arXiv:0810.2758v1 [quant-ph] 15 Oct 2008

OPTIMAL COVARIANT MEASUREMENTS: THE CASE OF A COMPACT
SYMMETRY GROUP AND PHASE OBSERVABLES

CLAUDIO CARMELI, TEIKO HEINOSAARI, JUHA-PEKKA PELLONPAA, AND ALESSANDRO TOIGO

ABSTRACT. We study various optimality criteria for quantum observables. Observables are
represented as covariant positive operator valued measures and we consider the case when the
symmetry group is compact. Phase observables are examined as an example.

1. INTRODUCTION

In this work we study four optimality criteria applied on covariant quantum observables.
Quantum observables are described as normalized positive operator valued measures. Co-
variance means that observables transform in a consistent way under a group operation. For
example, phase observables are defined as the normalized positive operator measures on a circle
which are covariant under the phase shifts.

A quantum observable can be optimal in various ways. There are at least four different ways
how optimality can be defined. Namely, an observable can be

(a) (approximately) sharp
(b) extremal

(c) postprocessing clean
(d) preprocessing clean

If an observable is (approximately) sharp then for any neighborhood of a point from the set of
possible measurement outcomes, one can prepare a state such that the probability of getting a
result from the neighborhood is (approximately) 1. This reflects the fact that an approximately
sharp observable does not have intrinsic unsharpness — spread in the measurement outcome
distribution depends solely on the measured state.

A covariant observable is extremal in the convex set of all covariant observables if it cannot
be represented as a nontrivial convex combination of other covariant observables. A convex
mixture of observables corresponds to a random choice between measurement apparatuses, and
thus an extremal observable is unaffected by this kind of randomness.

After a measurement of an observable, one may try to process the obtained measurement
outcome data to get the measurement outcome data of another observable. An observable is
called postprocessing clean if it cannot be obtained by manipulating the measurement outcome
data of another observable.
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Analogously, a preprocessing clean observable cannot be obtained by manipulating the state
before the measurement and then measuring some other observable. State manipulation is
described by a quantum channel, which typically loses some information. Hence, a preprocessing
clean observable is not irreversibly connected to another observable by a channel.

In Section Pl we formulate the optimality criteria and derive some general results in the case
of a compact symmetry group. In Section [3 we focus on the phase observables. The phase
observables form an interesting class as there is no sharp phase observable (i.e. projection
valued measure). This class is also a rich example for the general investigation on optimal
observables, showing various connections and differences between the four optimality criteria.

2. OPTIMAL COVARIANT OBSERVABLES

2.1. Basic definitions. In quantum mechanics, observables are represented as normalized
positive operator valued measures. We shortly recall some relevant basic concepts. For more
details, we refer to [2], [6], [13].

Let H be a complex separable Hilbert space. We denote by £(H) the set of bounded operators
and 7 (H) the set of trace-class operators on H. We denote by O and [ be the zero and indentity
operators on H, respectively. Let Q be a topological space. We denote by B(£2) the Borel o-
algebra on ().

Definition 1. A set function E : B(2) — L(H) is an observable if it satisfies the following
conditions:

e O <E(X) < forany X € B(Q);
e E(Q) =1,
e E(U;X;) = >, E(X;) for any sequence {X;} of disjoint Borel sets, the sum converging
in the weak operator topology.
The set €2 is called the outcome set of E.
Two observables E and F are called equivalent, and denoted E ~ F, if there exists a unitary

operator W € L(H) such that F(X) = WE(X)W* for all X € B(f2).

States of a quantum system are described by (and identified with) positive trace class oper-
ators of trace 1. We denote by S(H) the convex set of all states. If E is an observable and p is
a state, then the trace formula

pp(X) = tr[oE(X)], X € B(),

defines a probability measure pg on B(2). The number pE(X ) is interpreted as the probability
of getting a measurement outcome x belonging to X, when the system is in the state ¢ and the
observable E is measured.

There is also an equivalent description of observables which we need later. Namely, an
observable E determines a mapping O from the set of states S(H) into the set of probability
measures M (€2),

o+ Ok(o) :==pf.
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The mapping Ok is affine, i.e., it maps convex combinations of states to convex combinations
of corresponding probability measures.

In this paper we study observables which have a specific symmetry property, called covariance.
To formulate this concept, let G be a topological group. For simplicity, here we consider only
the case where G is the symmetry group and also the outcome space. (This corresponds to the
situation when the symmetry group acts transitively on the outcome space 2 and the stability
subgroup is the trivial one element group consisting of the identity element e only.) By a
unitary representation of G we mean a strongly continuous group homomorphism from G to
the group U(H) of unitary operators in a Hilbert space H.

Definition 2. Let U be a unitary representation of GG in a Hilbert space H. An observable
E:B(G) — L(H) is covariant with respect to U (or U-covariant, for short) if

U(g)E(X)U(g)" = E(gX)

for all g € G and X € B(G).

Two U-covariant observables E and F are called U-equivalent, and denoted E ~ F, if there
exists a unitary operator W € L(H) such that U(g)W = WU(g) for all g € G and F(X) =
WE(X)W* for all X € B(G).

Covariance of observables arises in many different situations; we refer to [2], [11] for many
examples. Trivially, for two U-covariant observables E and F, the equivalence E ~ F implies
that E ~ F but, as we will show later (see Proposition [[{)), E ~ F does not necessarily imply
that E ~y F.

