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Abstract

We investigate the consequences of postulating that space and time are fundamentally quantized, defined
by minimum units ℓP and tP, without introducing new particles, symmetries, or dimensions. Starting
from three foundational assumptions—validity of quantum mechanics, validity of general relativity, and
quantized spacetime—we construct a unified framework that spans quantum theory, gauge fields, gravity,
and discrete spacetime dynamics.

Quantum mechanics is reformulated on a time lattice, where unitary evolution, wavefunction collapse, and
non-Markovian memory emerge naturally from finite-step causal dynamics. We develop a discrete Quan-
tum Field Theory (QFT) incorporating gauge invariance for scalar, Abelian (U(1)), and non-Abelian
(SU(2), SU(3)) fields. Interaction strengths and ranges arise from the activation geometry of discrete
Planck-scale cells.

Gravitational dynamics emerge from the collective behavior of a scalar phase field ϕ(x). We derive a fully
tensorial metric gµν(ϕ) constructed from local phase gradients, and demonstrate that it generates the
Levi-Civita connection, Ricci curvature, and the full Einstein field equations. This construction provides
a spin-2 gravitational sector without assuming a fundamental metric. Topological entropy in discrete net-
works is shown to encode internal quantum states, and its internal degrees of freedom match the minimal
Hilbert space structure of Standard Model fermions.

Finally, the framework leads to falsifiable predictions: a correction to orbital dynamics at high resolution
(tested on Mercury and LEO satellites), a decoherence threshold for entangled photons, and a mechanism
for short gamma-ray bursts arising from quantum disruption events in black hole interiors.

This work demonstrates that a consistent and predictive unification of quantum theory and gravity may
arise from a minimal change in perspective: treating spacetime as fundamentally quantized.

Keywords: quantized time, causal collapse, discrete quantum mechanics,QFT, non-Markovian dynam-
ics, measurement problem, relativistic consistency, Planck-scale evolution, operator field, memory-based
quantum dynamics, quantum ontology, informational spacetime
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1 Introduction

Quantum mechanics and general relativity stand as the two foundational pillars of modern physics. Each
has been verified to remarkable precision—one governing the dynamics of microscopic systems, the other the
geometry of spacetime. And yet, despite their individual success, the two remain fundamentally incompatible.
For over a century, attempts to reconcile them into a unified framework have been met with deep conceptual
and technical challenges.

A Hidden Assumption. While string theory, loop quantum gravity, and other proposals have introduced
new symmetries, dimensions, or quantization prescriptions, none has yet produced a universally accepted
synthesis. Perhaps the core problem lies not in the mathematics of either theory, but in a silent assumption
shared by both: the continuity of spacetime.

A Minimalist Strategy. This work explores the consequences of replacing that assumption. Rather than
introducing new particles or exotic structures, we ask: what if both quantum mechanics and general relativity
are correct—and only spacetime itself is fundamentally discrete?
We base our analysis on three postulates:

1. Quantum mechanics governs microscopic phenomena.

2. General relativity governs classical spacetime geometry.

3. Spacetime is quantized: there exist fundamental units ℓP and tP that cannot be subdivided.

From these assumptions, we develop a unified framework in which:

• Quantum mechanics is reformulated over a discrete time lattice, recovering Schrödinger evolution and
measurement collapse as emergent, causal phenomena.

• Quantum Field Theory (QFT) is constructed on a fundamentally discrete spacetime substrate, includ-
ing a fully gauge-invariant formulation for scalar, Abelian, and non-Abelian fields.

• The gauge hierarchy, interaction strengths, and coupling structures emerge from the geometry and
activation patterns of Planck-scale units.

• Entanglement correlations and Einstein–Rosen bridges arise from discrete topological connections,
resolving EPR-type paradoxes without superluminal signaling.

• General relativity emerges from scalar field correlations, with a fully tensorial metric, Levi-Civita
connection, and Einstein equations derived explicitly from phase gradients.

• A discrete action principle, Hamiltonian formalism, and non-Markovian dynamics are introduced, lead-
ing to falsifiable predictions in orbital mechanics and entangled photon systems.

Quantized Spacetime as a Common Ground

We show that the apparent conflicts between quantum theory and gravity can dissolve under a unified
framework, once space and time are treated not as a continuum, but as quantized and causally discrete.

From Paradox to Cohesion. Each result in this work is derived from first principles, without free
parameters, hidden sectors, or dimensional extensions. The consequences span the domains of QM, QFT,
GR, and information theory—revealing that a unified framework may arise not from complexity, but from a
change in perspective: the quantization of spacetime.
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2 Motivation and Scope: The Necessity of Quantized Space-Time

The impetus behind this work stems from a simple but powerful line of reasoning: if there exists a minimum
length scale in nature—an indivisible quantum of space—and a maximum speed for signal propagation, then
the existence of a minimum quantum of time follows necessarily. The conclusion is inescapable: space and
time must both be quantized.

This immediately makes us question the dynamical theories built on a continuous space-time manifold. Both
General Relativity (GR) and Quantum Mechanics (QM), as currently formulated, rely on the use of infinites-
imal space-time intervals—a mathematical convenience which, under this premise, has no physical basis.

