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We introduce Quantum indirect estimation theory, which provides a general framework to address
the problem of which ensemble averages can be estimated by means of an available set of measuring
apparatuses, e. g. estimate the ensemble average of an observable by measuring other observable.
A main ingredient in this approach is that of informationally complete (infocomplete in short)
measurements, which allow to estimate the ensemble average of any arbitrary system operator, as
for quantum tomography. This naturally leads to the more stringent concept of A B-informationally
complete measurements, by which one can estimate jointly all the moments of two incompatible
observables A and B. After analyzing all general properties of such measurements, we address
the problem of their optimality, and we completely solve the case of qubits, showing that a o,0y-
infocomplete measurement is less noisy than any infocomplete one. We will also discuss the relation
between the concept of AB-infocompleteness and the notion of joint measurement of observables A

and B.

I. INTRODUCTION

The aim of any measurement is to retrieve informa-
tion on the state of a physical system. In classical me-
chanics, measuring the location on the phase space pro-
vides a complete information on the system. On the
other hand, in quantum mechanics there are infinitely
many elementary measurements—corresponding to dif-
ferent observables—that provide only partial informa-
tion, whereas “complementary” informations would re-
quire mutually exclusive experiments corresponding to
non-commuting observables.

The problem then arises on how to perform a quantum
measurement that can be used to infer information on
non compatible observables. The idea is to make a gen-
eralized “unsharp” measurement [1], described by a so-
called POVM (positive-operator valued measure), from
which a specific type of information—such as e. a partic-
ular ensemble average of a given operator—is retrieved by
a suitable data-processing of its experimental outcomes.

Of special interest are the informationally complete
POVMs [2]—infocomplete POVMs in short—which span
the whole operator space, thus allowing the estimation of
arbitrary ensemble averages. Informationally complete
measurements are relevant for foundations of quantum
mechanics as a kind of “standard” for a purely proba-
bilistic description [3]. Moreover, the existence of such
measurements with minimal number of outcomes is cru-
cial for the quantum version of the de Finetti theorem
[4]. The most popular example of informationally com-
plete measurement is given by the coherent-state POVM
for a single mode of the radiation field, whose proba-
bility distribution is the so-called @-function (or Husimi
function) [5]. Another example, though of completely
different kind, is the case of quantum tomography [6],
in which one measures an observable randomly selected
from an informationally complete set—a ” quorum”.

Investigations on informationally complete measure-
ments have been extensively carried out. In the frame-
work of “phase-space observables” [7, 8, 9, 10, 11] the
concept of informational completeness leads to substan-

tial advancement on some relevant conceptual issues,
such as the problem of jointly measuring non-commuting
observables, or the problem of the classical limit of quan-
tum measurements. A general classification of covariant
infocomplete measurements has been given using group-
theoretical techniques [12], whereas the classification of
the symmetric ones is still an open problem [13]. A thor-
ough comparison of local with global infocomplete mea-
surements for bipartite quantum systems has been car-
ried out in Ref. [14]. On the other hand, for any general
infocomplete measurement the optimal data-processing
function for estimating the ensemble average of an ar-
bitrary operator has been derived [15] with the help of
frame theory [16, 17].

In this paper we introduce the quantum indirect es-
timation theory, which provides the general framework
to address the problem of which ensemble averages can
be estimated by means of an available set of measuring
apparatuses. Typically, one has the problem of estimat-
ing the ensemble average of an observable by measuring
other observables, or of estimating the expectation of a
POVM—i. e. a probability distribution—by physically
measuring another POVM. Essentially, one can estimate
all expectations of operators that are linear combinations
of POVM elements. The indirect estimation is achieved
via a data processing of measurement outcomes. The data
processing associates a numerical value to each outcome,
depending on the ensemble average to be estimated. The
final goal of the theory is then to optimize the data pro-
cessing (generally not unique) in order to maximize sta-
tistical efficiency [15]. A special case of data-processing
is the post-processing, which corresponds to probabilistic
Boolean operations and permutations on the outcomes,
with the data-processing function corresponding to a con-
ditional probability. A typical example of post-processing
is the coarse-graining of a POVM, in which each outcome
is indeed a union of elementary outcomes, e. .g. in the
marginalization of a bi-variate POVM.