In the rest of this paper, GG is a compact topological group which is Hausdorff and satisfies
the second axiom of countability. We denote by p the Haar measure of G, normalized so that
u(G) = 1. We fix a unitary representation U of G, and the set of all U-covariant observables is
denoted by O.

2.2. Approximately sharp observables. Suppose for a moment that E : B(G) — L(H) is
a projection valued observable, also called a sharp observable. Then for any X € B(G) with
E(X) # O, we can choose a (pure) state p € S(H) such that tr [pE(X)] = 1. This means that
we can prepare the system in a state o such that the probability of getting an outcome x € X
is 1.

This property of sharp observables is a simple consequence of the fact that each non-zero
operator E(X) has eigenvalue 1. Especially, |[E(X)|| = 1. This gives a useful generalization of
sharp observables [9],[13].

Definition 3. An observable E : B(G) — L(H) is approzimately sharp if |[E(X)|| = 1 for every
open set X C G such that E(X) # O.

Let us first note that the condition ||[E(X)|| = 1 does not imply that tr [pE(X)] = 1 for some
state o. Indeed, ||[E(X)|| = 1 means that 1 is in the spectrum of E(X) but 1 need not be an
eigenvalue. The condition ||[E(X)|| = 1 is equivalent to the fact that there exists a sequence



4 CARMELI, HEINOSAARI, PELLONPAA, AND TOIGO

{0n}nen of (pure) states such that
lim tr[p,E(X)] =1.

n—oo

Therefore, approximate sharpness means that we can prepare the system in a state p, such
that the probability of getting an outcome from X is arbitrarily close to 1.

Now, assume that E is a U-covariant observable. Then E(X) = O if and only if u(X) = 0;
see [9]. On the other hand, pu(X) > 0 for any (non-empty) open set X C G. Thus, E is
approximately sharp if [[E(X)|| = 1 for every open set X C G, X # 0.

Proposition 1. Let E;F € O and E ~ F. If E is approximately sharp, then also F is such.

Proof. Since E ~ F, there is a unitary operator W such that F(X) = WE(X)W* for every
X € B(G). This implies that the operator norms of E(X) and F(X) are the same, i.e., [|[F(X)| =
IWEX)W=[| = [E(X)]. 0

Until now, it may seem that the concept of an approximately sharp observable is quite
artificial. The usefulness and importance of this concept becomes evident in the situations when
there are no sharp observables in the set O, but there exist approximately sharp observables
in O. This is the case for phase observables, which we will study in Section 8l

2.3. Extremal observables. The set of all U-covariant observables O is convex, and we denote
by Ext O the set of extremal elements of O. A convex mixture of two observables corresponds to
a random choice or fluctuation between two measurement apparatuses. An extremal observable
thus describes an observable which is unaffected by this kind of randomness.

In our earlier article [3] we have characterized the extremal observables in @. We do not
reproduce this characterization here but we use it in the special case of phase observables in
Section B.A Extremality and approximate sharpness have the following simple connection.

Proposition 2. Let E,Eq, Ey be three observables and assume that E is a convex combination
of E1 and Ey. If E is approzimately sharp, then also E; and Es are approzimately sharp.

Proof. Let X C G be an open set. As E is a convex combination of E; and E,, we have
E(X) = AE;(X) 4 (1 — M)E2(X) for some 0 < A < 1. By the triangle inequality, we get

JECON < AE((X)]| + (1= A) [Ex(X)] < 1.
Thus, if [|E(X)|| = 1, then ||E;(X)|| = ||E2(X)]| = 1. O

2.4. Postprocessing. Let M (G) be the convex set of probability measures on B(G). As we
earlier discussed, each observable E defined on B(G) determines an affine mapping Og from

S(H) to M (G).

Definition 4. Let E,;F € O. We say that F is a postprocessing of E, and denote F <posr E, if
there exists an affine mapping ¥ : M;"(G) — M, (G) such that

(1) @F:\DO@E.
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The relation <posr on O is reflexive and transitive, thus a preorder. We denote by "X the
induced equivalence relation, i.e., E =" F if and only if F <posr E <posr F.

Definition 5. An observable E € O is postprocessing clean in O if for every F € O, the
following implication holds:

(2) E<post F = E'R'F.

The postprocessing relation and postprocessing cleaness have been studied in [I], [6], [8], [I5],
[21]. Some connections with the convex structure of the set of observables and the postprocess-
ing relation were proved in [I4]. In the following we derive some results for the postprocessing
relation in the case of covariant observables.

For each probability measure v on G, we define a mapping ¥, : M, (G) — M, (G) by

(3) Uy (p) =v=p.
Here v x p denotes the convolution of these measures, i.e.,

X = [ o7 X) dolg), X € B(G).

For E € O and v € M;"(G), we denote by E, the observable corresponding to the affine mapping
U, 0 Og. In other words, E, is the observable defined by formula

(4) E,(X) = / V(g1 X) dE(g), X € B(G).

By its definition, E,, is a postprocessing of E. It is straightforward to check that the U-covariance
of E implies that also E, is U-covariant.

