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We demonstrate that the Rényi-2 entropy provides a natural measure of information for any multimode

Gaussian state of quantum harmonic systems, operationally linked to the phase-space Shannon sampling

entropy of the Wigner distribution of the state. We prove that, in the Gaussian scenario, such an entropy

satisfies the strong subadditivity inequality, a key requirement for quantum information theory. This

allows us to define and analyze measures of Gaussian entanglement and more general quantum

correlations based on such an entropy, which are shown to satisfy relevant properties such as monogamy.

DOI: 10.1103/PhysRevLett.109.190502 PACS numbers: 03.67.Mn, 03.65.Ta, 03.65.Ud, 42.50.Dv

In quantum information theory, the degree of informa-
tion contained in a quantum state � is conventionally
quantified via the von Neumann entropy of the state
Sð�Þ ¼ � trð� ln�Þ, that is the direct counterpart to the
Shannon entropy in classical information theory [1]. The
most fundamental mathematical implications and physical
insights in quantum information theory, ranging from the
Holevo bound [2] all the way to the whole genealogy of
quantum communication protocols [3,4], rely on a key
property satisfied by the von Neumann entropy, the strong
subadditivity inequality [5,6]

Sð�ABÞ þ Sð�BCÞ � Sð�ABCÞ þ Sð�BÞ; (1)

for an arbitrary tripartite state �ABC. The strong subaddi-
tivity inequality implies in particular that the mutual
information

I ð�A:BÞ ¼ Sð�AÞ þ Sð�BÞ � Sð�ABÞ; (2)

which measures the total correlations between the subsys-
tems A and B in the bipartite state �AB, is always non-
negative. However, in classical as well as quantum
information theory, several other entropic quantities have
been introduced and studied. In particular, Rényi-� entro-
pies [7] are an interesting family of additive entropies,
whose interpretation is related to derivatives of the free
energy with respect to temperature [8], and which have
found applications especially in the study of channel
capacities [9], work value of information [10], and entan-
glement spectra in many-body systems [11]. They are
defined as

S�ð�Þ ¼ ð1� �Þ�1 ln trð��Þ; (3)

and reduce to the von Neumann entropy in the limit� ! 1.
Rényi entropies are powerful quantities for studying quan-
tum correlations in multipartite states. For a bipartite
pure state �AB, any of the entropies in Eq. (3) evaluated
on the reduced density matrix of one subsystem only, say
�A, is an entanglement monotone [12], dubbed Rényi-�

entanglement [13]. Any such measure can be extended to
mixed states via conventional convex roof techniques [14].
Using the � ¼ 2 instance, S2ð�Þ ¼ � ln trð�2Þ, the ensu-
ing Rényi-2 measure of entanglement has been defined and
proven to satisfy the important ‘monogamy’ inequality
[15,16] for multiqubit states [13,17]. Nonetheless,
Rényi-� entropies for � � 1 are not in general subadditive
[1]; this entails, e.g., that if one replaces S by S��1 in (2),
the corresponding quantity can become negative, i.e.,
meaningless as a correlation measure; see Ref. [18] for
explicit two-qubit instances of this fact when � ¼ 2.
In this Letter, we focus our attention on multimode

quantum harmonic oscillators, and analyze the informa-
tional properties of general Gaussian states as measured by
the Rényi-2 entropy. Gaussian states constitute versatile
resources for quantum communication protocols with con-
tinuous variables [19,20] and are important test beds for
investigating the structure of quantum correlations [21],
whose role is crucial in fields as diverse as quantum field
theory, solid state physics, quantum stochastic processes,
and open system dynamics. Gaussian states naturally occur
as ground or thermal equilibrium states of any physical
quantum system in the ‘small-oscillations’ limit [22,23],
and can be very efficiently engineered, controlled and
detected in various experimental setups, including light,
atomic ensembles, trapped ions, nanomechanical or opto-
mechanical resonators, and hybrid interfaces thereof [20].
Given the special role played by Gaussian states and
operations, which are formally ‘extremal’ with respect to
several quantum primitives [23], a Gaussian-only theory of
quantum information is actively pursued [24,25]. In par-
ticular, a key conjecture which—despite its disproof for
general channels [26]—still stands within the Gaussian
scenario, is the so-called minimum output entropy conjec-
ture for bosonic channels [24,25,27,28]. Interestingly,
the conjecture is verified (for all phase-insensitive chan-
nels) if using Rényi-� entropies with � � 2 [29], but to
date is resisting an analytical proof for � ! 1 [30]. This
somehow raises the question whether the von Neumann
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entropy is indeed the most natural one within the Gaussian
scenario [31].

