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We derive a hierarchy of separability criteria for multimode continuous-variable systems. They permit one to
study in a unified way the k-partite entanglement of broad classes of Gaussian and non-Gaussian states. With
specific examples we demonstrate the strength of the criteria, and we discuss their assessment based on data

obtained from Gaussian measurements.
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I. INTRODUCTION

Entanglement has proven to be a central resource in
quantum information processing using either discrete or
continuous-variable (CV) systems (such as field modes of
light, nanomechanical oscillators or cold atomic gases) [1].
Any attempt to create an entangled state is limited by the
residual noise and decoherence, and proper tools to verify
entanglement are needed to evidence the success of an
experiment. In CV systems these tools can roughly be divided
into those that apply to Gaussian states [2—-6] (see [7] for
a complete review), and those that apply to more general
states [8,9]. Most tools entail an optimization of an entropylike
functional like a convex roof construction [10,11], the proper
choice of a set of observables that witness the entanglement
for a broad class of states [12—18], or the suitable selection
of a finite [19-24] or infinite [25,26] series of inequalities
(concerning moments of the quadrature variables) which are
mainly based on the well-known criterion of positive partial
transposition (PPT) [1,27]. The need to optimize or accurately
choose a tool in accordance with the specific properties of a
quantum state makes the characterization of entanglement a
computationally intricate problem [28], which becomes even
more involved as the mixedness of the state or the number of
constituents of the system grows.

Entanglement shared by two subsystems has been realized
experimentally in various systems [29], but increasing the
number of entangled components is a big experimental
challenge, such that the preparation of states with more than
bipartite entanglement has been achieved in few systems
only [30-32]. The limitations due to noise and decoherence
typically get increasingly severe with the growing number
of entangled subsystems. Under given imperfect conditions it
might not be possible to create a genuinely n-partite entangled
state in an n-partite system, whereas the preparation of a
bipartite entangled state might still be feasible. Tools to verify
bipartite or genuine n-partite entanglement have been explored
in detail [33], but tools that analyze the range in between
have been established only recently [8,34-37]. Only those
tools, however, will help us to gauge experimental progress
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and eventually achieve the creation of genuine n-partite
entanglement.

We build up here on a hierarchy of separability criteria
that detect k-partite entanglement in n-partite discrete sys-
tems [36], and extend this approach to the case of contiuous-
variable systems. Based on this hierarchy, we present versatile
hierarchies of separability criteria that apply to Gaussian
and non-Gaussian states such as photon-added or -subtracted
states [38] that display particularly strong nonclassical corre-
lation properties [39—44].

The paper is organized as follows: We start with an
introduction to CV systems and hierarchies of separability
criteria in Sec. II. The formulation of these hierarchies for
CV systems is presented in Sec. III, which is accompanied
with a discussion of the similarities with the PPT criterion
(see Sec. IIT A). We apply these hierarchies to Gaussian and
non-Gaussian states in Sec. IV, and the possible experimental
assessment of the criterion is discussed in Sec. V.

II. BASIC DEFINITIONS

A. Phase space representation

The Hilbert space H, of a quantum system composed
by n modes results from the n-fold tensor product of the
single-mode Hilbert space ; = L*(R), and all the physical
information about the system is encoded in the density operator
0. The mth mode is described in terms of the canonical
operators, i.e., position Qm and momentum ﬁm. Equivalently
it may be described by their dimensionless counterparts §,, =
OuvMSQ /R and p,, = P,,/~/MSQh defined in terms of the
frequency €2 and and mass M. From now on we will use only
the dimensionless operators and define the operator-valued
vector X = (§1,P1,--sGn» ﬁ,,)T whose elements satisfy the
canonical commutation relations [X,,,X;] = —i[J,]m, With
the symplectic matrices,

J,=@J: and Jl=<? _01>,
m=1

of the composite system and a single subsystem.

It is convenient to describe a continuous-variable system
in terms of the real symplectic space (R?*,J,), i.e., phase
space [7,27], rather than the infinite dimensional complex
Hilbert space H,. Quantum mechanical operators A are then
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replaced by their Weyl symbol,

d7E e
w — Ty Ao~ 087, 1
A1) /R I Tl T

i.e., functions Wy (x) of classical phase space variables x =
(G1,P15 - - - »qn, Pn) [45]. The Weyl symbol of a density matrix
0 is typically referred to as the Wigner function, and it is

denoted by W(x) [46].
The Wigner function W(x) of a Gaussian state p has the
particularly simple form [46],
e—%(x—i')TV’l(x—if)

Qm)r/det(V)

where the vector ¥ = Tr(pX) contains the expectation values
(first moments) of the dimensionless phase space variables,
and the covariance matrix V is defined by

Vi = STe(p{[&]n — [X]n,[R] — [X])),

where {.,.} denotes the anticommutator. In this case, W
is completely characterized by the vector ¥ and the real
symmetric 2n x 2n matrix V, i.e., by 2n%> + n real param-
eters. According to the Heisenberg uncertainty relation, the
covariance matrix of any quantum state must satisfy V >
£J, [27.46], which implies the positive definiteness V > 0.
Since the entanglement of the system is invariant under local
unitary displacements [27], we shall take the first-moment
vector equal to zero (¥ = 0) from now on.

