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Theories with no superluminal signaling have greater information-processing power
than theories with no superluminal causation
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A central goal in the foundations of physics is to understand the structure of physical theories, such as quantum
theory, from physical principles. This is often explored by considering various information-theoretic principles.
Here, we initiate a similar approach considering relativistic causality principles. No superluminal causation
(NSC) and no superluminal signaling (NSS) are distinct relativistic principles, requiring respectively that causal
influence/the ability of agents to signal are within the future lightcone. After formalizing their distinction,
we investigate how well theories constrained by NSC and NSS perform in a task that involves generating
nonclassical correlations. We find a spacetime configuration in which this task cannot be achieved in any
theory (classical, quantum, or postquantum) satisfying NSC. However, we show that theories violating NSC but
satisfying NSS can perfectly achieve the task. We give a protocol that would, in a world allowing superluminal
causation, enable its operational certification without violating NSS, in general spacetimes. In the case of
(1 + 1)-dimensional Minkowski spacetime, the task remains achievable in a configuration where measurement
outcomes occur arbitrarily earlier in time than the settings, allowing a form of certifiable retrocausality without
violating NSS. We illustrate our results by linking two different types of nonclassical postquantum resources:
PR boxes and jamming. Our work offers insights into the role of different relativistic causality principles in
fundamental physics and paves the way for characterizing the information-theoretic structure of theories obeying
such principles.
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I. INTRODUCTION

Why does the physical theory describing the world give
rise to certain phenomena but not others, and how would
this change in another theory? These are two key questions
in the foundations of physics. One way to explore these
questions is to characterize classes of theories constrained by
various principles. This has led to candidate reformulations
of quantum theory based on information-theoretic principles
(see, e.g., [1–4]). Here, instead, we focus on principles from
relativistic causality.

One such principle is no superluminal causation (NSC),
which limits how information can flow between different
spacetime events in an underlying theory. The principle of
no superluminal signaling (NSS) is a distinct yet related rela-
tivistic principle, constraining the ability of agents at different
spacetime locations to communicate through interventions.

*Contact author: vilasini@inria.fr
†Contact author: roger.colbeck@kcl.ac.uk

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

These principles are distinct because causation can be present
in an underlying theory without observable signaling between
agents [5–7], thereby leaving open the possibility of violating
NSC without violating NSS.

Although often conflated, a complete understanding of
the quantum-relativity interface requires these principles to
be formulated and studied independently. We do so within
a recent general framework [7,8] developed by us and in-
vestigate the implications of NSC and NSS for information
processing, considering the task of generating nonclassical
correlations1 (such correlations are a requirement for other
tasks such as device-independent QKD [9,10] or randomness
expansion [11–13]). We examine the task in two spacetime
configurations and show that in the first it is impossible in any
classical theory constrained by NSC, while in the second, it
is impossible in any theory (classical or non-classical) con-
strained by NSC. This sets the stage for exploring whether
these tasks may be possible in a theory that violates NSC but
is constrained by the weaker principle of NSS.

We emphasize that our motivation for considering viola-
tions of NSC is to understand why NSC should be used as
a physical principle in addition to NSS. In particular, we are

1In this work by nonclassical correlations, we mean those that
violate a Bell inequality.
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not suggesting that NSC is violated in nature and our results,
regarding the implications of NSC violations, constitute good
reasons why it should hold.

In the context of NSS in tripartite Bell scenarios, jamming
nonlocal theories were proposed in Ref. [14]. These theories
allow a party (e.g., Bob) to influence the correlations between
the measurement outcomes of spacelike separated parties
(e.g., Alice and Charlie) without affecting the individual out-
comes detectably. It has been suggested [14,15] that such
theories do not allow superluminal signaling in Minkowski
spacetime, but this was not proven within a formal theoretical
framework, and the role of other relativistic causality princi-
ples, such as NSC, has remained little understood.

We revisit the aforementioned task in jamming theories,
showing that here it can be achieved by violating NSC
while satisfying NSS. We do so through a protocol that en-
ables Alice and Charlie to generate maximally nonclassical
Popescu-Rohrlich (PR)-box [16,17] correlations by sending
classical information to Bob if Bob is able to jam their correla-
tions. These results hence highlight an operational difference
between NSC and NSS in a manner applicable to classical
and nonclassical theories. As a note of interest at the end of
the paper, we also discuss the speed of generating nonclassi-
cal correlations via jamming in different scenarios, showing
that in some cases this is possible even when measurement
outcomes occur arbitrarily earlier than the corresponding
measurement settings in some reference frame. This suggests
a form of retrocausality (backwards-in-time causal influences)
that can be operationally certified in such a theory, using our
protocol, in (1 + 1)-dimensional Minkowski spacetime.

Previous retrocausal models proposed for explaining Bell
correlations (see, e.g., [18,19]) lack the same verifiability be-
cause nonclassical causal models that only involve forward
in time causation can also explain the same operational pre-
dictions (see, e.g., [5,6,20–22]). Therefore, our results can
be seen as a stronger argument to reject theories that violate
NSC even if NSS holds. In particular, such an argument rules
out (postquantum) theories with jamming correlations [14] or
so-called relativistically causal correlations [15].

II. JAMMING NONLOCAL CORRELATIONS

Consider a tripartite Bell scenario where Alice, Bob, and
Charlie measure some shared system � using freely cho-
sen settings A, B, and C to obtain outcomes X , Y , and
Z , respectively, in a spacetime configuration where their
measurements are pairwise spacelike separated. The stan-
dard tripartite nonsignaling conditions on the correlations
P(XY Z|ABC) require that the outcomes of any set of parties
are independent of the settings of the complementary set of
parties, in particular, P(XZ|ABC) = P(XZ|AC) holds.

