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Quantum networks are under current active investigation for the implementation of quantum
communication tasks. With this motivation in mind, we study the entanglement properties of the
multipartite states underlying these networks. We show that, in sharp contrast to the case of pure
states, genuine multipartite entanglement is severely affected by the presence of noise depending on
the network topology: the amount of connectivity determines whether genuine multipartite entan-
glement is robust for any system size or whether it is completely washed out under the slightest
form of noise for a sufficiently large number of parties. The impossibility to obtain genuine multi-
partite entanglement in some networks implies some fundamental limitations for their applications.
In addition, the family of states considered in this work proves very useful to find new examples
of states with interesting properties. We show this by constructing states of any number of parties
that display superactivation of genuine multipartite nonlocality.

Introduction. Entanglement is at the core of the foun-
dations of quantum mechanics and it is a crucial re-
source for the applications of quantum information the-
ory [1]. The analysis of many-body entanglement has
provided relevant tools for condensed matter physics [2]
and has given rise to several concrete multipartite appli-
cations such as secret sharing [3], conference key agree-
ment [4] and measurement-based quantum computation
[5]. Studying the complex ways in which multipartite en-
tanglement manifests itself is thus interesting both the-
oretically and to come up with new applications. On
the other hand, the preparation, control and distribu-
tion of genuine multipartite entangled (GME) states, in
which entanglement spreads among all parties and not
just a subset, is a major experimental challenge. Ar-
guably, the most feasible way to achieve this is by dis-
tributing exclusively bipartite entanglement among dif-
ferent pairs of parties giving rise to a connected net-
work. In fact, quantum networks are currently being
actively investigated as a realistic platform for quantum
information processing. This includes establishing long-
range entanglement starting from smaller entanglement
links or harnessing node-to-node entanglement in order
to achieve on-demand quantum communication between
different possible subsets of parties (see [6] and references
therein).

In this Letter we intend to put forward a theoretical
analysis, from the point of view of entanglement theory,
of the properties of the underlying states that arise in
quantum networks, which we term pair-entangled net-
work (PEN) states. It should be noticed that such a state
is a universal resource under local operations and classi-
cal communication (LOCC) provided that the underlying
graph is connected and the bipartite entanglement shared
by the nodes is of sufficient quality. This is because by
means of local preparation and teleportation the parties

can then end up sharing any quantum state of a given
local dimension. Recent work has considered the limita-
tions arising from the distribution of arbitrary bipartite
entanglement in networks when further restrictions than
LOCC manipulation are enforced and it has been shown
that certain GME states cannot be prepared in this way
[7, 8]. However, here we study the entanglement proper-
ties of PEN states within the LOCC paradigm depending
on the type of entanglement shared and the topology of
the network [9]. From this point of view, a natural ques-
tion to ask is when a PEN state is GME. This makes it
possible to benchmark the quality of the quantum net-
work. If the corresponding PEN state is not GME, then
it cannot be transformed by LOCC into a GME state
and, therefore, the relevant states in applications such
as the Greenberger-Horne-Zeilinger (GHZ) state cannot
be prepared in the network. Remarkably, it has been re-
cently shown [10] that any multipartite private state is
GME and, therefore, this is a necessary condition for es-
tablishing a secret key. In this way, our study leads to
some fundamental limitations of some PEN states which
may be crucial for applications.

A simple argument shows that all pure PEN states (i.e.
where all nodes share bipartite pure entangled states)
are GME independently of the amount of entanglement
shared and the geometry of the network (as long as it is
connected) and, actually, we have recently shown that
they are even genuine multipartite nonlocal (GMNL)
[11]. However, in realistic implementations noise is un-
avoidable and mixed PEN states must be considered.
The previous property of pure PEN states directly im-
plies that, for a fixed network, GME should be robust to
some noise, but the extent to which this holds is unclear.
In fact, to our knowledge it is not known whether sharing
arbitrary bipartite entanglement is enough to guarantee
that a PEN state is GME. Here, we consider a simple
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and realistic model in which the nodes share isotropic
states, i.e. maximally entangled states mixed with white
noise, and show that the answer to the above question is
negative. The mere fact that the nodes share bipartite
entanglement does not imply that a connected network
is GME. Furthermore, this not only depends on the level
of noise but also on the topology of the network, as can
already be seen in the case of isotropic PEN states. How-
ever, our main result is a more extreme feature of this
phenomenon. Instead of asking for which value of the
noise parameter a given network is GME, we consider
a more realistic approach in which the noise parameter
is fixed and we ask which networks display GME under
this constraint. It turns out that, for any nonzero value
of the noise, any tree network of sufficiently many par-
ties is no longer GME and, on the contrary, the GME
of a completely connected network persists for any num-
ber of parties if the noise is below some threshold. This
shows a drastic dependence on the geometry of the net-
work. While any unavoidable limitation in the ability
to prepare entangled states upper bounds the number of
parties that can share GME in some topologies, a larger
connectivity guarantees GME for any size provided that
a certain level of quality in the prepared entangled states
can be achieved.

In addition to this, the overwhelming complexity of
multipartite state space has often led to constrain the
study of entanglement to subsets of states with relevant
physical and/or mathematical properties such as graph
states [12], locally maximally entangleable states [13] or
tensor network states [14]. We believe that the class of
PEN states is a promising platform endowed with a clear
operational motivation in order to study the rich phe-
nomenology of multipartite entanglement. Based on this,
using PEN states we provide examples of GME states
which are not GMNL for any number of parties, differ-
ent from those known before [15, 16]. Moreover, we give
the first, as far as we know, proof of superactivation of
GMNL for any number of parties building on the previ-
ously known construction for the bipartite case [17] by
proving in addition that sufficiently many copies of the
aforementioned states are nevertheless GMNL.

Preliminaries. As mentioned above, we will consider
networks where the nodes share isotropic states on Cd ⊗
Cd:

ρ(p) = pφ+d + (1− p)1̃, (1)

where |φ+d 〉 = (1/
√
d)
∑d−1

i=0 |ii〉 is the d-dimensional max-
imally entangled state, φ+d = |φ+d 〉〈φ+d | and 1̃ = 1/d2.
Isotropic states not only represent a standard noise model
but they also possess nontrivial symmetry properties.
This has lead to an in-depth study of these states and
they appear as an intermediate step in several protocols
[18]. In particular, isotropic states are entangled if and
only if p > 1/(d+ 1) [18].

PEN states are defined by selecting an undirected
graph G = (V,E) that encodes the structure of the net-
work. The vertices V = [n] := {1, 2, . . . , n} represent the
parties and the edges E ⊆ {(i, j) : i, j ∈ V, i < j} rep-
resent when two nodes share a bipartite state. In order
to specify the PEN state, one must specify G as well as
which state is associated to every edge in E. In our case,
we will always consider isotropic states ρij(p) shared by
parties i and j and, for simplicity, we will often consider
that all edges are given by the same isotropic state (we
sometimes also label the parties who share a state by
the edge instead of the vertices, i.e. if e = (i, j), then
ρe(p) = ρij(p).). Thus, given the graph G and the noise
parameter p, the corresponding isotropic PEN state is

σG(p) =
⊗

(i,j)∈E

ρij(p) =
⊗

e∈E

ρe(p). (2)

Notice then that σG(p) is a state on
⊗n

i=1 C
ddeg(i)

, where
deg(i) is the degree of vertex i. We will focus on some
particular graphs: A tree graph is a graph with no cy-
cles, such as the star graph in which a central node is
connected to all other vertices and there are no more
edges. These are graphs with the lowest connectivity.
On the other hand, a completely connected graph is that
for which E = {(i, j) : i, j ∈ V, i < j}. Sometimes it will
be convenient to alter the notation for vertices in order
to label the different particles held by one party. For in-
stance, for 3 parties A, B and C the star and completely
connected PEN states can be also respectively denoted
by

σstar(p) = ρA1B(p)⊗ ρA2C(p),

σcc(p) = ρA1B1(p)⊗ ρA2C1(p)⊗ ρB2C2(p). (3)

Last, we provide the definition of GME. Given the n-
partite Hilbert space H =

⊗n
i=1Hi, a pure state |ψ〉 ∈ H

is biseparable (otherwise GME) if |ψ〉 = |ψM 〉⊗ |ψM 〉 for
some M ( [n] and its complement M , where |ψM 〉 ∈⊗

i∈M Hi and |ψM 〉 ∈
⊗

i∈M Hi. The definition ex-
tends to mixed states by taking the convex hull: the set
of biseparable states is conv{|ψ〉〈ψ| : |ψ〉 is biseparable}
and a state that does not belong to it is GME. It follows
from this definition that the set of biseparable states is
closed under LOCC. Notice that, for PEN states, it is
immediate that if a subset of the network only shares sep-
arable states with its complement, then the PEN state
is biseparable. It is worth pointing out that studying
GME in PEN states built from isotropic states is not
only a standard noise model but also quite general, since
all states with entangled fraction larger than 1/d (and,
in particular, all entangled 2-qubit states) can be trans-
formed by LOCC into an entangled isotropic state [18].

Robustness of GME for isotropic PEN states. The
fact that any PEN state is GME for any connected net-
work sharing arbitrary bipartite pure entangled states
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follows by noticing that the reduced state corresponding
to any subset of parties M ( [n] will in this case be
mixed. Notice that, since the set of biseparable states
is closed, any given fixed PEN state will then tolerate
some noise in its edges so as to remain GME. However,
this still leaves open the question of whether sharing ar-
bitrary bipartite entanglement in any connected network
is enough to generate GME. We start by observing that
already the simplest case of tripartite PEN states with
2-qubit isotropic edges (cf. Eq. (2)) shows that this is not
the case (disproving moreover a conjecture in [19]). By
explicitly constructing biseparable decompositions and
using the techniques of [20] to build fully decomposable
witnesses for these states, in [21] we prove bounds on the
noise parameter p that guarantee biseparability or GME
for σstar(p) and σcc(p). The results are summarized in
Table II. Notice that for 0.491 < p ≤ 0.547, σcc(p) is
GME while σstar(p) is biseparable. Thus, this proves
the intuitive fact (although false for pure states) that,
in the mixed case, increasing the connectivity by pro-
ducing more links plays a crucial role in the generation
of GME.

biseparable for p ≤ GME for p >

σstar(p) (1 + 2
√
2)/7 ≃ 0.547 1/

√
3 ≃ 0.577

σcc(p) 3/7 ≃ 0.429 (2
√
5− 3)/3 ≃ 0.491

Table I. Bounds for biseparability and GME for tripartite
PEN states with 2-qubit isotropic edges. Notice that both
states can be biseparable above the threshold p > 1/3 that
determines that the edges are entangled.

