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Abstract: Heisenberg’s uncertainty principle has recently led to general measurement uncertainty
relations for quantum systems: incompatible observables can be measured jointly or in sequence only
with some unavoidable approximation, which can be quantified in various ways. The relative entropy
is the natural theoretical quantifier of the information loss when a ‘true’ probability distribution
is replaced by an approximating one. In this paper, we provide a lower bound for the amount
of information that is lost by replacing the distributions of the sharp position and momentum
observables, as they could be obtained with two separate experiments, by the marginals of any
smeared joint measurement. The bound is obtained by introducing an entropic error function,
and optimizing it over a suitable class of covariant approximate joint measurements. We fully exploit two
cases of target observables: (1) n-dimensional position and momentum vectors; (2) two components
of position and momentum along different directions. In (1), we connect the quantum bound to the
dimension #; in (2), going from parallel to orthogonal directions, we show the transition from highly
incompatible observables to compatible ones. For simplicity, we develop the theory only for Gaussian
states and measurements.
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1. Introduction

Uncertainty relations for position and momentum [1] have always been deeply related to the
foundations of Quantum Mechanics. For several decades, their axiomatization has been of “preparation’
type: an inviolable lower bound for the widths of the position and momentum distributions, holding in
any quantum state. Such kinds of uncertainty relations, which are now known as preparation uncertainty
relations (PURs) have been later extended to arbitrary sets of n > 2 observables [2-5]. All PURs
trace back to the celebrated Robertson’s formulation [6] of Heisenberg’s uncertainty principle:
for any two observables, represented by self-adjoint operators A and B, the product of the variances
of A and B is bounded from below by the expectation value of their commutator; in formulae,
Var,(A) Var,(B) > 1 |Tr{p[4, B]}|?, where Var,, is the variance of an observable measured in any
system state p. In the case of position Q and momentum P, this inequality gives Heisenberg’s relation
Var,(Q) Var,(P) > %. About 30 years after Heisenberg and Robertson’s formulation, Hirschman
attempted a first statement of position and momentum uncertainties in terms of informational
quantities. This led him to a formulation of PURs based on Shannon entropy [7]; his bound was
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later refined [8,9], and extended to discrete observables [10]. Also other entropic quantities have been
used [11]. We refer to [12,13] for an extensive review on entropic PURs.

However, Heisenberg’s original intent [1] was more focused on the unavoidable disturbance that
a measurement of position produces on a subsequent measurement of momentum [14-21]. Trying to
give a better understanding of his idea, more recently new formulations were introduced, based
on a ‘measurement’ interpretation of uncertainty, rather than giving bounds on the probability
distributions of the target observables. Indeed, with the modern development of the quantum theory
of measurement and the introduction of positive operator valued measures and instruments [3,22-26],
it became possible to deal with approximate measurements of incompatible observables and to
formulate measurement uncertainty relations (MURs) for position and momentum, as well as for more
general observables. The MURs quantify the degree of approximation (or inaccuracy and disturbance)
made by replacing the original incompatible observables with a joint approximate measurement of them.
A very rich literature on this topic flourished in the last 20 years, and various kinds of MURs have been
proposed, based on distances between probability distributions, noise quantifications, conditional
entropy, etc. [12,14-21,27-32].

In this paper, we develop a new information-theoretical formulation of MURs for position and
momentum, using the notion of the relative entropy (or Kullback-Leibler divergence) of two probabilities.
The relative entropy S(p||q) is an informational quantity which is precisely tailored to quantify the
amount of information that is lost by using an approximating probability g in place of the target
one p. Although classical and quantum relative entropies have already been used in the evaluation of
the performances of quantum measurements [24,27,30,33—40], their first application to MURSs is very
recent [41].

In [41], only MURSs for discrete observables were considered. The present work is a first attempt
to extend that information-theoretical approach to the continuous setting. This extension is not trivial
and reveals peculiar problems, that are not present in the discrete case. However, the nice properties of
the relative entropy, such as its scale invariance, allow for a satisfactory formulation of the entropic
MURs also for position and momentum.

We deal with position and momentum in two possible scenarios. Firstly, we consider the case
of n-dimensional position and momentum, since it allows to treat either scalar particles, or vector
ones, or even the case of multi-particle systems. This is the natural level of generality, and our
treatment extends without difficulty to it. Then, we consider a couple made up of one position and
one momentum component along two different directions of the n-space. In this case, we can see
how our theory behaves when one moves with continuity from a highly incompatible case (parallel
components) to a compatible case (orthogonal ones).

The continuous case needs much care when dealing with arbitrary quantum states and
approximating observables. Indeed, it is difficult to evaluate or even bound the relative entropy
if some assumption is not made on probability distributions. In order to overcome these technicalities
and focus on the quantum content of MURSs, in this paper we consider only the case of Gaussian
preparation states and Gaussian measurement apparatuses [2,4,5,42-45]. Moreover, we identify the
class of the approximate joint measurements with the class of the joint POVMs satisfying the same
symmetry properties of their target position and momentum observables [3,23]. We are supported in
this assumption by the fact that, in the discrete case [41], simmetry covariant measurements turn out to
be the best approximations without any hypothesis (see also [17,19,20,29,32] for a similar appearance
of covariance within MURs for different uncertainty measures).

We now sketch the main results of the paper. In the vector case, we consider approximate joint
measurements M of the position Q = (Qy,...,Qn) and the momentum P = (P,,...,P,). We find
the following entropic MUR (Theorem 5, Remark 14): for every choice of two positive thresholds
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€1,€2, with €16, > n*/ 4, there exists a Gaussian state p with position variance matrix A? > ¢;1 and
momentum variance matrix B° > ¢,1 such that

)

S(QplIMi) -+ S(PylIMag) = n(loge) {in (1+ i) — it
for all Gaussian approximate joint measurements M of Q and P. Here Q, and P, are the distributions
of position and momentum in the state p, and M, is the distribution of M in the state p, with marginals
Mi,, and My,; the two marginals turn out to be noisy versions of Q, and P,. The lower bound is
strictly positive and it linearly increases with the dimension n. The thresholds €; and €; are peculiar
of the continuous case and they have a classical explanation: the relative entropy S(p|lq) — +o0 if
the variance of p vanishes faster than the variance of g, so that, given M, it is trivial to find a state p
enjoying (1) if arbtrarily small variances are allowed. What is relevant in our result is that the total loss
of information S(Q,|[M1,,) + S(Pp||M2,,) exceeds the lower bound even if we forbid target distributions
with small variances.

The MUR (1) shows that there is no Gaussian joint measurement which can approximate arbitrarily
well both Q and P. The lower bound (1) is a consequence of the incompatibility between Q and P and,
indeed, it vanishes in the classical limit i/ — 0. Both the relative entropies and the lower bound in (1)
are scale invariant. Moreover, for fixed €1 and €;, we prove the existence and uniqueness of an optimal
approximate joint measurement, and we fully characterize it.

In the scalar case, we consider approximate joint measurements M of the position Q, = u - Q
along the direction # and the momentum P, = v - P along the direction v, where u - v = cosa. We find
two different entropic MURs. The first entropic MUR in the scalar case is similar to the vector case
(Theorem 3, Remark 11). The second one is (Theorem 1):

S(Qu,p

Mi,) + S(Pop

[Ma,p) > cp(a), @)

Ti| cos & Ti| cos a|

2\/Var (Quyp) Var (Py,) - h| cosa| + 2\/Var (Quyp) Var (Py,)

co(a) = (loge) ¢ In [ 1+

for all Gaussian states p and all Gaussian joint approximate measurements M of Q,, and P,. This lower
bound holds for every Gaussian state p without constraints on the position and momentum variances
Var (Qu,p) and Var (Py,), it is strictly positive unless u and v are orthogonal, but it is state dependent.
Again, the relative entropies and the lower bound are scale invariant.

The paper is organized as follows. In Section 2, we introduce our target position and momentum
observables, we discuss their general properties and define some related quantities (spectral measures,
mean vectors and variance matrices, PURs for second order quantum moments, Weyl operators,
Gaussian states). Section 3 is devoted to the definitions and main properties of the relative and
differential (Shannon) entropies. Section 4 is a review on the entropic PURs in the continuous
case [7-9,46], with a particular focus on their lack of scale invariance. This is a flaw due to the
very definition of differential entropy, and one of the reasons that lead us to introduce relative entropy
based MURs. In Section 5 we construct the covariant observables which will be used as approximate
joint measurements of the position and momentum target observables. Finally, in Section 6 the main
results on MURs that we sketched above are presented in detail. Some conclusions are discussed in
Section 7.

2. Target Observables and States

Let us start with the usual position and momentum operators, which satisfy the canonical
commutation rules:

Q= (Q],...,Qn), P = (P],...,Pn), [Qir P]] = 1?1(51] 3)
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Each of the vector operators has #n components; it could be the case of a single particle in one or
more dimensions (n = 1,2, 3), or several scalar or vector particles, or the quadratures of # modes of the
electromagnetic field. We assume the Hilbert space  to be irreducible for the algebra generated by
the canonical operators Q and P. An observable of the quantum system X is identified with a positive
operator valued measure (POVM); in the paper, we shall consider observables with outcomes in R
endowed with its Borel c-algebra B(R¥). The use of POVMs to represent observables in quantum
theory is standard and the definition can be found in many textbooks [22,23,26,47]; the alternative
name “non-orthogonal resolutions of the identity” is also used [3-5]. Following [5,23,26,31], a sharp
observable is an observable represented by a projection valued measure (pvm); it is standard to identify
a sharp observable on the outcome space R¥ with the k self-adjoint operators corresponding to it by
spectral theorem. Two observables are jointly measurable or compatible if there exists a POVM having
them as marginals. Because of the non-vanishing commutators, each couple Q;, P;, as well as the
vectors Q, P, are not jointly measurable.

We denote by T(H) the trace class operators on 3, by 8 C T(H) the subset of the statistical
operators (or states, preparations), and by £(J) the space of the linear bounded operators.

2.1. Position and Momentum

Our target observables will be either n-dimensional position and momentum (vector case) or
position and momentum along two different directions of R" (scalar case). The second case allows to
give an example ranging with continuity from maximally incompatible observables to compatible ones.

2.1.1. Vector Observables
As target observables we take Q and P as in (3) and we denote by Q(A), P(B), A, B € B(R"), their

pvm’s, that is
Qi = /Rn %Q(dx),  Bi= /Rn piP(dp). @
Then, the distributions in the state p € 8 of a sharp position and a sharp momentum measurements

(denoted by Q, and P,) are absolutely continuous with respect to the Lebesgue measure; we denote by
f(e|p) and g(e|p) their probability densities: YA, B € B(R"),

Q(A) =Te {pQ(AY} = [, fxlp)dx,  Po(B) = Tr{oP(B)} = [ s(plo)d. 6)

In the Dirac notation, if |x) and |p) are the improper position and momentum eigenvectors,
these densities take the expressions f(x|p) = (x|p|x) and g(p|p) = (p|p|p), respectively. The mean
vectors and the variance matrices of these distributions will be given in (7) and (8).

