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Abstract

We argue that special and general theories of relativity implicitly assume spacetime events
correspond to quantum measurement outcomes. This leads to a change in how one should view
the equivalence of spacetime and gravity. We describe a Bell test using time-like measurements that
indicates a non classical causal structure that does not violate no-signaling. From this perspective,
the violation of the Bell inequalities are already evidence for the non classical structure of flat
spacetime as seen by an agent embedded in it. We argue that spacetime geometry can be learned
by an embedded agent with internal actuators and sensors making internal measurements.

Physics alone may not be able to provide answers to the space and time issue. Instead,
it is up to neuroscience to address them.[1]



1 Introduction.

It has been apparent since at least the Chapel Hill conference in 1955[2] that the world revealed by
Schrédinger and Heisenberg is incompatible with the world revealed by Einstein, despite the astounding
experimental success of quantum theory and general relativity. The resulting discontent has fueled a
search for a quantum theory of gravity despite the lack of any compelling experimental evidence to
do so. There is a general belief that a quantum understanding of space and time will emerge from a
quantum theory of gravity.

Or have we missed something? The experimental tests of quantum theory via Bell violations are
among the top-shelf achievements of quantum theory and quite consistent with the theory of relativity.
Yet there is something mysterious about this consistency. As Gisin puts it, "no story in space—time
can describe nonlocal correlations”[3].

Gisin, like many others, describes the quantum correlations revealed in Bell tests as ‘nonlocal’
correlations. It is hard to describe it any other way, yet it is easy to design expressions which violate
the Bell inequalities even for time-like separated observers. In fact, the spacetime coordinates of the
observers play no role at all. It is in this sense that that quantum correlations seem to be coming from
outside spacetime itself. What is at stake here is our deep-seated intuition that that an agent, like
us, can only act here and now according to internal states. This perspective has been emphasised by
Buzaski[1].

In this paper, we will discuss a version of the Bell tests that use a single agent and time-like
separation of the detection events. One might think that this is unlikely to raise issues of non locality.
However, using the same logic as the standard Bell violation argument, the single agent scenario
suggests a surprising interpretation: retro causation without superluminal signalling to the past.

Prior to quantum theory, we could describe the world as being built from classical variables that
describe objective properties of that world. In quantum optics, for example, we perform experiments
on the electromagnetic field using sources and detectors. The quantum field is not a classical field like
Maxwell’s fields. It does not have independent properties like electric or magnetic field magnitudes
that have independent causal efficacy. Only measurements results in a particular experiment context
have causal efficacy. The value of the electric field is established by a particular class of experiments
(homodyne and heterodyne detection). If we want to estimate the intensity of the field, we do a very
different kind of measurement; we count photons. These are complementary experiments in the sense
of Bohr. If we have a single charge in a superposition of two locations in an ion trap, we do not worry
that the resulting EM field has no classical interpretation. We simply measure what QM predicts.

The classical gravitational field, as revealed in GR, is a very different matter. In Einstein’s formu-
lation gravity is represented by the same mathematical object as space-time geometry. To measure
the gravitational field we need to find ways to estimate the metric. Einstein used imaginary clocks
and rulers. Today, we use quantum field theory ... QED. The objective is to estimate the components
of a metric as best we can given the bounds imposed by quantum uncertainty[4]. A good example is
measurement of the perturbations to the Minkowski metric that define gravitational waves, h,,. That
is what LIGO does, and it certainly uses quantum fields. We tend to think that the gravitational field
is an objective fact in the world as it is highly classical. We do not need to worry about graviton
statistics. The analogue, in the context of the electromagnetic field, are those states excited by large
classical current sources.

Recently, experimentalists have started probing highly non classical sources of gravity. A simple
example is a single massive object in a superposition of ‘two places’ . This only makes sense if there
is a background reference frame. The idea of ‘two places’ presupposes a further background spacetime
metric in addition to that produced by the gravitational field of the massive object itself. This is the
analogue of the EM field of a charge in a superposition at two places in an ion trap. We could simply
claim that there is no objective field until we measure it. But there is a big difference. Gravity has the
same mathematical structure as spacetime (the strong equivalence principle). Do we really want to say
spacetime is not an objective feature of the world but only revealed, however obscurely, by particular
measurement results? This would require us to claim that spacetime events are comprehensively
equivalent to measurement results and thus contingent on the kinds of measurement we make. What
is at stake in these new experiments is not the reality of gravity or wether gravity is quantum or
classical, but the reality of spacetime. It must emerge as an observer-dependent feature by making
measurements on something more fundamental. Is this an opening for a better spacetime story of the
Bell violations?



