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Realization of indefinite causal order (ICO), a theoretical possibility that even causal
relations between physical events can be subjected to quantum superposition, apart
from its general significance for the fundamental physics research, would also enable
quantum information processing that outperforms protocols in which the underlying causal
structure is definite. In this paper, we start with a proposition that an observer in a state of
quantum superposition of being at two different relative distances from the event horizon of
a black hole, effectively resides in ICO space-time generated by the black hole. By invoking
the fact that the near-horizon geometry of a Schwarzschild black hole is that of a Rindler
space-time, we propose a way to simulate an observer in ICO space-time by a Rindler
observer in a state of superposition of having two different proper accelerations. By
extension, a pair of Rindler observers with entangled proper accelerations simulates a pair
of entangled ICO observers. Moreover, these Rindler-systems might have a plausible
experimental realization by means of optomechanical resonators.
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1. INTRODUCTION

The principle of causality is an implicit assumption of every physical theory and it is universally
supported by our experience of nature. From an operational point of view, causality can be
understood as a system of signaling or communication relations between physical systems; an
information flow whose properties are intimately related to the nature of space and time. One may
even say that the very essence of the classical structure of space and time is to impose a physical
constraint on information processing.

In the old Newtonian picture of the World, space and time are two generically different entities,
universal for all observers. There is a single, three-dimensional flat Euclidean space and a single
global time that enable us to unambiguously distinguish between past, present and future. Together,
they constitute an absolute, independent background structure relative to which every physical event
takes place. Signals can propagate in space with unlimited speed (action at a distance) and,
consequently, each event can be caused by any other in its present or past. The special theory of
relativity (SR) changed this paradigm: space and time became united into the (3 + 1)-dimensional
space-time continuum—Minkowski space - in which signals cannot travel faster than the speed of
light, enforcing them to stay within the local light cone. Nevertheless, the structure of Minkowski
space adhered to the character of an independent, fixed background on which dynamical matter
fields propagate.
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The radical change came with Einstein’s general theory of
relativity (GR). The gravitational field came to be understood as
the curved space-time itself, gravity being encoded in a metric
tensor coupled to dynamical matter fields. There is no fixed,
independent metric structure, no absolute background stage
relative to which locations of physical events are to be defined,
there are just dynamical fields, the metric being one of them, and
physical events can only be located relative to each other. The
possibility of communication between different observers, i.e. the
causal order, is entirely determined by the dynamical
configuration of light cones, and so, although dynamical,
space-time, as a landscape of physical events, has definite
causal order (DCO). Thinking about Quantum Mechanics
(QM) of gravitating objects, the question arises whether there
is a way to relax the restrictions of classical space-time structure
and enable processes that do not obey definite causal relations,
i.e., can there be a quantum superposition of different causal
orders—an indefinite causal order (ICO)?

It is generally expected that unification of QM and
gravitational physics will provide us with some deeper insights
concerning the nature of space and time and their relationship
with matter. However, the standard methods of quantization of
matter fields employed in Quantum Field Theory (QFT) do not
seem to work for Einstein’s gravity; it holds a status of a non-
renormalizable effective theory with undetermined high-energy
degrees of freedom. In order to surpass the traditional concepts of
GR and QFT, various ways of “quantizing” gravity were proposed
so far, such as String Theory, Quantum Loop Gravity,
Noncommutative Geometry, Supergravity, etc. However, to
date, there has been no conclusive empirical evidence that
would support or disprove any of the proposed “high-energy
theories.” This state of affairs motivates us to reconsider in which
sense and to what extent can the seemingly contradictory
principles of QM and GR be reconciled, while adhering to the
tenets of both theories [1, 2].

There are two main incentives for this paper. The first came
from the work of Oreshkov, Costa and Brukner [3], where it was
found that it is possible to formulate quantummechanics without
any reference to a global causal structure, i.e. without predefined
space-time. The resulting framework - the process matrix
formalism - allows for processes incompatible with any
definite causal order between operations performed on
quantum systems. These abstract indefinite causal structures
are shown to be advantageous for quantum computing [4, 5]
and quantum communication [6–8]. One particular example that
has an experimental demonstration is the so called “quantum
switch” [4, 9–14], where the main idea is to use an auxiliary
quantum system that can coherently control the order in which
certain operations are applied. In the case of the so-called
gravitational quantum switch (GQS) [15] the role of the
control system is played by a gravitating object prepared in a
state of quantum superposition of being at two different spatial
locations. The second incentive comes from the intriguing idea of
quantum reference frames (QRF) [16, 17] where one regards
reference frames not as abstract systems of coordinates, but as
actual physical objects subjected to the laws of quantum
mechanics and describes the world from their perspective.

