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Time is There even when Nobody is Looking
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Abstract: This paper introduces a framework for a quantum description of spacetime inspired by
Presentism and Information Theory. We start from a fundamental thick present instant as the only
element of reality in time and map space to a relational lattice evolving in atomic instants. Then, we
mathematically derive the emergence of a flat spacetime from the sampling of discrete information
in each instant, holographically bounded by the number of instants considered. We elaborate on the
probabilistic nature of time dilations in the proposed framework and conclude suggesting next steps
towards a quantum description of curved spacetime. Our proposal connects, through the language
of information, two seemingly opposite claims: “only the Present exists” and “the proper experience
of time is relativistic”. This leads Heraclit, Plato, and Einstein, eventually, on the same page.
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Introduction

Scope

The nature of time has always intrigued philosophers, physicists, and neuroscientists.
Several descriptions have been formulated, spanning from a static “4D block universe”
(Eternalism) to the idea that only the present instant exists (Presentism), with all the
spectrum in between. Each description focuses on a measurable or perceived aspect of
time, according to the context of interest or of validity.

The Theory of Relativity is considered our best model of time in Physics. In this
classical framework, time is intertwined with space in a continuous spacetime manifold.
Relativity clearly identifies spatial and temporal separations but seems incompatible with
a perspective based on Presentism. The passage of time is all but absolute in Relativity and
there should be no preferred reference frames to identify a “common now”.

Even if Relativity is our best theory on time, we should consider its insights with
caution: as a classical theory, it should be seen as incomplete. Quantum Gravity (QG)
approaches are investigating time-less scenarios, towards a description of a relativistic
experience of time emerging from more fundamental principles.

In our proposal, we will consider a framework based on Presentism, and elaborate on
a discrete space lattice evolving in atomic instants. We will show how the phenomenology
predicted by Special Relativity (SR) can be derived in the proposed framework thanks to
principles inspired by Information Theory.

More specifically, in this contribution, after a brief introduction on the rich literature
on Presentism, we will elaborate our proposal in 2 main chapters, collecting our ideas in a
list of deductions (D.1, D.2, ...) and equations, derived from 3 postulates (P.1, ...).

First, we will define a discrete space evolving on atomic instants from 2 postulates.
Then, we will elaborate on observers in terms of the evaluation of differences in space and
time in this discrete universe and, with a third postulate on information, we will set the
basis for the emergence of a relativistic spacetime. In the second chapter, we will
mathematically derive SR phenomenology from the sampling of information in the Present
and elaborate on the emergence of a relativistic spacetime from quantum probabilities. We
will conclude introducing possible next steps, such as an extension of the framework
towards a model for gravity, and an argument in favor of a logical deduction of Presentism.

# ale.capurso@gmail.com - orcid.org/0000-0003-3277-3588



Alessandro Capurso — Time is There even when Nobody is Looking 2 0of 23

Background

Interpretations of time inspired by Presentism are not new in the scientific literature,
and have been proposed by several authors, with roots in Physics, Mathematics, and
Philosophy, often referring to the Present as the Becoming or Now. In this chapter, we will
report a brief list of the main ideas behind this rich framework, as a support and reference
for the postulates and deductions of the coming chapters.

Smolin highlights the relevance of the concept of the Present already in Ref. [1] and
proposes, in Ref. [2] and [3], a description of evolution as a “dynamic of difference” between
present and past instants. Gisin, in Ref. [4] and [5], connects Presentism to intuitionist
mathematics, where Real numbers are not “given all at once” with infinite information, but
“bit after bit”, in an increasing discrete information instant after instant.

Schlatter investigates the concept of synchronization and of a spacetime emerging from
irreversible events in Ref. [6], [7] and [8]. The research of Operational Theories, which starts
from Information Theory to interpret Quantum Mechanics (QM) and has been introduced
in Ref. [9] and [10], is based on discrete operations and circuits (foliations) that evolve in
atomic computational instants, similar to atomic present instants.

Lubashevsky studies the compatibility of Presentism with Newtonian mechanics in
Ref. [11]. Riek, in Ref. [12] and [13], investigates the implications of a discrete evolution
and the need for a “thickness” in time to distinguish the cause from the effect in an event.

Eliztur speculates on the Becoming as a bridge between QM and SR in Ref. [14], while
Kauffmann, in Ref. [15], elaborates on the description of the present instant as connected
to the Res Potentia of QM, different from the Res Extensa of a classical past spacetime.

The absence of a preferred arrow of time within an atomic Present has been proposed
by Aharonov, Popescu and Tollaksen in Ref. [16], where each instant is as a “new universe"
(inspired by Heraclit of Efes). In their model, unitarity comes from maximal entanglement
between subsequent moments, while events of collapse disentangle adjacent instants.
Cohen, Cortez, Elitzur and Smolin focus as well on a time symmetric model of the Present
in Ref. [17], extending to Energetic Causal Set in the past of the Present in Ref. [18].

Finally, Kauffman in Ref. [19] and Capurso in Ref. [20] and [21], investigate the
quantum potential in the Present and its connection with non-locality and entanglement in
space, towards a holographic model of the information in the Present looking at QG.

In Presentism, the discreteness of time is also extended to space. This is proposed in
the context of a physically realizable universe, for which the information required to
describe it must be finite. From a mathematical perspective, a finite information cannot
describe the Real continuum, as elaborated by Gisin in Ref. [4], and no existing universes
should need infinite or unbounded information to be physically representable.

The finiteness of information density, given that information is generally associated
with energy, is supported also by the Bekenstein’s bound of Ref. [22], and leads to a picture
of the universe that is both relativistic and indeterministic in its evolution, very far from
the block-universe of Eternalism, as illustrated in Ref. [23].

The finiteness of information suggests a possible indeterminacy of the past as well.
Recent gargantuan simulations reported in Ref. [24] have shown that time seems irreversible
at the most fundamental level, beyond thermodynamic reasons, and even a simple 3-body
system “would require an accuracy of smaller than the Planck length in order to produce a time
reversible solution”. The irreversibility of events has also been related in Presentism to the
concept of irretrodicibility, as illustrated in Ref. [25], where a model to calculate propensities
of past events is proposed. Eventually, in a framework inspired by Presentism, what has
already happened can causally influence the Present, but cannot be changed and, beyond
fundamental limits, cannot even be known with certainty.

We also note here that the discreteness of space and time, intended as a lattice of atoms
of space evolving synched on atomic instants, may offer a model of space similar to a
coherent state of oscillators and a Bose condensate. This discretization of space could be
intended as well as similar to Hawking’s interpretation, elaborated in Ref. [26] and [27], in
which space is pictured as a “sea of virtual Planck-mass black hole”.



Alessandro Capurso — Time is There even when Nobody is Looking 30f23

The literature investigating an evolution occurring in atomic instants and the nature
of a thick Present is rich and multifaced on the side of Philosophy as well. De Bianchi, in
Ref. [28], investigates Plato’s idea of an absolute time emerging from a present instant that
is out of time. Mariani and Torrengo, in Ref. [29], elaborate on the philosophical description
of an indeterminate Present as the basis for an open future, while Tallant and Ingram, in
Ref. [30], face the critics to Presentism. Finally, in Ref. [31], Capurso proposes a “philosophy
of efficiency” inspired by Presentism and telecommunication networks.

We have reported several contributions, from Physics, Mathematics, and Philosophy
supporting an interpretation of time as existing in atomic present instants only. Beyond the
compatibility of Presentism with QM and the description of the past as a causal set of
events (elaborated in the referenced papers), what seems still missing in the scientific
literature is a clear indication of how a relativistic description of time intervals could be
intended, given a thick present instant, with a corresponding space foliation and an
apparent absolute description of the passage of time. We believe that answers to this open
question might offer a more profound understanding of the nature of time.

To address this open question and derive time dilations and lengths contraction in
Presentism, in the following chapters we will elaborate on the discrete spacetime emerging
from the present instants and propose a relativistic sampling of this information.

Our model might seem, at first sight, far from the usual understanding of SR and even
preposterous. However, being compatible with the same phenomenology, we believe it
could offer interesting stimuli from which a new perspective on spacetime might be
developed. As a final reference, we also take the opportunity to remind the 2 postulates or
SR, mandatory milestones to confront with:

o The laws of physics are invariant in all inertial frames (SR1)
o The speed of light in vacuum is invariant in all inertial frames (SR2)

Spacetime and Observers

Postulate 1 — Time

Only the Present exists, as an atomic instant of evolution AT of the whole universe P.1

Our model starts from a postulate which seems in contradiction with the concept of
relativity as per the usual understanding, and even more absolute than SR2. Still, as it will
be clarified, the apparent “absoluteness” of P. 1 is compatible with time dilations, lengths
contraction, and a relativistic description of the passage of time.