Here, we are concerned with the class of entangled states
0 whose Wigner function may be expressed as the product
of a polynomial function F(x) and the Wigner function of a
Gaussian state with the covariance matrix V, i.e.,

W(x) =

B F(x)eféxV"x
T )y /deu(V)’

Direct examples of this kind of state are those states which
are generated by a series of photon-creation [47] or photon-
subtraction operations [44,48,49], or more general, a coherent
superposition of both [20,50]. We shall refer to the latter
as photon-manipulated states. In that case, the degree of the
polynomial corresponds to the number of such manipulations
that need to be applied to a Gaussian state to arrive at the
state in question. We should, however, stress that F'(x) may be
also an analytic function with domain in all the phase space (a
function with a convergent Taylor series), such that the set of
non-Gaussian states with Wigner function (2) may comprise a
broader class of CV states than the photon-manipulated states,
as, for example, Schrodinger cat states.

W (x) 2

B. Hierarchy of separability criteria

A pure state of an n-partite quantum system is considered
n-partite entangled if it cannot be written as a simple tensor
product of two state vectors each of which describes a part
of the subsystems only. If an n-partite quantum state cannot
be written as a simple tensor product of k;-partite entangled
k;-partite state vectors with k; < k, then the state is k-partite
entangled.

A mixed n-partite state p is considered k-partite entangled
if it cannot be represented as an average over projectors onto
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pure states that are less than k-partite entangled, i.e.,
k—1
p# Y [ dm@lvsl ®
j=1

where |\11§.f2) are j-partite entangled n-partite states, u;(a)

are positive functions that satisfy Z’;;i Jdp;(@) =1, and
the summation is restricted to values j < k. Physically, this
definition means that a k-partite entangled state can be
realized by mixing different states that are at most k-partite
entangled, but since the states that enter this average may
carry entanglement between different groups of subsystems, a
k-partite entangled n-partite state is not necessarily separable
with respect to a certain bipartition.

Our starting point to detect k-partite entanglement is
a hierarchy of separability criteria t;,. It is based on a
comparison between several matrix elements of the density
operator in question with respect to some product states. As
shown in [51], genuine n-partite entanglement is identified
through the condition,

|
7,(0) = [{P1lo|P2)| — Z V(®ijlol®1;)(Dajl0]P;)
e e’ 1
f©@ I fit@
> 0, 4)

where [®1) = ®"_, @) and |2) = ®_, [@usn) are two
product vectors, and the vectors |®y;) and |®,;) are defined
in terms of the inequivalent possibilities to divide the n
subsystems into two groups: There are 2"~! — 1 inequivalent
such bipartitions, each of which that can be characterized by
a vector v; whose n elements adopt the values O or 1, and the
groups are defined by the subsystems associated with the value
0 and 1, respectively. In terms of these vectors, we have the
definition,

n n
|<D1j) = ® |§0m+n[vj]m), |q)2j> = ® |(pm+n7n[vj]m> . )
m=1 m=1

that is, the vectors |®;;) and |®,;) are obtained from the
vectors |®) and |P;) through a permutation of state vectors
|@om) Wwith |@,4,) that belong to those subsystems that are
grouped together in the jth bipartition.

If a pure state p = |¥) (W] is separable with respect to the
Jjth bipartition, then f(p) = f;(p). Since the f;(9) are non-
negative, this implies that 7, is nonpositive. As this reasoning
holds for any bipartition, and, in addition, 7, is convex, T, is
indeed nonpositive for any state o that can be decomposed into
biseparable pure states.

A fully separable pure state is biseparable with respect to
all bipartitions; accordingly, one may introduce the function
Bin(P) = £(@) — @ = 7' Y27 7! fi(e), and a positive
value of t,;, identifies a mixed state to be at least bipartite
entangled. In the same fashion, one can introduce scalar factors
a*™ > 0[36] for n > k > 2 such that

wea(d) = f@ =Y a™" fi0) (6)
J

can be positive only if g is at least k-partite entangled.
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In order to detect entanglement properties as reliably
as possible, a suitable choice of probe vectors |g;) is in
order. In practice, it is desirable to find an optimal set of
normalized such vectors that maximize 7 ,. Advantageously,
the number of probe vectors scales only linearly with n,
but a full optimization over the infinite-dimensional vectors
without simplifying assumptions does not seem to be a fruitful
endeavor. Similarly to the concept of Gaussian entanglement of
formation [10], we therefore require that all probe vectors are
Gaussian. Each Gaussian probe state |¢,,) is then characterized
by it first and second moments,

Xy = (Qmaﬁm)’ and (7)

N 8

w= | ®)
UXP U[’P

with det(%,,) = 1/4, 0™ > 0 and al()’]’}) > 0. In the following
we will identify choices for these parameters that yield strong
criteria. Remarkably enough, this allows us to reproduce the
PPT criterion for two-mode and pure three-mode Gaussian
states. Beyond that, even with this simplifying assumption,
Eq. (6), is able to detect non-Gaussian entanglement [20],
for which criteria only based on the second moments of the
quadrature variables fail. Both observations demonstrate that
assuming Gaussian probe states makes the present hierarchy
an easily accessible but strong tool.

III. HIERARCHIES OF INSEPARABILITY CRITERIA
FOR CV SYSTEMS

The t; , are parametrized by the first and second moments
of the Weyl symbols of the operators |D;)(D;|, |D2) (D],
|®1;)(P1;l, and |Dy;)(DP,;|. Let us denote their vectors of first
moments by Xo,, X¢,, X o)) and X @y and their matrices of
second moments by X g, X¢,, Xo¢,;, and X, . Since also the
matrix element (®;| o |P,) enters the definition of 7y ,, it is
convenient to introduce also moments,

Jdx x Wioy0,()
Jd?x Wio,y,(x)

and X¢,, defined analogously, where the explicit normaliza-
tion is introduced because the overlap between |®;) and |$,)
is typically not unity.

