B is a continuous linear map satisfying

a(g)T(f) =T(flg)), feL(G,N), g€C,

then there is a unique vector s € B, such that

I(f) = / F(9)olg)(s) dNg), f € L'(G.N).

If each a(g) is an isometry, then ||s|| = ||T'||.

We used this result in article II to derive Theorem 1 (b) in the unimod-
ular case. It is interesting to notice, however, that Proposition 12 can also
be employed in the case where G need not be unimodular. Since this was
not done in the articles, and because the procedure further illustrates the
structure of covariant semispectral measures, we will do it here.

To begin this alternative proof of Theorem 1 (b), we first proceed as
before, by constructing the positive trace class operator A(Z) for any Z €
B(G) of finite A-measure according to Lemma 3. Hence, (4.1) holds, and for
any D € B(G) with finite A-measure, the map B(D) 3> X — A(X) € T(H)
is additive and satisfies Tr[A(X)] = A(X). Let F denote the linear space of
complex valued B(G)-simple M-integrable functions on G.

Now additivity and the above trace relation imply that the rule

k k
FoY emin o Y eA(Z) € T(H)
n=0 n=0

unambiguously defines a linear map from F to 7 (H). If f = Zi:o CnXz, €

F, then
k

> A(Z)

n=0

<>l trla(2,) = [ 171X
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implying that the linear map in question is well-defined and continuous, when
F is considered as a (dense) subspace of the Banach space L'(G, \). Hence, it
can be uniquely extended to a continuous linear map I : LY(G,\) — T (H).
Define T' : L'(G,\) — T(H) by I'(f) = T(fA), where A is the modular
function. This is possible, since f € L*(G, ) implies [ |f]A d) = [1fldx <
oo, i.e fA € LY(G, 5\) Moreover, the (clearly linear) map I' is continuous,
having the same norm as I.

Now define a(g)(T) = U(g)TU(g)* for g € G and T € 7(H). Each
a(g) is a linear homeomorphism from 7 (H) onto 7 (H). Since U is a pro-
jective unitary representation, the map o : G — Aut(7 (H)) thus defined is
a homomorphism. Condition (i) of Proposition 12 is clearly satisfied, since
la(g)]| =1 for any g. Condition (ii) follows from Lemma 2 of article III.

It follows from (4.1) that for all ¢ € G and Z € B(G) with A\(Z) < oo,

we have a(g)(A(Z)) = A(g)A(gZ), i.e. a(g)(N(xz)) = A(g)T(xz(9~"))- By
the linearity and continuity of I' and each a(g), we get

a(g)(L(f)) = AT(fg™"), | e LGN,

As a consequence, I' is covariant:

a(g)(T(f)) =T(flg™)), feLYGN).

Thus, Proposition 12 can be invoked to get a unique trace class operator T'
of trace one, such that

1) = [ H@alo)D)aNg). | € LGN
Now for any X € B(G) with A(Z) < oo, we get
A(Z) = F(xz) =T x2) = [ alo)T)AG) " dMg) = [ alo)T)ako)

Z

thereby arriving at (4.3).

39



Chapter 5

Homodyne detection as an
application of the moment limit
of observables

In this chapter, we demonstrate that the rotated quadrature observable
%(e—wa + e%a*) of a single mode electromagnetic field can be determined
in the so called "high amplitude limit” of the balanced homodyne detection,
by using the moment operators of observables actually measured by the de-
tector. This is done by considering a sequence (E™),en of such observables,
the limit n — oo corresponding to the high amplitude limit. It turns out
that the moment operators E™[k] converge (in a natural sense) to the corre-
sponding moment operators of the quadrature. Moreover, it also turns out
that the operators E™(X), X € B(R), themselves converge for certain sets
X. Both limits have an operational meaning, the first corresponding to the
convergence of the scalar moments of the measurement statistics, and the
latter implying the convergence of the actual statistics.

We will first formulate and investigate the above mentioned two limit
concepts in general, and then apply the results to the balanced homodyne
detection scheme. As another related application, we use the results to rig-
orously prove that the high amplitude limit in the eight-port homodyne de-
tector permits the measurement of all the covariant phase space observables
on R?.