Postulate P. 1 implies that evolution in the universe occurs in discrete atomic instants
of temporal duration AT. This evolution is considered synchronous in all the universe, like
a global “update cycle” marking the evolution as a “universal clock”. Each new present
instant, often referred as a universe “tick”, identifies a thick space-foliation of spacetime.

In the last chapter we will suggest how a global synchronicity might be derived from
a lighter version of P. 1 that just requires a local discreteness of time. However, in the
following deductions, we will consider P. 1 in its full form.

In this discrete evolution, we label the Present as the instant T;. The instant T;_, is
considered the immediate past, while T}, the immediate future. Postulate P. 1 implies that
T,+1 does not exist yet, while T, _; does not exist anymore.

We will call causal time the ordered set of instants prior to T,. This set identifies an
extended, oriented, and discrete axis of temporal evolution, from a distant past to more
recent instants of the universe. The causal time always “goes forward”, a priori of events.
In this discrete evolution, being the present instant T, proposed as the k# “tick” in the
evolution of the universe, the concept of “age of the universe” is then intended as a
temporal interval t; = kAT from a hypothetical “first tick” T}, of our universe.

It is crucial to note that the Present is not intended as an “observers’ common now”.
Observers, as it will be clarified, can only compare differences in time intervals and spatial
distances between events in spacetime, and an extended causal time axis (to count the
passage of time with a “proper number of ticks”) is not defined at the fundamental level
of abstraction on time given by the present instant only.
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Postulate P. 1 implies a shortest possible time interval AT, temporal duration of each
atom of evolution. The discrete evolution implies a maximum rate of change. In this sense,
AT is also proposed as the “temporal resolution” of the occurrence of events in spacetime.

If AT is a temporal resolution of events, then the boundary between T} and T _,
(defined as the past boundary of the Present) identifies the boundary between what has
already happened (events) and what is still possible (namely, what has not happened yet,
but may happen in the present instant, given the past consequences at the end of T},_,).

Following this line of reasoning from P. 1, events are irreversible as they do not exist
anymore, and something that does not exist cannot be acted upon, nor changed. Even if
events do not exist in the Present, the information of events propagates in each instant.
From a given event at an instant, a cone of causal information propagates as the universe
ticks occur, in a sphere of consequences growing in space in each instant. These causal
cones of information at the past boundary of the Present are the basis for a causal evolution.

We can summarize the line of reasoning so far with the following deductions.

If P. 1, then AT is the resolution of events in spacetime (max rate of change in time) D.1

If P. 1 and D. 1, then events are irreversible as they do not exist anymore. D.9
Only their consequences persist at Ty, through the causal cones at the boundary from Ty_y
If D.1and D. 2, then events can be ordered in a causal set
along an oriented discrete axis of causal time from far past instants up to Tj,_4

Following the definitions suggested in Ref. [15], we will call:

e Res Extensa what has already happened, intended as the classical domain of
events behind the past boundary of the Present, irreversible and organized as
a causal set along the causal time.

e Res Potentia what could happen in the current instant given the causal past,
intended as the evolution of the events’ consequences, possible events in the
Present and the quantum information encoding what is still undefined.

Given P. 1, the information in the k™ atomic instant of evolution of space exists in the
thick Present Ty,. In this sense, we consider the Present as an ontological “memory buffer”
that encodes the quantum information connected to events that could happen but are not
happened yet (otherwise they would have been behind the past boundary of the Present).

In the encoding of this Res Potentia, we do not consider an explicit arrow of causality
within the thickness of the Present. The ordered causal time defined previously extends up
to the past boundary of the Present, giving causal order to the set of events, but it is not
defined within the Present. The Present, in this sense, is out of the causal time, as per Plato.

The absence of a preferred arrow of time in each atomic instant has been elaborated
in the QM models of the Present of Ref. [16], [17], [18], [20] and [21]. In these models, the
Present is described through a time-symmetric formalism, with the superposition of the
past and the future contributions within AT in an undefined causality.

We will not elaborate in this contribution on the QM description of the Present and
leave the details to the referenced literature. We simply note that a time-symmetric
framework to model the undefined causality within the Present suggests a description of
the thickness of each atomic instant AT as AT = 2T. Being the Present intended as the kt
instant from the birth of the universe in an absolute causal evolution, the label (2k — 1)T
marks the past boundary of the Present, while (2k + 1)T marks the future boundary of this
atom of time. The value of the interval of time T is beyond the scope of this contribution
and it is not needed for the following reasonings. It can be considered of Planckian nature.

We summarize these further concepts introduced from P. 1 with the following
deduction and figure.

If P. 1 and D. 2, then the present instant is based on the consequences
of events that already happened (as causal cones from the classical Res Extensa) D.4
and encodes the information of events that could happen (as a quantum Res Potentia)



Alessandro Capurso — Time is There even when Nobody is Looking 50f23

2k + 1 +T
57 Present Instant (Res Potentia) ﬂ

2k -1 %

2k —1) .- Causal Cones of Consequences

2k —2) -

,,,,,,,,,,,,,,,,,, AN
20-3) / \ 4r
CausalSet\ /
of Events
(Res Extensa) \

<

\
\

CAUSAL TIME

\ /

Figure 1. Model of a universe evolving in instants. Each instant identifies a space-foliation. From the
top, we represent the time symmetric Present T}, which encodes the Res Potentia. It is identified as
the k' instant, between (2k-1)T and (2k+1)T from the first universe tick. Below the Present, a causal
set of irreversible events (grey dots) is shown along an emerging arrow of causal time. They represent
a classical domain of Res Extensa and are perceived in the Present through their causal cones.

Postulate 2 — Causality

The speed of causality c is invariant in the whole universe P.2

Postulate P. 2 is similar to SR2 but focuses on causality and stresses the absoluteness
of its speed a priori of observers. This universal constant is intended as a maximum rate of
change in the spatial position and allows the description of space distances coherently with
the discrete evolution postulated in P. 1.

From P. 1 and P. 2 given as true in the whole universe, we can consider a definition of
“universe” in our model as a “coherent and continuous region of spacetime”, intending
with “coherent and continuous” the synchronicity of evolution and the continuity of the
propagation of the causal information. In the choice of P. 1 and P. 2 as starting postulates,
we promote an unbroken wholeness of the entire universe.

In this discrete evolution, we consider a possible event at the present instant T}, such
as the emission of a photon from a particle at a possible position X;. From X, we describe
the other possible events’ positions in the same foliation (during the same instant) through
an imaginary time of motion ity at the speed of causality c (defined in P. 2) to reach these
other possible locations, and 2 angular degrees of freedom 6, ,. The imaginary time ity is
considered orthogonal to the arrow of causal time, as well as to the time symmetric arrows
within the Present, as per the usual space and time orthogonality.

In the description of spatial distances (space-separated possible events in the same
instant) through an imaginary time, space is intended as a hyper-plane within the time
symmetric thick foliation of the Present, as elaborated in Ref. [16], [19], [20], [21] as well.

Given a discrete temporal evolution, the imaginary time of motion is intended as
discrete as well and defined through multiples of an atom of imaginary evolution iAT.

Thanks to P. 2, we have shown how we can describe the whole space from a position
X} (possible event location) with a coherent causal mapping of imaginary steps at the speed
of causality. We note as well that, in this contribution, we are not considering any condition
on the size nor on the growth of space, but just on its uniformity in terms of P. 1 and P. 2.

In the following picture, we represent the space hyperplane (2 dimensions of the 3
spatial ones), and the temporal dimension, identifying the thick present instant (with time
symmetric evolution) and the oriented arrow of causal time (beyond its past boundary).
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Figure 2. Graphical representation of the space hyperplane within the Present instant. We highlight
the past and the future boundaries of the Present, the time symmetric description within the Present
(red arrow from —T and cyan from +T) and 2 locations of possible events separated by an imaginary,
oriented, and relational distance icty from a possible location X} at the instant Tj,.

Given a discreteness of time from P. 1, each possible event’s location is identified by
an atom of space of extension |icAT|. Each possible atom X, is pictured as at the origin of a
discrete axis of imaginary spatial distance, developing in the directions defined by 8, ,.