Clearly, a central role in quantum indirect estimation
theory is played by infocomplete POVM’s, by which one
can estimate the ensemble averages of any arbitrary op-
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erator. However, for the estimation of the ensemble aver-
ages (A) and (B) of two (noncommuting) operators one
does not necessarily need an infocomplete measurement,
even in the case when one wants to estimate the full
probability distribution of A and B. In the last case one
just needs a particular measurement, that we will intro-
duce in the present paper, and which will be referred to
as AB-infocomplete measurement. Indeed, the necessity
of estimating complementary observables is the reason
why the POVM which achieves the task is unsharp, and
whence it adds noise to the POVM which can estimate
a single observable. Likewise, one can infer that an AB-
infocomplete POVM which is not infocomplete should
add less noise than an infocomplete one, since the first
kind of measurement avoids to collect redundant informa-
tion. We will see that this indeed is true in the special
case of qubits. We will also see that generally a joint
measurement of observable A and B is not necessarily
an AB-infocomplete measurement, whereas, viceversa,
an AB-infocomplete measurement is an unbiased joint
measurement, of A and B.

The paper is organized as follows. Sec. II is a long
section where we introduce the quantum indirect estima-
tion theory through the notion of partially information-
ally complete POVM, where the linear span of the POVM
elements is a proper subspace of the Hilbert-Schmidt op-
erator space. We also briefly review the theory of frames
[16, 17], which generalize the concept of (operator) basis,
and show how to characterize and optimize the processing
functions of quantum measurements to estimate the ex-
pectation of observables. The notion of data-processing
and post-processing are explained, and the concept of
joint measurement of observables is recalled. In Sec. III
minimal AB-infocomplete measurements are introduced,
as the measurements described by POVMs whose span
coincides with the span of A, B and all their independent
powers. A useful Lemma that gives sufficient conditions
for minimality of the optimal AB-infocomplete measure-
ment is proved. The case of qubits is solved in Sec. III.A,
when the ensemble of unknown states corresponds to an
isotropic distribution. Sec. IV is devoted to the conclu-
sions.

II. INDIRECT ESTIMATION THEORY

A measurement on a quantum system [7] returns a
random result e from a set of possible outcomes E = {e :
1,... N}, with probability distribution p(e|p) depending
on the state p of the system in a way which is distinctive
of the measuring apparatus, according to the Born rule

plelp) = Tr[pPe]. (1)

In Eq. (1) P. denote positive operators on the Hilbert
space H of the system, representing our knowledge of the
measuring apparatus from which we infer information on
the state p from the probability distribution p(e|p). Pos-
itivity of P, is needed for positivity of p(e|p), whereas

normalization is guaranteed by the completeness relation
> ece Pe = I. In the present paper we will only consider
the simple case of finite discrete set E. More generally,
on has an infinite probability space E (generally contin-
uous), and in this context the set of positive operators
{P.} becomes actually a positive operator valued mea-
sure (POVM), but we will keep the same acronym also
for the discrete case, as usual in the literature. Every
apparatus is described by a POVM, and, reversely, ev-
ery POVM can be realized in principle by an apparatus
[7, 8, 9]. Throughout this paper we will consider a quan-
tum system with Hilbert space H with finite dimension
d = dim(H) < +o0.

In the following we define the data processing cX for a
POVM in order to reconstruct the ensemble average (X)
of an operator X € B(H) (¢* : X is the so-called

1 C
processing function).

A. Informationally complete measurements

We recall that the space of Hilbert-Schmidt operators
is isomorphic to H®?, and coincides with the space £(H)
of linear operators on H for finite dimensional Hilbert
space H ~ C%.

A POVM P is called informationally complete [2] if it
linearly spans the whole operator space £L(H). We gen-
eralize this concept to the following notion of partially
informationally complete POVM

Definition 1 For R a linear operator space, we will call
a POVM R-informationally complete, if R C Span(P).

We have used the natural notation Span(P) =
Span(Py, P2, ... Px). The projection on the linear op-
erator space R will be denoted by Tlx.

It is clear that the knowledge of probabilities of an R-
informationally complete POVM allows the calculation
of ensemble averages (X), for all X € R by the simple
formula

(X), = 3 X ThlpP). (2)

i=1

cX denoting the data processing for X. If the POVM ele-
ments are linearly independent then the processing func-
tion ¢ 1§ — c;X for an operator X is unique, whereas for
linearly dependent POVM elements the possible choices
are infinite. These facts determine two questions: a) how
to find a suitable processing function ¢X for a given op-

erator X; b) which is the processing function ¢* mini-
mizing the statistical error
al 2
5 (X) = Y [ TrlpP] — ()] (3)
i=1

In order to answer these questions we will consider some
elementary results in frame theory.