The results presented in this chapter are from articles VI and VII.
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5.1 Moment limit of semispectral measures

Recall that H is a fixed complex separable Hilbert space. The following
definition specifies what we mean by the "moment limit of observables”. It
appeared as Definition 1 in article VI.

Definition 11. Let £", n € N, and E be semispectral measures B(R) —
L(H). If D C Ny renD(E™[K]) is a dense subspace, such that

Tim (4| E"[kg) = (WIE[Kg), k€N, weMH, oD

(in particular, each limit in the left hand side exists), then we say that F is
a moment limit for (E™),en on D.

A sequence (E™) can have various different moment limits on a subspace
D (consider e.g. a constant sequence E™ = pI, with p a probability measure
which is not determinate). However, the following result holds (Proposition
2 of article VI).

Proposition 13. Let E", n € N, and E be semispectral measures B(R) —
L(H), and D C H be a dense subspace, such that E is a moment limit for
(E™)nen on D. If E is D-determinate, then E is the only moment limit for
(E™)pen on D.

5.2 Convergence of semispectral measures in
the sense of probabilities

Throughout this section, we let 2 be a metric space, with B(£2) the associated
Borel o-algebra. In this context, we formulate a convergence concept of
semispectral measures, which corresponds to the weak convergence of the
associated probability measures. Recall that a sequence (u,,) of probability
measures on B(£2) converges weakly to a probability measure p : B(Q2) —
0,1], if lim,, o | fdp, = [ fdp for all bounded continuous functions f :
Q — R [6, p. 11]. This can be characterized in terms of probabilities:
A sequence (p,) of probability measures converges weakly to a probability
measure p, if and only if lim,, . 11,(X) = pu(X) whenever X € B(Q) is such
that the boundary® X of X has zero p-measure [6, Theorem 2.1].

!The boundary 0X of a set X C Q is the intersection of the closures of X and its
complement.
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Definition 12. Let £ : B(2) — L(H) be a semispectral measure for each
n € N. We say that the sequence (E™),en converges to a semispectral mea-
sure E : B(2) — L(H) weakly in the sense of probabilities, if

lim E"(X) = E(X)

in the weak operator topology, for all X € B(Q) with F(0X) = 0.

The following proposition (Proposition 10 of article VI) characterizes this
convergence in terms of weak convergence of the associated probability mea-
sures. Since the weak limit of a sequence of probability measures is unique,
this shows, in particular, that a sequence of semispectral measures can con-
verge to at most one semispectral measure weakly in the sense of probabilities.

Proposition 14. Let E™ : B(2) — L(H) be a semispectral measure for each
n € N, and let also E : B(2) — L(H) be a semispectral measure. Then the
following conditions are equivalent.

(1) (E™) converges to E weakly in the sense of probabilities;

(ii) for each positive operator T' of trace one, the sequence EF. of probability
measures converges weakly to Ep;

(ii) there exists a dense subspace D C H, such that the sequence (E}) of
probability measures converges weakly to E, for any unit vector ¢ € D;

() lim,, . L(f, E™) = L(f,E) in the weak operator topology for each
bounded continuous function f : € — R.

Our goal is to connect the concept introduced above of the moment limit
of a sequence (E™),en of semispectral measures B(R) — L(H) to the conver-
gence of (E™),en in the sense of probabilities (Proposition 16 below). The
corresponding result in the case of probability measures is a part of classical
probability theory (see the original paper [30] by Fréchet and Shohat, and
also [49], or [7, p. 405-408] for a more modern formulation). The relevant
concept in this context is relative compactness. In probability theory, a fam-
ily P of probability measures on B(€2) is said to be relatively compact, if every
sequence of elements of P contains a weakly convergent subsequence [6, p.
35].

The following proposition (Proposition 11 of article VI) brings the concept
of relative compactness of probability measures to the level of semispectral
measures. It is needed in the proof of Proposition 16.
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Proposition 15. Let D C 'H be a dense subspace, and let M be a collection
of semispectral measures E : B(2) — L(H). Suppose that the set {E, |
E € M} of probability measures is relatively compact for each unit vector
w € D. Then every sequence of elements of M contains a subsequence which
converges weakly in the sense of probabilities.

