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Some Notes on Quantum Information in Spacetime
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The results obtained since the 70s with the study of Hawking radiation and the Unruh effect
have highlighted a new domain of authority of relativistic principles. Entanglement, the quantum
phenomenon par excellence, is in fact observer dependent [1], and the very concept of “particle” does
not have the same information content for different observers [2,3]. All this proposes the centrality of
the notion of “event” in physics and the meaning of its informational value. It is in this direction that
Quantum Relativistic Information (QRI) is defined, which can therefore be defined as the study of
quantum states in a relational context.

It must be said that, despite being a prelude to a future quantum gravity, QRI is a largely autonomous
field—Dbecause it does not imply any specific hypothesis on the Planck scale—and is characterized by
some principles that guard an assumption of great epistemological strength. As A. Zeilinger [4] says, it is
impossible to distinguish between “reality” and “description of reality”, i.e., information in the study of
physics; doing so means jeopardizing the universal value and beauty of physical laws. Both relativity
and quantum physics are aspects of a broader information theory that we have been discovering in
recent years and within which the foundational debate is renewed with new experimental possibilities.
The first principle we need is therefore:

The principle of contextuality [5]: Each description of a class of events must contain, implicitly or
explicitly, the reference structure of the observer. In other words, it must be possible for each observer
to define assign values for each observable.

A very strong request comes from the principle of equivalence, which, after showing unsuspected
resistance to any attempt of de-construction, is now extended to the quantum domain as a request
to describe gravitational phenomena in terms of causal networks [6-11]. L. Susskind and G. 't Hooft
proposal for the information paradox adds a new element to the picture: the complementarity invoked
is in fact a principle of equivalence [12,13]. Although the Black Holes question are still far from being
resolved (with particular regard to the core of the BH, with interesting inter-connections between
strings, non-commutativity and euclidicity, see for example: [14-20]), the synthesis of equivalence and
complementarity leads to a powerful holographic principle that introduces, according to Bekenstein’s
limit [21], a new way of looking at the locality and a different approach to cosmology. The holographic
principle feeds on conjectures and is still looking for theories (duality between gravity and quantum
field theory: [22-26]), but it is a catalyst for new conceptual suggestions regarding the physical
meaning of the cosmological horizon. In particular, considering the four-dimensional dynamics as
the explication (in a Bohmian sense) of a De Sitter non-perturbative vacuum offers an improvement
of Hartle-Hawking proposal in quantum cosmology and a solution to the informational paradox
in the BH [27-29]. This line of reasoning is also promising for an event-based reading of Quantum
Mechanics [30].

For a long time, holography and emergentism appeared as two styles of explanation irreconcilable
with respect to the locality, but an emergency of time could offer new perspectives with a duality
between imaginary time and real time, in a diachronic/synchronic complementarity [31-33].
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It is known that there are well-defined whormhole solutions in General Relativity and Yang
Mills Theory, and the recent ER = EPR conjecture proposes the question of the emergence of metric
space-time from a non-local background [34-38]. A suggestion in the direction of the laboratory comes
from the Bose-Marletto—Vedral conjecture on the possible coalescence of two quantum systems in a
non-local phase, which would reveal the limits of the local metric description and the non-classical
aspects of space-time [39,40]. A covariant analysis of this situation shows that discrete effects could
prove to be an overlap of geometries measurable through entanglement entropy [41,42].

Furthermore, localization appears as the production of a new degree of freedom. We assume,
in accordance with a recent proposal [30,43], that the localization R of a process is associated with the
genesis of a micro-horizon of de Sitter of center O and radius c60 ~ 10-13 cm (chronon, corresponding
to the classical radius of the electron), with O generally delocalized according to the wave function
entering/leaving the process. The constant 00 is independent of cosmic time, so the ratio t0/00 ~ 104!
is also independent of cosmic time, with ct0 ~ 1028 cm. This ratio expresses the number of totally
distinct temporal locations accessible by the R process within the horizon of cosmological de Sitter.
In practice, the time line segment on which an observer at the center of the horizon places the process
R has length t0, while the duration of the process R is in the order of 60; the segment is therefore
divided into separate t0/00 ~ 104! “cells”. Each cell can be in two states: “on” or “off”. The temporal
localization of a single process R corresponds to the situation in which all the cells are switched off
minus one. Configurations with multiple cells on will correspond to the location of multiple distinct R

. . . . . 104
processes on the same time line. If you accept the idea that each cell is independent, you have 2
distinct configurations in all. The positional information associated with the location of 0, 1, 2, ..., 104
R processes then amounts to 1041 bits, the binary logarithm of the number of configurations. This is a
kind of coded information on the time axis contained within the observer’s de Sitter horizon.

The R processes are in fact real interactions between real particles, during which an amount
of action is exchanged in the order of the Planck quantum h. Therefore, in terms of phase space,
the manifestation of one of these processes is equivalent to the ignition of an elementary cell of
volume h3. The number of “switched on” cells in the phase space of a given macroscopic physical
system is an estimator of the volume it occupies in this space, and therefore of its entropy. It is therefore
conceivable that the location information of the R processes is connected to entropy through the
uncertainty principle. This possibility presupposes the “objective” nature of the R processes.

It is therefore natural to ask whether some form of Bekenstein’s limit on entropy applies in some
way to the two horizons mentioned. If we assume that the information on the temporal location of the
processes R, I = 10*! bits, is connected to the area of the micro-horizon, A = (c60) 2 ~ 1072° cm? from

the holographic relationship:
A

4P
Then, the spatial extension [/ of the “cells” associated with an information bit is ~1073% cm,
the Planck scale! It is necessary to underline that the Planck scale presents itself in this way as

=1 1)

a consequence of the holographic conjecture (1), combined with the “two horizons” hypothesis,
and therefore of the finiteness of the information I. It in no way represents a limit to the continuity of
spacetime, nor to the spatial or temporal distance between two events (which remains a continuous
variable). Furthermore, since I = t0/60 and t0 is related to the cosmological constant A by the relation
A =4/3t02, the (1) is essentially a definition of the Planck scale as a function of the cosmological constant.
A global-local relationship is exactly what we expect from a holographic vacuum theory.
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