B. Elements of frame theory

A frame in a Hilbert space K [16, 17] (for sake simplic-
ity we will consider finite dimensional spaces) is a set of
vectors {v;}i<n<oco € K such that there exist two con-
stants 0 < a < b < oo and

N
allic <> Huil)? < bl (4)

i=1

and one can prove that for finite dimensional systems the
property of a set {v;} of being a frame is equivalent to
completeness, namely for all v € K one can expand v
on the vectors {v;} by suitable coefficients. On the other
hand, given a set of vectors {v;} on K they are a frame
iff the frame operator

N
F=3"lu)w (5)
=1

is bounded and invertible. In this case, defining the
canonical dual frame {w;} by F~!|v;) = |w;) one has

N

= fvi)(wil =1, (6)

i=1

FF!

and clearly the coefficients (w;|¢)) are suitable for the
expansion of ¢ on the frame {v;}, namely

N

) = Jvi)(wilh). (7)

i=1

The second interesting result [18] is the following classifi-
cation of all possible alternate dual frames {z;} such that

Zij\il |v;){z;| = I, which are given by

N
|2i) = |wi) + |ys) Zhh (vilwi), (8)

where {y;} C K is arbitrary. If we now consider the
POVM P and K = Span(P) C L(H), clearly the POVM
elements are a frame for S(P), and a suitable processing
function ¢X for an operator X is provided by the canon-
ical dual frame. This answers the first question about
finding processing functions. In the next section we will
use the classification of alternate duals in Eq. (8) to an-
swer the second question about the minimization of the
statistical error.

C. Optimization of the processing function

The quantity we want to minimize is the statistical
error in Eq. (3). Since the processing function is involved

only in the first term, the quantity to be minimized is the
following

52( Z’cX’ Tr[pP;). (9)

This quantity depends on the state p, but in a Bayesian
framework we can make it independent of p by suitably
averaging Eq. (3) over a prior ensemble & = {g¢;,p;},
obtaining

SE(X Z’cx} Tr[ps P] —
i=1

N
where pg = 1quJ, and (X)2, = ZJ lq]<X)§]
The only term cfependmg on the processing function is

(X% (10)

Zi:l | ’ Tr[pg P;], which can be viewed as a norm for
the vector ¢X of coefficients in a Euclidean space K, where
the metric matrix 7 is diagonal on the canonical basis and
has eigenvalues m;; = Tr[pg P;]. We can now define the
linear operator A : K — Span(P) such that

N
Ac= Zcipi, (11)
=1

which has the following matrix elements Ay i = (Bi)mn,
and all the generalized inverses I' : Span(P) — K of A
satisfying AI'A = A are in correspondence with alternate
duals D by the identity I'; ;un = (D})mn. Generalizing
the proof for the minimum norm pseudoinverse in Ref.
[19] it was proved in Ref. [14] that the minimum norm is
achieved by T satisfying

alA = AT, (12)

and the corresponding optimal dual was derived in Ref.
[15], and can be expressed as follows

N
D= A=Y (I = M)x(l = M)fin}isa, (13)

where {A,;} is the canonical dual and the projection ma-
trix M has matrix elements M;; = Tr[A,;P;]. The sym-
bol Y* denotes the Moore-Penrose generalized inverse
of Y, namely the symmetric, minimum norm and least
squares generalized inverse Z satisfying the conditions:
Z2YZ = Z,2Y =Y'Z1, YZ = Z'Y'. In the following
we will make use of the following compact formula for
the minimum noise, which was derived in Ref. [20]

0¢(X) = —(X)e. (14)

where |X) € H®? is the vector corresponding to X as
follows

(X|(Ax AT x)

d
1X) = > Xunlm) ® |n) & X, (15)

m,n=1



for fixed basis {|m)}1<m<q in H. The following identities
are easily verified

(X]Y) = Te[X'Y], A® B|X) = |[AXB"), B|X)=|X"),

(16)
where X7 is the transpose of X in the canonical ba-
sis, and E is the swap operator E|¢) @ [¢) = [¢) ® | ).
Throughout the paper we will use the following notation

for orthogonal projectors over Hilbert-Schmidt subspaces
SCLH

IIs := orthogonal projector over Span{|X), X € S}.
(17)
Since the POVM P is selfadjoint, namely E|P/) = |P;)
(F* = (FT)T denotes the complex conjugated operator),
its frame operator F' = Eﬁl | P;)(P;| enjoys the following
property

EF*E =F, (18)

which is clearly shared by its inverse and by Ils = F~1F.
The canonical dual {A;} satisfies then the following iden-
tity

