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Abstract

A temporal counterpart to Bell nonlocality would intuitively refer to the presence of

non-classical correlations between timelike-separated events. The hypothesis of temporal

nonlocality has received recent support in the literature, and its existence would likely influ-

ence the future development of physical theories. This paper shows how Adlam’s principle

of temporal locality can be violated within a protocol involving indefinite causal orders.

While the derivations of Leggett-Garg inequalities or the temporal CHSH inequality are

said to involve problematic assumptions preventing a targeted probing of a well-defined

notion of temporal nonlocality, the present test is free from such worries. However, it is

shown that the test, in its current formulation, fails to be fully model-independent. We

provide several considerations regarding the physicality of ICOs that could help alleviate

this drawback. In the present work, a specific physical interpretation of ICOs in terms of

retrocausal influences would explain the presence of temporally nonlocal correlations. It is

argued that, as the physical underpinnings of temporal nonlocality might also account for

standard Bell nonlocality, focusing on the former as a consequence of ICOs might support

under-explored strategies to make sense of the latter.

Keywords: Temporal nonlocality, indefinite causal order, classical order, quantum nonlo-

cality
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1 Introduction

Bell nonlocality can be understood as taking place across space, as it refers to the presence of

non-classical correlations across spacelike-separated events (Bell [1964]; Bell [1976]). These

correlations violate the so-called Bell inequalities, which are derived upon assuming, among

other auxiliary premises, the principle of local causation: ‘If two sets of space-like physical

events A and B are correlated, then there exists a set of events C in the past common to A

and B such that conditioning on this set eliminates the correlation’ (wording taken from (Wise-

man and Cavalcanti [2017], p. 13)). The existence of Bell nonlocality has been experimentally

demonstrated (Aspect et al. [1982]). Its postulated origin, or underlying mechanism, will de-

pend on the interpretation one gives to the theory of quantum mechanics (QM),1 leading to

various understanding of the phenomenon. Importantly, the experimental test of Bell nonlocal-

ity is model-independent: it does not rely on the validity of any particular physical model. By

contrast, quantum nonseparability (or entanglement) is a model-dependent concept, necessary

but non-sufficient to observe Bell nonlocality. It is defined within the theoretical framework of

QM, and describes correlations among quantum states of distinct systems at the same time.

In that context, previous works explored the possibility of a temporal counterpart to Bell

nonlocality, one that would refer to the presence of non-classical correlations between timelike-

separated events. The following questions emerge:

- How should we define temporal nonlocality?

- Would this principle connect with a form of temporal entanglement ?

- Could we test for its existence?

- How would temporal nonlocality relate to spatial (i.e. Bell) nonlocality?

There are various motivations to investigate the hypothesis of temporal nonlocality. On the

one hand, there exists some support for its existence in nature. First of all, Adlam ([2018])
1 If QM is understood as referring to our relation to the external world (i.e. when a non-representationalist inter-

pretation of QM is adopted), Bell nonlocality is understood as affecting the way we relate to the world. If the
formal objects of QM are taken to refer to elements of the external world, nonlocality will be a true feature of
objective reality.

In the latter case, some approaches will embrace the existence of Bell nonlocality per se and provide some
dynamical mechanisms underlying it (e.g. Bohmian mechanics (Bohm [1952]), or the GRW theory (Ghirardi
et al. [1986])), while others will rather reject a peripheral premise used to derive the Bell inequalities, such as
the unicity of the measurement outcomes in an experiment (i.e. the many world interpretation of QM, see e.g.
(Wallace [2012])), or the free choice of its measurement settings (i.e. the superdeterminist approaches, see e.g.
(Baas and Le Bihan [2023])).
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makes the case that Bell’s theorem assumes both spatial and temporal locality. Violations of

Bell inequalities give therefore as much evidence against spatial locality than against temporal

locality. Temporal locality has been assumed rather uncritically for historical and pragmatic

reasons rather than for good scientific ones. Moreover, she points out that, according to the the-

ory of relativity, an instance of spatial nonlocality becomes an instance of temporal nonlocality

upon a change of reference frame. The assumptions of spatial nonlocality, temporal locality

and relativity are therefore incompatible. Another support for the hypothesis of temporal non-

locality comes from Leifer and Pusey ([2017]), who proposed an argument according to which

time-symmetric quantum mechanics must entail retrocausality. Rodrı́guez-Warnier ([2023])

modified this argument, and showed that time-symmetric QM more generally entails temporal

nonlocality as defined in (Adlam [2018]). Finally, as discussed in more detail below, delayed-

choice entanglement swapping experiments can be seen as providing support to some form of

temporal nonlocality. On the other hand, as discussed by Adlam ([2018]), the existence of tem-

poral nonlocality would impact the way we make progress in physics, and should therefore be

carefully examined. For example, temporal nonlocality can possibly support under-explored

interpretations of quantum mechanics, e.g. involving retrocausal influences, non-Markovian

dynamics or atemporal models. Furthermore, the question of temporal nonlocality is of foun-

dational interest, as it would clarify how quantum phenomena relate to the spatial and temporal

dimensions, which might impact future developments in more fundamental theories.

The ideal scenario to test for temporal nonlocality would be that, given (i) a specific exper-

imental setup with classical inputs and outputs of measurements, (ii) a set of reasonable hy-

potheses, and (iii) a suitably defined principle of temporal locality, temporal inequalities would

be derived. If these inequalities were violated by the probability distributions of measurements’

outcomes, we could infer that the principle of temporal locality needs to be rejected, and we

would speak of temporally nonlocal correlations. Different kinds of temporal inequalities have

been proposed in the literature (Leggett and Garg [1985]; Brukner et al. [unpublished]). In

(Brukner et al. [unpublished]), the relevant principle for temporal locality is called locality

in time, and states that ‘the results of a measurement performed at time T2 are independent

of any measurement performed at some earlier or later time T1’. A temporal version of the

CHSH inequality is obtained. In (Leggett and Garg [1985]), inequalities are derived, not to

probe the existence of some kind of temporal nonlocality, but instead to probe the quantumness

of macroscopic systems. The core principle needed for the derivation is that of macrorealism,
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which states that “a macroscopic object, which has available to it two or more macroscopically

distinct states, is at any given time in a definite one of those states, and it is possible in principle

to determine which of these states the system is in without any effect on the state itself, or on

the subsequent system dynamics”. Still, Leggett-Garg inequalities are often called temporal

Bell inequalities, because the experimental setup used to test the violation of these inequalities

involves a sequence of measurements of the same observable at different times.2 Instead of the

spacelike separated parties found in Bell’s theorem, we deal with timelike-separated parties.

Numerous experiments have been made to test whether one can empirically observe a violation

of the temporal version of the CHSH inequality (Ringbauer et al. [2018]), or of the Leggett-

Garg inequalities (Athalye et al. [2011]; Goggin et al. [2011]; Dressel et al. [2011]; Knee

et al. [2012]; Emary et al. [2013]).3

There are reasons why the inequalities derived from ’locality in time’ in (Brukner et al.

[unpublished]), or from ’macrorealism’ in (Leggett and Garg [1985]) might not be satisfying

tests for temporal locality. In order to derive the temporal CHSH inequality, ’locality in time’

is accompanied by an assumption of ’realism’ stating that ’the measurement results are deter-

mined by “hidden” properties the particles carry prior to and independent of observation’. A

similar realist constraint is present in the principle of macrorealism. While Adlam ([2018])

warns that these assumptions render irrelevant whether the outcome of a given measurement

is correlated in a non-classical way with the outcomes of earlier or later measurements, they

constitute at the very least a strong commitment that one might want to avoid for the sake of

the full generality of the test.