If we are guaranteed that the joint future of the spacetime
locations of X and Z is contained in the future of the spacetime
location of B, then Ref. [14] propose that P(XZ|ABC) =
P(XZ|AC) is no longer relevant for avoiding superluminal
signaling since to access both X and Z one needs to be in the
joint future of the spacetime locations of X and Z , and hence
in the future of the location of B. This leads to the concept of
jamming nonlocal correlations, which allows Bob’s setting,
B, to be jointly but not individually correlated with Alice

and Charlie’s outcome, allowing Bob to jam the correlations
between Alice and Charlie depending on his setting. For the
present paper, we consider B jamming X and Z , in which
case, we define correlations to be jamming if they satisfy the
conditions

P(XZ|B) �= P(XZ ), (1a)

P(X |B) = P(X ), (1b)

P(Z|B) = P(Z ). (1c)

III. CAUSAL STRUCTURES AND AFFECTS RELATIONS

Following the framework of Ref. [7], we describe
information-theoretic causal structures (henceforth simply re-
ferred to as causal structures) through an approach based on
causal modeling and inference.2 Here, causal structures are
modeled as directed graphs with directed edges denoting
causation, and each node can either be an observed node
(which corresponds to a classical variable such as a measure-
ment setting or outcome) or an unobserved node (which can
be a classical, quantum, or a postquantum system). The set of
all observed nodes is denoted as Nobs.

In a classical causal model over a causal structure G, all
nodes correspond to classical variables and the model is ob-
tained by specifying, for each node N , a function fN that
maps the values of the random variables that are parents of
N to the possible values of N or, if N is parentless in G, a
probability distribution P(N ). In quantum causal models, the
deterministic functions are replaced with quantum channels,
and in postquantum theories, they are replaced with maps that
describe the allowed transformations of that theory. We refer
to these as the causal mechanisms of the theory; they give
meaning to the causal relation as a flow of information
according to the rules of the theory.

We can associate a probability distribution, PG (Nobs), with
the observed nodes of G, the set of allowed distributions de-
pending on the underlying theory in general. The d-separation
property relates graph separations in G to corresponding con-
ditional independences in PG (Nobs) (see Appendix A for more
details). All (possibly nonclassical) causal models defined on
directed acyclic graphs G are known to satisfy this prop-
erty [22–24], and some cyclic ones do too [7,25]. In a causal
model, a variable X is said to be freely chosen if it has no
parents (i.e., no incoming arrows).

As well as accounting for correlations through PG (Nobs),
the framework also allows for interventions, which are needed
to distinguish correlation and causation. An intervention takes
a set X of observed nodes in a causal structure G and
associates them with an alternative causal structure Gdo(X ),
obtained from G by removing all incoming edges to X . This
captures that the intervention on X is freely chosen, i.e., inde-
pendent of prior causes of X . For two disjoint subsets X and
Y of observed nodes, we say that X affects Y if there exists a

2Causal modeling and causal inference were originally developed
in classical statistics [23] and recently generalized to quantum and
other nonclassical theories (e.g., [6,22]).
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value x of X such that

PGdo(X ) (Y |X = x) �= PG (Y ). (2)

This encapsulates the idea that the probability of Y can be
changed by freely intervening on X . X affects Y captures that
an agent can signal from X to Y using interventions on X , and
this implies that X is a cause of Y . However, the converse is
not true; i.e., it is possible to have causation without signaling.
A common example is that of jamming, where Eqs. (1b)
and (1c) (together with the free choice of B, modeled as a
parentless node) mean that B cannot individually affect X or
Z , but there must be causation from B to at least one of X or
Z , so that Eq. (1a) holds (see also Protocol 1).

An affects relation X affects Y as defined above captures
that an agent with access to the variables X can signal to an
agent with access to variables Y through interventions on X .
More generally, we can consider signaling possibilities given
that some interventions have been performed on another set Z
of variables. Signaling from X to Y given interventions on Z is
captured by a higher-order affects relation, X affects Y given
do (Z ), which was introduced in Ref. [7] (see Appendix A for
the full definition). Higher-order affects relations have a rich
structure and are crucial for fully formalizing the principle
of NSS in a spacetime in these general scenarios [7,26]. The
formalization of the NSC and NSS relativistic principles in
our framework is presented in the next section.

IV. EMBEDDING CAUSAL MODELS IN SPACETIME: NSC
AND NSS PRINCIPLES

Causal models can be embedded in spacetime by assign-
ing to each observed node X , a spacetime location, which
leads to a corresponding spacetime random variable X . In our
framework, spacetime is modeled as a partially ordered set
T , where P ≺ Q, P � Q, and P �≺�� Q for P, Q ∈ T represent
P being in the future lightcone of, past lightcone of, and
spacelike separated to Q, respectively. An embedding E of a
causal model with observed nodes Nobs (or a set A of affects
relations over a set Nobs of variables) simply assigns a location
in T to each random variable X ∈ Nobs, thereby generating
an ordered random variable (ORV) X := (X, O(X )), where
O(X ) ∈ T . ORVs are simply an abstraction of spacetime ran-
dom variables to general partially ordered sets. Moreover, the
inclusive future of an ORV (i.e., points in the future lightcone
of X including the location of X ) is then given as

F (X ) := {P ∈ T |P � O(X )}. (3)

We can now formalize the two relativistic causality prin-
ciples considered in this paper: NSC and no NSS. More
precisely, NSC (or NSS) imposes that when we embed an
informational protocol (which can be equivalently described
as a causal model) in spacetime by promoting the relevant
variables of the protocols to spacetime variables, then there is
no causal influence ( or signaling) from one spacetime event
to another event outside its future lightcone.

