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We consider a six-partite, continuous-variable quantum state that we have effectively generated by the
parametric down-conversion of a femtosecond frequency comb. We show that, though this state is two-
separable, i.e., it does not exhibit “genuine entanglement,” it is undoubtedly multipartite entangled.
The consideration of not only the entanglement of individual mode decompositions, but also of
combinations of those, solves the puzzle and exemplifies the importance of studying different categories

of multipartite entanglement.
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Introduction.—Entanglement is, nowadays, a major
subject of research in quantum physics, long after the
pioneering contributions of Einstein, Podolsky, Rosen [1],
and Schrodinger [2]. It is the main quantum resource in a
vast number of applications in quantum information [3].
Entanglement witnesses uncover such quantum correla-
tions [4,5] in either discrete variables, using measurements
with photon counters, or in continuous variables by
employing homodyne detection, for characterizing the
quantum states of light.

Pure entangled states have been first considered in
bipartite systems. The case of mixed correlated states turns
out to be more involved. An intermediate situation between
factorized and entangled states has been introduced, the
separable states, which are statistical mixtures of factorized
pure states [6]. A number of entanglement probes for
continuous-variable systems have been studied [4,5], par-
tial transpose being one of the most popular inseparability
tests. These criteria are in most cases only sufficient to
detect the different levels of correlation. The problem
simplifies for bipartite Gaussian states, for which the partial
transposition of the covariance matrix is a necessary and
sufficient entanglement identifier [7-9].

The complexity of the separability problem increases
substantially when one studies multipartite systems. In
these situations, one has a rapidly increasing number of
choices in the bunching of parties on which one searches
for a possible factorization. Hence, the inseparability
between the individual degrees of freedom exhibits a much
richer and complex structure which begins to be studied
[10-12]. For example, the difference between bipartite and
multipartite systems is highlighted by the existence of
multimode Gaussian states whose entanglement cannot be
uncovered by the partial transposition [13,14].

As a special case, combinations of bipartitions of the
total system are a subject of many studies. A state which is
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not a statistical mixture of bipartite factorized density
matrices (i.e., not two-separable) is also called “genuinely”
multipartite entangled [15]. The detection of genuine
entanglement is at the focus of attention [16-24]. This
interest can be explained by the fact that genuine entangle-
ment implies multipartite entanglement for every other
separation of the modes. However, if a state does not
exhibit this specific kind of entanglement (i.e., is two-
separable), no conclusions on other forms of multipartite
quantum correlations can be drawn. Thus, it is indispen-
sable to study what happens beyond genuine entanglement.
This is the subject of the present Letter.

In experiments, continuous-variable quantum correlated
states have been produced by mixing, in an appropriate
way, different squeezed states on beam splitters [25]. More
recently, multimode Gaussian states (either spatial or
frequency modes) have been directly generated by a
multimode optical nonlinear device [26,27]. In the multi-
frequency case, the experimental determination of the full
covariance matrix of a ten-mode ‘“quantum frequency
comb” has allowed us to uncover the complex structure
of its quantum properties, in particular, the entanglement of
all its possible partitions. [28-30].

In this Letter, we characterize states which are two-
separable and yet exhibit a rich multipartite entanglement
structure. For achieving this, we formulate different notions
of separability and entanglement, then, we provide a
method for qualifying them in a general case. Using this
technique, we uncover the structure of multimode entan-
glement in an experimentally produced six-mode Gaussian
state, using multimode parametric down-conversion of a
femtosecond frequency-comb light source. Even though
this state is two-separable, it includes all other forms of
higher-order entanglement.

Combinations of modal partitions.—We consider multi-
mode states which are based on an N-fold Hilbert space
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H="H, ® ... ® Hy, where H, is the local Hilbert space
of the jth mode. A particular K-partition Z;:...:7Zg
decomposes the set of modes, {1, ..., N}, into K nonempty,
disjoint subsets Z (for k =1, ..., K). We will call such a
partition an individual K-partition.

The corresponding pure factorized states are product
states, [sz,.. .7,) = |az,) ® ... ® |az,), consisting of
states |az,) € % H;. Subsequently, a mixed Z:...:Zg-

JEL

separable state is defined as

&Il:...:ZK = /dP(SII:...:IKHSII:...:IK><SL:...:IK|7 (1)

where P is a classical probability distribution over the set of
pure (continuous-variable) separable states.