5.3 An ”asymptotic measurement” scheme

We proceed to formulate a measurement scheme which consists of a sequence
of measurements, having the property that the moments of the measurement
outcome statistics converge. In the next section we show that balanced ho-
modyne detection can be understood as an example of such a measurement.

The formulation is based on the following proposition, which was the goal
of the developments of the preceding sections.

Proposition 16. Let E" : B(R) — L(H) be a semispectral measure for each
n € N. Assume that there is a dense subspace D C Ny menD(E"[m]), such
that the limit

lim [ 2™ dE}(v)

n—oo

exists in R for each m € N and ¢ € D.

(a) There exists a semispectral measure E : B(R) — L(H), which is a
moment limit for (E™),en on D.

(b) Suppose that E is D-determinate. Then E is the only moment limit
for (E™)nen on D, and the sequence (E™),en converges to E weakly in
the sense of probabilities.

The proof of this proposition is based on Proposition 15 above, which is
used to establish the existence of E in part (a). (The proposition can be
applied, since each set {E] | n € N}, ¢ € D, is relatively compact by the
limit assumption in the proposition and certain basic results in probability
theory.) See Proposition 5 of article VI for the complete proof.

Suppose now that we have a measurement setup which can be configured
to measure various observables E" : B(R) — L(H), n € N, the idea being
that each observable represents, in some sense, an approximate version of
a single observable we actually want to measure. As n increases, the ap-
proximation is supposed to get better. Such is the situation in homodyne
detection (see the next section), where the desired measurement of a rotated
quadrature is supposed to be realized only in the ”high amplitude limit”.

We make the following, physically reasonable assumptions on the se-
quence (E™), and the measurement setup.
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(1) Suppose that we can prepare a set of calibration states, which can be
identified with the unit sphere D; of some dense subspace D C H.

(2) Let Mr]f,w be the kth moment of the measurement statistics of the ob-
servable E™ in the state ¢, for each n,k € N, ¢ € D;. Here we have
assumed that D; can be chosen so that each MT’f,@ exists. Notice that
the moments can be calculated directly from the measurement statis-
tics.

(3) Assume that lim,_ M exists for each k € N and ¢ € D;. Then
Proposition 16 implies the existence of a moment limit E.

(4) In order to assure that the limits determine a unique observable, we
have to assume that F is D-determinate.

Under these assumptions, Proposition 16 tells us that the observable F
is uniquely determined as a moment limit of (E"),cn, and, moreover, the
sequence (E™),en converges to E in the sense of probabilities. By proposition
14, the latter fact implies that the measurement statistics (E%) converge to
Er for any state T', not just for the calibration states in D;.

5.4 Balanced homodyne detection

The balanced homodyne detection, introduced in [64, 63] is an important
technique in quantum optics, because it is assumed to provide a means
to measure the rotated quadrature amplitudes \%(e*iea + efa*) of a sin-
gle mode electromagnetic field. Perhaps the most notable application of this
method is quantum state estimation, i.e. quantum tomography. (See [45]
for a collection of articles concerning this topic.) The significance of the ho-
modyne measurement in that context is due to the fact that the combined
measurement statistics of all the rotated quadratures determine the state of
the system.

The measurement scheme is the following: A signal field is mixed with
an auxiliary field by means of a 50-50 beam splitter (possibly followed by
a phase shifter), and the difference of photon numbers on the output ports
of the splitter is detected. The auxiliary field is taken to be an oscillator
in a coherent state, operating with the same frequency as the signal field.
Assuming that the beam splitter is lossless and causes no phase shift between
the modes, the process is described by a unitary operator U (see [47, 39]),
transforming the field annihilation operators a (signal) and b (auxiliary) into
a=U*aU = \%(a —b), and b = U*bU = \%(a + b). With respect to the
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initial state of the two-mode field (Heisenberg picture), the photon number
difference observable is then b*b — @*a = ab* + a*b, provided that the photon
detectors are ideal. (Of course, these formal operator relations are made
precise by restricting the operators to a dense subspace, see (5.4) below.)