Within this general formalism, NSC and NSS principles
can be defined as follows.

Definition 1 (NSC theories). Given a causal model over a
causal structure G and an embedding E of the causal model in
a spacetime T , we say that the embedded model satisfies NSC

if whenever (X is a direct cause of Y ) for any two nodes
X and Y in G, then X ≺ Y in the spacetime embedding. An
NSC theory only allows for causal models of this type in any
given spacetime embedding. A classical NSC theory is one
that restricts all unobserved nodes of its causal models to be
classical systems; otherwise, it is called a nonclassical NSC
theory.

The NSS principle is captured by the following compati-
bility condition between (higher-order) affects relations of the
model and the spacetime embedding (originally proposed in
Ref. [7]), noting that higher-order affects relations capture the
general way of signaling in such scenarios.

Definition 2 (Compatibility of a set of affects relations with
an embedding in a partial order [7]). Let S be a set of ORVs
formed by embedding a set of RVs S in a spacetime T with
embedding E . Then, a set of affects relations A is said to be
compatible with the embedding E if whenever X affects Y
given do(Z ) belongs to A and is irreducible with respect to
the affects relations in A , then F (Y )

⋂
F (Z ) ⊆ F (X ) with

respect to E .
Since the affects relation X affects Y given do(Z ) allows

an agent with access to X to signal to an agent with access
to Y and Z , the above compatibility condition captures the
idea that in order to avoid superluminal signaling, we must
require the affects relation to be embedded in spacetime such
that F (Y )

⋂
F (Z ) (which is where Y and Z can be jointly

accessed) is fully contained in F (X ) (which is where X can
be accessed).

Definition 3 (NSS theories). Given a causal model over a
causal structure G and an embedding E of the causal model
in a spacetime T , we say that the embedded model satisfies
NSS if the set A of all affects relations of the causal model
is compatible with the embedding E in the spacetime T . An
NSS theory only allows for causal models of this type in any
given spacetime embedding. A classical NSS theory is one
that restricts all unobserved nodes of its causal models to be
classical systems; otherwise, it is called a nonclassical NSS
theory.

Notice that since signaling between two variables, captured
by an affects relation X affects Y , implies that X causes Y ,
it follows that NSC implies no superluminal (NSS) in our
formulation of these principles.

V. INFORMATION PROCESSING IN NSC
AND NSS THEORIES

A. Tasks that are impossible in theories with NSC

We consider a primary task T relating to the generation of
nonclassical correlations, and define two subtasks 1 and 2 by
instantiating T in two different classes of spacetime configu-
rations.

Task T. The task involves two agents, Alice and Charlie.
Each agent makes an input at some spacetime location, and
receives a corresponding output variable at another spacetime
location (which need not be in the future lightcone of the input
variable). The input variables of Alice and Charlie are A and
C, while their output variables are X and Z , respectively. The
outcomes may be produced by interacting with a shared sys-
tem �. The task is for Alice and Charlie to use freely chosen
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(a) (b)

FIG. 1. Spacetime embeddings for the variables A, C, X , and Z associated with (a) Task 1 and (b) Task 2. The definition of the tasks as
well as the impossibility results of Theorem 1 allow all possible spacetime embeddings of B. The strategy that achieves the task in jamming
theories (Theorem 2) requires the additional variable B to be embedded such that it is in the future of both A and C, has the joint future of X
and Z contained in its future, but does not have X or Z in its future (which holds as drawn in the figure).

inputs to generate nonclassical correlations, i.e., a distribution
P(XZ|AC) that cannot be expressed as follows for any random
variable V :

P(XZ|AC) =
∑

V

P(V )P(X |AV )P(Z|CV ). (4)

Alice and Charlie may collaborate with a third agent Bob with
whom they may share systems.

So far, there are no constraints on communication between
Alice and Charlie, and T can be trivially achieved using clas-
sical communication.

Task 1. Here, Alice and Charlie are required to achieve
task T given that variables A, C, X , and Z are embedded in an
acyclic spacetime T such that all four variables are spacelike
separated except that A ≺ X and C ≺ Z [Fig. 1(a)].

Task 2. Here, Alice and Charlie are required to achieve
task T given that A, C, X , and Z are embedded in an acyclic
spacetime T such that F (X ) ∩ F (Z ) ⊆ F (A) ∩ F (C) holds,
but A �≺ X and C �≺ Z [Fig. 1(b)].

At this point, the reader may be concerned about the physi-
cality of the embedding of Fig. 1(b) because, in general, if the
input A is a cause of the output X , we would usually expect
X to be in the future lightcone of A. However, in this work,
we are explicitly considering going beyond these usual no-
tions by allowing superluminal causation (violating the NSC
principle), provided it does not lead to superluminal signaling
(the NSS principle still holds). The main goal of our work is
to operationally distinguish between these distinct relativistic
principles; hence, it is necessary to consider theories violating
NSC without violating NSS.

Then, the following theorem shows that there are limita-
tions to achieving these tasks in theories restricted by the
principle of no superluminal causation. We state informal
versions of our theorems here, formal versions with proofs
can be found in Appendix B.

Theorem 1. (Informal) Task 1 is impossible to achieve in
any classical theory without superluminal causation, while
Task 2 is impossible to achieve in any theory (classical or
otherwise) without superluminal causation. This holds even
when allowing for arbitrary collaboration strategies involving
additional agents.

