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No Bipartite-Nonlocal Causal Theory Can Explain Nature’s Correlations
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We show that some tripartite quantum correlations are inexplicable by any causal theory involving
bipartite nonclassical common causes and unlimited shared randomness. This constitutes a device-
independent proof that nature’s nonlocality is fundamentally at least tripartite in every conceivable physical
theory—no matter how exotic. To formalize this claim, we are compelled to substitute Svetlichny’s
historical definition of genuine tripartite nonlocality with a novel theory-agnostic definition tied to the
framework of local operations and shared randomness. A companion article by Coiteux-Roy et al.
generalizes these concepts to any N > 3 number of parties, providing experimentally amenable device-
independent inequality constraints along with quantum correlations violating them, thereby certifying that

nature’s nonlocality must be boundlessly multipartite.
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Introduction.—Nonlocality is one of the most common-
sense challenging, but nevertheless well-established,
properties of quantum physics [1,2]. Two or more parties
measuring a shared entangled quantum state can obtain
correlated outputs that resist explanation in terms of any
local hidden variable model. Understanding of the concept
of nonlocality and of its manifestations has captivated the
attention of hundreds of researchers spanning decades;
see Ref. [3] and references therein. Seminal milestones
include the development of tasks inaccessible with only
classical resources such as the Clauser-Horne-Shimony-
Holt (CHSH) game [4], celebrated experimental demon-
strations [5—11], and the device-independent certification
of experimental apparatuses taken as black boxes [12-16].

The bipartite scenario is arguably the most studied.
However, scenarios with more that two parties exhibit
certain valuable features that are qualitatively distinct from
those of the bipartite scenario. For instance, tripartite
quantum scenarios can demonstrate a stronger version of
Bell’s theorem [17]. More generally, the nonlocality of
multipartite chains of bipartite Bell inequalities decays to
zero as the number of party increases (the gap between the
local and no-signalling bounds collapses), whereas genu-
inely multipartite Bell inequalities allow for nondecaying
witnesses of nonlocality [18-20].

Any bipartite scenario can be artificially lifted to a
tripartite scenario by adding an extra spectating party
[21]. To exclude such uninteresting cases, it is critical to
find an appropriate criterion for whether a setup in a
tripartite scenario is genuine, i.e., exploits possibilities not
present in scenarios involving only two parties. One avenue
to highlight tripartiteness is to focus on entanglement—
the property of quantum states that enables nonlocal
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correlations. This is the proposal of Ref. [22], which relates
nonlocality to the notion of tripartite entanglement forma-
lized in Ref. [23]. Such genuinely tripartite entanglement
resists any explanation in terms of local operations applied
to networks of bipartite quantum states.

This Letter proposes instead a theory-agnostic avenue.
We consider any causal description of nature—including
classical and quantum physics, and beyond—and ask the
following fundamental question: Could our physical world
be composed of merely bipartite-nonlocal causal constitu-
ents? That is, does there exist any description of quantum
theory’s operational predictions, perhaps very exotic, built
upon bipartite nonclassical common causes? It is already
well known that bipartite resources are not enough to
reproduce all tripartite phenomena. For instance, perfect
correlations between three parties cannot be obtained from
bipartite resources, even in a theory-agnostic analysis [24].
However, that result is predicated on the absence of shared
randomness, which is arguably not realistic. Shared
classical randomness can be obtained by preagreement
on a common classical phenomenon to observe or with
preestablished shared randomness stored in local memo-
ries. It is also known that boxworld [25], an alternative
theory for correlations based on no-signalling boxes [26],
cannot reproduce all quantum correlations even when
allowing for shared randomness [27,28]. This result is
restricted to a precise alternative to classical and quantum
mechanics and may not encompass all possible causal
theories of correlations [29,30].

Accordingly, in this Letter we focus on the (non)
simulability of certain tripartite correlations in setups
allowing for the local composition of any bipartite resour-
ces with global access to common shared randomness. We
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adopt a theory-agnostic perspective that applies to any
causal theory [29,30] compatible with device replication
[31]—however exotic it might be. This includes the
classical theory and quantum theory as specific causal
theories, but also, more generally, any hypothetical gener-
alized probabilistic theory (GPT) such as boxword [25].
Our approach is closely related to the concept of network
nonlocality, which has been extensively studied in the past
decade [32-36].

It is natural to name “genuinely tripartite nonlocal” those
correlations that resist explanation in terms of arising from
bipartite resources and shared randomness. That denota-
tion, however, conflicts with a historical term of art due to
Svetlichny [37]. We will explain why Svetlichny’s defi-
nition is not suitable for causal analysis, leading us to
propose an alternative definition (see Definition 1), which
constitutes the main conceptual result of this Letter.