In this paper, we propose a way to simulate ICO processes by
considering the fact that the near-horizon geometry of a
Schwarzschild black hole (BH) is that of a Rindler space-time.
Namely, a Rindler observer in a state of superposition of having two
different proper accelerations corresponds to a near-horizon
Schwarzschild observer in a state of superposition of being at
two different locations along a single radial direction. From the
viewpoint of such an observer the geometry of space-time is
indefinite. This correspondence can be extended to a pair of
Rindler observers with entangled proper accelerations simulating
a pair of entangled ICO observers, as we illustrate by means of a
simple example. Although they represent idealizations, these
Rindler-systems could become a valuable resource for studying
ICO processes in laboratory conditions, with plausible experimental
realization in the form of opto-mechanical oscillators [18–21].

2. RINDLER OBSERVERS

In order to set the stage, consider the (1 + 1)-dimensional
Minkowski space M2 and a central light cone defined by
t � ± x (we set c � 1). In these globally inertial coordinates
(t, x) the Minkowski metric is given by ds2M2

� −dt2 + dx2. If we
introduce Rindler coordinates (η, ρ) defined by t � ρsinh(η) and
x � ρcosh(η), the metric becomes ds2M2

� −ρ2dη2 + dρ2. However,
these new coordinates do not cover the wholeMinkowski space, only
the patch given by x ≥ 0 and |t|≤ x. This region is called the right
Rindler wedge or simply the R-wedge [see Figure 1 (left panel)]. The
family of coordinate lines of constant ρ are the branches of
hyperbolas x2 − t2 � ρ2 embedded in the R-wedge (the other set
of branches belongs to the L-wedge, defined by x ≤ 0 and |t|≤ − x)
asymptotically approaching the Rindler horizon t � ± x (ρ � 0 and
η→ ± ∞). They correspond to the worldlines of physical systems
that have constant proper acceleration of magnitude
α(ρ) � 1/ρ—Rindler observers. The proper time of a Rindler
observer, with a given ρ � const., is dτ � ρdη. Therefore, we can

FIGURE 1 | Rindler observers. (Left panel): Coordinate lines in the right
(R) Rindler wedge of the Minkowski space. Coordinate lines of constant ρ are
hyperbolas and they correspond to worldlines of Rindler observers. Regions L
and R, called the left and the right Rindler wedge, respectively, are
causally disconnected due to the presence of the Rindler horizon t � ± x.
(Right panel): Photon’s worldline intersects the Rindlers. A pair of Rindler
observers in the R-wedge with different proper accelerations α1 and α2,
α1 < α2. A photon sent from the source S, located at ts � 0 and xs � x0 > 0,
intersects the worldlines of the Rindler observers at their respective proper
times τ1 and τ2. One can arrange things so that τ1 � τ2.
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define a worldline of a Rindler observer in the R-wedge with proper
acceleration α by a pair of parametric equations:

t(τ) � 1
α
sinh(ατ), x(τ) � 1

α
cosh(ατ). (1)

Rindler observer with greater proper acceleration has a more
curved worldline (closer to the Rindler horizon). Note also that,
due to the presence of the Rindler horizon, Rindler observers in the
R-wedge are causally disconnected from the ones in the L-wedge,
meaning that they are unable to communicate with each other.

Consider now a pair of Rindler observers in the R-wedge, with
different proper accelerations α1 and α2. Let the worldline of the second
one be more curved. That is, let α1 < α2. A photon sent to the left from
the source S, located at ts � 0 and xs � x0 > 0, intersects worldlines of
the Rindler observers at proper times τ1 and τ2, respectively [see
Figure 1 (right panel)]. At t � 0 both observers are closer to the origin
than S, implying that α2x0 > α1x0 > 1. This configuration has an
interesting feature that will turn out to be important. Namely, given
the values of x0 and α1, there exists a unique value of α2, defined as the
non trivial solution (α2 ≠ α1) of the equation

α2x0 � (α1x0)
α2
α1 , (2)

for which τ1 � τ2 (for details, see Supplementary Material).