When the amplitude of the auxiliary field is high, the above mentioned
photon difference statistics are considered to resemble those of a rotated field
quadrature, the rotation angle being identified as the fixed phase difference
between the input signal and auxiliary fields. This is usually justified by
the following heuristic explanation: the strong auxiliary field can be treated
"classically”, by replacing b with the complex field amplitude 3 = re® in the
operator ab* + a*b, with 6 identified as the phase relative to the input signal
field. Consequently, by suitably scaling the resulting operator with a factor
proportional to the intensity of the auxiliary field, one recovers the rotated
quadrature \/Li(e*wa + ea*).

A more theoretical explanation takes into account the quantum nature
of the auxiliary field. In addition to the original paper [63], this has been
done in [10, 19, 3, 55]. These papers calculate the characteristic functions
of the probability measures associated with the photon difference statistics,
and then take the high amplitude limit at this level. Vogel [55] applies
the Levy-Cramer theorem to prove that the associated probability measures
converge weakly. However, in the calculations leading to the above mentioned
characteristic functions, some of the problematic matematical questions (such
as formal operator series expansions and term-by-term integration of a series)
were not addressed, making it difficult to verify whether the treatment could
be made rigorous.

In the following, we demonstrate that the balanced homodyne detection
can be understood rigorously in terms of the moment operators of the signal
field observables arising from the photon difference statistics. The moment
operators were also used in the context of homodyne detection in [3, 43],
where the authors consider the effects of imperfectness of the photon de-
tectors by using the concepts of [29]. Unfortunately, they dismiss the limit
problem by applying the heuristic classical approximation of the auxiliary
field to the characteristic functions, so that their results do not contribute to
our problem.

We let 'H and Hy. be separable complex Hilbert spaces corresponding
to the signal and auxiliary field modes, respectively. We use the following
usual notations. Fix orthonormal bases of the form {|n) | n € N} for both H
and H gz, representing the photon number states. Let a,a* and b, b* be the
creation and annihilation operators for the aforementioned bases of H and
Hauz, respectively, and let N = a*a and Ny, = 0*b be the photon number
operators for the two modes. The operators a, a*, b, b*, N, N, are considered
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as being defined on their natural domains, e.g.

D(a) = D(a") = {pe™M|) nllnle)]’ <oo};

neN

D(N)=D(a*a) = {peH|Y n’lnp)® < oo}.

neN

For any z € C the coherent state |z) € ‘H is defined by

— e 2\ZIQZ: \/_|n

and we use the same symbols for the coherent states in H,,,. The subspace
D.op :=1in{|z) | z € C} is dense in H, and so is the corresponding subspace
D% in Hyy,. (Here the symbol ”lin” denotes the (algebraic) linear span of
the set in question.) The (algebraic) tensor product D?, := Do, ® D can
be identified with lin{|3) ® |z) | §, 2z € C}, which is dense in H ® Hauz-

Denote by ) and P the signal field quadrature operators \%(a* + a) and

\/ii(a* — a), respectively.
Define the rotated quadrature operators QQp, with 6 € [0, 27), via

1 - A _ .a
—(e7a 4 ea). 5.1
\/5( ) (5.1)
In particular, each @y is selfadjoint on its domain D(Qg) = ¢"ND(Q) D
D(a) = D(a*), and the restriction Qg|p() = \%( %a + e?a*) is essentially
selfadjoint. The ordinary quadratures are given by (o = @ and Qz = P.
We will need the following lemma (Lemma 2 in article VI.)

QO — eiQNQefiGN _

Lemma 5. Let 0 € [0,27). Then Doy, C E(P??). In particular, the spectral
measure P9 is D,,,-determinate (and thereby determinate).

The 50-50-beam splitter is described by the unitary operator U € L(H ®
Hauz), defined by its acting in the coordinate representation (see e.g. [39]):

LA(R?) 3 W o ((21,22) = W(L (0 + 1), S5(—a1 + 22)) ) € LX(R). (5.2)

We have assumed that the beam splitter does not generate any phase shift?.
Under this transformation, the coherent states change according to

o) ® |8) = | 5(a = B)) @ | 5(a + B)). (5.3)

2This is not a restriction, since any shift can be easily accomplished by changing the
phase of the auxiliary coherent state.