2.1.2. Scalar Observables
As target observables we take the position along a given direction # and the momentum along
another given direction v:

Qu=u-Q, Py=v-P, with u,0v€R", |u/=|v|]=1u-v=cosu. (6)

In this case we have [Q,, P,| = ifi cos«, so that Q, and P, are not jointly measurable, unless the
directions u# and v are orthogonal.

Their pvm’s are denoted by Q, and Py, their distributions in a state p by Q, and Py, and their
corresponding probability densities by f,(e|p) and g, (e|p): VA, B € B(R),

Qup(A) = Te{Qu(A)p} = [ fulxlp)dx,  Pup(B) = Te(Po(A)p} = [ go(plo) dp.
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Of course, the densities in the scalar case are marginals of the densities in the vector case.
Means and variances will be given in (11).

2.2. Quantum Moments

Let 8, be the set of states for which the second moments of position and momentum are finite:

8 := {p €8: /R %[ f(x|o)dx < +oo, /R pI* g(plo)dp < +°°}-
Then, the mean vector and the variance matrix of the position Q in the state p € §; are

o = [ xif(xlp)dx =Te {pQ1},

@)
Aipj = I (xi - af) (x]- - a]g) f(x|p)dx =Tr {p (Qi - uf) (Q]- - af) } ,
while for the momentum P we have
b = /]R pig(plo)dp = Tr {pP;},
®)
5= [, () () storan =1l (27) (1))
For p € 8, it is possible to introduce also the mixed ‘quantum covariances’
(Qi —a)(P; — ) + (P, — V) (Q; — af
Cg-::Tr{p : l)(] I 5 | i) . )

Since there is no joint measurement for the position Q and momentum P, the quantum covariances
Cf]. are not covariances of a joint distribution, and thus they do not have a classical probabilistic
interpretation.

By means of the moments above, we construct the three real n x n matrices Af, B, C°,
the 2n-dimensional vector p¥ and the symmetric 2n X 2n matrix V*, with

af AP CP
U = (bp>, VP = <(CP)T BP). (10)

We say VP is the quantum variance matrix of position and momentum in the state p. In [2]
dimensionless canonical operators are considered, but apart from this, our matrix V¥ corresponds to
their “noise matrix in real form”; the name “variance matrix” is also used [44,48].

In a similar way, we can introduce all the moments related to the position Q, and momentum P,
introduced in (6). For p € 8,, the means and variances are respectively

u-a, Var(Qup) = u - Afu, v-bP, Var(Py,) = v - Bfv. (11)

Similarly to (9), we have also the ‘quantum covariance’ u - C°v = v - (C?)Tu. Then, we collect the
two means in a single vector and we introduce the variance matrix:

o [(u-af o (u-A’u u-Clv
Moy = <v-bp>' Vi 1= (u-CPv v-Bv )’ (12)
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Proposition 1. Let V = ?T be a real symmetric 2n x 2n block matrix with the same dimensions of
a quantum variance matrix. Define
A C+il1 i 0 hl
Vy = 27l =v+-Q ith Q= . 1
* <ch:i§11 B ) 2t @ <—h]l 0> (13)
Then
V = VP for some statep € 8 <= V, >0 <= V_ >0. (14)
In this case we have: V>0, A >0, B > 0, and
2 2
(u' - Au')(v'-BY') > (o' - Cu')" + T (o' -u")", Vi eR", Vo' eR" (15)

The inequalities (14) for V. tell us exactly when a (positive semi-definite) real matrix V is the quantum
variance matrix of position and momentum in a state p. Moreover, they are the multidimensional
version of the usual uncertainty principle expressed through the variances [2,3,5], hence they represent
a form of PURs. The block matrix () in the definition of V. is useful to compress formulae involving
position and momentum; moreover, it makes simpler to compare our equations with their frequent
dimensionless versions (with 7i = 1) in the literature [43,44].

Proof. Equivalences (14) are well known, see e.g., [3] (Section 1.1.5), [5] (Equation (2.20)), and [2]
(Theorem 2). Then V = 1V, + 1V_ > 0.

/

By using the real block vector (22,), with arbitrary o, € R and given v/, v’ € R”,

the semi-positivity (14) implies

u' - Au’ u' - Cv’:l:i%u/ v
o - CTy/ IFi%v’ “u v’ - Bv'

) >0, vu' e R", Vo' € RY,

which in turn implies A > 0, B > 0 and (15). Then, by choosing #' = v' = u;, where uy, ..., u, are the
eigenvectors of A (since A is a real symmetric matrix, #; € R" for all i), one gets the strict positivity of
all the eigenvalues of A; analogously, one gets B > 0. O

Inequality (15) for ' = u and v" = v becomes the uncertainty rule a la Robertson [6] for the
observables in (6) (a position component and a momentum component spanning an arbitrary angle «):

2

T
Var(Qu,p) Var(Py,p) > (v- CPu)? + T (cosa)?. (16)
Inequality (16) is equivalent to
p _ ih 0 1)
Vo £ > cos <1 NE 0. (17)

Since V4 are block matrices, their positive semi-definiteness can be studied by means of the Schur
complements [49-51]. However, as V1 are complex block matrices with a very peculiar structure,
special results hold for them. Before summarizing the properties of V. in the next proposition, we need
a simple auxiliary algebraic lemma.

Lemma 1. Let A and B be complex self-adjoint matrices such that A > B > 0. Then det A > detB > 0,
and the equality det A = det B holds iff A = B.
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Proof. Let )\%(A) and A}(B) be the ordered decreasing sequences of the eigenvalues of A and B,
respectively. Then, by Weyl’s inequality, A > B > 0 implies )\#(A) > Al-i(B) > 0 for every i [52]
(Section I11.2). This gives the first statement. Moreover, if A > B > 0 and det A = det B, we get
/\Z.L(A) = /'\ii(B) for every i. Then A = Bbecause A—B > 0and Tr{A— B} =0. O

A
c’ B
variance matrix. Then V. > 0 (or, equivalently, V_ > 0) if and only if A > 0 and

Proposition 2. Let V = be a real symmetric 2n X 2n matrix with the same dimensions of a quantum

in in > in
B> (cTx=1)Aa ' (ct=1)=CTAalc+—Alx—(Alc-Clal). 1
_(chz) <c2>c C+3 q:z( c-cra™) (18)
In this case we have
1> 7>
B>CTA lC+ T Al > T A7l >o. (19)

Moreover, we have also the following properties for the various determinants:

2n
(det A)(det B) > detV = (det A) det <B - CTA*C) > (2) , (20)
h 2n hz
detV = <2> & B=CTA™lc+ T ATl = cA=ACT, (21)
B 2n 7"12
(det A)(detB) = (2) & B= ZA*l, C=0. (22)

By interchanging A with B and C with CT in (18)—(22) equivalent results are obtained.

Proof. Since we already know that V. > 0 implies the invertibility of A, the equivalence between (14)
and (18) with A > 0 follows from [49] (Theorem 1.12 p. 34) (see also [50] (Theorem 11.6) or [51] (Lemma 3.2)).
In (19), the first inequality follows by summing up the two inequalities in (18). The last two ones
are immediate by the positivity of A~
The equality in (20) is Schur’s formula for the determinant of block matrices ([49], Theorem 1.1 p. 19).
Then, the first inequality is immediate by the lemma above and the trivial relation B > B — CTA~!C;
the second one follows from (19):

hZ hZ (Fl /2)271
_cTa-les ™ 41 —cTa-1c) > T a1 _
B-CTATlC= A7 = det(B—C'A C)_det<4A ) S
2n 2
The equality detV = (%) is equivalent to det (B— CTA™IC) = det (% A’1> ; since the latter
two determinants are evaluated on ordered positive matrices by (19), they coincide if and only if
the respective arguments are equal (Lemma 1); this shows the equivalence in (21). Then, by (18),
the self-adjoint matrix % (A71C — CTA™!) is both positive semi-definite and negative semi-definite;
hence it is null, that is, CA = ACT.
2 2n 2n
Finally, B = & A~ gives (det A)(detB) = (%) trivially. Conversely, (detA)(detB) = (g)
implies det B = det (B - CTA_lC) by (20); since B > B— CTA~1C > 0 by (19), Lemma 1 then implies
CTA7IC=0andsoC=0. O
By (18) and (19), every time three matrices A, B, C define the quantum variance matrix of a state
o, the same holds for A, B, C = 0. This fact can be used to characterize when two positive matrices
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A and B are the diagonal blocks of some quantum variance matrix, or two positive numbers cg and cp
are the position and momentum variances of a quantum state along the two directions # and v.

Proposition 3. Two real matrices A > 0 and B > 0, having the dimension of the square of a length and
momentum, respectively, are the diagonal blocks of a quantum variance matrix VP if and only if
h2
B>— AL
— 4

Two real numbers cg > 0 and cp > 0, having the dimension of the square of a length and momentum,
respectively, are such that cq = Var(Qu,) and cp = Var(Py,) for some state p if and only if

h 2
cocep = <2 cosrx) .

Proof. For A and B, the necessity follows from (19). The sufficiency comes from (18) by choosing

A 0
VP = .
. - . A 0
For cg and cp, the necessity follows from (15). The sufficiency comes from (18) with V¥ = 0 B

and for example the following choices of A and B:

o ifcosa ==+1, wetake A=cgland B=cpl;
o ifcosa =0, we let

2 2

I i
A:cQuuT+—va+A’ B:—uuT—Hpva—i-B’,
4Cp 4CQ

where A’ and B’ are any two scalar multiples of the orthogonal projection onto {u, v} satisfying
B > % A’~1 when restricted to {u,v}*;
e ifcosa ¢ {0,4+1}, we choose

1 2
A= CQ l:uuT — @ (MUT + vuT) + m ZJUT:| + A,

_cp {(sinoc)z—i-(cosw)‘L T
1

1
, ul — —— (wo' +ou’) + oo’ | + B,
(sinw) (cosw)? cos o

where A’ and B’ are as in the previous item.

In the last two cases, we chose A and B in such a way that B = (chsip)2 A~! when restricted to the

linear span of {u,v}. O

2.3. Weyl Operators and Gaussian States

In the following, we shall introduce Gaussian states, Gaussian observables and covariant
observables on the phase-space. In all these instances, the Weyl operators are involved; here we recall
their definition and some properties (see e.g., [4] (Section 5.2) or [5] (Section 12.2), where, however, the
definition differs from ours in that the Weyl operators are composed with the map Q! of (13)).