From a given X, we map the other atoms of space as at ny € N* imaginary steps icAT,
in an equivalent imaginary distance icty = icnyAT from X,,. Given that we have posed no
conditions on the position X}, this mapping is proposed as a relational description of the
whole space through the discrete variable ny (we will omit the index X in ny the future).

We consider the set {in, 91,2}X of all possible spatial locations in the foliation at the
present instant from X, . This set defines a discrete space from X,.: a space lattice extending
in 3 dimensions and with a resolution of cAT = c2T = 2L (being L an elementary unit of
distance derived from P. 1 and P. 2, and supposed of Planckian nature).

Given the use of an imaginary time of motion to describe the space-hyperplane in the
Present, we will call imaginary space the set {in, 0, }X of all possible atoms of space. The 4D
structure {in, 91,2}X . defined from X, along the values of k (marking the universe ticks) is
proposed as a relational and discrete imaginary space evolving in atomic present instants.
In the coming chapters, we will investigate the possible emergence of a relativistic
spacetime with metric signature (+, —, —, —) from the “sampling of information” in this
discrete structure.

The following deduction and picture summarize the concepts introduced and derived
from P. 1 and P. 2.

IfP. 1 and P. 2, then space can be mapped to a set of independent imaginary atoms

. . . . . D.5
relationally defined from any atom: space at Ty is relational and discrete

imaginary time
(o7, [E———— ginar yume . > i|T)enAT

2k + 1)T— /]
2kT o PHe imaginary space @ —J@
Xy X+n
2k - DT ( L
- w
2(k - DT [:L E
Xie-1 X +n)k-q .
<
(%)
o 2
L3
Xi—2 X +n)k_z =

Figure 3. Discrete 4D set {in, 91'2}x,k along the universe ticks k from an atom of space X (with 6, ,
omitted for clarity). We highlight the imaginary space distance axis inside the Present. It is defined
from an imaginary time of motion counting the steps at the speed of causality orthogonal to the causal
time of the past atomic evolution cycles, in a relational description of the space hyper-plane.
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We have presented, from an atom of temporal evolution in P. 1 and a reference for
causality in P. 2, a possible discretization of space and time in a seemingly rigid structure.
In this set of atoms of space evolving in atomic instants, how can a free massive particle at
constant relativistic speed “experience less time” compared to when at rest? How can a
free particle experience that its decay time is closer, as “some time” is causally passing,
even when no events occur in between? How can a free elementary particle in the universe
experience its internal temporal evolution with ticks counting a proper time?

In the following chapters, starting from the introduced framework, we will elaborate
on this thought experiment through concepts inspired by Information Theory.

The Perspective of a Particle in an Instant

We will now elaborate on the evolution of a free elementary particle, intended as an
elementary observer of this discrete universe. The deductions proposed in this chapter are
given as a guidance in the interpretation of our framework but are not considered
mathematical derivations. Given their relevance, we will propose a synthesis of these ideas
in a third postulate. Thanks to this postulate, we will build the mathematical framework
to describe relativistic time dilations through the concept of “information sampling”.

We are interested in the perspective of a particle in terms of changes from the past to
the present instant. This perspective is intended, in our model, as the evolution of the atom
of space enclosing the particle’s Center of Momentum (CoM) in terms of potential locations
in the space lattice and experienced causal changes in the surrounding universe.

We consider a particle at an atom of space X;_; at Ty_;. The position X},_; can be the
last event’s location in spacetime (e.g. emission of a photon at the previous instant) as well
as a Quantum Reference Frame (introduced in Ref. [32]). In this relational description of
space, X,_, is defined as an atom of space at null distance from the particle’s CoM at the
end of the instant T},_;, namely the here of the observer at the past boundary of the Present.

In the following descriptions, we often refer to a position in the past related to an event
but, as clarified, being this position relationally defined from particle’s CoM in the previous
instant, an event is not strictly needed.

Given a discrete temporal evolution AT (universe tick) and a discrete space, a particle
at a position X;,_; at Ty_; could move in the Present its CoM in respect to its previous
position at maximum by an imaginary distance icAT, equivalent to 1 step in 1 tick. This
movement is not intended as a collapse event but as a potential evolution of the position
of the CoM in the space lattice in the instant T} from the position at T,_;. This movement
is intended, in our framework, as an extension of imaginary paths, interpreted as a
quantum tunneling potential, which sum in a path integral, as the universe evolves.

From a possible position Xj_; at the instant T},_,, the particle can extend its imaginary
paths to a position X, = (X + icAT, 6, ,)x, with 2 degrees of freedom 8, ,, as no further
references are given beyond AT and icAT. With the same set formalism introduced, the
possible position of the particle is defined as a set of atoms of space at distance icAT from
X}, at the instant T}, namely: {i, el'Z}X,k'

When a particle, in a universe tick, does not change the position of its CoM (compared
to the previous instant), it is considered “at rest” in that instant. Given a discrete space and
a position at an atom of space at the instant T},_,, there are no other cases at Tj: either the
particle relationally extends its imaginary paths by a potential icAT, or it is at rest.

From the perspective of the CoM, how can an elementary observer experience a
potential imaginary step in the lattice? In the Present, the particle receives at its position
incoming information at the speed of causality from the events in the causal time. These
causal messengers are coming, in every instant, from all possible directions of space 8, ,,
in a spherically symmetric fashion around the CoM. The thermal bath of stimuli (photons
or other messengers of causal information) is synched in each instant (given P. 1 and D. 2).
We assume that a particle at rest symmetrically experiences incoming stimuli and causal
changes in the surrounding universe, while a particle extending the tunneling potential
from the CoM loses incoming causal stimuli and changes in the causal time.
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As said, this model of movement will be better clarified through a third postulate on
information. Here, we just want to reassure the reader that our framework does not
promote observers at rest acting as absolute clocks and allows a relational and relativistic
comparison of intervals only.

We can summarize these elaborations with the following deductions.

IfD. 4, and D. 5, then an imaginary movement in space at T}, can be relationally defined D.6
in respect to X;,_, and the symmetry of the surrounding incoming stimuli at T, ’
IfD. 5, and D. 6, then the imaginary movement in the relational space is discrete:

D.7
in an instant an observer potentially moves of either icAT or nothing in respect to X;,_4

We have proposed some initial deductions in terms of what could happen in the
present instant to a particle, elementary observer of this discrete universe. In the coming
chapter, we will consider how the causal and the imaginary information can be “sampled”
by an observer in a more extended interval of temporal evolution.

Before further deductions, it is worth to clarify that, in the experience of a spacetime
emerging from the “sampling of information”, we consider this information physical.
Citing Landauer from Ref. [33], “information is not a disembodied abstract entity; it is always
tied to a physical representation”. In our model, following Ref. [21], this representation is
defined from the references provided in P. 1 and P. 2. The temporal interval AT (max rate
of change in the causal time) and the imaginary distance icAT (max rate of change in the
imaginary space) will be the basis for the definition of a spacetime information, discrete in
both space and time. These references seem needed not only to define any meaningful
comparison between independent observers, but also to give a coherent structure between
far regions of spacetime, as in a universal encoding protocol.

The Perspective of a Particle after N Instants

We are interested in the perspective on the universe of an elementary observer in the
Present, after an evolution from a more distant past than Tj,_;. This perspective is intended
as the evolution of the CoM, in terms of paths in the lattice (with potential imaginary steps)
and experienced causal changes in the surrounding universe.

We assume a small number of instants N such that no events occur to the particle in
this time interval. This will allow a description of a relativistic evolution of the observer a
priori of its collapse events. As shown in the experiments on the Quantum Zeno Effect
reported in Ref. [34], a continuous collapse seems to “freeze” a particle temporal evolution.

From the previous deductions, given a particle at position X;_y at an instant Ty _y
(occurring N universe ticks before the present instant Tj), we can identify 3 possible
scenarios. Given a fraction of N, defined as BN, with 8 € [0,1], we consider:

1. The CoM could move N times over the N universe ticks, with § =1
2. The CoM could move n = SN times over the N universe ticks, with0 < f < 1
3. The CoM could move 0 times over the N universe ticks, with § = 0

Scenario 1 represents a particle constantly moving in every instant. This kind of
particle cannot be considered properly an “observer”, but a limit case. In the last chapter
we will see how only massless particles moves in the lattice constantly.

Scenario 2 represents a particle moving in the space lattice with an average translation
of its CoM in the imaginary space equal to ivg = icf3, as its CoM moved by an imaginary
spatial distance of icSNAT in a time interval of duration NAT. We refer to this kind of
particle as “body”. Bodies are the only proper observers of the universe. This scenario will
be detailed in the chapter focused on SR, after having clarified the extreme cases.