A state is called K-separable if it can be written as a
statistical mixture of separable states with respect to the
different K-partitions Z;:...:Zg,

Og = § P1y:. :Zx0T,:.. :Tg> (2)
Iy:...: Tk

where pz . .7, are probabilities and 67 . .7, are the
corresponding 7 :...:Z g-separable states in Eq. (1). We
will refer to this combination of individual K-partitions
as a convex combination of K-partitions. A state is called
K-entangled if it cannot be written in the manner specified
in Eq. (2). In particular, a state which is not “biseparable”
(K =2) is precisely the genuinely multipartite entangled
state studied in the literature.

Figure 1 shows the different kinds of separability in the
tripartite scenario, N = 3, in a schematic Venn diagram.
Needless to say, it is impossible to illustrate the full
structure of the partitions in infinite dimensional Hilbert
spaces. The circles represent pure states that are factoriz-
able with respect to a defined partitioning. These states
have to be extremal points of the convex sets, since they are
not combinations of any other states. The highlighted areas
in between these points represent the considered convex
hull of mixed separable states. States lying outside of these
sets are entangled in that particular notion for arbitrary,
compound Hilbert spaces.

For instance for K = 3, we have the statistical mixture of
pure, fully separable states [sj}.(2}.3;) (red area; left
pattern in top row of Fig. 1). In order to get an area, we
selected three pure state representatives (D, E, and F) from
the equivalence class of all three-separable pure states. Any
state that is outside this convex (red) area symbolizes a
three-entangled state.

The K = 2-separable states (green area; center pattern in
top row of Fig. 1) lie in the convex hull of three individual
bipartitions, which are depicted in the middle row of Fig. 1.
We select the point H to be one pure state representative
|S{1_2}:{3}>, which is not of the form |S{1}:{2}:{3}>,
{1}:{23})> O |S{13}:({2})- Similarly, the states represented
by point B or points C and G are exclusively separable with
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FIG. 1. Partitioning of a tripartite system. The circles indicate
pure state representatives for different notions of separability or
entanglement (distinguished by the lightness [color]). The top row
depicts the convex sets of K-partitions. The K = 2 case is a convex
combination of the individual bipartitions 7 : Z,, which are given
in the pattern in the middle row. The bottom shows the overlay of
the individual bipartitions (dashed bordered sets) as an inset into the
convex set of all bipartitions (solid borders). The target state (filled
star) is a convex combination of two-partite separable states. It is,
therefore, two-separable, but three-entangled.

respect to the individual partition {1}:{2,3} or
{1,3}:{2}, respectively, forming nonidentical sets of
mixed separable states of the individual partitions (middle
row). For symmetry reasons, we consider two points (G and
C) for the partition {1,3}:{2}. All of them are two-
separable in the convex combination of all bipartitions (top
row, center pattern).

For K = 1, we get all states (blue area, right pattern in
top row of Fig. 1). The point A serves as an element of the
equivalence class of all pure, two-entangled states. Those
are nonfactorizable. As every mixed state is trivially in the
full partition {1,2,3}, this (blue) set includes all quantum
states.

In the bottom row of Fig. 1, we also show the three
individual bipartitions {1,2}:{3}, {1,3}:{2}, and
{1}:{2,3} (dashed borders) included into the convex
combination of biseparable states (solid border). Our target
state (indicated by a star) is entangled with respect to all
individual bipartitions, but it is separable with respect to the
convex combination of bipartitions. These states are par-
ticularly interesting as they are not genuinely multipartite
entangled (two-separable). We will show explicitly for a
six-partite system, N = 6, that such states still exhibit rich
multipartite entanglement properties.

Entanglement criteria for convex combinations.—A
criterion for detecting entanglement of states is based on
the entanglement witnesses [31]. It can be formulated as
follows: A state is entangled if a Hermitian operator L
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exists, whose expectation value is smaller than the minimal
attainable value for all separable states 6 [32],

(L) < igf{tr(ﬁ 5)}. (3)

This criterion is general and covers any kind of insepa-
rability. It applies, therefore, to either individual partitions
or convex combinations.