Proposition 3. Let E;F € O. The following conditions are equivalent:
(i) F <posr E -
(ii) There is a probability measure v such that F =E, .
Proof. As explained previously, (ii) implies (i).
Conversely, suppose ¥ : M;"(G) — M (G) is an affine mapping such that Eq. () holds. The

mapping ¥ extends uniquely to a bounded linear mapping ¥ : M(G) — M(G), where M(G)
is the Banach space of Borel complex measures on G, by setting

W) = Joorell () — ()

[l [l ]|

m MmMo__
+z'|rm2+|w( ”)—z‘umzuw( : )
Tras] T

Here m = my, — my_ +imoy — imo_ is the Lebesgue decomposition of a measure m and ||m||
is the total variation norm of m € M(G) (in the above formula, 0/0 = 0 is assumed).
For each g € G, we define the following linear isometric isomorphism A, : M(G) — M(G)

/ F(h) d(Aym) (h) = / f(gh)dm(h) Vf € Col(G).
G
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The mapping g — Aym is weak*-continuous, and it is norm continuous if m € L'(G). In this
case, the mapping g — Ay WA —1m is weak*-continuous. In fact, if f € C(G), then

[ st en, mi) ~ [ ) dnea o)

<| [ #lo0)atwa,m - w0 + | [1ta0) = sine)] awa, o)
< 1l 1A — g amlly, + 1£(5) — £ 12w
< Ao 10 g — Apesmlly, + 11£(97) — £ 121 il

and the mappings g — A -1m and g — f(g-) are both norm continuous.
If m € L'(G), then for all f € C(G) the mapping g — [ f(z)d(AyWA,1m)(x) is p-
integrable, and we have

[ roraasms,m@| o) < 1o,

This shows that there exists a measure Um € M (G) such that

/Uf(x)d(/\gmg_lm } dg—/f (z) VYfeCl@),

and the linear mapping m — Wm is bounded from L(G) into M(G).

Suppose m € LY(G) N M (G). If {fu}nen C C(G) is such that f, > 0 and f, T 1, then
[ fol@) d(AgWA,1m)(z) 1 1 since AyUA,1m € M; (G). Therefore, [ f,(x)d(¥m)(z) 11 by
dominated convergence theorem, thus showing that Um € M (G).

Clearly, Ag\flm = \il/\gm for all m € L*(G). In particular, the map g — Ag\flm is continuous,
hence Um € L'(G) by Theorem 1.6 in [24] (which is unaltered even if G is not Abelian). By a
result of Wendel [26], there exists v € M; (G) such that U(¢) = v * ¢ for all ¢ € L}(G).

Since Oe(S(H)), Ok(S(H)) C LY(G) (see e.g. [9]), and A,O = WA, O by covariance of E
and F, we have O = W o ©g. We conclude that F = E,, and thus, (i) implies (ii). O

Let the probability measure v in ({l) be the Dirac measure §, in some point € G. In this
case, the corresponding observable E;, has the form

(5) E;,(X) =E(Xz™!) = E(X).

This observable, which we denote by E,, is therefore just a translated version of E. It is clear
that E "X" E,. If G is an Abelian group, then E,(X) = E(z7'X) = U(z ")E(X)U(z) and
therefore E, ~¢ E.

Proposition 4. Let E € O and v € M (G). The following conditions are equivalent:

(i) E, is approzimately sharp.
(ii) E is approximately sharp and v = 0, for some z € G (i.e. E, = E,).
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Proof. Let us first note that since G is Hausdorff and second countable, it is metrizable and we
can choose a left invariant metric d for G, i.e., d(gz, gy) = d(x,y) for every g,x,y € G (see, for
instance, Theorem 8.3 in [I0] for this fact).

Suppose that (i) holds. We make a counter assumption that v is not a Dirac measure,
i.e., there are two different points x,y in the support of v. Denote r := %d(w,y). Then
the open balls B(x;r) and B(y;r) are disjoint and have positive v-measure. Thus, if we set
a = min{v(B(z;r)),v(B(y;r))}, then a > 0. As the metric d is left invariant, we have
gB(z;r) = B(gx;r) for any g € G. Moreover, for any g € G, we have B(gz;r) N B(z;r) =0
or B(gx;r) N B(y;r) = (. This implies that v(¢gB(x;7)) <1 — « for all g € G. It then follows
that

E(Blas )] = \

/Gy(ng(x; r)) dE(g)H <supv(g'B(z;r) - [E(G) <1—a< 1.

geG

This is in contradiction with our assumption that (i) holds. Hence, v is the Dirac measure 6,
for some point x € G. For every z € G and X € B(G), we have

(6) s, (Xa) || = [E(X)] -
Therefore, [|[E(X)|| = 1 for every open set X C G since the right multiplication is a homeomor-
phism. This shows that (i)=-(ii).

The fact that (ii)=(i) is clear from (). O

As a consequence of Propositions Bl and @] we get the following result.

Proposition 5. Let E € O be an approximately sharp observable. Then E is postprocessing
clean in O. Another observable F € O is postprocessing equivalent with E if and only if F = E,
for some x € G.

Proof. Let E € O be an approximately sharp observable. If F € O is such that E xposr F, then
by Prop. Blwe have E = F, for some v € M, (G). But Prop. @l now implies that v = &, for some

z € G, which means, in particular, that E "~ F. Therefore, E is postprocessing clean. This

reasoning also proves the second claim. O

2.5. Preprocessing. Let ® : 7(H) — 7 (H) be a linear mapping such that its adjoint ®* :
L(H) — L(H) is completely positive and ®*(I) = I. We say that ® is a channel and denote
the set of all channels by Ch(H). Let Ch(H)* be the set of the adjoints of channels, that is,
Ch(H)* consists of normal completely positive maps = : L(H) — L(H) such that Z(7) = 1.