Scenario 3 is even more subtle. We can suppose that the origin of every particle in the
universe occurred with some initial kinetic energy. This is also in line with the idea that,
even if in a discrete evolution we can consider a resting condition in a given instant, there
is no possibility for observers to be in such conditions for long. Quantum fluctuations as
well as other incoming particles will eventually imprint some kinetic energy to any
elementary observer.
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Even if not an observer, we can consider each atom of the space lattice as at rest in the
thermal bath in respect to the surrounding ones. The evolution of the information in every
atom of space, synched in every instant, marks the temporal evolution of the universe itself.

Given a small number of instants N, such that no events occur to the particle in this
time interval, we can consider a particle at rest in all the N ticks of the universe. Which
could be its description of the surrounding universe as an observer of spacetime
information in these instants?

The particle potentially at rest for N instants will receive, synched in each instant,
incoming information from all possible directions, from events happened in the past cycles
of the universe. We consider this experience of the events in the causal set as a “sampling”
in the Present of information in the causal time, in which those events happened.

We note that the proposed information sampling is not intended as a measurement
nor assumes the ability of observers to encode the past instants. The only past information
we consider available at the present instant is the one at the past boundary of the Present,
from which the Present is defined by difference.

We assume that, in the sampling of causal information from incoming causal stimuli,
an observer could “count” the universe ticks, as causal changes from the previous instant.
In this experience of the surrounding evolution along the cycles of the Present, the observer
can symmetrically “count” its proper ticks and, in a coherent way, causally evolve.

We note that, given that there can be no observers (bodies) deterministically at rest in
respect to the surrounding thermal bath and that could serve as “absolute clocks” to
measure the whole set of universe ticks, then it is only possible to measure a “relative rest”
in respect to other observers and clocks. Similarly, no observers are always moving.
Observers can only verify proper relativistic measures of time intervals and relational
distances, in terms of incoming stimuli, comparing their proper counting of universe ticks.
Still, time dilations in respect to the universe ticking are expected even without events or
other clocks or observers to confront with.

If D. 6, then the experience of a causal time (as changes as our universe ticks)

. . . . . . . D.8
can be counted in proper ticks through the sampling of incoming causal stimuli
IfD. 6 and D. 8, then an observer at rest in respect to its position at X,_y samples at Ty, 9
all incoming causal stimuli and should count N proper ticks of causal evolution ’
Even If D. 9, there are no observers (bodies) at rest or moving in every instant D. 10

We would like to better quantify the causal information sampled by the observer at
the Present after N ticks at rest. We consider no requirements on any memory of the past
beyond the previous instant from which an elementary observer compare the differences,
and in these differences consider information in the causality of events and counts its ticks.

After N ticks of the universe at the position X;_, an observer at rest should have a
perfect description of the surrounding space at a causal distance —cNAT at the instant T,_y.
This information, with no additional postulates on the ability of the observer (such as an
elementary particle) to encode the information of the past beyond the difference from the
Present, seems the max information available in the causal time at the present instant.

More specifically, the information in the causal time sampled at the present instant
from the perspective of the static observer seems equivalent to the causal stimuli that were,
at the instant T _, at a causal distance —cNAT from the CoM at X,,_y, and directed towards
the CoM from all directions defined by the 2 degrees of freedom 6, ,. It seems logic to
consider the causal information that an observer not moving from the position X;_y
samples at the present instant T} (after N universe ticks) to be proportional to the sphere
from X, of radius cNAT in the causal time. In this sense, the information sampled in the
causality of events seems holographic.

If D. 6, then an observer at rest in respect to its position X,_y samples at Ty,

D.11
an information defined on a causal sphere of radius cNAT from X, _y
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We will now consider Scenario 1. A particle moving for the last N ticks of the universe
till the Present is, at the present instant Ty, at a position defined as X} = (X + icNAT, 0, ;)
(with 2 degrees of freedom 0, ,) from Xj,_y or, shortly, (X + icNAT, 0, ;) & (X + N).

This possible position is defined as a set of atoms of space at distance icNAT from X,
at the instant Ty, namely the set of atoms {iN, 91_2}X .- The set of possible positions in the

space lattice defined by {iN, 91_2}X , Tepresents the thick surface of a sphere of radius icNAT

from X, at Ty, being X, the same spatial position X;,_, after N instants (defined from N
iterations of D. 6). This spatial surface is as thick as 1 atom of space.

This extended imaginary movement, as in the single instant case, is not intended as a
collapse event but as a potential extension of imaginary paths from the initial position at
Xy to a final position at (X + N),. Events, when occur, actualize just a single path of the
several possible ones, in an actual quantum tunneling event in an instant to a specific atom
of space of the sphere (X + N);. As the instant passes, this irreversible discontinuity in the
CoM location between successive instants, defines a causal spacetime element in the causal
set of events ordered along the causal time, from which consequences will propagate.

The imaginary paths of the CoM from X_, are proposed as a “sampling” of the
information in the space lattice from the perspective of the particle. The set of atoms of
space identified by the sphere (X + N), defines, in our interpretation of movement, the
spacetime information “sampled” in the imaginary time of motion by a particle always
extending its imaginary paths for N instants from its position X, _y at Tj_y (e.g. emission).

The sphere (X + N), represents the evolution of the particle along the universe ticks
as paths of N imaginary steps with a spherical symmetry. The information sampled in the
lattice is considered the spatial position “at the tip” of the oriented imaginary paths. These
paths, as tunnels of increasing potential, represent the possible positions reached in the
Present with a tunneling event at T}, (which would still respect causality, given that the
maximum extension of these paths/tunnels in N instants is limited by icNAT).

The connection of non-locality in the space foliation with the quantum information
encoded in the Present has been elaborated in Ref. [19], [20] and [21]. In these models, as
in our description of space from an imaginary discrete time, non-locality is fundamental.
It is intended as a tunneling potential between atoms of space, in a path integral that
evolves in the imaginary time of motion as the universe ticks. These models promote a
holographic interpretation of non-locality, considered equivalent to entanglement between
atoms of space, as per the famous conceptual equation ER=EPR of Ref. [35] and [36].

If D. 6, then an observer always extending its paths in respect to its position at X;,_y

D.12
samples at Ty, an info defined on an imaginary sphere of radius icNAT from X,

If only the Present exists, it seems that spacetime information after N universe ticks
(defined as the information of the imaginary positions that can be reached with possible
tunnels or of which we can causally know when we stand still) is finite and proportional
to the surface of a sphere of radius N, in a holographic saturation of the Bekenstein bound.

We summarize with the following deduction.

If D. 6 — D. 12, then spacetime information™ in the causal time and the imaginary space
in N instants seems holographic (proportional to the surface of a sphere of radius N)
*defined through incoming causal stimuli (carrying info from the causal time)
or imaginary paths from the CoM (possible quantum tunnels in the space lattice)

D.13

Postulate 3 — Information

Inspired by Presentism, we have proposed a discretization of spacetime considering
a space lattice evolving in atomic instants. We have then deduced that an observer, such as
an elementary particle, could only “count the differences” encountered along its evolution,
through incoming causal stimuli synched in the bath of each instant or potential imaginary
explorations of other new atoms of space.
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We have described the perspective of an elementary particle on the causal evolution
of the universe and of itself in terms of “information sampling” in 2 dimensions: the causal
time of events and the imaginary time of motion in the lattice.

The information of causal evolution is defined through the observation of differences
in the incoming causal stimuli synched in each instant. The imaginary information is
defined through the possible locations that the particle might reach in a tunneling event.

We have evaluated movement considering SN imaginary steps in the space lattice
over N instants of evolution of the universe and identified 3 scenarios: extending its
imaginary paths in every instant (given f# = 1), or with an average speed in the lattice ific
(given 0 < f < 1), or at rest in respect to X;,_y (given § = 0).

In this discrete evolution, given N universe ticks, we have evaluated the information
sampled in the causal time and in the imaginary space in 2 scenarios, § = 1 and f = 0, and
deduced a holographic nature of this information in the 2 orthogonal dimensions. Given N
universe ticks in these 2 opposite scenarios, the following table and graphical illustrations
summarize our description of “information sampling” in:

e the imaginary space, as a set of possible imaginary positions after the N ticks
of the universe (defined through a relational number of imaginary steps)

e the causality of events (through incoming causal stimuli, as photons), with a
consequent number of proper ticks counted over the N of the universe.

