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Abstract

We revisit entropic formulations of the uncertainty principle (UP) for an
arbitrary pair of positive operator-valued measures (POVM) A and B, acting
on finite dimensional Hilbert space. Salicrd generalized (h, ¢)-entropies,
including Rényi and Tsallis ones among others, are used as uncertainty
measures associated with the distribution probabilities corresponding to the
outcomes of the observables. We obtain a nontrivial lower bound for the sum
of generalized entropies for any pair of entropic functionals, which is valid for
both pure and mixed states. The bound depends on the overlap triplet
(ca, cB, cap) with ¢4 (respectively cg) being the overlap between the elements
of the POVM A (respectively B) and c4 p the overlap between the pair of
POVM. Our approach is inspired by that of de Vicente and Sdnchez-Ruiz
(2008 Phys. Rev. A 77 042110) and consists in a minimization of the entropy
sum subject to the Landau—Pollak inequality that links the maximum prob-
abilities of both observables. We solve the constrained optimization problem
in a geometrical way and furthermore, when dealing with Rényi or Tsallis
entropic formulations of the UP, we overcome the Holder conjugacy constraint
imposed on the entropic indices by the Riesz—Thorin theorem. In the case of
nondegenerate observables, we show that for given c4p5 > % the bound
obtained is optimal; and that, for Rényi entropies, our bound improves
Deutsch one, but Maassen—Uffink bound prevails when ¢4 g < % Finally, we
illustrate by comparing our bound with known previous results in particular
cases of Rényi and Tsallis entropies.
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1. Introduction

The uncertainty principle (UP), originally formulated by Heisenberg [1], is one the most
characteristic features of the quantum world. The principle establishes that one cannot predict
with certainty and simultaneously the outcomes of two (or more) incompatible measurements.
The study of quantitative formulations of this principle has a long outstanding history. First
formulations made use of variances as uncertainty measures and the principle was described
state by state by the existence of a lower bound for the product of the variances [1-3].
However, such formulations are not always adequate since the variance is not always con-
venient for describing the uncertainty of a random variable. For instance, there exist variables
with infinite variance [4]. Moreover, in the case of discrete-spectrum observables, the uni-
versal (state-independent) lower bound becomes trivial (zero), and thus Heisenberg-like
inequalities do not quantify the UP [5-9]. For these reasons, many authors attempted and still
attempt to propose alternative formulations, using other uncertainty measures. One possibility
consists in using information-theoretic measures [10-12], leading to entropic uncertainty
relations (EURs). In this line, pioneering works by Hirschman [13], Bialynicki-Birula and
Mycielski [14] based on important results due to Beckner [15], Deutsch [5], or Maassen and
Uffink (MU) [6] who proved a result conjectured by Kraus [16], have given rise to different
formulations of the principle based on Shannon and generalized one-parameter information
entropies, or on entropic moments [17—45]. Versions using the sum of variances (instead of
their product) [46], the Fisher information [47-49], or moments of various orders [50] have
also been developed.

In this contribution, we focus on the formulation of the UP in the case of finite
dimensions by using (%, ¢)-entropies, a generalization of the Shannon entropy due to Salicrd
et al [51, 52]. In particular, we deal with two well-known one-parameter entropy families, the
Rényi and Tsallis ones. Our aim is to obtain a universal and nontrivial bound for the sum of
the entropies associated with the outcomes of a pair of positive operator-valued measures
(POVM). In order to do this, we follow a method similar to that of de Vicente and Sanchez-
Ruiz in [26], solving the minimization problem for the sum of generalized entropies subject to
the Landau—Pollak inequality [53]. We develop a geometrical approach to the problem.

The paper is organized as follows. In section 2, we begin with basic definitions and
notation, we present the problem, and we summarize previous results on EURs that deal with
Rényi or Tsallis entropies. In section 3, we give our main results concerning general entropy-
like formulations of the UP in finite dimensions. For the sake of comparison with existing
bounds in the literature, in section 4 we choose some particular cases. A discussion is
provided in section 5. The proofs of our results are given in detail in a series of appendices.

2. Statement of the problem: notation and previous results

2.1. Generalized entropies

We are interested in quantitative formulations of the UP, particularly through the use of
information-theoretic quantities. More precisely, as measure of ignorance or of lack of
information we employ Salicru et al (h, ¢)-entropies [51, 52]
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N
Hy,g) (p) = h[ qu(pk)] (1)

k=1

for any probability vector p € Py (the set of probability vectors in [Rf) and where the
entropic functionals ¢: [0 ; 1] — R and 4: R — R are such that, either ¢ is concave and £ is
increasing, or ¢ is convex and 4 is decreasing. We restrict here to employ entropic functionals
such that

e ¢ is continuous and strictly concave or strictly convex,

e /1 is continuous and strictly monotone,

e ¢ (0) = 0 (so that the ‘elementary’ uncertainty associated to a event with zero-probability
is zero),

e (¢ (1)) = 0 (without loss of generality).

Many of the well-known cases in the literature satisfy these assumptions (see [S51, 52] for
a list of examples). Among them, the most renowned ones are

e Shannon entropy [10], given by ¢ (x) = —x log x and & (x) = x, where log stands for the
natural logarithm, corresponding to

H(p) = =Y p, log p,. )
k

e Rényi entropies [11], introduced in the domain of mathematics from the same axiomatics
as Shannon but relaxin% only one property (recursivity is generalized); it is given by
()

¢(x) =x% and h(x) = | _g z, where 4 > 0 is the entropic index,

1
Ri(p) = log[ Zpﬁ]. 3)
-4 -

o Tsallis entropies, firstly introduced by Havrda and Charvét [54] from an axiomatics quite
close to that of Shannon, then by Dardczy [55] through a generalization of a functional
equation satisfied by the Shannon entropy, and finally by Tsallis [56] in the domain of
nonextensive physics; it is given by ¢(x) = x*, 1 > 0, and h(x) = =

1:,:’
1 - Zpk’1
k

A=1

S:(p) = “

The last two cases belong to a general one-parameter family given by ¢ (x) = x* and

hx) =19,

f [ > p,f]
k

1 -2
with f increasing and f(1) = 0, and where the entropic index A plays the role of a
‘magnifying glass’, in the following sense: when A4 < 1, the contribution of the different terms
in the sum Y, pk’1 becomes more uniform with respect to the case 1 = 1, thus stressing the
tails of the distribution; conversely, when 4 > 1, the leading probabilities of the distribution

Fip) = ®)
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are stressed in the summation. As an extreme example, for A = O the generalized entropy
Fy(p) is simply a function of the number of nonzero components of the probability vector p,
regardless of the values of these probabilities; this measure is closely linked to the [ quasi-
norm which measures the sparsity of a representation in signal processing [57-59]. If
additionally f is differentiable, with f’(1) = 1, the Shannon entropy is recovered from F,
entropies when 4 — 1.

The generalized (h, ¢)-entropies (1) satisfy usual properties as:

® Hy, 4 (p) is a Schur-concave function of its argument, that is, if p is majorized® by ¢, which
is denoted p < g, then Hy, 4 (p) = H 4 (q). This property is a consequence of Karamata
inequality that states that if ¢ is convex (respectively concave), then p — Y, ¢ (p;) is
Schur-convex (respectively Schur-concave) (see [60] or[61, chapter 3, proposition C.1]),
together with the decreasing (respectively increasing) property of h. The property of
Schur-concavity is useful in some problems of combinatorial, numerical or statistical
analysis [61].