Definition 1. The Weyl operators are the unitary operators defined by
n

i LS i i jpj
W(x, p) = exp {]11 (p Q—x- P)} = Heﬁ(p]Qj*X]'P]) = H <eh ijjeiﬁ ijjeéhj> . (23)
=1

j=1
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The Weyl operators (23) satisfy the composition rule

i
W(x1, p1)W(xz p2) = exp {_2h (%1-p2—2x2- Pl)} W(x1 + 22, p1 + p2);
in particular, this implies the commutation relation

X2

W (xy, p1)W(x2, p2) = exp {—i <x1T ri ) oh <p2

) } W (xo, p2)W(x1, p1). (24)

These commutation relations imply the translation property
Wx,p)" QW(xp) =Qi+x,  Wxp)' PWxp)=PF+p, i=1...m (25)

due to this property, the Weyl operators are also known as displacement operators.
With a slight abuse of notation, we shall sometimes use the identification

W(x,p) =W <<p>) , (26)

where (:) is a block column vector belonging to the phase-space R” x R" = R?"; here, the first block

x is a position and the second block p is a momentum.
By means of the Weyl operators, it is possible to define the characteristic function of any
trace-class operator.

Definition 2. For any operator p € T(H), its characteristic function is the complex valued function p :
R?" — C defined by

B(w) = T {oW(—Ow)}, w= (’;) . 27)

Note that k is the inverse of a length and I is the inverse of a momentum, so that w is a block
vector living in the space R?" = R" x R" regarded as the dual of the phase-space.

Instead of the characteristic function, sometimes the so called Weyl transform Tr {W(x, p)p} is
introduced [4,44].

By [4] (Proposition 5.3.2, Theorem 5.3.3), we have p(w) € L?(R?") and the following trace formula
holds: Vp, o € T(F),

Te{o*p} — (;) ! /]R  5w)p(w) do. (28)

As a corollary [4] (Corollary 5.3.4), we have that a state p € 8 is pure if and only if

(35) [ pPdw=1.

By [53] (Lemma 3.1) or [26] (Proposition 8.5.(e)), the trace formula also implies

1 k
W /]RZ" W(x, p)pW(x, p)" dxdp = Tr{p}1, Vo € T(H). (29)
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Moreover, the following inversion formula ensures that the characteristic function p completely
characterizes the state p [4] (Corollary 5.3.5):

0= <2hﬂ> /R _ W(Qw)p(w)dw,  Vp € T(H).

The last two integrals are defined in the weak operator topology.
Finally, for p € 8, the moments (7)—(10) can be expressed as in [4] (Section 5.4):

o)
dw;owj lo

_ P
=K i

= Vi + 1. (30)
Definition 3 ([2-5,44,48]). A state p is Gaussian if

p(w) = exp {inyp - ;wTVPw}
A G

—exp{i(k-ap—l—l-bp)— (k-APk+l-BPl)—k-CPl},

NI

for a vector y° € R?" and a real 2n x 2n matrix VP such that V{ > 0.

The condition Vi > 0 is necessary and sufficient in order that the function (31) defines the
characteristic function of a quantum state [4] (Theorem 5.5.1), [5] (Theorem 12.17). Therefore,
Gaussian states are exactly the states whose characteristic function is the exponential of a second order
polynomial [4] (Equation (5.5.49)), [5] (Equation (12.80)).

We shall denote by G the set of the Gaussian states; we have § C 8, C 8. By (30), the vectors a?, b°
and the matrices AP, B, C* characterizing a Gaussian state p are just its first and second order quantum
moments introduced in (7)—(9). By (31), the corresponding distributions of position and momentum
are Gaussian, namely

Qo =N(a";AP), Qup=N(u-a;u-Au), P, =N(b’;B°), Pyy=N(v-b;v-Bv). (32)

2n
Proposition 4 (Pure Gaussian states). For p € G, we have det V¥ = ( %) if and only if p is pure.

Proof. The trace formula (28) and (31) give Tr{p?} = %, and this implies the statement. [

2n
Proposition 5 (Minimum uncertainty states). For p € 8, we have (det A?)(det B?) = ( %) if and only if
o is a pure Gaussian state and it factorizes into the product of minimum uncertainty states up to a rotation of R".

Proof. If (det AP)(detB) = (%)ZH, then the equivalence (22) gives Bf = Z—Z (AP)~1, so that the
variance matrices A° and B° have a common eigenbasis uy,...,u,. Thus, all the corresponding
couples of position Q,; and momentum P, have minimum uncertainties: Var(Qy,) Var(P,,) = %.
Therefore, if we consider the factorization of the Hilbert space H = H{; ® - - - ® H{;,, corresponding to
the basis uy, . .., uy, all the partial traces of the state p on each factor H; are minimum uncertainty states.
Since for 7 = 1 the minimum uncertainty states are pure and Gaussian, the state p is a pure product
Gaussian state.

The converse is immediate. [
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3. Relative and Differential Entropies

In this paper, we will be concerned with entropic quantities of classical type [54-56]. We express
them in ‘bits’, that is we use the base-2 logarithms: loga = log, a.

We deal only with probabilities on the measurable space (R", B(R")) which admit densities with
respect to the Lebesgue measure. So, we define the relative entropy and differential entropy only for
such probabilities; moreover, we list only the general properties used in the following.

3.1. Relative Entropy or Kullback-Leibler Divergence

The fundamental quantity is the relative entropy, also called information divergence, discrimination
information, Kullback-Leibler divergence or information or distance or discrepancy. The relative entropy of
a probability p with respect to a probability g is defined for any couple of probabilities p, g on the same
probability space.

Given two probabilities p and g on (R", B(R")) with densities f and g, respectively, the relative
entropy of p with respect to g is

f(x)
S = x) lo dx. (33)
(plla) = Jo, f)log s
The value +oo is allowed for S(pl||q); the usual convention 0log(0/0) = 0 is understood.

The relative entropy (33) is the amount of information that is lost when g is used to approximate
p [54] (p. 51). Of course, if x is dimensioned, then the densities f and g have the same dimension
(that is, the inverse of x), and the argument of the logarithm is dimensionless, as it must be.

Proposition 6 ([56], Theorem 8.6.1). The following properties hold.

i) S(pllg) = 0.
(i)  S(pllq) =0 = p=yq = f=g ae.
(iii)  S(pllq) is invariant under a change of the unit of measurement.
(iv) Ifp=N(a; A)and g = N (b; B) with invertible variance matrices A and B, then

25(pllq) = (loge){ (a—b)-Bl(a—b)+Tr {B_lA - ]l} } + log j:’:fl . (34)

As 5(p||q) is scale invariant, it quantifies a relative error for the use of q as an approximation of p,
not an absolute one.

Let us employ the relative entropy to evaluate the effect of an additive Gaussian noise v ~ A/ (b; 8?)
on an independent Gaussian random variable X. If X ~ N (g; a?), then X +v ~ N (a+ b;a® + ,82), and
the relative entropy of the true distribution of X with respect to its disturbed version X + v is

_loge *—p* 1

a? + p?

This expression vanishes if the noise becomes negligible with respect to the true distribution,
that is if 2/a? — 0 and b?/a? — 0. On the other hand, S(X||X + v) diverges if the noise becomes too
strong with respect to the true distribution, or, in other words, if the true distribution becomes too
peaked with respect to the noise, that is, ﬁz /a2 — 400 or b2/a? — +o0.

3.2. Differential Entropy

The differential entropy of an absolutely continuous random vector X with a probability density f is

H(X) := — . f(x)log f(x)dx.
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This quantity is commonly used in the literature, even if it lacks many of the nice properties of
the Shannon entropy for discrete random variables. For example, H(X) is not scale invariant, and it
can be negative [56] (p. 244).

Since the density f enters in the logarithm argument, the definition of H(X) is meaningful only
when f is dimensionless, which is the same as X being dimensionless. Note that, if X is dimensioned
and ¢ > 0 is a real parameter making X = cX a dimensionless random variable, then

H(X):— f(u/c) Ing(u/C) du:_\/Rnf(x)logfc(:) dx.

R" ch ch

In the following, we shall consider the differential entropy only for dimensionless random vectors X.

Proposition 7 ([56], Section 8.6). The following properties hold.

(i) If X is an absolutely continuous random vector with variance matrix A, then
1 " n 1
H(X) < 3 log ((27re) det A) =3 log (27te) + 5 Trlog A.

The equality holds iff X is Gaussian with variance matrix A and arbitrary mean vector a.
(i) IfX = (Xy,...,Xn) is an absolutely continuous random vector, then

The equality holds iff the components X1, .. ., X, are independent.
Remark 1. In property (i) we have used the following well-known matrix identity, which follows by diagonalization:
logdet A = Trlog A, VA > 0.

Remark 2. Property (i) yields that the differential entropy of a Gaussian random variable X ~ N (a;a?) is
_1 2
H(X) = 5 log (27reoc ) ,

which is an increasing function of the variance a®, and thus it is a measure of the uncertainty of X. Note that
H(X) > 0iffa®> > 1/(2me).

4. Entropic PURs for Position and Momentum

The idea of having an entropic formulation of the PURs for position and momentum goes back
to [7-9]. However, we have just seen that, due to the presence of the logarithm, the Shannon differential
entropy needs dimensionless probability densities. So, this leads us to introduce dimensionless versions
of position and momentum.

Let A > 0 be a dimensionless parameter and s a second parameter with the dimension of a mass
times a frequency. Then, we introduce the dimensionless versions of position and momentum:

0= \/fQ, p= \/%P = [Qi, pj] = iAg;;. (35)

We use a unique dimensional constant s, in order to respect rotation symmetry and do not
distinguish different particles. Anyway, there is no natural link between the parameter multiplying Q
and the parameter multiplying P; this is the reason for introducing A. As we see from the commutation
rules, the constant A plays the role of a dimensionless version of 7z; in the literature on PURs, often A =1
is used [8,9,12,46].
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4.1. Vector Observables

Let Q and P be the pvm’s of Q and P; then, Qp and ISP are their probability distributions in the
state p. The total preparation uncertainty is quantified by the sum of the two differential entropies
H(Qp) + H(P,). For p € G, by Proposition 7 we get

~ ~ 1 4\"
H(Qp) + H(P,) = nlog (rre)) + 3 log [(?ﬂ) (det A) (deth)} . (36)
In the case of product states of minimum uncertainty, we have (det A?) (detBf) = (hZ/ 4)n ;
then, by taking (20) into account, we get

inf {H(Qy) + H(Py) } = nlog (rer). (37)

Thus, the bound (37) arises from quantum relations between Q and P; indeed, there would be no
lower bound for (36) if we could take both det A° and det B arbitrarily small.

By item (ii) of Proposition 7, the differential entropy for the distribution of a random vector is
smaller than the sum of the entropies of its marginals; however, the final bound (37) is a tight bound
for both H(Q,) + H(P,) and Yy H(Q;p) + Xty H(P; ).

By the results of [8,9], the same bound (37) is obtained even if the minimization is done over all
the states, not only the Gaussian ones.

The uncertainty result (37) depends on A, this being a consequence of the lack of scale invariance
of the differential entropy; note that the bound is positive if and only if A > 1/(7re). Sometimes in
the literature the parameter /1 appears in the argument of the logarithm [27,30]; this fact has to be
interpreted as the appearance of a parameter with the numerical value of 7, but without dimensions.
In this sense the formulation (37) is consistent with both the cases with A = 1 or A = i. Sometimes the
smaller bound In 27t appears in place of log 7re [10]; this is connected to a state dependent formulation
of the entropic PUR [12] (Section V.B).