Subsequently, we prove that |GHZ) := (|000) + [111))/
V/2 is a resource that can manifest correlations that are
genuinely tripartite nonlocal according to our novel defi-
nition. This is the subject of Proposition 2, the main
technical result of this Letter. The formal characterization
of such correlations, along with our proof of the quantum
realizability of such correlations, together constitute a
profound implication: The operational predictions of
the quantum theory preclude—in the strongest possible
sense—any future description of nature built upon bipartite
common causes, regardless of how exotic or nonclassical
they could be.

We conclude this Letter by contrasting our no-go
theorem with previous works aiming to exclude physical
theories limited to two-way nonclassical common causes.
We also recognize the desideratum of certifying nature’s
genuine multipartiteness without presupposing the opera-
tional validity of quantum theory and accordingly discuss
considerations for the experimental verification of our
results.

Although this Letter focuses mainly on the tripartite case
for pedagogical simplicity, we note that all of our intro-
duced concepts and most of our results are valid in the
generalized multipartite case, beyond three parties. We
develop the N-partite case in an extended version of this
work in a companion article [31], which includes extending
the result regarding the |GHZ) state to any number of
parties N (see Proposition 4), as well as a result regarding
the resourcefulness of the |[W) := (|001) + |010) + |100))/
/3 state (see Proposition 3). These generalizations of our
main results to any number of parties imply that, for any
fixed k, any theory based on subjecting k-way multipartite
resources to local operations cannot reproduce the opera-
tional predictions of quantum theory for N > k spacelike-
separated parties.

A causally meaningful notion of genuine tripartite
nonlocality.—We seek to distinguish those correlations
that admit causal explanation in terms of bipartite

nonclassical sources from correlations that resist any such
causal explanation. Furthermore, in order to claim that
nature’s nonlocality is necessarily tripartite without a priori
assuming the correctness of quantum causal explanations,
we must be careful to apply the label “genuinely tripartite”
only to those correlations that resist bipartite causal
explanations in any physical theory.

One might ask if Svetlichny’s historically accepted
definition of genuine tripartite nonlocality [37] is suitable
for capturing such causal distinction. But no, it is easily
hacked: the correlations obtained from CHSH violations in
parallel between Alice and Bob as well as between Bob and
Charlie fulfill Svetlichny’s criterion for genuine tripartite
nonlocality [38]. Such correlations, however, are facially
achievable in quantum theory restricted to bipartite states.
What Svetlichny’s definition is suitable for is as device-
independent witness of genuine tripartite entanglement.
Note that the traditional definition of genuine tripartite
entanglement due to Seevinck and Uffink [39] is suscep-
tible to precisely the same sort of hacking: A 4-qubit state
composed of a singlet shared between Alice and Bob, as
well as a singlet shared between Bob and Charlie satisfies
Seevinck’s criterion for genuine tripartite entanglement,
despite factorizing into bipartite constituents.

The reasons why the historical definitions of tripartite-
ness for both nonlocality and entanglement are ill-suited for
causal analysis is because they were motivated by quanti-
fying resourcefulness relative to local operations and
classical communication (LOCC). When analyzing Bell-
inequality violations, however, we presume that the parties
involved may be spacelike separated, which enforces the
no-signalling condition. When classical communication is
forbidden, the only form of processing of nonclassical
resources that remains is via local operations and shared
randomness (LOSR) [22,40,41].

Therefore, it is critical to employ the LOSR resource-
theoretic framework instead of LOCC when quantifying the
nonclassicality of a common cause in a Bell experiment.
Ironically, Svetlichny’s [37] definition was specifically
tailored to the task of witnessing LOCC tripartite entangle-
ment, which is irreconcilably in tension with quantifying
nonlocality, as nonlocality is only meaningfully studied in
the LOSR paradigm.

A notion of genuine tripartiteness relative to LOSR
entanglement has been formulated in Refs. [22,23].
Reference [22] seamlessly extends that notion to provide
a definition of genuine tripartite nonlocality based on the
concept of a correlation resisting explanation in terms of
bipartite quantum states acted upon by LOSR. Our main
conceptual contribution here is to provide an LOSR-
motivated definition for genuine tripartite nonlocality that
is theory agnostic, in that it imagines that LOSR could be
applied to any sort of bipartite nonclassical resource, not
just quantum entanglement.
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We appeal to the GPT formalism to formally define local
operations on any sort of bipartite nonclassical resource. In
brief, we allow for any exotic physical theory that can
extend (or restrict) the bipartite resource of quantum
entanglement (including all nonsignalling nonlocal boxes
such as the Popescu-Rohrlich box [42]) and that can extend
(or restrict) the process of combining subsystems via
entangled joint quantum measurement [34,43]. Quantum
theory itself is merely one of an infinite spectrum of such
hypothetical physical theories [25,26,29,30,44,45].