® Hpg)(p) 2 0V p € Py, with equality iff the probability distribution is a Kronecker
delta: p, = &;; for certain i, that is, the ith-outcome appears with certainty so that the
ignorance is zero. This property is a consequence of Schur-concavity of H, 4 since
p<I[l 0 - OF, together with A(¢p(1)) = 0.

o Higy (p) < h(Nqﬁ(%)) V p € Py, with equality iff the probability distribution is

uniform: p;, = % for all k, that is, all outcomes appear with equal probability so that the
uncertainty is maximal. Again, this property is a consequence of Schur-concavity of
H, 4) since [% %]f < p (see[61, equation (8) p 9]).

® Hy 4 (p) is a concave function of p if & is concave; this is due to the facts that: (i) for
concave (respectively convex) function ¢, function p— Y, ¢(p,) is concave
(respectively convex) [62], and (ii) function A is increasing (respectively decreasing).
This property is useful in optimization problems [62, 63]. Shannon entropy is known to
be concave [12]. Rényi entropy is concave for 4 € [0 ; 1]; and in fact, it can be shown
that there exists an N-dependent index A4 (/) greater than 1, up to which Rényi entropy

remains concave [64, p. 57]. Tsallis entropy is concave for any index 4 > 0.

Furthermore, the one-parameter entropy F} is a decreasing function in terms of 4 for fixed
p. With the positivity of f, this ensures the convergence of F) (at least simply) when 4 — +oc0
so that F,, could be called minimal generalized F)-entropy (when the limit is not identi-
cally zero).

Finally, note that from the strict monotony of the function 4, there exists a one-to-one
mapping between two generalized entropies sharing the same functional ¢, say (&, ¢) and
(g, ¢), under the form Hy, 4 (p) = h(g™! (H(g,¢) (p))). For instance, the one-to-one mappings
between Rényi entropy (3) and Tsallis entropy (4), for a given 4, are

1 —exp((1 =) Ry(p))

A-1 ©

S:p) =

3 By definition, p < g means that, }7'_ ]pi < Zleqi, m=1,...,N—1, and Z,](V: P = Zszlqu where -
means that the components are rearranged in decreasing order.
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and

Ry(p) =

— log(1+ (1 = 1) S;(p). @)

2.2. Entropic uncertainty relations

Let H be an N-dimensional Hilbert space. A general quantum measurement is described by a
set of positive operator-valued measures (POVM). This is a set A = {A4;} ™ | of Hermitian
positive semidefinite operators satisfying the completeness relation ZZNQ (Ai = I, where I is
the identity operator and N4 is the number of outcomes. For given POVM A and quantum
system described by a density operator p (Hermitian, positive semidefinite with unit trace)
acting on H, the probability of the ith outcome is equal to p; (A, p) = Tr (A;p).

In this contribution, we consider the (%, ¢)-entropies (1) for the probability vectors

P@A, p)= I:pl(A, p) = Py, A, p)]l with p;(A, p) =Tr (A,-p) and

B, o) =[piA. p) - py,B.p) | with pB, p) = Tr (Byp),

associated with the measurements of two POVM sets A and B, respectively.
The fact that the sum of (4, ¢)-entropies is lower bounded gives rise to an entropy-like
formulation of the UP, that is, inequalities of the form

Hipp0 P(A, ) + Hagp,) 0By p)) Z Binygp ) (hsip) (®)

for any two pairs (ha, ¢,) and (hp, ¢pg) of entropic functionals, where the bound
Bh.4,).(hsdy) 18 noNtrivial, i.e., nonzero, and universal in the sense of being independent
of the state p of the quantum system. In particular, dealing with the family F,, we focus on the
case, where f is the same for both entropies, but with an arbitrary pair (a, ) of nonnegative
entropic indices. The ultimate goal is to find the optimal bound, which by definition is
obtained by minimization of the left-hand side, i.e.

By (As B) = min { Hipp) 0 (A, p)) + Hgg,) (B, p)) } ©)

In the case of two nondegenerate quantum measurements, the optimal bound depends on
the transformation matrix 7 whose entries are given by

T = (bjlai), (10)

N
where {]a;)}M_, and {lb,-)}' | are eigenbases of A and B, respectively (A; = |a;){a;l,
i’y

Bj=|b;)(bj|l, Ny = Ng = N). From the orthonormality of the bases, T € U"(N), where
U’ (N) denotes the set of N X N unitary matrices. A relevant characteristic of such a unitary
matrix is its greatest-modulus element

o(T) = max |(b;la;)l, (1n
LJ

the so-called overlap between the eigenbases of A and B. From the unitary property of matrix

JN
complementary observables, meaning that maximum certainty in the measure of one of them,

implies maximum ignorance about the other. In the opposite extreme case, ¢ = 1 corresponds
to observables A and B sharing (at least) an eigenvector; this situation happens for example
when the observables commute.

T, the overlap is in the range c € % ; 1]. The case ¢ = = corresponds to A and B being
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In this nondegenerate context, to find the optimal bound depending on the transformation
matrix is a difficult problem in general; a weaker problem is to restrict to bounds depending
on the overlap ¢ instead of on the whole matrix 7. Thus, the optimal c-dependent bound
writes

B () = min B 7). 12
(haoip ), (g py):N (€) eyt (hasp ) (hg,p) (T) (12)

We call E(hAa(/)A)a(hB»(/)B);N(C) the c-optimal bound in order to distinguish it from
B ).ty (T) that we call T-optimal bound.

Similarly, in the general POVM framework, finding the (A, B)-optimal bound
equation (9) is a difficult task. In this context, a relevant characteristic of the pair (A, B) is the
triplet of overlaps

ca = max || /A |
¢(A, B) = (cp, cp, cap) Where ‘g = mjglx [ VB I (13)
CAB =

max | /4; B; |

(in the nondegenerate case, ¢ = (1, 1, ¢)). A weaker problem is again to restrict to bounds
depending only on ¢, the c-optimal bound being
Blusgtrngurn© = - min Bog i 4 B) (14

with N = (N4, Ng, N).

The study of entropic formulations to quantify the UP is not new and has been addressed
in various contexts [5, 6, 16-45]. However, the problem of finding c-optimal (respectively c-
optimal) or (A, B)-optimal (respectively T-optimal) bounds in the form posed in
equations (8)—(14) still remains open in many cases. Moreover, many available results cor-
respond to Rényi or Tsallis entropies with conjugated indices (in the sense of Holder:
% + i = 1) as they are based on the Riesz—Thorin theorem [65]; however, recently some
results were derived for nonconjugated indices in some particular situations.

For the sake of later comparison we summarize existing bounds, dealing in particular
with Rényi or Tsallis entropies, classified by the entropic measure used and the entropic
indices involved. To fix notation, we define the following regions in the a—f-plane:

1 2_ _ a
CZ{(a,ﬁ)E(E, +00).ﬂ—2a_1}

<Qz[o;%]x[RJr U{(a,ﬁ)eﬂ{f:a>%,ﬁ<ﬁ} (15)

-

= _ 2, 1 a
C—{(a,ﬂ)eR+.a>2,ﬁ>2a_l}

\

which are called conjugacy curve and regions ‘below’ and ‘above’ the conjugacy curve,
respectively (see figure 1).
Results available in the literature comprise the following:

e Shannon entropy: (a, ) = (1, 1)
o Deutsch obtained the first bound in 1983 [5], which is given by

BP(c) = =2 1og(1;").