An alternative definition of temporal locality has been proposed by Adlam ([2018]), and

states in a nutshell that ‘all influences on a measurement outcome are mediated by the state of

the world immediately prior to the measurement’. However, while this definition has the benefit

of faithfully capturing the temporal counterpart of Bell locality, it has not yet been used in the

context of an experimental setup to derive corresponding temporal inequalities. Hopefully,

tests involving this formulation of temporal locality could be made free from the above worries

2 There exist different derivations of the inequalities, see e.g. (Rastegin [2014]; Clemente and Kofler [2016]; Ali
[2023]). Relatedly, Maroney and Timpson ([2019]) argue that a careful analysis of Leggett-Garg inequalities
shows that their violation can only imply a rejection of a weaker reformulation of macrorealism, stating that ‘the
only possible preparation states of a system S are operational eigenstates of [the quantity Q to be measured] and
statistical mixtures thereof’. This result amounts to say that the inequalities test whether one can understand the
indeterminacy of a measurement’s result as classical ignorance.

3 A discussion regarding the potential loopholes in these experiments is available in (Vitagliano and Budroni
[2023]).
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affecting the Leggett-Garg and the temporal CHSH inequalities.

The current lack of a satisfying and model-independent (i.e. holding independently of the

validity of any particular physical model) test of temporal nonlocality is unfortunate. This

prevents us from investigating whether we could elevate this principle from the status of a mere

theoretical possibility to that of an observable feature of nature (or at least a feature of physical

theories, for the less realist).

An intuition about the way Adlam’s temporal nonlocality could be tested can be gained by

examining how temporal correlations are described in quantum formalisms and, if applicable,

how one can formulate a corresponding temporal counterpart to standard quantum entangle-

ment. In the same way that entanglement is necessary to Bell nonlocality, one can expect that a

suitable concept of temporal entanglement could constitute a necessary ingredient to protocols

aiming to test Adlam’s temporal nonlocality.

A relevant work in that regard is the delayed-choice entanglement swapping (DCES) exper-

iment, which was introduced as a thought-experiment by Peres ([2000]), and was then experi-

mentally realised (see e.g. (Ma et al. [2012]; Megidish et al. [2013])). These experiments were

taken by Glick ([2019]) to involve entanglement between the past and future states of physical

systems. Glick claims that the results of the experiments can be explained by allowing a mea-

surement to act backwards in time (which might constitute an instance of temporal nonlocality,

as will be discussed in section 2), while this ability could be expressed in terms of entangle-

ment relations across time. Objections to this argument have been raised by Egg ([2013]) and

Price and Wharton ([2021]), and further developed by Mjelva ([2024]), who defend a some-

what antirealist take towards these entanglement relations in time. The results of the DCES

experiments are explained in terms of a statistical artefact arising due to the presence of a post-

selection step in the experimental protocol, at the price of postulating a preferred foliation of

spacetime, accepting the relativity of pre- and post-selection, or involving a multiple realisation

of outcomes. As Glick ([2019]) concludes, these results remain intriguing and “DCES provides

another reason to take timelike entanglement, and hence temporal non-locality, seriously”.

If one takes the possibility of temporal entanglement seriously, a central question remains:

how should we even formalise entanglement in time? While quantum entanglement describes

correlations among quantum states of distinct systems described at the same time, its temporal

counterpart, intuitively, would express correlations among quantum states of systems at differ-

ent times (Filk [2013]). Developing the corresponding mathematical apparatus is non-trivial,
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as demonstrated in (Horsman et al. [2017]). Yet, various proposals for representing quantum

states across time and space have been put forward in the literature, including process matri-

ces (Oreshkov et al. [2012]), consistent histories (Griffiths [1984]), entangled histories (Cotler

and Wilczek [2016]), quantum-classical games (Gutoski and Watrous [2007]), superdensity

operators (Cotler et al. [2018]), multi-time states (Aharonov et al. [2009]), pseudo-density op-

erators (Fitzsimons et al. [2015]) and double-density operators (Jia and Kaszlikowski [2024]).

Interestingly, (Zhang et al. [unpublished]) showed that a number of these approaches (namely

the process matrix formalism, consistent histories and quantum-classical games) express tem-

poral correlations in a similar, or at least operationally equivalent, way. Within these frame-

works, a notion of temporal entanglement has sometimes been proposed, as it is the case for

the pseudo-density operators formalism (Ku et al. [2018]) or the notion of entangled histo-

ries (Nowakowski [2017]; Nowakowski [2024]). In these two specific cases, the role of tempo-

ral entanglement in the violation of Leggett-Garg inequalities was discussed.

It has recently been voiced that indefinite causal orders (defined within the process matrix

formalism mentioned above) might constitute another possible notion of temporal entangle-

ment (Crull [2022]). This intuition will be put to use in this paper. Our main objective will

be to investigate to what extent indefinite causal orders can constitute the core ingredient of an

experimental protocol testing Adlam’s principle of temporal locality.

The structure of the paper will be as follows. Section 2 will introduce the definition of

temporal locality as proposed by Adlam ([2018]). Section 3 will present the theory-dependent

notion of indefinite causal orders (ICO), as defined in the context of the process matrix formal-

ism. Section 4 will show how the principle of temporal locality can be tested within a setup

involving ICOs. More precisely, section 4.1 will present a famous process instantiating an ICO,

namely the quantum switch. Section 4.2 will present a setup, proposed in (Zych et al. [2019]),

involving two entangled quantum switches, from which ’temporal Bell inequalities’ can be de-

rived. Section 4.3 will then discuss to what extent temporal nonlocality can be inferred from a

violation of these inequalities. Section 4.4 will highlight the model-dependence of that infer-

ence, and explore the prospects of a model-independent version of the protocol to test temporal

locality. Finally, section 5 will discuss the question of the (physical) distinction between spatial

and temporal nonlocality. Section 6 will conclude.
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2 Temporal Locality

The principle of ‘local causality’ in Bell theorem can be replaced by its straightforward tempo-

ral counterpart. Recall that ‘local causality’ means that ‘causes precede their effects, and causal

influences travel continuously through spacetime at subluminal speeds’, and can be expressed

more rigorously as follows (wording from (Adlam [2018], p. 1)):

Suppose that two observers, Alice and Bob, perform measurements on a shared physical system:
Alice performs a measurement with setting a and obtains a measurement outcome A, while Bob
performs a measurement with measurement setting b and obtains a measurement outcome B. Let
λ be the joint state of the shared system prior to the two measurements. Then:

p(A,B|a, b, λ) = p(A|a, λ) . p(B|b, λ)

Within a given frame of reference specifying a specific time coordinate, Adlam ([2018],

p. 2) proposed the following temporal version of Bell nonlocality (see Fig. 1):

Suppose that two observers, Alice and Bob, perform measurements on a shared physical system.
At some time ta, Alice performs a measurement with measurement setting a and at some time ta+
δ she obtains a measurement outcome i; likewise, at some time tb, Bob performs a measurement
with measurement setting b and at some time tb + δ he obtains a measurement outcome j. Let
λ(ta) be the state of the world at time ta and let λ(tb) be the state of the world at time tb. Then,
temporal locality means that the following equalities hold:

p(i|a, b, λ(ta), λ(tb), j) = p(i|a, λ(ta)) (1)

p(j|a, b, λ(ta), λ(tb), i) = p(j|b, λ(tb)) (2)

Eq. (1) and (2) can then be combined to yield:

p(i, j|a, b, λ(ta), λ(tb)) = p(i|a, λ(ta)) . p(j|b, λ(tb))

Because temporal (non)locality characterises correlations between physical events, this cri-

terion should be frame-independent. Yet, the notion of the ‘state of the world at a given time’

is both frame-dependent and at the centre of the definition of temporal locality. It therefore

makes sense that the criterion for temporal locality should (implicitly) hold in any given frame

of reference, if a correlation is to be qualified as temporally local.