Here we show that the Rényi-2 entropy should be re-
garded as a specially meaningful choice to develop a
Gaussian theory of quantum information and correlations.
We prove that the Rényi-2 entropy S2 satisfies the strong
subadditivity inequality (1) for all Gaussian states, is op-
erationally linked to the Shannon entropy of Gaussian
Wigner distributions (providing a natural measure of state
distinguishability in phase space), and can be employed to
define valid measures of Gaussian entanglement [32,33]
and general discordlike quantum correlations [34–38],
whose monogamy properties [15,16,39–42] we investigate
in detail. In particular, we obtain a truly bona fide measure
of genuine tripartite entanglement for three-mode
Gaussian states, based on S2. Our study allows us to
explore within a unified framework the various facets of
nonclassicality in the Gaussian realm.

Rényi-2 entropy for Gaussian states.—We consider
an n-mode continuous variable system; we collect

the quadrature operators in the vector R̂ ¼
ðq̂1; p̂1; q̂2; p̂2; . . . ; q̂n; p̂nÞT 2 R2n and write the canonical

commutation relations compactly as ½R̂j; R̂k� ¼ ið!�nÞj;k
with

! ¼ 0 1
�1 0

� �

being the symplectic matrix. A Gaussian state � is de-
scribed by a positive, Gaussian-shaped Wigner distribution
in phase space,

W�ð�Þ ¼ 1

�n
ffiffiffiffiffiffiffiffiffiffi
det�

p expð��T��1�Þ; (4)

where � 2 R2n, and � is the covariance matrix (CM) of

elements �j;k ¼ tr½�fR̂j; R̂kgþ�, which (up to local dis-

placements) completely characterizes the Gaussian state �.
Let us now evaluate different entropic quantities on the

Gaussian state �. All the measures defined below are
invariant under local unitaries, so we will assume our states

to have zero first moments, hR̂i ¼ 0, without loss of

generality. The purity is easily computed as tr�2 ¼
ð2�Þn RR2n W2

�ð�Þd2n� ¼ ðdet�Þ�ð1=2Þ. Hence, the Rényi-2
entropy of an arbitrary n-mode Gaussian state is

S 2ð�Þ ¼ 1

2
lnðdet�Þ; (5)

ranging from 0 on pure states ( det� ¼ 1) and growing
unboundedly with increasing mixedness (i.e., temperature)
of the state. The von Neumann entropy is instead a more
complicated function that depends on the local tempera-
tures of all the n normal modes of �, that is, on the full
symplectic spectrum of � [21,31,43,44]. On the other hand,
since the Wigner function is a valid probability distribution
providing a fully equivalent description of �, we can

alternatively compute the Shannon entropy ofW� to obtain

an alternative quantifier of the informational content of any
Gaussian state. Such an entropy has a clear interpretation
in terms of phase-space sampling via homodyne detections
[45]. The continuous (Boltzmann-Gibbs-)Shannon entropy
for a probability distribution PðxÞ is defined as HðPÞ ¼
�R

PðxÞ lnPðxÞdx [46]. It can be shown that [47] (see the

Supplemental Material [48] for a derivation)

HðW�Þ ¼ �
Z
R2n

W�ð�Þ ln½W�ð�Þ�d2n�
¼ S2ð�Þ þ nð1þ ln�Þ: (6)

Interestingly, we see that this sampling entropy coincides
(modulo the additional constant) with the Rényi-2 entropy
rather than the von Neumann one for Gaussian states. We
can now take an extra step and introduce a ‘relative sam-
pling entropy’, to quantify the phase-space distinguish-
ability of two n-mode Gaussian quantum states �1 and
�2 (with CMs �1 and �2, respectively), defined as the
relative Shannon entropy (also known as Kullback-
Leibler divergence [1,6]) between their respective
Wigner distributions W�1

and W�2
, yielding [48]

