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We discuss the following variant of the standard minimum error state discrimination problem: Alice picks
the state she sends to Bob among one of several disjoint state ensembles, and she communicates him the chosen
ensemble only at a later time. Two different scenarios then arise: either Bob is allowed to arrange his measurement
setup after Alice has announced him the chosen ensemble, or he is forced to perform the measurement before

Alice’s announcement. In the latter case, he can only postprocess his measurement outcome when Alice’s extra
information becomes available. We compare the optimal guessing probabilities in the two scenarios, and we prove
that they are the same if and only if there exist compatible (i.e., jointly measurable) optimal measurements for all
of Alice’s state ensembles. When this is the case, postprocessing any of the corresponding joint measurements

is Bob’s optimal strategy in the postmeasurement information scenario. Furthermore, we establish a connection
between discrimination with postmeasurement information and the standard state discrimination. By means of this
connection and exploiting the presence of symmetries, we are able to compute the various guessing probabilities

in many concrete examples.
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I. INTRODUCTION

Quantum state discrimination is one of the fundamental
tasks in quantum information processing. In the setting of
state discrimination, a quantum system is prepared in one
out of a finite collection of possible states, chosen with a
certain a priori probability. The aim is then to identify the
correct state by making a single measurement, assuming that
the possible states and their a priori probabilities are known
before the measurement is chosen. This can be also seen as a
task of retrieving classical information that has been encoded in
quantum states. A collection of orthogonal pure states, or more
generally mixed states with disjoint supports, can be perfectly
discriminated, while in other cases one has to accept either
error or inconclusive result. These alternatives lead to two main
branches of discrimination problems, called minimum error
discrimination and unambiguous discrimination, respectively,
that have both been investigated extensively; thorough reviews
are provided in [1-3].

Several types of variants of the state discrimination problem
have been introduced and studied in the literature. A specific
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variant of the minimum error state discrimination problem,
called state discrimination with postmeasurement information,
was elaborated in [4]. In this task, Alice encodes classical
information in quantum states and Bob then performs a
measurement to guess the correct state, but Alice announces
some partial information on her encoding before Bob must
make his guess. This task was further studied in [5], and it was
suggested that the usefulness of postmeasurement information
distinguishes the quantum from the classical world.

In this work we reveal a link between the task of state
discrimination with postmeasurement information and the
incompatibility of quantum measurements. We will first for-
malize discrimination tasks with premeasurement and post-
measurement information in a consistent way, allowing us to
compare the optimal guessing probabilities in these two cases.
(For clarification, we point out that our formulation slightly
differs from the one presented in [4] and [5]. The formulations
are compared in Sec. II C.) We then show that premeasurement
information is strictly more favorable than postmeasurement
information if and only if the optimal measurements for
the subensembles are incompatible. Since incompatibility is
a genuine nonclassical feature [6-8], this result uncovers a
peculiarity that differentiates quantum from classical measure-
ments.

As a technical method to calculate the optimal guess-
ing probabilities and optimal measurements, we show that
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FIG. 1. In minimum error state discrimination, Alice prepares a
quantum state o, from a given state ensemble which is known also to
Bob. Bob aims to determine the label x by performing a measurement
which maximizes his guessing probability. In the depicted event, Bob
is making an incorrect guess.

it is always possible to transform the problem of state
discrimination with postmeasurement information into a usual
minimum error state discrimination problem; more precisely,
any state discrimination problem with postmeasurement infor-
mation is associated with standard state discrimination for a
specific auxiliary state ensemble, in such a way that the two
discrimination tasks have the same optimal measurements, and
the respective success probabilities are related by a simple
equation. In this way, the known results for the usual minimum
error discrimination can be used for state discrimination with
postmeasurement information.

Finally, we discuss the connection between state discrimina-
tion with postmeasurement information and approximate joint
measurements in the cases when the optimal measurements for
the subensemble discrimination problems are incompatible.
We provide several examples, showing that the approximate
joint measurement is sometimes optimal, although not always.
In particular, we present an analytic solution for the problem of
state discrimination with postmeasurement information of two
Fourier conjugate mutually unbiased bases in arbitrary finite
dimension.

Notations. We deal with quantum systems associated with
a finite-dimensional Hilbert space . We denote by L(#) the
set of all linear operators on H, and 1 € L(#H) is the identity
operator of H. The states of the system are all positive trace
one operators in L(H). A measurement with outcomes in a
finite set X is any positive-operator-valued measure based on
X, i.e., any mapping M : X — L(H) such that M(x) > 0 for
allx €e Xand Y __, M(x) = 1.

xeX

II. STATE DISCRIMINATION WITH
POSTMEASUREMENT INFORMATION

A. General scenario

A state ensemble & is a sequence of states (0, )rcx, labeled
with a finite set X, together with an assignment of some prior
probability p(x)to eachlabel x € X. Itis convenient to regard
Easamap X — L(H), givenby E(x) = p(x)o,. We say thata
quantum system is prepared or chosen from the state ensemble
& when a label x € X is picked according to the probability
distribution p, and the system is then set in the corresponding
state 0.

In the standard minimum error state discrimination scenario
(see Fig. 1), there is a state ensemble & that is known to
two parties, Alice and Bob. Alice prepares a quantum system
from £ and the task of Bob is to guess the correct state. For
a measurement M having the outcome set X, the guessing

(OXOXOXO)
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FIG. 2. Alice encodes a label x into a quantum state o, on which
Bob performs a measurement. In the postmeasurement information
scenario (a), Alice announces the subset from which she picked x after
Bob has performed a measurement. After Alice’s announcement, Bob
can postprocesses his measurement outcome accordingly, and finally
he gives his guess. In the premeasurement information scenario (b),
Alice announces the correct subset already before Bob arranges his
measurement.

probability Pyuess(E; M) is given as
Paess(€:M) = Y t[EGOM@)] = Y potrlo M),

The aim is to maximize the guessing probability, and we denote

Pguess(g) = I'Il’&lX Pguess(g; M), (D

where the optimization is over all measurements with outcome
set X. This is called the optimal guessing probability for &,
and the minimum error discrimination problem is to find an
optimizing measurement for a given state ensemble £. The
problem was introduced in [9—11]. The existence of optimal
measurements, i.e., the fact that in (1) the maximum is actually
attained, follows by a compactness argument ([9, Proposition
4.1], [10, Lemma 1]).

In the state discrimination with postmeasurement informa-
tion, the standard scenario is modified by adding a middle step
to it. The starting point, known both to Alice and Bob, is a
state ensemble £ and a partition & = (X)¢es of the label set
X into nonempty disjoint subsets. For each index £ € I, the
probability of picking a label in X, is

q(0) ==Y p(x). )

xeXy

We further assume that g(£) # 0 to avoid trivial cases. Then,
conditioning the state ensemble £ to the occurrence of a label
in X,, we obtain a new state ensemble &,, which we call a
subensemble of £. The label set of & is X, and

1
Eo(x) == —=&(x),
T
The steps in the scenario are the following [see Fig. 2(a)]:
(i) Alice picks a label x from the set X, according to the
prior probability distribution p. She then prepares a state o,
and delivers this state to Bob.

x € X, 3)
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(i1) Bob performs a measurement M, hence obtaining an
outcome y € Y with probability tr[o,M(y)]. The outcome set
Y of M is freely chosen by Bob.

(iii) After the measurement is performed, Alice tells Bob
the index ¢ of the correct subset X, where the label was picked
from.

(iv) Based on the measurement outcome y and on the
announced index ¢, Bob must guess x. This means that Bob
applies a function f; : ¥ — X, to the obtained measurement
outcome y and his guess is f;(y).