Definition 6. Let E,;F € O. We say that F is a preprocessing of E, and denote F <y E, if
there exists a channel ® : 7(H) — 7 (H) such that
(7) @F == @E o®.

Written in terms of the adjoint channel ®*, Eq. ([7l) amounts to say that F(X) = ®*(E(X))
for all X € B(G).

The relation <p on O is clearly a preorder and we denote by "~ the induced equivalence
relation.
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Definition 7. An observable E € O is preprocessing clean in O if for every F € O, the following
implication holds:

(8) E<w F = ERF.

We have some simple connections of the preprocessing relation to the other relations.

PRE

Proposition 6. I[fE,F € O and E~F, then E ~ F.

Proof. The relation E ~ F means that F(-) = WE(-)W* for some unitary operator W. Define
unitary channels ®1(7") = W*TW and ®,(T) = WTW?*. Then O = Ogo®; and O = Ogo d,.
Hence, E "~ F. O

Proposition 7. Let E;F € O and F <ps E. If F is approximately sharp, then also E is
approximately sharp.

Proof. For any X € B(2), we get

IFCX)] = sup tr[oF(X)] = sup tr[®(o)E(X)] < sup tr[oE(X)] = [[E(X)].
0eS(H) 0eS(H) 0eS(H)

Thus, ||[F(X)|| =1 implies that ||E(X)| = 1. O
A channel ® is called U-covariant if

(9) O(U(g)oU(g)") = Ulg)2(0)U(9)*

for every p € S(H) and g € G.

Proposition 8. Let E;F € O and F <pzs E. Then there is a U-covariant channel ® such that
[@ holds.

Proof. Let @ be a channel such that (7)) holds. Since E and F are covariant, we have
(10) Or(U(9)"eU(9)) = Oe(U(g)"®(2)U(9))
for every o € S(H) and g € G. We define a linear mapping ® : T(H) — T (H) by setting

(1) bo) = [ V@) Ula)Ulo) dy.
Let ®* and ®* be the adjoints of ® and d. Hence,

(12) émaz/mm@wmmmmwmwm AeL(H).

The fact that ®* is completely positive equals with

n

(13) D (W@ (A7 Aj)y) > 0

ij=1
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foralln=1,2,..., Ay,..., A, € L(H), and 1, ..., 1, € H. Since

n

> i) - |

i,j=1

n

> {U(9) il @ (AU (9))"(A;U(9))U(9) ;) | dg =0

4,j=1

it follows that ®* is completely positive. But ®*(I) = I so that ® is a channel. Using

the invariance of the Haar integral, it is straightforward to verify that & is U-covariant. By
Eq. (I0), ©f = Og 0 O. O

Proposition B shows that the investigation of the preprocessing relation reduces to the study
of covariant channels. We will need the following general result in order to characterise the set
of U-covariant elements in Ch(H)*. For a proof, see e.g. [4].

Proposition 9. Suppose U is a unitary representation of G in a Hilbert space H, and = €
Ch(H)* is a U-covariant channel. There exists a separable Hilbert space K, a unitary represen-
tation D of G in IC, and an isometry W : ' H — K ® H such that

WU(g) = (D(g)@Ug)W  VgeG,
(14) S(A) = W(I®AW  VAeL(H).

We apply Proposition [0 in Section B.17 in the study of phase observables.

3. OPTIMAL PHASE OBSERVABLES

3.1. Structure of phase observables. Let H be a complex Hilbert space with an orthonormal
basis {|n) |n € N}, N={0,1,2,...}. We define the lowering, raising, and number operators as

a::Z\/n+1|n><n+1|, a* ::Z\/n+1|n+1)(n|, N::a*a:Zn|n><n|,
n=0 n=0 n=0

respectively. Physically the Hilbert space H and the above operators are associated with a
single-mode optical field. The vectors |n) are called number states.

Coherent states |2) := e #"/237% \j—%|n>, where z € C, describe laser light which is quasi-
monochromatic and thus can be approximated as a single-mode system; here |z| is the energy
and arg z is the phase parameter of |z).

An observable E describing a phase parameter measurement should have the interval [0, 27)
as its outcome space. For convenience, we use one dimensional torus T = {t € C : |t| = 1} as
an equivalent description. Let |z) be a coherent state and ¢ € T. Then |tz) is another coherent
state, now having phase parameter arg z + argt (addition modulo 27). Therefore, we require

that E describing a phase parameter measurement satisfies the condition
(15) Py (X) =, (71 X)

forall ze C,t € T and X € B(T).
As shown in [20], an observable E : B(T) — L(H) satisfies condition (I3)) if and only if

(16) UMEX)U(H)" = E(tX)
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for all t € T and X € B(T), where U is the number representation of T in H, i.e.,
U(t)|n) =t"n) V¥n € N.
Clearly, U(t)|z) = |tz) We take this covariance condition as the definition for phase observables.

Definition 8. An observable E : B(T) — L(H) is a phase observable if it satisfies the covariance
condition (IG)).

The following phase theorem characterizing phase observables has been proved in various

different methods in [5], 12} [1§].

Theorem 1 (Phase Theorem). An observable E : B(T) — L(H) is a phase observable if and
only if

(mECOI) = o [ -

. deo
G = e / Mmooy o eN,
X arg X

where the phase matrix (c,,,,) is a positive semidefinite complex N x N-matriz and ¢, , = 1 for
alln € N.