3. INDEFINITE CAUSAL ORDER VIA
RINDLER OBSERVERS

Let us assume that we have a pair of Rindler observers in the
R-wedge, Rindler-Amber (AR) and Rindler-Blue (BR). Amber and

Blue are the colors by which we distinguish the two observers, see
Figure 2. Note, however, that these “observers” need not be actual
macroscopic measuring devices of any sort, nor sentient beings;
they could be microscopic physical systems with some internal
degrees of freedom (like spin). On the other hand, they have definite
worldlines since they are confined within accelerating laboratories
(imagine well-enough localized classical “boxes” each carrying an
atom). We assume that these internal degrees of freedom are such
that they donot get affected by the acceleratedmotion of the Rindler
laboratory, which we also assume to be completely isolated. Source S
emits a photon whose worldline intersects the worldlines of AR and
BR. The photon starts in some polarization state |Ψ〉 and the Rindler
observers can perform instantaneous unitary transformations on it.

When their worldlines intersect, AR performs a unitary
transformation UA on the photon’s polarization state. This
constitutes event a. In general, UA is a function of AR’s proper
time. We can abstractly think of AR as a Rindler “clock” whose
worldline and the ticking rate are defined by the proper
acceleration αA. The state of AR will therefore be denoted by∣∣∣∣ταA;A〉, without getting into details of what AR’s actual degrees of
freedom are and what kind of Hamiltonian governs the dynamics
thereof. And the same protocol applies to BR. Its meeting with the
photon and application of a unitary transformationUB constitutes
event b. By choosing a suitable values of the proper accelerations
αA and αB, we can arrange that meetings of the Rindler observers
with the photon (events a and b) occur at the same proper times
τa � τb � τ* (see the discussion at the end of Section 2).

Here we want to stress that physical events are not regarded as
pure geometrical points that constitute space-time manifold
(modulo diffeomorphisms) with some definite set of causal
relations defined by the metric. Rather they are defined
operationally, through application of a specific unitary
transformation, or more generally a specific completely positive
trace-preserving (CPTP) map. Taking quantum mechanics into
account, we consider the possibility that the same physical event
can be in a superposition of occurring at different space-time
locations. This would enable the realization of indefinite causal
order between pairs of events, such as a and b in the above
discussion. One example of this situation is the already
mentioned quantum switch [9–14].

On the left panel of Figure 2, the proper acceleration ofAR (α2)
is greater than the proper acceleration of BR (α1) and on the right
panel, the values are interchanged, AR has the smaller proper
acceleration (α1) and BR has the greater proper acceleration (α2).
In the reference frame of the inertial observer sitting at x � 0 the
initial state (at t � 0) of the whole system (Rindlers ⊗ photon) in
the former case is the separable state

∣∣∣∣τα2(0),A〉∣∣∣∣τα1(0),B〉∣∣∣∣Ψ〉; the
photon first meets BR and then AR. In the latter case, when the
initial state of the system is

∣∣∣∣τα1(0),A〉∣∣∣∣τα2(0),B〉∣∣∣∣Ψ〉, the photon
first meets AR and then BR. If the Rindler observers are prepared
in the entangled state that is a superposition of the two previous
ones, at t � 0 we have

1�
2

√ (∣∣∣∣τα2(0),A〉∣∣∣∣τα1(0),B〉
+ ∣∣∣∣τα1(0),A〉∣∣∣∣τα2(0),B〉)|Ψ〉.

(3)

FIGURE 2 | Entangled Rindler observers. Worldline of a photon emitted
by the source S intersects worldlines of the two Rindler observers, AR and BR,
that have entangled proper accelerations. On the left panel, AR has greater
proper acceleration (α2) than BR (α1), and on the right panel the
accelerations are “switched”. By choosing a suitable pair of values for the
proper accelerations, thesemeetings (events a and b) occur at the same proper
time τ*. Rindler observers act on the polarization of the photon according to
their “color”, amber (A) or blue (B), that distinguishes them. Observer AR

performs a unitary transformation UA at τ* and observer BR performs a unitary
transformation UB at τ* . When Rindler observers meet the photon, they come
to rest and remain that way until some particular moment tm at which a
projective measurement is performed in order to disentangle the state of the
photon from that of the Rindler observers. The photon is observed at C.
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It is important to realize that the event a has to be one and the
same in both “branches” of the superposition. The meeting of the
photon with AR in the case when AR has greater proper
acceleration than BR and the meeting of the photon with AR