B|A}) = EFTV|PY) = FTUE|P7) = FT|P) = |Ay),
(19)
namely AI = A,;. Since all alternate duals D satisfy

N N
Z |DZ><PZ| = HSpan(P) = Engpan(P)E = Z |DI><PZ|a
i=1 i=1

(20)
it is clear that if D is an alternate dual then also Dt
is. Tt is easy to verify that also 1/2(D; + Dj) is an al-
ternate dual. Suppose now that the optimal dual is not
selfadjoint, then there exists a selfadjoint X such that
%(Tr[DJX 1) # 0, and the minimum statistical error for
X would be

03(X) =) | [ D] X]|* Tr[pe Pi] - (X) >

-

N
Il
-

R(TH[D] X])? Trlpe P — (X} =

-

N
Il
-

(Tx[(D] + Dy)X]/2)* Tr[pe P;] — (X),.

-

@
I
=

(21)

This is clearly absurd, since the last line is the statistical
error given by the dual (D; + DI )/2. The canonical dual
and the optimal dual for any ensemble are then selfad-
joint.

Writing the matrix elements of both sides in Eq. (12),
and considering that T'A;; = Tr[D;-ij], one has
T Tr[D;-ij] = Tr[P,Dj]mj;. Summing both sides over
the index ¢ we obtain Tr{pgP;] = Tr[D;] Tr[ps P;], and
consequently Tr[D;] =1 for all i such that Tr[P;pg] # 0.

D. Post-processing

We will call post-processing of a POVM a data-
processing which maps the POVM into another POVM,
namely

N

Q; =Y _mljl)P; (22)

i=1

where m(j|i) is a conditional probability, namely the
corresponding matrix is Markov, i. e. m(j]i) > 0 and
>_;m(jli) = 1 Vi. Clearly the post-processing is a spe-
cial case of data-processing array, corresponding to

2 = m(jli). (23)

Even though it can be regarded as a special case of data-
processing, the post-processing is conceptually very dif-
ferent, being the randomization of set-theoretical opera-
tions. Indeed, it corresponds to a randomization of the
following operations

T1 identification of two outcomes, e. g. j and k are
identified with the same outcome [, corresponding
to m(n|j) = 61, and m(n|k) = dpn;

T2 permutation 7 of outcomes, corresponding to

m(m(5)|k) = djk;

T3 splitting of one outcome [ into two outcomes j and
k, corresponding to choosing j with probability
m(j|l) = p and k with probability m(k|l) =1 — p,
0<p<l.

We can see that generally the cardinality of Q is different
from that of P. Also, notice that a data processing array

cin for the POVM Q is not necessarily a Markov matrix,
since generally cin 7 0, and also one not necessarily has

normalization }_; c?j = 1 Vi, due to linear dependence
of the POVM P, even though, there always exists an
alternate data processing that is normalized.

When two POVMs P and Q are connected by
post-processing we will write P > Q, and say that
the POVM P is cleaner under post-processing—mpost-
processing cleaner in short—than the POVM Q. The
relation > is a pseudo-ordering, since it is i) reflex-
ive, corresponding to P > P, m(i|j) = & ; #)
transitive, i. e. P > Q > R, corresponding to
R; = Y, ,m(ilk)Qk, Qr = Y ,m'(klj)Pj,= Ri =
> m"(il3) Py, m”(ilj) = 32, m(ilk)m/ (k|7).

We can define a partial ordering and an equivalence
relation in terms of the POVM post-processing as follows.

Definition 2 The POVM’s P and Q are post-
processing equivalent—in symbols P ~ Q—iff both re-
lations P > Q and Q > P hold.

We are now in position to define cleanness under post
processing, namely



Definition 3 A POVM P is post-processing clean if for
any POVM Q such that Q > P, then also P > Q holds,
namely P ~ Q.

The characterization of cleanness under post-processing
is very simple, and is given by the following theorem.

Theorem 1 [21] A POVM P is post-processing clean iff

it is rank-one.

We address the reader to Ref. [21] for the proof of the
Theorem.

For a POVM Q with Q £ P i. e. which is not a
post-processing of P one can anyway introduce another
smeared-out version Q of Q

Q": Qj'i‘OéjI
VN 1+Zlal,

such that Q <P—i.e. Q is a post-processing of P. The
Markov matrix is simply given by

a; = max{0, —cQj} (24)

%

Qj
iy ¢ oy
m(j]i) = T3 5 OZ[' (25)
l

The perfect measurement of an observable corresponds
to a POVM made with the orthogonal projectors X; over
its eigenspaces, and we will write X = [X] with

X;Xi=6,;X;>0, Y X;=1I (26)

More generally, we will say that

Definition 4 A POVM P describes an imperfect mea-
surement of the observable X if X = P, namely the
POVM P is a post-processing of X.