46



This implies the equally well-known transformation rules for annihilation
operators:
. 1
Ua®@1)|p2,U = E(a —b)lp2,;
1 (5.4)
U*([ ® b)|DzohU = E(CL —+ b>|Dth‘

Let T be the input state of the signal field, and let |z) be the input
coherent state of the auxiliary field. The photon difference operator is
N_ := I ® Ny — N @I (where [ is the identity operator), so our detec-
tion observable is the spectral measure

BR) > PV2EDTN- (X)) € L(H ® Haug)

of the scaled operator (v/2|z])~'N_, the scale |z| being the amplitude of the
auxiliary oscillator. (Factor V2 appears for convenience. )

Since the state emerging from the beam splitter is U(T ® |z)(z|)U*, the
detection statistics are given by the probability measures

X - Tr[U(T ® |2) (2| ) U* PV TN-(x)].

For a fixed coherent state |z), these probability measures define an observable
E?: B(R) — L(H) on the signal field according to

Te[TE*(X)] := Tr[T ® |2) (| PP 4(X)], X € B(R), (5.5)

where

A= @@t +a*®b) = FUN_U.

Let V, : H — H ® Hauz be the linear isometry ¢ — ¢ ® |z). Then we

have simply
E*(X) = VP AXV., X e B(R). (5.6)

Now the idea in balanced homodyne detection is that one takes the "high
amplitude limit” |z| — oo on the observable F? with a fixed phase 0, i.e.
z = |z]e®. We do this at the level of the moment operators E[k] of E#, and
then apply the general ”asymptotic measurement” scheme presented in the
preceding section.

The following result (Proposition 9 of article VI) justifies the considera-
tion of the moment operators F*[k| in place of the observable E*. Tt should
be compared to Lemma 5.

Proposition 17. Let z € C. Then D.,, C E(E?). In particular, the semis-
pectral measure E? is D.op-determinate (and thereby determinate).
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We were only able to determine the restrictions E#[k] of the moment
operators E*[k]. In view of the general scheme, this is, however, sufficient.
The result is presented in the following proposition, which is a combination
of Propositions 6 and 8 of article VI.

Proposition 18. Let z = e’ € C, r > 1, and k € N. Then
Bo[H] = [ V2 AMV: S Qb + 5 Ci(r,6).
with D(a*) C D(E*[k]), where
Ci(r,0) = ) cp(r,0) (a)"a™,

n,meN,
n+m<k
and each function c&_ :[1,00) x [0,27) — C is bounded.

The first two moment operators assume the explicit forms EZ[1] D
Qolpys E7[2] D Q3| p(2) + 2|2|72N. (See proposition 7 of article VI.) This
shows, in particular, that the associated intrinsic noise operator (see sec-
tion 2.3 for the definition) coincides with the selfadjoint operator 3|z|72N
(Corollary 1 of article VI). _

Proposition 18 immediately implies that lim,_ . £ [kl = Qkyp, if p €
D(a*). Combined with Lemma 5, and the general results of section 5.3,
we get the following conclusion on the high amplitude limit in the balanced
homodyne detection. It was given in section 8 of article VI.

Proposition 19. Let (r,) be any sequence of positive numbers tending to
infinity, let 0 € [0,27), and set z, = r,e??, n € N.

(a) The spectral measure P9 is the unique moment limit for (E*),en on
Dcoh-

(b) The sequence (E*"),cn converges to PQ¢ weakly in the sense of proba-
bilities.

(c) The sequence (E*),en constitutes an example of the "asymptotic mea-
surement” scheme presented in the preceding section.

Since the spectral measure P9 has the same null sets as the Lebesgue
measure, result (b) implies that
lim E*(X) = P9 (X)

n—oo

in the weak operator topology, whenever X € B(R) is such that X has zero
Lebesgue measure. It is worth noting that this limit relation does indeed not
hold for all Borel sets X. (See Remark 8 of article VI.)
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Figure 5.1: The eight port homodyne detector

5.5 Measurement of covariant phase space
observables with the eight-port homo-
dyne detector

In this section, we give another example of a concrete experimental setup,
the eight-port homodyne detector, which can be understood rigorously by
using some of the above concepts. The results of this section are from article
VII.