Variables and Symbols Caseff =0 Caseff =1
imaginary space information Sin - 47|icNAT|?
imaginary steps counted n - n=N
paths length (relational distance) iAs, = icnAT - iAs, = icNAT
causal time information CeN 41|cNAT|? -
proper ticks counted m m=N -
proper causal evolution (proper time) At, = mAT At, = NAT -

Table 1. Information sampled, imaginary steps and proper ticks counted in N ticks of the universe
from an elementary observer, in the limit case of always at rest (8 = 0) or always moving (f = 1).

N? « max info in the imaginary space (Res Potentia)

'B -1 (N instants sampling the space lattice with imaginary steps icAT)
'
icNAT
2kT f 2 ] v
9] S v
&  icNATTY CoM@(X + N)i|B =1 -
=
NAT 5 v CoM@X)._y %
\
3 CoM@Xy|B >0 »
U .
2(k—N)T < ¥
=M “CcNAT
—cNAT -
-0 N? o« max info in the causal time (Res Extensa)
B (N instants sampling incoming stimuli and counting N proper ticks)

Figure 4. Information in the Present from the perspective of an elementary observer at atom X;,_y, N
ticks ago. the dimensions {in, 6;}y ; are represented, with k marking the causal ticks on the vertical
axis and {in, 6, }y as a plane. On the right, the space lattice {in, 91_2}X is presented, with k implicit and
the boundary of information available highlighted. The blue figures represent the imaginary info
explored after N ticks when always moving, as a relational position at a new location, N imaginary
steps away from Xj,. The red figures represent the causal info collected at the atom X after N ticks by
an observer at rest for all N ticks.



Alessandro Capurso — Time is There even when Nobody is Looking 12 of 23

Being ¢,y = 4m|cmAT|? the causal time information sampled by an observer in N
instants, and ¢; y = 4m|icnAT|? the imaginary space information sampled in the same N
instants (with n = fN), we define the total spacetime information as ¢,y = ¢,y + S n-
Among the several possible combinations that Table 1 could inspire, it is tempting to
consider the following deduction and equation.

If D. 13, then the total spacetime information in N instants ¢, y is holographic D. 14

SeN = Sen + Sin = 4m|cmAT|? + 4m|icnAT|* = 4m|cNAT|? 1)

The finiteness of information density in spacetime is supported by the Bekenstein’s
bound introduced in Ref. [22]. Moreover, the holographic nature of information has been
discussed in several models, inspired by the research of Hawking, Susskind, Maldacena
(as in Ref. [26], [27], [35] and [36]), and many others.

In an interpretation inspired by Presentism, the holographic nature of spacetime
information can be intended in the fact that, in a given instant AT, only a boundary with a
thickness of 1 atom of space is available as a possible information that can be “sampled”,
in the causal time (what was happening N instants ago at N steps away from here?) or in the
imaginary space (what would happen if I tunnel N steps away from here given N instants?).

In the QM description of the Present proposed in Ref. [20] and [21], this information
(derived from non-locality and entanglement in the lattice) is encoded in the thickness of
each instant. This encoding focuses on the differences between a perspective at null
distance (from the past boundary of the Present) and at infinity in the lattice (just beyond
the current state, from the future boundary of the Present, and not a physical infinity).

Even if a holographic interpretation of the total spacetime information is encouraged
by several arguments, in the description of spacetime proposed in this contribution we do
not want to consider D. 14 as a deduction supported by a sufficient elaboration. We suggest
a new postulate and consider it to be an assumption of our framework.

The total spacetime information ¢, y sampled at Ty, from Ty,_y is holographic

P.3
Ce,N = gc,N + Ci,N = 47T|CNAT|2

Relativity and Probability
The Relativity of Information Sampling

We have described a discrete space evolving in atomic instants and connected the
perspective of an elementary observer on time intervals and movement with the sampling
of causal stimuli from the past or potential imaginary steps in the space lattice. We have
then postulated a holographic nature of the total information that can be sampled by an
observer in N instants. In the coming chapters, we will derive the phenomenology of SR in
the introduced framework and propose an extension of the same concepts towards a
quantum description of spacetime.

We consider, from Eq. (1), the case with 0 < f < 1. A particle that, over N universe
ticks, allocates n = N ticks to explore the space lattice with imaginary steps, covers an
imaginary distance of iAs,, = icfNAT, with an average speed equal to iffic. From Eq. (1), the
imaginary space information sampled at T}, is then equivalent to:

¢y = 4m|icnAT|* = 4m|icBNAT|? )

If the total spacetime information is holographically bounded from P. 3 and Eq. (1),
we can derive that the information that the particle samples at T} in the causal time, when
extending of SN steps its imaginary paths in respect to X,_y, is equivalent to:

Sen = 4mlemAT|? = ¢,y — ¢y = (1 = B)4m|cNAT|? = (1 = B*)gon = (M/N)?soy  (3)
Given Eq. (3), the proper time At,, and the proper ticks m counted can be calculated as:

(Ti = Teen)p = At, = mAT = ( 1— ﬂZN) AT @)
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If P. 3 and Eq.(4), then an observer extending its imaginary paths of SN steps D15
in N universe ticks counts a proper number of ticks m = /1 — f2N '

In our discrete interpretation of evolution, time dilations can be intended as a
statistical effect from the integration of a reduced sphere of incoming causal stimuli, since
part of the total spacetime information is sampled in the imaginary space with an extension
of the imaginary paths. The proper time is the fraction of the interval of universe’s causal
time of which the observer becomes aware, having sampled a reduced percentage of the
causal information.

spacetime information given N instants « N?

|CNAT| Ce;N ICmATl

CoM@Xy, -
CoM
@Tic-n CoM@X,

oM@X-y Se,N

m? « sampling of causal time
|icBNAT| (m/N ticks experienced through incoming photons)
CoM@(X + BN)y, »
*(BN)?x sampling of the imaginary space
CoM@Xy_y <

(exploring the space lattice with BN steps in N ticks)

Figure 5. Spacetime information sampled after N universe ticks by a particle extending its imaginary
paths from X, _y of SN steps. The info sampled is shown as spheres centered at the atom X at the
instant k-N. We show the total (yellow), the causal (red) and the imaginary (blu) info sampled.

In the experience of the causal evolution of the surrounding universe, the observer
coherently evolves in time. Between an event of emission and an event of decay, no events
need to happen to the observer to be aware of the surrounding causal evolution in the
succession of the universe ticks, and consequently experience a proper causal evolution.

From Equation (4) and D. 10 (no absolute observers/clocks) we can also deduce that there
is no “common now” nor absolute simultaneity for observers. We can define only a proper
local now, and an extended proper present, connected to a proper number of sampled ticks.
There is only a “local now” for observers of this discrete universe.

If D. 10 and Eq.(4), then there is no “common now” for observers but just a “local now”

D.16
and a relativistic simultaneity that depends on the proper sampling of causal stimuli

We have shown how the concept of an atom of time may open the door to information
as a universal language, useful also in the interpretation of observed spacetime differences.
A model of the universe based on a discrete space evolving in atomic instants is naturally
connected to Information Theory and to the study of continuous-discrete signals.

We remind that the information in a continuous signal with a limited bandwidth is
equivalent to the info contained in its discrete samples. Thanks to the Nyquist—Shannon
sampling theorem and D. 1 (bandwidth 1/AT), given D. 15, we can experience a continuous
manifold from just discrete samples of information: imaginary steps in a lattice or incoming
stimuli from the surrounding universe, to count proper ticks and consequently evolve.

Time Dilations and Lenghts Contraction

According to SR, an observer such as a clock with an internal period At, when at rest,
has a period of evolution At; > At, when moving at a speed iv in respect to its resting
position. The same time interval measured as N, periods of duration At, by the stationary
clock, will be measured with only N; “stretched proper periods” of duration At; when part
of the spacetime momentum is allocated to imaginary steps. Mathematically, we can
express this relation as: NyAt; = NyAt,y, with Ny > Nj.



Alessandro Capurso — Time is There even when Nobody is Looking 14 of 23

In a universe existing in present instants only, an increased probability of tunneling
in space is balanced by a reduced sampling of information in the causal time. This leads to
a reduced info from the causal stimuli, and a reduced proper rate of change. The dilated
period At (slower frequency) is related to a statistically smaller number of universe ticks
counted over the ones actually passing in the universe.