In practical terms this means that the measurement
is a smearing-out of the perfect observable due to addi-
tional noise which is ascribed to the output stage of the
measuring apparatus. One can see that mathematically
a POVM is a measurement of the observable X when it
commutes with the observable. In this way the POVM P
describing an imperfect measurement of X will be simply
a function P; = P;(X) of the operator X.

The concept of post-processing allows to introduce a
general notion of joint measurement of (generally non
commuting) observables.

Definition 5 (Joint measurement of observables)
We say that a POVM P achieves the joint measurement
of the observables XV, X @) if for every observable
X® of the list there is a post-processing of P which
achieves an imperfect measurement of X,

We stress that in our operational point of view it is
irrelevant that a joint measurement is described by a

bivariate probability distribution (which could be inter-
preted in terms of the alleged outcomes of the non com-
muting observables A and B). The only thing that mat-
ters is the possibility of performing jointly imperfect mea-
surements of both A and B, since, indeed, the joint prob-
ability of their eigenvalues is counterfactual.

The present definition of joint measurement for dif-
ferent observables is sufficiently comprehensive to in-
clude all known joint measurements, such as the joint
measurement of position and momentum|[22], and the
measurement of the direction of an angular momen-
tum, corresponding to a POVM made with spin-coherent
states [23]. Indeed, the usual definition of joint mea-
surement simply involves the marginalization of multi-
variate POVMs. A natural generalization of such defini-
tion of joint measurement for non multivariate POVM'’s
would be simply to consider the marginalization as the
identification of outcomes in T1. Our definition of joint
measurements further generalizes the notion to any post-
processing, introducing also the natural transformations
T2 and T3.

We should notice that our definition (as the standard
ones) of joint measurements also includes some trivial
cases, in particular: a) pure guessing post-processing,
with Markov matrix with equal columns (data process-
ing independent of the outcome), corresponding to a
smeared-out POVM having each element proportional to
the identity (clearly for such trivial smearing-out each
POVM is the joint measurement of any set of observ-
ables); b) the POVM P achieving the joint measurement
is actually the random selection of one observable at a
time, namely P = U;\; X" where we define the convex
union R = AP U (1 — A\)Q of two POVMs P and Q with
cardinalities |P| = N and |Q| = M as follows

R=)MPU((1-)Q:=

AP, ..., APN, (1 = XN)Q1,...,(1 = N)Qu],
(more generally one can have even the random selec-
tion of imperfect measurements of noncommuting ob-

servables). In the following we will call the above joint
measurements trivial.

(27)

E. Measuring a POVM by another POVM

A special case of processing is the one corresponding
to another POVM C} = (Q1,Q2,...,Qn) in the span
Span(P). Notice that, even though one has the linearity
of processing functions c;-X Y — cX +cY, for linearly de-
pendent POVM P the processing function is not unique,
whence, generally ¢! # 1, which implies that the process-
ing function c?j for the POVM elements @); generally do
not satisfy the normalization condition Z?il c?j = 1.
In addition, generally for X > 0 not necessarily one has

cZ-X > 0. This implies that cz-Qj cannot be treated as condi-

tional probabilities p(j|i) := cZQj . Therefore, it is not gen-
erally true that a POVM Q € Span(P) can be achieved



as a post-processing of P. However, even though Q can-
not be obtained in this way, this is possible for a blurred
version of it according to the following theorem

Theorem 2 Given a POVM Q € Span(P), there exists
a POVM Q' < Q that is a post-processing of P, or, in
other words, Q' < Q and Q' <P .

Proof. As shown at the end of Sec. I C, the normaliza-
tion requirement is satisfied at least by the optimal pro-
cessing, since ¢/ = Tr[D;I] = 1 for all i, for the optimal
dual D of P. For c?j # 0, we can consider the “blurred”
POVM ((¢) with Q;(¢) = (1—¢)Q;+e, which, for suf-
Qj(e)

ficiently large € > 0 has c; > 0. The minimum value

of e is e, = —12E_ where ¢ = min{0, mini7j{c?j}}. |

How can we interpret the indirect measurement of Q?
In our approach to the theory of statistics of quantum
measurements the POVM represents a question asked
by the experimenter, and the answer is the outcome. A
POVM @ in the space Span(P) associated to the POVM
P is a question that can be indirectly asked through the
POVM P, corresponding to the following rule: for given
outcome ¢ of the POVM P pick the answer j out of the
set 1,... M randomly according to the conditional prob-
ability p(jli) = 29+,