J. Phys. A: Math. Theor. 47 (2014) 495302 S Zozor et al

2.5

2

Ql

1.5
Aol

1
0.5

(g

0

0 1 2
o

Figure 1. The conjugacy curve C is represented by the solid line (the positive branch of

the hyperbola i + %ﬂ = 1), while the region C ‘below’ this curve is in dark gray, and

the region C ‘above’ that curve is represented in light gray.

o MU improved Deutsch bound by using the Riesz—Thorin theorem, in the context of

pure states. Their bound is BMU(c) = —2log ¢ and it is not optimal, except for
complementary observables, that is, for ¢ = %

¢ de Vicente and Sanchez-Ruiz [26, 34] improved MU bound in the range ¢ € [¢*; 1]
with ¢* ~ 0.834 by using the Landau—Pollak inequality that links max; p;(A, p) and
max;p;(B, p), in the context of pure states. This bound is not optimal, except for
complementary observables (see also [23, 27]) or for qubits (N = 2) [22, 40].

o Recently, Coles and Piani (CP) [44] improved the MU bound in the whole range of the
overlap ¢, indeed they obtained the bound B (c, ¢;) = =2logc + (1 — ¢) log c%’
where ¢, is the second largest value among the |T;;|. Moreover, the authors obtained a

stronger but implicit bound BF(T) and generalized their results for POVMs and
bipartite scenarios (see also [45]).
e Rényi entropies:

o For (a, ) € C, the MU bound BMV (¢) remains valid. Rastegin extended this result to
the case of mixed states and generalized quantum measurements [37, 66]. These works
are mainly based on Riesz—Thorin theorem. The bound is not tight, except for ¢ = %

[23, 27].
o For (a, f) € C, the MU bound BMY (¢) remains valid due to the decreasing property of

Rényi entropy with the index. Here again, for ¢ = % the bound is optimal [23, 27].

o For (a, B) € C, the Deutsch bound B (c¢) remains valid. This result is due to MU who
solved the minimization of the sum of min-entropies (infinite indices) subject to the
Landau—Pollak inequality. Note that the Deutsch bound is valid in the whole positive
quadrant (but it is not optimal) due to the decreasing property of the Rényi entropy
versus the index.

o For f = a, Puchata, Rudnicki and Zyczkowski (PRZ) in [41] derived recently a series
of N — 1 bounds depending on the transformation matrix 7" by using majorization
technique. We denote by BS?%%,(T) the greatest of those bounds which is not 7-
optimal although it improves previous ones in several situations. A particular bound of

7



J. Phys. A: Math. Theor. 47 (2014) 495302 S Zozor et al

the series (the worst one) depends only on the overlap ¢, and expresses as
1 _la log [(%)2“ + (1 - (1%)2)"] but it is not c-optimal. Further extensions of this
work to mixed states and generalized quantum measurements are given by Friedland
et al [42].
o For (a, §) € [0, 11%, the CP bounds remain valid due to the decreasing property of
Rényi entropy with the index.
o For (a, f) € R +2 and N = 2, we derived recently the T-optimal bound B, s, log (T). It
depends only on the overlap, so that it is c-optimal as well, and
I?aﬁ; g (T) = l?a,,;; log;2(¢) [40]. Note that this equality is trivial since only ¢
parametrizes all the |7;| and that in this case the phases play no role (due to the
symmetry of the Bloch sphere or from the Z-Y decomposition for a single qubit [40]).
Numerical solutions have been found in the whole quadrant, and we have been able to
derive analytical expressions in some regions. In addition, the states that correspond to
the bound were obtained, in terms of the whole matrix 7.
e Tsallis entropies:
o For f = a and pure states, the inequality

Sa(P(A, p)) + Sa(P(B, p)) + (1 = a)Sa(p(A, p))Sa(p (B, p)) 2 1
has been derived in [20]. This relation can be viewed as a consequence of the fact that the sum
of Rényi entropies with equal indices is lower bounded by the Deutsch bound, together

2(a-1)

with relation (6) linking S, and R,. This bound has been refined to 1_571 when

a € [% ; 1], starting from the MU inequality in the conjugacy curve, and using the
decreasing property of R, versus «, and relation (6).

o For (a, p) € C, following recent works of Rastegin [35, 36], one can obtain the
inequality

1 — c20-D
A—-1

(id stands for the identity function, id(x) = x).

o For (a, p) € C, bound Bf’ pid — 1(c) remains valid due to the decreasing property of
Tsallis entropy versus the entropic index.

o For (a, p) € [0, 113, MU, Deutsch and CP bounds remain valid due to the decreasing
property of Tsallis entropy with the index.

S.(P(A, p)) + Ss(p(B, p)) > = BE jia—1(c) with 1 =max {a, §}

One can find in the literature many bounds improving the above mentioned, in special
contexts (particular overlap and/or particular pair of indices). We refer the interested reader to
[21, 25, 30, 31, 35, 37, 39, 43, 45]. For the sake of completeness of this short review, it is
worth mentioning that there is a new insight of EURs that allows the observer to have access
to a quantum memory [32, 33, 38, 67-69]. Also, there exist entropic formulations of the UP
for more than two measurements (in particular, for mutually unbiased bases)
[19, 28, 29, 70, 71] and for observables with continuous spectra [23, 72—74]. These topics
have many applications in different issues of quantum information such that entanglement
detection, proof of the security of quantum cryptographic protocols, and others [75-80]. Such
studies go beyond the scope of the present paper.

Finally, it can be shown that some bounds and relations discussed above can be
expressed in terms of the generalized entropies of the family F) (with a common function f for
both entropies, but any pair of entropic indices):

8
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e F, entropies:
o For (a, ) € C U C, with the additional condition that xf’(x) is increasing, following
the same approach as that of Rastegin in [35, 36] and using the decreasing property of
F) versus 4, one can prove the relation

f(czu—l))
F@p@A, p)) + Fs(p(B, p)) > ﬁ = Bf!ﬁ;f(c) with 1 = max {a, f},

which includes as particular cases the results of MU and of Rastegin.

o For f = a > 1: since F, is Schur-concave, the corollary 2 of [41] allows us to derive a
T-dependent bound for F,(p(A, p) @ p(B, p)), where @ denotes the Kronecker
product4. If f(x) +f() <fxy) for0<x, y<1then F,(p(A, p)) + E,(p(B, p))=
F,(p(A, p) @ p(B, p)). Applying the results of PRZ to the right-hand side we obtain a
bound for the sum of F, entropies. Rényi and Tsallis entropies with entropic index
greater than or equal to one are particular cases.

o For f = a < 1: from the Schur concavity of F; we have again a T-dependent bound for
FE@p@A,p)®pB,p)). Now, if f(x)+f(y)=>f(xy) for x,y>1, one has
FEpA,p)+ E@@B, p) = FE@p@Q, p) ® p(B, p)) (notice that Tsallis entropy does
not fulfill this property in this case). Therefore, PRZ results applied to the right-hand
side allows again to obtain a bound for the sum of this class of entropies. Rényi
entropies with entropic index lower than or equal to one are particular cases.

s For (a, ) € [0, 1>, MU, Deutsch and CP bounds remain valid due to the decreasing
property of the entropy F; with the index.

3. Generalized EURs

We extend results summarized in the preceding section for POVM pairs, and generalized
entropies (1) with arbitrary pairs of entropic functionals (h4, ¢,) and (hp, ¢5). Our approach
follows that of de Vicente and Sanchez-Ruiz [26] except that here the concomitant optimi-
zation problem is mainly solved in a geometrical way. This allows us to generalize the results
to arbitrary entropic functionals. Moreover, we use the fact that the Landau—Pollak inequality
applies for POVM pairs and for both pure and mixed states [81, 82] to argue that our results
include these situations.
Our major results are given by the following proposition, and corollaries 2—4:

Proposition 1. Let us consider a pair of POVM A = {A;} ,Ni yand B = {B;} jyf‘: | acting on
an N-dimensional Hilbert space H, and consider a quantum system described by a density
operator p acting on H. Then for generalized entropies of the form (1), with any two pairs of
entropic functionals (ha, ¢,) and (hp, ¢g), the following uncertainty relation holds:

Hinyp ) P (A5 p)) + Hinypy) (P (Bs ) Z By, hsgy) (€(As B)), (16)

where the overlap triplet ¢ (A, B) = (ca, cp, cap) Iis given by equation (13), and the lower
bound expresses as