Definition: Genuine LOSR tripartite nonlocality. A
tripartite nonsignalling correlation P is said to be genuinely
LOSR tripartite nonlocal if and only if it cannot be obtained
by local operations over any two-way GPT resources along
with three-way shared randomness between all parties.
That is, P is said to be genuinely LOSR tripartite nonlocal
when it cannot be realized via the abstract causal process
depicted in Fig. 1.

Equipped with this new definition, let us now provide
examples of quantum tripartite resources that are genuinely
tripartite nonlocal. We also assume that every causal theory
allow for device replication; i.e., one can make independent
and identical copies of resources to draw inferences from
the non-fan-out-inflation technique [46] (see Ref. [31] for
an extended formal treatment of these ideas).

Genuinely tripartite nonlocal correlations exist in
nature.—We now prove that |GHZ) = |000) + [111)/+/2
generates quantum correlations that are genuinely LOSR
tripartite nonlocal. As in [27], the basic idea is to split the
problem into two intertwined games, respectively detecting
that some party’s measurement must depend on both (1)
some nonclassical resource, albeit possibly bipartite, and
(2) some tripartite resource, albeit possibly classical.
Performing well at both (1) and (2) would require
dependence on a genuinely LOSR-tripartite-nonclassical
(entangled) resource.

FIG. 1. A tripartite distribution is genuinely tripartite nonlocal
according to our definition if it cannot be realized by the above
scenario, where the output of each player is determined by local
operations (such as joint measurements) on (1) their input, (2) the
three-way randomness, and (3) two-way GPT resources.

More precisely, we introduce (1) a bipartite-nonlocal
game (conditioned on the third player’s output), which
rewards nonclassical randomness. This first task is the
standard CHSH game between Alice and Bob, with the
particularity that it is scored only when Charlie outputs
C = 1. The function to maximize is (the observables take
value in {—1,+1})

C=1
Igor = (ABo)c,—1 + (AoB1)c, -1
+ (A1Bo)c,—1 — (A1B1)c,—1- (1)

Then we introduce (2), a tripartite consistency game that
rewards no randomness or tripartite randomness. Here, the
players are asked to output the same result (which can take
either of the two values 1) and are scored according to the
function

Isame = (AOBZ> + <BZC0>- (2)

Because A := Ay_ belongs to both games, on that input
Alice is oblivious as to which of the two games she is
partaking in. This prevents her from playing the two games
separately; rather, her strategy for X = 0 must be optimized
in respect to both games simultaneously. The impossibility
of Alice decoupling the two games leads to our central
argument,

(1) + (2) rewards only genuinely tripartite nonlocality.
More precisely, in the |GHZ) case, we combine Ig(jl
and Iggme into an inequality.

Proposition 2: GHZ;. In the absence of any three-way
nonclassical cause, if (C;) =0,

155" + 4lgame < 10. (3)

Measurements on the |[GHZ) quantum state can violate the
above by reaching Igéjl + 4l ggme = 2v/2 4+ 8 > 10. The
maximal GPT violation reaches the algebraic maximum
of 12.

For a better presentation, we focus on explaining
why reaching the algebraic maximum of 12 leads to a
contradiction. The quantified proof of inequality (3) is
done in [31], where we also explain how to remove the
(Cy) = 0 assumption (this assumption is experimentally
problematic).

Proof of inequality (3), main ideas.—Let us assume by
contradiction the existence of three black-box devices that
satisfy the causal structure of the triangle scenario (Fig. 1),
but that can nevertheless reach the perfect scores / gfj' =4
and Iggme = 2.

Inspired by inflation-technique ideas, we now imagine
an inflated scenario where the devices and resources are
duplicated and rearranged; see Fig. 2. Note that the same
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FIG. 2. The inflation technique consists of duplicating and rearranging players, sources, and input distributions. Here we inflate the
(nongenuinely tripartite-nonlocal) triangle scenario of Fig. 1 as to have the players play two parallel games (Bell and same). It leads to a
contradiction with the statistics of measurements on |GHZ), and therefore to the conclusion that the |GHZ) quantum state is a genuinely
tripartite-nonlocal resource. The duplicated players constitute indistinguishable copies of the same abstract process, hence Alice, on
input X = 0, could be playing either game (A and A, must have the same behavior). The only condition on the random inputs is that
they be independent from all of the sources. The figure represents a cut of a larger inflation of order 3, consisting of a triangle and a

hexagon.

instance of the shared randomness A can be infinitely
copied and hence be distributed to all parties, but that
the (two-way) GPT resources cannot; it is possible, how-
ever, to have multiple independent instances of each of
those resources by device replication. In our scenario, some
of the two-way resources are input only to a single player;
their second halves can be considered never measured.