If we collect the statistics for the answers j obtained
through this strategy, we asymptotically obtain the prob-
abilities

Tr{pQ;(e.)) = (L =) TrlpQy) + == (28)

The estimated probabilities are not exactly Tr[pQ;], but
since ¢, is exactly known, one can retrieve Tr[pQ;] by the
formula

Ex

(el - 35) - (29)

1
T S| =
r[pQ;] 1—=,
The statistical error on such estimate of Tr[pQ;] is now
2
given by sz\il c?j - Tr[ij]} Tr[pg P;], and since

Q _ 1 (Qj(a*)_ﬁ)
o' =1 G ) (30)

the statistical error in the estimate of the probabilities
Tr[pQ;] is just m times greater than the statistical
error in the estimate of Tr[pQ;(e.)], and the estimated
probability Tr[pQ;] is unbiased.

Moreover, if the POVM C,j is the spectral decomposi-
tion of an operator X, then one can obtain (X) by taking
Zj]\il z;(Q;). The minimum error in the estimate is the
same that one would obtain by estimating (X (e,)) =
(1 — e)(X) + Tr[X]e./M, where X(s.) = Y200, Q4.
and then calculating (X) by taking

— (e -5 mix). 6

A (.

6

Notice that the coefficients c?j can then be interpreted
as matrix elements of a linear transformation that brings
eigenvalues x; of X to the processing function for X

cX = Z?il cin xj. If the cin are evaluated through the
optimal dual, we can say that ¢;* is the best estimate of X
provided that the outcome ¢ has occurred in a measure-
ment of the POVM P, since the estimate of (X) rising
from this strategy has the minimum statistical error.
From Theorem 7 and Definitions 1 and 6, it follows

immediately that

Theorem 3 Fvery R-informationally complete mea-
surement is an an unbiased joint measurement of all ob-
servables in Span(R URT),

where we denoted by R the linear space spanned by the
adjoints of all operators in R. Moreover, one has

Corollary 1 FEvery informationally complete measure-
ment is a nontrivial joint measurement of all observables.

IIT. AB-INFORMATIONALLY COMPLETE
MEASUREMENTS

The problem of estimating the full probability distri-
bution of two noncommuting observables A and B can be
treated by considering the space spanned by independent
powers of A and B, which we call AB-space

Sap =Span{A", B", n=0,1,2,...}. (32)

The corresponding projection (in the sense of Eq. (17))
will be denoted by II45. The POVMs allowing for si-
multaneous measurement of A, B, and their indepen-
dent powers are what we call AB-informationally com-
plete measurements, whose space Span(P) contains Ssp.

Usually in the literature, a self-adjoint operator X =
Zi x; X is associated to the observable X, and the prob-
ability distribution p(i|p) = Tr[X;p] is recovered by the
moments of X through the set of eigenvalues z; € R.
The relation between probabilities and moments passes
through the identity

s—1 s—1 s
Xp=) WiX/ =Y WpalXy  (33)
=0 j=0 k=1

whence Zj;é Wnx], = Opk, namely W is the inverse
of the Vandermonde matrix W~ = {z7}. Linear in-
dependence of the first s — 1 powers of X (and linear
dependence of any higher power), where s is the cardi-
nality of the spectrum of X, follows from the fact that
the minimal polynomial of X

S

mx(z) = H(:c —xp)

h=1



vanishes as mx(X) = 0, and it is the minimal degree
polynomial vanishing at X, whence all powers X™, 0 <
n < s—1, and only such powers, are linearly independent.

Using Theorem 2 we see that there always exist two
data processing of an AB-infocomplete measurement giv-
ing two unbiased Abelian POVMs commuting with A and
B, respectively. Therefore, one has

Corollary 2 Every AB-informationally complete mea-
surement is an unbiased joint measurement of observables
A™ and B™, for all integer n.