If a full cycle at rest needs N universe ticks (At, = NAT) then, from Eq. (4), in the same
N ticks, the moving clock has only sampled m = /1 — 82N ticks. To complete its cycle, the
moving clock needs N proper ticks, and this happens only after N/,/1 — % universe ticks.
The extended or “dilated period” At; is then equal to (in universe ticks, times AT):

N Aty N
= \/1——[32AT \/1——32 = EAtO (5)

From Equation (4) we can also consider the phenomenology of lengths contraction in
a moving condition. We note that the stationary observer measures the length of an
external object (intended as the distance between 2 different locations) through all
incoming causal stimuli (e.g. photons) along its evolution, while an observer extending its
imaginary paths in the lattice samples only a portion of them.

The observer not at rest measures a reduced length as it statistically samples fewer
incoming photons. When measuring the length of an external object through incoming
photons, the observer not at rest will only sample a portion in comparison to the stationary
scenario, in a relativistic contraction of the measured length proportional to the proper
time. Given Ax, as the length measured in the rest frame, the length measured in the
moving frame is, from Equation (4), statistically equal to:

Ax, = 1= F2Ax, 6)

In this contracted perspective on spatial distances, we can also verify that an observer
in a ship at constant speed will measure the light bouncing between 2 mirrors (2-way trip,
also known as round-trip) at a speed equal to the one observed when at rest, as per SR2.

Being Ax, = cNAT the 2-way distance between the mirrors measured in the rest frame,

At

the same distance measured while moving is, from Eq. (6), equal to Ax; = cy/1 — B2NAT.
The proper time measured will be, from Eq. (4), equal to At,, = /1 — BZNAT.

The measured 2-way speed of light in the moving frame, as the one in the rest frame,
will then be:

Axg  ¢1—pB2NAT  cNAT Ax,
At, N1 — B2NAT T NAT Aty

c @)

Given that we have posed no condition on this measurement across different spatial
locations or instants in time, nor on 8, we can deduce that this relativistic phenomenology
is invariant and expected in every inertial frame of reference (SR1 and SR2).

IfD. 15, Eq. (4), (6), and (7) then every spacetime location
and frame of reference is equivalent (alike SR1)

If D. 17 and Eq. (7), then every inertial observer measures

D. 18
the same 2-way speed of light, independently of movement (alike SR2)

In the next chapters, we will elaborate on the possible connection between a relativistic
perspective and a quantum description of a discrete evolution in spacetime.

Momenta in Space and Time

We would like to elaborate on an interpretation of the same phenomena from a
different perspective: the probability of evolution in spacetime. From the information
sampled in the Present after N instants (in the causal time and the imaginary time of
motion) we define 2 probabilities of evolution:

* 5 = ¢ n/Sen is the probability of evolution in the imaginary space
o 0L =¢.n/Sen is the probability of evolution in the causal time
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We note that these probabilities can be seen as characteristic of the observer in a single
instant as well (case N=1). We consider the total probability of evolution in spacetime,
defined as 03" = 3 + T, and express Equation (1) through the new variables:

SiN +Cc_,N

=@ tpe =g =1 ®)
Ce,N Ce,N

From this perspective, the third postulate can be intended as a principle of invariance
from 2 perspectives: the invariance of total spacetime information ¢,y (sampled by any
elementary observer given N instants) and the invariance of the total probability of evolution
in spacetime 3" (defined from the probabilities of evolving in the imaginary space and
the causal time). This last interpretation of the third postulate suggests that, in a universe
defined from the differences between the present and the past instant, every observer is
always evolving in space or in time, independently of events.

The same mathematical description can be understood in terms of a famous quote
from Heraclit: “No man ever steps in the same river twice, for it's not the same river and he’s not
the same man” (we are never twice in the same instant along the flow of the universe ticks)
or, with more ancient words, dvta O¢t (panta rei), everything flows.

If P. 3 and Eq.(8), then the total probability of evolution in spacetime is unitary

D. 19
or, equivalently, everything changes in the Present (ndvta pet)

We will now connect this probability to a momentum in spacetime, as a possible step
towards a quantum formalism for a relativistic evolution in the Present.

Given an observer of total energy E that extends its imaginary paths of SN steps per
N universe ticks in an undefined constant direction from X, _y, we consider § = sin(zy),
with 0 < 7, < /2. We define a spacetime momentum psy = |py + ipsle'™ from its temporal
and spatial components: the momentum in space ips and the momentum in time pr. Their
amplitude can be calculated from the energy E as in the following equations.

{ Ips| = |E/c|sin(zs) = |psr|B
lprl = |E/c| cos(s) = |psrly'1 — B2

The spacetime momentum is connected to the energy of the particle E as in:

©)

E? = |pgrcl® = Iprcl? + lipscl® = (psrpsr)c? (10)

If we consider the component ps in a 3D imaginary space defined by 3 orthogonal
imaginary vectors from the CoM, the momentum in time p; (connected to the persisting
information of the particle in the Present, as in Ref. [21]) develops on the real axis, parallel
to the causal time and orthogonal to the imaginary spatial dimensions, as in quaternions.

These momenta can be related to the amount of energy allocated to the sampling of
information in the imaginary space and in the causal time. They are proposed as the basis
of an observer’s perspective in the counting of ticks and steps in its evolution in spacetime.

More specifically, we can express the variables defined in Equation (1) and (8) through
the components of the spacetime momentum defined in Equation (9), and consider:

lpsl . n imaginary steps
T = sin(ry) = B = .
[psrl N universe ticks a1
|prl m proper ticks
= cos(t) = - _
|psr| N universe ticks
Ips? Ipr|? Sin . Sen
—— s = — =g+ pl =1 (12)
[psrl? * 1psrl*>  Sen  Sew ¢ ¢
If P. 3 and Eq.(12), then the probability of evolution in space and time D.20

depends on the momentum allocated in these 2 orthogonal dimensions
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We note that, we can define the rest mass m; as connected to the amount of energy at
rest in respect to the incoming causal information. In Ref. [21], we have proposed a
connection between the rest mass and the non-local information potential encoded in the
wave-function. We have described an elementary particle from a bundle of “atoms of space
entangled on a common momentum in time”. Here, with Eq. (1), (9) - (12), we can also describe
the rest mass of a body as at the root of the component of the momentum of the particle at
rest in the Present in respect to the previous instants.

2
lprl*

(mpc)? = (E/c)? g—” = (E/c)*} = (E/c)* ol = p, (13)

e.N Ipsr|?

From Equation (13), we can verify that an elementary particle moving in every instant,

having zero causal information sampled per Eq. (3), has zero mass at rest and vice versa.

For a massive observer of rest mass my, defined the relativistic mass my = my /{1 — 2,
we can also verify that E = mzc?. More formally:

pr =mrcC
{ips = imgfc = ipr tan(ty) (14)
We synthetize our deductions on the rest mass with:
If P. 3 and Eq.(13), then the rest mass is connected to a momentum in time D.21

and the energy at rest in respect to the surrounding incoming causal stimuli

Superposition of Relativistic Amplitudes

We have investigated the evolution of an observer along the ticks of the universe and
derived a relativistic perspective on the experienced time intervals. In this chapter, we
would like to elaborate on a possible description of the same concepts through a formalism
similar to the one used in QM. This will allow us to suggest, as a possible next step, a
quantum description of GR phenomenology, to be developed in future contributions.

In each present instant, we are interested in the evolution of the position of the CoM
of a particle in the space lattice (as a tunneling potential) and its proper causal evolution
(intended as an internal aging from the experience of the surrounding causal evolution).
These alternatives will be intended as connected to possible quantum states.

We consider 2 states of evolution in the Present. They represent the evolution of the
particle along the causal time and the orthogonal imaginary time of motion:

e |U,) is a state of evolution associated to the internal clock counting +1 tick in
the proper causal evolution (sampling the surrounding causal stimuli)

e |w,)is astate of evolution associated to the paths from the CoM extending of
+1 step in the relational imaginary time of motion (sampling the space lattice
in an undefined direction 8, , given the absence of further spatial references)

From this orthogonal basis and the spacetime momentum introduced, we consider a
quantum state |eg;) defined at a given instant as:

lesr) = alU,) + Blw,) = Ipsr)/|psrl (15)

The state |pg) is intended as a column vector with p; and ips as orthogonal components
of a possible Hilbert space of spacetime momenta, connected to the energy of the particle.
We suggest an interpretation of Equation (15) considering:

e« as a causal window amplitude on the surrounding causal changes (connected
to the “window of opportunity” to experience changes in the surrounding
universe through the sampling of incoming stimuli in the causal time)

e [3 as an imaginary paths amplitude in the surrounding space (connected to the
extension of the quantum tunneling potential from the CoM to other possible
positions, in a relational imaginary sampling of atoms in the space lattice)

It is also straightforward to verify that, from Eq. (8) and (15), we can write:

{805 = KU lesr)I? = a?