4.2. Scalar Observables

The dimensionless versions of the scalar observables introduced in (6) are

~ P24 ~ A ~ o~ .
Qu= \/;Qu; P, = \/ﬁ P, = [Qu, Pz,} =iAcosa. (38)

We denote by Qu,p and ﬁv,p the associated distributions in the state p. For p € 8, the respective
means and variances are

P A ~ % ~ A2
\/;u -a’, N v- b, Var(Qu,p) = T APy, Var(Py,) = el Bfv,

with \/Var(éu,p) Var(ﬁv,p) > Alcosal /2.
As in the vector case, the total preparation uncertainty is quantified by the sum of the two
differential entropies H(Qu,) + H(Py,). For p € G, Proposition 7 gives

H(Qu,p) + H(ﬁv,p) =log (27Te\/Var(éu,p) Var(ﬁv,p)> . (39)

Then, we have the lower bound

14+ 1In (7 |Acosal)

In2 ’ 49

31615 {H(Qu,p) + H(ﬁy,p)} = log (7reA |cosa|) =
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which depends on A, but not on ». Of course, because of (39), for Gaussian states a lower bound
for the sum H (Qu,p) +H (5v,p) is equivalent to a lower bound for the product Var(f)u,p) Var(ﬁv,p).
By the generalization of the results of [8,9] given in [46], the bound (40) is obtained also when the
minimization is done over all the states.

Let us note that the bound in (40) is positive for |A cosa| > 1/(7e), and it goes to —oo for & — 77/2,
which is the case of compatible Q,, and Py . In the case a = 0, the bound (40) is the same as (37) for
n=1

5. Approximate Joint Measurements of Position and Momentum

In order to deal with MURs for position and momentum observables, we have to introduce
the class of approximate joint measurements of position and momentum, whose marginals we will
compare with the respective sharp observables. As done in [3,4,18,57], it is natural to characterize such
a class by requiring suitable properties of covariance under the group of space translations and velocity
boosts: namely, by approximate joint measurement of position and momentum we will mean any POVM on
the product space of the position and momentum outcomes sharing the same covariance properties of
the two target sharp observables. As we have already discussed, two approximation problems will be
of our concern: the approximation of the position and momentum vectors (vector case, with outcomes
in the phase-space R" x R"), and the approximation of one position and one momentum component
along two arbitrary directions (scalar case, with oucomes in R x R). In order to treat the two cases
altogether, we consider POVMs with outcomes in R” x R" = R2" which we call bi-observables; they
correspond to a measurement of m position components and m momentum components. The specific
covariance requirements will be given in the Definitions 5-7.

In studying the properties of probability measures on R, a very useful notion is that of the
characteristic function, that is, the Fourier cotransform of the measure at hand; the analogous
quantity for POVMs turns out to have the same relevance. Different names have been used in
the literature to refer to the characteristic function of POVMSs, or, more generally, quantum instruments,
such as characteristic operator or operator characteristic function [3,24,34,44,58-62]. As a variant,
also the symplectic Fourier transform quite often appears [5] (Section 12.4.3). The characteristic
function has been used, for instance, to study the quantum analogues of the infinite-divisible
distributions [3,34,58-60,62] and measurements of Gaussian type [5,44,61]. Here, we are interested
only in the latter application, as our approximating bi-observables will typically be Gaussian. Since
we deal with bi-observables, we limit our definition of the characteristic function only to POVMs on
R™ x R™, which have the same number of variables of position and momentum type.

Being measures, POVMs can be used to construct integrals, whose theory is presented e.g., in [26]
(Section 4.8) and [4] (Section 2.9, Proposition 2.9.1).

Definition 4. Given a bi-observable M : B(R?") — L(H), the characteristic function of M is the operator
valued function M : R2" — £(H), with

M(k, 1) :/

- kX PV (dxdp). (41)

In this definition the dimensions of the vector variables k and I are the inverses of a length and
momentum, respectively, as in the definition of the characteristic function of a state (27). This definition

is given so that Tr {I\7I(k, 1y p} is the usual characteristic function of the probability distribution M,

on R?",

5.1. Covariant Vector Observables

In terms of the pvm’s (4), the translation property (25) is equivalent to the symmetry properties

W(x,p)QUAW(x,p)" =Q(A+x),  W(x,p)P(B)W(x,p)" =P(B+p),  VABEeBR",
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and they are taken as the transformation property defining the following class of POVMs on
R2" [23,26,44,53,57].

Definition 5. A covariant phase-space observable is a bi-observable M : B(R?") — L(3() satisfying the
covariance relation

W(x, p)M(Z)W(x,p)" =M <z + (;)) ,  VZecBR¥™), Vx,pcR.

We denote by C the set of all the covariant phase-space observables.

The interpretation of covariant phase-space observables as approximate joint measurements of
position and momentum is based on the fact that their marginal POVMs

Mi(A) = M(AxR"),  My(B) =M(R"x B), A,BeBR",

have the same symmetry properties of Q and P, respectively. Although Q and P are not jointly
measurable, the following well-known result says that there are plenty of covariant phase-space
observables [4] (Theorem 4.8.3), [63,64]. In (43) below, we use the parity operator IT on H, which is
such that

OW(x,p)I1=W(—x,—p) = W(x,p)". (42)

Proposition 8. The covariant phase-space observables are in one-to-one correspondence with the states on X,
so that we have the identification § ~ C; such a correspondence o <> M7 is given by

M?(B) = / M’ (x,p) dxdp, VB € B(R?"),
B
) . (43)
M?(x,p) = —— W(x, p)IToTIW (x, p)".
() = gy W PIITTIW x, )
The characteristic function (41) of a measurement M” € C has a very simple structure in terms of
the characteristic function (27) of the corresponding state o € 8.

Proposition 9. The characteristic function of M7 € C is given by

M7 (k1) = W (—Qw) G(w), w= (’;) e R?, (44)
and the characteristic function of the probability Mg is
Tr {W(k, z)p} = B(w)&(w). (45)

In (44) we have used the identification (26). The characteristic function of a state is introduced in (27).

Proof. By the commutation relations (24) we have

W (—hI, hk)W (x, p)W(—hl, hk)* = e/ F*HPIW (x, p).
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Then, we get

1

Mk, 1) = (27th)"

/2 ei(k~x+l‘p)w(x, p)IIoTIW (x, p)* dxdp
R n

—_

= 2y /R W (—hl, k)W (x, p)W(—hl, k)" TIocTIW (x, p)* dxdp

= W(—hl, hk) Te{W(—hl, hk)* T1oT1},
where we used the formula (29). By (42) and the definition (27), we get (44). Again by (27), we get (45). O

In terms of probability densities, measuring M” on the state p yields the density function
W (x,plp) = Te{M’(x, p)p}. Then, by (45), the densities of the marginals M{ pand Mg , are the convolutions

hi(elo) = f(elp) = f(elo),  H5(elp) = g(elp) *g(e|0), (46)

where f and g are the sharp densities introduced in (5). By the arbitrariness of the state p, the marginal
POVMs of M7 turn out to be the convolutions (or ‘smearings’)

Mi(4) [ dx [ fle=¥lo@r),  MEB) [dp [ slp—pIo)Pp)

(see e.g., [23] (Section III, Equations (2.48) and (2.49))).

Let us remark that the distribution of the approximate position observable M{ in a state p is the
distribution of the sum of two independent random vectors: the first one is distributed as the sharp
position Q in the state p, the second one is distributed as the sharp position Q in the state ¢. In this
sense, the approximate position M{ looks like a sharp position plus an independent noise given by ¢.
Of course, a similar fact holds for the momentum. However, this statement about the distributions
can not be extended to a statement involving the observables. Indeed, since Q and P are incompatible,
nobody can jointly observe M, Q and P, so that the convolutions (46) do not correspond to sums of
random vectors that actually exist when measuring M”.

5.2. Covariant Scalar Observables

Now we focus on the class of approximate joint measurements of the observables Q, and P,
representing position and momentum along two possibly different directions # and v (see Section 2.1.2).
As in the case of covariant phase-space observables, this class is defined in terms of the symmetries of
its elements: we require them to transform as if they were joint measurements of Q,, and P,. Recall
that Q, and P, denote the spectral measures of Qy,, P,.

Due to the commutation relation (24), the following covariance relations hold

W(x, p)Qu(AW(x,p)" = Qu(A+u-x),  W(x p)Po(B)W(x,p)" =Py(B+v-p),

for all A,B € B(R) and x,p € R". We employ covariance to define our class of approximate joint
measurements of Q, and P,.

Definition 6. A (u,v)-covariant bi-observable is a POVM M : B(R?) — L(H) such that

W(x, p)M(Z)W(x,p)* =M <Z+ (;’;)) ,  VZeB[R?, VxpcR.

We denote by Cy, the class of such bi-observables.

So, our approximate joint measurements of Q, and P, will be all the bi-observables in the class Cy 5.
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Example 1. The marginal of a covariant phase-space observable M along the directions u and v is
a (u,v)-covariant bi-observable. Actually, it can be proved that, if cosa # 0, all (u, v)-covariant bi-observables
can be obtained in this way.

It is useful to work with a little more generality, and merge Definitions 5 and 6 into a single notion
of covariance.

Definition 7. Suppose ] is a k x 2n real matrix. APOVM M : B(RF) — £(3() is a J-covariant observable
on RF if

W(x, p)M(Z)W(x, p)* = M <z +J (;)) . VZeB[RK, VxpeR

Thus, approximate joint observables of Q, and P, are just J-covariant observables on R? for the

choice of the 2 x 2n matrix
ul o7
] = of oT )" (47)

On the other hand, covariant phase-space observables constitute the class of 1,-covariant
observables on R?", where 15, is the identity map of R2",

5.3. Gaussian Measurements

When dealing with Gaussian states, the following class of bi-observables quite naturally arises.

Definition 8. A POVM M : B(R?") — £(H) is a Gaussian bi-observable if

|\7|(k,l) W <_QUM)T (’;)) exp {i (kT lT) (Zm) - % (kT IT) yM (ll(> } (48)

Sfor two vectors aM bM € R™, g real 2m x 2n matrix ] M and a real symmetric 2m X 2m matrix yM satisfying
the condition ]
VM S MaM)T > 0. (49)

M
We set uM = <ZM> . The triple (uM, VM, M) is the set of the parameters of the Gaussian observable M.

In this definition, the vector aM has the dimension of a length, and bM of a momentum; similarly,
the matrices JM, VM decompose into blocks of different dimensions. The condition (49) is necessary
and sufficient in order that the function (48) defines the characteristic function of a POVM.

For unbiased Gaussian measurements, i.e., Gaussian bi-observables with aM = pM = o,
the previous definition coincides with the one of [5] (Section 12.4.3). It is also a particular case of the
more general definition of Gaussian observables on arbitrary (not necessarily symplectic) linear spaces
that is given in [43,44]. We refer to [5,44] for the proof that Equation (48) is actually the characteristic
function of a POVM.