Instead, we propose a radical ontological shift: spacetime is fundamentally discrete. The geometry of the
universe is not a continuum but a causal lattice, in which events are separated by minimum intervals in both
space and time.

Core Ontological Statement

Space-time is not continuous. There exists a fundamental quantum of space, ℓP, and
a fundamental quantum of time, tP, below which no further subdivision is physically
meaningful. The continuum is an emergent approximation.

This leads us to reject the validity of time derivatives and infinitesimal evolution. The very notion of dt→ 0
is incompatible with the existence of a minimal time step. All physical evolution must therefore be for-
mulated in terms of finite steps—in both space and time—with the continuum limit appearing only as an
approximation valid at scales far larger than Planck.

In this new ontology, time becomes a discrete sequence of causal updates, and space a network of minimal
geometric links. These ideas will serve as the backbone for the rest of this work, where we reformulate
quantum mechanics, field theory, and gravitational dynamics under the principle of quantized spacetime.
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3 Foundational Postulates: Towards a Quantum Discrete Spacetime

We base our framework on three widely accepted physical principles:

1. The Planck length ℓP =
√
ℏG/c3 ≈ 1.616 × 10−35 m represents the minimal resolvable length scale

in any quantum theory of gravity.

2. The speed of light c is the invariant maximum speed for information transfer.

3. Time and space are not separate entities but part of a unified relativistic spacetime manifold.

From these, it follows that the smallest measurable duration must be the Planck time:

tP =
ℓP
c

=

√
ℏG
c5
≈ 5.39× 10−44 s.

Thus, time itself is quantized into units of tP, with no possibility of further subdivision. This leads to our
foundational postulates:

Postulate I (Quantized Spacetime)

There exist minimum quanta of space and time, denoted ℓP and tP respectively. No
physical process can probe distances shorter than ℓP or evolve over durations shorter
than tP.

Postulate II (Discrete Evolution)

Physical dynamics unfold as causal updates over discrete spacetime intervals. The notion
of infinitesimal evolution is physically meaningless. Derivatives are replaced by finite-
step evolution rules.

These two postulates establish a minimal substrate for physical reality. Instead of a smooth continuum, the
universe is modeled as a discrete causal structure, with time unfolding step by step and space quantized into
indivisible links.

It is important to note that quantizing time does more than remove infinitesimals from our equations. It
also reshapes the structure of physical causality. In a discrete-time framework, evolution can no longer be
assumed to be strictly Markovian. The present state may require information from a bounded segment of past
states —a form of causal memory— to evolve consistently. This phenomenon will emerge naturally in later
sections, particularly in our treatment of non-Markovian quantum dynamics and field-theoretic formulations

3.1 Phenomenological Modeling Principles

In addition to the core postulates of QMQST, our framework is guided by a set of modeling principles
designed to remain consistent with the foundational axioms while enabling predictive dynamics:

• Temporal Symmetry. Discrete-time evolution must preserve unitarity and reversibility over Planck-
scale steps. This leads naturally to Crank–Nicolson-type update rules.

• Causal Collapse Interpolation. Quantum state reduction is modeled as a non-Markovian process,
governed by a local energy-dependent decay function αn, reflecting causal memory.

• Coherent Gauge Activation. Interactions arise from the coherent activation of Nc Planck cells.
The value of Nc depends on the gauge group and determines interaction strength and range.

• Minimum Energy for Topological Transitions. A phenomenological energy threshold encodes
the stiffness of discrete spacetime and the cost of activating topological events such as ER bridges.

These principles serve as physically motivated bridges between foundational axioms and phenomenological
predictions. They are subject to refinement as the theory evolves.
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4 Quantum Mechanics in Quantized Space-Time:
Formalism and Implications

Standard quantum mechanics relies on the Schrödinger equation to describe the dynamics and evolution over
time of quantum systems under a continuous time parameter:

iℏ
∂

∂t
Ψ(t) = ĤΨ(t). (1)

This formulation assumes that time t is a smooth, differentiable variable, flowing continuously and infinitely
divisible.

However, if we instead postulate that both space and time advance in discrete steps—tP and
ℓP, respectively—then the entire dynamical framework must be reconsidered.

4.1 Quantization of Space

In standard quantum mechanics, space is treated as a continuous manifold: the wavefunction Ψ(x, t) is de-
fined over the real line x ∈ R. However, if we accept that space is fundamentally quantized—with a minimal
unit of distance given by the Planck length ℓP—then this continuum assumption must also be revised.

We propose that the spatial domain is replaced by a uniform lattice of spacing ℓP:

xi = i · ℓP, i ∈ Z,

so that the wavefunction is now defined only on the discrete set {xi}. That is,

Ψ(x, t) −→ Ψn
i := Ψ(xi, tn),

where tn = n · tP is the corresponding discrete time step.

Finite spatial derivatives. The spatial derivatives that appear in the Hamiltonian—such as the Laplacian
in the kinetic energy term—must now be replaced by finite difference operators. For a second derivative in
one dimension:

∂2Ψ

∂x2
−→

Ψn
i+1 − 2Ψn

i +Ψn
i−1

ℓ2P
.

This yields a natural discretization of the kinetic energy operator:

T̂iΨ
n := − ℏ2

2m
·
Ψn

i+1 − 2Ψn
i +Ψn

i−1

ℓ2P
.