Bob’s guessing strategy is therefore determined by a
measurement M and postprocessing functions (f;)ec;. We
emphasize that the same measurement M is used at every round,
while the choice of the implemented relabeling function is
determined by the announced label ¢.

We denote by Phus(E; 23 M,(fi)eer) the guessing prob-
ability in the previously described scenario, and further, we
denote by Phuess(E; &) the maximum of the guessing proba-
bility when M and (f;)¢c; vary over all suitable measurements
and relabeling functions, respectively. Remarkably, optimal
measurements and relabeling functions for the discrimination
problem with postmeasurement information actually exist, as
we will see in Sec. IVA. In the following we show that
Phess(E; 2) is bounded below and above in a natural way
by the guessing probabilities corresponding to scenarios with
no information at all and with the partial information given
before Bob has to choose his measurement.

To elaborate the expression of Phuess(€; 23 M,(fo)eer), We
denote by f;.M the postprocessed measurement that Bob has
effectively performed when he has applied f; after M, i.e., the
measurement that has outcomes X, and is defined as

fuM@) = )" M), x e X, @)

yefi @)

where f[l(x) denotes the preimage of x, i.e., f[l(x) ={y:
fe(y) = x}. We can then write the guessing probability as

PRA(E P (fodeer) = ) q(€) Pess(Ees fuuM). ()

tel

The use of postmeasurement information cannot decrease
the guessing probability, that is,
Py () < PRUL(E: ), (6)
Indeed, one possible strategy for Bob is to perform a mea-
surement M with outcomes in X that optimally discriminates
£. He thus obtains the correct outcome with the probability
Pyuess(€), but he does not announce his guess yet. Then, after
hearing the index ¢ of the correct subset X,, Bob does the
following. If his obtained measurement outcome x belongs
to Xy, then Bob’s guess is x. But if x is not in X,, then
Bob infers that he got an incorrect result and chooses an
arbitrary defaultlabel x, € X, as his guess. This means that the
restrictions f¢|y, of Bob’s relabeling functions are the identity
maps on Xy, and fy(x) = x;, whenever x ¢ X,. In this way,
the postmeasurement information allows Bob to sometimes
neglect incorrect results, hence his guessing probability cannot
be lower than Pgyess(£). Formally, fp.M(x) > M(x) for all

x € Xy, implying

1
Pguess(gé; fE*M) > rN

) tr[E(x)M(x)]. )

xeXy

Using this inequality in (5), we get (6).
From (5) we also conclude a simple upper bound,

PIS(E: D) <) q(0) Puess(E0). (®)

tel

The right-hand side of (8) is the optimal success probability
if Alice would tell the used state ensemble to Bob before
Bob performs a measurement, in which case Bob can choose
the optimal measurement to discriminate the correct state
ensemble [see Fig. 2(b)]. We will thereby denote

PRONE; P) =Y q(0) Pauess(E0)- )

el

In summary, the optimal guessing probability with post-
measurement information is bounded in the interval

Pguess(g) < PP (& 2) < Pprior(g; 2), (10)

guess guess

whose left and right extremes correspond to situations where
Alice gives no information at all and Alice gives the partial
information before Bob’s choice of measurement, respectively.

B. Limiting to the standard form measurements

For simplicity, in the following we assume the index set
I=1,:={1,...,m}.

To maximize the guessing probability in the previously
described postmeasurement information scenario, Bob must
find the optimal measurement M and relabeling functions
(fe)eer,- The outcome set of M is, in principle, arbitrary
and the role of relabeling functions is to adjust the obtained
measurement outcome to give a meaningful guess. However,
as we will next show, there is a fixed outcome set, determined
by the separation of X into subsets (X¢)¢ey, , such that we can
always restrict the optimization to measurements having that
specific outcome set. This canonical choice of the outcome
set is nothing else than the Cartesian product X; x --- x X,,.
Then, at each measurement round Bob obtains a measurement
outcome (xi, ...,X,), and when Alice tells him the correct
index ¢, Bob just picks the outcome x; accordingly. The
respective relabeling function f, is hence just the projection
7, from X| x --- x X,, into X,.

When Bob’s measurement has the Cartesian product
X X --- x X, as its outcome set, we will use the shorthand
notation

PES(E; P, C) := PES(E; P, C.(0)eer,,)-

guess guess

‘We thus have

ngli):s[s(g; 2;C) = ZQ(E)Pguess(gl;nl*C)
(=1

1D
=Y q@) Y trl€x)meClx)],
=1

xe€Xy
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FIG. 3. Inthe approach described in [5], Alice encodes a classical
string x into a quantum state g, ,, where b specifies one of the possible
encodings Alice can choose from. Bob must determine the string x
irrespectively of the encoding chosen by Alice. Alice announces the
encoding after Bob has performed his measurement, but before he
makes his guess.

where, according to (4),

7. C(x) = >

such that x, = x

Clxty .. xm).  (12)

The next result justifies the choice of the Cartesian product
as the outcome set.

Proposition 1. For any choice of measurement M and re-
labeling functions f, ..., f,,, there is a measurement C with
product outcome set X; x --- x X, such that

PP (E; P M,(fo)ier,) = PR (E; 2;0).

guess guess

Proof. We define C as

C LX) = Z

ye £ DN fu (o)

C(xy, . M(y).

Then, by (12),

7.Cx) = Y M) = feM(x),
yef'x)

hence, ,,C = [, M. [ |

C. Remarks on other formulations of the problem

The problem of state discrimination with postmeasurement
information was first considered by Ballester et al. in [4].
According to their approach, before Alice announces the
subensemble the state was picked from, Bob is allowed to store
both classical and quantum information; his classical resources
are unlimited (an unbounded amount of classical memory),
and on the quantum side he can use a string of qubits with
prescribed length. Later, Gopal and Wehner (GW) restricted
to the case where only classical information is available for
Bob [5]; for this reason, their approach more directly compares
with ours.

In GW’s problem, Alice encodes a string x of classical
information in one of m possible quantum states (0 )peB, With
B ={1,...,m}. The aim of Bob is to determine the string x,
irrespectively of the encoding chosen by Alice (see Fig. 3). The
set X from which x is picked is the same for all encodings b €
B, while the probability of selecting a specific encoding b € B
may depend on the chosen x. Thus, if p(x,b) is the joint prob-
ability of picking the string x and using the encoding b, Bob’s
received state is the mixture Zx’b p(x,b)ox.». On this state,

Bob performs a measurement C with outcomes in the Cartesian
product A, thus obtaining the result (xy, . . .,x,). Then, Alice
declares him the selected encoding b, and, according to the
announced b, Bob guesses the value x;, for the string x. Clearly,
also in this scenario, Bob’s maximum success probability with
postmeasurement information p! .. cannot be smaller than the
analogous probability without postmeasurement information
Psuce- When pSIucc = Psuce, POStmMeasurement information is
useless for the encoding at hand; in this case, if a measurement
M with outcomes in X is optimal for the problem without
postmeasurement information, then the diagonal measurement

Clxi,...,xp) = {gﬂ(x())

ifx1 =X =...= Xy =X
otherwise

is optimal for the problem with postmeasurement information.
Diagonal measurements correspond to the situation in which
Bob guesses the same string xo independently of Alice’s
announced encoding, i.e., he completely ignores postmeasure-
ment information.

To cast GW’s approach into our framework, we choose
as our label set X the disjoint union of m copies of A,
ie, X ={(x,b): x € X, b € B}, and we consider the state
ensemble £(x,b) = p(x,b)o, . Forallb € B, wedenote X;, =
{(x,b) : x € X}, so that the sets (X )pep constitute a partition
& of X. Then, Bob’s task of identifying the string x with
postmeasurement information b in GW’s scenario is equivalent
to the corresponding problem of detecting the label (x,b)
within our approach; in particular, p/,.. = Phwss(E; 2). Note
that GW actually do not consider Bob’s possibility to arbitrarily
enlarge his classical memory (i.e., his outcome set Y), as they
directly set Y = A"; as we have proved in Proposition 1, this
assumption is not restrictive.