If E1, Ey are phase observables with phase matrices (cy,,) and (c3,,,), then Ey ~y Ey if and

m,n

only if there exists a sequence {\,}nen € T such that ¢}, , = AAmc2, .

Using Theorem [l we can easily see some general properties of phase observables. For in-
stance, the probability measure pfm of a phase observable E in a number state |n) is uniformly
distributed, which is expected as number states do not have specific phase. Also, a phase
observable is never sharp (a projection valued measure); see e.g. [1§].

We notice that U-equivalence for two phase observables is, in general, stronger requirement
than equivalence. This is demonstrated in the following proposition.

Proposition 10. There exist phase observables E1 and Eo such that Eq is equivalent to Es, but
E, is not U-equivalent to E,.

Proof. Fix z € C, 0 < |z| < 1, and define phase observables E; and E, by setting
E(X) = / dtl+z/ t1dt]0)( 1] +2/ tdt|1)(0],
X X X
E2(X) = / dt1+z/ t1dt |2)( 3] +2/ tdt|3)(2|
b b b
for all X € B(T). Define a unitary operator W as

W= 2340+ [0)(2] + [1)(3) +3)(1[ + 3 In)(n].

n=4

Then E; = WE{W*. From Theorem [[one sees easily that E; and E; cannot be U-equivalent. [
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3.2. Canonical phase observable. The canonical phase observable E.,, is the phase observ-
able determined by the phase matrix ¢, ,, = 1 for all m, n € N. If E is another phase observable
with a phase matrix (¢, ), then E ~y E., if and only if |¢,,,| = 1 for all m, n € N; see [19].

The canonical phase observable E.,, has some properties which make it special among all
phase observables. For example, it is the only phase observable (up to equivalence) which
generates the number shifts [19]. A drawback of E.,, is that a realistic measurement scheme
for it is not known.

We will see that E.,, is optimal phase observable in all the four different ways we listed in
Section [[. However, (perhaps surprisingly) it is not the unique phase observable having this
feature.

3.3. State generated phase observables. Let D(z) := ¢** ~* z € C, be the shift operator,
and denote by S(H)giae the convex set of all diagonal states, that is, the states of the form
T =3 o Aln)(n|, where A, > 0 for all n € N and >_>° A, = 1. Obviously, the extremal
elements of S(H)qiag are the one-dimensional projections of the form |n)(n|, n € N.

The phase observable generated by T' € S(H)diag (Or a phase space phase observable), denoted
by Er, is defined by

1 o .

(17) Er(X) = —/ / D(re®)TD(re")"r dr do (weakly)
™ arg X JO

for all X € B(T) [18]. Using the decompostion of 7', one gets

Er(X) = MEjny(X) (weakly) for all X € B(T),
n=0

where we have denoted Ej,y(, briefly by Ej,). Note that the operator 7" in formula (I7) must
be diagonal in the number basis so that the corresponding observable would be phase shift
covariant [18].

State generated phase observables are important since some of them have been measured.
Indeed, Ejp) can be seen as an angle margin observable of a phase space observable associated
to a Q-function, and this has been measured by Walker and Carrol for a coherent state input
field [25]. Moreover, in principle all state generated phase observables can be measured using
an eight-port homodyne detector [16].

We will see that state generated phase observables are approximately sharp and postprocess-
ing clean. They are not extremal nor preprocessing clean.

3.4. Approximately sharp phase observables. Let C(T) be a Banach space of continuous
complex functions on T equipped with the sup norm. By the Riesz representation theorem,
the topological dual M (T) of C'(T) consists of regular complex Borel measures on T (or Baire
measures). We equip M(T) with the weak-star topology. In this topology, a net {p;}icz C
M(T) converges to a point p € M(T) if lim;er [ fdp; = [ fdp for all f € C(T); we denote
p = wrlimezp;.
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Let 0, : C(T) — C, f +— (f) = f(t) be the Dirac distribution (or Dirac measure) concen-
trated on ¢ € T. Let us write the parameter z of a coherent state |z) in the form z = rt, where
r=|z] € Rand t = z/|z| € T. Let us then recall the following result, proved in [19].

Proposition 11. Let E be a phase observable with a phase matriz (¢, ), and let w € T. Then

*_1; E _
wr-lim ppy = O
rT—00

if and only if

li Cmmtk = 'U/k
%) b

m—

forallk=1,2,3,....
This leads to the following useful conclusion.

Proposition 12. Let E be a phase observable with a phase matriz (¢p). If there exists u € T
such that

(18) lim Cpmpr = u”

m—

forallk =1,2,3,..., then E is approzimately sharp.

Proof. 1f condition (I8) holds, then w*-lim, ., pﬁw = 0y, by the previous proposition. Let
X € B(T) be a nonempty open set and choose ¢ such that tu € X. Let f € C(T) be such that
f(tu) = 1, the support of f is contained in X and 0 < f < 1. For any € > 0 there exists r. > 0
such that [ falp"zm> > 1 —e€ for all »r > r.. Since, for all » > r,

1= By (X) + gy (T\ X) > / FdpEy +pEy (T\ X) > 1— ¢ + g, (T X)

it follows that pﬁ,t>(T \ X) < e for all » > r.. Thus, limrﬁoopﬁw(']r \ X) = 0 and, hence,
lim, p‘Eﬁ) (X) = 1. This implies that ||[E(X)| = 1. O

Note that (in the context of the above proof) lim,_, . p‘Em(X) = 0w (X) does not hold for

all open X. Take, e.g., X = T \ {tu} and note that then pfm (X) = 1 since pfm is absolutely
continuous measure with respect to the Haar measure.