Measuring the Gaussian observable M on the Gaussian state p yields the probability distribution
M, whose characteristic function is

(M (k, ) = p ((IM)T (’;)) exp {i (e 1) <b> L ) (’;) }

—op il )| (o) o ()| <36y o] (5)
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hence the output distribution is Gaussian,
Mo = A (JMpe 4+ M5 MVe ()T 4 VM) (50)

5.3.1. Covariant Gaussian Observables

For Gaussian bi-observables, J-covariance has a very easy characterization.

Proposition 10. Suppose M is a Gaussian bi-observable on R*" with parameters (uM, VM, M), Let J be any
2m x 2n real matrix. Then, the POVM M is a J-covariant observable if and only if M = J.

Proof. For x, p € R", we let M’ and M” be the two POVMs on R?" given by
M (Z) = W(x, p)M(Z)W(x,p)", M"(Z) =M (Z +7] (;)) ,  VZ e BER™M.

By the commutation relations (24) for the Weyl operators, we immediately get

M (k, 1) = W(x, p)M(k, )W (x, p)* = exp {—i (xT pT) ! l—Q(IM)T (’;) } M(k, 1)

= exp {—i (kT ) ™ (;) } Ni(k, I);

we have also
} M(dx'dp’)

M (k1) = /}Rzm exp {i (kT lT) [(;ﬁ) — 7] (;)
= exp {—i (kT zT) i (:) } Mi(k, ).

Since M(k, 1) # 0 for all k, I, by comparing the last two expressions we see that M’ = M” if and
only if

exp {—i (kT ) M <:) } — exp {—i (k7 1)) (;) } Vx,p €R", Vk1€R",

which in turn is equivalent to | M—7 O

Vector Observables
Let us point out the structure of the Gaussian approximate joint measurements of Q and P.
Proposition 11. A bi-observable M” & C is Gaussian if and only if the state o is Gaussian. In this case,

the covariant bi-observable M7 is Gaussian with parameters

M7 g VMU — VU, ]M” — 12}1'

Proof. By comparing (31), (44) and (48), and using the fact that W(xy, p1) &« W(xp, p2) if and only if
x] = xp and p; = pa, we have the first statement. Then, for o € G, we see immediately that M7 is
a Gaussian observable with the above parameters. [
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We call CC the class of the Gaussian covariant phase-space observables. By (50), observing M?
on a Gaussian state p € § yields the normal probability distribution M7 = N (4 + p7; VP + V7),
with marginals

Tp=N(a’+a% AP + A7), M3, =N(b"+b7;B +B). (51)
When a = 0 and b = 0, we have an unbiased measurement.

Scalar Observables

We now study the Gaussian approximate joint measurements of the target observables Q, and P,
defined in (6).

Proposition 12. A Gaussian bi-observable M with parameters (uM, VM, M) is in @, if and only if M =],
where | is given by (47). In this case, the condition (49) is equivalent to

2

h
vM>0, vM>o0 VMUMN> Z(cosoc)2 + (VM2 (52)

Proof. The first statement follows from Proposition 10. Then, the matrix inequality (49) reads

ih 0 COS &
My = >0,
2 (—cos:x 0 ) -

which is equivalent to (52). O

We write €3, for the class of the Gaussian (u, v)-covariant phase-space observables. An observable
M € @S is thus characterized by the couple (yM,VM). From (50) with JM = T given by (47),

u,0

we get that measuring M € (‘3,%, on a Gaussian state p yields the probability distribution
M, =N (,uﬁ,v +uM; Vi, + VM> with 4, and Vi, given by (12). Its marginals with respect to the
first and second entry are, respectively,

Myp =N (u - af + a™; Var(Qu,p) + Vl'\{') ;o My =N (v b+ bM; Var(Py,,) + Vz'\z") . (53)

Example 2. Let us construct an example of an approximate joint measurement of Q,, and Py, by using a noisy
measurement of position along u followed by a sharp measurement of momentum along v. Let A be a positive
real number yielding the precision of the position measurement, and consider the POVM M on R? given by

M(A x B) :ﬁAexp{—W}Pv(B)exp{—W} dx, VA Be B(R)
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The characteristic function of M is

Vi 1 i — Xu 2 i — Cu 2
M(k, 1) = TTA/Relkxexp{—(x 422 ) } [/Re’va(dp)] exp{—(x 45 ) } dx
_ 1 co (x= Q0 {_ (x — Qu)z}
= oa Je exp {1kx A } e'"? exp A dx
_ . _(x—Qu+hlu-v)2} {_(x—Qu>2}
= o [, &P {1kx A exp dx

eil Py

4A

1 _ hlcosa)> [ . x — Qu +hlcosa/2)?
= 5RO {IZPW(CSCE)}/RGXP {1kx( Qu ZAcos ) }dx

2
= exp {iva + ik (Qu + hlcosa) — %kz _ GICOS“)ZZ}

2 8A

2
= W(—hlv, hku) exp {—g K — (cm;iztx) 12} .

Therefore, M is a Gaussian bi-observable with parameters aM =0, M = 0and i M_— ], where | is given

by (47) and VY = A, VY = % and VY = 0. This implies M € €S, in particular, the set va is

non-empty. Moreover, the lower bound V'V = %(cos w)? is attained, cf. (52).

Example 3. Let us consider the case &« = £7/2; now the target observables Q, and P, are compatible and
we can define a pom M on R? by setting M(A x B) = Qu(A)Py(B) forall A,B € B(R). Its characteristic
function is

M(k,1) = /Reik"Qu(dx) /Re”va(dp) = o/ (kKQutIPo) — W (—plv, hku).

Then, M € va with parameters a™ = 0, M = 0, VM = 0.and M = ] given by (47). Note that M can be
regarded as the limit case of the observables of the previous example when cosa = 0 and A | 0.

6. Entropic MURs for Position and Momentum

In the case of two discrete target observables, in [41] we found an entropic bound for the precision of
their approximate joint measurements, which we named entropic incompatibility degree. Its definition
followed a three steps procedure. Firstly, we introduced an error function: when the system is in a given
state p, such a function quantifies the total amount of information that is lost by approximating the
target observables by means of the marginals of a bi-observable; the error function is nothing else
than the sum of the two relative entropies of the respective distributions. Then, we considered the
worst possible case by maximizing the error function over p, thus obtaining an entropic divergence
quantifying the approximation error in a state independent way. Finally, we got our index of
the incompatibility of the two target observables by minimizing the entropic divergence over all
bi-observables. In particular, when symmetries are present, we showed that the minimum is attained
at some covariant bi-observables. So, the covariance followed as a byproduct of the optimization
procedure, and was not a priori imposed upon the class of approximating bi-observables.

As we shall see, the extension of the previous procedure to position and momentum target
observables is not straightforward, and peculiar problems of the continuous case arise. In order to
overcome them, in this paper we shall fully analyse only a case in which explicit computations can be
done: Gaussian preparations, and Gaussian bi-observables, which we a priori assume to be covariant.
We conjecture that the final result should be independent of these simplifications, as we shall discuss
in Section 7.

As we said in Section 5, by “approximate joint measurement” we mean “a bi-observable with the
‘right” covariance properties”.
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6.1. Scalar Observables

Given the directions # and v, the target observables are Q, and P, in (6) with pvm’s Q, and P5.
For p € G with parameters (uf, V?) given in (10), the target distributions Q,, and P, , are normal with
means and variances (11).

An approximate joint measurements of Q, and P, is given by a covariant bi-observable M € €, »;
then, we denote its marginals with respect to the first and second entry by M; and M,, respectively.
For a Gaussian covariant bi-observable M € GS, , with parameters (M, VM), the distribution of M in
a Gaussian state p is normal,

Mo = N (4o + ™5 Vi + VM),

so that its marginal distributions My , and My, are normal with means u - a® + aM and v - b + M
and variances

Var (My,) = Var (Qup) + Vi,  Var (My,) = Var (Py,) + Vas. (54)

Let us recall that |u| =1, |v| =1, u-v = cosa, and that by (16) and (52), we have

hZ
(cosa)?, vMyM > T (cosa)?. (55)

=

Var (Qu,p) Var (Pg,) >

6.1.1. Error Function

The relative entropy is the amount of information that is lost when an approximating distribution
is used in place of a target one. For this reason, we use it to give an informational quantification of
the error made in approximating the distributions of sharp position and momentum by means of the
marginals of a joint covariant observable.

Definition 9. Given the preparation p € 8 and the covariant bi-observable M € €, 5, the error function for
the scalar case is the sum of the two relative entropies:

S(Pr M) = S(Qu,pHMl,p) + S(Pv,pHMZ,p)- (56)

The relative entropy is invariant under a change of the unit of measurement, so that the error
function is scale invariant, too; indeed, it quantifies a relative error, not an absolute one. In the Gaussian
case the error function can be explicitly computed.

Proposition 13 (Error function for the scalar Gaussian case). Forp € Gand M € GS, o, the error function is

S(0,M) = B [s(x) +(y) + Ao, M)], 67)
where
V1'\1/I Vzl\z/l (aM)? (bM)?

;Ao M):

T Qe T Var (Pag) " Var (i) Var (W)’

and s : [0, +00) — [0, +00) is the following C* strictly increasing function with s(0) = 0:

s(x) :=In(1+x) - (58)

X
1+x
Proof. The statement follows by a straightforward combination of (32), (34), (53) and (56). O

Note that the error function does not depend on the mixed covariances u - C°v and Vll\z/l. Note also
that, if we select a possible approximation M, then the error function S(p, M) decreases for states p with
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increasing sharp variances Var (Qu,) and Var (Py,): the loss of information decreases when the sharp
distributions make the approximation error negligible. Finally, note that

s(x) +s(y) =1+ x)(1+y)]+ (1 +x) " +1+y) " =

B ~ Var (My,)
Var (Qu,p)” "= Var (Poy)

This means that, apart from the term A(p, M) due to the bias, our error function S(p, M) only
depends on the two ratios “variance of the approximating distribution over variance of the target
distribution”. Thus, in order to optimize the error function, one has to optimize these two ratios.

We use formula (57) to firstly give a state dependent MUR, and then, following the scheme of [41],
a state independent MUR.

A lower bound for the error function can be found by minimizing it over all possible approximate
joint measurements of Q, and P,. First of all, let us remark that this minimization makes sense because
we consider only (u,v)-covariant bi-observables: if we minimized over all possible bi-observables,
then the minimum would be trivially zero for every given preparation p. Indeed, the trivial bi-observable
M(A x B) = Qu,p(A)Py,p(B) 1 yields S(p,M) = 0.

When minimizing the error function over all (#, v)-covariant bi-observables, both the minimum
and the best measurement attaining it are state dependent. When a = =m/2, the two target
observables are compatible, so that their joint measurement trivially exists (see Example 3) and
we get infyce, , S(0,M) = 0. In order to have explicit results for any angle a, we consider only the
Gaussian case.