HðW�1
k W�2

Þ ¼:
Z
R2n

W�1
ð�Þ ln

�
W�1

ð�Þ
W�2

ð�Þ
�
d2n�

¼ 1

2

�
ln

�
det�2

det�1

�
þ trð�1�

�1
2 Þ

�
� n: (7)

Let us evaluate Eq. (7) when �1 � �AB is a generic
Gaussian state of a composite system, partitioned into
two subsystems A and B (of nA and nB modes respectively,
with nA þ nB ¼ n), and �2 � �A � �B is the tensor prod-
uct of the two marginals of �AB. Writing the CMs in block
form,

� 1 � �AB ¼ �A &AB
&TAB �B

� �
; �2 � �A � �B; (8)

we have trð�1�
�1
2 Þ ¼ 2ðnA þ nBÞ ¼ 2n, which entails

HðW�AB
k W�A��B

Þ ¼ HðW�A
Þ þHðW�B

Þ �HðW�AB
Þ

¼ 1

2
ln

�
det�A det�B

det�AB

�

¼ S2ð�AÞ þ S2ð�BÞ � S2ð�ABÞ
¼: I2ð�A: BÞ: (9)

The above equation defines the ‘Gaussian Rényi-2 (GR2)
mutual information’ I2 for an arbitrary bipartite Gaussian
state �AB. It follows that I2ð�A:BÞ � 0, as it coincides
exactly with the Shannon continuous mutual information
of the Wigner function of �AB, which is positive semi-
definite. The expression in Eq. (9), which is analogous to
the more familiar von Neumann one [Eq. (2)], has, thus, a
precise operational interpretation as the amount of extra
discrete information (measured in natural bits) that needs
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to be transmitted over a continuous variable channel to
reconstruct the complete joint Wigner function of �AB

rather than just the two marginal Wigner functions of the
subsystems [45,46]; in short, I2ð�A:BÞ measures the total
quadrature correlations of �AB.

We can then enquire whether a more general property
such as the strong subadditivity inequality (1)—which
would independently imply the non-negativity of I2—
holds in general for S2 in the Gaussian scenario. Let
�ABC be a tripartite Gaussian state whose subsystems en-
compass an arbitrary number of modes. Writing its CM in
block form as in Eq. (8), and using the definition (5), we
have the following.

Theorem 1.—The Rényi-2 entropy S2 satisfies the strong
subadditivity inequality for all Gaussian states �ABC,

S 2ð�ABÞ þ S2ð�BCÞ � S2ð�ABCÞ � S2ð�BÞ

¼ 1

2
ln

�
det�AB det�BC

det�ABC det�B

�
� 0: (10)

Proof.—The result follows by applying a particular norm
compression inequality to the CM �ABC. Given a positive
Hermitian matrix A 2 Mm, and given any two index sets
�;� � N ¼ f1; . . . ; mg, the Hadamard-Fisher inequality
[49] states that detA�[� detA�\� � detA� detA�.

Recalling that any CM �ABC is a positive real symmetric
matrix [50], the claim follows upon identifying � with
the indices of modes AB and � with the indices of
modes BC. j

Beyond its apparent simplicity, Theorem 1 has profound
consequences. It yields that the core of quantum informa-
tion theory can be consistently reformulated, within the
Gaussian scenario [24,25], using the simpler and physi-
cally natural Rényi-2 entropy as an alternative to the von
Neumann one. In the rest of this Letter we will focus on
defining GR2 quantifiers of entanglement and other corre-
lations for Gaussian states.

Gaussian Rényi-2 measures of correlations.—The GR2
entanglement E2 can be defined as follows. Given an
n-mode bipartite Gaussian state �AB with CM �AB,

E 2ð�A:BÞ ¼: inf(
�AB:

	i!�n��AB��AB;
det�AB¼1

) 12 lnðdet�AÞ: (11)

For a pure Gaussian state �AB ¼ jc ABihc ABj, the mini-
mum is saturated by �AB ¼ �AB, so that E2ðc A:BÞ ¼
S2ð�AÞ ¼ 1