Discrete configuration space. In this framework, the wavefunction becomes a doubly-indexed object
Ψn

i , defined only on lattice sites in space and time. Physical evolution is then governed by update rules that
act on this grid.

This granular structure aligns with the ontology of Quantized Space-Time (QST): matter, fields, and in-
teractions are not spread over continua, but enacted via discrete transitions across a lattice of fundamental
intervals.

Quantized Configuration Space

In Quantized Space-Time, the wavefunction Ψn
i is defined only at lattice sites xi = iℓP, tn = ntP. All

operators—including the Hamiltonian—must act via finite differences across this lattice. Continuous
functions and derivatives are effective approximations only valid at large scales.
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This formulation assumes that time t is a smooth, differentiable variable, flowing continuously and infinitely
divisible. However, if we instead postulate that time advances in discrete steps of duration tP , the Planck
time, then the entire dynamical framework must be reconsidered. Time becomes a sequence:

tn = n · tP , n ∈ Z, (2)

and the time derivative is naturally replaced by a finite difference operator. A simple and physically mean-
ingful choice is the forward difference:

∂Ψ

∂t
−→ Ψ(tn+1)−Ψ(tn)

tP
. (3)

Substituting this into the Schrödinger equation yields a discrete-time evolution law:

iℏ
Ψ(tn+1)−Ψ(tn)

tP
= ĤΨ(tn), (4)

which leads directly to the explicit update rule:

Ψ(tn+1) = Ψ(tn)− i
tP
ℏ
ĤΨ(tn). (5)

This rule resembles a forward Euler integrator in numerical analysis—but here, it is not an approximation
scheme. It is the fundamental law of quantum evolution under discrete time.

4.2 Discrete Evolution in Quantized Space-Time

This requires that all differential operators be replaced by finite differences, leading to a fully discrete update
rule for the quantum state. The temporal derivative, in particular, is naturally replaced by a forward finite
difference:

∂Ψ

∂t
−→ Ψ(tn+1)−Ψ(tn)

tP
. (6)

Substituting into the Schrödinger equation, we obtain the fundamental evolution law of Quantum Mechanics
with Quantized Space-Time (QMQST):

iℏ
Ψ(tn+1)−Ψ(tn)

tP
= ĤΨ(tn), (7)

which yields the explicit update rule:

Ψ(tn+1) = Ψ(tn)− i
tP
ℏ
ĤΨ(tn). (8)
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This equation resembles a forward Euler integrator in numerical analysis—but in our framework, it is elevated
to a fundamental physical postulate:

”Space-time does not flow continuously. Each tick of the Planck clock enacts a discrete
quantum update governed by the Hamiltonian. There are no physically meaningful

intermediate states between updates.”

We can define the corresponding discrete evolution operator:

ÛQMQST ≡ I− itP
ℏ
Ĥ, (9)

so that
Ψn+1 = ÛQMQSTΨn. (10)

Ontological interpretation. This operator is not merely a discretized approximation of the exponential
evolution. It is the fundamental dynamical generator in QMQST. The evolution of the quantum state is
intrinsically granular, aligned with the atomic structure of space-time. Physical change occurs in discrete
causal updates—rather than through infinitesimal flows.

Non-unitarity and norm violation. Unlike the standard unitary operator Û(t) = e−iĤt/ℏ, the QMQST
evolution operator is not unitary:

Û †
QMQSTÛQMQST ̸= I. (11)

This reflects the fact that continuous evolution is not fundamental but emergent. However, this raises
concerns regarding norm conservation and probability interpretation—which will be addressed in Section 4.3.

Continuum limit. In the limit tP → 0, we recover the standard form:

ÛQMQST = I− itP
ℏ
Ĥ +O(t2P ), (12)

which matches the first-order Taylor expansion of the continuous evolution operator, ensuring consistency
with standard quantum theory.

Discrete ontology of space-time. The key philosophical shift is this: The quantum state is not de-
fined continuously over a smooth background, but only at the discrete lattice of spacetime points
{xi, tn}. Between ticks of the Planck clock—and between fundamental spatial units—there is no
ontological reality of the wavefunction. Space-time is not a continuous arena but a countable
structure of physical events.

4.3 Modified Schrödinger Equation: A Norm-Preserving Discrete Formulation

The first-order update rule introduced in Section 4.2 captures the essence of temporal discreteness: quan-
tum evolution proceeds in indivisible Planck-scale steps. However, that formulation—while ontologically
faithful—leads to non-unitary evolution and norm violation, raising interpretational and physical concerns.
To address this, we now present a discrete-time update rule that satisfies two crucial conditions:

(i) It preserves the norm of the wavefunction at each step: ∥Ψ(tn+1)∥ = ∥Ψ(tn)∥.

(ii) It reduces to the standard Schrödinger equation in the continuum limit.