The above principle can be summarised in the following way: ‘[...] all influences on a

measurement outcome would be mediated by the state of the world immediately prior to the

measurement’ (Adlam [2018], p. 2). This definition will be adopted in the remainder of this

work as the principle of temporal locality to be tested.
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Figure 1: Schematic representation of a bipartite scenario
with parties A and B having (respectively) their classical
inputs denoted a and b, their classical outputs denoted i
and j, and the variables λ(ta) and λ(tb) describing the
state of the world immediately before their measurement
takes place. The present example displays the order A ⪯
B, yet the definition of temporal locality is valid for any
partial order between the parties.

In (Adlam [2018]), it is proposed that violating temporal locality as defined above can occur

if an explicitly retrocausal dynamics is involved, or if the dynamics is said to be ’atemporal’

(i.e. the events are determined ’all-at-once’ in a global fashion across spacetime), or non-

Markovian. However, an important precision is needed. Only the retrocausal influences that

act on the measurement’s outcome of an earlier party would necessarily violate Eq. (1). One

can indeed imagine, in Fig. 1, that a retrocausal influence of party B on party A is encoded

in the variable λ(ta), and no violation of Eq. (1) would be observed. Retrocausal theories, as

long as they do not violate Eq. (1) or Eq. (2), would not, strictly speaking, be considered as

temporally nonlocal according to Adlam’s definition. A similar reasoning holds for the other

candidate mechanisms possibly yielding temporal nonlocality.

3 Indefinite Causal Orders

In standard quantum mechanics, one can describe correlations (e.g. quantum entanglement)

among the quantum states of physical systems. It is possible to zoom out and study quantum

correlations at a meta-level, namely among the quantum operations applied to quantum sys-

tems. This is achievable within the ’process matrix formalism’, of which the central objects are

’processes’ represented by ’process matrices’ (denoted by W ). A process is made of a set of

parties operating in their respective laboratories, and choosing to perform (on a physical sys-

tem) some local operation allowed by quantum mechanics. No assumption is made regarding

the spatiotemporal locations of the parties. However, it will be described how the various local

operations are combined into a global map (see Fig. 2 (a)). In that sense, a process will treat

the parties as black boxes implementing some local operation, and will describe the quantum

dynamics between the parties. Crucially, a valid process will satisfy certain mathematical prop-

erties ensuring that the dynamics connecting the parties (even exotic ones, as we will see below)

do not give rise to logical contradictions, no matter the local operation that is implemented in
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each party.

Figure 2: (a) A process matrix W representing a (quantum) process as a map applying n local (quantum) opera-
tions (denoted Aj with j going from 1 to n) over a global operation. The labels I and F represent the input and
output of the process, respectively, while Ij and Fj represent the input and output of the local operation Aj , re-
spectively. (b) Process describing one and the same system (initially described by the quantum state ρ) undergoing
two successive operations (A and B), while the final output system is thrown away.

As an example, Fig. 2 (b) shows a bipartite process describing how the quantum input and

output systems of two local operations (performed by two isolated parties A and B) can be

connected to each other.

In the previous example, the order between the local operations is definite. This means

that a relation of partial order exists between the involved parties (namely either A ⪯ B, or

B ⪯ A, or B ∥ A), such that the probabilities of the measurements’ outcomes of one party can

be statistically dependent on the settings of measurements performed by the other party only if

this other party is preceding in the partial order. Alternatively, a process can correspond to a

probabilistic mixture of partial orders. In that case, it is still the case that the order between the

parties is definite.

Let’s restate the above definition of definite order. Let WA,B be a bipartite process describ-

ing the way two local quantum operations performed on a quantum system by their respective

party (A and B) are combined to form a global operation. WA,B has a definite order if it can

be decomposed as a probabilistic mixture of one-way (or no-) signaling processes (Oreshkov

et al. [2012]; Oreshkov and Giarmatzi [2016]):

WA,B = qWA≺B + (1− q)WB≺A (3)

where q is a number between 0 and 1 and WX≺Y represents a process for which signalling (i.e.

the influence of the classical output of a party by the choice of the classical input of another

party) is only possible from X to Y . A generalisation of Eq. (3) for multipartite processes has
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been developed in (Oreshkov and Giarmatzi [2016]) and (Wechs et al. [2019]).

A process with a definite order is also said to be ’causally separable’. Now, because the

process matrix formalism only imposes that no logical contradiction arises when the process

generates a joined probability distribution over the measurements’ outcomes of the different

parties, the formalism does not presuppose that the partial order between the parties is definite.

’Indefinite causal order’ (ICO) between parties occurs in processes that cannot be decomposed

as in Eq.(3). These processes are called causally nonseparable. Crucially, there exist causally

nonseparable processes that are valid, i.e. describe dynamics between parties that are free from

logical contradictions. A concrete example of indefinite causal order, displayed in a process

called the quantum switch, is presented in the next section.

The intuition that causal nonseparability (or, equivalently, indefinite causal orders) is in-

timately connected to a form of temporal entanglement has been formulated in the litera-

ture (Crull [2022]). In this paper, we will put this intuition to use and show that, at the very

least, a process involving an ICO can yield a violation of Adlam’s principle of temporal locality.

4 Temporal Nonlocality from Indefinite Causal Orders

This section will proceed as follows. First, section 4.1 will present the quantum switch (Chiri-

bella et al. [2013]), a process displaying an indefinite causal order that can be physically imple-

mented (Procopio et al. [2015]; Rubino et al. [2017]; Goswami et al. [2018]; Wei et al. [2019];

Guo et al. [2020]). From there, section 4.2 will present a more general experimental setup pro-

posed in (Zych et al. [2019]), involving two quantum switches, from which ’temporal Bell

inequalities’ can be derived. In section 4.3, we will show that the violation of these inequalities

implies temporal nonlocality, under certain (model-dependent) assumptions. Section 4.4 will

explore the prospects of a model-independent version of the protocol to test temporal locality.

4.1 A case of Indefinite Causal Order: the quantum switch

Let’s consider a particular example of causally nonseparable process, called the quantum switch

(QS). This process involves three parties. First, two parties, A and B, perform a quantum

operation (denoted UA and UB, respectively) on a target system (of which the quantum state is

denoted |ψt⟩).4 The state of a qubit system, called the control (of which the quantum state is

denoted |ψc⟩) determines the order of the operations performed by parties A and B: if |ψc⟩ =
4 The following assumes unitary operations for simplicity, but one can generalise the description to non-unitary

transformations.
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|0c⟩, then the output system of party A is sent to the input of party B (this is denoted A ⪯ B).