4
) oyl ® lgy + au] = [P1q1 Py = Pn @ Pnam]

9
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D) (¥a) + Dy, (vp) if yup<ratup

By ). (hs.py) (€) = min (D(hmm) ©) + Do) (VA,B _ 9)) otherwise 17)
HE[YA’}'A,B_J/B:I
with
Y = arccos ¢4,  yp = arccos cp, ¥, p = Arccos C4p (18)
and
Dy (0) = h(l 12 J¢ (cos?0) + ¢(1 - [ 12 Jcoszﬁ)), (19)
cos“0 cos-0
where | - | indicates the floor part.
Proof. See appendix A. O

For the sake of simplicity, when dealing with F) entropies (with the same function f for
both observables), the bound is simply denoted

By = B(%,id"), (iLid?)- (20)
Let us note the following facts:

® B,.6).(haay (€) 18 explicitly independent of N = (N4, N, N).

e Previous results in the literature, in particular those of de Vicente and Sanchez-Ruiz [26],
are extended here from Shannon to more general (4, ¢p)-entropies, the former being
recovered as a particular case. Moreover, our result applies in the POVM framework and
for both pure and mixed states.

o For Tsallis entropies with f = a, it is straightforward to obtain relations of the type

1 — (=@ Bua 1o (©

Sa(P(A, p)) + Sa(p(B, p)) + (1 = a)Sa(P(A, p))Sa (P (B, p)) 2 7 _1

that improve and generalize the findings in [20] and is valid for all positive entropic index.

Note that, except when y, g < ¥4 + ¥, bound (17) is implicit. This is also the case for
several bounds in the literature [26, 41, 44]. But, as for [26, 44], the problem is shown to be
reduced to an optimization on one parameter over a bounded interval, instead of on N (N — 2)
parameters. Notice that from the increasing property of D, 4, (9) versus 0 (see appendix A),
an explicit lower bound can be obtained:

Corollary 1. Whatever the overlaps triplet be, bound (17) satisfies
B ). hy) € Z Dinggp) (Ya) + Ding.g,) (15)- 2

Thus the expression on the right hand side lower bounds the entropy sum even when
YaB>Yat Vs

Note however that this analytic bound is weaker, and that when y, = y; = 0 it turns out
to be trivial.

Finally, it is to be noticed that bound (17) is in general not c-optimal. Indeed, our method
for solving the minimization problem first treats separately the contribution of each obser-
vable in the entropy sum and, only in a second step the link between the observables is taken
into account through the Landau—Pollak inequality. In some specific cases, this relative
weakness disappears, as we see now.
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Hereafter, we consider the case of nondegenerate quantum observables. In this case, we
have Ny=Np=N,ca=cp=1@, =y =0) and cap = ¢ (y4 5 > 0 except when ¢ = 1),
then the bound (17) reduces to

B = min | D, 0)+ D -0 22
Bast )ty (€) gfe%,ﬂ( tat) @) + Dy, (v )) (22)

with y = arccos c.

As already mentioned, bound (22) is in general not c-optimal. However, it can be shown
that this bound does turn out to be optimal for some particular values of the overlap. This is
summarized in the following corollary:

Corollary 2. When ¢ > % and N = 2 or N > 4, the bound (22) is c-optimal,

Bihst . (€) = Bl ). 2 (€) = , i ](Dm«m) ©) + Doy, (v = 9))~ (23)
sy

Proof. See appendix B. O

We suspect that this corollary is also valid when N = 3, but we have not been able to
prove it yet.

A consequence of the corollary is that, in the range of the overlap ¢ > %, the bound (22)
reduces to that of the qubit case and improves all c-dependent bounds such as those of MU [6]
or Rastegin [35, 36] in the context of entropies of the F; family. In particular, since BMY and
B 5. /() do not depend on N, then By ;100 (¢) = BMY and By s (c) > Bi 5. (c) for any
c> % and any N > 2. Moreover, it is shown in [40] that, for a certain range of entropic
indices and in the context of Rényi entropies, this c-optimal bound takes an analytical
expression.

Now, we particularize the proposition to the case of Rényi entropy [setting ¢ (x) = x*
and f(x) = iof;, ie., f=log in the F), family], which is mostly used in the literature of
EURs, and compare our bound with previous ones, as we detail in the following two
corollaries:

Corollary 3. In the context of Rényi entropy, the bound (22) is higher than that of Deutsch:

Bapstog (©) > BP(c) = =2 log( 1 ; C)- 24)

Proof. See appendix C. O
This result is particularly interesting above the conjugacy curve, (a, ) € C, where the
only c-dependent explicitly known bound for Rényi entropies is precisely B (c).
It is known that the sum of Rényi entropies below the conjugacy curve, (a, ) € C, is
lower bounded by MU result. For ¢ > % we were able to improve this bound, but for ¢ < %
it is not always the case. Indeed, we have:

Corollary 4. In the context of Rényi entropy, when ¢ <
lower than that of MU:

% and (a, B) € C, the bound (22) is
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Ba g 10g (€) < BMY(c) = =2 log c. (25)

Proof. See appendix D. O
To the best of our knowledge, in the range of the overlap ¢ < %, the MU result is the
tightest c-dependent bound when (a, ) € C.

4. Comparison with previously known bounds

4.1. MU, Rastegin and CP bounds

We now compare our bound with previously known ones in the nondegenerate context, for
Rényi and Tsallis entropies with indices (a, ) in the region C U C or just within [0 ; 1]%.
Relative differences are shown through density plots in figures 2-5, for chosen typical values
of the overlap c. Positivity of these differences indicates that our bound improves the
previous.

a,f; log (c)— BMU (c) . . . . .
5 o for entropic indices in and below the conjugacy
a,p; log (C
curve, (a, ) € C U C. We observe the following behavior of our bound with respect to MU

result:

In figure 2 we plot B

e Uptoc = % (c = 0.5 is shown), the relative difference is negative or zero, so our bound
does not improve the MU one (corollary 4).

e When c is between L and - (¢ = 0.706 is shown), the relative difference is positive or
negative (although very small), so our bound improves the MU one in some regions of
the a—f-plane. This region is delimited by the white line: the improvement takes place
below this curve; we observe that the region of improvement increases with the overlap.

e When ¢ exceeds - (c =0.708 and 0.9 are shown), the relative difference is positive, so
our bound improves MU one (corollary 2); the improvement significantly increases with
the overlap.

o pid1(C)BR 4aZ1(0) ... .
prel PP 4= 1 for entropic indices in and
B pid-1(¢)

below the conjugacy curve, (a, ) € C U C. We observe the following behavior with respect
to Rastegin results:

In figure 3 we plot the relative difference: b

e Uptoc= % (c = 0.5 and 0.6 are shown), the relative difference is positive or negative,
so our bound improves the Rastegin one in some regions of the a—f-plane. The regions
where an improvement occurs are outside the domain marked by the black line. These
regions always exist (even when ¢ < %) and increase with the overlap.

e When ¢ exceeds —L (c = 0.708 and 0.9 are shown), the relative difference is positive, so

our bound improves Rastegin one (corollary2) and the improvement increases
significantly with the overlap.