We now move onto our main results. The above ob-
servations show that if an experimental implementation
is bound to a certain visibility in the preparation of
isotropic states, say p = 0.5, the star configuration can-
not display GME while a completely connected network
does. However, improving the apparatuses to produce
isotropic states with p > 0.577 will suffice in any con-
nected 3-partite configuration. Now we ask whether there
is any threshold in the visibility an experimentalist can
aim at above which GME is guaranteed in general in-
dependently of the number of parties. This is indeed a
more realistic situation, where a certain quantum state
can be obtained in experiments and one wants to use it
in a large network.

We first focus on a general class of PEN states which
covers the most economic (i.e. of low connectivity) net-
works: tree graphs. For this family, we find a negative
answer to the previous question.

Theorem 1. Let G = (V,E) be a tree graph with n ver-
tices and let σG(p) denote the corresponding n-partite
isotropic PEN state as given by Eq. (2). Then, σG(p)
is biseparable if |E| ≥ dp/(1− p).

The idea of the proof (which we postpone to [21]) is to

write the state σG(p) as

p|E|
⊗

e∈E

φ+d,e+p
|E|−1(1−p)

∑

e∈E

1̃e⊗
⊗

e′ 6=e

φ+d,e′ + . . . , (4)

where φ+d,e is the maximally entangled state of dimension
d lying on edge e, and the omitted terms are all separa-
ble along at least one bipartition, since each bipartition
is crossed by exactly one edge and at least one edge in
each term contains 1̃. In order to show that the above
expression is biseparable for some |E| we rewrite it as

∑

e∈E

(
p|E|

|E| φ
+
d,e + p|E|−1(1− p)1̃e

)
⊗
⊗

e′ 6=e

φ+d,e + . . . .

(5)
Now, each of the terms between brackets is (after normal-
ization) an isotropic state with visibility p/(p+(1−p)|E|).
Hence, we just need to impose this to be smaller than or
equal to 1/(d+ 1) to obtain Theorem 1.

In order to illustrate the previous result, note that the
n-partite PEN state σstar(p) with 2-qubit isotropic edges
is biseparable when n ≥ (1+p)/(1−p). Thus, a visibility
p = 0.6 precludes GME for more than 3 parties, while the
experimentally very competent value of p = 0.95 bounds
the size to 38 parties. This shows a fundamental limita-
tion to GME distribution in practical scenarios such as
the star configuration in which a powerful central labo-
ratory prepares entangled states for satellite nodes.

It should be stressed that the proof of Theorem 1 can
be easily generalized to other noise models and, more im-
portantly, to other networks. In this sense, in [21, Theo-
rem 1.1] we prove a similar result for polygonal networks,
i.e. those based on a cycle graph. At this point one may
wonder whether biseparability is unavoidable for arbi-
trarily large networks. Our next result shows that this is
not the case.

Theorem 2. Let G be a completely connected graph of n
vertices and let σcc(p) denote the corresponding n-partite
isotropic PEN state as given by Eq. (2). Then, there
exists a value of p0 < 1, which is independent of n (i.e.
depends only on d), such that σcc(p) is GME for every n
and for all p > p0.

Hence, the answer to our original question depends cru-
cially on the structure of the network. While there exist
topologies that lead to biseparable states for any value of
p < 1, the n-partite completely connected isotropic PEN
state is GME for every n for all visibilities above a fixed
threshold that is strictly smaller than 1.

The proof of Theorem 2, which is given in [21], relies
on two parts. First, we establish an upper bound on the
sum over all pairs of parties of the fidelity with the max-
imally entangled state φ+2 that can be achieved after any
LOCC protocol starting with a biseparable state. Then,
we show that, above a certain threshold in the visibility,
σcc(p) can overcome this bound by edge teleportation and
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entanglement distillation when n is large. Once GME is
ensured to persist for a large number of parties, it fol-
lows that, for a fixed, large enough visibility, GME can
be guaranteed for completely connected networks of any
size. The precise value of the threshold p0 can be explic-
itly given (at least in the limit of large size) as this is
controlled by the success of the particular entanglement
distillation protocol that is implemented. We used the
one-way distillation protocol of [22], which in the partic-
ular case where the nodes share 2-qubit isotropic states
yields p0 ≃ 0.865. We did not attempt any optimization
in this direction.

Constructing PEN states with relevant entanglement
properties In addition to the relevance of PEN states
in the context of networks, we find this family ex-
tremely versatile to study general properties of multi-
partite entanglement. Here we will focus on the re-
lation between quantum entanglement and nonlocality.
The latter concept refers to the possibility of obtain-
ing certain correlations when performing separate mea-
surements on multipartite quantum states which can-
not be explained classically, and it is crucial in many
applications in quantum information theory [23]. In
precise terms, a given n-partite probability distribution
P = {P (α1α2...αn|χ1χ2...χn)}α1,...,αn,χ1,...,χn

(with in-
put χi and output αi for party i) is said to be GMNL if
it is not of the form

P (α1α2...αn|χ1χ2...χn)

=
∑

M([n]

∑

λ

qM (λ)PM ({αi}i∈M |{χi}i∈M , λ)

× PM ({αi}i∈M |{χi}i∈M , λ),

(6)

where qM (λ) ≥ 0 ∀λ,M and
∑

λ,M qM (λ) = 1. Other-
wise, we say that P is bilocal. The distributions PM , PM

will be assumed to be nonsignalling as this captures most
physical situations better than unrestricted PM , PM [24–
27]. An n-partite state ρ is GMNL if local measurements

{E(i)
αi|χi

≥ 0} (
∑

αi
E

(i)
αi|χi

= 1 ∀χi, i) exist which give

rise to a GMNL distribution

P (α1α2...αn|χ1χ2...χn) = tr(ρ

n⊗

i=1

E
(i)
αi|χi

). (7)

While GMNL states are GME, as mentioned in the in-
troduction, the converse implication is not true for any
number of parties [15, 16]. Finding more examples of
GME states that are bilocal and the conditions under
which this might happen is crucial to understand the re-
lation between entanglement and nonlocality in the mul-
tipartite setting fully. In fact, the first such example
found in the bipartite case [28, 29] is a cornerstone in the
field.

It is worth mentioning that many copies of isotropic
PEN states are always GME (as long as p > 1/(d + 1)
for the underlying isotropic states). The fact that this

holds even for biseparable PEN states is possible because
the set of biseparable states is not closed under tensor
products. Indeed, taking many copies of an isotropic
PEN state can be understood as having another PEN
state with the same topology but where each edge repre-
sents many copies of an isotropic state and, thus, whose
edges are more entangled. By means of the LOCC proto-
col of [18], starting from sufficiently many copies of any
isotropic PEN state one can distill another PEN state
where each edge represents a state arbitrarily close to
a maximally entangled state. However, this new state is
GME (in fact, GMNL by [11]) and, therefore, the original
state must be GME as well.

The situation is not so clear when looking at nonlo-
cality since LOCC transformations do not preserve the
set of bilocal states. Being able to obtain a GMNL state
by taking many copies of bilocal ones is usually referred
to as superactivation. While this has been shown in the
bipartite scenario [17], to our knowledge, it has not been
studied for more than two parties. Our last result tackles
the previous two questions. It provides new families of
bilocal GME states and, moreover, it shows that super-
activation can also hold in the multipartite setting.

Theorem 3. Let τ(p) denote the n-partite PEN state
corresponding to a star graph in which all edges represent
the maximally entangled state except one, which is given
by the isotropic state ρ(p). Then, if

1

d+ 1
< p ≤ (3d− 1)(d− 1)d−1

(d+ 1)dd
, (8)

(i) τ(p) is GME ∀n ≥ 3.

(ii) τ(p) is not GMNL ∀n ≥ 3.

(iii) τ(p)⊗k is GMNL ∀n ≥ 3 if k is large enough.

In order to prove this result (see [21] for details), we
prove that any star network with an entangled isotropic
state on one edge and maximally entangled states on
the rest is GME. We also establish a connection be-
tween having bilocality of PEN states and the edges being
nonsteerable—a property of bipartite quantum states, in-
termediate between entanglement and nonlocality, that
is also well studied [30]. We show that any star net-
work with a nonsteerable state on one edge is automati-
cally bilocal. Combining the previous two results we can
obtain a network τ(p) verifying conditions (i) and (ii)
above, where the bounds in Eq. (55) guarantee that the
edge with the isotropic state is entangled but nonsteer-
able [31]. Finally, using the ideas of [32], we extend the
Bell inequality used to prove bipartite superactivation in
[17, 33] to a multipartite one in order to show that τ(p)⊗k

is GMNL for a large enough k.
Conclusions. In this Letter we have introduced the

class of multipartite PEN states as those underlying the
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current proposals of quantum networks and we have in-
vestigated their GME properties. We have shown that
sharing bipartite entanglement in a connected network
does not guarantee GME, but that both a higher quality
of node-to-node entanglement and a larger connectivity
play in favour of displaying this property. Our main re-
sult is a drastically contrasting behaviour with respect to
this feature: While tree isotropic PEN states cannot be
GME for any value of the visibility p < 1 for sufficiently
many parties, the GME of the completely connected PEN
state is robust for all visibilities above a fixed threshold
independently of the number of parties. In addition to
this, the class of PEN states is an operationally motivated
subset of multipartite states with a clear mathematical
structure in which the well-developed theory of bipartite
entanglement can be exploited to analyze entanglement
in the multipartite scenario. Thus, we have provided a
construction of GME but non-GMNL PEN states for any
number of parties that lead to superactivation of GMNL.