Let us show that the bound in (3) can be achieved by pure
state representatives. For this reason, we apply the follow-
ing property of convex (statistical) mixtures:

inf{/dP(x)x|/dP =1 and P> O} = ir;f{x}. (4)

This allows us to derive the lower bound in (3) for

K-separable states,
ipf{tr([i&K)}(zgét) min _inf {tr(Lé7,.
Ok

I]I...CI[( (}II:...:IK

:IK)}

@ L
=ity 0l

X {<S11 :...:Ik‘i‘lsll :...:IK>}'

Equation labels over the equal signs indicate that those
equations have been used for rewriting. Thus, the minimal
expectation value of I for separable states in convex
combinations of K-partitions is identical to the least
expectation value (minz . .7,) achievable by pure states
of the individual partitions Z;:...:Zg (inf“vzlzu_zzﬁ).

The minimization of <SII:...:IK|£|SII:...:IK> for pure,
T,:...:Tg-separable states has been treated in Ref. [32].
There, so-called “separability eigenvalue equations” have
been derived. The solution of those equations for a given
observable I yields the minimal separability eigenvalue
9%13?...:1,(’ which is also the desired infimum for separable
states of the individual K-partition Z;:...:Zx. We can
conclude: A state is inseparable with respect to the convex
combination of all K-partitions (K-entangled), if and only
if there exists a Hermitian operator L, such that
(L) <gg" = min {g7" .7} (5)
Although this condition clearly differs from the approach
for individual partitions [30], it is remarkable that we can
use a similar calculus. The method of separability eigen-
values was introduced to uncover entanglement of indi-
vidual K-partitions Z,:...: Tk, via (L) < g . [32].
Now, it serves for detecting entanglement among convex
combinations of all K-partitions [inequality (5)].

Witnessing multimode Gaussian states.—A Gaussian
state is fully described by its covariance matrix. In the
following, we will use the vector

A

E= (&1 iy, Proee D), (6)

including the amplitude (%;) and phase (p;) quadratures of
all possible modes (j = 1, ..., N). The covariance matrix C

of a Gaussian state can be written in terms of the
symmetrically ordered elements CV = (&&; + &)/
2—(£)(&;). As local displacements do not affect the
entanglement, it is sufficient to analyze the covariance
matrix of a Gaussian state, assuming (&;) = 0. Thus, the

most general form of a Gaussian test operator L is the
quadratic combination

2N
L= M;&&, (7)
ij=1

with a symmetric, positive definite 2N x 2N matrix
M = (M;;);Y_,. Note that Williamson’s theorem allows
us to diagonalize such a matrix M into a form
diag(4, ..., An, 41, ..., Ay) in terms of symplectic opera-
tions, see, e.g., [33].

The minimal separability eigenvalue of  in Eq. (7) for
an individual partition Z;:...:Zg is given by [30]

K |7l

g =3 (8)

J=1 k=1

where |Z ;]| is the cardinality of Z, and /Ifj are the diagonal
values of the Williamson decomposition of the submatrix
which solely consists of the rows and columns of M that are
in the index set Z; (see, also, the Supplemental Material of
Ref. [30]). Finally, the entanglement condition (5) is given
by the bound

gR" = min {gp" . in Eq.(8)}. )

Hence, we have formulated an infinite number
(for any positive, symmetric matrix M) of multipartite
K-entanglement probes in an analytical form. This inclu-
des, as a subclass, Gaussian tests for two-entanglement,
g, > <f,>, which have been recently studied [24]. The
analytical minima ¢@" in Eq. (9) are needed in order to
correctly apply our entanglement condition (5).

Let us relate our method with other covariance based
entanglement probes. For example, in [34,35], entangle-
ment tests are constructed based on the partial trans-
position. As each mode can be either transposed or not,
those criteria are only sensitive to individual bipartitions
and, in a convex combination, two-entanglement. As our
operator L [Eq. (7)] is defined in the most general second-
order-moment form, it is well suited for uncovering
entanglement in Gaussian states of any partitioning.
Even if a test for two-entanglement fails, we can still
probe for K > 3-entanglement. Other methods for inferring
multipartite entanglement were introduced, e.g., in [36],
based on semi-definite problems. Those approaches are
limited to certain states, e.g., Gaussian ones, or they are
computationally demanding. Extending the operator in
Eq. (7) beyond quadratic terms and solving its separability
eigenvalue equations generalizes our method, so it can be
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used to verify entanglement, also, in non-Gaussian states by
inequality (3).