when AR has smaller proper acceleration than BR, have to be
locally indistinguishable events in every respect. That is why we
demand that the event occurs at the same proper time, τ*, in both
situations. In principle, the state of the photon could be affected
by the kinematic state of a Rinldler laboratory, which might give
rise to entanglement between proper accelerations of the Rindler
laboratories and photon’|’s polarization state. To avoid this
possibility, we put them to rest just before they meet the
photon, thus making them inertial from that point on.
Conditional deacceleration of the laboratories along the
Rindler trajectories can be performed sufficiently fast, yet
gradually, not to produce the Unruh radiation.

For t < t1 (where t1 is the time coordinate of the intersection of
the photon’s worldline with the less curved Rindler worldline) the
state is

1�
2

√ (∣∣∣∣τα2(t),A〉∣∣∣∣τα1(t),B〉
+ ∣∣∣∣τα1(t),A〉∣∣∣∣τα2(t),B〉)|Ψ〉.

(4)

By the time the photon went through the laboratories, unitary
transformations, UA(τ*) and UB(τ*), have been applied on it. At
some instant t > t2 (where t2 is the time coordinate of the
intersection of the photon’|’s worldline with the more curved
Rindler worldline) the state of the whole system is given by

1�
2

√ (∣∣∣∣τ* + t − t2,A〉
∣∣∣∣τ* + t − t1,B〉UA(τ*)UB(τ*)

+ ∣∣∣∣τ* + t − t1,A〉
∣∣∣∣τ* + t − t2,B〉UB(τ*)UA(τ*))|Ψ〉,

(5)

where t − t1 and t − t2 are the time intervals during which the
respective Rindler laboratories were at rest.

Finally, we need to disentangle the state of the photon from the
state of the Rindler observers. To this end, at some moment tm, a
projective measurement (postselection on the internal state of the
Rindlers) is performed in the superposition basis
{|mi〉,|m⊥

i 〉
∣∣∣∣ i � 1, 2}, separately for each laboratory. The basis

states are given by

|mi〉 � 1�
2

√ (∣∣∣∣τ* + tm − ti,A〉 +
∣∣∣∣τ* + tm − ti,B〉),

|m⊥
i 〉 � 1�

2
√ (∣∣∣∣τ* + tm − ti,A〉 −

∣∣∣∣τ* + tm − ti,B〉).
(6)

Postselection on any pair of possible measurement results
leads to the final state of the photon

1�
2

√ (UA(τ*)UB(τ*) ± UB(τ*)UA(τ*))∣∣∣∣∣∣∣Ψ〉 (7)

Subsequently, the photon may be observed at C. However,
being in the state 7, there is no way to distinguish, given the
photon alone, which of the two events (a and b) lies in the causal
future of the other, and the information about the causal order
is lost.

4. GRAVITATIONAL SCENARIO

Imagine now that we have a system that involves a Schwarzschild
BH and an observer (outside the horizon) in a state of
superposition of being at two different relative proper
distances from the horizon. The observer is well-enough
localized and has a negligible effect on the gravitational field.
Also, we do not assume the existence of a fixed background
geometry with reference to which we could define positions; only
the relative distance between the BH (its horizon) and the
observer has physical meaning.

In Schwarzchild coordinates (t, r, θ, ϕ), the metric of the BH
exterior is

ds2 � −f (r)dt2 + dr2

f (r) + r2dΩ2
2, (8)

with f (r) � 1 − RS
r and Ω2

2 � dθ2 + sin2θdϕ2. We are only
interested in a single radial direction, so we can ignore the
angular part of the metric. The proper radial distance between
the stationary observer at rlab and the event horizon at RS � 2MG
(M being the mass of the BH) is

ρ � ∫riab

Rs

dr����
f (r)√ . (9)

Therefore, our bipartite system can be interpreted as a
situation where we have an observer in the state 1�

2
√ (∣∣∣∣ρ1〉+∣∣∣∣ρ2〉)

with indefinite proper distance from the horizon in definite
Schwarzchild geometry. On the other hand, from the
viewpoint of the observer (quantum reference frame), the
gravitational field appears to be indefinite, as if the BH is in
the state of superposition of being at two different places relative
to the observer.