Theorem 1 (State dependent MUR, scalar observables). For every p € Gand M € €S,

S(Qupl[M1,0) + S(Po,pl[Ma,p) > cp(a), (59)

where the lower bound is

ep(a) = () loge
60
~ (loge) dIn [ 1+ 11| cos & B hi| cos | , (60)

2\/Var (Qu,p) Var (Py) h| cosa| + 2\/Var (Quyp) Var (Pyp)
with "
zp = [cosa| € [0,1]. 61)
2\/Var (Qu,p) Var (Py,p)

The lower bound is tight and the optimal measurement is unique: cp(x) = S(p,My), for a unique
My € GE,D; such a Gaussian (u,v)-covariant bi-observable is characterized by

M, M, M. _ N / m. _ 1 [Var (Pyp)
‘u - 0/ Vlz - O, Vll - E vp |COS[X‘ V22 = i W ‘COSUC| . (62)

Proof. As already discussed, the case cosa = 0 is trivial. If cosa # 0, we have to minimize the error

function (57) over M. First of all we can eliminate the positive term A(p, M) by taking an unbiased

measurement. Then, since s is an increasing function, by the second condition in (55) we can also take

Vll\lll* VZ'\;* = % (cos tx)z. This implies Vll\z/l* = 0 by (52). In this case the error function (57) reduces to
M,

Vil

S(o,M,) = — (s(x) +s(zp2/x)) / r= W’
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with z, given by (61); by the first of (55), we have z, € (0,1].
Now, we can minimize the error function with respect to x by studying its first derivative:

d 24 (*—20) (* + 2505+ 2})
o (s(x) —i—s(zpz/x)) B —zx)2 - x(zgj-x)z - x (;g+x)2(1ix)2 .

Having x > 0, we immediately get that x = z, gives the unique minimum. Thus

z
S(o,M) > S(p, M) = s(zp)loge = log(1+2z,) — 7 +pr loge,

and

Var (Qu,)
Var (Py,)

Var (Py,)

Var (0.) (Qu,p) |cosa|,

Vi = 2o Var (Qup) =

NSt

jcosa|, Vpy" =z Var (Po,) =

NSt

which conclude the proof. O

Remark 3. The minimum information loss c,(a) depends on both the preparation p and the angle x. When
a # £71/2, that is when the target observables are not compatible, c,(a) is strictly grater than zero. This is
a peculiar quantum effect: given p, u and v, there is no Gaussian approximate joint measurement of Q, and Py,
that can approximate them arbitrarily well. On the other side, in the limit & — 4=71/2, the lower bound c,(x)
goes to zero; so, the case of commuting target observables is approached with continuity.

Remark 4. The lower bound c,(a) goes to zero also in the classical limit i — 0. This holds for every angle
« and every Gaussian state p.

Remark 5. Another case in which cp(a) — 0 is the limit of large uncertainty states, that is, if we let the product
Var (Qu,p) Var (Py,) — +oo: our entropic MUR disappears because, roughly speaking, the variance of (at
least) one of the two target observables goes to infinity, its relative entropy vanishes by itself, and an optimal
covariant bi-observable M, has to take care of (at most) only the other target observable.

Remark 6. Actually, something similar to the previous remark happens also at the macroscopic limit, and does

not require the measuring instrument to be an optimal one; indeed, unbiasedness is enough in this case.

This happens because the error function S(p, M) quantifies a relative error; even if the measurement approximation

M is fixed, such an error can be reduced by suitably changing the preparation p. Indeed, if we consider the

position and momentum of a macroscopic particle, for instance the center of mass of many particles, it is natural

that its state has much larger position and momentum uncertainties than the intrinsic uncertainties of the
vy

Lo . . vM . . . .
measuring instrument; that is, Var(Qup) < 1and Var(Pog) < 1, implying that the error function (57) is

negligible. In practice, this is a classical case: the preparation has large position and momentum uncertainties
and the measuring instrument is relatively good. In this situation we do not see the difference between the joint
measurement of position and momentum and their separate sharp observations.

Remark 7. The optimal approximating joint measurement M, € €S, is unique; by (62) it depends on the
preparation p one is considering, as well as on the directions u and v. A realization of M, is the measuring
procedure of Example 2.

Remark 8. The MUR (59) is scale invariant, as both the error function S(, M) and the lower bound c,(«) are such.
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Remark 9. For cosa # 0, we get infyy_ec S(p, M) = s(z,) loge, where z, is defined by (61). As zp ranges in
the interval (0, 1], the quantity infy, g, S (p, M) takes all the values in the interval (0, - 10%} , 50 that

1
sup inf S(p,M)=1——8% (63)
‘069 Meegv 2

In order to get this result, we needed cos a # 0; however, the final result does not depend on . Therefore,
in the sup, infym-approach of (63), the continuity from quantum to classical is lost.

6.1.2. Entropic Divergence of Q,, P, from M

Now we want to find an entropic quantification of the error made in observing M € C,, as
an approximation of Q, and P, in an arbitrary state p. The procedure of [41], already suggested
in [19] (Section VI.C) for a different error function, is to consider the worst case by maximizing the error
function over all the states. However, in the continuous framework this is not possible for the error
function (56); indeed, from (57) we get sup e S(p,M) = +o0 even if we restrict to unbiased covariant
bi-observables.

Anyway, the reason for 5(p, M) to diverge is classical: it depends only on the continuous nature of
Qu and P,, without any relation to their (quantum) incompatibility. Indeed, as we noted in Section 3.1,
if an instrument measuring a random variable X ~ N(a;4?) adds an independent noise v ~ N(b; 82),
thus producing an output X +v ~ N (a + b;a® + p?), then the relative entropy S(X| X +v) diverges
for a?> — 0; this is what happens if we fix the noise and we allow for arbitrarily peaked preparations.
Thus, the sum S(Qu,p||M1,) + S(Po,||M2,) diverges if, fixed M, we let Var(Qu,) or Var(Py,) go to 0.

The difference between the classical and quantum frameworks emerges if we bound from below
the variances of the sharp position and momentum observables. Indeed, in the classical framework
we have infy g sup,2.. S(X||X +v) = 0 for every € > 0; the same holds for the sum of two relative
entropies if no relation exists between the two noises. On the contrary, in the quantum framework the
entropic MURs appear due to the relation between the position and momentum errors occurring in
any approximate joint measurement.

In order to avoid that S(p, M) — +oo due to merely classical effects, we thus introduce the
following subset of the Gaussian states:

Ge? == {peG:Var (Qup) > €1, Var (Pyp) > &}, € >0, (64)

and we evaluate the error made in approximating Q, and P, with the marginals of a (4, v)-covariant
bi-observable by maximizing the error function over all these states.

Definition 10. The Gaussian e-entropic divergence of Q,, Py from M € €y, is

DE(Qu,PvHM) := sup S(p,M). (65)
e’

For Gaussian M, depending on the choice of the thresholds €1 and €, the divergence DS (Qy, Py ||M)
can be easily computed or at least bounded.

Theorem 2. Let the bi-observable M € €S, be fixed.
. 1 ) . G o
(i) Forerep > T (cosw)?, the divergence Dg (Qy, Py||M) is given by

DE(Qu,PulM) = S(pe(1,0),M) = 5 [s(xe) +5(ye) + B(eM)], (66)
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where pe(u,v) is any Gaussian state with Var (Qu,pe (u,v)) =€) and Var (Pv,pg(u,v)> =€y, and

VM VM My2 M\2
Xe 1= —L, =2, A(g;0) :== (a™) ()

e = .
€1 €2 Vll\l/l +e€1 VZ'\ZA + €

2
(ii)  Fore1ep < % (cosa)?, the divergence DS (Qy, Po||M) is bounded from below by

loge
DE(Qu, PolM) = 8(pe (1,0), M) = <5 [s(xe) +5(ye) + Ale; M), (67)
, , , 8 2
where pe(u, v) is any Gaussian state with Var (Qu,pe(u,v)) = €1 and Var (Pv,pe(u,v)) = (cosw)”, and
1
M M M2 M2
Vil @) (M)

7 ye T T 97 = .
€1 1 (cos ) VM +¢ VM + % (cosa)?

The existence of the above states pe(u, v) is guaranteed by Proposition 3.

Proof. By Proposition 3, maximizing the error function over the states in G¢” is the same as
maximizing (57) over the parameters Var (Qu,) and Var (Py,) satisfying (55) and (64) (note that
in the bias A(p, M), the variances Var M; , and Var My, depend on Var (Qy,) and Var (Py,) by (54)).

72
(i) Inthecaseeje; > Y (cos 04)2, the thresholds themselves satisfy Heisenberg uncertainty relation,

and so equality (66) follows from the expression (57) and the fact the functions s(x), s(y), A(p, M)
are decreasing in Var (Q,,) and Var (Py,).
2

h
(i) In the case €16, < 1 (cos (x)z, we have to take into account the relation (55) for Var (Qu,p)

and Var (Py,): the supremum of S(p, M) is achieved when Var (Qu,) Var (Py,) = % (cosa)?,
with Var (Qu,) > €1 and Var (Py,) > €. Then inequality (67) follows by choosing Var (Qup) = €
" 2
and Var (Py,) = I (cosa)”.
O

Remark 10. The conditions on the states pe(u,v) do not depend on M, but only on the parameters defining

2
%, Thus, in the case ;€2 > - (cos w)?, any choice of pe(u,v) yields a state which is the worst one for every
Gaussian approximate joint measurement M.

6.1.3. Entropic Incompatibility Degree of Q, and Py,

The last step is to optimize the state independent e-entropic divergence (65) over all the approximate
joint measurements of Q, and P,. This is done in the next definition.