If |ψc⟩ = |1c⟩, then the output system of party B is sent to the input of party A (this is denoted

B ⪯ A). In the quantum switch, the control system is in a superposition of states, i.e. |ψc⟩ =
1√
2
(|0c⟩+ |1c⟩). As a result, the order of the operations of parties A and B is entangled with the

state of the control, hence indefinite. The final state of the composite system [target + control]

(denoted
∣∣ψQS

〉
) is expressed as follows:

∣∣ψQS
〉
=

1√
2
(|0c⟩UBUA |ψt0⟩+ |1c⟩UAUB |ψt0⟩) (4)

where |ψt0⟩ denotes the state of the target system at the very beginning of the process. A third

party, Z, receives
∣∣ψQS

〉
, and performs some projective measurement on the control system.

For the sake of completeness (and we will see that it matters in the next section), we should

also take into account the (possible) presence of free evolution of the target system in between

the operations taking place in parties A and B. Let’s denote V0c the operator for the free

evolution of the target in case the control system is in the state |0c⟩, and V1c when the control is

in |1c⟩. Eq. (4) becomes:

∣∣ψQS
〉
=

1√
2
(|0c⟩UBV0cUA |ψt0⟩+ |1c⟩UAV1cUB |ψt0⟩) (5)

Fig. 3 summarises the experimental protocol and the notations introduced above. For the

sake of visual representation, we denote E1 and E2 the occurring of the transformations under-

gone by the target system. Since the order between party A and B is indefinite, it is indefinite

whether E1 corresponds to UA or UB, and similarly for E2. The variables λ(t1) and λ(t2) encode

the state of (the relevant part of) the world immediately before events E1 and E2, respectively.

By definition of the QS, one sees that λ(t1) = ρE1t0 and λ(t2) = ρE2t0 , i.e. the variables λ(t1)

and λ(t2) correspond to the state of the target system immediately before it undergoes event

E1 and E2, respectively. The grey square on Fig. 3 represents the spacetime region in which

lies the indefinite causal order between parties A and B. As explained in (de la Hamette et al.

[unpublishedb]), it can originate either from a superposition of worldlines of the target system

(one worldline would undergo operations UA before UB, and the other worldline would do the

opposite), or from a superposition of spacetime metrics within that region (one metric would

be such that A ⪯ B, and the other metric would describe the opposite order).

We will now see, in the next section, how Zych et al. ([2019]) devised a more complex

setup involving two quantum switches that can be used to derive ’temporal’ Bell inequalities.
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Figure 3: Schematic representation of a quantum
switch. A preparation procedure prepares the target
system in state |ψt0⟩ and the control system in state
|ψc⟩ = 1

2 [|0c⟩ + |1c⟩]. The target system undergoes an
operation in party A, according to the map UA, and an-
other operation in partyB, according to the mapUB . The
order between these operations is indefinite. These oc-
currences of the operations are denoted E1 and E2, with-
out specifying to which party they correspond. The states
ρE1
t0 and ρE2

t0 correspond to that of the target system im-
mediately before events E1 and E2, respectively. At the
end of the process, party Z receives the final state of the
composite system [target + control] and makes a projec-
tive measurement (with classical setting z) on the control
system, yielding some classical outcome k.

4.2 Experimental setup for testing temporal nonlocality

The setup of Zych et al. ([2019]) (see Fig. 4) involves two quantum switches relying on gravi-

tational effects to induce the ICO. The control system M is a massive body in a superposition

of two mass configurations
∣∣MA⪯B

〉
and

∣∣MB⪯A
〉
. Each of these states induces, via an ap-

propriate curvature of spacetime, a specific order between the operations of parties A and B,

namely A ⪯ B and B ⪯ A, respectively. Two such quantum switches are spacelike-separated

from each other. Two target systems, S1 and S2, are prepared in a product state |S1⟩ |S2⟩. S1 is

sent to the first quantum switch, while S2 is sent to the second. After these systems underwent

operations in parties Ai and Bi (i = 1,2), two spacelike-separated parties (C1 and C2) perform

a measurement on systems S1 and S2, respectively. The classical input (output) of party Ci is

denoted Ii (Oi). The control systemM is measured by another party Z (in the future lightcones

of parties Ai and Bi (i = 1,2), and spacelike separated from C1 and C2), producing an output

bit k.

Zych et al. ([2019]) derived a Bell inequality, characterising the correlation between the

spacelike-separated events at C1 and C2. The following premises have been assumed for the

derivation:

A1 The initial state of the two target systems and the control system is separable. By definition,

a state w is separable (written as w = w1 ⊗ w2), if the probabilities of local measurements

factorise as P (O1, O2|I1, I2, w) = P (O1|I1, w1).P (O2|I2, w2), with Oi and Ii being the clas-

sical outputs and inputs of the measurements.

12



Figure 4: Schematics of the setup for the violation of
a temporal Bell inequality, as proposed in (Zych et al.
[2019]). A massive body M is in a superposition of two
mass configurations

∣∣MA⪯B
〉

and
∣∣MB⪯A

〉
, each induc-

ing the partial order A ⪯ B and B ⪯ A, respectively.
Two target systems S1 and S2 are prepared in a product
state |S1⟩ |S2⟩. S1 is sent to a first quantum switch, while
S2 is sent to a second one, spacelike-separated from the
first. Each party Ai and Bi (i = 1,2) in each quantum
switch performs one operation. The order between these
operations is indefinite. Two spacelike-separated parties
(C1 and C2) measure S1 and S2, respectively. The input
(output) of party Ci is denoted Ii (Oi). The control sys-
tem M is measured by party Z (in the future lightcones
of parties Ai and Bi (i = 1,2), and spacelike separated
from C1 and C2), producing an output bit k.

A2 The operations performed on the systems are local, i.e. they are realised at the time and

location defined by a local clock.

A3 The parties A1 and B1 are space-like-separated from the parties A2 and B2. The parties C1,

C2 and Z are pair-wise spacelike-separated.

A4 The choice of the settings of the measurements in C1, C2 and Z is statistically independent

from the rest of the experiment.

A5 Any non-trivial free evolution of the target system Si in between parties Ai and Bi remains

uncorrelated to the control system’s state.

A6 The parties Ai and Bi are ’classically ordered’, i.e. ‘there exists a space-like surface and a

classical variable γ defined on it that determines the causal relation betweenAi andBi: either

Ai ⪯ Bi (Ai is in the past causal cone of Bi), Bi ⪯ Ai (Ai is in the past causal cone of Bi)

or Ai||Bi (Ai and Bi are space-like separated)’ (Zych et al. [2019], p. 4)

As a note, the assumption [A5] regarding the free evolution of the target in between parties

Ai and Bi was not explicitly present in the original work of Zych et al. ([2019]), and has been

made explicit in (Debski et al. [2023]).5 As it will be discussed in section 4.4, the satisfaction

of this assumption is arguably not verifiable in a model-independent way.

The authors then show that the joint final state of the target systems S1 and S2 (denoted

|ψfinal⟩) is entangled, which means that there exist local measurements that can be performed

5 The discussion in (Debski et al. [2023]) is based on a variant experimental setup in which the quantum switches
are not implemented via a superposition of mass configurations, but via relativistic time dilation effects. How-
ever, their argument showing that assumption [A5] is assumed in the derivation of the temporal Bell inequality
is valid for the gravitational version as well.
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on them by parties C1 and C2 such that the corresponding Bell inequality is violated. This joint

final state, displaying two entangled QS, has a form similar to Eq. (5):

|ψfinal⟩ =
1√
2
(
∣∣MA⪯B

〉
UB1V

AB
1 UA1 |ψS1⟩UB2V

AB
2 UA2 |ψS2⟩

+
∣∣MB⪯A

〉
UA1V

BA
1 UB1 |ψS1⟩UA2V

BA
2 UB2 |ψS2⟩)

(6)

where V XY
i is the operator describing the free evolution of the target system Si in the

branch with causal order X ⪯ Y . It follows from this result that at least one of the assumptions

[A1-A6] needs to be rejected.