16
@5 = |(w, lesr)|? = B (10
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This “quantum description” of the probability of evolution suggests a holographic
interpretation of the Born rule as well. Born’s “probability amplitudes” can be intended as
“normalized distances” in a space of imaginary possibilities from a barycentric perspective.
The sum of the amplitudes squared, connected by Born to probabilities, can be described,
according to our model, as the sum of “normalized surfaces”, saturated on a unitary total
probability, equivalent to a normalized maximum information.

We note that the normalization factor in our model of spacetime is the maximum
surface derived from the total number of universe ticks considered, as a limit on the max
information that can be encoded in a given number of instants.

If Eq.(8) and (16), then the Born rule can be interpreted as the sum of
normalized surfaces of information in the Present (holographic perspective)

Clarifications on the Emergence of Spacetime

Thanks to an interpretation of spacetime inspired by Presentism, we have proposed a
description of the same phenomenology of SR starting from different postulates, focused
on absolute references for a temporal and a spatial evolution. The quantum formalism
introduced describes evolution in terms of amplitudes from the normalized components
of the momentum in spacetime, relationally defined in respect to the previous instants.
Even if it might seem that we have not achieved much beyond a change of variables, our
framework offers a very different perspective on the fundamental aspects of our universe.

In the last chapter, as possible next steps to be further investigated, we will evaluate
an extension of the framework towards GR and propose some additional deductions on
why Presentism is not only compatible with SR, but it should also be considered the most
efficient way to represent the same phenomenology. Before these last steps, we would like
to summarize the emergence of spacetime from the perspective of an evolving particle.

An elementary particle, from its last event, is at the present instant in a superposition.
In each instant with no events of collapse it evolves outside the classical spacetime of the
Res Extensa. As also proposed in Ref. [21], the particle exists in superposition as a wave of
imaginary locations in the Present. It is a non-local information potential encoded in the
thickness of the Present, intended as a Res Potentia in an ontological quantum memory.

When a collapse of the imaginary paths occurs, at a specific present instant, the
particle tunnels from its last event position to the new specific atom of space, in an event.
At the next instant, a new spacetime point is left behind the past boundary of the Present,
as a discontinuity between the boundary of 2 instants. From this discontinuity, a cone of
consequences causally propagates in all directions of space in the coming universe ticks.

The particle then, from a CoM in space causally updated at the new location, continues
its evolution, evolving as the universe evolves, sampling in superposition causal and
imaginary information, according to the momentum and amplitude in these 2 orthogonal
dimensions. In every instant, from a proper counting of ticks and from the information of
distances collected through incoming stimuli, the causal set in the Res Extensa behind the
Present appears to the elementary observer as a relational and relativistic manifold.

From a globally consistent causal structure of irreversible spacetime points (events),
different observers read different stories, with a proper order of events that depends on
their relative probability of exploring space with imaginary steps or sampling stimuli in
the causality of events. Relative is the dimension in which we allocate our momentum, as
counted ticks or imaginary steps in the surrounding universe.

We hope it could be now easier to picture, from the proposed sampling of information
and probabilities of evolution, a spacetime manifold with signature (+, —, —, —) emerging
as a proper relativistic reading of the surrounding universe in the Present.

In synthesis, we believe that spacetime emerges from the consequences of irreversible
events (Res Extensa) experienced through a causal window amplitude in each instant, but
it does not exist, and so it is irreversible. Events’ consequences surround the observer as
incoming stimuli in each instant and are collected with a relativistic perspective that
depends on the evolution of the causal window and the sampling of causal info.
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During the same instants, in a superposition of evolutions, the observer explores the
surrounding lattice with imaginary steps, in paths of growing amplitude. In each present
instant, the whole space of imaginary locations (that could be reached as the universe ticks)
growths as a surface of quantum information. The maximum information that an observer
can experience in N universe ticks holographically bounds both the understanding of the
past Res Extensa and the exploration of the present Res Potentia.

Possible Next Steps

Towards a Framework for Gravity

In every deduction proposed so far, we have considered a flat space, in line with the
phenomenology described by SR. The description of the quantum nature of spacetime
should also consider a possible curvature in each atom of space. What can the introduced
model suggest on such scenario? We will dare to propose some further speculations, to be
elaborated in a dedicated contribution.

We have based most of our deductions (in terms of spatial and temporal evolution)
on the spherical symmetry of the incoming causal stimuli, synched in thermal bath in each
instant around every atom of space. In the thermal bath of the Present, each atom of space
X}, can be pictured as a virtual atomic sphere at relative rest in respect to the surrounding
ones, as in the description of the gravitational vacuum introduced in Ref. [21], or as in the
“sea of virtual Plank-mass black holes” proposed by Hawing in Ref. [26].

We suggest connecting curvature to a possible breaking of this spherical symmetry in
the Present, in a sort of local bias and “lensing of information” at an atom of space X;. This
“distortion” can be seen as both a local asymmetric tunneling probability (non-hermicity
towards an imaginary direction in the lattice), as well as a “filtering” of the incoming causal
information (a reduction of the causal window amplitude at Xj).

The connection between asymmetric tunneling probability in a lattice, non-hermicity,
and curvature has been suggested in Ref. [21], in accordance with the derivation proposed
in Ref. [37] and [38]. Here we will not propose a mathematical derivation of GR but simply
suggest a possible connection between gravity and our probabilistic framework.

In our discrete model, we suggest connecting the escape velocity iv, = if,c at an atom
of space X, to an increased tunneling probability towards the source of gravitational
potential. We can then express gravitational time dilations with a formalism similar to the
one proposed for SR. We define the gravitational state |X, ;) of an atom of space, connected
to the local gravitational information, through the orthonormal basis |J,) and |, ):

|Xg.k> = g.k|0g> + ﬂg.kl“‘”’y) (17)

In this formalism, a flat atom of space would be characterized by a gravitational state
|X, k) = |U,) and, on the opposite side of the spectrum, an atom of space at the horizon of
a black hole would be described as |X, ;) = |#,) towards the direction of the singularity.

Equation (17) is not providing an interpretation of the quantum nature of spacetime,
but simply a representation of the local gravitational lensing being at a specific location in
the lattice (intended as a biased probability of sampling information in the imaginary space
rather than in the causal time, in respect to a flat scenario).

In Ref. [21], we have proposed a possible physical interpretation of this phenomenon.
We have described the thickness of the Present as a quantum memory (bulk) encoding the
persisting information potential (momenta) and suggested a possible connection between
gravitational time dilations and a locally reduced causal window amplitude, being part of
the Present window (memory) already allocated to the gravitational info of a nearby mass.

We have already proposed several preposterous perspectives on spacetime and will
not speculate further on its possible quantum nature. We hope to leave the curious reader
with the present of a doubt, given an atom of time. In the final chapter, in a last attempt to
suggest a change of paradigm, we will discuss why we believe Presentism is not only a
possible model of a discrete spacetime, but also the best candidate.
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Towards a Derivation of Presentism

It is our belief that the concept of a discrete evolution, even if assumed in instants just
“locally synchronous”, when considered together with a global speed of causality from
postulate P. 2, implies a synchronous evolution of the whole space.

If this were not the case, we would have several “space bubbles” of synchronous
atomic evolution, with discontinuities on their boundaries. Independent spheres of causal
information from events happened in different bubbles might lose their global coherence
in these discontinuities, and the universe would appear as disconnected or with “glitches”.

It seems reasonable to consider as well that, even if there were several bubbles with
different proper synchronization, over time eventually the universe would have probably
converged to a synchronous state, as synchronicity usually leads to lower energy states.
We can then evaluate a less absolute version of P. 1, namely P. 1/, and from P. 1" and P. 2
consider a new more fundamental deduction D. 0.

Evolution locally occurs in atomic instant of duration AT P 1
(time is discrete) '
IfP. 1" and P. 2, then evolution should be synchronous in the whole space

. . . D.0
in an unbroken wholeness of the entire universe

If postulate P. 1" implies a discrete local evolution, and a global synchronicity is
suggested in D. 0 by P. 1" and P. 2, then an Occam’s razor would suggest as well to consider
the minimum information required to describe the same phenomenology.

If the experience of a relativistic spacetime can emerge from a single atomic instant of
evolution, given as the only one ontologically existing, why should we consider the past
as existing as well? Why would Nature need to “allocate resources” in the encoding and
memory of this information, given that information is linked with energy, usually
minimized in Nature?