However, it is important to stress that the success probabili-
ties without postmeasurement information can differ in the two
approaches; indeed, psce = Pouess(€), With strict inequality
in many concrete examples. This is due to the fact that in
GW’s setting Bob is required to guess only the string x, while
with our definition of Pguess(E) we require Bob to guess the
whole label (x,b), i.e., both the string x and the encoding
b selected by Alice. For this reason, there are situations
in which postmeasurement information is useless for GW’s
approach, although we have Pless(E; P) > Pyess(€). For
further discussion on this point, we defer to the examples in
Sec. V.

III. POSTMEASUREMENT INFORMATION AND
INCOMPATIBILITY OF MEASUREMENTS

A. Compatible measurements

As we see from (11), the guessing probability

ngf;;s(é' ; &2; C) depends only on the relabeled measurements
71xC, . ..,mn:C, not on other details of C. The measurement
G, given by (12), is called the ¢th marginal of C. This
way of writing reveals immediately the connection with
the compatibility of measurements. Namely, we recall that
measurements Ny, ...,N,, are called compatible (also jointly
measurable) if there exists a measurement M on their Cartesian
product outcome set such that each measurement N, is the
£th marginal of M. We remark that Proposition 1 can also be
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extracted from the fact that the functional coexistence relation
is equivalent to the compatibility relation [12]. We further note
that, by applying the equivalent definition of compatibility in
terms of the postprocessing preorder [6,13], we conclude that
allowing nondeterministic postprocessing functions does not
increase the optimal guessing probability Phues(E; ).

Combining (11), (12), and Proposition 1 allows us to
write the optimal guessing probability with postmeasurement
information as follows:

PES(E: )

guess

= max Zq(ﬁ)PgueSS(&g; N¢) : Ny, ...,N,, compatible ;.
=1
(13)

We now see that the difference between the guessing proba-
bilities in premeasurement and postmeasurement information
scenarios is that in the first one the optimization over measure-
ments Ny, ...,N,, has no restrictions, while in the second one
the measurements Ny, .. .,N,, must be compatible. This leads
to the following conclusion.

Theorem 1. There exist compatible optimal measurements
for the discrimination problems of state ensembles &1, ... ,E,
if and only if the premeasurement and postmeasurement
information discrimination problems have the same optimal
guessing probability, i.e.,

PIS(E: 9) = PRN(E: ).

Proof. 1t follows from the definition of Pg&éﬁ;(é‘ 1 D)
and (13) that, if there exists compatible optimal measure-
ments Ni,...,N,, then (14) holds. Let us then assume
that (14) holds. This means that there exist compatible mea-
surements Ny, ...,N, such that Y ;' g(£) Pauess(Ee; Ne) =
Y i1 G(0) Poyess(Ee). Since for any £ we have Pyyess(Er; Ny) <
Pyuess(Er), the previous equality and g(£) # 0 for all £ imply
Pouess(E¢; Ng) = Pyyess(Ee). Therefore, each N, is an optimal
measurement for the discrimination problem of &,. ]

We recall that a minimum error discrimination problem may
not have a unique optimal measurement. For the statement of
Theorem 1 it is enough that at least one collection of optimal
measurements is made up of compatible measurements.

(14)

B. Incompatible measurements

We now turn to the case when optimal measurements
Ni,...,N,, for the standard minimum error discrimination
for the state ensembles &, ...,&, are incompatible. From

Theorem 1 we conclude that in this case ng;:s (&; P)is strictly

smaller than Pgé‘;g(é’ : ). However, we can still ask if the

optimal solutions for the discrimination of subensembles &,
give some hint on the optimal solution for the postmeasurement
information discrimination.

A heuristic approach to the problem of state discrimination
with postmeasurement information relies on (13) and goes as
follows. We form a noisy version N, of each optimal mea-
surement N, related to &, and we add enough noise to make
the measurements Ny, . ..,N,, compatible. Noisy versions can
be, in principle, any measurements that are compatible but ap-
proximate the optimal measurements Ny, ... ,N,, reasonably

well. Bob then performs a joint measurement of Nl, . ,Nm
and from here on out, he follows the same procedure as in
the case of compatible measurements. One would expect the
guessing probability to be relatively good if Ny, ... ,N,, are
good approximations of Ny, ...,N,,.

One type of noisy version of a measurement Ny is given by
the mixture

Ny (x) = eNg(x) + (1 — 1)ve ()1, (15)

where vy is a probability distribution and ¢, € [0,1] is a mixing
parameter. We then have

Pguess(gé; NZ) 2 I Pguess(gﬁ)~ (16)

One would aim to choose each mixing parameter 7, as close
to 1 as possible to make N, a good approximation of N, but
the requirement that Ny, . .. ,N,, must be compatible limits the
region of the allowed tuples (71, ... ,t,). The set of all tuples
(t1, . ..,t,) that make the mixtures (15) compatible for some
choices of vy, ... ,v, is called the joint measurability region of
N1, ...,N,, [14], and we denote it as J(Ny, ...,N,,). Further,

the greatest number ¢ such that (¢, ...,7r) € J(Ny,...,N,) is
called the joint measurability degree of Ny, ...,N,, [15], and
we denote it as j(Ny, ...,N,,).

The choice of the most favorable tuple (fy,...,t,) €

J(Ny, ...,N,,) for the discrimination with postmeasurement
information depends on the probability distribution g and the
optimal guessing probabilities Pyyess(Ee). Starting from (13)
and using (16), we obtain a lower bound

Pposl (5’ (@)

guess

2 max Ztﬁq(z)Pguess(gK) . (tlv e atm) S -,(Nla CIEaE ,Nm)}

=1

> j(Ni N - Y g0 Pess(E0)

=1
N, - PPION(E,: ).

guess

=j(N17 .

The joint measurability degree of a set of observables is 1 if and
only if the observables are compatible, therefore the obtained
inequality can be taken as a quantitative addition to Theorem 1.
To derive another related inequality, we consider noisy
versions of the form
Ne(x) = 1Ne(x) + (1 — 1) nl—zﬂ, (17)
where n, is the number of elements of X,. Compared
to the more general form (15), the added noise is here
given by a uniform probability distribution. We denote
by J,(Ny,...,N,) and j,(Ny,...,N,,) the analogous ob-
jects as J(Ny,...,N,) and j(Ny,...,N,), but where all
ve’s are given by uniform probability distributions. Clearly,
ju(N1, ... ,N,) <j(Ny,...,N,), but the benefit for the current
task is that now we can calculate the exact relation between
Pouess(E¢; Np) and Pyuess(E¢). Namely, the bound (16) is re-
placed by

~ 1
Pguess(gé; NZ) = IZPguess(gZ) + (1 —1) n_’ (18)
4
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FIG. 4. Approximate cloning can be used to obtain lower bounds
for the postmeasurement information guessing probability. Alice
sends the state ¢, from the subsensemble & to Bob. He then
makes an approximate cloning of o, into as many copies as the
number of subensembles and, on each approximate copy, he performs
the measurement that optimally discriminates the corresponding
subensemble. Finally, after Alice announces the index £, Bob chooses
his guess accordingly.

and the additional second term may improve the earlier bounds.
For example, in the special case when Pgyess(E¢) =1 and
ng=nforeach? =1,...,m, we get

guess

1 —1,
PPt (£: ) > - 4 nTJu(va N 19)

Similar lower bounds can be calculated in other cases.