Besides these particular results, we believe that PEN
states might find applications in different contexts and
that this work can be continued in several directions.
We conclude by posing two such possibilities. First, tree
graphs and the completely connected graph represent the
two most extreme cases in terms of connectivity. What is
the minimal amount of connectivity that enables robust
GME in the sense displayed by the completely connected
graph? Second, the lack of GME in tree networks implies
that their GMNL cannot be robust either. However, can
the robust GME property of completely connected PEN
states be extended to GMNL? The dependence of these
features on the geometry of the network suggests that
there might be a fruitful interplay between these prob-
lems and the theory of complex networks.
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Supplemental material: Genuine multipartite entanglement in noisy quantum

networks highly depends on the topology

In this supplemental material we prove the content of Table I and Theorems 1, 2 and 3 in the main text. We recall
that, in the PEN states we consider, all nodes connected by an edge are assumed to share an isotropic state with
visibility p

ρ(p) = pφ+d + (1− p)1̃1, (1)

where |φ+d 〉 = (1/
√
d)
∑d−1

i=0 |ii〉 is the d-dimensional maximally entangled state, φ+d = |φ+d 〉〈φ+d | and 1̃l = 11/d2. As
stated in the main text, ρ(p) is entangled iff p > 1/(d+1) [18]. When the local dimension d is clear from the context,
we write the maximally entangled state simply as φ+ in order to leave room in the subscript for specifying which
parties share it.

GME IN ISOTROPIC PEN STATES OF THREE PARTIES

The only possible connected graphs for the case of three parties (A, B and C) are the star and the completely
connected graph. Hence, as explained in the main text, in this section we consider the PEN states

σstar(p) = ρA1B(p)⊗ ρA2C(p),

σcc(p) = ρA1B1(p)⊗ ρA2C1(p)⊗ ρB2C2(p). (2)

corresponding to the two possible networks mentioned above, in which the edges stand for 2-qubit isotropic states of
the same visibility p. The goal of this section is to prove the biseparability and GME bounds provided in Table I in
the main text, which we reproduce here for the reader’s convenience. Each entry of the table is accounted for by one
of the following four propositions. The proofs of the biseparability bounds do not require the assumption that d = 2
and, hence, we consider the more general case of arbitrary local dimension d for the isotropic states underlying the
network. In the proofs we use the following additional notation. The (2-dimensional) flip or swap operator is denoted

by Π =
∑1

i,j=0 |ij〉 〈ji|. The superscript ΓM stands for partial transposition with respect to the parties in M ( [n]
and X < 0 means that the Hermitian matrix X is positive semidefinite.

biseparable for p ≤ GME for p >

σstar(p) (1 + 2
√
2)/7 ≃ 0.547 1/

√
3 ≃ 0.577

σcc(p) 3/7 ≃ 0.429 (2
√
5− 3)/3 ≃ 0.491

Table II. Bounds for biseparability and GME for 3-partite 2-qubit-sharing isotropic PEN states. Notice that both states can
be biseparable above the threshold p > 1/3 that determines that the edges are entangled.

Proposition 1. The 3-partite PEN state σstar(p) with 2-qubit isotropic states is GME if p > 1/
√
3.

Proof. Throughout this proof we omit the subscripts labeling the qubits in all operators: X ⊗ Y := XA1B ⊗ YA2C ,
following the same order as in Eq. (2). We will first show that the operator

W = 1l⊗ 1l+ 21l⊗ φ+ + 2φ+ ⊗ 1l− 8φ+ ⊗ φ+ (3)

is a GME witness. In order to do so, it suffices to prove that tr(Wρ) ≥ 0 for every ρ that is a PPT mixture [20]. In
turn, for this it is enough to see that there exist PM , QM < 0 such that W = PM + QΓM

M for M = A,B,C [20]. It
is straightforward to verify that this is indeed the case (we only need to use that ΠΓ = 2φ+ for the 2-dimensional
maximally entangled state) if:

PA = 2φ+ ⊗ (1l − φ+) + 2(1l− φ+)⊗ φ+, (4)

QA =
1

2
[(1l−Π)⊗ (1l +Π) + (1l+Π)⊗ (1l−Π)], (5)

PB = 0, QB = (1l+Π)⊗ (1l− φ+) + 3(1l−Π)⊗ φ+, (6)

PC = 0, QC = (1l − φ+)⊗ (1l+Π) + 3φ+ ⊗ (1l−Π), (7)
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where we have used that φ+, 1l−φ+, 1l±Π < 0 and that the sum and tensor product of positive semidefinite matrices
is positive semidefinite.

Next, we only need to observe that

tr(Wσstar(p)) =
3

2

(
1− 3p2

)
, (8)

which is strictly smaller than zero for the values of p provided in the statement of the Proposition.

Proposition 2. The 3-partite PEN state σcc(p) with 2-qubit isotropic states is GME if p > (2
√
5− 3)/3.

Proof. The proof strategy is the same as in Proposition 1 and, as therein, we also omit subscripts for operators:
X ⊗ Y ⊗Z := XA1B1 ⊗ YA2C1 ⊗ZB2C2 , following the same order as in Eq. (2), unless otherwise explicitly stated. We
will show the operator

W = 1l⊗ 1l⊗ φ+ + 1l⊗ φ+ ⊗ 1l+ φ+ ⊗ 1l⊗ 1l− 1l⊗ φ+ ⊗ φ+ − φ+ ⊗ φ+ ⊗ 1l− φ+ ⊗ 1l⊗ φ+ − 3φ+ ⊗ φ+ ⊗ φ+ (9)

can be decomposed as

W = PM +QΓM

M (10)

for each bipartition M = A,B,C, where PM , QM < 0 for all M. Indeed, we have

PA = 1l⊗ φ+ ⊗ (1l− φ+) + φ+ ⊗ (1l− φ+)⊗ (1l− φ+)

QA =
1

2
[(1l−Π) ⊗ (1l+Π) + (1l+Π)⊗ (1l−Π)]⊗ φ+

PB = 1l⊗ (1l− φ+)⊗ φ+ + φ+ ⊗ (1l− φ+)⊗ (1l− φ+)

QB =
1

2
[(1l−Π) ⊗ (1l+Π) + (1l+Π)⊗ (1l−Π)]A1B1B2C2 ⊗ φ+A2C1

PC = (1l− φ+)⊗ φ+ ⊗ 1l+ (1l− φ+)⊗ (1l− φ+)⊗ φ+

QC = φ+ ⊗ 1

2
[(1l −Π)⊗ (1l+Π) + (1l+Π)⊗ (1l−Π)].

(11)

Thus, W is a GME witness. Last, one needs to notice that

tr(Wσcc(p)) =
3

64
(11 + 15p− 63p2 − 27p3), (12)

which is strictly smaller than zero when p > (2
√
5− 3)/3.

Proposition 3. The 3-partite PEN state σstar(p) with d-dimensional isotropic states is biseparable if

p ≤ (1 +
√
2)d− 1

d2 + 2d− 1
. (13)

Proof. Notice that

σstar(p) = p2φ+A1B
⊗ φ+A2C

+ p(1− p)φ+A1B
⊗ 1̃lA2C + p(1 − p)1̃lA1B ⊗ φ+A2C

+ (1− p)21̃lA1B ⊗ 1̃lA2C , (14)

which can be rewritten as

σstar(p) = (1− q)p2φ+A1B
⊗ φ+A2C

+ (1− p)21̃lA1B ⊗ 1̃lA2C

+ φ+A1B
⊗
(
qp2

2
φ+A2C

+ p(1− p)1̃lA2C

)
+

(
qp2

2
φ+A1B

+ p(1− p)1̃lA1B

)
⊗ φ+A2C

(15)

for any q ∈ [0, 1]. Now, the first line can be seen as an (unnormalized) isotropic state in parties A|BC (with dimension
d2), while the second line contains isotropic states in A2|C and A1|B respectively (with dimension d). Showing that
each of these states is separable will entail the result.

Denote these isotropic states by σ0, σ1, σ2 in the order that they appear in equation (15). Normalizing σ0, we find

σ0 =
(1− q)p2φ+A1B

⊗ φ+A2C
+ (1− p)21̃lA1B ⊗ 1̃lA2C

(1− q)p2 + (1− p)2
, (16)
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meaning it is separable in A|BC if

(1− q)p2

(1− q)p2 + (1 − p)2
≤ 1

d2 + 1
, (17)

i.e., if

q ≥ 1− (1− p)2

p2d2
. (18)

Normalizing σ1, we obtain

σ1 =
qp2φ+A2C

+ 2p(1− p)1̃lA2C

qp2 + 2p(1− p)
, (19)

which is separable if

qp2

qp2 + 2p(1− p)
≤ 1

d+ 1
. (20)

Simplifying, this entails that

q ≤ 2− 2p

pd
. (21)

Reasoning symmetically, the separability of σ2 gives the same bound. Both bounds on q together entail that

1− (1− p)2

p2d2
≤ 2− 2p

pd
(22)

and, solving for p, we obtain the desired bound.

Proposition 4. The 3-partite PEN state σcc(p) with d-dimensional isotropic states is biseparable if p ≤ 3/(3 + 2d).