2 lnðdet�AÞ, where �A is the reduced CM of

subsystem A. For a generally mixed state, Eq. (11)—where
the minimization is over pure n-mode Gaussian states with
CM �AB smaller than �AB—amounts to taking the
Gaussian convex roof of the pure-state Rényi-2 entropy
of entanglement, according to the formalism of
Refs. [21,32]. Closed formulae for E2 can be obtained for
special classes of two-mode Gaussian states [33,51,52]
exploiting the same procedure adopted for the Gaussian

entanglement of formation [32,48]. Like the latter measure
(and all Gaussian convex-roof entanglement measures), it
follows from the results of Ref. [32] that the GR2 entan-
glement is in general monotonically nonincreasing under
Gaussian local operations and classical communication,
and is additive for two-mode symmetric Gaussian states.
We can also introduce a ‘GR2 measure of one-way

classical correlations in the spirit of Henderson and
Vedral [35]. We define J 2ð�AjBÞ as the maximum decrease

in the Rényi-2 entropy of subsystem A, given a Gaussian
measurement has been performed on subsystem B, where
the maximization is over all Gaussian measurements—i.e.,
those that map Gaussian states into Gaussian states
[37,38]. Any such measurement on, say, the nB-mode
subsystem B ¼ ðB1 . . .BnBÞ, is described by a positive

operator valued measure [53] of the form �Bð�Þ ¼
��nB½QnB

j¼1 ŴBj
ð�jÞ���

B ½
QnB

j¼1 Ŵ
y
Bj
ð�jÞ� where ŴBð�jÞ ¼

expð�jb̂
y
j � �


j b̂jÞ is the Weyl operator, b̂j ¼ ðq̂Bj
þ

ip̂Bj
Þ= ffiffiffi

2
p

, ��nB
R
�Bð�Þd2nB� ¼ 1, and��

B is the density

matrix of a (generally mixed) nB-mode Gaussian state with
CM ��

B which denotes the seed of the measurement. The
conditional state �Aj� of subsystem A after the measure-

ment �Bð�Þ has been performed on B has a CM ~��
A

independent of the outcome � and given by the Schur
complement [54]

~��
A ¼ �A � &ABð�B þ ��

B Þ�1&TAB; (12)

where the original bipartite CM �AB of the n-mode state
�AB has been written in block form as in (8). We have then

J 2ð�AjBÞ ¼: sup
��
B

1

2
ln

�
det�A

det~��
A

�
: (13)

The one-way classical correlations J 2ð�BjAÞ, with mea-

surements on A, can be defined accordingly by swapping
A $ B.
We can now define a Gaussian measure of quantumness

of correlations based on Rényi-2 entropy. Following
the seminal study by Ollivier and Zurek [34], and the
recent analysis of Gaussian quantum discord using von
Neumann entropy [37,38], we define the ‘GR2 discord’
as the difference between mutual information (9) and
classical correlations (13),

D 2ð�AjBÞ ¼: I2ð�A:BÞ � J 2ð�AjBÞ

¼ inf
��
B

1

2
ln

�
det�B det~�

�
A

det�AB

�
: (14)

For the case of A and B being single modes, that is,
�AB being a general two-mode Gaussian state, closed for-
mulae can be obtained for Eqs. (13) and (14) thanks to the
results of Ref. [37]. We report them in the Supplemental
Material [48] for completeness. We remark that Theorem
1 is crucial to guarantee the non-negativity and the
faithfulness of the GR2 discord [55–57]. Notice also that
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1
2 I2ð�A:BÞ ¼ J 2ð�AjBÞ ¼ D2ð�AjBÞ ¼ S2ð�AÞ for pure bi-
partite Gaussian states �AB.

A trade-off relation between the entanglement E2 and
the classical correlations J 2 can be written for arbitrary
tripartite pure Gaussian states �ABC [37], following Koashi
andWinter [59]. One can essentially exploit the fact that all
possible Gaussian positive operator valued measures on B
induce all possible Gaussian pure-state decompositions of
the subsystem AC (see also Ref. [16]), which implies

S 2ð�AÞ ¼ J 2ð�AjBÞ þ E2ð�A:CÞ: (15)

This relation can be manipulated to express the ‘‘conser-
vation’’ of different types of correlations in a generic pure
tripartite Gaussian state �ABC, along the lines of Ref. [60].