C. Approximate cloning strategy

An approximate cloning device is, generally speaking, a
physically realizable map that makes several approximate
copies from an unknown quantum state. One such device is the
Keyl-Werner cloning device [16,17], which takes an unknown
state ¢ as input and outputs m approximate copies 9 of the
form

m—+d

1
0 = Cnm l_m —ﬂ, md — 1 <
0=cmao+( C,d)d Cm,d (1 d)

This device is known to be optimal if the quality of single
clones is quantified as their fidelity with respect to the original
state.

In the current scenario of state discrimination with post-
measurement information, we can use an approximate cloning
device in the following way (see Fig. 4). Bob, after receiving
a quantum system from Alice, approximatively copies the
unknown state into m systems. For each copy, Bob performs the
measurement N, that optimally discriminates the subensemble
&;. Then, after Alice announces the index ¢ of the correct
subset X, where the label was from, Bob chooses his guess
accordingly.

This cloning strategy is rarely optimal (see examples in
Sec. V), but it gives a nontrivial lower bound for the guessing
probability Phwss(E; ). For instance, if the prior probability
distribution p is uniform, the cloning strategy leads to the lower
bound

PIRE D) > e PRS(E P) + (1 = epa) . (20)
where m is the number of blocks in the partition and N =
ni + --- 4+ n,, is the total size of the index set.

We can also think about approximate cloning in the Heisen-
berg picture; looking in that way the Keyl-Werner cloning

device transforms each measurement N, into
~ 1
Ne(x) = cm.aNe(x) + (1 — Cm,d)tr[Ne(X)]Z L (21)

From this point of view, the approximate cloning strategy
is just a particular instance of the noisy joint measurement
strategy described in Sec. III B; the lower bound (20) then
follows just by inserting (21) into the right-hand side of (13).
The bound (20) is useful as it is universal, in the sense that it
does not depend on any details of the optimal measurements
Ny, ....N,.

IV. METHODS TO CALCULATE THE OPTIMAL
GUESSING PROBABILITY

A. Reduction to usual state discrimination problem

It was noted in [5] that the problem of state discrimination
with postmeasurement information can be related to a suitable
standard state discrimination problem. Here we provide a
slightly different viewpoint on this connection.

As before, we consider a state ensemble £ with label set X,
and a partition & = (X;)sey,, of X into m nonempty disjoint
subsets. As shown in Sec. IIB, in order to maximize the
postinformation guessing probability Piwess(E; 23 M, (fo)eer,,)
over all measurements M and relabeling functions fi, ..., fu,
it is enough to consider all measurements C with the Cartesian
product outcome space and use the fixed postprocessings
7y, ...,y It turns out that, up to a constant factor, the guess-
ing probability ng;:s(é' ; 2, C) is the same as the guessing
probability for a certain specific state ensemble in the standard
state discrimination scenario using the same measurement C.
To explain the details of this claim, we define an auxiliary state
ensemble F having the Cartesian product X; X --- X X,, as
its label set, and given by

1 « 1 &
Flor,oxm) == ) £ = ) qO&x),  (22)
(=1 (=1

where the probability g and the state ensembles &, are defined
in (2) and (3), and the numerical factor A is

40
A= Agin,.omp) =mcng ) == (23)
14
=1

(We recall that n, denotes the number of labels in X,.)
The state ensemble F has n; - --n,, labels and its states are
convex combinations of states from different subensembles
&,. Starting from (11), a direct calculation gives

PI(E:2:C) =) q(0) Y tl&(x)mClxy)]

=1 xe€Xy

=>q0) Y
(=1

X1E€EX T sees X € X

tr[Ee(x)Clx1, . .. xm)]

= > tr[z q(OE(x)C(xi, . .. ,xm)}

.X]GX] ..... X,nEXm =1

= APguess(-F; C)
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The factor A is required as the state ensemble J must be

normalized, i.e.,
> ulFu, ..

X1EX s X € X

)] = 1. 4)

As mentioned in Sec. II A, it is known that the standard dis-
crimination guessing probability Pgyess(F; C) always attains
the maximum. From the previous connection we can conclude
that the same holds for the postmeasurement information
problem.

The above discussion is summarized in the following result.

Theorem 2. The postmeasurement information guessing
probability nguoess[s(é ; P, C) attains its maximum value when
C is the optimal measurement for the standard discrimination
problem of the state ensemble F in (22). The optimal guessing
probabilities are related via the equation

PR (& P) = Ag;ny, ... snm)Pguess(J:)-

guess

As an illustration, suppose X has 2n elements and it is
partitioned into X; and X, both having n elements, and that
the prior probability p is the uniform distribution on X. Then

11
Fxi,x) = EE(QM + sz)-

We thus see that the state ensemble F contains all possible
equal mixtures of states from &£ and &,.

B. Optimal guessing probability in the usual state
discrimination problem

We have just seen that it is always possible to transform
the problem of state discrimination with postmeasurement
information to a usual minimum error state discrimination
problem. For this reason, in this section we consider a class of
cases where for a single state ensemble £ one can analytically
calculate the optimal guessing probability Pgyess(E) as well as
the optimal measurements. This covers the cases that we will
present as examples in Secs. V and VL.

The main result is the following observation.

Proposition 2. Suppose £ is a state ensemble with label set
X.Forall x € X, denote by A(x) the largest eigenvalue of £(x),
and by I'1(x) the orthogonal projection onto the A(x) eigenspace
of £(x). Define

Ae = max Ax), Xe={xe X :Ax)=2As}.
xeX

Then, if there exists u € R such that

Z M(x) = pul, (25)

xeXg

we have the following consequences:

() u = 5 > vex, rank TT(x);

(b) Pguess(g) =dkg;

(c) a measurement M attaining the maximum guessing
probability Pgyess(E) is

—1 .
_JuTIx) ifx e Xg
Mo) = {o if x ¢ Xp; (26)
(d) a measurement M attains the maximum guessing prob-

ability Pgyess(€) if and only if

(1) M(x) < T(x) for all x € X¢;
(i) M(x) = O for all x ¢ X¢.

In the following we provide a simple proof of Proposition 2,
relying on Lemma 1 given after that. We remark that an
alternative longer proof can also be given by making use of the
optimality conditions [10, Eq. (II1.29)], [18, Theorem 11.2.2],
which follow from a semidefinite programming argument (see
also [19] for a more recent account of these results).

Proof. We assume that (25) holds for some u € R.
By taking the trace of both sides of (25), we get u =
D x, rank TI(x). This proves (a).

For any measurement M on X, we have

Pauess(E;M) = D~ t[EGM)] < Y Ax)rM(x)]

xeX xeX
< e Y trIM@)] = Agtr[1] = dig.
xeX

The first inequality follows from Lemma 1 just below, which
also implies that the equality is attained if and only if M(x) <
[1(x) for all x € X. The second inequality is trivial, and it
becomes an equality if and only if M(x) = O forall x ¢ X¢.In
summary, Pyuess(£; M) < dAg, with equality if and only if the
measurement M satisfies conditions (i) and (ii) of (d).

Since IT(x) < ul for any x € X¢ by (25), we must have
> 1. Hence, My(x) < II(x) for all x € X¢. Moreover,
My(x) = 0 for all x ¢ X¢ by the definition of My. By the
discussion in the last paragraph, it follows that My is optimal,
and Pyuess(£) = Pouess(€; Mo) = dAg. This proves (b) and (c).
Since any optimal measurement M must then be such that
Pouess(E5 M) = d¢, also (d) follows. [ |

Lemma 1 (for Proposition 2). Let A,B € L(H) with A >
0 and 0 < B < 1. Let A be the largest eigenvalue of A and I1
the associated eigenprojection. Then,

tr[AB] < A tr[B],

and the equality is attained if and only if B < II.