Proof. We show that the state of the triangle network can be decomposed into four matrices, three of which are
separable along one bipartition each, and the fourth of which is fully separable. Using the same convention for
subscripts as in the proof of Proposition 2, we notice that

σcc(p) =
p(p2 − 3p+ 3)

3
(σ1 + σ2 + σ3) + (1− p)31̃l⊗ 1̃l⊗ 1̃l, (23)

where

σ1 =
p2φ+ ⊗ φ+ ⊗ φ+ + (3p(1− p)/2) (φ+ ⊗ 1̃l⊗ φ+ + 1̃l⊗ φ+ ⊗ φ+) + 3(1− p)21̃l⊗ 1̃l⊗ φ+

p2 − 3p+ 3

σ2 =
p2φ+ ⊗ φ+ ⊗ φ+ + (3p(1− p)/2) (φ+ ⊗ φ+ ⊗ 1̃l+ 1̃l⊗ φ+ ⊗ φ+) + 3(1− p)21̃l⊗ φ+ ⊗ 1̃l

p2 − 3p+ 3

σ3 =
p2φ+ ⊗ φ+ ⊗ φ+ + (3p(1− p)/2) (φ+ ⊗ 1̃l⊗ φ+ + φ+ ⊗ φ+ ⊗ 1̃l) + 3(1− p)2φ+ ⊗ 1̃l⊗ 1̃l

p2 − 3p+ 3
.

(24)

Clearly, the matrix 1̃l ⊗ 1̃l ⊗ 1̃l is fully separable. We will show that σ1 is separable in A|BC, and separability of σ2
and σ3 in B|AC and C|AB respectively will follow by symmetry. We have that

σ1 = τ1 ⊗ φ+B2C2
, (25)

where showing that

τ1 =
p2φ+A1B1

⊗ φ+A2C1
+ (3p(1− p)/2) (φ+A1B1

⊗ 1̃lA2C1 + 1̃lA1B1 ⊗ φ+A2C1
) + 3(1− p)21̃lA1B1 ⊗ 1̃lA2C1

p2 − 3p+ 3
(26)
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is separable in A1A2|B1C1 is sufficient to show that σ1 is separable in A|BC. Indeed, we can write

τ1 =
(3 − p)2

4(3− 3p+ p2)

(
2p

3− p
φ+A1B1

+
3(1− p)

3− p
1̃lA1B1

)
⊗
(

2p

3− p
φ+A2C1

+
3(1− p)

3− p
1̃lA2C1

)
+

3(1− p)2

4(3− 3p+ p2)
1̃lA1B1⊗1̃lA2C1 .

(27)
The isotropic state

2p

3− p
φ+ +

3(1− p)

3− p
1̃l (28)

is separable whenever 2p/(3− p) ≤ 1/(d+1), i.e., p ≤ 3/(3+2d), therefore τ1 is fully separable in A1|A2|B1|C1 which
guarantees the required separability of σ1. Reasoning symmetrically, separability of σ2 in B|AC and of σ3 in C|AB
follows for the same values of p, and, hence, σcc(p) is biseparable for the stated bounds.

GME IN TREE NETWORKS OF ARBITRARY SIZE IS NOT ROBUST

In this section we prove Theorem 1 in the main text, which we restate here.

Theorem 1. Let G = (V,E) be a tree graph with n vertices and let σG(p) denote the corresponding n-partite isotropic
PEN state as given by Eq. (2) in the main text. Then, σG(p) is biseparable if |E| ≥ dp/(1− p).

Proof. Expanding the tensor product, we find

p|E|
⊗

e∈E

φ+d,e + p|E|−1(1− p)
∑

e∈E

1̃1e ⊗
⊗

e′ 6=e

φ+d,e′ + . . . , (29)

where the omitted terms are all separable along at least one bipartition, since each bipartition is crossed by exactly
one edge and at least one edge in each term contains 1̃l. Showing that the above expression is biseparable for |E| as
in the statement is sufficient to prove the claim. But we can rewrite the above as

∑

e∈E

(
p|E|

|E| φ
+
d,e + p|E|−1(1− p)1̃1e

)
⊗
⊗

e′ 6=e

φ+d,e + . . . . (30)

Here, each bracket has φ+d on |E| − 1 edges, and the state

(p|E|/|E|)φ+d + p(|E|−1)(1− p)1̃l

p|E|/|E|+ p(|E|−1)(1 − p)
=

(p/|E|)φ+d + (1 − p)1̃l

p/|E|+ 1− p
(31)

on the rest. But this is an isotropic state with visibility (p/|E|)/(p/|E|+ 1− p), which is thus guaranteed to become
separable when the visibility is smaller than or equal to 1/(d + 1). For any fixed p < 1, this can be achieved by
choosing |E| ≥ dp/(1− p).

Notice that the bound of Theorem 1 is not optimal, as lower |E| could be achieved by distributing the term⊗
e∈E φ

+
d,e among some or all of the omitted terms in equation (29) as well, as in the proof of Proposition 3.

It is worth pointing out that the technique used in the proof of Theorem 1 can be used to establish an analogous
result for a much more general class of noise models, namely, when the states at the edges are convex mixtures of an
entangled state and a separable state that is not on the boundary of the set of separable states. More interestingly,
these ideas can be extended to show that the non-robustness of GME holds not only for tree networks, but also
for graphs that contain cycles. We close this section by proving this for the n-cycle, which is a graph of n vertices
containing a single cycle through all vertices, and we denote the corresponding isotropic PEN state by σcycle(p) as
given by Eq. (2) in the main text.

Theorem 1.1. For any fixed d and p < 1, there exists n ∈ N such that the n-partite d-dimensional isotropic PEN
state σcycle(p) is biseparable.

Proof. Notice that, setting the convention n + 1 ≡ 1, for this network E = {(i, i + 1) : i ∈ V } and |E| = |V | = n.
Thus, in a slight abuse of notation we will denote a state ρe corresponding to e = (i, i + 1) by ρi. Expanding the
tensor product, we find

σcycle(p) = pn
n⊗

i=1

φ+d,i + pn−1(1− p)

n∑

i=1

1̃li ⊗
⊗

j 6=i

φ+d,j + pn−2(1− p)2
n∑

i,j=1
i6=j

1̃li ⊗ 1̃lj ⊗
⊗

k 6=i,j

φ+d,k + . . . , (32)
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where all terms with two or more edges containing 1̃l are separable along at least one bipartition, since each bipartition
of the cycle is crossed by exactly two edges. We will show that the terms where fewer than two edges contain 1̃l can
be paired with separable terms in order to write σcycle(p) as a convex mixture of biseparable states. Out of the terms

containing 1̃l on two edges, there are n such terms containing 1̃li ⊗ 1̃li+1 for some i. This means that the term is
separable in i+ 1|i+ 1. Pairing these n terms with pn

⊗n
i=1 φ

+
d,i, we can write a fragment of σcycle(p) as

pn
n⊗

i=1

φ+d,i + pn−2(1− p)2




n∑

i=1

1̃li ⊗ 1̃li+1 ⊗
⊗

j 6=i,i+1

φ+d,j





= pn−2
n∑

i=1




(
p2

n
φ+d,i ⊗ φ+d,i+1 + (1− p)21̃li ⊗ 1̃li+1

)
⊗

⊗

j 6=i,i+1

φ+d,j



 .

(33)

If, for each i, the state

p2

n
φ+d,i ⊗ φ+d,i+1 + (1− p)21̃li ⊗ 1̃li+1, (34)

once normalized, is separable in i+ 1|i+ 1, then the fragment of σcycle(p) in equation (33) will be biseparable. Now,

the state in Eq. (34) is a convex mixture of φ+d,i ⊗ φ+d,i+1 and 1̃li ⊗ 1̃li+1. Therefore, the state (34) is guaranteed to

become separable when (1 − p)2/(p2/n + (1 − p)2) is close enough to 1. For fixed p < 1, this can be achieved by
choosing a large enough n.

Using a similar strategy, the terms containing 1̃l on one edge can be combined with some of those containing 1̃l on
three appropriately chosen edges. Thus, assuming that n > 4, another fragment of σcycle(p) can be written as

pn−1(1− p)1̃li ⊗
⊗

j 6=i

φ+d,j + pn−3(1− p)3
∑

j 6=i,i±1,
i−2

1̃li ⊗ 1̃lj ⊗ 1̃lj+1 ⊗
⊗

k 6=i,j,j+1

φ+d,k

= pn−3(1 − p)
∑

j 6=i,i±1,
i−2


1̃li ⊗

⊗

k 6=i,j,j+1

φ+d,k ⊗
(

p2

n− 4
φ+d,j ⊗ φ+d,j+1 + (1 − p)21̃lj ⊗ 1̃lj+1

)
 .

(35)

Hence, it is sufficient to show that the state

p2

n− 4
φ+d,j ⊗ φ+d,j+1 + (1− p)21̃lj ⊗ 1̃lj+1, (36)

once normalized, is separable in j + 1|j + 1 to deduce that the fragment in equation (35) is biseparable. Again, for
fixed p, this is guaranteed for large enough n. Since every term that does not appear in fragments (33) and (35) is
already biseparable, the claim follows.

GME IN THE COMPLETELY CONNECTED NETWORK OF ARBITRARY SIZE IS ROBUST

In this section we prove Theorem 2 in the main text, which we state again here.

Theorem 2. Let G be a completely connected graph of n vertices and let σcc(p) denote the corresponding n-partite
isotropic PEN state as given by Eq. (2) in the main text. Then, there exists a value of p0 < 1, which is independent
of n (i.e. depends only on d), such that σcc(p) is GME for every n and for all p > p0.