As shown in Eq. (A6) in Appendix A, X, can easily be
constructed from the covariance matrices X, defined in Eq. (8)
via the prescription,

Xo, = €))

Zq)g[ - @ zm,nera (10)
m=1

with
2;m + Zner
2det(X), + X p4m)

. Zm-lszn-‘rm - 2:n-‘rm-llTZm

T 2det(En + Za)
The first moments are then given by [52]
Xo, + Xo,

2

Zm,n+m =

A’<I>21 = +iZq>21,],l(Xq>l _X‘1>2)~ (11D
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As it is extensively illustrated in Appendix A, one may
express i, in a rather compact form,

() = -l =Y a e fro, fa.
(12)

with
_ o GKT (VT + ) K P, (13)

! Jdet(Z, + V) '

and K = (% +X,'X,) for u = ®,;,®;;,P,,. The quanti-
ties,

a =Re(X] 25! Xa,) + (Xo, — Xo,)' JTRe(Za,,)
xJu(Xo, — Xo,), (14)
and
Bi= XCII;Iqu_:'IleCDU + ngjZ;:fX%/, (as)

are quadratic functions of the first-moment vectors, and Re
denotes the real part. We provide the expressions for the vectors
Xo,, Xo,, Xo,;, and Xg,,, as well as for the covariance
matrices X¢,, Xg,, Zq;lj, and Zq;zl. in Egs. (B1)-(BS8) in
Appendix B.

The general expression Eq. (12) holds for any state whose
Wigner function can be cast in the form of Eq. (2). If F(x) = 1
inEq. (2), 1.e., if p is Gaussian, then f, defined in Eq. (13) takes
the simpler form,

exp (X' E (V' +5,Y) 5 X
Jdet(Z, + V) '

In order to identify general properties of the states |®;) that
yield potentially maximal values for 7 ,, we will make the
assumption,

G
) _

Yo, = Yo, = X, (16)

i.e., we assume that |¢,,) and |@,.,,) (form =1, ...,n) have
the same covariance matrix. With this assumption Eqs. (14)
and (15) reduce to = o’ and B; = ,3} with

B, =20+ (Xo, — Xo,) PTE'P;(Xo, — Xo,),
and
o =1/4Xo, + X0,) 7' (X o, + Xa,),

with
n
P; =P, (17)
m=1

where I is the two-dimensional identity matrix, and v ;, which
is defined in the context of Eq. (5), characterizes the bipartition
Jj- With the help of the following identity valid for quadratic
matrices [53],

1

=y 'y lwwvIlyrxhHhz 18
ST V'+xh (18)
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one may easily show that the hierarchy 7/ , resulting from the
assumption Eq. (16) can be expressed as

e*%(XalerX(bz)TzJ%V(Xabl +Xo,)

Rk
Jdet(z 1 V) .

where Ay, is a function which does not depend on (X¢, +
Xq;z), i.e., hk,n = hk.,,(Z,Xq)l — Xq;z).

Since ¥ and V are positive definite, the exponent is
nonpositive, such that 7, , adopts its maximum only if
Xo, + X¢, = 0. That is, assuming Gaussian probe vectors
and Eq. (16) permits one to perform an essential part of the
maximization of i, analytically, which eases the reliable
estimation of 7, = maxr/< » substantially. With this, we
arrive at o

Ta(P) =

77(,;1 = max fk,na
XX

with
—X T s X e HXTED sl PiX
fk,n(:a) = m — a; ’
Uz +V) j det (2 + V)
(19)

which can readily be optimized numerically.

A. Resemblance to the PPT Criterion

Since Eq. (19) is the result of several restrictions that
potentially weaken the hierarchy, a critical assessment of its
strength is in order. Since most of the existing separability
criteria are concerned with separability with respect to a
given bipartition, we focus for the moment on this question.
According to Eq. (19), the inequality,

=2XT I} s e X
9

1 yT
X @Y ST PX S,

is satisfied for any mixed Gaussian state that is biseparable
with respect to the bipartition j. Since this scalar inequality
is satisfied for any choice of X, it implies the matrix
inequality [54],

1
J;WJ” > (P’)Tz vl
In the following, we will show that this permits us to recover
the ppt criterion for mixed two-mode and pure three-mode
Gaussian states, when all the probe states |¢,,) are chosen
to be pure infinitely squeezed states, with covariance matrix
with al','; — 0 (Vm) for squeezing in momentum, or o}, — 0
(Vm) for squeezing in position. It is worthwhile noting that
if inequality (20) is violated in all the bipartitions, then p is
genuine multipartite entangled.

(20)

1. Two-mode case

The covariance matrix V of any two-mode Gaussian state
can be expressed in the standard form (C1), in terms of four
coefficients a,b,c,d € R [7].

According to the ppt criterion, a two-mode Gaussian state
is separable if and only if the symplectic eigenvalues {7;,7,} of
the partial transpose of the covariance matrix V ;j with respect
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to the bipartition j satisfy [7,21]

Uy, 2> % (21)

These are directly obtained from the roots {+i¥;, £ iV} of the
characteristic polynomial of the matrix JI V j» which is given
by

A+ A+ AL =0, (22)

with A? = 1(a® + b* — 2cd), A} = L(ab—c*)(ab —d?),
which are the symplectic invariants.

On other hand, inequality (20) in the two-mode case may
be translated into the eigenvalue problem of the product
matrix [54],

Z =4P, (T + V)P JYET + VYT, (23)

such that inequality (20) is not violated as long as all of the
eigenvalues {A);i =1,2,3,4} of Z, are non-negative, i..,
AD>1 Vi

Using the standard form (C1) and substituting X,, by the
covariance matrix of a pure squeezed state [see Eq. (C2)], Z
results in the matrix Z(r) defined in Eq. (C3) whose entries are
given in terms of rational functions in the squeezing parameter
r, as discussed in more detail in Appendix C.