The statement for Task 1 is in line with what one would
expect from Bell’s theorem [5,20,27]. On the other hand,
for Task 2, we show a stronger statement, that in a theory
with NSC where A and C are freely chosen, it is impossi-
ble to generate any correlations between {A,C} and {X, Z}
in the spacetime configuration of Task 2 [Fig. 1(b)]; i.e.,
P(XZ|AC) = P(XZ ) always holds in such a theory. This im-
plies the above theorem.

B. Achieving the tasks in theories with NSS

The following theorem shows that the above tasks, which
are impossible in a theory with NSC, become possible in one
with NSS.

Theorem 2. (Informal) Tasks 1 and 2 can both be achieved
in a theory that realizes jamming correlations, without violat-
ing NSS and using the assistance of an additional agent, Bob.
Alice and Charlie only send classical communication to Bob,
and exchange no communication otherwise. In particular, the
maximally nonclassical, PR-box correlations can be generated
in this manner.

We now describe a protocol that achieves Tasks 1 and 2.
The causal structure associated with this protocol is illustrated
in Fig. 2.

Protocol 1. Consider an additional agent Bob (associated
with a variable B), who can jam the correlations between
Alice and Charlie’s output variables X and Z , through his
choice of B (cf. Sec. II). All variables are taken to be binary.
Alice and Charlie communicate their classical inputs A and
C to Bob, who sets B = A · C. Then, through jamming, Bob
can ensure that B determines the parity of X and Z without
being correlated individually with X or Z , i.e., B = X ⊕ Z .
The result is X ⊕ Z = A · C, which corresponds to PR-box
correlations P(XZ|AC).

The jamming required in this protocol can be achieved
through a classical common cause � influencing X and Z as
well as a superluminal causal influence from B to X or Z [28].
The common cause � must remain inaccessible to avoid
the possibility of superluminal signaling using this influence.
In Appendix B, we show that there is a causal model for
this protocol, defined on the causal structure of Fig. 2, whose
affects relations can be compatibly embedded in the spacetime

013070-4



THEORIES WITH NO SUPERLUMINAL SIGNALING HAVE … PHYSICAL REVIEW RESEARCH 8, 013070 (2026)

FIG. 2. The causal structure corresponding to the causal model
associated with Protocol 1. The protocol combines the simplest form
of jamming of the outputs X and Z by B (whose causal model was
given in Ref. [8]) and adds the dependence of B on the inputs A and
C, which is given by the communication from Alice and Charlie
to Bob in the protocol. The causal model is compatible with both
the spacetime embeddings of Fig. 1, i.e., satisfies the NSS principle
relative to both these embeddings. However, this manifestly violates
the NSC principle since the causal arrow from B to X will flow
outside the lightcone in those spacetime embeddings.

configurations of Figs. 1(a) and 1(b). This proves that the
protocol satisfies NSS.

By modifying the associated causal model, other nonclassi-
cal correlations are also possible as explained in Appendix B.
Moreover, there is a natural connection between our proto-
col with jamming and nonlocal hidden-variable theories (see
Sec. C of the Methods for details).

C. Certifying violation of NSC without violation of NSS

We have seen that strictly more can be achieved in theories
with NSS than those with NSC. We now ask whether it would
be possible to certify the presence of a superluminal causal
influence in theories with NSS that achieve the tasks, as this
would operationally establish that the violation of NSC is the
relevant resource involved.

In Task 1, there is no theory-independent way to verify
the superluminal causal influence because the task is pos-
sible without superluminal causal influence in quantum and
postquantum nonclassical theories, i.e., achieving the tasks
could be because of nonclassicality rather than a violation of
NSC.

In contrast, in Task 2, we can certify the existence of the
superluminal causal influence in a theory-independent man-
ner. In any theory without superluminal causation, we have
shown that P(XZ|AC) = P(XZ ) holds in Task 2. By repeating
a given setup and collecting statistics, if access to A and C
enables X and Z to be jointly predicted better than without
A and C, then this certifies superluminal causal influence,
irrespective of the underlying theory. Our setup with jamming
described in Protocol 1 would enable such a certification since
it allows the parity X ⊕ Z to be perfectly predicted given A
and C, even when the parity cannot be predicted better than a
random guess when A and C are not given.

In the next section, we discuss an interesting consequence
of our protocol in terms of how quickly two separated parties
can generate nonlocal correlations between themselves.

D. Speed of creation of nonclassical correlations

Consider again the task of generating nonclassical corre-
lations P(XZ|AC) between Alice and Charlie. For simplicity,
we discuss the case of (1 + 1)-dimensional Minkowski space-
time. Unless explicitly stated otherwise, the ideas here
generalize to higher dimensions as well. Suppose that Alice
and Charlie remain stationary at the spatial locations xA and
xC > xA, respectively, while carrying out their measurements.
In a theory with NSC, any information traveling between the
locations xA and xC that would correlate the variables X and Z
produced there can at best travel at the speed of light c (even if
the communication of this information was mediated by other
parties). Therefore, the minimum time required to establish
any nonclassical correlations between Alice and Charlie if
they do not have any preshared nonclassical resources would
be tNSC = xC−xA

c .3

On the other hand, consider the causal model of Protocol 1
embedded in spacetime as per Fig. 1(a), where Alice’s setting
and outcome are associated with the same spatial location
and similarly for Charlie, but the timing is such that the
measurements are spacelike separated. Our results imply that
in a theory that allows jamming of spacelike separated correla-
tions, Alice and Charlie can establish nonclassical correlations
(such as the PR-box correlations) in half this time, i.e., tjam =
xC−xA

2c . They can do so with the help of a third party Bob
situated halfway between Alice and Charlie, who can receive
A and C from them (which takes tjam amount of time) and
immediately jam their outputs to produce the required PR-box
correlations X ⊕ Z = A · C. Thus, nonclassical correlations
can be created twice as fast in such theories.