We begin by symmetrizing the finite-difference evolution across adjacent Planck ticks:

Ψ(tn+1)−Ψ(tn)

tP
= − i

ℏ
Ĥ

[
Ψ(tn+1) + Ψ(tn)

2

]
, (13)

a midpoint scheme formally known as the Crank–Nicolson method [8]. Crucially, in QMQST this is not a
numerical trick—it defines the fundamental unitary evolution operator over discrete space-time.
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Solving for Ψ(tn+1), we obtain: (
I+

itP
2ℏ

Ĥ

)
Ψ(tn+1) =

(
I− itP

2ℏ
Ĥ

)
Ψ(tn), (14)

which defines the update operator:
Ψ(tn+1) = Û

(U)
QMQSTΨ(tn), (15)

with:

QMQST Unitary Evolution Operator

Û
(U)
QMQST :=

(
I+

itP
2ℏ

Ĥ

)−1(
I− itP

2ℏ
Ĥ

)

This operator is unitary to all orders in tP for time-independent Hamiltonians, and therefore
preserves probability exactly. Its structure reflects the fundamental symmetry between past and
future states over a Planck interval.

Physical interpretation. The evolution operator Û (U)
QMQST constitutes the core dynamical law in quan-

tized space-time. It encodes how the quantum state updates from one discrete causal slice to the next, fully
respecting the granular ontology.

Unlike the standard exponential propagator e−iĤt/ℏ, which presupposes smooth infinitesimal evolution, this
formulation embeds discreteness directly into the dynamical core of quantum theory.

Continuum consistency. In the limit tP → 0, the discrete update reduces to:

lim
tP→0

Ψ(tn+1)−Ψ(tn)

tP
=
dΨ

dt
= − i

ℏ
ĤΨ(t),

ensuring full compatibility with conventional quantum mechanics in the low-energy, long-time regime.

Discrete fundamentality. In our formulation, tP is not a numerical parameter—it is a fundamental
constant of nature. Therefore, the exact update law remains:

Ψn+1 = Û
(U)
QMQSTΨn,

and quantum evolution is inherently granular. Between steps, the quantum state has no ontological existence.
Physical change occurs as discrete causal transitions between quantized configurations of the field.

Preview. This formulation opens the door to re-examining superposition, collapse, decoherence, and in-
formation propagation under a fundamentally granular architecture of space-time. These implications will be
explored in the subsequent sections.
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4.4 Interpretation and Consequences

The discrete reformulation of quantum dynamics presented above is not merely a numerical trick: it implies
a fundamental ontological shift in our understanding of space, time, and the architecture of quantum theory
itself.

4.4.1. Physical Implications of Discrete Evolution

Replacing the continuous Schrödinger equation with a norm-preserving discrete update rule (e.g., via Eq. (13))
under the assumptions of QMQST has the following direct consequences:

• Unitarity is preserved at each step, ensuring total probability is conserved.

• Time evolution becomes fundamentally stepwise, and the continuous time parameter t ∈ R is
replaced by a discrete index n ∈ Z, with t = ntP.

• Causality is manifestly enforced: no information propagates faster than one Planck length per
Planck time, respecting the relativistic speed limit.

• Reversibility remains intact, since the update operator ÛCN is invertible.

• Long-term deviations: Even if small per step, differences from standard QM may accumulate over
many iterations.

• Cumulative decoherence-like effects: In sensitive quantum systems, repeated application of the
discrete evolution operator may mimic gradual decoherence or induce small anomalies, even in the
absence of environmental interaction. This opens the door to experimental tests in systems such as
Rydberg atoms or superconducting qubits.

4.4.2. Ontological Reframing of Space-Time

The use of fundamental units tP and ℓP implies that:

• Time and space are no longer continuous backgrounds, but emergent, countable processes.

• There is no such thing as an infinitesimal instant or displacement; the smallest meaningful
duration and distance are tP and ℓP, respectively.

• Any operational definition of sub-Planckian intervals is physically prohibited by the struc-
ture of the theory. Such resolutions are not just inaccessible—they are conceptually undefined.

This represents a radical ontological departure from classical and even standard quantum paradigms.

4.4.3 Relation to Other Frameworks

Our approach resonates with several existing frameworks that posit discreteness as a fundamental aspect of
physical reality:

• Quantum Cellular Automata (QCA): In these models, time and space are both discretized, and
evolution proceeds by local unitary updates [2]. Our formulation may be viewed as a continuous-space
analog of QCA, preserving unitarity while operating with minimal temporal granularity.

• Causal Set Theory: The idea that spacetime is a discrete structure composed of causally ordered
events [4, 25] aligns closely with our proposal of quantized time. In both cases, the continuum is an
emergent approximation.

• Loop Quantum Gravity and Spin Foams: These frameworks also posit that spacetime has a
granular structure at the Planck scale [23, 21]. While they focus on discrete space and area, our
formulation remains agnostic about spatial geometry and emphasizes temporal discreteness as primary.
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• Objective Collapse Models: Theories such as GRW [9] or Penrose’s gravitationally induced collapse
[20] postulate that spacetime discreteness or curvature can trigger wavefunction collapse. Our frame-
work, by encoding granularity in time itself, offers a new context to revisit such mechanisms without
abandoning unitarity.

Conceptual Proximity to Other Discrete Frameworks

• Quantum Cellular Automata (QCA): Local unitary updates on a spacetime lattice.
QMQST parallels this with discrete time.

• Causal Set Theory: Spacetime as a set of causally ordered discrete events. QMQST aligns by
treating time as a primary causal ordering.

• Loop Quantum Gravity (LQG): Discretization of spatial geometry (area, volume). QMQST
complements this with temporal discreteness, without imposing spatial quantization.