4.3 Temporal versus spatial nonlocality

Assumptions [A1-A4] are arguably reasonable, although some could defend, e.g., a rejection

of the free choice of settings, as it has been done in the context of Bell theorem (Hossenfelder

and Palmer [2020]; Andreoletti and Vervoort [2022]; Baas and Le Bihan [2023]). However, if

one deems [A1-A4] acceptable, in the face of the above-mentioned violation of the temporal

Bell inequality, which premise, of [A5] or [A6], should we reject?

Let’s assume that the assumption [A5], namely the guarantee that any non-trivial free evo-

lution of the target remains uncorrelated to the control system, is violated, while assumption

[A6] holds. In that case, there would exist a variable γ on a spacelike surface such that parties

Ai and Bi enter a definite partial order relation. Yet, Eq. (6) would still display an entangled

state due to the difference in the overall evolution of the target system (including its free evolu-

tion, that is) depending on the state of the control. One could imagine that instead of the proper

implementation of the setup in Fig. 4, the mass configuration would only induce a different

spacetime metric in between the events occurring in Ai and Bi, while these parties would lie in

a definite causal order.

In that case, and as mentioned in section 1, it is always possible to reject the principle of

temporal locality to explain the presence of the Bell nonlocal correlation between the spacelike-

separated events in C1 and C2. Yet, it would not be necessary to appeal to its violation to

account for the final entangled state in Eq. (6). The situation, at least as it is modelled with

the tools of section 3, is compatible with the idea that whatever happens in Ai and Bi depends

only on the state of the world immediately prior to their operations. To see this, let’s go back to

Fig. 3, in which we would consider the order between partiesAi andBi as fixed (corresponding
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to, say, Ai ⪯ Bi, with E1 (E2) corresponding to party Ai (Bi)). We would have that the state ρE2t0
(i.e. ρBi

t0 ) would be mixed (following the indeterminacy of the target’s free evolution between

party Ai and Bi), yet it would contain (and therefore screen off) any contribution from party

Ai, such as ρt0 and the setting and outcome of the measurement performed on the target by Ai.

Reciprocally, the model does not explicitly show a retro-influence of party Bi on party Ai, as

the state ρE1t0 (i.e. ρAi
t0 ) is definite (if ρt0 is so) and does not contain explicit information about

party Bi.

Let’s suppose now that the assumption [A6], namely that of classical order, is violated,

while assumption [A5] holds (for any possible theoretical model describing the free evolution).

(1) In the demonstration of Zych et al. ([2019])’s theorem, the assumption of classical order

[A6] is taken to imply that, if the order between parties Ai and Bi is Ai < Bi, then this

means that the operation of partyAi occurs in the past lightcone of partyBi. As a result, the

operation of Ai can, possibly, causally influence party Bi, but not the contrary. A similar

logic applies for the order Bi < Ai. If Ai||Bi, then no party can causally influence the

other one.

(2) If [A6] is violated, there exists no variable γ on a spacelike surface such that a partial order

exists between parties Ai and Bi (i.e. either Ai ⪯ Bi, Bi ⪯ Ai or Ai||Bi).6

(3) From the two above claims, the following ensues: since the experiment is incompatible

withAi||Bi, it is false that neither partyAi nor partyBi exerts some causal influence on the

other party. In other words, the fact that no model can describe Ai and Bi being spacelike

separated means that there must be some causal influence between the two parties.

(4) If only party Ai causally influences party Bi, then a model according to which the order

Ai < Bi holds should be adequately describing the setup (and reciprocally for causal

influences from party Bi to party Ai).

(5) However, violation of [A6] means that neither Ai < Bi nor Bi < Ai is a compatible

description, no matter what the model and its variable γ are.

(6) It ensues that causal influences must be happening in both directions of time, which amounts

to accepting retrocausal influences.

6 As shown in (de la Hamette et al. [unpublishedb]), an ICO is a frame-independent feature, and cannot be
dispelled upon selecting a particular frame of reference. The presence of an ICO is therefore consistent with the
idea that, in spatiotemporal terms, there exists no variable γ on a spacelike surface for which a definite causal
order exists.
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As explained in section 2, these retrocausal influences will imply temporal nonlocality if

they retroactively impact the measurement’s outcome of earlier parties. This last step in the

argument is discussed below.

The reading of the QS as involving retrocausal influences is a valid understanding of the

process. The work of Vilasini and Renner ([unpublished]) demonstrated that a process matrix

(which maps local operations into a global one) can be alternatively described as a composi-

tion of operations (possibly) involving feedback loops (i.e. an output system of an operation

is looped back and connected to an input system of that same operation). Importantly, Vilasini

and Renner ([unpublished], corollary 6.3) proved, among more general claims, that a process

with an ICO is such that the structure connecting its (information-theoretical, i.e. not embed-

ded in spacetime) input and output systems (called information-theoretic causal structure) is

incompatible with an acyclic directed graph. Yet, there exists a compatible cyclic causal struc-

ture.7 This sheds light on the range of possible physical realities underlying ICOs. As described

within the PMF, the incompatibility of a process with any acyclic (information-theoretic) causal

order is taken to indicate that the causal structure is indefinite. However, as equivalently mod-

elled in the framework of Vilasini and Renner ([unpublished]), this incompatibility can be taken

to indicate that the causal structure is definite, yet cyclic.

If one appeals to the latter model, provided that this cyclic ’information-theoretic’ causal

structure translates into a cyclic ’relativistic’ causal structure upon embedding the process in

spacetime (see section 4.4 for a discussion), this cyclic relativistic causal structure would allow

for retrocausal influences between well-defined spatiotemporal events (namely the spatiotem-

poral embedding of the quantum input and output systems of parties Ai and Bi in the setup of

Fig. 4). Since no alternative acyclic relativistic causal structure would be compatible with the

experiment’s behaviour, we can infer that retrocausal influences would indeed be taking place.

Importantly, Vilasini and Renner ([unpublished])’s framework considers feedback loops

such that, in the case of the QS, the quantum outputs of each party causally influence the inputs

of the other party. This model would yield no violation of the principle of temporal locality for

reasons explained in section 2. However, a theoretical model for which these retrocausal in-

fluences impact the measurement’s outputs of earlier parties (denoted ’output-impacting’ retro-

causality from now on), instead of their input, is conceivable and could be posited with the same

7 This result generalises the work of Barrett et al. ([2021]), which demonstrated that unitary processes with ICOs
are equivalent to processes in which the order among parties is definite, yet cyclic.
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experimental predictions.8 One sees, however, that this further constraint makes the presence

of temporal nonlocality from retrocausality highly model-dependent. Yet, this situation might

be understood as an artefact of a possibly too restrictive definition of temporal locality. Indeed,

a slight modification of Adlam’s original definition would encompass both ’output-impacting’

and ’input-impacting’ retrocausal models as possible instances of temporal nonlocality, without

significantly altering the physical meaning of the latter.