In order to get the best entanglement signature of all test
operators L in terms of matrices M [Eq. (7)], we take the
analytical solutions in Egs. (8) and (9) and numerically
minimize the signed significances

_ D, _ (L) -g"
Mo STy W T Ty
(10)

where A(L) denotes the experimental error of (L), by finding
the optimal matrix M for each of those significances. The
signed significance is negative, X, <0, if the state is
entangled with respect to the given notion of separability,
y=Kory=17I:...: Tk, which is certified with a signifi-
cance of |Z, | standard deviations. The numerical minimiza-
tion was performed with a genetic algorithm [30] which can,
in principle, not only find local minima, but also global ones
[37]. Hence, one could claim that a positive value X,
corresponds to a y-separable covariance matrix. However,
we will more carefully state, in such a case, that no y-
entanglement can be detected. As the resulting minima X
from the genetic algorithm are upper bounds forZ,, %, < Ois
a reliable bound to the full entanglement, and it cannot
overestimate the entanglement in our system.

Characterization of the SPOPO multimode quantum
state.—The highly multimode light state that we consider
in the following is a femtosecond frequency comb of zero
mean value spanning over roughly ~10° individual equally
spaced frequency components, generated by parametric
down-conversion of a pump frequency comb in a synchro-
nously pumped optical parametric oscillator (SPOPO).
Details on its experimental generation and characterization
can be found in Refs. [28,29] and [38]. The 12 x 12
covariance matrix C, containing the quadrature noise var-
iances in six different frequency bands covering the whole
spectrum of the SPOPO state, as well as the correlations
between them, has been experimentally determined. The
SPOPO state, being generated by an intense pump laser in a
weakly nonlinear medium, is Gaussian to a very good
approximation. Thus, the covariance matrix contains the
whole information about the generated quantum state, at
least within the frequency resolution given by the width
of the frequency bands used in the measurements.
The generated state is clearly mixed, as its purity,
trp? = (det C)~'/2 = 86.4%, is below one.

Entanglement structure of a six-mode SPOPO state.—
For an N = 6-mode state, 203 possible individual partitions
exist. That is one trivial partition Z, = {1,...,6}, 31
bipartitions Z;:7Z,, 90 tripartitions, 65 four-partitions, 15
five-partitions, and one six-partition {1}:...:{6}. Hence,
we have six convex combinations of K-partitions.

The results of our analysis are shown in Fig. 2 in terms of
the minimized signed significances in Eq. (10). The trivial
partition K =1 yields Xgx_; > 0, which means that the
measured covariance is a physical one. The value Xx_, > 0

1.0

0 ..................... -

S -20

entangled

K

FIG. 2. Signed significance X (bars), for I < K < 6, calculated
from the data of the SPOPO state. The insets for2 < K < 5 give the
increasing order. For better visibility, the positive part of the
ordinate has a different scaling than the negative (entangled) part.
Despite no signature of two-entanglement, 2, > 0, the state shows
highly significant other forms of multipartite entanglement.

shows that no detectable two-entanglement exists in
the SPOPO quantum frequency comb. Yet, for all
K > 3, K-entanglement is verified with a significance of
at least seven standard deviations, g, < —7. Such types
of multipartite entanglement are not accessible with entan-
glement probes that are only sensitive to two-entanglement.

Considering the circles in the insets for | < K <5 in
Fig. 2, itcan be seen that the same six-mode state is entangled
with respect to all nontrivial, individual partitions—even for
K = 2. Therefore, the SPOPO state is entangled with respect
to any individual bipartition, even though it cannot be
identified as a two-entangled state: The subtle structures
of multipartite entanglement are invisible for genuine entan-
glement probes.

Here, we clearly see that entanglement of some or even all
individual partitions Z:...:Zg of the length K does not
necessarily imply K-entanglement. Rather, it is the convex
combination of the individual partitions that is responsible
for the separability or inseparability. The inverse, however, is
true: K-entanglement implies entanglement with respect to
all individual K-partitions. This follows from the condition
(5) by taking a proper test operator L for the convex
combination and the same £ for every individual K-partition,
as gg" < g .7 . Finally, let us stress that this approach
can be extended to study other convex combinations of some
individual partitions which are not limited by a fixed K value.