The eight-port homodyne detector consists of the setup shown in Figure
5.1 (see [39], and [38, p. 147-155]). The detector involves four modes as
indicated in the picture, and we will denote the associated (complex separa-
ble) Hilbert spaces accordingly by Hi, Hs, Hs, Hs. Mode 1 corresponds to
the signal field (i.e. the object system with respect to which the measured
observable will be interpreted), the input state for mode 2 serves as a param-
eter which determines (as will be seen below) the observable to be measured,

49



and mode 4 is the reference beam in a coherent state. (The input for mode
3 is left empty, corresponding to the vacuum state.)

It is well known that using the heuristic classical ”high amplitude” ap-
proximation for mode 4, and feeding the vacuum state to mode 2, the Husimi
Q-function, i.e. the covariant phase space observable W19l is obtained as
the measured observable with respect to the signal field. Recall from (3.1)
that the covariant phase space observables are of the form

1 *
Wﬁ@%—EiLW@mﬁW@m)ww,ZeBﬁﬂ

where S is a positive operator of trace one. In the following, we describe the
"high amplitude” limit rigorously, by using the results already obtained for a
single homodyne detector. In fact, we show that any phase space observable
can be obtained as a limit of eight-port detector observables.

We fix the photon number bases {|n) | n € N} for each H;, so that
the annihilation operators a;, as well as the quadratures Q); = \%(a}* + a;),
P; = \%z’(a}f — a;) and photon number operators N; = aja; are defined for
each mode 57 =1,2,3,4.

The photon detectors D; shown in the picture are considered to be ideal,
so that each detector D; measures the sharp photon number N;. The phase
shifter in mode 4 is represented by the unitary operator !4, where ¢ is the
shift.

There are four 50-50-beam splitters Bis, Bz, Uiz, Usy, each of which is
defined by its acting in the coordinate representation according to (5.2). In
the picture, the dashed line in each beam splitter indicates the input port of
the "primary mode”, i.e. the mode associated with the first component of
the tensor product L*(R) ® L*(R) ~ L?(R?) in the description of equation
(5.2). The beam splitters By, Bys, Uiz and Uy are indexed so that the first
index indicates the primary mode.

Let |v/2z) be the coherent input state for mode 4. We detect the scaled
number differences ﬁNfg and ﬁ]\@, where Ni3 := [} ® N3 — N; ® I3 and
Ny, =1, ® Ny — Ny ® 1y, so that the joint detection statistics are described
by unique spectral measure extending the set function

X xY — PFTNG(X) @ Pl Na(y),

where the operator acts on the entire four-mode field.

Let T and S be the input states for modes 1 and 2, respectively. Then
the state of the four-mode field after the combination of the beam splitters
and the phase shifter is Uiz ® UssWr 5. ¢Uts @ Usy, where

Wrs.o:= Bia(T ® S)Bly, ® |2) (2] @ |2¢"?)(ze™|.
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We regard S, |v/22) and ¢ as fixed parameters, while T is the state of
the object system, i.e. signal field. The detection statistics then define an
observable G*5¢ : B(R?) — L(H;) on the signal field via

Te[TG*5(Z)] = Tr[Wr.s...0P* (=

7)), (5.7)

where P* : B(R?) — L(H; ® Ha ® Hs ® Hy) is defined as the unique spectral
measure extending the set function X x Y +— Pl 41s(X) @ Pl A2y,
where A;; := \%(Cli ® aj + a; ® a;). (See article VII for details.) The observ-
able G*59 is the one actually measured by the detector.

Let C' : Hy — My denote the conjugation map, i.e. (Cp)(z) = p(z) in
the coordinate representation. Now we are ready to present the conclusion
concerning the measurement of phase space observables with the eight-port

detector. The proof of the following proposition is in article VII.

Proposition 20. Let S € L(Hs) be any positive operator of trace one, and
let (r,,) be any sequence of positive numbers tending to infinity. Then the

sequence (GT"’ ’2)neN of observables converges to the covariant phase space
observable WSO weakly in the sense of probabilities.

Since any phase space observable W? is absolutely continuous with re-
spect to the Lebesgue measure, it follows from the preceding proposition
that -

lim G2 (Z) = E“5¢7(Z)

n—oo

in the weak operator topology, for any Z € B(R?) such that 97 has zero
Lebesgue measure.
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