A special case is that of minimal AB-informationally
complete POVMs, whose space Span(P) exactly co-
incides with Spp. Notice that an example of AB-
informationally complete POVM is readily given by the
union of the two orthonormal resolutions of A and B with
a rescaling by a factor % From this example we can con-
clude that the projection Il4p also enjoys the property
EllypE = Il4p. We can translate the two properties
of simultaneous measurements and AB-informationally
complete measurements as follows:

1. P is AB-informationally complete iff
1_IABHSpan(P) = 1_[Span(P)l_IAB =1laB. (34)

2. P is minimal AB-informationally complete iff
HSpan(P) =1lap. (35)

Notice that a joint measurement of A and B is gen-
erally non minimal, e. g. it provides also estimation of
correlations, which is the case of the joint measurement
of position and momentum which minimizes the prod-
uct of uncertainties [22], or of the covariant measurement
of the angular momentum [23]. We conjecture that the
minimum-error POVM’s belong to the set of minimal
AB-informationally complete POVMs. In the next ses-
sion we will show that for pe € Sap the conjecture is true
for dimension d = 2. Moreover, we have the following

Lemma 1 Sufficient conditions for minimality of the op-
timal AB-informationally complete POVM Q:

1. the state pg belongs to Sap;

2. there exists an optimal POVM P which is AB-
informationally complete, and such that the opera-
tors Q; given by |Q;) = M ap|P;) are all positive.

Proof. Let us consider the minimum error in Eq. (14),
and recall that we are interested in operators X such that
Myp|X) =|X). Then

5e(X) = (XTap(An ' AT) MI4p5|X) — (X)) (36)

Since[25] HAB(AﬂilAT)ilnAB > (HABATrilATHAB)il,

and since A7 AT = Zi\il m'Pi><‘Pi|u then we have

to minimize

(X|(MapAn~ AT p) Y X)

A - (37)

where |Q;) = Hap|P;). Notice that @; is normalized,
since

Z Qi) =Tap Z |P) = Uap|l) = |I), (38)

but in general @); could not be a POVM because positiv-
ity is not preserved by the projection II45. However, we
require (); > 0 as a condition, whence @ is a POVM, and

the optimal processing is then obtained via the optimal
dual of Q);.

A. The case of qubits

The quantum states of a qubit are conveniently repre-
sented on the Bloch sphere as follows

pz%([—i—n-a), (39)

where o = (0, 0y,0;) are the three Pauli operators, and
n is a vector with norm |n| < 1. Since any positive
operator is proportional to a state, any POVM can be
represented as follows,

Py = oyl + Bio, + 7ioy + 002, (40)

where {o;}, {6:}, {7} and {d;} are positive coefficients
such that

B+ 46 <ai, >0, (41)

and the normalization is given by

N N N N
Z%‘Zl, ZﬁiZZ%:Z5i=0~ (42)
i=1 i=1 i=1 i=1

Notice that apart from a multiplication factor and a uni-
tary transformation any couple of noncommuting trace-
less operators A and B is equivalent to the following one

o04(0) = 0y co80 + 0y sinb, (43)

whose commutator is i0,sin26. Therefore, w.l.o.g. we
will restrict attention to o4(f) [26]. Now Sap =
Span{oy,0,,1}, and we consider the case of pg €
Sap. Let us take a general POVM P such that
Hs(ﬁ)H%ﬂy = Ily,,0,- By definition, such POVM is
0z, 0y-informationally complete. We can now prove that
the operators {Q;} defined by |Q;) = IL,, o, |P;) make a
POVM. The normalization can be proved as in Eq. (38).



On the other hand, Q); is positive, and this can be proved
considering Eq. (40). In fact, acting with II,, ,, on P;
one has

Haz,0y|Pi> = |Qz> = ai|I> + ﬁi|01> +’7i|0y>' (44)

Clearly, the conditions for positivity in Eq. (41) are still
satisfied. We have then proved that {Q;} is a minimal
0z, 0y-informationally complete POVM. Moreover, since
pe € Sap, then

Tr[Pipe] = (Pi|1l,, o, |pe) = Tr[Q;pe], (45)

namely P and Q give the same probability distribution
over the state pg, whence they will have the same expec-
tations when averaging over the ensemble £. Therefore,
we are in the conditions of Lemma 1, whence for optimal
P the constructed Cj is optimal and minimal.

From now on, we will consider POVMs P such that
I, ,|Pi) = |P;). Moreover, we will restrict our atten-
tion to ensembles with a isotropic distribution, having
pe = é In this case m; = Tr[FP;]/2 = «;. Tt is clear that
we can consider rank one POVMs, since if P; is rank 2 for
some 7, then its spectral decomposition can be written as

P = ol B , Pio = ML B ;

A=A A=A\ A=Az A=Ay

(46)
where )\; are the two eigenvalues of F;. The spectral
projections belong then to the space o,,0,, being lin-
ear combinations of I and P;. Consequently, any o, 0y-
informationally complete POVM can be simulated by a
rank one o, 0y-informationally complete, whence there
exists an optimal minimal rank-one POVM which is
0z, 0y-informationally complete.