1.1 Bell tests with three agents.

The standard description of photonic tests of Bell inequalities involves two agents and an entangled
photon source. I will include an additional agent to make it clear how the required correlation functions
are constructed.

A standard Bell test with polarization-entangled photons is shown in Fig.(1).
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Figure 1: A two-party Bell experiment with entangled photons. A source at the origin produces pairs
of entangled photons. The photons occupy oppositely directed spatial modes; one goes to detector-A
and the other goes to detector-B. Both observers are space-lie separated. After each measurement,
the setting and the outcome are sent, over classical channels, to a checker, observer-C, who stores the
data for each trial and constructs the appropriate correlation function to check a Bell inequality.

In an ideal experiment, we use single-photon excitations of polarised spatio-temporal modes such
that the photons are emitted in opposite directions, with anti-correlated polarisation states. The
photons are entangled in the polarisation. For example, the source could prepare, in every trial, the
two-photon state,

1
V)= —(HV)—-|VH 1
) ﬁ” ) — [VH)) (1)
where |[HV) = |1)k, .1 ® |1)k,,v and the subscripts label spatio-temporal modes with wave vectors

ka,kp and corresponding polarisation. A single trail corresponds to emitting a two-photon state and
counting two photons; one at observer-a and one at observer-B. If for some reason two photons are not
detected, that trial is discarded. As no detector is perfect this is likely to happen quite often, raising
the detection loop-hole.

Let the measurement settings be chosen from a set of discrete rotations © € {64,1,042,...04n}
and y € {0p1,0B2,...05.,}. Suppose the detector settings are the same, x = y, that is to say, the
same angle is chosen. We can rotate both angles jointly until we see a perfect anti-correlation at each
output. When the photon at A is detected at a = 1 channel the photon at B is detected at b = —1
channel, and vice versa. However from trail to trial the local measurement outcomes are a random
binary numbers +1.

In order to see the correlation, an observer must have access to both outcomes in each trial. In
the lab this is obvious, as the experimentalist collects all the data from both detectors in each trial.
We make this explicit by introducing a ‘checker’ — labelled C' — that receives the data (setting and
outcome at each detector) from each observer in a trial in the future light cone of the detection events.
For convenience we will suppose the checker is at the same place as the source. Note that the checker
receives purely classical information. A space-time diagram for the experiment is shown in Fig. (1).
Observer-C is at rest in the frame of the source and thus can easily synchronise emission and detection
events to ensure that data is collected from the right photon pair in each trial.

The analysis of the data is well known. Typically, it involves computing a correlation function
known as the CHSH correlation function. Classically this correlation function is bounded by 2. Quan-
tum mechanics predicts that it is bounded by 21/2 [5], and many experiments have demonstrated that
the classical bound is exceeded|3].



1.2 Bell tests with one agent.

Consider the case depicted in Fig.(2). In this case we use teh same source as in the usual Bell scenario
but now mirrors, asymmetrically displaced either side of the agent, reflect the photons back to a single
agent at the source who will do the same single-photon experiments on each photon received in a given
trial to test a Bell violation. The single observer can easily store the classical results of the experiments
and verify the violation of the CHSH inequalities at any point in the future of both measurements.
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Figure 2: A Bell test with a single observer/agent. The agent generates an entangled photon pair,
in a known state (indicated by a joint measurement result s) and each photon travels in opposite
directions where it is reflected by a mirror at rest in the agent’s rest frame. One photon is received
back by the agent at the early time ¢; and the other photon is received back at the later time to. The
dashed lines represent the world lines of the agent and the two mirrors. The variables x,y represent
the measurement settings and the variables a, b represent the measurement outcomes as in a standard
Bell test.