_ RCp*
In figures 4 and 5 we plot the relative differences: %ﬁ)@, for f=id and log,
a.pif (€

respectively, where B (c) = B (c, ¢;) with ¢; = 71\’1\;31'62 being the lowest possible
second larger value of the |T;;| (we choose here N = 3 and N = 10 respectively); the entropic

indices are (o, ) € [0; 1]%. We observe the following behavior with respect to CP results:

12
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c=05 ¢=10.706 c=10.708 x107° c=10.9
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2 04 2 383 T 0.4
-06 0.1 3.625 03
0 0 3.62
o 2 4 % 2 4 % 2 a4 0.2
« « «
. P . Bua.p: log (€)= BMY (¢)
Figure 2. Rényi entropy case: density plots of 57() for (a, p) e CU C
. log (€
when ¢ = 0.5, 0.706, 0.708 and 0.9.
c=05 =06 c=0.708 x107° c=09
0 0.1 5
4 0 4 0 4 4 4 0.6
~ ’ - . 3 -
=, =, 01 ™, ) =, 0.4
-0.4 o2
0 0 0 L 0 02
0o 2 4 0o 2 4 0o 2 4 o 2 4
« « o

Ba,iid—1(¢) = BE 5ia — 1(0)

Figure 3. Tsallis entropy case: density plots of - © , for
a,prid—1(C
(a, p) € CU C when ¢ = 0.5, 0.6, 0.708 and 0.9.
Rényi (N = 3) Tsallis (N = 3)

c=0.9

c=0.6 c=0.9
1 1
0.6 04 07
0.2
-0.1 06
«05 - 05
s 205
-0.2 05
-0.2
-0.3 0.4 0 0 0.4
0 05 1 0 05 1
(e} «

Bapy(©) =B (c)
Ba,pif(c)

o

Figure 4. Rényi and Tsallis entropy cases for N = 3: density plots of
for (a, ) € [0; 1]*> when ¢ = 0.6 and 0.9.

Rényi (N = 10) Tsallis (
1 1
-0.2 0.5 06
-0.3
-0.4 04 o5 @ 08
: o -0.2 0.4
-0.5 0.3 -0.4 0.3
-0.6 0 -0.6

Figure 5. Same as figure 4 for N = 10.

e For any value of ¢, the relative difference can be positive or negative, so our bound
improves the CP one in some regions of the a—f-plane. The regions where an
improvement occurs are below the domain marked by the solid line in figures 4 and 5.
These regions generally exist (even when ¢ < l) and their extension is greater with the
overlap (the improvement always exists for ¢ > f)

e When N increases (and ¢ < f)’ the domain of improvement is smaller. Remind

however that the best possible CP bound B? is plotted here.

13
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Figure 6. Rényi entropy case: bounds B = Bqq; 10¢ (¢) (solid line), B = Bgf{ig (T)

(dashed-dotted line), BMY = BMU(¢) (left plot, dashed line) and BP = BP(c) (right
plot, dashed line), in terms of the power s in the transformation matrix for @ = 0.8 and
1.4. In addition, we plot the overlap ¢ in terms of s (dotted line).

a=0..8 a=14
1 1
R c
€y
.................... /
B/ BRY: B—
0.5 /B 05 o
/2 BPRZ
ks a
A~ ‘
7
/'/
QL= 0
0 0.2 04 0 0.2 04
S S

Figure 7. Tsallis entropy case: bounds By, ¢:iq—1(c) (solid line), B{’f, a id — 1(c) (left plot,
dashed line), BP(T) (left plot, dotted line below that of B% (c)), BERZ _ ()

a, a;id — 1
(right plot, dashed-dotted line), in terms of the power s in the transformation matrix for
a = 0.8 and 1.4. In addition, we plot the overlap ¢ in terms of s (dotted line).

4.2. Bounds for powers of a circular permutation matrix in the line f = a

An illustrative example to consider for the evaluation of generalized EURs is given in [41],
where a special class of transformation matrices is used. Indeed, the quantum observables
here are such that the transformation between their eigenbases is a power of a circular

N-dimensional permutation matrix, namely 7Ty (s) =[

0 Iy
1 0---0

]s with s € [O; %] and

where Iy_; denotes the (N — 1) X (N — 1) identity matrix. We compute our bound in these
cases for N = 3 and for some chosen, equal entropic indices, and we compare our results with

14
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Figure 8. Rényi entropy case: bounds B, 4; 10¢ (¢) (solid line), BMU (¢) (dashed line, left
and middle plots) , Bir7,, (T) (dots), and BP (c) (dashed line, right plot), in terms of the
overlap ¢ for a = 0.2, 0.8 and 1.4.

the bounds of PRZ, MU and Deutsch in the case of Rényi entropy (figure 6), and with the
bounds of Rastegin, CP and PRZ in the case of Tsallis entropy (figure 7). In this particular
example, Tx(s) can be analytically determined, allowing for an analytic expression for both
CP bounds B and BP. It appears that, whatever N, both bounds coincide and that they
coincide with the MU bound.

In figure 6 we plot the bounds By, q; 10g (€), Bl og (T), BMY(c) and BP (c) for the Rényi
entropic formulation of the UP, in terms of the power s in the transformation matrix, when
a = 0.8 and 1.4. The overlap ¢ = c(s) corresponding to the transformation T = T (s) is also
shown in the figure. We observe that:

e For @ = 0.8 our bound improves both PRZ and MU ones for a wide range of values of s.
The fact that our bound can be lower than that of PRZ for ¢ > % does not contradict
corollary 2. Indeed, the PRZ bound is 7-dependent and is evaluated here for a particular
T; it is not the minimum over all T for a given c.

e For @ = 1.4 our bound improves Deutsch result (corollary 3) as well as PRZ for all s.

In figure 7 we plot the bounds By gia—1(c), BR o.q_1(c), BT = B® = BMY, and
135?51 _ (T, for the Tsallis entropic formulation of the UP, in terms of the power s in the
transformation matrix, when o = 0.8 and 1.4. We observe that:

e For @ = 0.8 our bound improves both CP and Rastegin ones in a wide range of values
of s.
e For @ = 1.4 our bound improves PRZ one for all s.

4.3. Bounds for randomly drawn unitary matrices in the line p = a

As a further example, we randomly generate 10* unitary matrices 7' sampled according to a
Haar (uniform) distribution on U (3) [83, 84]. We compute our bound in these cases for some
chosen, equal entropic indices, and we compare our results with the bounds of PRZ, MU and
Deutsch in the case of Rényi entropy (figure 8), with the bounds of Rastegin and PRZ in the
case of Tsallis entropy (figure 9), and with BCP in both cases (figure 10).
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Figure 9. Tsallis entropy case: bounds By, q:iq—1(c) (solid line), Bf, a id — 1(c) (dashed
line, left plot), and B,};Fi,g (T) (dots), in terms of the overlap ¢ for ¢ = 1, 1.5 and 2.
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Figure 10. Rényi, Tsallis and Shannon entropy cases: bounds B, 4. (c) (solid line),
BMY(¢) or B . .i_, (dashed line) , B®(T) (dots), in terms of the overlap ¢ for

a, a; i

a = 0.5 (Rényi and Tsallis) and 1 (Shannon).

In figure 8 we plot the bounds By, q; 10g (¢), BMY (¢), Biriog (T), and BP (c) for the Rényi

a; lo
L when a = 0.2, 0.8 and 1.4.

entropic formulation of the UP, in terms of the overlap ¢ > Nt
We observe that:

e For a = 0.2, our bound improves MU one in the whole range of the overlap. We find
transformation matrices such that our bound improves PRZ one, although with a low
frequency of occurrence.

e For @ = 0.8, our bound improves MU one when ¢ > % (corollary 2). We find
transformation matrices such that our bound improves PRZ one, with a frequency higher
than for @ = 0.2 and increasing with ¢ as well.

e For a = 1.4, our bound improves Deutsch one in the whole range of the overlap
(corollary 3). Again, we find transformation matrices such that our bound improves PRZ
one, with a frequency higher than for @ = 0.8 and increasing with ¢ as well.

In figure 9 we plot the bounds B, 4; 10z (¢), Bf, aid - 1(c), and Bg?%og(T) for the Tsallis
entropic formulation of the UP, in terms of the overlap ¢ > 1 whena = 1, 1.5 and 2. We

\/§ 1)
observe that:
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e For a = 1, our bound improves Rastegin one when ¢ > % (corollary 2). We find
transformation matrices such that our bound improves PRZ one, with relatively high
frequency of occurrence.

e For @ = 1.5, we find transformation matrices such that our bound improves PRZ one in a
wider range for the overlap and with higher frequency than for a = 1.

e For a = 2, for all the sampled matrices we find that our bound improves PRZ one in the
whole range of the overlap.