We note that complex observers might retain an extended interval of causal time info
(thanks to the complexity of their internal parts evolving in the lattice) and reconstruct in
their extended memory a more “extended classical spacetime interval” than just the thick
boundary of a sphere. However, more memory than just the Present seems not needed for
a relativistic experience of spacetime.

Postulates on time or information might seem superfluous to describe the same
phenomena of SR in terms of “parsimony of postulates” but allow a much greater
“parsimony of information” needed to describe what seems a similar emerging universe.
In our perspective, the latter parsimony should be preferred.

If D. 0 and Nature prefers minimum information, then P. 1 seems a logical deduction:

: L . ) D.0
Only the Present exists as an atomic instant of evolution AT of the whole universe

In synthesis, from P. 1’ (time is discrete) and P. 2 (global speed of causality), we suggest
D. 0 (synchronous evolution). Given D. 0, then D. 0" (only the present exists) seems natural.
From D. (, we can continue with the already defined deductions: D. 1, D. 2, and so on.

Concluding, we believe that, in the Present, “Time is there even when nobody is looking”.
It exists a priory of events, fundamentally and ontologically. An atom of time seems to us
a common beat of the entire universe and the most fundamental abstraction on evolution
and change.

These elaborations may not have provided enough evidence for a lighter version of
postulate P. 1. We will leave a more detailed analysis on the matter to future contributions
and consider the Present, beyond a postulate, simply a gift to evolve in each new instant.
From this gift, and a global speed of causality, we have shown how it is possible to describe
our universe as a causal, relational, relativistic, and unbroken lattice evolving on a common beat.
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Synthesis

On Spacetime and Observers

We have proposed an interpretation of time and space, inspired by Presentism and
Information Theory, and coherent with the phenomenology of SR. We believe it could
represent a possible step towards a more complete quantum description of our universe.

More specifically, after having introduced the rich literature supporting Presentism,
we have postulated the existence of 2 references: an atomic present instant, universe tick of
a global evolution (P. 1), and an universal speed of the causal information in space (P. 2).

The Present is given as the only element of reality in an emerging axis of causal time.
Its duration identifies an events’ resolution in the causal evolution (D. 1). Being the Present
the only element of reality in time, events are irreversible (D. 2) and collected in a causal
set behind the past boundary of the Present. In each instant, only their consequences
propagate, through their causal cones (D. 3), in a resulting thermal bath of incoming
information, everywhere in space at the Present (D. 4).

From P. 1 and P. 2, space has been described through an imaginary time of motion at
the speed of causality between atoms of space, in a relational lattice of possible events’
location. From this mapping, we have deduced a relational and discrete space (D. 5).

We have then elaborated on the perspective of a free particle in this discrete universe.
First, we have described movement as an extension of a tunneling potential along the
imaginary time of motion, relationally defined in respect to the position in the previous
instant and the spherical symmetry of the surrounding thermal bath of incoming causal
stimuli (D. 6). Then, we have deduced a discrete movement: in each instant, either a particle
relationally moves of 1 imaginary step in respect to the previous instant or does not move
at all (D. 7). We have defined resting condition from the spherical symmetry of the causal
surrounding information in the Present. This condition has been connected to a complete
sampling of the incoming causal stimuli, with a complete reconstruction of the causal time
and a possible deduction of the occurrence of a causal evolution in the universe.

We have then considered the evolution of a particle during the last few N instants of
the universe, such that no events occur to the particle. We have suggested that the causal
information from the surrounding universe can be symmetrically counted by the observer
as proper ticks of causal evolution (D. 8, D. 9), and noted that observers moving or at rest
in every instant, acting as absolute clocks, are impossible (D. 10). We have investigated the
max info sampled in the causal time (causal consequences of events occurred in the past,
showing the evolution of the surrounding universe) or in the imaginary time of motion
(possible positions reached in a tunneling event). This information, after N universe ticks,
saturates on the Bekenstein bound, being proportional to N2 (D. 11, D. 12, D. 13, D. 14).

The holographic nature of spacetime information has been connected to a general
invariance, valid for the total sum of samples in each instant, and it has been proposed as
a new postulate (P. 3).

On Relativity and Probability

In the second main chapter, we have investigated the 2 expressions of postulate P. 3.

First, we have derived the proper time from a principle of invariance of the spacetime
information in N universe instants. With Eq. (4), the proper time has been mathematically
described as a statistically reduced number of universe ticks sampled by an observer, given
that some info sampling is allocated to the lattice with imaginary steps (D. 15). In this
framework, we have deduced that there is no “common now” for observers, but a relativity
of simultaneity (D. 16) and, with Eq. (5), (6) and (7), we have derived time dilations and
lengths contraction, the equivalence of all inertial reference frames, and the agreement on
the 2-way speed of light between inertial observers (D. 17, D. 18, and SR1, SR2).

Postulate P. 3 also connects the holographic nature of the information sampling in the
Present with the unitarity of evolution in spacetime. In a framework defined through the
differences from the previous instant, it assures that everything changes either in the in the
causal time or in the imaginary time of motion (D. 19). Moreover, through Eq. (8), P. 3 sets
the basis for a quantum description of the time in the Present.
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From a unitary probability of evolution, we have elaborated on an alternative
description of the same phenomenology, through the concept of spacetime momenta,
defined in Eq. (9) and (10). We have connected the probability of evolution in the causal
time (counting proper ticks) or in the space lattice (as steps in imaginary paths, as growing
tunnels to potential locations) with a momentum in time and in space (D. 20), and
mathematically expressed their relation with Eq. (11) and (12).

With Eq. (13) and (14), we have proposed a definition of rest mass in respect to the
surrounding causal information and connected it with the momentum in time and in space.
Moreover, we have verified a null rest mass and a null experience of causal evolution for
any elementary observer always moving in every instant (D. 21).

Finally, in Equation (15) and (16), we have proposed a description of the probability
of evolution in spacetime, of postulate P. 3 and Equation (8), as a quantum state of evolution,
and defined a causal window amplitude and an imaginary paths amplitude. We have concluded
suggesting a holographic interpretation of the Born rule (D. 22).

On Possible Next Steps

In the last part of our contribution, we have elaborated on some possible additional
next steps, to be developed in future works.

First, with Eq. (17), we have speculated on a possible gravitational state for each atom
of space and connected curvature to non-hermicity. From an imaginary vector opposite to
the escape velocity, this gravitational state encodes the potential at an atom of space as
related to an asymmetric tunneling amplitude towards the source of attraction. In this
formalism, we have suggested a connection between the increased probability of sampling
information in the imaginary space with the reduction of the “available memory” in the
Present (causal window amplitude) at the same location.

Finally, as a last proposed next step to be better elaborated in coming contributions,
we have suggested an argument towards a derivation of P. 1 (only the Present exists) from a
lighter version (P. 1"), that simply postulates a local atomic evolution in time. First, we have
considered the need for a global synchronicity (D. 0). Then, following a “parsimony of
information”, we have concluded that, if an instant of time is enough to derive the
emergence of a relativistic spacetime (with no information about irreversible events
beyond their causal consequences at the past boundary of the Present), then we should
consider that only the Present exists. Why would Nature need to invest more energy in the
encoding of “more time” than just the Present? (D. 0').

Conclusion

We have proposed a model of spacetime inspired by Presentism and based on a space
lattice evolving in atomic instants. We have shown how this framework, naturally related
with discrete information, is compatible with SR and gives a coherent interpretation of the
same phenomenology.

The discrete evolution in time and space, the emergence of a continuous spacetime
from the sampling of causal or imaginary information, and the probabilistic and
holographic nature of spacetime, experienced through amplitudes of causal windows and
imaginary tunnels, seem to us powerful conceptual tools to describe our universe.

Information Theory has proven once more its relevance in the description of Nature.
It has allowed the coexistence between the seemingly opposite perspectives, claiming that
“only the Present exists” and that “the experience of the passage of a causal time is relativistic”,
leading, Heraclit of Efes, Plato, and Einstein, eventually, on the same page. Moreover, with
a universe tick (even if inaccessible as an absolute clock) and a relational description of
space, both Newton and Leibniz could, at least somehow, be satisfied.

Concluding, we believe that the concept of a thick Present, intended as both a
maximum rate of change in the causal evolution and an ontological memory encoding the
information potential of an imaginary space of non-local possibilities, could be on the right
path towards a deeper understanding of the quantum foundations of our universe.
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