If we allow the outputs X and Z to be produced at different
spatial locations xX � xA and xZ � xC , then in theories with
NSC, more time would be required for information to travel
from the input of one party to the output of the other, and
we would have tNSC � xC−xA

c . However, a surprising situation
arises in jamming theories in (1 + 1)-dimensional Minkowski
spacetime. It is possible to establish nonclassical correlations
even with a negative tjam, i.e., where the outputs are produced
at a much earlier time than the inputs (in some frame of
reference). Referring to Fig. 1(b), we can move the RVs X
and Z down along a lightlike surface (dashed lines) such that
they end up arbitrarily far apart in space and time, but their
joint future (blue region) remains unaltered and continues to
be contained in the future of the ORV B, enabling Bob to jam
them. Thus, we can always find a reference frame in which tjam

can be arbitrarily negative, indicating retrocausality. We note
that this form of retrocausality is not possible in Minkowski
spacetimes with higher spatial dimensions.4

3In the common rest frame of the parties, since we have taken them
to be stationary at their respective locations.

4That this is not possible in the (2 + 1)-dimensional case follows
from Lemma C.5 of Ref. [28]. It follows from this lemma that if the
spatial coordinates of A, X , and Z all lie on a line, then in any frame
where X and Z are simultaneous, their joint future (blue region) can
only be contained in the future lightcone of A if the time coordinate
of A is less than that of X and Z (and similarly for C). Thus, in
contrast to the case of (1 + 1) dimensions, X and Z cannot be moved
back in time without introducing superluminal signaling.
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Thus, theories satisfying NSS (such as jamming theories)
can, in general, create nonclassical correlations in a shorter
time than in a theory constrained by the stronger principle of
NSC. While this statement is generally true, the effect can
take a more drastic retrocausal form in (1 + 1)-dimensional
Minkowski spacetime.

VI. DISCUSSION

We have studied the relationship between the (sometimes
conflated) relativistic principles of no superluminal causation
and no superluminal signaling. That these are distinct has been
noted before in the context of Bell’s theorem, which implies
a gap between classical theories constrained by NSC versus
NSS. Here, we have discussed an information theoretic task
that would, in principle, allow the two principles to be oper-
ationally distinguished regardless of whether the underlying
theory is classical or nonclassical.

Although no experimental evidence currently suggests that
either NSC or NSS is violated by nature, understanding how
they constrain the landscape of possible physical theories is
valuable for the foundations of physics. Recent work [28]
demonstrates that jamming can lead to a violation of NSS
in certain scenarios, contrary to previous claims [14,15], but
even in scenarios where jamming obeys NSS, it can pro-
duce counterintuitive effects due to the certifiable violation
of NSC. Since NSC is a fundamental relativistic principle,
its certifiable violation in jamming theories, as shown by our
protocol, supports arguments for the nonphysicality of such
theories [28,29].

Our work provides a connection between jamming non-
local correlations and other postquantum correlations, such
as PR boxes, while demonstrating that jamming theories in
(1 + 1)-dimensional Minkowski spacetime permit a form of
retrocausality that could in principle be operationally verified
without violating NSS. The present work goes beyond our
previous work [8], which demonstrated causal loops without
superluminal signaling in (1 + 1) dimensions, by establishing
an operational gap between NSC and NSS even in theories
having an acyclic causal structure and hence a well-defined
ordering of agents’ operations, while linking this to a form
of certifiable retrocausality that can exist without invoking
causal loops. This has wider implications in both physics and
philosophy, since retrocausality has been proposed as a mech-
anism for Bell inequality violations (see, e.g., Refs. [18,30–
32] for a review) and our findings can help understanding
information-processing gaps between theories with definite
versus indefinite causal order [33–35] from the perspective of
relativistic principles.

Furthermore, one can consider the consequences for theo-
ries with NSS arising from the possibility of achieving Task 2.
If achieving Task 2 is deemed unphysical, then theories al-
lowing superluminal causation while respecting NSS must
eliminate protocols like ours using additional physical prin-
ciples. Nonlocal hidden variable theories, which posit extra
variables to explain quantum correlations, are one example
(see Appendix C for further details on how they relate to our
results). On the other hand, if Task 2 is considered physical,
the violation of relativistic principles such as NSC and no

retrocausality could become certifiable through our protocol
even in theories with NSS.

Future research directions include exploring the informa-
tion processing capabilities and limitations of theories with
these principles and related principles such as no causal loops
(e.g., as formalized in Refs. [7,8]) more widely. For instance,
the achievability of Task T is a prerequisite for applications
in device-independent cryptography [9–13], and the ability
to generate PR-box correlations has further implications for
communication complexity [36]. A wider comparison of these
principles and their significance for information processing
would further enhance our understanding of the foundations
of physics and inform the discussion of how new physical
theories might be formulated.
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APPENDIX A: FURTHER DETAILS OF THE CAUSAL
MODELING FRAMEWORK

In the main text, we have provided a rather nontechnical
overview of the causality framework of [7,8], which yields
a formalism for backing our main results about information
processing and relativistic causality principles. Here, we
present further technical details of this framework, which are
relevant for the arguments of this paper. A first important
concept is that of d-separation, which is defined below.

Definition 4 (Blocked paths). Let G be a directed graph in
which X and Y �= X are nodes, and let Z be a set of nodes
not containing X or Y . A path from X to Y (not necessar-
ily directed) is said to be blocked by Z if it contains either
A W B with W ∈ Z , A W B (a fork) with W ∈
Z or A W B (a collider) such that neither W nor any
descendant of W belongs to Z , where A and B are arbitrary
nodes in the said path between X and Y .