In figure 10 we plot the bounds By q (¢), BMY(c) or BE . .4 _ 1(c), and B (T) for both
Rényi and Tsallis entropic formulation of the UP, in terms of the overlap ¢ > when

a = 0.5 and 1. We observe that:

1
\/3’

e For any a, our bound improves B in a wide range of the overlap c.
e In the Tsallis context, for a < %, for all the sampled matrices, we find an improvement of

B in the whole range of the overlap. We observe that the range of values of ¢ for which
an improvement of the CP bound occurs, decreases with a.

We notice that, as MU, Deutsch, Rastegin and our bounds depend only on the overlap c,
then the same relative behaviors remain valid for dimensions higher than 3 (at least for
c> %). In contrast, that may not be the case for the relation between CP, PRZ and our
bound, since the formers depend on the whole transformation matrix 7; indeed, we expect an
increase of the predominance of PRZ and CP over other c-dependent bounds. However, our
bound is easier to calculate than PRZ one for instance whose computation complexity
increases combinatorially with the dimension of the matrix 7.

5. Concluding remarks

In this contribution we provide a general entropy-like formulation of the UP, for any pair of
POVM in the case of pure or mixed states in finite dimensions. The sum of generalized
(h, ¢)-entropies (1) associated to two POVM sets is proposed as measure of joint uncertainty,
and lower bounds for that sum are searched for, in terms of the overlaps ¢ between the
POVM, which in a sense quantifies the degree of incompatibility of the observables. Our
main result is summarized in the proposition of section 3, where we give a c-dependent lower
bound for the entropy-sum, leading to the family of EURs (16). To obtain this, we follow the
same approach as de Vicente and Sanchez-Ruiz appealing to the Landau—Pollak inequality,
and we solve the concomitant constrained minimization problem, mainly in a geometrical
manner. In this way, the calculation of a ¢-dependent bound reduces to the resolution of the
straightforward one-dimensional minimization problem in (17).

Our uncertainty relation (16) generalizes previous similar results in several ways, namely,
it is valid for:

e Salicri generalized entropic forms (including Rényi (3) and Tsallis (4) entropies, which
are obtained for ¢ (x) = x* with h(x) = |1sz and h(x) = %, respectively),

e any choice for the pair of entropic functionals (h4, ¢,) and (hp, ¢5) (overcoming the
limitation due to the Riesz—Thorin theorem that involves conjugated pairs of indices
when dealing with the family F,; (5) with the same f, which is mainly used in related
literature),

e any pair of positive operator valued measures, and

17
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e both pure and mixed states (which is proved without recourse to the concavity property,
that, for instance, Rényi entropy does not fulfill in general).

Besides we show that, in the case of nondegenerate quantum observables with overlap c,
the bound reduces to the unidimensional minimization problem (22). Moreover, for values of
the overlap greater than —, our bound is c-optimal and it reduces to that of the qubit (N = 2)
case (corollary 2). In other words, we improve all c-dependent bounds in that range of the
overlap.

In addition, we go further in the case of Rényi entropies and we find that our bound
improves Deutsch one in the whole range of values of the overlap (corollary 3), and also that
our bound does not improve MU one for values of the overlap lower than or equal to %
(corollary 4). The former result is particularly interesting for entropic indices above the
conjugacy curve where, up to our knowledge, Deutsch bound is the only known one with an
analytic expression; whereas the latter result establishes that restricting the domain by the
Landau-Pollak inequality, leads to a result weaker than using Riesz—Thorin theorem.

Finally, in section 4, we provide several examples that exhibit an improvement with
respect to known results in the literature, in the cases of Rényi and Tsallis entropies.

The extension of our approach to take into account quantum memory and for more than
two POVM sets is currently under investigation.
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Appendix A. Proof of the proposition

Our aim is, given the probability vectors p (A, p) and p (B, p) associated with the POVM A
and B respectively, to minimize the sum of (h, ¢)-entropies subject to the Landau—Pollak
inequality. In this way, our method follows and advances on that of de Vicente and Sanchez-
Ruiz [26], and consists of two steps:

(i) Minimization of H, 4, subject to max;p, = P. At this step, the two sets of probabilities

min

are treated separately. Thus, denoting by H, » (P) this minimal entropy, we arrive at the
inequality Hipyp) (P(A, p)) + Hangpy 0 (B, p)) 2 Hiy g,)(Pap) + Hiy gy (Bs.p),
where the right-hand side depends only on the two maximal probabilities.

(ii) Minimization of H{," o0 Pap) + H;" ¢ (Psp) subject to the Landau—Pollak
inequality.
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A.1. First step: minimization of the (h, ¢)-entropy subject to a given maximum probability

This problem involves looking for the vectors p = [p; ... pyl € Py (the set of prob-

ability vectors in R2) that minimize a given (h, ¢)-entropy under the constraint that the
maximum probability is provided®, i.e., we search for

min Hy, 4) (p) = min h
PEPy PEPy

N
(2¢(pk)] s.t. mkaxpk=P. (A.1)

k=1

Notice that, due to the normalization constraint, one necessarily has®
1
Pe|l—; 1| (A.2)
N

Note also that in the case P = % then all the p, are equal to % (uniform distribution) and thus
the problem becomes trivial.

Using the fact that the function to be optimized is invariant under a permutation of the
probability components, we can reduce the dimensionality of the problem in the following
way: let us fix py = P and defineg =[g, ... gy =I[p, ... pyl; then, to solve the
optimization problem (A.1) is equivalent to search for

min ¢(g) if ¢ is concave,

qEPTp
max ¢(q) if ¢ is convex, (A.3)
qEPTp
where we define
N-1
(@)= Y b(qp) Ad)
k=1
and we denote by PT7p the allowed domain for ¢, i.e.
N-1
WP:{QERM:O@KPA zqkzl_P}:HCPﬂHPP (A.5)
k=1

with  HCp =1[0; PIN~! denoting an (N — 1)-dimensional closed hypercube, and

HPp = {q e RN-1: ZkN; 11 g =1- P} corresponding to an (N — 2)-dimensional hyper-

plane perpendicular to the vector 1 = [1 .-+ 1]. Notice that the point E(l o 1)is
both inside the hypercube HCp and on the hyperplane HPp, which guarantees that the
intersection of those sets is not empty.

It can be seen that PTp is a convex polytope embedded in HCp [87]; in other words, it is
a convex body, convex hull of its vertices that are the pure points of this convex (i.e., the
points that cannot be written as convex combination of several points of the set) [88, 89].

Next, since ¢ is a strictly concave (respectively convex) function on R}Y ~ L it is also
concave (respectively convex) on the polytope PTp. It turns out that ¢ achieves its minimum
(respectively maximum) only on one or several of the extreme points (or pure points) of P7Tp
[62, 90]. The problem consists then in determining the set of pure points of (A.5). Before
studying the case of arbitrary N, let us illustrate what happens in the cases N =3 and N =4

5 In the context of Shannon entropy, the problem was already solved in [85], using the Karush—Khun-Tucker
sufficient conditions for convex optimization problems [62, 86].
6 IfP< % => Z «Px < NP < 1, which would contradict normalization.
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Figure A1. Domain P7p (line in bold) in the case N = 3, for P = 0.6 and 0.4 (from left to
right). It is the intersection between the line ¢, + ¢, = 1 — P and the square [0 ; P]*.
The pure points of PTp are given by the dots.
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Figure A2. Domain PTp (surface in gray) in the case N = 4, for P = 0.6, 0.4 and 0.3
(from left to right). It is the intersection between the plane ¢, + ¢, + g; = 1 — P and

the cube [0 ; PJ’. The border of the polytope P75 is represented by bold lines, and its
pure points are given by the dots.