Since the canonical phase observable E.,, corresponds to the phase matrix ¢, , = 1, it follows
from Proposition [[2] that E.,, is approximately sharp (see also [9] for a different proof).

Proposition 13. All state generated phase observables Er, T € S(H)diag, are approzimately
sharp.

Proof. Let Er be the phase observable generated by T' = > _ As|s)(s| € S(H)diag- Since
Er = > o AsEjs) (weakly), the phase matrix elements of Er are cgm =3 )\Sclyfzn. It has
been shown in [19] that lim,, .. cl*) . = lforall kK € Nand s € N. Since |clfl>m+k| <1, we

m,m-+

have lim,,,_,~ cfwn 4+ = 1 forall £ € N. The claim follows then from Prop. withw=1. O
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Finally, let us notice that, as seen in the proof of Proposition [I2],
lim (rt|Er(X)|rt) =1

where X C T is open set and ¢ € X. This means that in the classical limit when the energy of
the state |z) is large, the phase parameter of |z) can be determined accurately by measuring Er.
However, there is no phase observable E for which (rt|E(X)|rt) ~ 1 for finite energies r = |z|.
There exist (phase shift covariant) generalized operator measures satisfying this condition; these
measures describe measurements where only a restricted class of state preparations are available
[22].

3.5. Extremal phase observables. Let C be the convex set of all phase matrices and let
Ext C be the set of the extremal elements. The correspondence between the convex sets C and
O preserves the convex structures. Especially, a phase observable E determined by a phase
matrix (¢,,,) is extremal in O if and only if (¢,,,) is extremal in C.

Let (¢,,m) be a phase matrix. It is always possible to choose a Hilbert space IC and a sequence
of unit vectors {n, tneny which is total in I such that ¢, ., = (1, |9 ) for all n,m € N; see [5].
The dimension of K is uniquely determined by (¢;,m,) and we call dim C the rank of (¢;,,). Let us
denote by 7 (K) the Banach space of trace-class operators on K. As proved in [3], [I7], the phase

matrix (¢, ) is extremal if and only if the trace-class closure of ling {|n,, ) (n,| : n € N} C T(K)
is 7(K).

Example 1. Let ¢ € C, |¢] < 1. Define unit vectors 75, := |0) and 75, , := £]0) ++/1 — [€[2|1)
for all n € N and a phase matrix (c5,,,) by ¢, ,,, :== (n§[n5,). Thus, (¢,,) is the phase matrix of

the so-called chess-board phase observable E¢; see [19]. Assume that || # 1. Then the Hilbert
space K is C|0) + C|1) and the rank of (5 ,,) is 2. Moreover,

0)(1] ¢ lin {[n5 ) {mz| - n € N} = Cl0){0] + C(&]0){ 1] +&[1){ 0 + /1 = [§]*[1)(1])

so that E¢ is not extremal. If || = 1, then the rank of (c§,,) is 1 and E¢ is automatically
extremal; see Proposition 5 in [3]. In addition, |C§Lm| = 1 for all n, m € N so that E; ~ Ecyy
[19]. For more examples of extremal phase observables, we refer to [17].

Proposition 14. If the phase matriz (¢, ,) has rank greater than 1 and ¢, € R for all
m,n € N, then (¢p,n) ¢ ExtC, that is, the corresponding phase observable E is not extremal.

Proof. Let n,,, n, be two linearly independent vectors in I, and define a (nonzero) bounded
operator B = [0, )(0a| — |7n ) (nm| on K. For every j € N, we have
tr [B]n; ){(n;l] = ¢njCim — Cm.jCim = Cn.jCim — CniCim = Cn.jCim — Cn.jCim = 0.
By the Hahn-Banach theorem this implies that the set ling {|n, )(n,| : n € N} is not dense in
7 (K). Therefore, using the above cited criterion the phase matrix (¢, ) is not extremal. [J
Fix s € N. Elements of the phase matrix (clffn) of the state generated phase observable E|,
are of the form

[s) _ > s s —zq
o= | @ pi@ed,
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where

s() = (—1)me(Osn) —((2;1{{23))' izl ()

lzk: (k+a) .

is the associated Laguerre polynomial; see [I8, [19]. Hence, the n,-vectors of (c,fm) are the unit
vectors f5, n € N, of L*(R,, e “dz), where R, is the set of positive reals. All the functions

>, n € N, are linearly independent, and therefore the rank of (cl2>n) is infinite. It is clear that

clfgn € R for all m,n € N, and hence the phase observable E|, is not extremal by Proposition

14
Let Er be the phase observable generated by a state T =3 2 As|s)(s| € S(H)diag- Then
Er = Z:io AsEjsy and hence, Ep is not extremal. We thus have the following conclusion.

and

Proposition 15. Any Ep, T' € S(H)diag, is not extremal in the conver set of all phase observ-
ables.

For completeness, we note that the phase matrix elements of E; are cz;b,n => AsChs mn =

(I D), where fT = Es ° o Vs [i®]s) is a unit vector of the Hilbert space L?(R, e md:L’)(}Z)H,
and it follows that rank(c/, ,) = oc.