Where is the puzzle of quantum entanglement for such an agent? Non locality is not an issue as
all measurements are time-like separated. Nevertheless, Bell inequalities will be violated if quantum
theory is correct. As the quantum correlations are non signalling there can be no signalling from ¢4
to to or vice versa. Yet there remains a deeper puzzle. If we tried to explain the correlations in terms
of a local hidden variable, the logic of Bell’s argument would imply a symmetric casual connection
even without signalling. In other words, retro-causation without signalling. We could explain the
correlations as the measurement results at time ¢, causing the results at ¢t but we could equally claim
that the measurement at time t5 caused the results at the earlier time, t;. This is deeply at odds with
our classical intuition.

The situation does not change in a gravitational field. Consider the scheme shown in Fig. (3).
This is a one agent protocol but one of the mirrors is replaced by a large mass. The single photon
pulse traveling to the left is blue-shifted going towards the mirror and red-shifted going away from the
mirror. The net effect is simply a delay in the local detection time at the agent. This is the classical
Shapiro shift[6]. It has no effect on the degree of violation of the Bell inequality. Even in curved
spacetime the entanglement does not see classical gravity and the retro-causal interpretation remains.
It is a purely local phenomenon. Likewise, if the large mass is co-located with the agent at the origin.

2 Quantum Field Theory and Spacetime Events.

In Einstein’s formulation, the gravitational field is determined by physical measurements made with
clocks and rulers. Unfortunately Einstein was a little vague on just what he meant by local clocks and
rulers, and even admitted that this was an inconsistency in the theory[7].

First, a critical remark on the theory as characterised above. It was noticeable that the
theory introduces (besides four-dimensional space) two kinds of physical things, namely 1)
rods and clocks, 2) all other things, e.g. the electromagnetic field, the material point, etc.
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Figure 3: ...

This is in a sense inconsistent; rods and clocks should actually be presented as solutions
to the basic equations (objects consisting of moving atomic structures), not as so to speak
theoretically self-sufficient beings. However, the procedure is justified by the fact that it was
clear from the beginning that the postulates of the theory are not strong enough to deduce
from it sufficiently complete equations for physical events sufficiently free of arbitrariness
to base a theory of rods and clocks on such a foundation. Unless one wanted to do without
a physical interpretation of the coordinates altogether (which in itself would be possible),
it was better to allow such inconsistencies—albeit with the obligation to eliminate them
at a later stage of the theory. However, one must not legitimise the aforementioned sin
to such an extent that one imagines that distances are physical beings of a special kind,
essentially different from other physical quantities (“reducing physics to geometry,” etc.).

Einstein also made extensive use of classical light pulses to coordinate physical events. We would
now replace this with quantum fields. In [4] various schemes were described for estimating spacetime
metrics using quantum fields and the ultimate accuracy achievable is determined by quantum uncer-
tainty principles. Kempf has outlined a similar idea[8]. If we are deducing metrics from measurement
outcomes then spacetime events are identified with measurement results taking place in some finite
spacetime four volume. In a properly formulated quantum field theory, all observers must agree on
the probability distribution of such events. Spacetime is objective if a little uncertain.

In the case of flat spacetime, this approaches can easily identify an inertial reference frame, if we
use semiclasssical states of light. However, what kind of spacetime are we to infer using the entangled
states in the one-observer protocol described in the previous section? Identifying spacetime with these
kinds of measurements is already implies a retro causal structure even in the case of no gravitational
field, as we described in the previous section. This would impact the causal set approach to quantum
gravity[9]. This is based on taking the causal structure of general relativity as axiomatic, although
what is really meant by casual is in fact signalling. The single observer Bell experiment suggests that
conflating causal structure with signalling might be unwise.