Definition 5 (d-separation). Let G be a directed graph in
which X , Y , and Z are disjoint sets of nodes. X and Y are
d-separated by Z in G, denoted as (X ⊥d Y |Z )G if every path
from a variable in X to a variable in Y is blocked by Z ,
otherwise, X is said to be d-connected with Y given Z .

D-separation is itself purely a property of the graph. What
we call the d-separation property, then links d-separation in
the causal structure G to conditional independences over the
set Nobs of observed nodes of G.

Definition 6 (d-separation property). Let G be a causal
structure associated with the set Nobs of observed nodes, a dis-
tribution PG (Nobs) is said to satisfy the d-separation property
with respect to G if and only if the following holds, where X ,
Y , and Z are three disjoint subsets of Nobs with X and Y being
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nonempty.

(X ⊥d Y |Z )G

⇓
PG (XY |Z ) = PG (X |Z )PG (Y |Z ). (A1)

Then, a causal model is specified by a directed graph G
associated with a set of Nobs of observed nodes, together with
a distribution observed PG (Nobs) that satisfies the d-separation
property with respect to G. This provides a minimal and gen-
eral definition of a causal model.

In the main text, we have described how a classical, quan-
tum, or postquantum causal model over a causal structure G
can be obtained by specifying the causal mechanisms (the
informational channels of the theory that we associate with the
graph G). The causal mechanisms allow us to compute the ob-
served distribution PG (Nobs). For instance, in quantum theory,
the causal mechanisms correspond to quantum channels, and
the observed distribution can be computed using the Born rule.
It has been shown that for classical and nonclassical causal
models defined on directed acyclic graphs, the d-separation
property holds for the resulting observed distribution [6,22].
More generally, our framework of Refs. [7,8] does not make
assumptions about the causal mechanisms, but rather only
assumes the d-separation property at the level of the observed
distribution. This property can also be satisfied in several
classical and nonclassical models defined on cyclic graphs,
making the framework more generally applicable to cyclic,
nonclassical causal structures. However, for the present paper,
only acyclic graphs will be relevant.

In the main text, we have reviewed the concept of affects
relations, which capture the ability of agents to signal be-
tween sets of observed nodes through active interventions.
Our formalism also introduces the concept of higher-order
affects relations to model more general interventions, which
captures the ability of agents to signal from X to Y when given
information about interventions performed on a third set Z of
observed nodes. These are defined as follows.

Definition 7 (Higher-order affects relation). Consider a
causal model associated with a causal graph G over a set Nobs

of observed nodes and an observed distribution PG . Let X , Y ,
and Z be three pairwise disjoint subsets of Nobs, with X and Y
nonempty. We say that X affects Y given do (Z ) if there exist
values x of X , z of Z such that

PGdo(XZ ) (Y |X = x, Z = z) �= PGdo(Z ) (Y |Z = z), (A2)

which we denote in short as PGdo(XZ ) (Y |X, Z ) �= PGdo(Z ) (Y |Z ).
When Z = ∅, we refer to this as a zeroth-order affects relation.

In general, two affects relations X1 affects Y and {X1, X2}
affects Y can carry the same information; this happens, for
instance, when X2 is irrelevant to the scenario (e.g., it may
have no causal connections with X1 or Y ). In such a case, the
affects relation emanating from the smaller set is the relevant
one, both for causal inference (as it tells us that X1 is a cause
of Y ) and for relativistic causality principles (as requiring Y to
be embedding in the future lightcone of X1 and X2 in light of
the second affects relation may not be necessary for avoiding
superluminal signaling, if X2 does not add any information to
the signal). Then, the following definition captures whether an
affects is reducible, which is important for ensuring that our

compatibility condition is both a necessary and a sufficient
condition for having no superluminal signaling when a causal
model is embedded in spacetime.

Definition 8 (Reducible and irreducible affects relations).
If for all proper subsets sX of X , sX affects Y given do(Zs̃X ),
the affects relation X affects Y given do(Z ) is said to be
irreducible. Otherwise, it is said to be reducible.

It is shown in Ref. [7] that for every reducible higher-order
affects relation X affects Y given do(Z ), there exists a proper
subset s̃X of X such that s̃X affects Y given do(Z ); i.e., X
affects Y given do(Z ) can be reduced to the affects relation
s̃X affects Y given do(Z ).

APPENDIX B: PROOFS OF ALL RESULTS

We reproduce the informal statements of the theorems
from the main text, before giving their formal versions and
proofs. Both results will refer to the following two spacetime
embeddings of the variables A, C, X , and Z modeling Alice
and Charlie’s inputs and outputs.

Definition 9 (Embedding 1). A ⊀� C, A ⊀� Z , X ⊀�

C, X ⊀� Z (i.e., these pairs are spacelike separated), and
A ≺ X , C ≺ Z [e.g., Fig. 1(a)].

Definition 10 (Embedding 2). A �≺�� X , C �≺�� Z , A �≺��
Z and C �≺�� X and F (X ) ∩ F (Z ) ⊆ F (A) ∩ F (C) [e.g.,
Fig. 1(b)].

Further, we recall the following definition of nonclassical
correlations.

Definition 11 (Nonclassical correlations). We say that
P(XZ|AC) is nonclassical if it cannot be written as follows
for any set of variables V :

P(XZ|AC) =
∑

V

P(X |AV )P(Z|CV )P(V ). (B1)

1. Proof of Theorem 1

Theorem 1. (Informal) Task 1 is impossible to achieve in
any classical theory without superluminal causation, while
Task 2 is impossible to achieve in any theory (classical or
otherwise) without superluminal causation. This holds even
when allowing for arbitrary collaboration strategies involving
additional agents.