The claim follows from the next two lemmas. Therein, we consider the fidelity between two quantum states ρ and
σ

F (ρ, σ) = tr2
√√

ρσ
√
ρ (37)

which, when one of the states is pure, boils down to

F (ρ, |ψ〉〈ψ|) = tr(ρ|ψ〉〈ψ|). (38)

The fidelity is often defined to be the square root of the expression given in Eq. (37). Our choice is motivated by the
fact that the fidelity in Eq. (38) is linear in both arguments.
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Lemma 1. Let φ+ij be the 2-dimensional maximally entangled state shared by parties i and j and let

Λij :

n⊗

i=1

B(Hi) → B(Hi)⊗ B(Hj) (39)

be an arbitrary LOCC protocol that maps n-partite states to bipartite states shared between parties i and j. Then, for
every n-partite biseparable state χ it holds that

2

n(n− 1)

∑

i<j

F (Λij(χ), φ
+
ij) ≤ 1− 1

n
. (40)

Proof. Since χ is biseparable, we have

χ =
∑

M

pMχM , (41)

where each χM is separable across the bipartition M |M and
∑

M pM = 1. Let Mij be the set of bipartitions that
split parties i and j. Then, we can write the evolution of χ under the protocol Λij as

Λij(χ) =
∑

M 6∈Mij

pMτM (i, j) +
∑

M∈Mij

pMσM (i, j), (42)

where τM (i, j) and σM (i, j) are bipartite states of parties i and j. The state τM (i, j) is in principle unrestricted, so
it can have up to unit fidelity with φ+ij . However, since LOCC operations cannot create entanglement, σM (i, j) must

be separable, therefore its fidelity with φ+ij cannot be larger than 1/2. Therefore, for any LOCC protocol Λij , it holds
that

F (Λij(χ), φ
+
ij) ≤

∑

M 6∈Mij

pM +
1

2

∑

M∈Mij

pM = 1− 1

2

∑

M∈Mij

pM . (43)

Finally, summing over all parties i < j, we obtain

∑

i<j

F (Λij(χ), φ
+
ij) ≤

n(n− 1)

2
− n− 1

2
, (44)

which readily gives Eq. (40). To see this, notice that the first term in Eq. (44) is the number of distinct pairs i < j,
while the second comes from the following observation: the sums over i < j and M ∈Mij run through all bipartitions
M , more than once. In fact, the number of times each bipartition is counted is equal to the number of times each
bipartition is crossed by the edge connecting i and j. In turn, this number is equal to the number of edges crossing
each bipartition. A bipartition splitting k parties from the remaining (n − k) is crossed by k(n − k) edges, which is
smallest when k = 1. That is, each bipartition M ∈ Mij appears at least (n − 1) times, and so the sum

∑
M pM ,

running over all M , appears at least (n− 1) times. That is,

∑

i<j

∑

M∈Mij

pM ≥ n− 1. (45)

Lemma 2. With the same notation as in Lemma 1, for any fixed d, there is a fixed value of p̃ < 1 and particular
LOCC protocols {Λij} acting on the n-partite d-dimensional isotropic PEN state σcc(p) such that

2

n(n− 1)

∑

i<j

F (Λij(σcc(p)), φ
+
ij) > 1− 1

n
. (46)

for all p > p̃ if n is sufficiently large.
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Proof. The protocol Λij for each fixed pair i < j goes as follows. In the complete graph, each party k 6= i, j shares
isotropic states with these parties: ρik(p) and ρjk(p). The protocol starts with each k (k 6= i, j) teleporting their
half of ρik(p) to j by using ρjk(p) as a channel. This is a noisy version of the standard teleportation protocol [34].
The teleported state will be a mixture of four terms, namely the four combinations of teleporting half of a maximally
entangled or maximally mixed state along a maximally entangled or a maximally mixed channel. The first term, with
weight p2, will give a maximally entangled state, the other three turn out to give a maximally mixed state (as can
be simply checked by performing the calculations in the standard protocol, replacing the teleported state and/or the
channel by an identity in each case). Therefore, the teleportation protocol yields

ρij(p
2) = p2φ+d + (1 − p2)1̃l. (47)

Thus, parties i and j end up sharing (n− 2) perfect copies of this state, one coming from each party k 6= i, j. If p is
sufficiently large, i and j can now apply a distillation protocol Dij to obtain something close to a maximally entangled
state, whose fidelity approaches 1 in the limit of large n. More specifically,

F (Λij(σcc(p)), φ
+
ij) = F (Dij((ρij(p

2))⊗(n−2)), φ+ij) ≥ 1− εn, (48)

where εn → 0 as n→ ∞. To compare to equation (46), there only remains to show that εn → 0 sufficiently fast as n
grows.

Reference [35] showed that a one-way distillation protocol acting on isotropic states and having rate R is equivalent
to a quantum error-correcting code on a depolarizing channel with the same rate R. In turn, Ref. [36] proved a
lower bound on the fidelity F of a d-dimensional quantum error-correcting code of rate R acting on a certain class of
memoryless channels, which, in particular, include depolarizing channels. After n uses of the channel, the lower bound
(there is an extra factor of 2 here as compared to the expression in [36] due to the different definitions of fidelity) is

F ≥ 1− 2(n+ 1)2(d
2−1)d−nE . (49)

Here, E is a function of the rate R and the noise parameter of the depolarizing channel, which, in turn, corresponds
to a function of the noise parameter p of the isotropic state. It holds that E > 0 when the rate is strictly below the
maximum achievable rate of the channel [36]. By the correspondence with distillation, this entails that εn in equation
(48) goes to zero exponentially fast for one-way distillable isotropic states if the rate is suboptimal. Since, for our
protocol Λij , we are only interested in obtaining one copy of φ+, we can achieve this exponential decay. Therefore,

2

n(n− 1)

∑

i<j

F (Λij(σcc(p)), φ
+
ij) ≥ 1− εn, (50)

with εn < 1/n if n is large enough.
There remains to bound the visibility p of the isotropic states for which the statement holds if n is large enough.

The one-way distillation protocol [37] requires that the states η to be distilled are such that

H(trA(η)) −H(η) > 0, (51)

where H(·) is the von Neumann entropy. It can be readily seen that isotropic states η = ρ(p2) of any fixed dimension
satisfy this inequality if p is large enough but strictly smaller than one.

Notice that in the particular case of d = 2, Eq. (51) reduces to

3(1− p2)

4
log2(1− p2) +

1 + 3p2

4
log2(1 + 3p2) > 1, (52)

which holds when p & 0.865, which is the estimate mentioned in the main text.
Lemmas 1 and 2 immediately imply the statement of Theorem 2 under the extra assumption that n is large enough.

However, this readily gives that the claim must hold for all n. Indeed, for a fixed d, let n0 ∈ N be such that σcc(p) is
GME for all n > n0 if p > p̃. Now, for every fixed n ≤ n0, σcc(1) is GME and, since the set of GME states is open,
the state must remain GME for all p > p∗(n), where p∗(n) < 1. Thus, the statement of the Theorem holds by picking

p0 = max{p̃,max
n≤n0

p∗(n)}. (53)
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In fact, p0 can be estimated as a function of n0. Consider σcc(p) with 2-dimensional isotropic states and the LOCC
protocol Λij that traces out all particles except those corresponding to the isotropic state ρij(p). Then, the fidelity
with the maximally entangled state is

F (Λij(σcc(p)), φ
+
ij) =

1 + 3p

4
(54)

for all i < j. Comparing to the biseparability bound in Lemma 1, the n-partite state σcc(p) is GME if p > 1− 4/(3n)
and, hence, maxn≤n0 p

∗(n) ≤ 1− 4/(3n0).

CONSTRUCTION OF GME BUT NON-GMNL STATES THAT DISPLAY SUPERACTIVATION OF

GMNL

In this section we prove Theorem 3 in the main text. For the sake of completeness we state it again.

Theorem 3. Let τ(p) denote the n-partite PEN state corresponding to a star graph in which all edges represent the
maximally entangled state except one, which is given by the isotropic state ρ(p). Then, if

1

d+ 1
< p ≤ (3d− 1)(d− 1)d−1

(d+ 1)dd
, (55)

(i) τ(p) is GME ∀n ≥ 3.

(ii) τ(p) is not GMNL ∀n ≥ 3.

(iii) τ(p)⊗k is GMNL ∀n ≥ 3 if k is large enough.

The first two items in the theorem are a consequence of the following two lemmas together with the fact that for
the range of visibilities given in Eq. (55) a d-dimensional isotropic state is entangled but unsteerable [31]. We recall
that a bipartite state ρAB has a local hidden-state (LHS) model if, for any POVMs on A’s side {Ma|x} (where x labels
the POVM and a the possible outcomes of each of them), it holds that

trA(Ma|x ⊗ 1lρAB) =
∑

λ

p(λ)PA(a|xλ)σλ, (56)

where p(λ) is a probability distribution, PA(a|xλ) is a conditional probability distribution given x and λ, and σλ is a
single-party state which depends on the hidden variable λ. If a state ρAB does not have an LHS model of the form
of equation (56) for some measurements, then ρAB is said to be steerable from A to B. Exchanging the roles of A
and B allows one to define steerability from B to A. However, the fact that the isotropic state is permutationally
invariant renders this distinction irrelevant in our case.

Lemma 3. The n-partite PEN state over a star network (with the central party labeled by A = A1 · · ·An−1 and the
other parties by {Bi}n−1

i=1 ),

τ(p) = ρA1B1(p)⊗
n−1⊗

i=2

φ+AiBi
, (57)

is GME if the isotropic state ρA1B1(p) is entangled, i.e. if p > 1/(d+ 1).

Proof. We will show that, if A applies

X =

d−1∑

i=0

|i〉 〈i|⊗n−1
, (58)

and the {Bi} apply the identity, the resulting state is GME if p > 1/(d+ 1). Since local operators preserve bisepara-
bility, this will mean that τ(p) is GME too. Let

τ̃f (p) =
(
XA ⊗ 1lB1...Bn−1

)
τ
(
X†

A ⊗ 1lB1...Bn−1

)
(59)
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be the unnormalized state after the parties apply their operations. Since

τ(p) = pφ+A1B1
⊗ φ+A2B2

⊗ · · · ⊗ φ+An−1Bn−1
+ (1 − p)1̃lA1B1 ⊗ φ+A2B2

⊗ · · · ⊗ φ+An−1Bn−1
. (60)

and

φ+AB1
⊗ φ+AB2

⊗ · · · ⊗ φ+ABn−1
=

1

dn−1

dn−1−1∑

i,j=0

|i〉A |i〉B1...Bn−1
〈j|A 〈j|B1...Bn−1

1̃lAB1 ⊗ φ+AB2
⊗ · · · ⊗ φ+ABn−1

=
1

dn

d−1∑

i,j=0

dn−2−1∑

k,ℓ=0

|ik〉A |jk〉B1...Bn−1
〈iℓ|A 〈jℓ|B1...Bn−1

.