Remark 1. Since the physically relevant phase observables Er and E.,, all have real-valued
phase matrices, it would be interesting to study the extremals of the smaller convex set of real-
valued phase matrices Cr = {(¢mn) € C|cmn € R, m,n € N}. The complete characterization
of such extemals is given in [I7, Theorem 1]. The canonical phase observable is extremal in
Cr, but the question of the extremality of the state generated phase observables is open. The
method of the proof of Proposition [[4] cannot be directly applied in this case as the operator
[T Y (M| — |7 ) (M| 1s trivial on the real Banach space 74 (KC) of selfadjoint trace class operators

on K = ling {n, : n € N}.

3.6. Postprocessing. As explained in Section B.4], the observables E.,, and Er are approxi-
mately sharp. Therefore, it follows directly from Proposition [ that they are all postprocessing
clean in O. It still remains to check whether they are postprocessing equivalent. Let us start
with the following observation.

Proposition 16. Let T, T" € S(H)dgiag- If Er = Ep, then T =1T".

Proof. Let T' = 3" Asls)(s| € S( Jdiag and 1" = > Nl[s)(s] € S(H )diag Thus, ¢}, ,, =
> Aschl, and c%n = > 20N ). Assume Er = Ep so that Chn = Chp for all m, n e N,
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For all s, k € N,
ls) s+max{0,s—2k} (min{2k, s})! /OO (s+|s—2k[)/2 T |s—2K]| —
= (-1 L
0,2k (-1) \/sl(maX{Qk, Sy x min{ok,s) (T)€dT
((|s — 2k| + s)/2)! T (k)
(2k)! s T ((]s — 2k — 5)/2)

where I' is the Gamma function and we have used the following equation (see formula 7.414(11)

in [7]):

_ (_1)s+max{078—2k}

o I'(y)r'(1 —
/ 2 LY (x)e T dr = I +a=y+n) , v>0, a,neN.
0

nI'(14+a—7)
Since lim, ., |I'(z)| = oo for all n € N, it follows that
CLS}% =0
if and only if 0 < k < s. Thus,
k-1
COQk ZA COQk Z N lf)%
s=0

By induction 7' = T". Indeed, cf, = )\0002 = )\600’2 implies that \g = Aj. If Ay = X\, for all
s=0,1,...,k — 1 then

(A — Me)ey) 20k 1) = o) — Cagern) = 0-
Thus, A\ = . O

Proposition 17. Phase observables E..,, and Er are postprocessing clean. They are all post-
processing non-equivalent.

Proof. We need to prove the second claim. For two approximately sharp phase observables E
and E' with phase matrices (¢, ) and (c,,,), Prop. Bl implies (taking into account that T is

POST

Abelian group) that E ~ E equals E'(:) = U(t)E(-)U(t)* for some ¢t € T. By Theorem [ this
means that ¢, , =" "¢, ,, for all m, n € N.

Let T, T" € S(H)dlag and assume that, for some t € T, Exv(-) = U(¢t)Er(1)U(t)*. We have
seen in the proof of Prop - that lim,, o, L = lim,;, oo C%:m 4 = Lforall k€ N. On the

other hand, cm etk = =t m+k,
i. e. only if T'=T" by Prop. [l
Assume then that Eqy, '~ ET It follows that |cO o| = 1. This is impossible since Co g = )\Oc

(see the proof of Prop. [I6]) and

002—/ 1o (@) 3 )xdx—\/_/ ze xdx_T

m,m+k —
from which ¢ = 1 follows. Hence, E7 T Er only if Ep = Eqv,
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3.7. Preprocessing. Let E be a phase observable determined by the phase matrix (¢;,.,) € C.
As shown in [23], we can define a U-covariant channel by formula

T(H) 3 T Oe(T) i= 3 o (m|TIn)m)(n| € T(H).

m,n=0
Moreover, this channel satisfies
@E == @Ecan 0] (I)E .

This shows that every phase observable is a preprocessing of the canonical phase observable
Ecan. In particular, E.., is preprocessing clean.

It remains to find the equivalence class of E.,, in the preprocessing relation. The prepro-
cessing clean phase observables are exactly the phase observables belonging to this equivalence
class.

Proposition 18. If = € Ch(H)* is such that
EUAU)) =U)Z(A)U(t)

forallt € T and A € L(H), then there exists a sequence of vectors {¢;}ien in H @ H with
|p:ll =1 such that

GIEA) i) = / 19 gy | (T® UMAU(t)) é:) dt i, j €N

Proof. Let p be the right regular representation of T in L? (T). Since T is compact and dim H =
00, every separable unitary representation of T is contained in the tensor product representation
p ® I acting in the space L? (T) ® H = L*(T;H). Therefore, K = L? (T;H) and D = p® [ is
the most general choice in the context of Prop.

We define the following unitary operator T : L* (T)@ HQ H — L* (T) @ H® H

T(fouev)t)=ft)@ue U(t)v
Clearly,
’ T(peI®l) = (pol®U)T = (Do U)T.

Therefore, every isometry W : H — K ® H intertwining U with D ®U is of the form W = TW,
where W is an isometry intertwining U with p ® I ® I. The most general such W is given by

where {¢; }ien is a sequence of unit vectors in H®H. By Prop. [l every U-covariant = € Ch(H)*
is thus of the form

GIEWA) = GV T*(Ix ® ATV
= (T(f; ®¢;) | (Ir2my ® Iy @ A)T(f; ® i) )
= [0, U U@V 6 d
for all A e L(H) and 4,j € N. O
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Proposition 19. If E is a phase observable with phase matriz (¢pm.n), then the following are
equivalent:

(i) E'~ Ecan _
(ii) there exists ng € N and a sequence {\, }n>n, in T such that ¢, ., = A, for all m,n >
ng.