Proof. Since A1 — A >0, we have Atr[B] —tr[AB] =
tr[(A1 — A)B] > 0, where the inequality follows from [10,
Lemma 2]. By the same result, the equality is attained if and
only if (A1 — A)B =0, that is, AB = AB. Note that AB =
AB & ran B CranIl. The latter inclusion implies I1B =
B = BII and then B = I1BII < IT1I1 = I1. Conversely, if
B < I1, thenker IT C ker B, so thatran B C ran I1. In conclu-
sion, AB = AB if and only if B < I, and this completes the
proof. ]

Corollary 1. With the notations of Proposition 2, sup-
pose (25) holds for some © € R and rank I1(x) = 1 for all
x € X¢. Then, the following facts are equivalent:

(i) The operators {I1(x) : x € X¢} are linearly independent.

(i1) The measurement M given in (26) is the unique mea-
surement giving the maximum guessing probability Pgyess(£).

Proof. Since Il(x) is a rank-1 orthogonal projection, any
positive operator A satisfying A < Il(x) is a scalar multiple of
[1(x). Therefore, by (d) of Proposition 2, a measurement attains
the maximum guessing probability Pyuess(€) if and only if it
has the form

M, (x) {g(x)l'l(x)

ifx € Xe¢
ifx ¢ Xe
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for some function « : Xg — [0,1]. Since

=Y My(x)= > a()I(x)

xeX xeXe

and

1= M) =) u '),

xeX xeXe

linear independence of the operators {I1(x) : x € X¢} yields
a(x) = p~ ' forall x € Xg, hence M, = My. Conversely, if the
operators {I1(x) : x € X¢} are not linearly independent, then
u > 1, as otherwise they would be an orthogonal resolution of
the identity, which is a contradiction. Moreover, there exists
some nonzero function 8 : Xg — C such that

0= AWM= ) M.

xeXe xeXe

By possibly replacing B with either 8 + B or i( — B), we
can assume that 8 : X¢ — R. If € € R\ {0} is such that ||
is small enough, then a(x) = u~! + €B(x) € [0,1] forall x €
X¢; hence M,, is an optimal measurement with M, = M,. W

We remark that if the rank-1 condition in the statement of
Corollary 1 is dropped, then the equivalence of items (i) and
(ii) is no longer true; a simple example demonstrating this fact
is provided in Appendix A.

Corollary 2. Suppose & = (X/)e; is a partition of X into
nonempty disjoint subsets, and define ¢ and & as in (2)
and (3). If each state ensemble &, satisfies the hypothesis of
Proposition 2 for all £ € I, then also £ does it, and

Pguess(g) = r?ealx q(Z)Pguess(gé)-

Proof. Using the notations of Proposition 2 for the ensem-
ble £, and denoting by A,(x) and IT,(x) the largest eigenvalue
of &;(x) and the corresponding eigenprojection, we have

AMx) = qg@hre(x) and TII(x) = IT,(x) forall x € X,.
Setting as usual

A, =maxdy(x),  Xe = {x € X1 he(x) = Ag, },
xeX,
the hypothesis is that

Z IMy(x) = el forsome p, € Randall £ € I.

xEXgé
Then,

he = max g(Dhe,.
tel

Xg = U Xe, where Iy ={lel:qrs = re),

tely
DN =) Y M=) wul.
xeXe lely xeXg, Lely

Therefore, the state ensemble £ satisfies condition (25). In
paticular, by (b) of Proposition 2,

Pguess(g) =dAg = d max Q(E))L& = max Q(Z)Pguess(gé)-
lel lel

A situation where Proposition 2 is applicable occurs, for
instance, when a state ensemble £ is invariant under an
irreducible projective unitary representation of some symmetry
group. More precisely, suppose G is a finite group, and let U
be a projective unitary representation of G on H. We say that
a state ensemble & is U-invariant if U(g)E(X)U(g)* = £(X)
forall g € G, where £(X) = {£(x) : x € X}. The definition of
U-invariance for a state ensemble was first given in [9], where
an action of the group G on the index set X was also required
(see also [20]). Further, we call a state ensemble & injective if
it is injective as a function, i.e., £(x) # E(y) for x # y.

Proposition 3. Suppose the projective unitary representa-
tion U is irreducible, and let £ be an injective and U -invariant
state ensemble. Then, condition (25) holds for some © € R.

Proof. Since & is injective and U-invariant, we can
define an action of G on the index set X by set-
ting g -x =E N UQEXU()*) for all ge G and x €
X. Then £(g-x) =U(g)&(x)U(g)*. Hence, with the no-
tations of Proposition 2, we have A(g-x)= A(x) and
[I(g - x) = U(g)TI(x)U(g)*. It follows that g - X¢ = X¢, and
U@ ex, IO = [X-, cx, TI(x)]U(g). The irreducibility
of U then implies ZXGXg IT(x) = nl for some u € R by
Schur’s lemma. |

If £(X) ={U(g)E(x0)U(g)* : g € G} for some (hence for
any)xg € X,and U(g)E(xo)U(g)* # E(xp)forallg € G\ {1},
Propositions 2 and 3 are [9, Theorem 4.2]. Under the additional
constraint tr[E(x)] = tr[E(y)] for all x,y € X, U-invariant
state ensembles are named compound geometrically uniform
state sets in the terminology of [20].

V. QUBIT STATE ENSEMBLES WITH
DIHEDRAL SYMMETRY

In this section we illustrate the previous general results with
three examples of different qubit state ensembles. The first
one (Sec. VB) has been already treated in [5] according to
the approach explained in Sec. IIC. We provide the solution
also for that example, since our method further allows one to
establish when the problem has a unique optimal measurement.

A. Notation

The Hilbert space of the system is # = C2. We denote by
o = (01,02,03) the vector of three Pauli matrices, and

<l

-0 = V101 + V207 + V203

for all v € R3. For any nonzero vector v, we write & = v/||9]].
Further, we let €1, é,, and &3 be the unit vectors along the three
fixed coordinate axes.

All of the three examples to be presented share a common
symmetry group, i.e., the dihedral group D,, consisting of the
identity element 1, together with the three 180° rotations «, B,
and y along &1, é,, and &3, respectively. This group acts on C?
by means of the projective unitary representation

um =1, UB)=o0,, Uly)=os.

The representation U is irreducible as the operators {U(g) :
g € D} span the whole space £(C?).

We will use the Bloch representation of qubit states; all
states on C? are parametrized by vectors @ € R3 with |ja|| < 1,

U(a) = o1,
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the state corresponding to @ being
0a=30+ad-5).

For any nonzero vector d, the eigenvalues A, ,A_ of oz and the
corresponding eigenprojections I1,,I1_ are

he=z(1E£)al, Mi=3(1%£a-6).

B. Two equally probable qubit eigenbases

In the first example, the total state ensemble consists of four
pure states 0+, and g, where

a =cos(0/2)é; + sin(6/2)é,,
b = cos(9/2) &, — sin(0/2)é,,

and 6 is an angle in the interval (0,7). The states 0+, and 0,
are the eigenstates of the operators @ - & and b - &, respectively.
The label set is chosen to be X = {+da,—a,+b,—b}. We
assume that all states are equally likely; thus the state ensemble
Eis

ER)=3(0+%-0), £eX

We will then consider the partition & = (X,,X;), with X, =
{ +0 ,—E}. As usual, the corresponding state subensembles are
denoted by &, and &, and g(£) = 1/2 is the probability that a
label occurs in X,.

Since E(+f) = }1(1 + 7 - &), we see that each state ensem-
ble & corresponds to preparing one of the two orthogonal
pure states ¢_;, 0_p with equal probability. So, the sharp
measurements

No(£a) = SA +£a-5), Ny(Eb)=1i1+b 0),

perfectly discriminate &, and &, respectively; in particular,
Pguess(ga) = Pguess(gb) =1, hence ngurg;;(g; &) = 1. More-
over, Corollary 2 applies, and we conclude that Pgyess(E) =
1/2. The value of Pyyess(€) can be obtained in various different
ways (see, e.g., [3]). Interestingly, Pyyess(£) does not depend
on the angle 6.