Summary and conclusion.—We have studied different
forms of K-party entanglement in multimode states. An
analytical approach to construct the corresponding entan-
glement tests was derived and further elaborated for
covariance based entanglement probes. To optimize over
the resulting infinite set of all analytical Gaussian
witnesses, a numerical optimization was performed.
This approach allows us to classify entanglement in
Gaussian states with an arbitrary number of modes.

We applied this approach to a parametrically generated
multimode frequency comb. It was shown, for a six-mode
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example, that our system shows an interesting form of
entanglement. That is, the SPOPO state turns out to be a
biseparable state which is K-entangled for any K = 3, ..., 6.
Moreover, we detected entanglement with respect to all
individual partitions, even all the individual bipartitions.
Thus, the absence of so-called genuine entanglement does
not give any insight into the entanglement structure.

This work proves of great interest for investigating
entanglement beyond two-entanglement in highly multipar-
tite systems. A lot of questions remain to be investigated
concerning other possible types of multipartite entanglement
and, in particular, their relation to quantum computation and
communication protocols between multiple parties. Our
construction of general entanglement criteria, likely to access
multipartite quantum correlations beyond bipartitions, pro-
vides a good starting tool for tackling such problems.

As a comment to the Einstein-Podolsky-Rosen paradox
[1], Schrodinger emphasized that a compound quantum
system includes more information than provided by the
individual subsystems [2]. Considering our scenario at
hand, we may extend such a statement. Namely, multipar-
tite entanglement is much richer than the entanglement one
can infer from bipartitions only.

This work has received funding from the European
Union’s Horizon 2020 research and innovation program
under Grant Agreement No. 665148.

*stefan.gerke@uni—rostock.de

[1] A. Einstein, B. Podolsky, and N. Rosen, Can quantum-
mechanical description of physical reality be considered
complete?, Phys. Rev. 47, 777 (1935).

[2] E. Schrodinger, Die gegenwirtige Situation in der Quan-
tenmechanik, Naturwiss. 23, 807 (1935); 23, 823 (1935);
23, 844 (1935).

[3] S. Braunstein and P. van Loock, Quantum information with
continuous variables, Rev. Mod. Phys. 77, 513 (2005).

[4] R. Horodecki, P. Horodecki, M. Horodecki, and
K. Horodecki, Quantum entanglement, Rev. Mod. Phys.
81, 865 (2009).

[5] O. Giihne and G. Té6th, Entanglement detection, Phys. Rep.
474, 1 (2009).

[6] R.F. Werner, Quantum states with Einstein-Podolsky-Rosen
correlations admitting a hidden-variable model, Phys. Rev.
A 40, 4277 (1989).

[7] A. Peres, Separability Criterion for Density Matrices, Phys.
Rev. Lett. 77, 1413 (1996).

[8] R. Simon, Peres-Horodecki Separability Criterion for Con-
tinuous Variable Systems, Phys. Rev. Lett. 84, 2726 (2000).

[9] L.-M. Duan, G. Giedke, J.I. Cirac, and P. Zoller,
Inseparability Criterion for Continuous Variable Systems,
Phys. Rev. Lett. 84, 2722 (2000).

[10] M. Huber and J.I. de Vicente, Structure of Multidimen-
sional Entanglement in Multipartite Systems, Phys. Rev.
Lett. 110, 030501 (2013).

[11] A.A. Valido, F. Levi, and F. Mintert, Hierarchies of
multipartite entanglement for continuous-variable states,
Phys. Rev. A 90, 052321 (2014).

[12] F. Shahandeh, J. Sperling, and W. Vogel, Structural Quan-
tification of Entanglement, Phys. Rev. Lett. 113, 260502
(2014).

[13] R. F. Werner and M. M. Wolf, Bound Entangled Gaussian
States, Phys. Rev. Lett. 86, 3658 (2001).

[14] J. DiGuglielmo, A. Samblowski, B. Hage, C. Pineda, J.
Eisert, and R. Schnabel, Experimental Unconditional Prepa-
ration and Detection of a Continuous Bound Entangled
State of Light, Phys. Rev. Lett. 107, 240503 (2011).