• Objective Collapse Models (GRW, Penrose): Wavefunction collapse linked to spacetime
discreteness or curvature. QMQST suggests an alternative: granularity in time as a possible
collapse mechanism [9, 20].

Having established a discrete, reversible and unitary framework for evolution in quantized space-time, we
now turn to the most irreversible process in quantum theory: measurement.

4.5 Measurement and Collapse: Causal Propagation in Quantized Space-Time

One of the deepest unresolved puzzles in quantum mechanics is the nature of measurement and the ap-
parent “collapse” of the wavefunction. Standard formulations treat collapse as a non-unitary, instantaneous
projection process triggered by an act of observation. However, this description is operational rather than
physical—it offers no underlying dynamics, and breaks the symmetry of unitary evolution.

From the viewpoint of Quantized Space-Time (QMQST), this abruptness is suspicious. If time itself
is composed of discrete ticks tn = ntP , and quantum evolution unfolds in stepwise updates, then any
change—however sudden it appears—must proceed through a sequence of transitions.

The domino analogy. Consider a long row of dominoes. A small initial push knocks over the first tile,
which then tips the second, and so on. The entire process unfolds as a chain of local, causal updates—each
new state depending on the previous one. To an observer watching from afar, the process may appear in-
stantaneous, but in fact it involves a well-defined sequence.

Apparent instantaneity vs. physical granularity. To understand why collapse appears instantaneous
to human observers, one must appreciate the colossal gap between the Planck scale and our experimental
capabilities. The Planck time,

tP =

√
ℏG
c5
≈ 5.39× 10−44 s,

represents the smallest conceivable tick of time within physical law. Suppose that wavefunction collapse
spans N ∼ 50 of these discrete steps—this corresponds to a duration of merely 2.7× 10−42 s.
The current capability to measure electromagnetic events, has reached the order of attoseconds (10−18)
See. Ossiander et al. [19] and Massicotte and al. [15]. This means we are over

10−18

tP
∼ 1025

orders of magnitude too coarse to resolve the internal structure of collapse.
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To contextualize this gap: the difference between our best experimental resolution and the Planck time is
a billion times larger than the number of seconds that have passed since the Big Bang. Thus,
what we perceive as an instantaneous event may in fact be a finely structured cascade, hidden beneath a
temporal veil of 25 orders of magnitude. We propose that wavefunction collapse operates analogously.

The role of memory in discrete dynamics. In standard quantum mechanics, time evolution is often
treated as Markovian: the next state depends only on the present. However, in a discretized temporal frame-
work, this assumption breaks down. Each step is causally linked not only to the immediately prior state,
but to a short buffer of previous steps, forming a chain of memory.

This notion is developed more formally in later sections (see Section. 11), but even at this stage, it plays a
pivotal role: the collapse process is not memoryless. The outcome depends not just on the current state and
measurement, but also on the sequence of prior perturbations and internal dynamics. The cascade carries
causal information forward, step by step. In the next subsection, we formalize this idea as a dynamical pro-
cess: a causal cascade of discrete transitions, each informed by memory and constrained by the fundamental
quantum of time. We derive the corresponding evolution operators, analyze their structure, and show how
classical measurement outcomes emerge naturally from this granular dynamic.

4.6 Dynamical Collapse as a Causal Memory Cascade

If space-time is quantized and evolution proceeds through discrete updates with memory, then wavefunction
collapse need not be instantaneous nor random. Instead, it may be reinterpreted as a physical sequence
of causal transitions—each Planck tick carrying forward information from the previous state—ultimately
producing an apparent “collapse” from the observer’s perspective.

4.6.1. Perturbation and Departure from Unitarity

Let the system evolve via the norm-preserving rule:

Ψn+1 = ÛQMQSTΨn =

(
I− itP

ℏ
Ĥ

)
Ψn.

At time tn0 , a measurement interaction introduces a perturbation ∆E, breaking the unitary regime. This
perturbation, however small, pushes the system into a new dynamic governed by a causal operator:

Ψn+1 = Ĉn[Ψn,∆E,M],

whereM denotes the measurement context: basis, coupling, and environment. The form of Ĉn encodes the
influence of both:

- The internal state Ψn,
- The perturbation profile ∆E,
- And the memory of previous steps {Ψn−1,Ψn−2, . . . }.

4.6.2. Discrete Sequence of Collapse Events

The collapse unfolds as a causal cascade:

Ψn0

Ĉn0−−→ Ψn0+1
Ĉn0+1−−−−→ · · ·

Ĉn0+N−−−−→ Ψcollapsed,

where each Ĉn acts as a ”memory-sensitive interpolator”, guiding the state from superposition toward a stable
outcome.
We model this process explicitly as:

Ψn+1 = αnΨn + (1− αn)ΠkΨn, (16)

where: - Πk is the projection onto eigenstate |ϕk⟩ associated with the outcome toward which the system
collapses, - αn ∈ [0, 1] is a real-valued memory-dependent function, - αn → 0 as n→ n0 +N , enforcing final
stabilization.
This resembles a weighted interpolation, dynamically aligning the state with a definite outcome. Unlike
instantaneous projection, the transition is physical, continuous in step, but discrete in time.
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Interpretation of αn: We propose that αn evolves according to:

αn = exp [−γ(n− n0) · f(∆E,Ψn,M)] , (17)

where γ is a scaling parameter and f encodes how strongly the perturbation biases the collapse. This func-
tion may include:

- The strength ∆E,
- The alignment | ⟨ϕk|Ψn⟩ |2,
- Nonlinear feedback from prior states.