First, on the left-hand side of the figure, the devices take
the Bell test and inherit exactly the behavior of the original
devices (if we ignore the right-hand side of the inflated
scenario, the left-hand side is precisely the original
scenario).

An important property of Bell inequalities is that any
violation implies true randomness [15,47]. In our case,
A'B! reaches the maximal algebraic violation of CHSH,
which implies that A' (and also B') is totally unpredictable.
Hence, in particular,

Al_,C%_, are perfectly uncorrelated. (4)

Second, on the right-hand side, the devices perform the
same test. As we do not know the inner workings of the
black boxes, we cannot describe their whole tripartite joint
behavior. However, note that A2B% and B2C? inherit the
joint statistics of their respective original counterparts,
because they see the same environment. This means that
they achieve perfect correlations at the same test:
A%_, = B%_, = C%_,. Finally, from the structure of the
graph, A'C? and A?C? also see the same environment and
share the same statistics, so

Ak_,C%_, are perfectly correlated. (5)

The contradiction between (4) and (5) ends our dem-
onstration. In [31] we explain how all the ingredients of this
proof can be made quantitative to obtain the trade-off
described by inequality (3). m

Proof of violation.—The quantum violation is achieved
using |GHZ): On inputs corresponding to the same game
(XYZ = 020), all players measure in the rectilinear basis.
On input Z =1, Charlie measures his state in the
Hadamard basis and obtains marginal (C;) = 0; when
he obtains C; = 1 (corresponding to a measurement result
|+)¢), the state of Alice and Bob is steered toward the
maximally entangled state |¢*),5 and they can play the
Bell game using the standard optimal strategy for CHSH.

Note that the maximal algebraic violation is achieved by
the nonsignalling distribution A, = (—1)®"* B :=
(=1)®  C,:=(=1)"-, where ry and r; are uniformly
random bits, and @ denotes addition modulo 2. n

Generalization.—In [31], we show how these ideas
can be used to prove a similar result for the |W):=

001) +]010) + |100)/+/3 state.

Proposition 3. Appropriate measurements on the |W)
quantum state lead to genuinely LOSR-tripartite-nonlocal
correlations.

We also explain how to generalize our work to scenarios
with arbitrary number of parties, in which |GHZ) straight-
forwardly generalizes to an N-partite state |GHZy ). Indeed,
our Definition 1 can be generalized to the multipartite case
[31], introducing the concept of genuine LOSR multipartite
nonlocality for which we have the following Proposition:

Proposition 4:GHZy. For any N, genuinely LOSR N-
multipartite nonlocal correlations can be obtained through
appropriate measurements on the quantum state |GHZy).
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Discussion.—We have proven that the correlations of
|GHZ) can only be obtained using genuinely LOSR-
tripartite-nonlocal resources. Our work implies, under
the (reasonable) hypothesis that quantum mechanics’
predictions for local measurements over |GHZ) are exact,
that nature cannot be merely bipartite. In [31], our
generalization implies that it cannot even be N partite
for any fixed N.

In our Introduction, we intentionally kept the concept
of combining any exotic GPT bipartite resources, together
with tripartite shared randomness, vague. Let us now
clarify it, based on the non-fan-out-inflation technique
([46], Sec. 5.4), which is used in our proof (see also other
related frameworks [24,29,30,48-51]). It relies on two
postulates. First, we admit the possibility of device
replication: Any device distributing local resources, or
locally operating resources, can be duplicated in inde-
pendent copies, and one can reorder these replicated
devices to form a new setup. Second, we admit causality.
It implies that any two identical subsets of the initial or
new setups must have the same behavior (more than a
consequence of causality, this can be seen as an opera-
tional definition of what is causality). Moreover, for any
fixed value of the shared randomness, any marginal
correlation of two disjoint subsets of a setup must
factorize. With inflation, these two postulates provide
the definition of theory-agnostic correlations in networks,
which are all correlations P that do not lead, in any
inflated scenario, to any contradiction. See companion
article in Ref. [31] for the formalized definition.

Let us conclude this Letter with experimental consid-
erations. In [31], we relax our experimentally unrealistic
constraint (C;) =0 for inequality (4) to a generalized
inequality valid for all Cy. Moreover, remark that for a
mixture of the |GHZ;) state with white noise, of fidelity f,
our inequality is violated for f = 93%. In [31], we propose
an algorithm based on inflation able to witnesses infea-
sibility down to f 2 85%. This shows that an experimental
proof that nature is not merely bipartite is accessible to
current technologies [52]. The experimental feasibility for
larger N values is an open question [53,54].
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