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

[16] M. Horodecki, P. Horodecki, and R. Horodecki, Separability
of n-particle mixed states: Necessary and sufficient con-
ditions in terms of linear maps, Phys. Lett. A 283, 1 (2001).

[17] P. Wocjan and M. Horodecki, Characterization of combi-
natorially independent permutation separability criteria,
Open Syst. Inf. Dyn. 12, 331 (2005).

[18] C.S. Yu and H. S. Song, Separability criterion of tripartite
qubit systems, Phys. Rev. A 72, 022333 (2005).

[19] A.Hassan and P. Joag, Separability criterion for multipartite
quantum states based on the Bloch representation of density
matrices, Quantum Inf. Comput. 8, 773 (2008).

[20] B. C. Hiesmayr, M. Huber, and Ph. Krammer, Two com-
putable sets of multipartite entanglement measures, Phys.
Rev. A 79, 062308 (2009).

[21] M. Huber, F. Mintert, A. Gabriel, and B.C. Hiesmyr,
Detection of High-Dimensional Genuine Multipartite
Entanglement of Mixed States, Phys. Rev. Lett. 104,
210501 (2010).

[22] L. K. Shalm, D. R. Hamel, Z. Yan, C. Simon, K. J. Resch,
and T. Jennewein, Three-photon energy-time entanglement,
Nat. Phys. 9, 19 (2013).

[23] J.T. Barreiro, J.-D. Bancal, P. Schindler, D. Nigg, M.
Hennrich, T. Monz, N. Gisin, and R. Blatt, Demonstration
of genuine multipartite entanglement with device-
independent witnesses, Nat. Phys. 9, 559 (2013).

[24] E. Shchukin and P. van Loock, Generalized conditions for
genuine multipartite continuous-variable entanglement,
Phys. Rev. A 92, 042328 (2015).

[25] M. Yukawa, R. Ukai, P. van Loock, and A. Furusawa,
Experimental generation of four-mode continuous-variable
cluster states, Phys. Rev. A 78, 012301 (2008).

[26] M. Pysher, Y. Miwa, R. Shahrokhshahi, R. Bloomer, and
O. Pfister, Parallel Generation of Quadripartite Cluster
Entanglement in the Optical Frequency Comb, Phys. Rev.
Lett. 107, 030505 (2011).

[27] M. Chen, N.C. Menicucci, and O. Pfister, Experimental
Realization of Multipartite Entanglement of 60 Modes of a
Quantum Optical Frequency Comb, Phys. Rev. Lett. 112,
120505 (2014).

[28] R. Medeiros de Aratjo, J. Roslund, Y. Cai, G. Ferrini, C.
Fabre, and N. Treps, Full characterization of a highly
multimode entangled state embedded in an optical
frequency comb using pulse shaping, Phys. Rev. A 89,
053828 (2014).

[29] J. Roslund, R. Medeiros de Aratjo, Shifeng Jiang, C. Fabre,
and N. Treps, Wavelength-multiplexed quantum networks