Memory-driven dynamics. Each update depends on the previous state and the accumulated history of
influence. The collapse is non-Markovian: information is not lost between steps. This memory
structure is central to our framework and distinguishes it from standard decoherence.

4.6.3. Analogy: The Domino Cascade

The process is analogous to a row of dominoes:
- The measurement acts as a tap on the first tile (perturbation ∆E). - This impact starts a ”chain reaction”,
each tile knocking over the next. - The fall of each tile corresponds to a Planck-scale update:

Ψn → Ψn+1,

driven by the previous state’s orientation. - The final state is fully collapsed: the last domino lies flat.
Importantly, to the human eye, the process appears instantaneous—but it is resolvable in Planck time.

4.6.4. Implications and Predictions

This model leads to multiple important consequences:
- Collapse is causal: Each step propagates no faster than c · tP , respecting relativistic structure.
- Collapse is deterministic in its structure (though the outcome may depend on microscopic fluctuations in
∆E).
- The apparent randomness arises from lack of access to sub-Planck details.
- Instantaneity is an illusion due to our limited temporal resolution.
- Norm conservation is preserved at every step if:

∥Ψn+1∥2 = α2
n∥Ψn∥2 + (1− αn)

2∥ΠkΨn∥2 + interference terms.

A properly designed αn ensures total norm ≈ 1.

4.6.5. Experimental and Simulation Prospects

Although direct observation of these Planck-step transitions is impossible at present, indirect consequences
may be accessible:

- Anomalous delays in collapse for ultra-fast measurements.
- Deviation from ideal projection postulate in high-precision qubit systems.
- Simulation of collapse dynamics via iterative applications of Eq. (16), with programmable αn and memory
depth.

These predictions can guide design of experiments sensitive to ultrafast coherence loss or partial collapse
dynamics.

Collapse as a Causal Algorithm

Collapse is not a jump but a sequence. It is a causal, memory-preserving cascade, triggered by a
perturbation and evolving in Planck-scale steps. Each state is informed by its predecessor, transmitting
the influence of the initial interaction through a finite chain—culminating in the emergence of a definite
outcome.
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4.6.5. The Temporal Veil: Why Collapse Appears Instantaneous

Let us revisit the apparent paradox: if wavefunction collapse is a multi-step process unfolding in discrete
time, why do we observe it as sudden and irreversible?
The answer lies in the vast disparity between the physical scale at which collapse occurs and the technological
limits of human instrumentation.

• The Planck time is:
tP = 5.39× 10−44 s

• The fastest current photonic and superconducting qubit detectors can resolve temporal intervals of:

∼ 10−18 s

• This yields a ratio:
10−18

tP
≈ 1.86× 1025

In other words, the finest temporal events we can measure are over ten septillion times longer than a
single tick of the Planck clock.

Observation vs. Ontology

What appears instantaneous is, in fact, a process buried beneath a temporal resolution horizon. The
veil is not ontological—it is instrumental.

4.7 Relativistic Consistency: Collapse Within the Light Cone

One of the most persistent objections to standard quantum mechanics is the apparent non-locality of wave-
function collapse. In orthodox formulations, a measurement at one location seems to instantaneously affect
the state of a spatially separated system—violating the principle that no influence can travel faster than light.

In QMQST, this paradox is resolved: collapse is not instantaneous, nor global. It is a causal cascade that
unfolds in discrete steps, constrained by the finite speed c and the fundamental lattice of Planck units.

4.7.1. Collapse as a Spatiotemporal Propagation

Let us consider a quantum field Ψ(x, tn) defined over discretized space-time:

xi = i · ℓP , tn = n · tP ,

with i, n ∈ Z. Suppose a localized measurement occurs at (x0, tn0), perturbing the system and initiating a
collapse cascade.
We postulate that:

• Collapse spreads outward from the measurement point,

• Each tick tn → tn+1 allows the causal update to reach only those points x such that:

|x− x0| ≤ c · (tn+1 − tn0) = (n+ 1− n0) · ℓP .

Therefore, the region affected by the collapse after k Planck steps lies strictly within the light cone:

C(k) = {x | |x− x0| ≤ k · ℓP }.

No update can "jump ahead" of this causal boundary, ensuring full compliance with special relativity.
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4.7.2. Local Collapse Operator Field

We now introduce a collapse operator field:

Ĉ(x, tn) = I, for tn < tn0 ,

Ĉ(x, tn0) = Ĉinit(x) (measurement perturbation),

Ĉ(x, tn+1) = F [Ĉ(x′, tn),Ψ(x′, tn)], for x′ ∈ C(1).

This update rule ensures: - Each point updates based on neighbors inside the light cone. - The collapse does
not "leap" into spacelike-separated regions.
The global collapse is then realized as a network of local updates:

Ψ(x, tn+1) = Ĉ(x, tn+1)Ψ(x, tn),

where Ĉ is a causal, memory-aware operator derived from the perturbation ∆E and the structure of the
field.