(61)

Applying X to each |i〉A, where i = 0, ..., dn−1 − 1, picks out the terms where all digits of i are equal, and thus gives
simply |i〉A with i = 0, ..., d − 1. Then, the digits of |i〉B1...Bn−1

must also be equal. Similarly, the action of X on

|ik〉A, where i = 0, ..., d− 1 and k = 0, ..., dn−2 − 1, makes i = k = 0, ..., d− 1, with the corresponding effect on the k
index of |jk〉B1...Bn−1

. Therefore, we obtain

τ̃f (p) =
p

dn−1

d−1∑

i,j=0

|i〉A |i〉⊗n−1
B1...Bn−1

〈j|A 〈j|⊗n−1
B1...Bn−1

+
1− p

dn

d−1∑

i,j=0

|i〉A |j〉B1
|i〉⊗n−2

B2...Bn
〈i|A 〈j|B1

〈i|⊗n−2
B2...Bn

. (62)

Hence, the normalized state after the transformation is

τf (p) =
τ̃f
trτ̃f

= pGHZAB1···Bn−1 +
1− p

d2

d−1∑

i,j=0

|i〉A |j〉B1
|i〉⊗n−2

B2...Bn
〈i|A 〈j|B1

〈i|⊗n−2
B2...Bn

, (63)

where GHZ = |GHZ〉〈GHZ| and |GHZ〉 =∑d−1
i=0 |i〉⊗n/

√
d is the n-partite d-dimensional GHZ state. To show that

this state is GME, it is sufficient to find a witness that detects it. The operator

W =
1

d
1lAB1···Bn−1 −GHZAB1···Bn−1 (64)

fits the bill: since the maximum overlap of the GHZ state with a biseparable state is 1/d [38], we have that

tr(Wσ) ≥ 0 (65)

for all biseparable states σ. Moreover,

tr(Wτf (p)) =
d− 1− p(d2 − 1)

d2
, (66)

which is strictly smaller than zero when

p >
1

d+ 1
. (67)

Lemma 4. Any n-partite PEN state over a star network (with the central party labeled by A = A1 · · ·An−1 and the
other parties by {Bi}n−1

i=1 ),

n−1⊗

i=1

ρ
(i)
AiBi

, (68)

is not GMNL if at least one of the bipartite states ρ
(i)
AiBi

is nonsteerable from Bi to Ai.

Proof. We can assume that ρ
(1)
A1B1

is nonsteerable from B1 to A1 without loss of generality. We will show that any
probability distribution arising from local POVMs on the network state is local across the bipartition B1|AB2 · · ·Bn−1.
In particular, this shows that the state is bilocal.
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Let us assume that party A measures according to the POVM {Ea|x}a with outputs a and inputs x and, for every
i = 1, · · ·n − 1, party Bi measures according to the POVM {F i

bi|yi
}bi with outputs bi and inputs yi. Then, they

generate a probability distribution of the form

P (ab1...bn−1|xy1...yn−1) = tr

[(
Ea|x ⊗

n−1⊗

i=1

F i
bi|yi

)(
ρ
(1)
A1B1

⊗
n−1⊗

i=2

ρ
(i)
AiBi

)]
. (69)

This distribution can be rewritten as

trA1B1

((
trA2···An−1B2···Bn−1

[(
Ea|x ⊗

n−1⊗

i=2

F i
bi|yi

)(
1lA1 ⊗

n−1⊗

i=2

ρ
(i)
AiBi

)]
⊗ F 1

b1|y1

)
ρ
(1)
A1B1

)
, (70)

where we will show that

Fab2···bn−1|xy2···yn−1
:= trA2···An−1B2···Bn−1

[(
Ea|x ⊗

n−1⊗

i=2

F i
bi|yi

)(
1lA1 ⊗

n−1⊗

i=2

ρ
(i)
AiBi

)]
(71)

is a POVM element acting on HA1 . By denoting A1 =: Ã, A2 · · ·An−1B2 · · ·Bn−1 =: B̃, ab2...bn−1 =: ã, xy2...yn−1 =:

x̃, Ea|x ⊗
⊗n−1

i=2 F
i
bi|yi

=: EÃB̃
ã|x̃ and

⊗n−1
i=2 ρ

(i)
AiBi

=: τB̃ , we can rewrite Eq. (71) as

Fã|x̃ = trB̃

(
EÃB̃

ã|x̃ (1lÃ ⊗ τB̃)
)
. (72)

To show positivity, we notice that τB̃ is a quantum state, and thus can be written as a convex combination of pure
states |ψ〉 〈ψ|. Therefore, to show positivity of Fã|x̃ we can assume

Fã|x̃ = trB̃

(
EÃB̃

ã|x̃ (1lÃ ⊗ |ψ〉 〈ψ|)
)
≡ 〈ψ|EÃB̃

ã|x̃ |ψ〉 . (73)

If Fã|x̃ were not positive, there would exist |z〉 ∈ HA such that

〈z|Fã|x̃ |z〉 < 0, (74)

which would imply that

〈ψ| 〈z|EÃB̃
ã|x̃ |z〉 |ψ〉 < 0, (75)

and hence that EÃB̃
ã|z̃ would not be positive. But this is false, as EÃB̃

ã|x̃ is a POVM element. Therefore, Fã|x̃ < 0.

Normalization of Fã|x̃ is guaranteed by the normalization of EÃB̃
ã|x̃ , as

∑

ã

Fã|x̃ = trB̃

(
∑

ã

EÃB̃
ã|x̃ (1lÃ ⊗ τB̃)

)

= trB̃ (1lÃ ⊗ τB̃) = 1lÃ.

(76)

Therefore, since equation (70) expresses the distribution achieved by the parties in the network as two POVM

elements acting on the nonsteerable state ρ
(1)
A1B1

we can easily conclude that

P (ab1...bn−1|xy1...yn−1) =
∑

λ

pλP1(b1|y1λ)P2(ab2 · · · bn−1|xy2 · · · yn−1λ), (77)

where

P2(ab2 · · · bn−1|xy2 · · · yn−1λ) = tr(Fab2···bn−1|xy2···yn−1
σλ). (78)

Now, the particular form of Fab2···bn−1|xy2···yn−1
defined in Eq. (71) ensures that P2 is nonsignaling and thus

P (ab1...bn−1|xy1...yn−1) is local local across the bipartition B1|AB2 · · ·Bn−1.
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Observation 1. Note that if the state ρ
(1)
A1B1

in Lemma 4 is local (but steerable) the previous proof still works,
but we can only conclude that the distribution P (ab1...bn−1|xy1...yn−1) is bilocal according to Svetlichny’s definition
of bilocality [39], where the probability distributions of the bipartition elements are not required to be nonsignaling.
However, the operational definition that is used throughout this work requires, in addition, that the local components
P1 and P2 are nonsignaling.

In order to prove the third item in Theorem 3 we will show that taking many copies of τ(p) makes it possible to
win a generalization of the Khot-Vishnoi game with a higher probability than with bilocal resources.

The Khot-Vishnoi game [40, 41] is parametrized by a number v, which is assumed to be a power of 2, and a noise
parameter η ∈ [0, 1/2]. Consider the group {0, 1}v of all v-bit strings, with operation ⊕ denoting bitwise modulo 2
addition, and the subgroup H of all Hadamard codewords. The subgroup H partitions the group {0, 1}v into 2v/v
cosets of v elements each. These cosets will act as questions, and answers will be elements of the question cosets. The
referee chooses a uniformly random coset [x], as well as a string z ∈ {0, 1}v where each bit z(i) is chosen independently
and is 1 with probability η and 0 otherwise. Alice’s question is the coset [x], which can be thought of as u ⊕H for
a uniformly random u ∈ {0, 1}v, while Bob’s is the coset [x ⊕ z], which can be thought of as u ⊕ z ⊕ H . The aim
of the players is to guess the string z, and thus they must output a ∈ [x] and b ∈ [x ⊕ z] such that a ⊕ b = z. Ref.
[41] showed that any local strategy for Alice and Bob, implemented by a distribution denoted by Plocal, achieves a
winning probability of

〈GKV , Plocal〉 ≤
v

v1/(1−η)
. (79)

A higher winning probability can be obtained with a distribution Pmax arising from certain projective measurements
on the maximally entangled state:

〈GKV , Pmax〉 ≥ (1− 2η)2. (80)

Picking the value η = 1/2− 1/ log v leads to the bounds

〈GKV , Plocal〉 ≤
C

v
〈GKV , Pmax〉 ≥ D/ log2 v, (81)

for universal constants C,D.

We will now introduce an extension of the previous game to the star network via a lemma. Then, we will prove a
second lemma to bound the probability of winning with a bilocal strategy, before showing the superactivation result.

Lemma 5. The Khot-Vishnoi game can be extended to the star network by letting Alice and each of Bobi, for
i = 1, ...,K, play the bipartite Khot-Vishnoi game. This defines a game whose coefficients are normalized, i.e., satisfy

∑

x1,...,xK
y1,...,yK

max
a1,...,aK

b1,...,bK

G̃a1...aKb1...bK |x1...xKy1...yK
≤ 1. (82)

Proof. Consider a star network of K edges, each of which connects Alice to Bobi for i = 1, ...,K. Alice will play the
bipartite Khot-Vishnoi game GKV with each Bobi. Denoting Alice’s inputs and outputs as x1, ..., xK and a1, ..., aK
respectively, and Bobi’s input and output as yi, bi respectively, we denote the coefficients of each game as Gaibi|xiyi

.