In the limit of infinite squeezing in momentum (r — 0), we
find that Z; [see Eq. (C4)] has AV = 1{? =1 as the doubly
degenerate eigenvalue, and the other two are given by the
characteristic polynomial,

A 2 A 2
<4> A(4)+A 0. 4)

Since the roots of Eq. (24) are related with the roots of
Eq. (22) through the expression A = +i /A, /2, the conditions
AP > land AP > 1are indeed equivalent to Eq. (21). Thatis,
given the optlmal choice of probe states with |¢,,) = |@n4m)
(m =1, ...,n) and infinitely squeezed covariance matrix, we
recover exactly the necessary and sufficient PPT criterion
from the inequality (20). It is straightforwardly to show that
this assertion also holds if we consider infinite squeezing in
position (r — 00) [see Eq. (C5)].

2. Three-mode case

The foregoing discussion sets the stage of the procedure
that one has to follow in order to show the analog result for
pure three-mode Gaussian states. In this case, the comparison
between the inequalities (20) and (21) has to be in terms of
the three possible bipartitions of the system, such that the
characteristic polynomial of the matrices Z; (j = 1,2, 3) leads
to the characteristic polynomial of the matrlces JIV;. We
defer the details of the proof to Appendix C.

We may apply the same procedure to study the case
of mixed tripartite-entangled states, but one finds that this
assertion is no longer true. For mixed three-mode Gaussian
states inequality (20) cannot be expected to reproduce the
PPT criterion, since PPT basically discerns fully inseparability
in the case of mixed states [5,32], whereas 33 identifies
genuine tripartite entanglement. However, we found that 1, 3
still detects entanglement of the vast majority of three-mode
bipartite entangled states.
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IV. EXAMPLES

We now turn the attention to illustrate how expression (12)
provides reliable estimates of k-partite entanglement in Gaus-
sian and non-Gaussian states.

A. Mixed genuine tripartite entangled states

Let us start analyzing the inseparability properties of a
mixed tripartite Gaussian entangled state, whose covariance
matrix may be expressed as follows,

V =Vguz +gl3, with g >0, (25)
where I, = @, _, I, and
a 0 —c — 0
0O b O c 0 c
Il—=¢c 0 a 0 — 0
Vewz=510 ¢ 0 b 0 | (26)
—-c 0 —c a 0
0 c 0 c 0 b
with

1
a = 2
¢ = 4 sinh(2r),

the covariance matrix of the continuous-variable analog of the
GHZ states [5]. Here, g plays the role of a mixing parameter,
while r > 0 is the squeezing parameter. We compare the
hierarchies 7, 3 and 73 3 with the PPT criterion applied to the
bipartition 1|23 [5].

As one can see in Fig. 1, 133 detects that this state
is genuinely tripartite entangled in a substantial part in
the parameter regime, and for sufficiently strong squeezing,
even substantially mixed states are still genuinely tripartite
entangled. States that are too strongly mixed to be genuinely
tripartite entangled can still be identified to be bipartite
entangled via 1, 3, which detects nearly as many states as the
ppt criterion.

0.4

o
w

o
o

Squeezing r

o
=

Bipartite Separable

0.0
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Mixing g

FIG. 1. (Color online) Density map of the inseparability proper-
ties of the Werner-type GHZ state defined in Eq. (25) in terms of the
mixing g and squeezing parameter r. The black solid line depicts the
border between bipartite entangled (blue region) and separable states
according to the PPT criterion. Within the former, the blue dashed
and orange dot-dashed lines delimit the region of the states for which
the hierarchies 7, 3 and 73 5 return positive values, respectively.
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0 02 04 06 038 1
la|

FIG. 2. (Color online) 7, ,(p) as a function of the amplitude |«|
for the CPS-TSVS defined in Eq. (27) withr =0, ¢ = |oz|e"JT§, and
B=IBle'?.

B. Coherent photon-added or -subtracted two-mode states

To demonstrate the performance on non-Gaussian states we
investigate the inseparability properties of coherently photon-
subtracted two-mode squeezed vacuum states (CPS-TSVS).
These states derive from the locally squeezed two-mode
vacuum state by applying the operator («d; + Ba,)", where a;
(I = 1,2) is the photon-annihilation operator of the /th mode
and |a|?> + |8]? = 1 [50]. For simplicity, we shall consider the
states obtained for u = 1 and symmetrically squeezed in both
modes. The covariance matrix V and the polynomial function
F that define the Wigner function via Eq. (2) take the form,
V = ldiag(e > ,e* e >, ¢*), and

F(x) = 2cosh*(r)((x] + pi)lel® + (x3 + p3)IBI?
+2Re((x1 — ip1)(x2 + ip2)a*B))
+2sinh?(r) ((x] + pi)lal® + (x3 + p3)IBI2
+2Re((x1 + ip1)(x2 — ip2)a*B))
— 4cosh(r) sinh(r)(Jap1 + Bpa|* — lax + Bxa|*) — 1.
(27)

In [20] it is shown that the PPT criterion based on the second-
order correlations fails to unveil the entanglement of this state
for r = 0, what makes this state particularly interesting to
demonstrate the strength of the hierarchy. Remarkably enough,
Fig. 2 shows that expression (12) is able to detect this purely
non-Gaussian entanglement in agreement with [20]. Figure 2
corresponds to a specific choice of the phases of the complex
parameters « and 8, but we found 7, » to perform equally well
for any other choice of phases.