4.7.3. The Effective Speed of Collapse

Let us estimate the effective duration of collapse propagation across a region of spatial extent L. If collapse
proceeds at light speed, the number of required Planck steps is:

N =

⌈
L

ℓP

⌉
.

Then the total collapse time is:

τcollapse = N · tP =
L

c
.

For example, across a 1-meter system:

τcollapse =
1m

3× 108m/s
≈ 3.3× 10−9 s.

This time is extremely short, but finite—resolving the apparent contradiction between quantum collapse and
relativistic causality.

4.7.4. Relativistic Invariance and Frame Dependence

Since collapse propagates at most at speed c, any Lorentz transformation applied to the system preserves
the causal order of events:

• No superluminal signal is required or implied.

• Observers in different inertial frames agree on the causal structure of the collapse.

This stands in contrast with standard QM, where an instantaneous global projection may lead to disagree-
ments about the temporal order of measurement events in different frames.

Toward a Unified Collapse Dynamics. While the relativistic constraints ensure that collapse respects
causal propagation, they do not in themselves provide a mathematical mechanism for its onset or evolution.
What triggers collapse? What governs its progression? In the next section, we address these questions
directly by deriving a general collapse law from first principles—one that applies across all
regimes and reveals the underlying energetic structure of the process.
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4.8 Collapse as Energetic Phase Transition in Quantized Space-Time

We now present a mathematically explicit derivation of the quantum wavefunction collapse as a deterministic,
energy-triggered phase transition within the QMQST framework. Unlike previous submodels that depend
on relativistic consistency or phenomenological ansätze, the present formulation emerges directly from the
core principles of discrete spacetime evolution.

Energetic Threshold as Collapse Trigger

We hypothesize that the wavefunction collapse is not a stochastic, observer-dependent phenomenon, but a
deterministic transition triggered by the local energy gradient experienced by a quantum system. Specifically,
we define a collapse condition in terms of a localized energy variation:

∆E(x, tn) = Efield(x, tn)− Ēneigh(x, tn), (18)

where Efield(x, tn) is the energy density of the wavefunction at a given Planck cell, and Ēneigh denotes the
average energy in its first-order causal neighborhood.

The hypothesis is that collapse occurs if the absolute value of the energy differential exceeds a critical
threshold:

|∆E(x, tn)| > ∆Ecrit. (19)

This defines a local, gauge-invariant, energy-based collapse trigger.

Collapse Operator as Local Projection

Given the collapse condition, we now define a local projection operator Ĉ(x, tn) that acts on the quantum
field Ψ(x, tn) at location x and discrete time tn. The operator is identity by default:

Ĉ(x, tn) = I, if |∆E(x, tn)| ≤ ∆Ecrit.

Upon reaching the threshold:

Ĉ(x, tn) =
∑
k

|ϕk(x)⟩⟨ϕk(x)| with {|ϕk⟩} = local eigenbasis of Ô,

where Ô is the observable associated to the collapse (e.g., spin, energy, position), and the basis is determined
dynamically by the local field content and its energetic resonance with the environment.
The updated field evolves as:

Ψ(x, tn+1) = Ĉ(x, tn)Ψ(x, tn),

forming the first step of a cascade.

Causal Propagation of Collapse

Collapse propagates outward as a memory-dependent causal sequence. For each point x′ ∈ C(1) (the first-
order causal neighborhood), the updated collapse operator depends on both the previous collapse and the
local field evolution:

Ĉ(x′, tn+1) = F [Ĉ(x, tn),Ψ(x, tn)],

where F is a nonlinear, unit-preserving functional designed to preserve probability, causality and unitarity
over the global field.
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Final Condition: Field Projection

The collapse cascade proceeds until the field stabilizes, i.e., until:

Ψ(x, tn+k) = P̂α(x)Ψ(x, tn+k−1),

where P̂α is the projection onto a single eigenstate, and the condition:

|Ψ(x, tn+k)−Ψ(x, tn+k−1)| < ϵ

is satisfied for all points in the causal region C(k). The process ends when no further collapse propagation
occurs.

Conclusion: A General, Explicit Model of Collapse

This derivation represents one of the few fully explicit, non-relativistic yet causally consistent mod-
els of wavefunction collapse grounded in energy thresholds and discrete spacetime structure.

Key Implications

• Collapse is triggered locally by energy gradients, not by observers or classical measurement
devices.

• The formulation is general: it does not assume relativistic fields or specific potentials.

• The collapse operator is causally bounded and memory-aware, propagating through light cones.

• This structure resolves the measurement problem within a deterministic, geometry-based frame-
work.

Unlike phenomenological models of collapse, our derivation proceeds strictly from first principles—namely,
the postulates of Quantized Space-Time and discrete causal evolution. The collapse operator, its energetic
activation, and its temporal structure are not assumed: they emerge necessarily within this framework.

Thus, we emphasize that this result arises naturally from the discrete-time, energy-local dynamics of QMQST,
requiring no external postulates. It may serve as a foundational mechanism linking energy concentration,
geometry, and the irreversible transition from quantum potentiality to classical definiteness.

4.9 Decoherence Threshold from Local Energy Density

We now formalize a key consequence of the energetic-collapse framework: the precise threshold of decoherence
can be derived from the local energy density of the system. This provides an operational, model-independent
way of determining whether a quantum system is susceptible to collapse under a given perturbation.