Theorem 1. (Formal) Let A, C, X , and Z be random vari-
ables and � be a classical or nonclassical system. Further,
let S be an arbitrary set of random variables and systems.
In any causal model over these variables/systems in which A
and C are parentless, it is impossible to generate nonclassical
correlations P(XZ|AC) in the following two cases:

(1) The causal model is classical and satisfies NSC with
Embedding 1 (Definition 9).

(2) The causal model (which may be classical or nonclas-
sical) satisfies NSC with Embedding 2 (Definition 10).

The formal version of this theorem is a statement about
the observed random variables A, C, X , and Z , which are
part of a causal model (potentially involving other variables
and systems), and the embedding of this causal model in
spacetime. To connect to the informal version, take A and C
to play the role of Alice’s and Charlie’s settings and X and Z
to be their outcomes. The conditions on the causal model and
embedding capture the conditions of the tasks. For instance,
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the free choice of A and C is captured by taking them to be
parentless in the causal model.

Proof. We split the proof into two parts, covering the
statement for Embeddings 1 and 2 separately. We discuss the
case without S, before extending the argument to cover such
additional systems.

Impossibility for embedding 1: The distribution P(XZ|AC)
is the one relevant for the task. Since we are working in a
classical theory, all the systems can be taken to be classical
random variables. We now show that NSC in the spacetime
embedding of Definition 9 implies that there exists a vari-
able V such that the correlations P(XZ|AC) factorize as in
Equation (B1); i.e., that nonclassical correlations cannot be
generated.

For any random variable �, we can write P(XZ|AC) =∑
� P(XZ�|AC) and express this as follows using the rules

of conditional probability.

P(XZ|AC) =
∑

�

P(X |�ZAC)P(Z|�AC)P(�|AC). (B2)

We now apply NSC and the fact that A and C are parentless
to identify d-separations in any causal model embedded as per
Definition 9. This will yield corresponding conditional inde-
pendences in the probability distribution, by the d-separation
property (Definition 6) and allow us to simplify Eq. (B2) to
the required classical form.

(1) Since X and Z are spacelike separated, NSC means
there are no directed paths between X and Z in the causal
model. First, suppose X and Z have no common cause. This
means paths between X and Z cannot contain a fork, and
hence any paths between them must have a collider. Since A
and C are parentless, the variable at any such collider cannot
be A or C or have A or C as a descendant. Thus, (X ⊥d

Z|AC) and hence P(XZ|AC) = P(X |AC)P(Z|AC). By a simi-
lar argument (X ⊥d C|A), and symmetrically (Z ⊥d A|C), so
that P(XZ|AC) = P(X |A)P(Z|C), which is a special case of
Eq. (B1) with V trivial.

Hence, we can assume X and Z have a common cause, �.
NSC implies that � must be embedded in the joint past of
X and Z and that there cannot be any causal influences from
X or Z to �. This, together with A and C being parentless
implies (X ⊥d Z|�AC), i.e., P(X |�ZAC) = P(X |�AC) by
Definition 6.

(2) As per above, let � represent a variable embedded in
the past lightcone of X and Z , without loss of generality.
Since A and C are parentless, they could only be d-connected
with � if they had a directed path to �. Using A ⊀� Z and
C ⊀� X together with NSC rules out such directed paths.
Hence, (� ⊥d AC), which implies the conditional indepen-
dence P(�|AC) = P(�). Note that if we were to instead
consider a variable � that is embedded in the future lightcone
of A or C, then this � could not be a common cause of X
and Z due to NSC and cannot correlate them. Without loss of
generality, such variables could be absorbed into A or C itself.

(3) Since X and C are spacelike separated, NSC means
there are no directed paths between X and C in the causal
model. Since C has no incoming arrows, all paths between
X and C must contain a collider with central variable in the
future of C. It follows that (X ⊥d C|A�), and consequently

P(X |�AC) = P(X |�A). Symmetrically, we also have (Z ⊥d

A|C�) and hence P(Z|�AC) = P(Z|�C).
Plugging all of these conditional independences in

Eq. (B2), we obtain

P(XZ|AC) =
∑

�

P(X |�A)P(Z|�C)P(�), (B3)

which is precisely the condition for the correlation P(XZ|AC)
being classical [Eq. (B1), with � taking the role of V ].

To extend the argument to the case of arbitrary additional
systems S, consider the systems S being described by some
causal model satisfying the d-separation property. In all the
above arguments, the d-separation criteria used in the proof
follow from NSC and free choice of A and C, and hence
hold even when considering causal influences mediated by
additional variables S. This proves the statement for Task 1.

Impossibility for embedding 2: Since X , Z , A, and C are all
spacelike separated, NSC means that there can be no directed
paths between any of the four variables in the causal model.
Furthermore, since A and C are parentless, any path between
AC and XZ must contain a collider, whose central variable is
in the future of at least one of A or C. It follows that (XZ ⊥d

AC), which implies P(XZ|AC) = P(XZ ), and hence that no
nonclassical correlations are possible (any distribution P(XZ )
can be written in the form

∑
V P(V )P(X |V )P(Z|V )). �

2. Proof of Theorem 2

Theorem 2. (Informal) Tasks 1 and 2 can both be achieved
in a classical theory that realizes jamming correlations, with-
out violating NSS and using the assistance of an additional
agent, Bob. Alice and Charlie only send classical communi-
cation to Bob, and exchange no communication otherwise.
In particular, the maximally nonclassical, PR-box correlations
can be generated in this manner.