Hence, the (K + 1)-partite game being played on the star network, which we denote by G̃, has coefficients

G̃a1...aKb1...bK |x1...xKy1...yK
=

K∏

i=1

Gaibi|xiyi
. (83)

Since GKV is a game, so is G̃, i.e. all of its coefficients are positive. Moreover, one can check that the coefficients
Gaibi|xiyi

satisfy the normalization condition

∑

xi,yi

max
ai,bi

Gaibi|xiyi
≤ 1 (84)
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for all i ∈ [K], and hence

∑

x1,...,xK
y1,...,yK

max
a1,...,aK

b1,...,bK

G̃a1...aKb1...bK|x1...xKy1...yK
=

∑

x1,...,xK
y1,...,yK

max
a1,...,aK

b1,...,bK

K∏

i=1

Gaibi|xiyi

=

K∏

i=1

∑

xi,yi

max
ai,bi

Gaibi|xiyi

≤ 1.

(85)

In fact, this normalization condition also holds if we take only a subset of games GKV , i.e. the product of Gaibi|xiyi

for i in some subset of [K].

Lemma 6. The extension of the Khot-Vishnoi game to the star network is such that the winning probability using
any bilocal strategy is bounded above by C/v, where v is the parameter of the game and C is a universal constant.

Proof. Consider the game in Lemma 5. In order to bound the winning probability of bilocal strategies, we consider
the two possible types of bilocal distributions PBL: those local in a bipartition that separates Alice from all the Bobs,
and those where some of the Bobs are in Alice’s partition element.

First, we take a distribution of the form

P1(a1, ..., aK |x1, ..., xK)P2(b1, ..., bK |y1, ..., yK) (86)

for each ai, bi, xi, yi, i ∈ [K]. Using such a distribution to play G̃, the parties are effectively playing the K-fold parallel
repetition [42] of GKV , which we denote as G⊗K

KV . To bound their winning probability we will use the same techniques
as in Refs. [32, 41]. Recall that, for the bipartite game, the questions are cosets of H in the group {0, 1}v, which can be
thought of as u⊕H for Alice and u⊕z⊕H for Bob (where u ∈ {0, 1}v is sampled uniformly and z ∈ {0, 1}v is sampled
bitwise independently with noise η), and the answers are elements of the question cosets. Without loss of generality,
we can assume Alice and Bob’s strategy is deterministic, and identify it with Boolean functions A,B : {0, 1}v → {0, 1}
which take the value 1 for exactly one element of each coset. That is, for each question, A,B respectively pick out
Alice’s and Bob’s answer. Since the players win if and only if their answers a, b satisfy a⊕ b = z, we have that for all
u, z,

∑

h∈H

A(u ⊕ h)B(u⊕ z ⊕ h) (87)

is 1 if the players win on inputs u⊕H , u⊕ z ⊕H , and 0 otherwise. Therefore, the winning probability is

E
u,z

[
∑

h∈H

A(u⊕ h)B(u ⊕ z ⊕ h)

]
=
∑

h∈H

E
u,z

[A(u ⊕ h)B(u⊕ z ⊕ h)]

= v E
u,z

[A(u)B(u ⊕ z)] ,

(88)

since for all h, the distribution of u⊕ h is uniform.
For the parallel repetition G⊗K

KV , Alice and Bob must pick an answer for each copy of the game, so we can identify
their strategy with some new Boolean functions A,B : {0, 1}vK = {0, 1}v × · · · × {0, 1}v → {0, 1} which, restricted to
each set of K questions (i.e. K cosets), take the value 1 for exactly one element. Alice’s question of G⊗K

KV is given by
u = (u1, ..., uK) where each ui ∈ {0, 1}v, i ∈ [K] is sampled uniformly. But this is equivalent to sampling u uniformly
in {0, 1}vK. Similarly, z = (z1, ..., zK) is sampled bitwise independently, since each zi is. Therefore, the winning
probability is given by

E
ui,zi
i∈[K]



∑

hi∈Hi

i∈[K]

A((u1, ..., uK)⊕ (h1, ..., hK))B((u1, ..., uK)⊕ (z1, ..., zK)⊕ (h1, ..., hK))




=
∑

hi∈Hi

i∈[K]

E
u,z

[A(u⊕ (h1, ..., hK))B(u ⊕ z ⊕ (h1, ..., hK))]

= vK E
u,z

[A(u)B(u ⊕ z)]

(89)
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since there are vK choices of strings of the form (h1, ..., hK) ∈ H1× ...×HK . To bound Eu,z [A(u)B(u ⊕ z)], we follow
the computation of Ref. [41, Theorem 4.1], which uses the Cauchy-Schwarz and hypercontractive inequalities, and
obtain

Eu,z [A(u)B(u ⊕ z)] ≤ 1

vK/(1−η)
. (90)

If, instead, the parties share a distribution of the form

P1(α, {bi}i≤k|χ, {yi}i≤k)P2({bi}i>k|{yi}i>k), (91)

for each α ≡ (a1, ..., aK), χ ≡ (x1, ..., xK), bi, yi, i ∈ [K], for some k ∈ [K], then their winning probability is given by

〈
G̃, P1P2

〉
=

∑

ai,bi,xi,yi

i∈[K]

K∏

i=1

Gaibi|xiyi
P1(α, {bi}i≤k|χ, {yi}i≤k)P2({bi}i>k|{yi}i>k)

=
∑

ai,bi,xi,yi

k<i≤K

K∏

i=k+1

Gaibi|xiyi




∑

ai,bi,xi,yi

1≤i≤k

k∏

i=1

Gaibi|xiyi
P1(α, {bi}i≤k|χ, {yi}i≤k)




× P2({bi}i>k|{yi}i>k)

=
∑

ai,bi,xi,yi

k<i≤K

K∏

i=k+1

Gaibi|xiyi
f({ai}i>k, {xi}i>k)P2({bi}i>k|{yi}i>k),

(92)

where we define

f({ai}i>k, {xi}i>k) =
∑

ai,bi,xi,yi

1≤i≤k

k∏

i=1

Gaibi|xiyi
P1(α, {bi}i≤k|χ, {yi}i≤k). (93)

We will now show that we can define a probability distribution P̃ ({ai}i>k|{xi}i>k) all of whose components are greater
than or equal to those of f({ai}i>k, {xi}i>k), and use this, together with the previous parallel repetition result, to

bound
〈
G̃, P1P2

〉
. First, note that the function f is pointwise positive and such that

∑

ak+1,...,aK

f({ai}i>k, {xi}i>k) ≤ 1 (94)

for all xk+1, ..., xK . Indeed, fixing xk+1, ..., xK , we have

∑

ak+1,...,aK

∑

ai,bi,xi,yi

1≤i≤k

k∏

i=1

Gaibi|xiyi
P1(α, {bi}i≤k|χ, {yi}i≤k)

=
∑

ai,bi,xi,yi

1≤i≤k

k∏

i=1

Gaibi|xiyi




∑

ak+1,...,aK

P1(α, {bi}i≤k|χ, {yi}i≤k)




≤
∑

xi,yi

1≤i≤k

k∏

i=1

max
ai,bi

Gaibi|xiyi




∑

ai,i∈[K]
bi,i≤k

P1(α, {bi}i≤k|χ, {yi}i≤k)




=
∑

xi,yi

1≤i≤k

k∏

i=1

max
ai,bi

Gaibi|xiyi
≤ 1,

(95)
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where the last inequality follows from equation (85). Thus, for each xk+1, ..., xK we can define P̃ ({ai}i>k|{xi}i>k) to
have the same elements as f except when all ai = 0:

P̃ ({ai}i>k|{xi}i>k) =

{
f({ai}i>k, {xi}i>k) if ai 6= 0 for some i > k,

1−∑{a′

i}i>k
6=
−→
0
f({a′i}i>k, {xi}i>k) if ai = 0 for all i > k.

(96)

Then, P̃ is a probability distribution, all of whose components are larger than or equal to those of f , and hence from
equation (92) we deduce that

〈
G̃, P1P2

〉
≤

∑

ai,bi,xi,yi

k<i≤K

K∏

i=k+1

Gaibi|xiyi
P̃ ({ai}i>k|{xi}i>k)P2({bi}i>k|{yi}i>k). (97)

But the right-hand side is the winning probability of the (K − k)-fold parallel repetition of GKV using the bilocal
distribution P̃P2 which, repeating the calculation above, can be found to be bounded as

〈
G̃, P1P2

〉
≤ vK−k

v(K−k)/(1−η)
. (98)

This exhausts the local strategies available to the players. Comparing the bound just obtained to the one from the
distribution in equation (86), we find vK ≥ vK−k ≥ v, since v > 1 and K > k. Hence,

vK

vK/(1−η)
≤ vK−k

v(K−k)/(1−η)
≤ v

v/(1−η)
. (99)

Taking η = 1/2− 1/ log v, we have that, for any bilocal distribution PBL,

〈
G̃, PBL

〉
≤ C

v
(100)

for some constant C.

We are now ready to prove item iii) in Theorem 3. It will be entailed by the following Lemma.

Lemma 7. The n-partite PEN state over a star network (with the central party labeled by A = A1 · · ·An−1 and the
other parties by {Bi}n−1

i=1 ),

τ(p) = ρA1B1(p)⊗
n−1⊗

i=2

φ+AiBi
, (101)

gives rise to GMNL by taking many copies if the isotropic state ρA1B1(p) is entangled.

Proof. Let us fix any p > 1/(d+1) such that the isotropic state ρA1B1(p) shared by A1 and B1 is entangled and simply
write ρA1B1 ≡ ρA1B1(p) and τ ≡ τ(p) for the rest of the proof. Taking k copies of the star network in the statement of
the lemma is equivalent to taking a star network where Alice shares k copies of an isotropic state, ρ⊗k

A1B1
, with Bob1,

and k copies of a d-dimensional maximally entangled state, φ+⊗k
AiBi

, with each Bobi, i = 2, ..., n − 1. The latter state

is in turn equivalent to a dk-dimensional maximally entangled state φ+
dk .