We now look at monogamy properties of the GR2 mea-
sures. For an entanglement monotone E and an n-partite
state �A1A2...An

, the monogamy relation (choosing party A1

as the focus), which constrains the distribution of bipartite
entanglement among different splits, can be written as
Ref. [15] Eð�A1:A2...An

Þ �P
n
j¼2 Eð�A1:Aj

Þ � 0. The Rényi-

2 entanglement measure [13,17], as well as the tangle
(squared concurrence) [15,16], satisfy this inequality for
general n-qubit states. A Gaussian version of the tangle
(based on squared negativity) has been defined that obeys
the inequality for all n-mode Gaussian states [40]. We now
show that E2 does too.

Theorem 2.—The GR2 entanglement defined in Eq. (11)
is monogamous for all n -mode Gaussian states �A1A2...An

,

E2ð�A1:A2...An
Þ �P

n
j¼2 E2ð�A1:Aj

Þ � 0; (16)

where each Aj comprises one mode only.

Proof.—The structure of the proof follows closely the
one for the tangle of n-qubit systems [16]. It suffices to
prove the inequality for tripartite Gaussian states �A1A2A

0
3

where A0
3 comprises n� 2 modes (with n arbitrary), as

iterative applications to E2ð�A1:A0
3
Þ would then imply

Eq. (18). It is further enough to prove the inequality on
pure states, as it would then extend to mixed ones by
convexity [15,16,39,40]. Exploiting the phase-space
Schmidt decomposition [21,43,61], when �A1A2A

0
3
is pure,

the state of subsystem A0
3 is locally equivalent to a 2-mode

state, tensored by n-4 irrelevant vacuum modes. The prob-
lem reduces to proving that E2ð�A:BCÞ � E2ð�A:BÞ þ
E2ð�A:CÞ for an arbitrary pure Gaussian state �ABC, where
A and B are single modes, while C groups two modes.
Noting that E2ð�A:BCÞ ¼ S2ð�AÞ, and exploiting Eq. (15),
we see that Eq. (16) is verified if one establishes that

J 2ð�AjBÞ � E2ð�A:BÞ (17)

holds for all (mixed) two-mode Gaussian states �AB. The
inequality (17) is proven in the Supplemental Material
[48], which concludes the proof of the Theorem. j

Let us analyze in detail the case of �A1A2A3
being a pure

3-mode Gaussian state, whose CM is characterized up to

local unitaries by three parameters (local symplectic invar-
iants) aj � 1, with S2ð�Aj

Þ ¼ lnaj (j ¼ 1, 2, 3) [48,52].

We define the residual entanglement emerging from the
monogamy inequality as E2ð�A1:A2:A3

Þ ¼ E2ð�A1:A2A3
Þ �

E2ð�A1:A2
Þ � E2ð�A1:A3

Þ. This quantity, which can be cal-

culated exactly [39,52], depends in general on the focus
mode (say A1) chosen for the decomposition of the bipar-
tite entanglements. Remarkably, we find that for all pure
three-mode Gaussian states which are fully inseparable and
display entanglement in all global and reduced bipartitions
(E2ð�Ai:Aj

Þ> 0, E2ð�Ai:AjAk
Þ> 0, 8 i � j � k), the resid-

ual GR2 entanglement E2ð�A1:A2:A3
Þ is invariant under

mode permutations, thus representing (to the best of our
knowledge) the first and only known intrinsically bona fide
measure of genuine tripartite Gaussian entanglement [62].
We report its explicit formula here, while a derivation is
provided in Ref. [48],

E2ð�A1:A2:A3
Þ ¼ lnð8a1a2a3Þ � ln

�
�1� ffiffiffiffi

�
p

þX3
i¼1

ð2a2i � a4i Þ þ
X3

i�j¼1

ða2i a2j Þ
�
; (18)

with � ¼ Q
1
�;	¼0f½a1 þ ð�1Þ�a2 þ ð�1Þ	a3�2 � 1g.

The formula (18) holds when jai � ajj þ 1< ak < ða2i þ
a2j � 1Þ1=2.
We finally remark that, importantly, the GR2 discord

Eq. (14) also turns out to be a monogamous measure of
quantum correlations for arbitrary pure three-mode
Gaussian states �A1A2A3

(unlike the von Neumann

entropy-based discord [37,38,41]). By using Eq. (15),
one finds (see also Refs. [59,60]) D2ð�A1:A2:A3

Þ ¼:
D2ð�A2jA2A3

Þ �D2ð�A1jA2
Þ �D2ð�A1jA3

Þ ¼ E2ð�A1:A2:A3
Þ.