Rank-one minimal o, 0,-informationally complete
POVMs can be easily characterized by restricting the
conditions in Eq. (41) as follows

B+ =af,

The matrix A7~ AT can be written as

a; > 0. (47)

2
AnTA ZTr ]|P>< . (48)
which is represented on the orthonormal basis
{\%|]>, %bx}, \/ii|ay>} in the block-diagonal form
_ 20
An AT = (o K) (49)

with K being the 2 x 2 matrix
N B} N Bivi
K =2 Zi:l a; Zi:l ﬁa_z (50)
EN Bivi ZN %o)
i=1 oy i=1 o

The inverse can be easily calculated, and is equal to

i 0 0
2
—1ATy-1 25N w2 N By
(Am™"AT) 0 52in a; D Zui=1 g; |>
2 NNV Bivi 2 NNV g7
0 T D Zui=1 "« 521 1 o

(51)

where D = det(K).
Using this expression we can evaluate the error for
o+ (0)

6%(0+(0)) =cos? 0 (% — W) + sin? 4 (g —W)

A
2sinfcosf | —
F 2s1n b cos <D+

(52)

% 1a7B':2Efv1§_?and
A= -2 ZN Bivi and consequently D = B — A2

=1 «;

The total error 52 2(0) == 62(04+(0))+6%(o

by
@r)|

52(0) = [ 29 (% —W) L in?6 (g .
(53)

and we can prove by the following argument that the
optimal POVM is such that A = 0. Indeed, consider a
POVM P with given coefficients o, 3;,y; corresponding
to given values for B,I'; A. Now consider the POVM
P’ with the same coefficients o, = «a; and 8, = 3; as
P and with 4, = —;, corresponding to B’ = B, IV =
I and A’ = —A. If we take now the POVM P/ :=
%(Pl, ..., Pn,P|,..., P}), then the corresponding values
can be readily calculated to be B” = B=B,T" =T =
IV and A” = 0. Correspondingly, the expression for the
determinant D” becomes D" = BI' > D = BI' — A2
Since the POVM P” can be constructed from any POVM
P, then clearly the optimal POVM minimizing the total
noise 62(f) is such that A = 0.
Then, we have that (Ar~'AT)~! becomes diagonal

where we defined I' := QEN o7

—(0)) is given

(Ar~tAT)7? (54)

o owim
oo
H— O O

2

For rank-one POVMs, notice that Y7, Bty g,

(&2

namely, B+ 1T =2, and the total error is given by

—cos?f kK
2—B 2)’

(55)
with & = 2((04(0))%¢ + (0-(0))%¢). The minimum of
Eq. (55) as a function of B can be easily obtained, leading
to the following bound for the total error

52(04(8)) + 63(o—

We will now provide two POV Ms that achieve the bound.
The first one has the following three elements

cos?f 1

52(04(0)) + 82(0_(0)) = 4 ( >

(0)) >2(1+sin20 — k). (56)

Pl = p(]+ UI))
T—2 (57)
—O.



with p = %, and the second one has four ele-
ments
p
P = §(I:|: Oz),
T, (58)
Py = T(Iﬂ:ay),
with p = %. For equal uncertainties, the mini-

mum product of the r.m.s. errors is given by

V(04 (0)y/02(0—(9)) = 63(0(6)) = 1 +sin20 — .
(59)
We want to stress that even in the qubit case, whenever
pe corresponding to the prior ensemble is not fully lying
in the space 04,0y, it is not proved that the optimal
POVM is o, oy-informationally complete.

IV. CONCLUSIONS

In this paper we have introduced the concept of AB-
informationally complete measurements, within the con-

text of Quantum indirect estimation theory. Compared
with a customary infocomplete measurements, the AB-
infocomplete one in principle allows a less noisy joint esti-
mation of all the moments of two noncompatible observ-
ables A and B. The concept of AB can be also easily ex-
tended to more than two observable, but we have not an-
alyzed such generalization. We solved the case of qubits,
showing that a oo -infocomplete measurement is less
noisy than any infocomplete one. The relation between
the concept of AB-infocompleteness and the notion of
joint measurement of observables A and B has also been
discussed. The relation between minimality and optimal-
ity of AB-infocomplete measurements remains an open
problem.
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in the estimation of (X’) would be since the processing function of the identity for the opti-

mal processing is cl=1.
N

G2 (X) = (& + k)’ Te[pe P] — (X + k)* = 62(X),

i=1