C. Time evolution of an initially non-Gaussian entangled state

Finally, the tractable form of the hierarchy (12) also permits
one to study the time evolution of the k-partite entanglement
under the influence of environmental noise. Let us investigate
how the two-mode non-Gaussian entanglement of the fore-
going example is influenced when each mode is in contact
with an independent heat bath. To be specific we assume the
environmental coupling of both modes to be modeled with the
same rate y, and both baths to have the same temperature
characterized by the mean photon number Ny. The open
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system dynamics is governed by a Fokker-Plank equation in
the interaction picture [see Eq. (D1) in Appendix D], which
has been extensively employed to study the effects of losses
and thermal hopping in CV systems [55].

The time-dependent Wigner function is obtained from the
Green function of the Fokker-Plank equation (see Appendix D
for further details). In the interaction picture, one finds that the
covariance matrix evolves according to

Vit)=¢e@)+o(1), (28)
with
e V!
&)= —=V(0), o0)=(1- e "YWV (N0
where  V(0) = jdiag(e ™ e .e.e¥), Vw0 =

izN"‘(I @ I), and the polynomial part F(x,t) is given
by

F(x,t) = F(e*'[e”' (Do (t) + 1] 'x)

92F(e?'x)

Ax1d[x]m | g
(29)

1
+5 %: ')+ a7 ()

For t =0, Eq. (29) returns the initial expression Eq. (27)
for the state (F(x,0) = F(x)), whereas in the long time
(F(x,t — 00) — 1) the system evolves asymptotically into
the symmetrical separable thermal (Gaussian) state.

One may appreciate from Fig. 3 that the initial non-
Gaussian entanglement is degraded asymptotically in time:
The hierarchies shows that the two-mode entanglement fea-
tures an exponential decay.

This example illustrates that Eq. (12) may provide an ac-
curate description of multipartite CV entanglement in realistic
dissipative scenarios. As the hierarchy deals with Gaussian and
non-Gaussian states at the same footing, Eq. (12) is particularly
of interest to study the time evolution of k-partite entanglement
when the state evolves from Gaussian to non-Gaussian, or vice
versa.

V. EXPERIMENTAL QUANTIFICATION

Let us now briefly discuss how the hierarchies (12)
and (19) can be assessed with experimental data. The

T2,2(p(1)

0 0.05 0.1
vt

0.15 0.2

FIG. 3. (Color online) Time evolution of 7,,(4(¢)) when the
system is initially in the CPS-TSVS state plotted in Fig. 2 with
|| = 0.5, and it is in contact with independent thermal reservoirs
with Ny, = 2 (black solid line) and with Ny, = 4 (red dashed line).
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standard procedure would be based on the experimental
reconstruction of the Wigner function in terms of quantum
state tomography [56,57] or a measurement scheme especially
designed for multicomponent CV systems [58], followed by
the analytical evaluation of Egs. (12) and (19). However,
the hierarchies for Gaussian states (19) may be also directly
accessed by performing Gaussian measurements, modeled in
terms of positive-valued operators with the Gaussian Weyl
symbol [27,59], which will be characterized by a covariance
matrix oy and first-moment vector X, that plays the role
of the outcome of the measurement. If one performs such a
measurement on the whole n-mode system, the probability of
the outcome X, is given by [59]

_lxr 1
e ZXM0M+VXM

QnyJ/detloy + V)

One may immediately identify the terms in the sum in
Eq. (19) as 27)" p(P;X; X), since these terms are derived
from diagonal matrix elements [see Eqgs. (A2) and (A3)]. On
the other hand, the first term in Eq. (19), which results from
off-diagonal matrix elements [see Eq. (A1)], may be expressed
in terms of the Fourier transform p(w; X) of the probability
distribution p(X; X), i.e.,

1
-~ Quy

pXy;om) =

pw: ) [ dxe e pxi),
R n

such that Eq. (19) may be brought in the form,
fk,n(/a) — e—ZXTJIZJnX/‘ dane—ZwT):JuXﬁ(w;z)
R2»

—@n)" ) a"p(P;X; %), (30)
J

as we extensively show in Appendix E. This expression relates
Tx.n directly to the measurement statistics of a Gaussian
measurement with covariance matrix X.

Since the projection of § onto a one-mode pure infinitely
squeezed state [whose covariance matrix we illustrate in (C2)]
models an (ideal) homodyne measure in the mth mode of
the system [57,60,61], the results of Sec. III A indicate that
one may completely certify the inseparability of arbitrary two-
mode and pure three-mode Gaussian states by a collective of
simultaneous (ideal) homodyne measures on each mode of the
system.

VI. CONCLUDING REMARKS AND OUTLOOK

The strength of the hierarchy as demonstrated by the explicit
examples in Sec IV and the prospect to obtain a fine-grained
characterization of multimode entanglement properties even
for non-Gaussian states based only on Gaussian measurements
underlines the practical value of the separability criteria pre-
sented here. In particular, the recent development of optome-
chanical experiments [62,63] that permit the realization of con-
trolled interactions between massive degrees of freedom [64]
and light call for tools that permit one to verify experimental
achievements. Whereas experiments on continuous-variable
entangled systems were in the realm of Gaussian states for
a long time, this new generation of experiments permits one
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to realize sizable nonlinear interactions which result in the
generation of non-Gaussian entangled states.