(the case N =2 is trivial since PTp reduces to the point1 — P, and the maximizing probability
vector is (P, 1 — P), where P must be between % and 1).

A.1.1. Case N = 3. Two different situations arise for the intersection of the line
g+ q,=1—P with the square 0 < ¢, < P,0< ¢, < P:

° For% < P < 1, the line intersects the square in its ‘lower corner’ or, in other words, the
restriction of the line to the first quadrant is entirely inside the square. Then, P7p is the
whole segment between the points (1 — P, 0) and (0, 1 — P) (see figure Al (left plot)).
These are the pure points, and both lead to the same extremal value for ¢.
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° For% <P< % the intersection of the line with the square reduces to the segment linking
the points (P, 1 — 2P) and (1 — 2P, P), which are then the pure points of PTp (see
figure Al (right plot)). Both points lead to the same extremal value for ¢.

Notice that the pure points are on the edges of the square.

A.1.2. Case N = 4. Now, three different situations arise for the intersection of the plane
g+ ¢, + ¢ =1 — P with the cube [0 ; PJ:

e For % < P < 1, the domain PTp is the convex body delimited by the triangle of vertices
1-pP,0,0), (0,1 —P,0) and (0,0, 1 — P) (triangle and its interior); the plane
intersects the cube in its ‘lower corner’ or, in other words, the restriction of the plane to
the first octant is entirely inside the cube (see figure A2 (left plot)). The pure points are
then all the permutations of (1 — P, 0, 0), leading all to the same extremal value for ¢.

° For% <P<L %, the plane intersects the six facets of the cube, so that PTp is the convex
body delimited by the hexagon of vertices (P, 1 —2P,0), (1 —2P,P,0),
©,1-2P,P), 0,P,1-2P), (1 -2P,0,P), (P,0,1 —2P), which are the pure
points (see figure A2 (middle plot)). All of them lead to the same value for ¢.

e For % < P< %, the plane intersects the cube at its ‘higher corner’, so that P7p is the
convex body delimited by the triangle of vertices (P, P, 1 — 3P), (1 — 3P, P, P) and
(P, 1 =3P, P), these points being its pure points (see figure A2 (right plot)). Again,
these points lead to the same value for ¢.

Notice that the pure points are on the edges of the cube.

A.1.3. Arbitrary N = case: convex polytope PTp and minimal (h, ¢)-entropy.

Pure points of the polytope PTp. As previously mentioned, the intersection between a
hypercube and a hyperplane is a polytope, convex hull of its vertices that are the pure points
of the polytope; moreover, the vertices of the polytope are on edges of the hypercube [87].
Finding the vertices (i.e., the pure points) of such a polytope is not an easy task in general
since the number of vertices grows rapidly with dimension N [87]. However, the problem
simplifies drastically due to the regularity of the hypercube HCp = [0 ; P]¥~!. Indeed, the
(N — 1)2N~2 edges Ep are of the form

E}p=3|P,...,P,s, 0, ...,0|, 0<s<P (A.6)
—— S
M—1 times N—M-1 times

for every M =1,2, ..., N — 1, where 4 denotes the rearrangement of the (N — 1)-uplet
(components put in decreasing order).
A point in Ep is a vertex of the polytope PTp if it also belongs to HPp, that is for

s¥€[0; P)suchthat M — DP +s¥*=1—-P,or M = I_PS*, which is greater that% -1,
and less than or equal to %. Since M is an integer we finally find that, given a value of P, the
pure points are such that

M=llJ and s*=1—llJP, (A7)

where | - | denotes the floor part.
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PB-,p PB.p
14 ERES 1
5 |
B %
2
" CaB
DLP(C) . DLP(C)
2 :
CAB
1 1
Np Np
Py, Py,
1 2 2 1 1 2 2 1
Na CAB €A Na CaB €A

Figure A3. Representation (shaded region) of the domain Dyp(c) (A.10) for pairs of
maximal probabilities when ¢z* > 8eun (c?) (left) and cp? < 8ean(C ) (right).

This allows us to conclude that the edges of HCp contain at most one vertex of P7p
(which is intuitive since no facet of HCp is parallel to the hyperplane HPp) and that PTp is the
convex hull of the set of the (N — M )( AA/; - 11) points that belong to Ep, equation (A.6), for s
and M given in equation (A.7). This has been illustrated in the particular cases N = 3 (with
M =1 and 2 from left to right in figure A1) and N =4 (with M = 1, 2 and 3 from left to right in
figure A2).

Optimal vector and minimal entropy. As previously recalled, ¢ being strictly concave
(respectively convex), it achieves its minimum (respectively maximum) on the polytope
(convex body) PTp only in its vertices (pure points). In other words, the minimal entropy
solution for the original problem (A.1) is achieved only for the probability vectors of the form

t

pt=|P ... P 1—[lJP 0 .. 0 (A.8)
~—— P ~——
[ },J times N—[ },J—l times
and its expression H(},",i‘:ﬁ) (P) = min  Hy, g (p) is given by
PEPy:max;p, =P
; 1 1
Hg,"y (P) = h( [FJMP) + ¢(1 - lFJP)) (A.9)

where P € [% ; 1].

We can verify a posteriori the solution obtained for the minimization problem, using the
Schur-concavity of (h, ¢)-entropies. Indeed, vector p defined by equation (A.8) majorizes all
the probability vectors with maximal probability equal to P, and thus its entropy is minimal
over these probability vectors.

A.2. Second step: minimization of the sum of minimal (h, ¢)-entropies subject to the Landau—
Pollak inequality

Recall that Landau—Pollak inequality links the maximal probabilities Py, and F3, corre-
sponding to the POVMs A and B, respectively [82]. We now address the problem of mini-
mization of the sum of minimal (h, ¢)-entropies, which is written in terms of Py , and P; ,
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Figure A4. Decreasing behavior of the function H(’;Zi‘},)(P) versus P € (0; 1], in the

case of Rényi entropy (first and second plots) and in the case of Tsallis entropy (third
and fourth plots). Here the entropic index are @ = 0.5 or 2, as indicated.

under that inequality constraint. We first analyze the domain where the pair (P ), Ps,) lives
and then the behavior of the sum of minimal entropies within this domain. This allows us to
slightly simplify the problem.

A.2.1. Representation of the Landau—Pollak inequality domain. Following our previous work
[82], it can be seen that the Landau—Pollak inequality constrains the pair of maximal
probabilities (PA,[,, PB,,,) in the domain:

1 1
[DLP(C)={(PA, PB)E[N_ ; CA2:|X|:V ; C52:| © By < g, ,(Py) when Py > CA%B}’ (A.10)
A B

where ¢ = (c4, ¢p, cap) and

g.(x) = cos?(arccos ¢ — arccosVx). (A.11)

If c5° <g,,(cs), the allowed domain becomes [L ; CAZ:I X [L ; ch]. This is
, Na Np

represented in figure A3 .