To calculate the postinformation guessing probability
ng:sts(é’ ; &), we apply Theorem 2 and calculate Pgyess(F),
where the auxiliary state ensemble F on X, x X, is given as

N 1 1 N
F(hakb) = g[ﬂ + 5(ha -+ kb)- a:|, hk € {+.—)
ithos(é‘/Z)él ifh=k
iQh sin@/2)¢, Otherwise,

and A = 2. This state ensemble is clearly injective, and it is
U-invariant as the set {ha + kb : h,k = £} C R? is invariant
under the action of the dihedral group D,. Hence, Proposition 2
is applicable by virtue of Proposition 3, and it thus leads us to
find the largest eigenvalue of F(ha,kb) and the corresponding
eigenprojection. We obtain

() =k
Mhakb) =

%(1—}— #) otherwise,

1A +hoy) ifh=k

[(ha,kb) =
(ha,kb) {%(]l—l—haz) otherwise,

0.95

0.9

0.85

FIG. 5. The red solid curve is the optimal guessing probability
ng;:s(é' ; &) as a function of the angle 6 between a and b, while the

blue dashed curve is the lower bound (28) coming from the optimal
joint measurement of uniformly noisy versions of N, and N,.

and hence

1 1 6
PIOSL(8: ) = Adiy = 5(1 T ,/%05'). @

Asone could have expected, the unique minimumisinf = w /2
and the guessing probabilities are the same for 8; and 6, when
6, = m — 6 (see Fig. 5).

As shown in [21], we have j(N,,Np) =j,(N,,N,) =
1/4/1 + | sin@]. Therefore, the lower bound for Pglf?sts(é' ; P)
given in (19) is

1
PP (E; D) > 5(1 +

1

guess m) . (28)
We see that the right-hand side agrees with nglf’;qts(g ; P2)if and
only if 6 = /2 (see Fig. 5). In particular, this shows that the
noisy versions of the form (17) are optimal only in the case
0 =m/2.

In order to find all optimal measurements, we distinguish
the three cases 6 € (0,7/2),0 = /2,and 0 € (7w /2,7).

1. Case 6 € (0,7/2)

We have (X, x Xp)r = {(+a,4b),(—a,—b)}, and the pro-
jections {I1(ha,kb) : (ha,kb) € (X, x X})r} are rank-1 lin-
early independent operators. From Corollary 1 we conclude
that the measurement C, , defined as

1+ hoy) ifh=k
0

otherwise

C,(ha,kb) = {

is the unique measurement on X, x X, achieving Pyyees(F),

and hence also nguo.;ts(g ; &?). The two marginals 71,C, and

72,C of C, are such that 7,,C,(£a) = m,,C(£h), and
Bob therefore is not using the postmeasurement information
to guess the spin value + or —. Bob can, in fact, choose a
measurement M with outcomes {+,—}, M(h) = %(ﬂ + hoy),
and when Alice announces that her choice was from subset
X, Bob’s guess is h@, where % is the outcome of M.

In GW’s approach, this is a situation in which postmea-
surement information is useless [5, Sec. III C], as the diagonal
measurement C/, (h,k) = 8n.xCy(ha,kb) is optimal for the
task of discriminating a string in X = {+,—} even if Alice
announces her encoding a or b after the measurement (see
Sec. I C). In spite of this fact, ng;:s(g ; &) isstrictly larger than
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Pyuess(€). The reason is that with postmeasurement information
Bob gets the correct index £ € {a,b} for free, so he can
optimize his measurement to distinguish between one of the
two alternatives :I:f, instead of four alternatives :I:&,:tB.

2. Case 0 € (x/2,7)
Now (X, X Xp)r = {(+a,—b),(—a,+b)}; hence, proceed-
ing as in the previous case, we find that the unique optimal
measurement is

0 ifh=k

C—(ha,kb) = {%(]l + hoy) otherwise.

In this case, we have 71,C_(4a) # m2,C_(£b), therefore
Bob is actually using postmeasurement information (see [5,
Sec. IIIC)).

3. Case 0 =m /2

In this case, (X, X Xp)r = X, x Xp, and the projections
(T1(ha,kb) : (ha,kb) € (X, x X},)F} are not linearly inde-
pendent. However, they are still rank-1, hence, by (d) of
Proposition 2, any measurement maximizing Peyess(F;C)
is of the form C(ha,kb) = a(h,k)I1(ha,kb) for some
function « : {+,—}*> — [0,1]. The normalization condition
>« Cha,kb) = 1 imposes

a(+’+) = (X(_,_) = t’
a(+,—)=a(—,+)=1—1¢
for some ¢ € [0,1]. Therefore, an optimal measurement is any
convex combination of the two measurements C, and C_

found earlier. The convex combination Cy = %C+ + %C_ is
the optimal measurement given in (26), which in this case reads

N 1 h+k h—k
Co(ha,kb) = - 1 .
o(ha,kb) 4< t——at— 02)
Its marginals are

1 1

1
11:Co(ha) = NG N, (ha) + (1 - E)EL
A 1 N 1\1
72.Co(kb) = E N, (kb) + (1 - ﬁ>§]1

These are noisy versions of the optimal measurements N, and
N, for the maximization problems maxm Pgucss(E4; M) and
maxm Pouess(Ep; M), respectively. In this case, as we already
observed, one implementation of the optimal strategy is hence
to make an approximate joint measurement of N, and N,,.

C. Two qubit state ensembles with dihedral D,,-symmetry

Let us consider a state ensemble &, labeled by the 2n + 2
labels X = {+,—,0,1,...,2n — 1}, and defined as

E() = %(ﬂial),
=L (1+a,-5), k=0,... 211,
4n ’

where

ay = cos (mwk/n)é, + sin (wk/n)é;

and q1,q2 > 0,91 + g2 = 1.

We consider the partition & = (X;)eeq12y of X, with
X, ={+,-} and X, ={0,1,...,2n — 1}. The correspond-
ing subensembles are &j(+) = %(]l +o0y) and &(k) =
(1 + a - ), and the probability g is g(¢) = gy.

Each of the two state ensembles &,&, is injective and D;-
invariant. By Proposition 3 (or even by direct inspection), it
follows that £, and &, satisfy the hypothesis of Proposition 2.
Then, by Corollary 2 we have

Pguess(g) = maX{QIPguess(gl)vCIZPguess(gZ)}'

The subensemble & consists of two orthogonal pure states,
hence it can be perfectly discriminated with the measurement
Ni(£) = %(ﬂ =4 o01). On the other hand, an optimal measure-
ment to discriminate the states in &, is N, (k) = ﬁ(]l +a;-0)
by (c) of Proposition 2, and Pyess(E2) = 1/n by (b) of the same
proposition. It follows that

ifq > —

q2 q1 -
P “(S)zmax{ql,—}z{l ) T
guess n qu 1fq1 < nJlrl

and

Pues & P)=q1 + == —— ——.