This prospect to create and probe entangled states that
were out of reach until recently, highlights the demand for
theoretical tools for the analysis of entanglement properties
beyond the Gaussian theory. In particular with the capacity to
probe entanglement properties also in multimode systems, the
present separability criteria promise to be a valuable theoretical
support for a series of experiments to come.
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APPENDIX A: DERIVATION OF EQ. (12)

In this Appendix we illustrate the derivation of expres-
sion (12) starting from the formulation Eq. (6) of the hierarchy
Te.n(P) in H,,. The latter involves the following three matrix
elements:

(@1]p]P2), (AL)
(@1101P1;), (A2)
(D[ 01P2;), (A3)

with [®1), |D5), |®y;), and |P,;) defined in Egs. (4) and (5).
One may compute these matrix elements by using the trace

J

DQ1p|Pr) = ————=
(@10l G Je

N¢‘21

- Jdet(V) Jra

—1xT vl x
n 200y Fdy A P2y P _ .
(2m)"No, e 21701 e%(oox)r(qu):@;l)q(aox)(

Jae (v xg) dewy)

1
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product rule [65],
(@l1o1¥) = Te(A1¥)(S])

= (27)" f dx W) Wiy e(x).  (Ad)

Hence, we must first derive the Weyl symbol W|s,)(s, cor-
responding to the n-fold tensor product operator |®;,)(P;| =
Q1 |©ntm) {(@m]. According to the definition in Eq. (1), this
may be expressed as

n
Wiy (6) = [ | Wigso i@ 1). (A5)

m=1

Moreover, Wy, .. v, may be directly derived by using the
classical formulation of the Wigner function [65], and the
expression for the wave function of any single-mode pure
Gaussian state, i.e.,

(m)

(a=am)*
20 (m) _%p
pp

) +iq Ppm
7 (1+4(03))

142iay)

On(q) =

Doing so, one arrives at the Gaussian function,

1 -1
Wlw[)((pm‘(Q’p) — Nm’le_§((q'p)_Xm.l)Tmel((qvp)_xm.l))’ (A6)

with  firstmoment X1 = 1/2(Gm, m) + (@1, p))" +
iX,1J10Gm,pm) — (1, p))T and the covariance matrix as
given in Eq. (10), where the absolute value of the normalizing
factor is given by

em((xi)T-’{(2m+21)11X7)

7 /det(T,, + %)) ’

with X~ = (¢, pm) — (q1, P1). Notice that, from Eq. (10) it is
deduced that X, is a complex symmetric matrix which in
general is not Hermitian. One may follow the same recipe to
obtain the other Weyl symbols corresponding to the operators
|D1;) (P11, and [ Do) (Dol

By virtue of the trace product rule (A4), the matrix
element (A1) takes the form,

|Nm.l| =

N, - I -1
2) Py Zle F(x)e—%xTV lxe—g(x—qu)T):qu](x—chz,)

1 Ty—1 T -l T -l L T y—1 g1
d2nx(F(x)€§(x’E®21X¢2] +X¢212¢21x7Xd>21Z¢21X¢21))67§x1(v +E¢21)x

XL z.!x
F(x)e” 217 )]x:é’

where we made use of the symmetry property of the pseudocovariance matrix g, = Egﬂ. In this expression, x is a 2n-
dimensional real vector. Since the exponential of the differential operator describes a shift in phase space (see Appendix E), we

can conveniently manipulate this expression to obtain

1yT —1
7" No,, e~ 2%y Tay Xy

det (V + Ed)zl)

(P2|p|®1) =

5 -1 - N —1
e%(£+2¢21X®2])T(V I+Z¢21) 1(E+2®21X“’21)F(x)]

(AT)

x=0"
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Similarly, one may derive the analog expression for the matrix
elements given in Eqgs. (A2) and (A3) by substituting the pair
Xo,, Lo, for the corresponding pair Xo,;, Xo,;, and Xo,,
X4, in Eq. (A7) (and by taking Ng, equal to w~"). After
replacing the result for each matrix element in Eq. (6) and some
straightforward algebra, one arrives at expression Eq. (12) for
the hierarchy that is valid as long as the Wigner function of
the system can be expressed as in Eq. (2).

APPENDIX B: FIRST-MOMENT VECTORS AND
COVARIANCE MATRICES ASSOCIATED WITH THE
BIPARTITION J

In this Appendix we describe in more detail how to obtain
the vectors Xo,; and X,;, and the matrices X¢,;, Xo,,, and
P associated with the bipartition labeled by j. In Sec. II,
we stated that |®;;) and |®,;) are obtained from |®;) and
|®,) by interchanging the one-mode states |@,,) With |@,4,)
corresponding to those subsystems that are grouped together
in the bipartition j [see Eq. (5)]. On the other hand, from
Egs. (11) and (10) one obtains that the first-moment vectors of
|®;) and |P,) are given by

Xo, =P xEn. (B1)
m=1
Xo, =D Znim: (B2)
m=1
and the covariance matrices are given by
To, =P . (B3)
m=1
o, =P Zuim (B4)
m=1

Analogously, one may deduce the covariance matrices X g,
and X¢,, by permuting the corresponding matrices X, and

J

(142ar)(a(b+2r)—d*)—4cdr? 0
(a+2r)(b+2r)—d?
0 (a+2r)a(142rb)—2rc?)—cd
Z\(r) = (142ar)(14-2br)—4c2r?
2r(2r(bd—ac)+d(1+cd)—abc) 0
(a+2r)(b+ar)—d?
0 2r(c(14+cd)—abd)+bc—ad

(14+2ar)(142br)—4c2r?