Let us first assume that d is a power of 2, therefore so is dk, and consider the Khot-Visnoi game for v = dk and
the corresponding generalization introduced in Lemma 5. We will use the superactivation result first proved in Ref.
[17] and extended in Ref. [33] to show that state τ⊗k allows the parties to win the game G̃ with a higher probability
than if they use any bilocal strategy.

Given the structure of the game, the probability of winning G̃ using the state τ⊗k is lower bounded by the product
of the probabilities of winning each GKV with the state at each edge i, since the players can play every game
independently. On the maximally entangled edges, the probability of winning GKV is bounded by equation (80). We
will obtain a similar bound for the isotropic edge. Let ρp be a d-dimensional isotropic state with a visibility p such
that the state is entangled. Its entanglement fraction [43] is F =

〈
φ+d
∣∣ ρp

∣∣φ+d
〉
= p+ (1− p)/d2, which we can use to

write the isotropic state in the form

ρF = Fφ+d + (1− F )
11− φ+d
d2 − 1

, (102)
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with F > 1/d whenever ρF is entangled. Hence, in our situation we can write

ρ⊗k
A1B1

= F kφ+⊗k
d + . . . , (103)

where F > 1/d and where the omitted terms are tensor products of φ+d and (11− φ+d )/(d
2 − 1) with coefficients that

are products of F and (1− F ). Acting on ρ⊗k
A1B1

with the same projective measurements as above gives a probability
distribution Piso which is linear in the terms of equation (103), and the action of GKV on this distribution is linear
too. Since the coefficients Gaibi|xiyi

are nonnegative, we have

〈GKV , Piso〉 ≥ F k 〈GKV , P1〉 , (104)

where P1 is the probability distribution obtained from the projective measurements acting on φ+
dk . By equation (80),

we find

F k 〈GKV , P1〉 ≥ F k(1− 2η)2. (105)

Since we have fixed η = 1/2− 1/ log v like in Lemma 6, we find

F k 〈GKV , P1〉 ≥ FL D

ln2 v
= F k D

k2 ln2 d
, (106)

where D is a universal constant.
Putting the bounds from both types of edges together, and denoting by PQ the probability distribution obtained

from the state of the whole network and the projective measurements that are performed on each edge, we obtain

〈
G̃, PQ

〉
≥ F k D

k2 ln2 d

(
D

k2 ln2 d

)n−2

=
F kDn−1

k2(n−1) ln2(n−1) d
. (107)

Finally, we use Lemma 6 to compare the local and quantum bounds. Using equations (100) and (107), we find
〈
G̃, PQ

〉

supPBL∈BL

〈
G̃, PBL

〉 ≥ Dn−1

Ck2(n−1) ln2(n−1) d
F kdk, (108)

where BL is the set of bilocal distributions. Since F > 1/d, this expression tends to ∞ as k grows unbounded. In
particular, the ratio is > 1, proving that GMNL is obtained.

The case where d is not a power of 2 was commented in Remark 1.1 of Ref. [44]. Here, one can modify the
Khot-Visnoi game to obtaining a similar bound on the quantum winning probability but with a different constant D.
The bound on the classical winning probability (equation (100)) is unchanged. Hence, the same proof works in this
case.

[1] R. Horodecki et al., Rev. Mod. Phys. 81, 865 (2009).
[2] L. Amico, R. Fazio, A. Osterloh, V. Vedral, Rev. Mod. Phys. 80, 517 (2008); J. Eisert, M. Cramer, and M. B. Plenio, Rev.

Mod. Phys. 82, 277 (2010).
[3] M. Hillery, V. Bužek, and A. Berthiaume, Phys. Rev. A 59, 1829 (1999); D. Gottesman, Phys. Rev. A 61, 042311 (2000).
[4] R. Augusiak and P. Horodecki, Phys. Rev. A 80, 042307 (2009).
[5] R. Raussendorf and H. J. Briegel, Phys. Rev. Lett. 86, 5188 (2001).
[6] K. Azuma, S. Bäuml, T. Coopmans, D. Elkouss, and B. Li, AVS Quantum Sci. 3, 014101 (2021).
[7] M. Navascues, E. Wolfe, D. Rosset, and A. Pozas-Kerstjens, Phys. Rev. Lett. 125, 240505 (2020).
[8] T. Kraft, S. Designolle, C. Ritz, N. Brunner, O. Gühne, and M. Huber, arXiv:2002.03970 (2020).
[9] For works studying LOCC convertibility in networks sharing particular pure bipartite entangled states see H. Yamasaki,

A. Soeda, and M. Murao, Phys. Rev. A 96 032330 (2017); H. Yamasaki, A. Pirker, M. Murao, W. Dür, and B. Kraus,
Phys. Rev. A 98, 052313 (2018); C. Spee and T. Kraft, arXiv:2105.01090 (2021).

[10] S. Das, S. Bäuml, M. Winczewski, and K. Horodecki, arXiv:1912.03646 (2019).
[11] P. Contreras-Tejada, C. Palazuelos, and J. I. de Vicente, Phys. Rev. Lett. 126, 040501 (2021).
[12] M. Hein, W. Dür, J. Eisert, R. Raussendorf, M. Van den Nest, and H.-J. Briegel, Proceedings of the International School of

Physics "Enrico Fermi" on "Quantum Computers, Algorithms and Chaos", arXiv:quant-ph/0602096 (2006); H. J. Briegel,
D. E. Browne, W. Dür, R. Raussendorf, and M. Van den Nest, Nature Physics 5, 19 (2009).

http://arxiv.org/abs/2002.03970
http://arxiv.org/abs/2105.01090
http://arxiv.org/abs/1912.03646
http://arxiv.org/abs/quant-ph/0602096


21

[13] C. Kruszynska and B. Kraus, Phys. Rev. A 79, 052304 (2009); M. Rossi, M. Huber, D. Bruß, and C. Macchiavello, New
J. Phys. 15, 113022 (2013).

[14] R. Orús, Nat. Rev. Phys. 1, 538 (2019).
[15] R. Augusiak, M. Demianowicz, J. Tura, and A. Acin, Phys. Rev. Lett. 115, 030404 (2015); R. Augusiak, M. Demianowicz,

J. Tura, Phys. Rev. A 98, 012321 (2018).
[16] J. Bowles, J. Francfort, M. Fillettaz, F. Hirsch, and N. Brunner, Phys. Rev. Lett. 116, 130401 (2016).
[17] C. Palazuelos, Phys. Rev. Lett. 109, 190401 (2012).
[18] M. Horodecki and P Horodecki, Phys. Rev. A 59, 4206 (1999).
[19] Y. Sun and L. Chen, Ann. Phys. (Berlin) 533, 2000432 (2021).
[20] B. Jungnitsch, T. Moroder, and O. Gühne, Phys. Rev. Lett. 106, 190502 (2011).
[21] See supplemental material for full proofs of the results in the main text.
[22] I. Devetak and A. Winter, Proc. R. Soc. A 461, 207 (2005).
[23] N. Brunner, D. Cavalcanti, S. Pironio, V. Scarani, and S. Wehner, Rev. Mod. Phys. 86, 419 (2014).
[24] R. Gallego, L. E. Würflinger, A. Acin, and M. Navascues, Phys. Rev. Lett. 109, 070401 (2012).
[25] J.-D. Bancal, J. Barrett, N. Gisin, and S. Pironio, Phys. Rev. A 88, 014102 (2013).
[26] D. Schmid, D. Rosset, and F. Buscemi, Quantum 4, 262 (2020).
[27] E. Wolfe, D. Schmid, A. B. Sainz, R. Kunjwal, and R. W. Spekkens, Quantum 4, 280 (2020).
[28] R. F. Werner, Phys. Rev. A 40 (8), 4277-4281 (1989).
[29] J. Barrett, Phys. Rev. A 65 (2002).
[30] R. Uola, A. C. S. Costa, H. C. Nguyen, and O. Gühne, Rev. Mod. Phys. 92, 15001 (2020).
[31] M. L. Almeida, S. Pironio, J. Barrett, G. Toth, and A. Acin, Phys. Rev. Lett. 99, 040403 (2007).
[32] A. Amr, C. Palazuelos, and J. I. de Vicente, J. Phys. A: Math. Theor. 53, 275301 (2020).
[33] D. Cavalcanti, A. Acin, N. Brunner, and T. Vertesi, Phys. Rev. A 87, 042104 (2013).
[34] C. H. Bennett, G. Brassard, C. Crepeau, R. Jozsa, A. Peres, and W. K. Wootters, Phys. Rev. Lett. 87, no. 13, 1895-1899

(1993).
[35] C. H. Bennett, D. P. DiVincenzo, J. A. Smolin, and W. K. Wootters, Phys. Rev. A 54, no. 5, 3824-3851 (1996).
[36] M. Hamada, Phys. Rev. A 65, no. 5, 052305 (2002).
[37] I. Devetak and A. Winter, Proc. R. Soc. A. 461, no. 2053, 207-235 (2005).
[38] A. Biswas, R. Prabhu, A. Sen(De), and U. Sen, Phys. Rev. A 90, no. 3, 032301 (2014).
[39] G. Svetlichny, Phys. Rev. D 461, no. 10, 3066-3069 (1987).
[40] S. A. Khot and N. K. Vishnoi, 46th Annual IEEE Symposium on Foundations of Computer Science (FOCS’05), 53-62

(2005).
[41] H. Buhrman, O. Regev, G. Scarpa, and R. de Wolf, Theory of Computing 8, no. 27, 623-645 (2012).
[42] R Raz, SIAM J. Comput. 27, no. 3, 763-803 (1998).
[43] M. Horodecki and P. Horodecki, Phys. Rev. A 87, no. 6, 4206-4216 (1999).
[44] C. Palazuelos, J. Funct. Anal. 267, no. 7, 1959-1985 (2014).