The idea that a gravitating object in a state of quantum
superposition of being at two different locations somehow
“induces” a quantum superposition of different geometries,
dates back to Feynman [22] and it has been successfully
promoted recently [15, 23–26]. Although this seems as a
natural way to combine GR and the linearity of QM, it
remains unclear in which sense can a gravitational field
(i.e., space-time geometry) be in a state of quantum
superposition, see for example [27]. Here, we propose a way
of looking at this situation based on the relational character of
quantum superposition [28].

Einstein’s equivalence principle states that a gravitational field
is locally equivalent to an accelerating reference frame in flat
space-time. As a consequence, for every well-enough localized
stationary (r � const.) observer in Schwarzschild geometry there
is an equivalent uniformly accelerating observer in Minkowski
space. Moreover, the near-horizon geometry of a Schwarzschild
BH is that of a Rindler space-time, and therefore a Schwarzschild
observer whose proper distance from the horizon is ρ corresponds
to the Rindler observer whose proper acceleration is 1/ρ (see
Supplementary Material for details).

By extending this reasoning, we propose a “quantum” version
of Einstein’s equivalence principle by stating that ICO space-time
is locally equivalent to a non-inertial reference frame with
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superposed proper accelerations. In particular, we can relate a
Schwarzschild observer in the state 1�

2
√ (∣∣∣∣ρ1〉+∣∣∣∣ρ2〉) of being at two

different relative distances from the horizon, to the Rindler
observer in the state of superposition of having proper
accelerations 1/ρ1 and 1/ρ2, respectively. The similar principle
has been invoked and derived within quantum reference frames
formalism [16] in the Newtonian limit.

Consider now a pair of observers in the near-horizon region of
a Schwarzschild BH, Schwarzschild-Amber (AS) and
Schwarzschild-Blue (BS). Let the observers have entangled
proper distances from the horizon (along a single radial ray)
and fixed relative distance between each other. From the reference
frame of the BH, space-time has a definite geometry and the state
of this tripartite system is 1�

2
√

∣∣∣∣0〉BH(∣∣∣∣ρ1〉A∣∣∣∣ρ2〉B + ∣∣∣∣ρ2〉A∣∣∣∣ρ1〉B),
where |0〉BH is the position state of the black hole. Observers
AS and BS correspond to a pair of Rindler observers, AR and BR,
both in the R-wedge, with entangled proper accelerations. On the
other hand, from the point of view of the pair of observers, we
have a BH in a state of superposition of being “at two different
sides” of the observers, symmetrically. These states of the BH are
denoted by |L〉 and |R〉, see Figure 3. The middle point between
AS and BS is well defined in relative terms. From the reference
frame associated to this point [29] the joint state of the system is
1�
2

√ (|L〉+|R〉)|−ρ〉A|ρ〉B, where ρ � ρ2−ρ1
2 is the half-distance

between the two observers.
We can perform a photon experiment, similar to the one

described in Section 3, that involves the observersAS and BS and a
source S that emits a photon in the direction that depends on the
position of the BH relative to the observers. The position of the
BH plays the role of a quantum control for the whole process
(gravitational quantum switch). Due to the gravitational time
dilation, we can arrange things so that the photon passes through
both laboratories at the same moment of their local proper time
(see SupplementaryMaterial for details). This is analogous to the
case of the Rindler quantum switch from Section 2. When the
photon gets inside the laboratory, a unitary transformation,UA or
UB, depending on the laboratory, is applied instantaneously on its
polarization state. The meeting of the photon and the laboratory
AS and the application of the unitary UA is the event a, and
likewise, the meeting of the photon and the laboratory BS and the
application of the unitary UB is the event b. After performing a
projective measurement in the superposition basis
1/

�
2

√ (|L〉 ± |R〉) of the BH (to disentangle its state from the

photon’|’s state, as described in [15]), the final state of the photon
implies the two events do not possess definite causal order.