One might want to define the variables λ(tA) and λ(tB) in Eq. (1) and Eq. (2), not as ‘de-

scriptions of the world immediately prior to the measurements’, but simply as ‘descriptions of

the world prior to the measurements’. The fact that these descriptions can correspond to arbi-

trarily remote regions of the past ensures that temporal locality can be violated in the case of

’input-impacting’ retrocausal models. The idea is that, while some variables λ(tA) and λ(tB)

characterising some input for the measurements may be impacted by future events, and would

not lead to a violation of temporal locality if used for the calculations of the outcomes’ probabil-

ities, there could exist some other set of variables λ(t′A) and λ(t′B) (with t′X < tX , X = A,B)

lying in the past of these retrocausally modified inputs, for which no influence from the future

is taking place. Appealing to this set of variables for the calculation of the measurements’

predictions would then amount to seeing the backward modification of the outputs of measure-

ments (following the backward modifications of the variables λ(tA) and λ(tB) characterising

their input), which would violate temporal locality. An example of such a situation in the case

of the QS would be to take the variables λ(t′A) and λ(t′B) to be the initial state of the target

system as it enters the process (|ψt0⟩), while λ(tA) and λ(tB) would correspond to the target

system’s mixed states at the entrance of parties A and B, respectively. While λ(tA) and λ(tB)

are influenced by the events taking place in the other party, it is not the case of |ψt0⟩, which is

not affected by what takes place in the process.

8 Major retrocausal models found in the literature are explicitly input-impacting (e.g., the models in (Schulman
[1997]; Schulman [2012])). In the two-state vector formalism (TSVF) (see, e.g., (Aharonov and Vaidman
[2008])) the probabilities of obtaining a given outcome for a measurement is explicitly dependent on future
events (see Eq. (13.9) and (13.10) in (Aharonov and Vaidman [2008])), but this dependency seems to be the
sole consequence of having the inputs of the measurement dependent on future events. An output-impacting
retrocausal model could have that the classical settings of a measurement be impacted by future events, so that
the output depends on future events via other means than the mere retrocausal influence on the input. To the
best of my knowledge, such a scenario has not been discussed in the literature, and would correspond to a
kind of “time-symmetric superdeterminism”. I leave it as an open question whether such a proposal would dis-
play any virtue (e.g., while time-symmetry can be considered as an attractive model feature for conceptual or
philosophical reasons, some could see the combination of superdeterminism with retrocausality as a weakening
move (Hossenfelder [unpublished]).
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This slight change from temporal locality as the idea that “[...] all influences on a mea-

surement outcome would be mediated by the state of the world immediately prior to the mea-

surement” (Adlam [2018], emphasis added), to temporal locality as the idea that ”all influences

on a measurement outcome would be mediated by the state of the world prior to the measure-

ment” would not imply a significant departure from the original definition, and would remain

in close agreement with the initial conception of Bell’s local causality (here applied to timelike-

separated events) as the requirement that “causes precede their effects, and causal influences

travel continuously through spacetime at subluminal speeds”. I leave open, at this stage, the

question of whether such a variant should be preferred. For the time being, we adopt the model

in which retrocausal influences impact the measurement’s outcomes of earlier parties, from

which a violation of temporal locality can be inferred.

We already see how the inference of temporal nonlocality from a violation of a temporal

Bell inequality relies on model-dependent assumptions, namely a particular modelisation of

ICOs in terms of a definite, yet cyclic relativistic causal structure. More generally, the above

argument does not even refer to actual measurements that would be made in parties Ai and Bi.

Indeed, temporal nonlocality is inferred from the correlation between measurements performed

in parties C1 and C2. Strictly speaking, the measurements in parties Ai and Bi are merely

assumed to take place. We will see that whether this commitment holds will depend both on

the spatiotemporal embedding of the QS’s implementation, and on the physical interpretation

of ICOs themselves. Another weakness of the above argument is that we have assumed that

a violation of a temporal Bell inequality would point towards a violation of the principle of

classical order, rather than a violation of assumption [A5]. The next section will discuss in more

detail whether the present test of temporal locality can be made model-independent in spite of

(i) relying on a rejection of the principle of classical order instead of a rejection of assumption

[A5], and (ii) assuming an interpretation of the QS as involving retrocausal influences between

operations that actually take place.

4.4 A model-independent test?

In the face of a violation of a temporal Bell inequality when implementing the setup of Zych

et al. ([2019]) (and setting aside the assumptions [A1-A4]), one would need convincing rea-

sons to claim that [A5] holds. Yet, settling the question of whether [A5] is satisfied would

require describing the experimental protocol with a theoretical model. This is therefore a
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model-dependent statement. This point was already raised in (Debski et al. [2023]).

We note, however, that the above argument inferring temporal nonlocality from a non-

classical order remains valid even if assumption [A5] were to be violated simultaneously to

[A6]: the presence of a non-trivial free evolution between Ai and Bi that would be coherently

controlled would not cancel out the retrocausal influences taking place between the parties. As

such, a model-independent guarantee that at least [A6] is violated via (output-impacting) retro-

causal influences would be enough for the whole test to be model-independent. This would

require an implementation of the QS so that we can guarantee, model-independently, that it in-

stantiates an (output-impacting) cyclic relativistic causal structure among well-localised space-

time events.

There is an ongoing debate regarding the way we should understand the spatiotemporal em-

bedding of the quantum switch’s realisations. We recall that the ’causal order’ between two par-

ties of a process is to be understood in information-theoretic terms (whether that causal struc-

ture is modelled in the process matrix formalism or in Vilasini and Renner ([unpublished])’s

framework). The connection between the information-theoretic structure and its corresponding

spacetime embedding is not trivial (Oreshkov [2019]; Vilasini and Renner [unpublished]): how

are the physical systems and their interactions embedded in spacetime? Does the information-

theoretic ICO translate into an indefinite causal order in terms of spatiotemporal relations be-

tween spacetime events? Let’s review three different scenarios for the spatiotemporal embed-

ding of the QS, and their implications on our argument.

(1) Simulation of ICOs in a fixed spacetime: Let’s assume a fixed spacetime background.

When experimentally realising an ICO, the inputs and outputs systems of the different

parties become embedded in that fixed spacetime. It might very well be the case that this

embedding is such that their location is indefinite.

In the case of the QS, it would be indeterminate when and/or where the target system un-

dergoes the operations in parties A and B. In particular, the information-theoretic event

consisting of the operation of party A on the target system would correspond to a pair of

spacetime events (EA⪯B
A and EB⪯A

A ), each of them associated to the control system’s state

|0c⟩ or |1c⟩, respectively. Which of these two events obtains is indefinite due to the fact

that the control system is in the state 1√
2
(|0c⟩ + |1c⟩). A similar situation would occur for

party B. The target would be in a superposition of worldlines, one passing through the pair
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of events (EA⪯B
A , EA⪯B

B ), and the other passing through the pair of events (EB⪯A
A , EB⪯A

B ).9

As discussed in (Paunković and Vojinović [2020]) and (Vilasini and Renner [unpublished],

section 7.4), we would not have a ’proper’ ICO in that spacetime embedding of the process,

but rather a superposition of relativistic causal orders between different pairs of spatiotem-

poral events. In that context, it can be shown that a fixed, acyclic, relativistic causal order

can be assigned to the set of spatiotemporal events, and it is merely indeterminate which

worldline along this fixed causal structure obtains for the target system.