To calculate Phess(€; &), we first form the auxiliary state

ensemble F of Theorem 2. Its label set is the Cartesian product
{+,—} x {0,1,...,2n — 1}, it has A = 2(nq; + ¢»), and it is
given by
1 hé Ay~
Flhk) = _<ﬂ | e+ gl .,,),
8n ngi +q

The state ensemble F is injective and U-invariant. Although
the symmetry group of F can be extended to the order
4n dihedral group D,, D D,, Proposition 3 yields that D,-
symmetry is already enough to ensure the applicability of
Proposition 2. The largest eigenvalue of F(h,k) and the
corresponding eigenprojection are found to be

Vgl + a3
_l’_ R

1
A k) = —
8n ng + q»

ngihéy + gy P
Vet +43

It follows that (X; x X»)r = X; x X,. The operators
{I1(h,k) : (h,k) € (X1 X X»)r} are rank-1 but they are not
linearly independent. Thus, we do not have uniqueness of
optimal measurements. By Theorem 2 and Proposition 2,

1
Mk =3[ 1+

PP (£, P) = Adrr

guess
1
> (nch + @ +/n2q} + q%)

1
= %I:(n - 1)6]1+1+\/(n2 + gt —2q1 + 1i|-
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This maximum is attained by Phwess(€; &; C) if and only if C

is a measurement of the form

a(h,k) ngihéy + q2dy P

Vel + a3

where @ : X; x X, — [0,1] is such that

da+h =) a(-k =1,
k k

> la(+.k) + a(—.k)a =0
k

Chk) = 1+

by the normalization condition for C.

By choosing the constant function w(h,k) = %, We recover
the optimal measurement of (26). The marginals of that mea-
surement are the uniformly noisy versions of the measurements
Ni(£) = 3(1 £ 01) and Ny (k) = 2-(1 + d - ) optimally dis-
criminating the subensembles & and &,.

D. Three orthogonal qubit eigenbases
Next we consider a state ensemble £ with six elements,

having the index set X = {+¢&;,—&;,+&,,—&,,+é3,—é3} and
defined as

E(xey) = %(]1 +op), €e{l,2,3},

where q1,92,93 > 0 and g1 + ¢» + g3 = 1. As the partition of
X, we fix & = (Xy)peq1,2,3 With Xy = {+é;,—&,}. The corre-
sponding subensembles are Eu(+l) = }1(11 + 0y), and g(¢) =

qe.

Each subsensemble &, consists of orthogonal pure states
and hence can be discriminated with probability 1, the
optimal measurement being N,(£¢) = %(Jl + o,). We thus
have Plies(€; 2?) = 1, and from Corollary 2 it follows that
Pguess(g) = maX{fh 7112,(]3}-

To calculate P;?;:S(S ; &), we again form the auxiliary state

ensemble F, which in this case is

3
1
F(kiér,kréy, kzés) = T6 (]1 + ZCIzkeGIz)-

=1

In the above formula, k, € {+,—}; moreover, we have A = 4.
As in the previous cases, the state ensemble F is injective and
U -invariant, and Proposition 2 then applies. We obtain

1 N
Alkie1,ko8z,k383) = R(l + gD,

3
1 1 &
[T(k181,ko85,k3e3) = 3 (]1 + m E CMkNe),
=1

where we set g = 22:1 qeé;. Therefore,

1
PR(E: P) = Adhy = 5(1 +/aqi +493+ q32).

In the case ¢; = g» = ¢3 = 1/3, we have ng;sls(& P) =
(14 1/+/3)/2. As explained in Appendix B, j(N;,N,,N3) =
ju(N1,N2,N3) = 1/4/3. Therefore, the guessing probability
with postmeasurement information equals with the lower

bound given in (19), and we conclude that one way to imple-
ment the optimal measurement is to make a joint measurement
of uniformly noisy versions of Ny,N,,Nj.

Since (X x Xp x X3)r = X x X, x X3 and all opera-
tors [1(k1é1,k,€5,k3é3)’s are rank-1, any optimal measurement
is of the form

3

N LA A a(ky,ka,k3) 1

C(k]€],k2€2,k3e3) = —1 22 & <ﬂ+ _”67” § CIU@W)
(=1

for some function « : {+,—}> — [0,1]. The normalization of
C implies that, for every ky,kp,k3 € {+,—},

Y atkij) =) alik,j) =) al,jk)=1.
ij i,j i,j

One solution is to take the constant function « = 1/4, and that
choice gives the optimal measurement of (26). The marginals
of this measurement are uniformly noisy versions of Ny, N,
and N3. Another possibility is

1 ifky = ks = ks

au(ky.ka.ks) = {O otherwise.

In GW’s approach of Sec. IIC, the latter choice corresponds
to the diagonal optimal measurement

| PEAN
, _ (U +kg-0) ith=hk=k=k
C'(ky,ko,k3) = {0 otherwise.

In particular, we see that from the point of view of GW’s
approach, postmeasurement information is useless in this
example.

VI. TWO FOURIER CONJUGATE MUTUALLY
UNBIASED BASES

In this section, we consider the discrimination problem
with postmeasurement information for two mutually unbiased
bases (MUB) in arbitrary finite dimension d. We restrict to
the case in which the two bases are conjugated by the Fourier
transform of the cyclic group Z, = {0, ...,d — 1}, endowed
with the composition law given by addition mod d. Moreover,
we assume that all elements of each basis have equal a priori
probabilities. However, we allow the occurrence probability of
a basis to differ from that of the other one.

In formulas, we fix two orthonormal bases (¢;)nez, and
(Yi)kez, of H, such that

1
Y = W Z " oy

hEZd

where @ = ¥/,

They satisfy the mutual unbiasedness condition

1
Kon i)l = —  VhkeZ,.

7

We label the two bases by means of the symbols X, =
{Op,...,(d - )¢} and Xy ={0y,...,(d — 1)y}, respec-
tively, and we let X = X, U X, be the overall label set. Notice
that, consistently with the previous examples, the elements of
X are denoted by juxtaposing the index of the vector with the
symbol of the basis which the vector belongs to [for example,
the symbol Og labels the first vector in the basis (¢p)nez,]-
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Then, we partition X and use it to construct a state ensemble
& as follows:

P = (Xoeeip.p)» (29)
£(he) = %eh)(m, he € X, (30)

where ¢,,qy > 0 with ¢, + gy = 1. The partition & yields
the two subensembles

1
Eu(ht) = Ewh)(ehL heZa,

with £ € {¢p,¥}; the probability that a label occurs in the subset
Xois q(€) = qq.

Note that in Sec. VB, the two equally probable qubit
eigenbases with angle & = 7 /2 constitute two MUB that are
conjugated by the Fourier transform of the cyclic group Z,.
Indeed, this follows by setting

1 . .

0= 5" m + )
i )

0= 5 = ),

where (11,7,) is the canonical (computational) basis of C?,
choosing g, = gy = 1/2, and relabeling

0p — +a, lo— —a, Oy —+b, 1y — —b.

We define two measurements N, and N, with outcomes in
X, and X, respectively, as

Ne(he) = 1€n){tul,  h € Zq.

Each of these measurements perfectly discriminates the corre-
sponding subensemble &,. Moreover, once again Corollary 2
can be applied, thus leading to
Pguess(g) = max{qgﬂan} = |q¢ - % + %
PPO(E; D) = 1.

guess

By Theorem 2, optimizing the postinformation guess-
ing probability ngessts(é’ ; P C) over all measurements C on
X, x Xy amounts to the same optimization problem for
Pyuess(F; C), where F is the auxiliary state ensemble

1
Flhe ki) = =3 Gplon){enl + gy Vi) (V).

The state ensemble F has the direct product Abelian group
G =Z4 x Z4 as its natural symmetry group. Indeed, by
defining the generalized Pauli operators

W(rs) =Y o*lgr) (e,
2€lqg

we obtain a projective unitary representation of Z, x Z4, such
that

W(ri,s)W(r2,82) = 0" W(r) + ra,51 + $2),
W)Y = o Yy

(see,e.g.,[22,23]; here, W(r,s) = U, V; in terms of the discrete
position and momentum displacement operators U, and V;

W(r,s)on = ™" @r i,

defined in [23, Sec. IV A]). Then, the state ensemble F is W-
invariant, as

W(r,s)F(ho,ky)W(r,s)" = F((h +r)e,(k+s)¥) (31)

for all h,k,r,s € Z,. Since the representation W is irre-
ducible [22] and the state ensemble F is clearly injective,
Proposition 2 can be applied to F by Proposition 3. In order
to proceed as usual, we need the next lemma.