Problems arise if the quantum fields act back on the gravitational field via the stress-energy tensor.
It is relatively easy to see that this must bound the minimum space time four-volume that can be
used to localise a measurement outcome and justify our claim that spacetime events are measurement
outcomes. This is because all physical measurements take some time and occupy some three-volume.
There is a lower bound to this. If a measurement takes place too fast, or is to spatially confined,
then the Heisenberg uncertainty principle implies a huge fluctuation of the stress-energy tensor. At
some point a black hole is created and the measurement event is causally disconnected from every
other observer. This has a physical implication for causal set theory. In that approach, the number
of distinct measurement event defines a spacetime volume. If measurement back-action is taken into
account, there is a maximum event density in spacetime, and an effective stochastic discreteness to
spacetime volumes.



3 Gravitational decoherence.

The fundamental problem in quantum gravity is this: if a single massive object is prepared in a super-
position of two different locations with respect to a fixed coordinate frame, the resulting gravitational
field must be non stationary. An example is shown in Fig. (4). If instead of the same superposition
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Figure 4: A single mass is in a superposition of two locations with respect to a fixed coordinate frame
(the earth, say). A very sensitive clock is placed to one side. In a series of repeated trials with exactly
the same conditions, the clock will experience two unequal redshifts, randomly choosing one or the
other in each trial. As the clock is the only way we can infer the existence of a gravitational field in
this setting, we conclude that the the gravitational field at the clock is fluctuating. It is not stationary.

state for the source mass being used in every trial we placed the mass at one or the other position at
random from one trial to the next, the clock will experience the same random red shifts, however in
this case it is obvious that the gravitational field is non stationary; we keep changing it from one trial
to the next. In more technical terms, the clock experiment cannot distinguish between an initial pure
superposition state, which is a zero entropy state, and a maximally mixed state with non zero entropy.
We might distinguish the two cases using the names ‘pure quantum gravity’ versus ’stochastic classical
gravity’.

Penrose proposed that we can never actually prepare the pure state required for the first experiment
as it will spontaneously collapse into one location or the other as described by the random mixture
of the second experiment. He did not give an explanation for how this can happen. Many people
have now devised experiments[10] that could in principle distinguish the pure state from the classical
mixture. These experiments could distinguish pure quantum gravity from stochastic classical gravity.

The reason is simple: pure quantum gravity can become entangled — quantum correlated — with
internal degrees of freedom of particles whereas stochastic classical gravity cannot, it can only be
classically correlated. Conversely, stochastic classical gravity can control quantum systems but cannot
entangle them. An entanglement witness can reveal the difference. Any attempt to erase which path
information in an entanglement witness, without acting on gravitational degrees of freedom, will fail.

Let us return to the question of the gravitational field of a non classical source, such as a large mass
in a superposition of two displacements with respect to the rest frame of a source of Bell pairs, see
Fig. (5). The photon travelling to the left will now return to be detected at two possible times. The
Shapiro shift is the same as the mass is the same. If the photon samples a fluctuating gravitational
field, the Shapiro shift will be stochastic from pulse to pulse. In order to consider the Shapiro effect on
a Bell test we switch to time-bin entangled photons[11] rather than polarisation. We can use a version
of time dependent multiplexing to encode a qubit into a sequence of single photon pulses, see Fig.
(6). There will be no change to a Bell violation, provided the temporal and gravitational degrees of
freedom do not become entangled. A time-bin entanglement Bell test could then be an entanglement
witness. If the temporal history of the photons does not become entangled with the gravitational field,
the Bell violation can be maximal, and otherwise it is reduced. Note that in this single agent bell test,
the operations required by the agent are entirely local.

4 Ringworld: a toy model

A common theme in the preceding discussion is that a Bell test can be violated by a single agent with
a local clock and local interventions (preparation/measurement). The global structure of spacetime is
unknown to the agent; it only has a view from the inside. When thinking about such experiments, it
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Figure 5: A scheme for using time-bin entanglement and a single agent Bell test to search for gravita-
tional decoherence.

is hard to take the inside view of the agent and not import our intuitions of the view from the outside.
We will now present an ’intuition pump’ which will help you move towards a view ‘from the inside
out.’

Suppose a learning agent is moving on a unit circle with a reflecting boundary. Inside each agent is
a clock and a gyroscope. The agent emits a light pulse at each tick of internal clock. This determines
the rate r of pulse emission. The gyroscope estimates the direction of its pointer as a function of the
ticks of the internal clock. An example of possible configurations is shown in Fig.(7). Thus § = 7/2 is
along a radius and orthogonal to the tangent to the circle at the agent. We will assume that § = k53,
for some integers k = 0,1,... K >> 1. We will set the speed of light, ¢ = 1 and use units of length
such that the radius of the circle is unity.