Definition 11. The Gaussian e-entropic incompatibility degree of Qu, Py is

Ci?lc(Qu’ Py €) = Mienefc Dg(QuerHM) = Mlerg sup S(p,M). (68)
1, 0, pegé”v

Again, depending on the choice of the thresholds €; and €, the entropic incompatibility degree
& (Qu, Py; €) can be easily computed or at least bounded.
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2

Theorem 3. (i) Forejey; > hz (cos &)?, the incompatibility degree ¢S (Qu, Po; €) is given by
fi|cos «| T |cos «|
G
; Py e) = (1 In(1 - .
Cinc(Qu/Poj€) = (loge) { ( 3 €162 ) 2,/€1€; + i [cos a| (69)

The infimum in (68) is attained and the optimal measurement is unique, in the sense that
G .2\ — NG
Cmc(Qul Pv' 6) - De (Qur PU H Me) (70)

for a unique M € €S ; such a bi-observable is characterized by

Me _ Me _ M. _ I [er Mc_ I [e Me _
a’e=0, be=0, Vj; =5 €—2|cos¢x|, Vo =5 a\cosod, Vie=0. (71)

2
(ii) For €16 < hz (cos zx)z, the incompatibility degree c$ (Qu, Py; €) is bounded from below by

Ci(r;lc(Qul Po;€) > (loge) {ln (2) — ;} . (72)
The latter bound is
(loge) {ln(Z) — ;} = S(pe(n,v),Me) = inf_ S(pe(u,v),M), (73)
MeCyy

where the state pe(u,v) is defined in item (ii) of Theorem 2 and M, is the bi-observable in G,Cj, o such that

2

h
aMe — 0, pMe — 0, Vll\l/le =€y, Vzl\éle = 1e (cos a)Z, Vl'\z/Ie =0. (74)
1

2
Proof. (i) In the caseejep > hz (cos a)z, due to (66), the proof is the same as that of Theorem 1 with

the replacements Var (Qyp) — €1 and Var (Py,) — €.
2
(i) In the case €163 < y (cos a)Z, starting from (67), the proof is the same as that of Theorem 1 with
the replacements Var (Qu,) — €1 and Var (Py,) — Z‘
O

(cos uc)z

Remark 11 (State independent MUR, scalar observables). By means of the above results, we can formulate
a state independent entropic MUR for the position Q,, and the momentum P, in the following way. Chosen two
positive thresholds €1 and €, there exists a preparation pe(u,v) € GU° (introduced in Theorem 2) such that,
for all Gaussian approximate joint measurements M of Q,, and Py, we have

S(Qupe (u,0) ”Mlps uv))+s( v,0e(u,0) HMZpe uv))

T |cos «| T |cos « . 1 2
_ >
(loge) {1“ T 2\/eTez> 7 ee T hlcosa] - Tere2 = g (cosa) 75
2
(loge) {ln(Z 2} , ifere < "y (cosa)?.

The inequality follows by (66) and (69) in the case eje; > Z—z (cos tx)z, and (73) in the case
€16 < I (cos w)2.

What is relevant is that, for every approximate joint measurement M, the total information loss S(p, M)
does exceed the lower bound (75) even if the set of states G¢'° forbids preparations p with too peaked target
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distributions. Indeed, without the thresholds €1, €5, it would be trivial to exceed the lower bound (75), as we
noted in Section 6.1.2.
We also remark that, chosen €1 and €;, we found a single state pe(u,v) in G¢'° that satisfies (75) for every
M, so that pe(u,v) is a ‘bad’ state for all Gaussian approximate joint measurements of position and momentum.
When €€y > % (cos oc)z, the optimal approximate joint measurement M is unique in the class of Gaussian
(u,v)-covariant bi-observables; it depends only on the class of preparations G¢'°: it is the best measurement for
the worst choice of the preparation in the class G¢'°.

Remark 12. The entropic incompatibility degree ¢S (Qu, Py; €) is strictly positive for cosa # 0 (incompatible
target observables) and it goes to zero in the limits &« — +71/2 (compatible observables), h — 0 (classical limit),
and e1€; — oo (large uncertainty states).

Remark 13. The scale invariance of the relative entropy extends to the error function S(p, M), hence to the
divergence DS (Qu, Py||M) and the entropic incompatibility degree ¢S (Qu, Po; €), as well as the entropic MUR (75).

6.2. Vector Observables

Now the target observables are Q and P given in (3), with pvm’s Q and P; the approximating
bi-observables are the covariant phase-space observables C of Definition 5. Each bi-observable M € €
is of the form M = M for some ¢ € 8, where M7 is given by (43). CC is the subset of the Gaussian
bi-observables in €, and M” € €C if and only if o is a Gaussian state.

We proceed to define the analogues of the scalar quantities introduced in Sections 6.1.1-6.1.3.
In order to do it, in the next proposition we recall some known results on matrices.

Proposition 14 ([50-52,65]). Let My and M, be n x n complex matrices such that My > My > 0. Then,
we have 0 < My < My L. Moreover, if s : Ry — R is a strictly increasing continuous function, we have
Tr{s(M;)} > Tr{s(M2)}.

6.2.1. Error Function

Definition 12. Given the preparation p € 8 and the covariant phase-space observable M7, with o € 8, the error
function for the vector case is the sum of the two relative entropies:

S(p,M7) = S(QuIMF,) + S(P,[IMS,). 76)

As in the scalar case, the error function is scale invariant, it quantifies a relative error, and we
always have S(p, M”) > 0 because position and momentum are incompatible. Indeed, since the marginals
of a bi-observable M” € € turn out to be convolutions of the respective sharp observables Q and P with
some probability densities on R", Q, # M{ pand Py # M3, for all states p; this is an easy consequence,
for instance, of Problem 26.1, p. 362, in [66].

In the Gaussian case the error function can be explicitly computed.

Proposition 15 (Error function for the vector Gaussian case). For p,o € G, the error function has the two
equivalent expressions:
o loge o o\—1_0o (o o130
S(p,M7) = =22 [Tr {5(Epe) +5(Fpp) } +a” - (AP + A7) 2’ + b7 - (B + B") b } (77a)

- k’% [Tr {s(ij;) + s(R;})] L a% (AP + A%) a1 b7 - (B + B")*lb”] . (77b)
where the function s is defined in (58), and

Ep,a — (Ap)fl/ZAV(Ap)fl/Z/ Fp,ﬂ — (Bp)fl/ZBV(Bp)fl/Z/ (78a)
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Np,a — (Aa)fl/ZAp(Aa)flﬁl Rp,rf — (Bo)fl/ZBp(Bo)fl/Z' (78b)
Proof. First of all, recall that
Qp = N (af; AP), M{, = N(af +a% AP + A7)
Po = N (b°; B°), M%,p = N (b° +b%;B° + B%).
A direct application of (34) yields

1 det(A? + A7) loge
o .
S(Ql[Mip) = 5 108 = ferav 2

[T { (a0 + A7) 7140 — 1} 4 a7 (40 + 47) N7
We can transform this equation by using

det (A7 + AP)

S = det [(AP)712 (47 + 4°) (49)71/2] = det (1+ Ep),

Indet (1+ E,¢) =Tr{In (1 +Eps)},
Tr {(AP +AT) AP - 11} = Tr{(AP)”Z(AP + A7) LAn/2 11} _— Tr{(IL + Ep,a)*lEp,g} .

This gives
loge _
S(QulIME,) = 222 [Te{s(Ego)} +a” - (49 + A7) a?] .

In the same way a similar expression is obtained for S(P,||M3 p) and (77a) is proved.
On the other hand, by using

det EQ:;AP) —In detéjt;(ff"’) = Indet (1+N,2) =T {in (14 N, )},

Te{(ar+ A7) AP~ 1} = —Tr {(4r + A7) A7} = —Tr{(ll +N;§)_l Np,(}},

and the analogous expressions involving B and R, ¢, one gets (77b). [

State Dependent Lower Bound

In principle, a state dependent lower bound for the error function could be found by analogy with
Theorem 1, by taking again the infimum over all joint covariant measurements, that is inf, S(p, M?).
By considering only Gaussian states p and measurements MY, from (18), (77a) and (78a), the infimum
over ¢ € G can be reduced to an infimum over the matrices A”:

The above equality follows since the monotonicity of s (Proposition 14) implies that the trace term
in (77a) attains its minimum when B = % (A°)~1. However, it remains an open problem to explicitly
compute the infimum over the matrices A” when the preparation p is arbitrary.

Nevertheless, the computations can be done at least for a preparation p, of minimum uncertainty
(Proposition 5). Indeed, by (22) we get

inf S(p., M%) = k’% inf Tr {s (Eow) +5 (Ep;}) }
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Now we can diagonalize E,; and minimize over its eigenvalues; since s(x) + s(x~1) attains its
minimum value at x = 1, this procedure gives E,, = 1. So, by denoting by 0. the state giving the

minimum, we have
2

A% = AP, B™ =B = hz (A7), (79)
ingJ S(p«, M7) = S(ps, M7) = ns(1) loge. (80)
(%S

For an arbitrary p € G, we can use the last formula to deduce an upper bound for inf,cg S(p, M7).
Indeed, if p. is a minimum uncertainty state with A?* = AF, then B° > %(AP )~! = BP* by (19),
and, using again the state o of (79), we find

in(fj S(p,M7) < S(p, M7™) < S(psx, M”*) = ns(1) loge.
oe

The second inequality in the last formula follows from (77b), (78b) and the monotonicity of s
(Proposition 14).

6.2.2. Entropic Divergence of Q, P from M?

In order to define a state independent measure of the error made in regarding the marginals of
M as approximations of Q and P, we can proceed along the lines of the scalar case in Section 6.1.2.
To this end, we introduce the following vector analogue of the Gaussian states defined in (64):

Ge:={p€e€G: A" >¢l, B° > 1}, € = (e1,€), € >0. (81)
In the vector case, Definition 10 then reads as follows.
Definition 13. The Gaussian e-entropic divergence of Q, P from M7 € C is

DS(Q,P|MY) := sup S(p, M?). (82)
Pege

As in the scalar case, when MY is Gaussian, depending on the choice of the product €;€;, we can
compute the divergence DS (Q, P||M?) or at least bound it from below.

Theorem 4. Let the bi-observable M? € €C be fixed.

2
(i) Forejey > hz, the divergence DS (Q, P||M?) is given by

D(Q,PIM7) = S(pe, M%) = 2B [Tr {5 (4 /) +5 (B 2))
+a% (A7 +e11) 'a” +b° - (BT + 621)*1b‘7}, (83)

where pe is any Gaussian state with APe = €11 and Bfe = e;1.
2

(i) Forere < hz, the divergence DS (Q, P||M?) is bounded from below by

1
DE(Q,P[[M7) > S(pe, M7) = % [Tr{s (A% /e1) +s (46113”/;12)}

-1
2
+u‘7-(A‘7—0—611L)la”—l—b”-(B‘T—FZle]l) bal, (84)
1
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2
where pe is any Gaussian state with APe = €11 and B¢ = ?]l.
1
12
Proof. (i) In the case eje; > I for p € Ge we have N,v > €(A%)7! and Ry > e(B7)7Y;

by Proposition 14 we get
Tr{s(N,;)} < Tr{s (A7/e1)},  Tre{s(R,;)} < Tr{s(B"/e2)},

(AP + AN < (1 4+ A7, (BP+B7) ! < (e1+B%) L
By using these inequalities in the expression (77b), we get (83).
12
(ii) Inthecaseejep < e the lower bound (84) follows by evaluating S(p, M”) at the state p = pe € Ge
2
with APe = ¢11 and BPc = h—IL.
461
O
Note that pe does not depend on o, but only on the parameters defining Je: again, in the

2
case €163 > T the error attains its maximum at a state which is independent of the approximate

measurement.

6.2.3. Entropic Incompatibility Degree of Q and P

By analogy with Section 6.1.3, we can optimize the e-entropic divergence over all the approximate
joint measurements of Q and P.

Definition 14. The Gaussian e-entropic incompatibility degree of Q and P is

Cine(Q Pie) := inf DE(Q PIM”) = inf sup §(p, M7). (85)
PEJe

Again, depending on the product €1€>, we can compute or at least bound ¢ _(Q, P; €) from below.