Lemma 2. For all h,k € Z,, the largest eigenvalue and the
corresponding eigenprojection of F(he,kyr) are

1 4
Mho, ki) = ¥ [1 + \/(qu —qy)* + p qwqw}, (32a)

N(he k) = lag, + B Yi) (e + By
= W(h,k)lagy + o) (awo + Bl W(h k)",
(32b)

where the couple («, 8) is the unique solution to the following
system of equations:

a>0, B>0, (33a)
o’ + Br+ iaﬁ =1 (33b)
7 :

o d 4
5= %[w —qy + \/(61«: —qy’+ qwqw}- (33¢)

Equation (33b) describes an ellipse in the o8 plane centered
at (0,0) and having the minor axis along the « = 8 direction.
The solution of (33) is where this ellipse intersects the half-line
originating at (0,0), lying in the first quadrant (33a) and having
the positive slope given by (33c¢).

Proof. By means of the covariance condition (31) for F, it
is enough to prove (32) only for 4 = k = 0. In order to do it,
we preliminarily observe that the operator F(0¢,0v) leaves
the linear subspace Hy = span(gy, ) invariant, and it is null
on 7—[3-. Moreover, with respect to the linear (nonorthogonal)
basis (¢, Vo) of Hy, the restriction of F(0¢,0v) to H, has the
matrix form

1{ q 4q
F (09,00l = d_z(%fzng ng‘P).
d

The roots of the characteristic polynomial of the above matrix
are

1 , 4
/\i=272 1+,/(qp — qy) +5qwqw

(recall g, + gy = 1), and they are clearly different. This
gives (32). By direct inspection of the previous matrix, the vec-
tor x = a@y + By is anonzero A, eigenvector of F(0¢p,0v)
if and only if the ratio o/ 8 is given by (33c). Normalization of
x gives (33b). Since the ratio /8 is real and positive, (33b)
and (33c) have a unique common solution satisfying (33a). B

Proposition 4. For the state ensemble £ of (30) and the
partition & of (29), we have

1 4
Phes(E:P) = > [1 + \/(Qw —qy)* + p quw:|- (34)
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Moreover, a measurement on X, X X,, maximizing the guess-
ing probability Phus(E; 2;C) is
) (e + B |

1
Colhe,ky) = p leey, + Bow

1
= gW(h,k)lafpo + Bvo) (o + Bol W (h, k)",
(35)

where («,8) is the solution to the system of equations (33).
The measurement Cy is the unique measurement maximizing
the guessing probability Pguess(E; 2;C) if and only if the
dimension d of H is odd.

Proof. We have already seen that Proposition 2 can be
applied to the state ensemble F. With the notations of that
proposition, we have

1 5 4
)\}'Zﬁ 1+ 4/(qp — qy) +Eq(pqlff )

(Xtﬂ X Xv,)].' = X(p X Xv,

by Lemma 2. In particular, the value of A » and Theorem 2 with
A = d imply (34). Moreover, still by Lemma 2, the measure-
ment Gy in (35) is the optimal measurement (26) for the guess-
ing probability Pyess(F; C), hence also for Phess(E; 2;C).
By Corollary 1, there is no other measurement maximizing
the guessing probability Pguwess(E; 22;C) if and only if the
operators {[1(hg,kV): h,k € Z,} are linearly independent.
The argument used in the proof of [23, Proposition 9] shows
that this is equivalent to the dimension d of H being odd. W

In the particular case g, = gy = %, formulas (34) and (35)
simplify as follows:

1
PR (& 2) = (1
guess( )= ( +«/3)
1
Colhpky) = ———— W(h,k W (h,k)*,
o(he.kyr) it d (h,k)po+vo) (wo+ ol W(h,k)

which, for d = 2, are easily seen to be consistent with the
results of Sec. VB.
For general q,,qy, the first marginal of Cois

1
71:Colhe) = — 3 1 lgn) gl + B 1) (il
kEZd
+aB(o™ " Y ) (@n] + lon) (@ " Y]

2 2
= o2lgn)(onl + %ﬂ + %’fm)(cm

1
= 1,Ny(hg) + (1 = 1) 1. (36)

where t, = a? + zﬂj Here, we have used the fact that

> o™y =Vdgn,  Vh ey
kEZd
With a similar calculation,
1
72:Co(kyr) = ty Ny (hyp) + (1 — tw)g]l, (37)

B+ 2;‘19 We conclude that the marginals of Cy

are uniformly noisy versions of N, and N,.

We remark that approximate joint measurements of N, and
N, were studied in [23]. In particular, by [23, Propositions
5 and 6], noisy measurements of the form (36) and (37) are
jointly measurable if and only if

where 1, =

ty+1, <1 (38a)

M (38b)

or 1415+ (1 —t,)(1 —1y) <
Moreover, regardless of the dimension d of H, there is a unique
joint measurement when the equality is attained in (38b). One
can confirm that ¢, and t, with « and B given by (33b)
lead to equality in (38b), hence Cy can be identified as that
unique joint measurement. It also follows by Proposition 4 that
for even dimensions d there are measurements maximizing
Phes(€; 2, C) whose marginals 7,,C and 7,,C are not
uniformly noisy versions of N, and Ny,.
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APPENDIX A: NECESSITY OF THE RANK-1 CONDITION
IN COROLLARY 1

The following state ensemble £ : {1,2,3} — L(C?)

12 0 0 12 0 0

sn=10 172 o], eo=[0 o o],
0 0 0 0 0 12
0 0 0

3 =0 12 0
0 0 12

satisfies (25) and item (i) of Corollary 1. However, it does not
fulfill item (ii) of the same corollary, as both the following
measurements

Mo(x) = E(x), x €{1,2,3},

and
Mi(D) =EM) +ER) - £Q3),
Mi(2) = £(1) = £(2) + £(3),
M 3) = —-EM)+ER)+ EQ3),

attain the maximum guessing probability Pgyess(E;M;) =
Pguess(g) = 3/2

APPENDIX B: JOINT MEASURABILITY DEGREE OF
THREE ORTHOGONAL QUBIT MEASUREMENTS
Let Ny(£é,) = %(]1 + o) for £ = 1,2,3. We aim to show

that j(N;,N,,N3) = 1/\/§, which means that we need to find
the largest ¢ such that the noisy versions

N((iég) = tNe(£&;) + (1 — H)ve(Fé,)1 B
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are compatible. The probability distributions vy, v,, and v3 can
be chosen freely, meaning that we optimize among all their pos-
sible choices. It has been shown in [24] that j,(Ny, ...,N,) =
1/+/3. Therefore, the remaining point in order to conclude that
j(N{,N2,N3) =1/ «/§~is provided by the following result.

Proposition 5. 1f N;,N,,N3 given by (B1) are compatible,
then the observables

N)(+&,) = iNg(£e,) + (1 — )11, £=1,2.3,

are also compatible.

Proof. We assume that Nl,ﬁzﬂ3 defined in (B1) are
compatible, and we let C be any measurement having
marginals N;,N,,N;. We denote by A : C> — C? the an-
tiunitary operator satisfying AoyA* = —oy for £ =1,2,3.
Explicitly, A = o, J, where J denotes complex conjugation
with respect to the canonical basis of C2. We then define C’ as

C'(k181,kaé2.k3e3) = 5[Clk181.k285,k383)
+ AC(—ki&1,—kyés,—k33)A™].

A direct calculation shows that the marginals of C’ are N/l,
N, N, []
2> N3
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