Importantly, because it would be indefinite which spatiotemporal events occur, one can

hardly claim that actual measurements take place in parties A and B. As a result, it be-

comes meaningless to ask whether the principle of temporal locality is obeyed within the

process, since we do not have physically meaningful measurements that can be localised in

spacetime and that could possibly yield temporally (non)local correlations. In more detail,

we need well-defined events to make sense of the variables λ(ta) and λ(tb) appearing in

the definition of temporal locality as presented in section 2. The absence, at least in some

frames of references, of well-defined variables λ(ta) and λ(tb) renders such a definition

inapplicable. Strictly speaking, we would therefore be facing a case of inapplicability of

the concept of temporal locality, rather than a proper violation thereof.10

Regarding the experiment of Fig. 4, the target system in each QS would be in a super-

position of worldlines, one in which it passes through the pair of spatiotemporal events

(EAi⪯Bi

Ai
, EAi⪯Bi

Bi
), and one in which it passes through a different pair of spatiotemporal

events (EBi⪯Ai

Ai
, EBi⪯Ai

Bi
). The violation of a temporal Bell inequality between parties C1

and C2 would follow from a violation of assumption [A5]: the final state in Eq. (6) gets

entangled because of the indeterminate overall spatiotemporal evolution of the target de-

pending on the state of the control.

(2) Proper ICO with an ’indefinite spacetime’: Alternatively, the embedding of an ICO can

9 Two examples of such implementations involving spatiotemporal delocalisations of the events in parties A and
B can be found in (Paunković and Vojinović [2020]; Vilasini and Renner [unpublished]).

10It is worth comparing the tension between temporal locality and relativity on the one hand, and between temporal
locality and metaphysical indeterminacy of causal orders on the other hand. While relativity makes the notion
of “state of the world at a certain time” frame-dependent, this does not render the definition of temporal locality
inapplicable. Instead, it seems to require including the stronger constraint that the corresponding principle should
be obeyed in any frame of reference for temporal locality to hold (as discussed in section 2). On the other hand,
the metaphysical indeterminacy of the causal order renders the notion of temporal locality plainly inapplicable,
since it makes it impossible to even define, in at least some frames of reference, a global temporal coordinate to
specify the “state of the world at a certain time” before the local operations.
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be such that the information-theoretic events are delocalised in spacetime, not because the

systems follow indefinite worldlines against a fixed spacetime background, but because

spacetime itself is indefinite. In that case, one would have a true superposition of causal

orders between the same pair of events, and the information-theoretic ICO would translate

into an indefinite relativistic causal structure between two spatiotemporal events.

One can take this description literally from an ontological point of view, as proposed in

(Letertre [2022]): metaphysically speaking, there would be no definite relativistic order

between the spatiotemporal events. The objective world, and not our knowledge thereof,

would be such that this order is indefinite. Distinct theories of metaphysical indeterminacy

could be used to articulate more precisely this idea.

In the context of Zych et al. ([2019])’s experiment, this scenario would amount to take

literally the violation of assumption [A6]: there is no variable γ on a spacelike surface

determining the partial order of the events, because this order is metaphysically indetermi-

nate.11

Embracing the metaphysical indeterminacy of the relativistic order between two spatiotem-

poral events can affect different aspects of reality, depending on one’s specific ontological

picture of reality, in particular the ontological account of spacetime and its relation to mat-

ter. Without entering such details, one could argue that a metaphysically indeterminate

relativistic order between two spatiotemporal events amounts to saying that the events

themselves are not well-defined. Similarly to the case of simulations of ICOs in a fixed

spacetime, this threatens to render the concept of temporal (non)locality inapplicable.

(3) Proper ICO with a cyclic structure: Let’s assume that the information-theoretic inputs

and outputs in the process involving an ICO are well localised in spacetime. In that case, the

cyclic (information-theoretic) causal structure between the inputs and outputs of the local

operations within the process would get translated into a definite, yet cyclic, relativistic

11If the metaphysical indeterminacy of the order between events is postulated to be the underlying physical inter-
pretation of a violation of a temporal Bell inequality in Zych et al. ([2019])’s setup, more work would be required
to fledge an appropriate explanation of the phenomenon. A minimal requirement would be to provide an account
of laws of nature that do not require the existence of a definite order between events to be articulated. This could
be done by appealing to ’global’ laws that would apply macroscopic constraints to the entire world taken as a
whole, while these constraints would leave some features (e.g. the causal order between certain pairs of events)
undetermined at the microscopic level. This proposal is inspired by what has been suggested in (Adlam [2019],
p. 6). Accounts of laws as ‘global constraints’ have been suggested in the recent literature (Adlam [2022]; Chen
and Goldstein [2022]; Meacham [2023]).
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causal structure between spatiotemporal events. In the case of the QS, the operation of

each party (A and B) would be well-localised in spacetime, and there is a clear sense in

which these operations are taking place. They would enter a definite, yet cyclic causal

order, with retrocausal influences taking place. This corresponds to the scenario assumed

in section 4.3.

In sum, among the various possible implementations of the QS (simulation, proper ICO

with an indefinite spacetime, or proper ICO with a cyclic causal structure),12 only the ’proper’

ICO instantiating an (output-impacting) cyclic relativistic causal structure would yield temporal

nonlocality from a violation of a temporal Bell inequality.13 The question is now whether one

can assume, in a model-independent way, that we are in the presence of such a particular

implementation of the QS.

The gravitational version of the QS (for which the control system is a mass configuration in

12As a note, both physical interpretations for the ’proper’ realisations of the QS (namely that in terms of retro-
causal influences and that in terms of metaphysically indeterminate orders) allow us to shed some light on the
problematic meaning of the branched probabilities in the definition of the QS within the PMF.
Let’s denote PA⪯B(X|Y ) the probability distribution of obtaining outcome X conditioned on information Y in
a given party within a process similar to the QS, but for which the control system would be in the definite state
|ψc⟩ = |0c⟩. Similarly, we denote PB⪯A(X|Y ) the probability distribution of measurements’ outcomes within
a variant process for which |ψc⟩ = |1c⟩. In the QS, the generated probability distribution for measurements’
outcomes is a probabilistic mixture of the branched ones: P (X|Y ) = 1

2 [P
A⪯B(X|Y ) + PB⪯A(X|Y )]. This

generated distribution is modelled within the PMF as the result of the superposed order between parties A and
B. As Adlam ([2023]) pointed out, the meaning of PA⪯B(X|Y ) and PB⪯A(X|Y ) is far from clear at first
sight. The worry is that while a solution to the measurement problem assigns a specific meaning to the quantum
probabilities, those relate to outcomes of measurements being the result of a collapse (objective or not) of the
wavefunction, or at least belonging to decohered branches. However, in the present case, the probability distri-
butions PA⪯B(X|Y ) and PB⪯A(X|Y ) are defined within distinct coherent branches that can interfere. To this
day, no interpretation of probabilities in this context has been articulated.
Now, let’s emphasise that these probability distributions PA⪯B(X|Y ) and PB⪯A(X|Y ) are defined so that each
is associated with a pair of events in a definite order and obeying relativistic causality. If one ontologically com-
mits to the modelisation of the QS in terms of a definite order with retrocausal influences (i.e. the principle of
relativistic causality is explicitly violated), as expressed in the framework of Vilasini and Renner ([unpublished]),
then these distributions do not refer to the objective reality. Instead, these distributions are merely theoretical
devices, i.e. elements of a model that is empirically successful but ontologically wrong.
If one chooses to stick to the definition of ICOs as defined in the PMF, and adopt a literal interpretation in terms
of metaphysical indeterminacy of orders, then the superposition of orders in the QS means that it is metaphysi-
cally indeterminate which order obtains. The branched probabilities PA⪯B(X|Y ) and PB⪯A(X|Y ) correspond
to the single chances associated with a single run of a bipartite experiment similar to the QS, but in which a
definite order obtains. Since, in the QS, the order is metaphysically indefinite, it is also indeterminate which
single chance obtains in the world.