In other words, the residual tripartite discord equates the
residual tripartite entanglement for pure �A1A2A3

. This ex-

tends to the multipartite case the equivalence between
entanglement and general quantum correlations valid for
pure bipartite states [34,64,65], and places D2 as the only
known measure of quantumness beyond entanglement in
continuous variable systems that fulfills monogamy [66].
Conclusions.—In this Letter we planted the seeds for a

full Gaussian quantum information theory [25] using the
Rényi-2 entropy S2. This is possible thanks to the fact,
proven in Theorem 1, that such an entropy satisfies the
strong subadditivity inequality for arbitrary Gaussian states
of quantum harmonic systems. We employed S2 to define
valid measures of entanglement, total, classical, and
quantum correlations, highlighting their properties. The
Rényi-2 mutual information is intimately related to
Wigner distribution sampling by homodyne detections in
phase space. The residual Rényi-2 entanglement measure
allows for a quantification of genuine tripartite entangle-
ment in three-mode fully inseparable pure Gaussian states,
which is invariant under mode permutations. We argue that
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the measures defined in this Letter should be adopted as
privileged tools to address the quantification of relevant
correlations in Gaussian states. Avery recent application to
relativistic quantum information has been reported [68].

By conception, this work has been biased towards
Gaussian states and operations. However, the approach
pursued here can be extended to arbitrary, even non-
Gaussian n-mode states � of continuous variable systems,
provided one chooses the Wehrl entropy [6] to quantify the
informational content of �. Such an entropy is operation-
ally associated to phase-space sampling via heterodyne
detections [45] as it corresponds to the continuous
Boltzmann-Gibbs-Shannon entropy of the Husimi Q dis-
tribution of �, Qð�Þ ¼ ��nh�j�j�i, which is a valid
(non-negative) probability distribution for all quantum
states [1]. One can then adopt a distance measure between
any two �1 and �2 in terms of the relative Shannon entropy
between their respective Q distributions, define ensuing
correlation measures, and so on. Such a formalism could
also accommodate a measure of non-Gaussianity of quan-
tum states [69], and one might then naturally compare
Gaussian with non-Gaussian operations for the realization
of specific tasks [27] such as extracting classical correla-
tions [70,71], maximizing information-disturbance trade
off [72] and performing optimal cloning of coherent states
[73]. This will be the subject of further study.
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Horssen, L. Mišta Jr., M. Mosonyi, S. Pirandola, A. Winter.
G. A. thanks the University of Nottingham for financial
support through an Early Career Research and Knowledge
Transfer Award. A. S. thanks Jessica and Dave for moral
and financial support.

[1] I. Bengtsson and K. Zyczkowski, Geometry of Quantum
States: An Introduction to Quantum Entanglement
(Cambridge University Press, Cambridge, 2006).

[2] A. S. Holevo, Probl. Inf. Transm. 9, 177 (1973).
[3] M. Horodecki, J. Oppenheim, and A. Winter, Nature

(London) 436, 673 (2005); Commun. Math. Phys. 269,
107 (2007).

[4] I. Devetak, A.W. Harrow, and A. Winter, Phys. Rev. Lett.
93, 230504 (2004); I. Devetak, A.W. Harrow, and A.
Winter, IEEE Trans. Inf. Theory 54, 4587 (2008); A.
Abeyesinghe, I. Devetak, P. Hayden, and A. Winter,
Proc. R. Soc. A 465, 2537 (2009).

[5] E. H. Lieb and M. B. Ruskai, J. Math. Phys. (N.Y.) 14,
1938 (1973); M.A. Nielsen and D. Petz, Quantum Inf.
Comput. 5, 507 (2005).

[6] A. Wehrl, Rev. Mod. Phys. 50, 221 (1978).
[7] A. Rényi, in Proceedings of the 4th Berkeley Symposium

on Mathematics, Statistics and Probability: held at the
Statistical Laboratory, University of California, 1960,
edited by J. Neyman (University of California Press,
Berkeley, 1961), p. 547.