110502-5


http://dx.doi.org/10.1103/PhysRev.47.777
http://dx.doi.org/10.1007/BF01491891
http://dx.doi.org/10.1007/BF01491914
http://dx.doi.org/10.1007/BF01491987
http://dx.doi.org/10.1103/RevModPhys.77.513
http://dx.doi.org/10.1103/RevModPhys.81.865
http://dx.doi.org/10.1103/RevModPhys.81.865
http://dx.doi.org/10.1016/j.physrep.2009.02.004
http://dx.doi.org/10.1016/j.physrep.2009.02.004
http://dx.doi.org/10.1103/PhysRevA.40.4277
http://dx.doi.org/10.1103/PhysRevA.40.4277
http://dx.doi.org/10.1103/PhysRevLett.77.1413
http://dx.doi.org/10.1103/PhysRevLett.77.1413
http://dx.doi.org/10.1103/PhysRevLett.84.2726
http://dx.doi.org/10.1103/PhysRevLett.84.2722
http://dx.doi.org/10.1103/PhysRevLett.110.030501
http://dx.doi.org/10.1103/PhysRevLett.110.030501
http://dx.doi.org/10.1103/PhysRevA.90.052321
http://dx.doi.org/10.1103/PhysRevLett.113.260502
http://dx.doi.org/10.1103/PhysRevLett.113.260502
http://dx.doi.org/10.1103/PhysRevLett.86.3658
http://dx.doi.org/10.1103/PhysRevLett.107.240503
http://dx.doi.org/10.1103/PhysRevA.61.052306
http://dx.doi.org/10.1016/S0375-9601(01)00142-6
http://dx.doi.org/10.1007/s11080-005-4483-2
http://dx.doi.org/10.1103/PhysRevA.72.022333
http://dx.doi.org/10.1103/PhysRevA.79.062308
http://dx.doi.org/10.1103/PhysRevA.79.062308
http://dx.doi.org/10.1103/PhysRevLett.104.210501
http://dx.doi.org/10.1103/PhysRevLett.104.210501
http://dx.doi.org/10.1038/nphys2492
http://dx.doi.org/10.1038/nphys2705
http://dx.doi.org/10.1103/PhysRevA.92.042328
http://dx.doi.org/10.1103/PhysRevA.78.012301
http://dx.doi.org/10.1103/PhysRevLett.107.030505
http://dx.doi.org/10.1103/PhysRevLett.107.030505
http://dx.doi.org/10.1103/PhysRevLett.112.120505
http://dx.doi.org/10.1103/PhysRevLett.112.120505
http://dx.doi.org/10.1103/PhysRevA.89.053828
http://dx.doi.org/10.1103/PhysRevA.89.053828

PRL 117, 110502 (2016)

PHYSICAL REVIEW LETTERS

week ending
9 SEPTEMBER 2016

with ultrafast frequency combs, Nat. Photonics 8, 109
(2014).

[30] S. Gerke, J. Sperling, W. Vogel, Y. Cai, J. Roslund, N. Treps,
and C. Fabre, Full Multipartite Entanglement of Frequency-
Comb Gaussian States, Phys. Rev. Lett. 114, 050501
(2015).

[31] M. Horodecki, P. Horodecki, and R. Horodecki, Separability
of mixed states: Necessary and sufficient conditions,
Phys. Lett. A 223, 1 (1996).

[32] J. Sperling and W. Vogel, Multipartite Entanglement
Witnesses, Phys. Rev. Lett. 111, 110503 (2013).

[33] R. Simon, S. Chaturvedi, and V. Srinivasan, Congruences
and canonical forms for a positive matrix: Application to the
Schweinler-Wigner extremum principle, J. Math. Phys.
(N.Y.) 40, 3632 (1999).

[34] P. van Loock and A. Furusawa, Detecting genuine multi-
partite continuous-variable entanglement, Phys. Rev. A 67,
052315 (2003).

[35] F. Toscano, A. Saboia, A.T. Avelar, and S.P. Walborn,
Systematic construction of genuine-multipartite-entanglement
criteria in continuous-variable systems using uncertainty
relations, Phys. Rev. A 92, 052316 (2015).

[36] P. Hyllus and J. Eisert, Optimal entanglement witnesses for
continuous-variable systems, New J. Phys. 8, 51 (2006).

[37] R. L. Haupt and S. E. Haupt, Practical Genetic Algorithms,
2nd ed. (John Wiley & Sons, Hoboken, New Jersey, 2004).

[38] G. Patera, G. De Valcarcel, N. Treps, and C. Fabre,
Quantum theory of synchronously pumped type I optical
parametric oscillators: Characterization of the squeezed
supermodes, Eur. Phys. J. D 56, 123 (2010).

110502-6


http://dx.doi.org/10.1038/nphoton.2013.340
http://dx.doi.org/10.1038/nphoton.2013.340
http://dx.doi.org/10.1103/PhysRevLett.114.050501
http://dx.doi.org/10.1103/PhysRevLett.114.050501
http://dx.doi.org/10.1016/S0375-9601(96)00706-2
http://dx.doi.org/10.1103/PhysRevLett.111.110503
http://dx.doi.org/10.1063/1.532913
http://dx.doi.org/10.1063/1.532913
http://dx.doi.org/10.1103/PhysRevA.67.052315
http://dx.doi.org/10.1103/PhysRevA.67.052315
http://dx.doi.org/10.1103/PhysRevA.92.052316
http://dx.doi.org/10.1088/1367-2630/8/4/051
http://dx.doi.org/10.1140/epjd/e2009-00299-9