13It can be shown that the evolution of the target system is non-unitary in any implementation of the QS, indepen-
dently of the type of spatiotemporal embedding of the process. Although this paves the road for the possibility of
temporally nonlocal correlations, this non-unitarity will not yield temporal nonlocality if there is no clear sense
in which the involved events take place at all.
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a superposition of states, inducing a superposition of spacetime curvatures with opposite orders

between the parties A and B) is usually considered as a proper implementation of an ICO, if

it were to be realised: the metric itself (encoding the relativistic causal order between the

operations) is either in a quantum superposition of states (as expressed in the PMF), or encodes

a cyclic geometry (as might be expressed in the alternative framework of Vilasini and Renner

([unpublished])) and so only two spatiotemporal events are involved (one for each operation)

in either case. Yet, while the gravitational quantum switch is deemed ’in principle feasible’, its

realisation would be highly challenging on a technical level (Zych et al. [2019]). Moreover,

this thought experiment relies on model-dependent claims, such as the theoretical existence of

spacetime superpositions. Under what conditions these superpositions would be admissible in

a theory of quantum gravity is not trivial (Paunković and Vojinović [2020]). For our purposes,

the gravitational QS would not need to ontologically correspond to a metaphysically indefinite

spacetime, but rather to a definite, yet cyclic, spacetime structure. Similarly, one would need to

have this scenario well described in a theory of quantum gravity.

It might be impossible to obtain a ‘proper’ ICO, as described by the PMF in terms of an

indefinite causal structure, without gravitational effects. If one considers de la Hamette et al.

([unpublishedb])’s reformulation of the definition of ICO in relativistic terms (which makes it

applicable to the different types of QS implementations), it appears that an ICO boils down

to a superposition of spatiotemporal descriptions, which can arise either via a superposition of

metrics (as in the gravitational variant of the QS), or via a superposition of worldlines of some

physical system (as in the flat spacetime versions of the QS, including the relativistic version

of the QS proposed in (Debski et al. [2023])). The latter case corresponds to a mere simulation

of an ICO in fixed spacetime.

However, ’proper’ ICOs instantiating a definite, yet cyclic structure, could in principle be

obtained with or without gravitational effects. A retrocausal dynamics can indeed be conceived

in a flat, fixed spacetime. The theorem of Zych et al. ([2019]) has been adapted to an experi-

mental setup in flat spacetime (Debski et al. [2023]), which further ensures that we do not need

a gravitational setup to test for temporal nonlocality.

For the purpose of the discussion, let’s assume that we accept that proper ICOs without

gravitational effects are necessarily of the cyclic type. When considering a version of Zych

et al. ([2019])’s experiment in flat-spacetime, a first worry is that there is still the possibility

of ending up with a mere simulation of an ICO. It is arguably an open question whether there
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is still hope for the possibility of a model-independent distinction between a simulation and a

proper ICO. According to Paunković and Vojinović ([2020]), it is experimentally possible, at

least in principle, to discriminate between an implementation of the QS involving two or four

spacetime events. However, an objection to this proposal has been voiced in (de la Hamette

et al. [unpublisheda]), leaving the question open at this stage.

A second worry is that the argument inferring temporal nonlocality from a violation of

a temporal Bell inequality would still rely on the modelisation of ICOs as instantiating an

’output-impacting’ type of retrocausal model, which adds a further model-dependent stance.

As discussed at the end of section 4.3, a natural variant of the very definition of temporal

locality would alleviate this drawback.

To conclude this section, the present protocol to test temporal locality is strictly speaking

model-dependent. This protocol has however the advantage that it would not require assuming

a strong form of realism, contrary to the tests based on the Leggett-Garg and the temporal

CHSH inequalities (see section 1). Similarly to the case of Bell theorem, this test would remain

minimally restricting regarding (meta)physical assumptions other than temporal locality.

5 Distinction between Spatial and Temporal Nonlocality

As already emphasised by Adlam ([2018]), a violation of a Bell inequality does not distinguish

between a violation of locality between spacelike or timelike events. The above discussion in

section 4.4 aligns with this observation, as it might be the case, with the experience of Zych

et al. ([2019]), that no model-independent version of the test is to exist to establish whether

a violation of a Bell inequality between the spacelike-separated parties C1 and C2 is due to

the presence of temporal nonlocality between the timelike-separated parties Ai and Bi. This

raises interesting questions regarding the meaningfulness of a distinction between both kinds

of nonlocality.

The formal difference between spatial and temporal nonlocality boils down to the presence

of non-classical correlations between spacelike-separated events for the former, and timelike-

separated events for the latter. However, this different formal treatment between the two kinds

of nonlocality does not imply that they are necessarily underpinned by distinct physical mech-

anisms.

If proper ICOs can be implemented in nature, then they would refer to something objective

in the world, not captured by the mathematical apparatus of standard QM. The physicality
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of proper ICOs would therefore point towards the need for a formalism that treats time and

space in a more unified manner. This unified treatment would also support a possibly (new

and) similar physical underpinning for both spatial and temporal nonlocality (if the latter is

applicable in the first place).

In the context of (Zych et al. [2019])’s setup, no matter the type of implementation for the

ICOs, spatial nonlocality between parties C1 and C2 would be a consequence of the presence

of these ICOs. In case we assume proper ICOs, spatial (and possibly temporal nonlocality

if applicable) would be provided a (unified) explanation through retrocausal influences (e.g.,

retrocausality has already been used to account for standard nonlocality (Friederich and Evans

[2023])), or as originating from some form of metaphysical indeterminacy of spatiotemporal

relations.14 This discussion highlights the fact that focusing on ICOs and their physical meaning

could support currently underexplored ways to understand not only temporal nonlocality (if

applicable), but Bell nonlocality as well.

6 Conclusion

This work investigated to what extent ICOs can be used as a key ingredient to test the prin-

ciple of temporal locality, as defined in (Adlam [2018]). It was shown that a violation of the

temporal Bell inequalities derived from the protocol proposed in (Zych et al. [2019]) could

imply temporal nonlocality modulo model-dependent assumptions. In particular, the presence

of temporally nonlocal correlations would be explained by a specific implementation of ICOs

involving output-impacting retrocausal influences. Other implementations of ICOs would have

different implications for the existence and applicability of temporal nonlocality. On the other

hand, unlike other tests based on the Leggett-Garg and the temporal CHSH inequalities, this

protocol would be free from any commitment to a strong form of realism, allowing the test

to effectively target a well-defined principle of temporal locality. It was also argued that this

new emphasis on ICOs can not only help explore the possibility of temporal nonlocality, but

can also support new interpretational routes for standard quantum nonlocality, based on a more

14Other realist readings of proper ICOs could possibly lead to further alternative conclusions. Aside from the
above-mentioned reading of ICOs, a representationalist approach could also commit to some kind of global
holism affecting the dynamics or the ontology of the world across time and space.
Alternatively, one could also adopt a non-representational approach to indefinite causal orders, and take the
probability distributions within the QS as not determined by objective properties of the systems and the (order
of) quantum events, but as characterising our relation to these aspects. While a representationalist interpretation
towards ICO will locate temporal nonlocality in objective reality, a non-representationlist approach will locate it
at the level of our relation to the external world (without it being a mind-dependent feature for all that).
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unified treatment of the spatial and temporal dimensions.
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