As one may see, the entries of the matrix Z;(r) are rational
functions in terms of the squeezing parameter r, and the limit
r — 0 reads

0

ac — bd

lim Z1(r) =

0
2 _
a cd (1) (C4)
0

bc —ad b2 —cd

PHYSICAL REVIEW A 90, 052321 (2014)

Y ,+m in the expressions (B3) and (B4), respectively. Doing
so, one obtains

E(Dl_/ = @ z;van[v,-J,,,a (BS)
m=1
2o, = D Ensn-nivgl. (B6)
m=1

The same reasoning may be applied to derive the first-
moment vectors, where one interchanges the corresponding
vectors X,, and X,.,, in Egs. (B1) and (B2). These permuta-
tions may be expressed in a compact way with the matrix P
defined in Eq. (17), such that X4,; and X¢,, may be written
as [52]

Xo, +X 1

Xo, = =" =" 4 2Pj(Xo, ~ Xo,).  (BY)
Xo, +X 1

Xo, = % - Epj(xq,l ~Xo,).  (BY)

APPENDIX C: RESEMBLANCE TO THE PPT CRITERION
1. Two-mode Gaussian case

The standard form of the covariance matrix of any two-
mode Gaussian state reads [7]

a 0 ¢ O
0 a 0 d 4
c 0 b ol {a,b,c,d} € R,

V= (ChH

N =

0 4 0 b

whereas the covariance matrix of a one-mode pure squeezed
state may be expressed as follows:

1
X(r) = diag(—,r),
4r
where r is the squeezing parameter.
After substituting Egs. (C1) and (C2) in the expression for

the matrix (23), one obtains that the latter takes the following
form:

(C2)

2r(2r(ad—bc)+d(14+cd)—abc) 0
(a+2r)(b+2r)—d?
0 2r(c(14cd)—abd)+ac—bd
(142ar)(142br)—4c2r? (C3)
(142br)(b(a+2r)—d*)—4cdr? 0
(a+2r)(b+2r)—d?
0 (b+2r)(b(14+2ra)=2rc*)—cd

(1+2ar)(142br)—4c2r?

(

Similarly, one may derive the expression for Z;(r) in the
limit  — oo, which corresponds to an infinite squeezing in
position. Doing so, one may replace r in (C3) by 1/r, and then
take the limit » — 0, i.e.,

a*—cd 0 —bc+ad O

(1 o 1 0 0
}E%Z‘<;> “|-actva 0 B —ca o]

o o 0 1
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Both (C4) and (C5) have A" = A{" = 1 as a doubly degenerate eigenvalue. The other two eigenvalues are given by 1> = 497
and 1Y = 497, as we point out in Sec. IIl A. This illustrates that the hierarchy expressed in terms of the inequality (20) reproduces
the results of the PPT criterion when we choose infinitely squeezed probe states either in momentum or position.

2. Three-mode Gaussian case
The standard form of a pure three-mode Gaussian state reads [7]

ai 0 eTz 0 efg 0

0 a 0 e, 0 e
1 efrz 0 a 0 e% 0
210 e 0 a 0 ey
eB 0 ezg 0 as

) (Co)

0 e3 0 ey O as

where aj,ar,a; € R, and efz, eﬁ, ei _are sir~nple fu~nctions of aj,a,, and as. ~
The characteristic polynomial reads A® + A?)\“ + A%Az + Ag = 0, and the symplectic invariants {A?} (I = 1,2,3) are obtained
from [21]

A} = My(J5 V7).

where M, (J 3T Vf) is the principal minor of order 2/ of the matrix J 3T ‘7?, i.e., it is the sum of all the determinants of all the 2/ x 2/
submatrices obtained by deleting 6 — 2/ rows and the corresponding 6 — 2/ columns [21]. Since one has to follow the same
procedure for each bipartition, we illustrate here only the case for S;|5,S3, where S, symbolizes the mth mode (m = 1,2,3).
Although the whole expression of Zg,|s,s,(r) is straightforwardly derived from (23) by replacing X, = X(r) form = 1,2,3 (its
entries are again rational functions in terms of the squeezing parameter r), it is rather lengthy so that we only provide the final
expression after taking the limit » — 0,

1 0 0 0 0 0
2 + - + - + - -+ + - -+
0 ay —efje;—ehep 0 aje), —ame, —epzey; 0 ajefy —aze; —epes;
lim Z - 0 0 1 0 0 0 )
M Zs,15,85(7) = + - - 2t + - + - -+ 1
r—~>0 0 me, —are; +efze,s 0 ay —efhe, +epze; 0 ey +aze;; —epefs
0 0 0 0 1 0

+ - + - + - -+ 2 4 - -+
0 aze; —arez+epe,; 0 azey; +areyy—epe); 0 a3 —efze;+exen;

This matrix has A{) = A =AY =1 as a three-times degenerate eigenvalue, and the other eigenvalues are the roots of the

polynomial,
A\ (A aa -
_<ZZ) +A?<Z‘> —A;(f)—i—Ag:O. (C8)

As we have already seen for the two-mode case, the roots of the characteristic polynomial of J% V? are related to those of (C8)
through the expression A = %i./A/2. Hence, the inequality (20) applied in the bipartition S;|S,S3 reproduces the PPT criterion
for pure three-mode Gaussian states.

Analogously, one may show that this assertion holds for the other bipartitions S,|S;S3 and S3|5;S,. Now the roots of the
corresponding characteristic polynomial are {1,1,1,405 ¢ ¢ 1,405 ¢ ¢ 5,405 ¢ 5} and {1,1,1,405 ¢ ¢ 405 ¢ ¢ 5,408 ¢ ¢ o),
in terms of the symplectic eigenvalues of the partially transpose covariance matrix corresponding to the bipartitions $,|S; 53 and
S3|81 82, respectively.