Proof. Let L*>°(T) be the Banach space of bounded measurable functions on the unit circle T
with the sup norm. We recall that, if E is a (not necessarily covariant) POVM based on T
with values in ‘H, then we can define a norm decreasing linear map E : L>*(T) — L(H) in the
following way. If T € T (H), let pZ be the bounded complex measure on T given by

po(X) =tr [TE(X)] VX € B(T).
If f € L*>(T), the operator E(f) is then defined by

tr [TE(f)] = / ) dE(t) YT € T(H).
For all j € Z, let f;(t) = #/. Then

E(f;) =) njealn)(i+nl  ifj>0

n>0

E(f)) =Y cajmln—3)(n| ifj<0,

n>0

(f-;) for all j € N.
=(f), where E= is the POVM given

the sums converging in the weak sense. Clearly, E(f;)* =

If = € Ch(H)*, then it is easy to check that Z(E(f)) =

by
E5(X) =Z(E(X)) VX e B(T).

Suppose = is a U-covariant channel, and let {¢;}ien be a sequence of unit vectors in H ® H
associated to Z as in Prop. [[8. Then by Fourier analysis E.,, = E= if and only if Ec.n(f;) =
E=(f;) for all j € N.

For j € N, we have

WER(f)lp) = / 1 (0, (I © UWES,)U (1)) 6y) dt
_ / S im0 (0 U@+ nlU()) 6,) dt

n>0

= 3 g [0, T [0} (54

n>0

— Gpa Y ugin (00l TS0 + 1)) )

n>0
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for all p, g € N. Setting

(19) Sr=> ¢

r>0

with ¢} € H such that > ., |¢%]|* = 1, the last equation becomes

(@EZ(f)IP) = Gjpq D Cajn (S0 S5 .

n>0
This must be compared with
(q|Ecan(f5)|P) = 6jp—q-
The two expressions are the same if and only if

(20) > Copgin (G027 ) =1 forallp>q>0.

n>0

If {n,}nen are unit vectors in H such that ¢, m = (1, | 9 ) (see [5]), eq. (20) amounts to

(1) S (@ [ Mpgin @S ) =1 forallp>q>0.

n>0

Since

S lpen @I = I <1 foral ke

n>0 n>0
by Cauchy-Schwartz inequality Eq. (21]) holds if and only if

T ® 0 = pgrn @ G ¥ EN and 3 [lgg]* =D [leptF =1

n>0 n>0
for all p > ¢ > 0. These two conditions are in turn equivalent to the following
(1) ¢5 =0 for all 0 <n < p, and anp HgbgHZ =1;
(2) 1 ® Gf = Mpyn @ 7" for all n,p € N.

If conditions (1) and (2) hold, let ng be such that ¢;° # 0. Condition (2) with n = ngy then
implies 7p4n, = Aphn, for all p € N, and thus c,,4pngtrqg = ApAq for all p,g > 0.

If conversely there exists ng € N and a sequence {\,}n>n, such that ¢, = A, for all
m,n > ng, then by Cauchy-Schwartz inequality 7, = \pyAnfn, for all n > ng. Choose ¢ in
Eq. (I9) such that

by = Snomn—a nAng® Vn € N,

with ¢ € H such that [[¢|| = 1 (in the above formula, ¢y = 0 if n < ng). Then the sequence
{9} Yamen satisfies conditions (1) and (2) above. O

A phase observable can be preprocessing clean without being extremal. Indeed, we have the
following example.
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Example 2. Let ng > 1. Define ¢,,, = 1 if n > ng and m > ng, and ¢, = Opm (Kronecker
delta) otherwise. Obviously, (¢,,) is a phase matrix and the corresponding phase observable

E is not unitarily equivalent with E..,. As a consequence of Proposition [[9 we conclude that

E X Ecan. However, in Proposition [l we have shown that E ~y E.., equals E T Ecan.

Therefore, E and E.,, are not postprocessing equivalent. Note that c,,,, € R for all m,n and
the rank of (¢,,;,) is ng + 1 (this can be seen easily by noting that the n-sequence of (¢pn)
can be chosen such that the first ng + 1 7,’s are mutually orthonormal and 7, = 7,,.1 for all
n > ng + 1), hence E is not extremal by Prop. T4 Moreover, E is approximately sharp by
Prop. [I2] and, thus, postprocessing clean.

We have seen that E.,, is optimal in all four ways. However, there are also other phase
observables sharing this feature. This is illustrated in the following example.

Example 3. Let {fi, fo} be the canonical basis of C2, and let ny = f1, n1 = fa, 72 = 27V2(f1 +
f2), m3 = 27Y2(f1 +ify), and m, = fi for all n > 4. Define the phase matrix ¢, = (7 |1, ),
and let E be the associated phase observable.

It has been shown in [I7] that (¢, ) is a rank 2 phase matrix which is extremal in the convex
set of phase matrices, hence E is extremal in the convex set O. Moreover, lim,, o Cpmir = 1 for
all k € N, and therefore E is approximately sharp by Proposition[I2. It follows from Proposition
Blthat it is also postprocessing clean. By Proposition [[9 the observable E is preprocessing clean.
However, E %y E ., since the ranks of the associated phase matrices are different.

Acknowledgments. The authors thank Jukka Kiukas and Kari Ylinen for valuable discus-
sions.
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