The gyroscope is a simple sensor that measures angular accelerations of the agent’s head direction.
When combined with a clock, it enables the agent to keep a record of head direction. The agent can
only ‘know’ its internal states indexed by ticks of the internal clock.

We will assume that the agent emits pulse immediately after receiving a pulse: if a pulse is received
at a clock count of n, a pulse is emitted at the same clock count n. The head direction at each step
determines the clock count of the next emission. Each emission event corresponds to a distinct internal
state labeled by a setting of its internal gyroscope, a, and a reading of the clock at pulse emission, n.
Our protocol means that a pulse received at clock count of n is a pulse returning from the previous
emission when the head direction was a. The only thing the agent has access to are these two things.
An internal state is an ordered pair of numbers S = (a,n) where n is the clock count for the next
emission, and a is the record of head direction at the previous emission. This is summarised in Fig.
(®)

We now equip the agent with an internal learning machine. It works like this. At each tick of
the internal clock, the learning machine is sent the head direction, a. It then quickly tries to predict
when the next light pulse will be received by generating an integer IN. For simplicity, we will assume
there are only four settings for a. These are labeled with angles given by (0.017, 0.1, 0.157,0.27, but
the agent does not know this. It only knows that there are four different headings, as recorded by its
internal gyroscope. At each step one of these four headings is chosen at random.

Assume that the agent is stationary. Given our external god-like view of the agent’s world, from
the outside in, we can easily give a relation between head angle and time taken for a pulse to return
to the agent. We assume that spacetime is flat inside the disk. The time taken is then given by
T(0) = 40(cos b + sinf). We have used an arbitrary scale for time units. The shortest period occurs
for a pulse sent along a diagonal and the longest for a pulse sent at 45 degrees to the diagonal. See
Fig. (9). The agent does not know this function. It simply generates a list of ordered pairs, a label
for the head angle and number of ticks of the clock until the pulse returns. The data can be displayed
like the table in Fig. (10).

The physical machine that implements the learning could be specified in various ways. This can be
almost anything, for example a physical neural network or a physical restricted Boltzmann machine.
We will assume for illustration that it is machine that implements a neural network algorithm and that
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Figure 6: A. A classical optical circuit to encode a bit string into pulse time code. An incoming stream
of equally spaced coherent pulses is optically switched onto a direct path or a delay path to encode
bits as early or late pulses in each time bin. B. A time-bin qubit encoder. A sequence of single photon
pulses is input to an optical circuit using 50/50 fibre couplers to create an equal quantum superposition
of logical bits. This is a time-bin encoded qubit. Note that the total photon number in each time bin
is one. C. A single down conversion source creates pairs of photons simultaneously. Each path passes
through a single qubit gate which creates pairs of photons in which one is delayed with respect to the
other but we do not know which.

Figure 7: A agent on the edge can emit light pulses in different directions. They are reflected from
the edge an return to the agent. The agent can control the direction using internal actuators.

it has a very large number of examples to train on. In Fig.(11) We plot an example of the predictions
made by this machine once it has been trained using 1000 training pairs. The learned function is
stored as physical settings of the physical learning machine inside the agent. In so far as it has learned
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Figure 8: The scheme of agent interventions (head angle at emission ) and sensations (clock count at
pulse reception) versus clock count together with the data training pairs sent to the internal learning
machine
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Figure 9: A plot of how return time of a pulse varies with head angle. arbitrary units for time.
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Figure 10: A sample of typical data, actions (head angle) and sensations (count to received pulse),
used as inputs to the learning machine. Head directions are settings of an internal gyroscope and
chosen at random.
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Figure 11: An example of the prediction made by a learning machine inside the agent using a long
data set of the kind show in Fig (10). Using only four randomly chosen head directions. The blue
curve is the ground truth function that agent is trying to learn.
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Figure 12: A comparison of the unknown function and the learned function when extrinsic light pulses
corrupt the training data. The number of training samples is 1000.

this function it has learned a proxy for Euclidean geometry.