5. CONCLUSION

In this paper, we proposed a way to characterize ICO space-time as
a space-time associated with the reference frame of a quantum
observer - quantum observer perceives ICO space-time. As an
illustration, we considered a bipartite system that involves a
Schwarzschild BH and an observer outside the horizon, in a
state of quantum superposition of being at two different relative
distances. By invoking the fact that near-horizon geometry is that
of a Rindler space-time, we can relate this ICO observer to the
Rindler observer in a state of superposition of having two different
proper accelerations. By extension, a pair of ICO observers with
entangled proper distances from the BH horizon corresponds to a
pair of Rindler observers with entangled proper accelerations. As
an example, we analyzed Rindler quantum switch and the related
gravitational quantum switch.

Furthermore, a Bell’s inequality for temporal order of events
was found in [15]. The same kind of inequality can be derived by
using two pairs of Rindler observers, one in the left and the other
in the right Rindler wedge. In the corresponding gravitational
scenario we would have to take into account the Kruskal
extension of the Schwarzschild solution. In this case, the
gravitational quantum switch would involve two pairs of
observers residing in conformally flat space-times connected
by Einstein-Rosen bridge. We postpone this interesting
analysis for future work.

On a more practical side, there is a growing effort in
demonstrating quantum features of nano-to-mesoscale
optomechanical systems. This may provide a challenging, yet
feasible experimental realizations for the proposed Rindler systems
[18]. Recently, mesoscopic mechanical resonators were considered as
quantum non-inertial reference frames [19, 20] and entanglement of
two massive mechanical oscillators is achieved [21]. It has been
proposed to utilize quantum optical fields in order to prepare and
measure the quantum states of mechanical resonators, conceivably
opening the possibility to quantum-mechanically control the
acceleration of such quantum non-inertial reference frames [18].

In an actual experiment, potential decoherance effects can
compromise the predicted result [30]. Moreover, QFT effects
could also be taken into account. In this context, our Rindler
observers could be viewed as Unruh-DeWitt detectors, where an
increase of the thermal noise, due to the Unruh effect, may affect the
evolution of the system, such that it can no longer be considered as a
coherent superposition, but rather a (convex) classical mixture.
However, since we can choose proper accelerations of the Rindler
observers to be arbitrarily small by putting the photon source at
suitable position, the Unruh effect can always be made negligible.
Just to put some numbers, if we set x0 � 1m, the accelerations
would be of order 1017 m/s2, which corresponds to the Unruh
temperature of order 10− 4 K, and this is far too small for the Unruh
effect to be detectable. Correspondingly, for a solar mass black hole
with Rs � 3 km, we have a Schwarzschild observer at 1m proper
distance from the horizon, which is a good near-horizon

FIGURE 3 |Gravitational quantum switch. The system involves a photon
source S, two observers, AS and BS, and a BH in a state of superposition of
being at two different positions relative to them, |L〉 or |R〉. The direction in
which the photon is emitted depends on the position of the BH and
therefore the BH plays the role of a quantum control for the whole process. As
a result, the photon is in a superposition of traveling in two opposite directions.

Frontiers in Physics | www.frontiersin.org October 2020 | Volume 8 | Article 5253335
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approximation. Furthermore, depending on the parameters of the
objects involved, e.g., masses of the laboratories, these Rindler
systems could be used to test hypotheses such as the Ghirardi-
Rimini-Weber (GRW) model of objective collapse [31]. Namely, a
failure to maintain a coherent macroscopic superposition even after
screening off the system from decoherence effects, might be taken as
an indication of a spontaneous GRW-type collapses. However, as
we noted in the text, the systems involved in our setting need not be
macroscopic systems (they can bemicroscopic ones, such as atoms).
Moreover, the issues concerning macroscopic systems may still be
avoided by performing the experiment ”sufficiently fast” (before the
alleged GRW-type of collapse should take place). This kind of
assessment was provided in [15] for gravitational quantum switch.
Finally, we should also mention that there is a relativistic version of
the GRW model [32]. Our relativistic Rindler systems could
perhaps be used for studying and testing such models.

Finally, and perhaps most importantly, we would like to
establish a more rigorous framework that would allow us to
formally define an ICO space-time related to a general quantum
reference frame. This could be an important step towards a better
understanding of the quantum nature of space-time.
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3. Oreshkov O, Costa F, Brukner Č. Quantum correlations with no causal order.
Nat Commun. (2012) 3:1092. doi:10.1038/ncomms2076

4. Chiribella G, D’Ariano GM, Perinotti P, Valiron B. Quantum computations
without definite causal structure. Phys Rev A (2013) 88:022318. doi:10.1103/
physreva.88.022318
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