A.2.2. Minimal entropies sum. We have reduced the problem to solve

i () ()
for given A, B, (ha, ¢,) and (hp, ¢p), with H(';‘,‘,i‘},)(P) given by equation (A.9). For any
M=1,2,...,N—1, and for any P; and P, such that Mé SBE<E< i we have

+1
[R...B, 1-MR 0..0I'<[R...P, 1—=MP, 0..0] and thus, from the Schur-

concavity of the (h, ¢)-entropy, H(‘,ﬁi'(},)(ﬁ) > H(‘,‘,fi‘(‘/,)(%). In other words, function
1 1

Pe H(};“‘(‘/] y(P) is decreasing in each intervals (M—H; ﬁ) and thus, by continuity, in

(0 ; 1]. This is illustrated in figure A4 in the case of Rényi and Tsallis entropies.
Reasoning by fixing P, , and minimizing the entropies sum over F;, and reversing the
roles of A and B, we immediately obtain that the minimum is achieved when:

. (PA,[,, PB,p) = (¢, cg) if e’ < g, ,(cs’). Thus, the minimum takes the analytical form
i 2 i 2
H(E?@)(CA ) + H<I;zl§?¢3>(03 )
or
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o (P B,) is in the curve (a,ﬂ, %, (a,ﬂ)) with Py, € [gm_g ), c,f] if
CBZ > gCA_B(CAZ)-
Let us define the angles

Yo = arccos ¢y,  yp = arccos cg, and  y, p = arccos c p
the one-to-one mapping

Py,=cos’  with 6€ []/A S Yap— 73]’
leading to

gCA.B(PA,,,) = cosz(yA’B - 9)

with y, 5 — 0 € [y, 5 ¥4 — 73], and function

1 1
29J¢(00529) + ¢(1 - [COSZQJ 00529)). (A.13)

CoSs

D(h,¢) (9) = h[ [

With these notations,
e condition CBZ < 8y, (CAZ) simplifies to y3 2 74 5 — Va»
o H(';;;{‘ s0©€x) = Dy, (74) (and sirpilarly for B),
© Hi\'y)(Pap) = Dy, (0) and Hy'y (8., (Pap)) = Dinggy) (rap — 0)-

Thus, the minimal entropies sum is given by
Dinyg, (7a) + Daggy) (15) it yap<7ratip

min (D(,,A,(/,A) (0) + Dy p,,) (yA,B - 0)) otherwise
96[7A’yA.B_7B]

proving the proposition. Note that the cosine being increasing (in the interval 8 lies in), the
min

decreasing property of H, 'y (P) implies that Dy, 4) (0) is increasing versus 6.

Appendix B. Proof of corollary 2

Remember that in this case, we have Ny = Ng=N,cps=cpg=1land cyp = c.
In [40] we solved the problem in the case of the qubit (N = 2) for pure states and for the
Rényi entropy. It appears that:

e This result extends for arbitrary pairs of (h, ¢)-entropies; the approach [40, appendix A]
extends step by step to such entropies, where the concavity (respectively convexity) of ¢

2Ll (gee [40, equation (A.13)])
and where the Schur-concavity of Hy,, 4, is used to finish the proof (see [40, equations
(A.14)-(A.19) and appendix A.3.2]), which allows to consider functions &z and ¢p
nonnecessarily differentiable.

e The extended bound for the qubit and pure states writes precisely under the form

equation (22), where ¢ > % and thus %0
Ccos

is used instead of the convexity of the mapping z —

U
=1 (the case ¢ = s recovered by

continuity).
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e The minimizing pure states of proposition 2 of [40] expressed through the optimal angles
6 hold, where these angles clearly depend of the pairs of functionals (h4, ¢,) and
(th ¢3)

e Due to the coincidence of bound (22) and the optimal bound for pure states, this bound
remains optimal in the mixed states (a pure state being a particular pure state).

Since the case N = 2 is already treated, let us concentrate on N > 3.

In the context of pure states, one has p = |¥)(¥|, where |¥) is an element of an N-
dimensional Hilbert space. Using the notation of [40], the state |¥') can be expanded on the
cigenbases of A and B under the form |¥) = Z;\I:]‘//i la;) = Z[]V:lyN/j |b;). Thus
P (A, p) = |y|* and p;(B, p) = |7;|*
#; in column vectors, y = [1//1 Yy ]t and { = [171 1’/7N]t, one can see that these vectors

are linked via § = Ty, where T is the transformation matrix whose elements are defined in
equation (10).

. Moreover, arranging the complex coefficients y; and

T® 0

0 TW-2
stands for an n X n unitary matrix, and we impose the largest-modulus element of 7 to be
‘located’ in T®, that is ¢ = max;; |Tjj| = max;; |T{”|. This last condition can be fulfilled

] .
L 1]. Let

[¥@) = w® |a1) + y? |ay) be a minimizing qubit pure state corresponding to the trans-
formation matrix T so that H, ¢, ( p(A, p(z)))+H(hB,¢B> ( p(B, p(2>)) = Big,).hpdpy):2 (€)
with p@ = |¥@)(¥PP|. Consider the density operator p = I¥)(¥| build up from the

Now, let us consider N X N unitary matrices of the form 7 = , where T™

only if N >4 because one must have c¢ > maxi,jITi](»N e [

2)
extended pure state |¥) such that its vector of coefficients is y = [WO ] Then one

has Hy,,.g) (P(A, p)) + Hipg,y @B, p)) = Hipg,) (P(A, ;0(2))) + Hipp (P(B, PQ))) =
g(hmm),(;m%); 2(€) = B,g,).(hpty) (€)- The last equality comes from the coincidence between
the c-optimal bound for the qubit case (see above), and expression (22). Finally, by definition
of c-optimal bound, one has both B, 4).0s4s (©) S Bag,).thsp:n(€) and

By, hsp) (©) = Hong) 0 (As ) + Hinyg,) (P (B, p)) 2 By, 098 (€), proving the
c-optimality of (22) when ¢ > % and N > 4.

The problem of the c-optimality of the bound for N = 3 remains open. We suspect that it
is so but we have not been able to prove this yet.

Appendix C. Proof of corollary 3

It can be seen that our bound (22) in the case of Rényi entropy when a and f are sufficiently
large, gives Bu,o; log (€) = minge(o; ,1[—2 log (cos 8) — 2 log(cos (y — ))]. The minimum
is attained for 6 = % so that we recover the Deutsch bound: B ;108 (€)=

=2 log( ! ;C = BP(c). Now, consider our bound B g 10g (c) Which is the solution of the

minimization (22), and the probability P, for which the minimum is attained. Since Rényi
entropy decreases versus the entropic index, we have Bgp e (¢) = R (Pa)+
RP™ (8:(P) 2 RY™ (B) + RE™ (8.(P)))  2Buoitog (€)= BP(c). where  Rj™=
Hy

(5. 0)

, that proves that our bound improves Deutsch one.
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Appendix D. Proof of corollary 4

Let us consider the extreme pair of indices (a, ) = (0, 0), and go back to expression (22) for
the bound

Boos(c) = min 1 [Rd“i" (PAJ,) + R(;"i" (gC(PA,p))].

PA,,,E[ % ]

1+ 1+ .
26 = Tc, one can restrict the

By symmetry of the quantity in square brackets, since &-(

search for Py , to the interval [c2 ;! ;”] Then:

eFor Py,=c* one has g(P,)=1 and thus R ( 8. (PAJ,)) =0 while
R (81, = Tog ([ £])
eFor P ,€ <c2 . ] c] one has g.(Py,) € [ Lte, 1) C (% ; 1) and thus

D+ 3,

T2
R{Mn ( & (PAJ,)) = log 2. A rapid inspection of R/™" (Py,,) allows one to prove that in
this interval it decreases versus P, , and that the minimum is also log 2. Thus

i[85 () 15 (e )] 21002

Bo,o; 10g (€) = min{Z log 2, log( [LZ-I)}
c

Now, when ¢ < %, we have BMU(c) = =2 log ¢ > log 4 = By, 1o (¢). Moreover, in this

Therefore

1+¢ min

case By o, 109 (€) = 2 Romi“ (T) so that by using the decreasing property of R;"" versus 4
we obtain

Ba,/i;log(c)<Rurlnin(1 +C)+R[;nin(1 +C)<2R0min(l+c)
2 2 2
:BO,O; log (o) < BMU(C)

that concludes the proof.
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