2
Theorem 5. (i) Forejey > hz, the incompatibility degree cC (Q, P; €) is given by

h h
ci(r;m(Q, P;e) = n (loge) {ln <1+ 2\/61762) — 2\/617€2+h}' (86)

The infimum in (85) is attained and the optimal measurement is unique, in the sense that
C.(Q,P;e) = DS(Q, P[[M%) (87)
Cmc , € € ’

for a unique o, € G; such a state is the minimal uncertainty state characterized by

ae=0, be=0, A%=" 2, B"e:;,/?n, C%=0.  (88)
2 1

N

2
(ii) For €163 < hz (cos &)?, the incompatibility degree c$ (Q, P;€) is bounded from below by

¢ .(Q,P;e) > n(loge) {111(2) — ;} . (89)
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The latter bound is .
n(loge) {ln (2) - } = S(pe, M%) = inf S(pe, M7), (90)
2 ceg

where the preparation pe is defined in item (ii) of Theorem 4 and o, is the state in G such that

2

Ir
a% =0, b%=0 A%=¢l,  B%e=-——1, (C%=0. (91)
461

2
Proof. (i) In the case e1er > T from the expression (83) we get immediately a’¢ =0, b% =0 and

by (19) we have B” > %(A")’l. So, by (83) and Propositions 3 and 14, we get B” = %(A")’l,
and
lo

12
inf sup S(p,M%) = ~5° infTr s (A (A7) b
J2f sup (oM7) = == infTr 4 s (A7/e1) +5 | (A7)
By minimizing over all the eigenvalues of A”, we get the minimum (86), which is attained if and
only if A7 is as in (88). Hence, A% and B% are as in (88). This implies that any optimal state o is
a minimum uncertainty state; so, C’ = 0 and the state o, is unique.

2

(ii) Inthecaseeje; < hz, by (19) and Proposition 14, inequality (84) implies

: loge . -1
(o4 g g
;ggps;lgpLS(p,M ) > > 1EUfTr{s(A /61)—|—s<€1(A ) )}

By minimizing over all the eigenvalues of A, we get (89). Then (89) holds for p¢ as in item (ii) of
Theorem 4 and o in (91).
O

Remark 14 (State independent MUR, vector observables). By means of the above results, we can formulate
the following state independent entropic MUR for the position Q and momentum P. Chosen two positive
thresholds €1 and €y, there exists a preparation pe € Ge (introduced in Theorem 4) such that, for all Gaussian
approximate joint measurements M7 of Q and P, we have

5(QpelMT ) + S(PpclM3,,,)

h h . 1
_ >
n (loge) {]n <1+ 3 €1€2> 7 €1€2+h}, iferer = 1,

z 2
n(loge) {ln(z) — ;} , ifeje; < T

(92)

The inequality follows by (83) and (86) for €162 > ﬁ, and (90) for ejex < %

Thus, also in the vector case, for every approximate joint measurement MY, the total information loss
S(p, M7) does exceed the lower bound (92) even if G forbids preparations p with too peaked target distributions.
Moreover, chosen €1 and €3, one can fix again a single 'bad’ state pe in Ge that satisfies (92) for all Gaussian
approximate joint measurements M7 of Q and P.

Whenever €15 > %2, the optimal approximating joint measurement M% is unique in the class of Gaussian
covariant bi-observables; it corresponds to a minimum uncertainty state o which depends only on the chosen
class of preparations G, that is, on the thresholds €1 and ey: M is the best measurement for the worst choice of
the preparation in that class.

Remark 15. For n = 1, the vector lower bound in (92) reduces to the scalar lower bound found in (75) for two
parallel directions u and v; for n > 1, the bound linearly increases with n.
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Remark 16. The entropic incompatibility degree ¢S (Qu, Py; €) is strictly positive for cosa # 0 (incompatible
target observables) and it goes to zero in the limit &« — F=71/2 (compatible observables), i — O (classical limit),
and €1e3 — oo (large uncertainty states).

Remark 17. Similarly to Remark 6 for scalar target observables, also the MUR (92) is actually ineffective for
macroscopic systems. Indeed, suppose we are concerned with position and momentum of a macroscopic particle,
say the center of mass of a multi-particle system (in this case n = 3). The states p which can be prepared in
practice have macroscopic widths, say p € Ge with ‘large’ thresholds € and e1e >> h? /4. Then, we consider
a measuring instrument M having a high precision with respect to this class of states, but not necessarily
attaining a precision near the quantum limits. For instance, let us take M € CC with A% = &1, B™ = &1,
and 0 < 61 K €1, 0 < & < ep; we assume M% is also unbiased: a”™ = 0, b = 0. Obviously, 516, > n? /4
must hold. Then, Yp € G¢ by (77a) and (78a) we have

. 3 3 . ) )
Ep,(l’* - ﬁ S a ]]-/ Fp,ﬂ’* - ﬁ S 5 ]1/
loge nloge

0 < S(p, M) = Tr {s(Epe.) +5(Foe,)} <

2 5 [s(61/€1) +s(b2/€2)].

By (58) the function s is increasing and it behaves as s(x) ~ x? /2 in a neighborhood of zero; in the present
case 01/€1 K 1and 6y/€y < 1, thus implying that the error function is negligible. This is practically a
‘classical’” case: the preparation has ‘large’ position and momentum uncertainties and the measuring instrument
is ‘relatively good’. In this situation we do not see the difference between the joint measurement of position and
momentum and their separate sharp distributions. Of course the bound (92) continues to hold, but it is also
negligible since e1ey > h* /4.

Remark 18. Also in the vector case, the scale invariance of the relative entropy extends to the error function
S(p, M), the divergence DE(Q,P||M?) and the entropic incompatibility degree cS (Q,P;€), as well as the

mc
entropic MUR (92). Indeed, let us consider the dimensionless versions of position and momentum (35) and

their associated projection valued measures Q, P introduced in Section 4. Accordingly, we rescale the joint
measurement M7 of (43) in the same way, obtaining the POVM

M (B) = /B M7 (%, p)dxdp,
M°(%,p) = (27.[1}\)” exp{/i\ (ﬁ-é—i-f’)}ﬂaﬂexp{—}i\ (ﬁ@—%f’)}

Here, both the vector variables X and p, as well as the components of the Borel set B, are dimensionless. By the
scale invariance of the relative entropy, the error function takes the same value as in the dimensioned case:

S(QlIMS,) +S(PylIMS ) = S(QlIMS,,) + S(Py[[MF,). (93)
Then, the scale invariance holds for the entropic divergence and incompatibility degree, too:
DS(Q,P|IM7) = DS(Q, P||MY), e (Q,P;€) = c5.(QPse),

2 2

~ e _ Ae . -~ A L
where €1 := 71 and €, := —; In particular €€, > T = €16 > vy and, in this case, we have
P

= ci?m((T), 5;'5) = cfm(Q, P;e) = n (loge) s(

n (loge)s<2\/%) 2\/%>
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7. Conclusions

We have extended the relative entropy formulation of MURs given in [41] from the case of discrete
incompatible observables to a particular instance of continuous target observables, namely the position
and momentum vectors, or two components of them along two possibly non parallel directions.
The entropic MURs we found share the nice property of being scale invariant and well-behaved in the
classical and macroscopic limits. Moreover, in the scalar case, when the angle spanned by the position
and momentum components goes to 7/2, the entropic bound correctly reflects their increasing
compatibility by approaching zero with continuity.

Although our results are limited to the case of Gaussian preparation states and covariant Gaussian
approximate joint measurements, we conjecture that the bounds we found still hold for arbitrary states
and general (not necessarily covariant or Gaussian) bi-observables. Let us see with some more detail
how this should work in the case when the target observables are the vectors Q and P.

The most general procedure should be to consider the error function S(Qp[|[M1,,) + S(Py[[M2,) for
an arbitrary POVM M on R" x R" and any state p € 8. First of all, we need states for which neither the
position nor the momentum dispersion are too small; the obvious generalization of the test states (81) is

Se;:{pESZ:Apzel]l, B‘Dzez]l}, € > 0.

Then, the most general definitions of the entropic divergence and incompatibility degree are:

De(Q P[[M) := sup [S(Qpl[M1,p) + S(PplIM2,)] , (94)
PESe
Cinc(Q,P;€) := il,\}lfDe(QrPHM)- (95)

It may happen that Q, is not absolutely continuous with respect to My ,, or P, with respect to
My ,; in this case, the error function and the entropic divergence take the value +oo by definition.
So, we can restrict to bi-observables that are (weakly) absolutely continuous with respect to the
Lebesgue measure. However, the true difficulty is that, even with this assumption, here we are not
able to estimate (94), hence (95). It could be that the symmetrization techniques used in [17,19] can be
extended to the present setting, and one can reduce the evaluation of the entropic incompatibility index
to optimizing over all covariant bi-observables. Indeed, in the present paper we a priori selected only
covariant approximating measurements; we would like to understand if, among all approximating
measurements, the relative entropy approach selects covariant bi-observables by itself. However, even
if M is covariant, there remains the problem that we do not know how to evaluate (94) if p and M
are not Gaussian. It is reasonable to expect that some continuity and convexity arguments should
apply, and the bounds in Theorem 5 might be extended to the general case by taking dense convex
combinations. Also the techniques used for the PURs in [8,9] could be of help in order to extend what
we did with Gaussian states to arbitrary states. This leads us to conjecture:

cinc(Q P €) = ¢ (Q, Pse). (96)

Conjecture (96) is also supported since the uniqueness of the optimal approximating bi-observable
in Theorem 5(i) is reminiscent of what happens in the discrete case of two Fourier conjugated mutually
unbiased bases (MUBs); indeed, in the latter case, the optimal bi-observable is actually unique among
all the bi-observables, not only the covariant ones (see [41] (Theorem 5)).

Similar considerations obviously apply also to the case of scalar target observables. We leave
a more deep investigation of equality (96) to future work.

As a final consideration, one could be interested in finding error/disturbance bounds involving
sequential measurements of position and momentum, rather than considering all their possible
approximate joint measurements. As sequential measurements are a proper subset of the set of
all the bi-observables, optimizing only over them should lead to bounds that are greater than cjnc.
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This is the reason for which in [41] an error/disturbance entropic bound, denoted by c.q and dinstinct
from cjnc, was introduced. However, it was also proved that the equality cinc = ceq holds when
one of the target observables is discrete and sharp. Now, in the present paper, only sharp target
observables are involved; although the argument of [41] can not be extended to the continuous setting,
the optimal approximating joint observables we found in Theorems 3(i) and 5(i) actually are sequential
measurements. Indeed, the optimal bi-observable in Theorem 3(i) is one of the POVMs described in
Examples 2 and 3 (see (74)); all these bi-observables have a (trivial) sequential implementation in terms
of an unsharp measurement of Q, followed by sharp P,. On the other hand, in the vector case, it was
shown in ([67], Corollary 1) that all covariant phase-space observables can be obtained as a sequential
measurement of an unsharp version of the position Q followed by the sharp measurement of the
momentum P. Therefore, cin. = ceq also for target position and momentum observables, in both the
scalar and vector case.
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