Once again, it is important to note that the assertion also holds for infinite squeezing in position (r — 00). One gets at the
following matrix for Z(r), which is analog to (C7),

2 + - + - - + + - - + + -
ay —e3€3 — ey 0 aje, —ame; —ejze;; 0 aje; —aze; —eje,; 0
0 1 0 0 0 0
- + -+ 2 + - + - - + + -
. 1 ame, —aje, ezey; 0 ay —ehen +epen 0 ey tazey; —epe; 0
lim ZS1|5253 -] = P (C9)
r—0 r 0 0 0 1 0 0
- + -+ - + + - 2 + - -+
azej; —aiefy tepey; 0 azey+avey; —efze, 0 ag —efze; +epen 0
0 0 0 0 0 1

from which one obtains the same characteristic polynomial as given in (C8).
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APPENDIX D: TIME EVOLUTION OF THE WIGNER
FUNCTION

We consider the time evolution of an n-mode system
governed by the Fokker-Plank equation in the interaction
picture [55,66],

AW (x,1) ) Tr N ) TD 9 WD
—— =\(zz) Tx+|52) D )Wkx.0),
ot ox ox ox
(DD
with (%)T = @7:1(3%,3%’); I' and D are 2n x 2n real
symmetric matrices that encode the interaction with the
environment. In the case of interest here, these take the form
I'=y/2d®1I)and D = y(1 4+ 2Nyw)/4(I & I), where Ny,
is the mean photon number of the baths.

Equation (D1) is a linear Fokker-Plank equation with time-
independent coefficients that can be straightforwardly solved
by using the Green function method [67], that permit one to
relate W(x,t) and W(x,0) via

W(x,t) = / d*'x' W(x',00G(x,x',1), (D2)
RZu

in terms of the Green function G(x,x’,t) which takes the form
(see [67,68]),

Gx,x',t) = 1 e—%(x—b(t)x/)Ta(r)’l(x—b(t)x’)’
2mr)/det(a(t))
(D3)
where
b)=e¢T"", o(t)=0(c0)—e To(c0)e ",

and o(o0) is the stationary solution of Eq. (D1), which is
obtained from solving

I'o(co) 4+ a (o)l =2D.

The integration of expression (D2) with the Wigner function
W (x,0) of the CPS-TSVS state results in the solutions depicted
in Egs. (28) and (29).

PHYSICAL REVIEW A 90, 052321 (2014)

APPENDIX E: EXPERIMENTAL QUANTIFICATION

In this section we will show the derivation of the following
identity:

(@1]0]P2)

= (271)"/2 d*'x W(X)Wie,)0,(X)
Rn
:e—zxfj,{zJ,,X/ 4w e—2wTEJnXﬁ(w;z), (ED)
R2n

which has been used to obtain Eq. (30) of Sec. V. To start
with, the probability distribution p(X; X), corresponding a
Gaussian measurement with covariance matrix X and first-
moment vector X on an n-mode system with Wigner function
W(x), is given by

e 1= X" 27 x-X)

;%)= d"x W E2
P E) /Rh O Gy Jaei®) 2
Introducing a unitary transformation U, suchthat D = UT XU
(or D' =UTX"'U) is a diagonal matrix, permits one to

rephrase this as

_ 5 —-1@E-XTD N (x-X)
UX;D)= d"'x W{Ux ,
pe ) /Rzn U= Sy JaeD)

with x = U¥ and X = UX, where we have used d*¥% =
d*N x since the Jacobian determinant |det(U)| = 1. From here
it becomes clear that p(X; X) can be considered a multidi-
mensional convolution transform with a Gaussian kernel, and
its inverse formula is well established [69]. Using the latter for
Eq. (E2), one obtains

1/ 0N\ _/ 9
W(X) = exp(—§<§) z<ﬁ>)p(x; ¥).

We may derive a more suitable form for this expression by
using the Fourier transform of the Dirac delta function, that is,

W( — _] d Tz 0 )/ d2n DAY B )
x) = exp( §<8—x a) - upu;X)s(x —u
T Jgo Jree ud~ o p(u; x)exp AEP 7% expio’ (x —u

_ 1
= Qo /R /R _d"ud p(u;E)exp<5wT>:w>exp(in(x — w)). (E3)

On the other hand, the phase-space counterpart of |®,)(®P,]| is given by

Wie,)@,(X) =

Qm)yr/det(X)

1 T T 1 . Ty—1 .
¢ X IIELX = 2 X 2B, X)) (E4)
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according to Eqgs. (AS5) and (A6) in Appendix A. By replacing Eqs. (E3) and (E4) in the expression for the matrix
element (E1), one obtains

(©115|®2) = (2" / P W) Wi 0, ()

R

= 1 / / d2nwd2nu p(u; Z)e—inue%wT):we—ZXTJ,{ZJnX
Qr)yt Jra Jro
1 . . _ )
X —(271)" o) /ﬂ;{z d¥x 10 X pm 3 —2UTS,X) T x-2i2J, X) (ES)
1 coT 1T 1 L Ty—l, - T
— dandZnu u;Z PR P Tw f dan e 2% X x+i(0+2J,X) x E6
Qmyr ]];gzn /Rzn p( ) Q) /det(X) Jrn (ES)
— (21)n / / dandZnu p(u;E)efinue%wTEw(ef%(w+21nX)TE(w+2.]nX)) (E7)
" R2r JR2
T g7 T 1 T
— 872X JHEJ,,X/ d2nw 672(0 X/, X / dZnu gfuu up(u;z) , (ES)
R2n Q) Jrw

as we wanted to show. To derive Eq. (ES8), one can separate the x-dependent function from functions that depend on @ and u
only. Using ¥ = X7, one then arrives at Eq. (E6). Performing the integration of x results in Eq. (E7); rearranging terms yields

to the desired form Eq. (E8). Substituting the explicit expression p(u; X) =

integrals, we recover

(P11 P2)| =

which is the first term in Eq. (19).

1yt -1
% in Eq. (E8), and performing the

=2X" ) seryer In X

Vet +V)
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