To show this, we use the causal structure of Fig. 2, in
which � is unobserved and all other nodes are observed, and
all the nodes correspond to binary classical variables. In the
causal model, we take � to be uniformly distributed, Z = �,
B = A · C, and X = � ⊕ B. This is the jamming causal model
presented in Ref. [8] (which is defined on X , Z , B, and �)
with the addition of the parentless nodes A and C, which
causally influence B. This leads to the PR-box correlations
X ⊕ Z = A · C, as in Protocol 1 in the main text. Moreover,
this model involves jamming correlations between B, X , and
Z since the conditions in Eq. (1) of the main text are satisfied:
B = X ⊕ Z ensures the first condition and � being uniform
ensures the last two.

[Note that a wider range of correlations can be generated
by modifying the causal model to include a “noise” variable.
For instance, defining � = (E , F ), where E is uniformly dis-
tributed, we can have X = E , B = A · C and Z = E ⊕ F ⊕ B
and, by varying the distribution over F , we can generate other
(possibly quantum) correlations as well. The given model
is asymmetric as there is only an influence of B on Z and
not on X , but it can be symmetrized, for instance by in-
cluding influences from B to X and Z and considering the
following functional dependences where we include an ad-
ditional symmetrizing variable in �: � := (E , F, G) with E
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and G uniform, B = A · C, X = E ⊕ (G ⊕ 1) · (F ⊕ B), Z =
E ⊕ G · (F ⊕ B).]

Theorem 2. (Formal) Consider the causal structure of
Fig. 2 and the causal model described above. For each of
Embeddings 1 and 2 (Definitions 9 and 10), there exist lo-
cations for the variables in the model compatible with the
embedding, together with a location for the variable B such
that the embedded model satisfies NSS.

Note that the causal model described captures what is
needed for Protocol 1 in the main text.

To relate the given causal model to the protocol of the main
text, B plays the role of the jamming variable under the control
of the agent Bob. Taking B = A · C is possible because A and
C are communicated to Bob. B affects {X, Z} (together with
the absence of affects relations from B to X or Z) capture the
ability of Bob to jam Alice and Charlie’s correlations.

Proof. In the given causal model, A affects B. As A is par-
entless, this affects relation is equivalent to P(B|A) �= P(B),
which holds because B = A · C and C is not fixed to 0. By
the same argument, C affects B. For NSS, we hence require
B � A and B � C, which are equivalent to F (B) ⊆ F (A)
and F (B) ⊆ F (C). we hence embed B such that B � A and
B � C (see Fig. 1 in the main text), so these affects relations
are compatible.

Moreover, we also have B affects {X, Z} (since PG (XZ )
is uniform but PGdo(B) (XZ|B) is deterministic due to B = X ⊕
Z). We hence need to embed B such that F (X ) ∩ F (Z ) ⊆
F (B). Similarly we also have {A,C} affects {X, Z} so require
F (X ) ∩ F (Z ) ⊆ F (A) ∩ F (C). Both these affects relations
are compatible with an embedding satisfying the conditions of
Embeddings 1 and 2 (Definitions 9 and 10) with the addition
of B (an example is given in Fig. 1).

Further, B does not affect X (since PG (X ) and PGdo(B) (X |B)
are both uniform because � is uniform) and similarly, B does
not affect Z . No further compatibility conditions are imposed
by the affects relations of this causal model (for instance, the
higher-order affects relation A affects B given do (X ) also
holds, but the compatibility condition for this relation, namely,
F (B) ∩ F (X ) ⊆ F (A) is already implied by the compatibil-
ity condition for A affects B, which is F (B) ⊆ F (A) that
has already been accounted for), and hence the result is
established. �

Note that the possible locations of B in the embeddings
depends on the spatial dimension, as a result of the require-
ment that F (X ) ∩ F (Z ) ⊆ F (B). In (1 + 1) dimensions, in
a frame where X and Z are simultaneous, B can be embedded
later in time than X and Z , while in higher dimensions, B must
be earlier in time than X and Z or simultaneous with them (see
Lemma C.5 of [28]).

APPENDIX C: RELATION TO NONLOCAL HIDDEN
VARIABLE MODELS

In Theorem 2, we have shown that Tasks 1 and 2 can be
achieved in jamming theories that violate NSC but not NSS.
The protocol achieving the tasks highlights a link between the
resources of jamming and the PR box, both of which have
been proposed in different classes of postquantum theories.
Here, we discuss how the two tasks can also be achieved in
other NSS theories without jamming. For example, we can
slightly modify the causal model of our jamming protocol,
by removing Bob’s node B in its causal structure (Fig. 2)
and having A and C directly influence X . Then, instead of
the model B = A · C and X = � ⊕ B, we can directly set
X = � ⊕ A · C to achieve the same correlations P(XZ|AC)
(in this case, PR-box correlations).

In the spacetime configurations for Tasks 1 and 2, the influ-
ence from C to X will be superluminal. As before, this model
remains compatible with the spacetime; i.e., does not lead to
superluminal signaling in both the spacetime configurations,
as long as � remains unobserved. In Task 1, this would corre-
spond to an explanation of nonclassical correlations in a Bell
experiment in terms of a nonlocal hidden variable theory [5].
Moreover, this model can also be adapted analogously to the
jamming case mentioned above, to generate other nonclassical
correlations, by adding a noise variable to �.

In the context of our discussion on the speed of creation
of nonclassical boxes, nonlocal hidden variable theories in
principle allow for instantaneous creation of nonclassical cor-
relations, since the causal influence from C to X can be
instantaneous. Furthermore, analogous to the case of jam-
ming, the above model can also achieve arbitrarily negative
times for creating nonclassical correlations in the spacetime
configuration of Task 2 [Fig. 1(b)].
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