[8] J. C. Baez, arXiv:1102.2098.
[9] R. Alicki and M. Fannes, Open Syst. Inf. Dyn. 11, 339

(2004); M.M. Wolf and J. Eisert, New J. Phys. 7, 93
(2005); M. Mosonyi and F. Hiai, IEEE Trans. Inf. Theory
57, 2474 (2011).

[10] R. König, R. Renner, and C. Schaffner, IEEE Trans. Inf.
Theory 55, 4337 (2009); O. C.O. Dahlsten, R. Renner, E.
Rieper, and V. Vedral, New J. Phys. 13, 053015 (2011).

[11] F. Franchini, A. R. Its, and V. E. Korepin, J. Phys. A 41,
025302 (2008); N. Datta and R. Renner, IEEE Trans. Inf.
Theory 55, 2807 (2009); S.M. Giampaolo, S. Montangero,
F. Dell’Anno, S. De Siena, and F. Illuminati,
arXiv:1208.0735.

[12] G. Vidal, J. Mod. Opt. 47, 355 (2000).
[13] J. S. Kim and B. C. Sanders, J. Phys. A 43, 445305

(2010).
[14] T. J. Osborne, Quantum Inf. Comput. 7, 209 (2007); R.

Horodecki, P. Horodecki, M. Horodecki, and K.
Horodecki, Rev. Mod. Phys. 81, 865 (2009).

[15] V. Coffman, J. Kundu, and W.K. Wootters, Phys. Rev. A
61, 052306 (2000).

[16] T. J. Osborne and F. Verstraete, Phys. Rev. Lett. 96,
220503 (2006).

[17] M. F. Cornelio and M.C. de Oliveira, Phys. Rev. A 81,
032332 (2010).

[18] G. Adesso, F. Illuminati, and S. De Siena, Phys. Rev. A 68,
062318 (2003).

[19] S. L. Braunstein and P. van Loock, Rev. Mod. Phys. 77,
513 (2005).

[20] Quantum Information with Continuous Variables of Atoms
and Light, edited by N. Cerf, G. Leuchs, and E. S. Polzik
(Imperial College Press, London, 2007).

[21] G. Adesso and F. Illuminati, J. Phys. A 40, 7821 (2007).
[22] N. Schuch, J. I. Cirac, and M.M. Wolf, Commun. Math.

Phys. 267, 65 (2006).
[23] M.M. Wolf, G. Giedke, and J. I. Cirac, Phys. Rev. Lett. 96,

080502 (2006).
[24] J. Eisert and M.M. Wolf, in Quantum Information with

Continuous Variables of Atoms and Light, edited by N.
Cerf, G. Leuchs, and E. S. Polzik (Imperial College Press,
London, 2007), p. 23.

[25] C. Weedbrook, S. Pirandola, R. Garcia-Patron, N. J. Cerf,
T. C. Ralph, J. H. Shapiro, and S. Lloyd, Rev. Mod. Phys.
84, 621 (2012).

[26] M. B. Hastings, Nat. Phys. 5, 255 (2009).
[27] V. Giovannetti, S. Guha, S. Lloyd, L. Maccone, and J. H.

Shapiro, Phys. Rev. A 70, 032315 (2004).
[28] A. Serafini, J. Eisert, and M.M. Wolf, Phys. Rev. A 71,

012320 (2005).
[29] V. Giovannetti and S. Lloyd, Phys. Rev. A 69, 062307

(2004); V. Giovannetti, S. Lloyd, L. Maccone, J. H.
Shapiro, and B. J. Yen, Phys. Rev. A 70, 022328 (2004).

[30] S. Lloyd, V. Giovannetti, L. Maccone, N. J. Cerf, S. Guha,
R. Garcia-Patron, S. Mitter, S. Pirandola, M. B. Ruskai,
J. H. Shapiro, and H. Yuan, arXiv:0906.2758v3; R. Garcia-
Patron, C. Navarrete-Benlloch, S. Lloyd, J. H. Shapiro,
and N. J. Cerf, Phys. Rev. Lett. 108, 110505 (2012).

[31] G. Adesso, A. Serafini, and F. Illuminati, Phys. Rev. A 70,
022318 (2004).

[32] M.M. Wolf, G. Giedke, O. Krüger, R. F. Werner, and J. I.
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[72] L. Mišta Jr., Phys. Rev. A 73, 032335 (2006).
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