In this world, the agent is the only source of light. If there are extrinsic sources of light pulses that
do not originate from agents, the training data of the agent is corrupted. Occasionally one of these
pulses will be received by the agent. How does the agent distinguish these ‘background’ pulses from
those that the agent itself emits?

From the agent’s point of view, these random emissions are ‘background noise’. A key feature of
learning is the ability to cope with some uncertainty in the data. In this case, the sensor records are
not perfectly correlated with the recordings of head direction. How much noise can be tolerated before
learning begins to degrade?

If it receives a random light pulse, the correlation inherent in the ordered pairs (a;,n;) is contam-
inated by independent errors in the n;. We can represent this by adding/subtracting a small random
integer,e; , to each count component

(aj,mj) = (aj,nj +ej), |ej| <ny (2)

The emission rate from background sources compared to the agent’s emission rate is an important
fact. If it is small, we might expect the agent can still learn how to control the return time of pulses
with changing head direction. Assume is a random integer between -4 and 4. In Fig. (12), 1,000 trials
are used to lean the unknown function. The prediction remains quite good.

We now turn to a non FEuclidean example. The analog of de Sitter space is the Poincaré disk, while
the anti-de Sitter space is equivalent to Maxwell’s fish-eye lens[12]. We treat the latter here. The
Maxwell fisheye lens, in the disk of radius R, has a radially dependent refractive index,

2

We will assume that R = 1/2 and thus the refractive index is equal to one on the boundary. Light rays
propagating within an infinite two-dimensional plane lens, rays trace out perfect circles. In the case
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of a disk, rays starting on the boundary are focused at the antipodal boundary point, see Fig (13).
Each curve is defined by a head angle as in the flat space case. The situation for a reflecting circular
boundary, of radius 1/2 centred at the origin, is treated in [13].

In [12] it is shown that the null geodesics on the sphere of radius R correspond to the light rays
in the Maxwell fisheye disk, see Fig.(13) This implies that the time taken for a light pulse to travel

Y

Figure 13: The interior of the disk is composed of a spatially varying refractive index that decreases
away from the centre. Red: § = 7/5, Blue: § = w/4, Red=0 = /3

from one side of the disk to the other is independent of the head direction, unlike the flat space case
previously discussed.

Each agent is equipped with an internal ‘gyroscope’ that determines the head direction € and an
internal ‘clock’ that counts the time taken for a light pulse to be returned. In the case of the empty disk,
the time taken depends on the head direction, and the agent can learn the relationship given a simple
internal learning machine. In the case of the Maxwell fish-eye disk, the time taken is independent of
head direction. These are the two ‘laws of physics’ that the agents learn for each case. In both cases
the law can be learned using only local actuators and sensors inside the agent. It knows nothing abut
the propagation of light from an external, god-like, view. It projects the learned law ‘from the inside
out’.

5 Conclusion.

Einstein constructed general relativity using a profound intuition about how we use local clocks and
rulers, yet was a little vague about just how such things were built from the fundamental theory. In
a quantum world, local clocks and rulers are replaced with local measurements made with quantum
sensors. The events from which spacetime is constructed must be classical measurement results made
on quantum fields.

If gravity is spacetime, then we must regard gravity as sharing the features of quantum measure-
ments: irreducible stochasticity and contextuality. However there is a catch here: it is very difficult to
conceive of measurements without positing a background spacetime. In the usual test of Bell inequali-
ties with three agents, two of whom are space-like separated, we simply assume that the measurement
devices ’have’ spacetime coordinates. Yet the observed violation of the Bell inequality is independent
of the spacetime coordinates of the detectors involved. We described a single-agent Bell experiment
the results of which are the same as the usual three-agent scenario. When the agents are space-like
separated we feel uneasy, but we should feel just as uneasy when they are time-like separated as that
case seems to imply local retro-causality.

We have argued that in thinking about how to make gravity consistent with quantum theory, we
should take an inside-out view of the world, an agent centric view in which notions of global time and
space are secondary, if not entirely illusory.
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