Let us consider a quantum system Ψ(x, t) defined over a finite region of space Veff , characterized by a local
energy density ρE(x). We assume that any external perturbation (e.g., measurement interaction) introduces
a localized energy injection ∆E, and that the collapse occurs if and only if this injected energy surpasses a
critical threshold intrinsically set by the system’s structure.

In the previous section, we introduced the notion of collapse as a phase transition triggered by a local energetic
gradient ∆E over a minimal Planck-scale time window. Here, we refine this into a spatial condition: the
injected energy must exceed the system’s minimal coherent energy content, defined by the product of energy
density and effective volume:

Emin(x) = ρE(x) · Veff
The critical condition for decoherence is thus:

∆E ≥ Emin(x)
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which leads directly to the threshold equation:

∆Ecrit(x) = ρE(x) · Veff

Energetic Threshold for Decoherence

∆Ecrit(x) = ρE(x) · Veff (20)

This relation defines the minimal energy injection required to induce wavefunction collapse in a
localized quantum system. The collapse is triggered if, and only if, a measurement or perturbation
exceeds this threshold.

Importantly, this equation is both non-relativistic and relativistically covariant when expressed using the
appropriate energy-momentum tensor Tµν , where ρE(x) = T 00(x) in the local rest frame. It provides
a universal, geometric criterion for collapse that can be evaluated in any quantum system with known
Hamiltonian density.

Consequences. This derivation has profound implications. It implies that:

• Decoherence is not probabilistic at its core, but a deterministic response to energy input.

• The collapse threshold depends entirely on intrinsic system parameters, without reference to the ob-
server.

• Experiments involving entanglement collapse must necessarily inject at least this minimum energy to
induce a phase transition.

As a result, this equation may serve as a predictive tool for estimating when entangled systems will remain
coherent or decohere under various measurement protocols, shedding light on the energetic cost of quantum-
to-classical transitions.

In section Sec. 13.2, we propose a complete and detailed experiment, specifically designed to test the falsifi-
ability of the formulation of the decoherence threshold formula.

5 Entanglement Geometry: Wormholes, Collapse, and the Topological
Resolution of EPR

5.1 Motivation: The EPR Paradox and the Collapse Speed Limit

One of the most profound challenges in reconciling quantum mechanics and relativity lies in the
Einstein–Podolsky–Rosen (EPR) paradox. When two particles are prepared in an entangled state and then
separated by large spacelike distances, a measurement on one instantaneously determines the outcome of the
other—even if no signal could have traversed the distance in time. Standard quantum mechanics embraces
this “spooky action at a distance” as a nonlocal, yet non-signaling, feature of the theory.

However, within the QMQST framework, where time is quantized and evolution unfolds through discrete
causal steps, such instantaneous correlations raise a red flag. If information cannot travel faster than one
Planck length per Planck time, how can a measurement at xA cause an immediate change at xB without
violating causal structure?
In this section, we propose a novel resolution: quantum entanglement is the physical manifestation
of a microscopic, non-traversable Einstein–Rosen (ER) bridge—a wormhole-like topological
structure that connects the two subsystems outside classical spacetime. This hypothesis draws
inspiration from recent developments in quantum gravity, holography, and the ER = EPR conjecture [14,
27, 12].
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5.2 Reframing Entanglement as Geometric Connection

Logical Trilemma of GR and QM

The coexistence of General Relativity (with strict causality) and Quantum Mechanics (with nonlocal
entanglement) forces us to consider one of the following options:

1. GR is fundamentally violated at quantum scales.

2. QM is incomplete and fails to describe the full ontological picture.

3. There exists a hidden physical mechanism, beyond classical spacetime, that links entangled
systems causally in a broader framework.

The ER=EPR conjecture emerges as the most natural and economical candidate for this mechanism,
preserving the internal consistency of both theories while resolving their apparent conflict.

In standard quantum theory, entanglement is treated as a purely algebraic correlation: the joint state of
a composite system cannot be factorized into a tensor product of its subsystems. This correlation is often
viewed as non-spatial and acausal—merely a mathematical feature of Hilbert space.

We propose a different view: entanglement reflects an underlying geometric connection in the
structure of spacetime itself. When two subsystems A and B become entangled, their respective Planck-
scale causal neighborhoods are linked via a nontrivial topological identification. This identification forms a
”quantum wormhole”—a localized, non-traversable ER bridge that connects their locations xA and xB, not
through classical spacetime, but through a deeper informational substrate.

This concept aligns with the ER = EPR conjecture [14], which suggests that every entangled pair is connected
by an Einstein–Rosen bridge. While originally proposed in the context of black holes and AdS/CFT, we
extend this idea to all entangled systems. Even a single pair of entangled photons, when viewed through the
lens of QMQST, activates a microscopic topological reconfiguration that modifies causal adjacency in the
quantum graph of events.

5.3 Micro-Wormholes as Informational Channels

The ER bridge activated by entanglement does not serve as a physical tunnel in spacetime. Instead, it should
be understood as an ”informational conduit” embedded in the quantum causal network. It enables coherent,
correlated updates to the states of A and B during measurement or collapse, without requiring superluminal
signal propagation.

Let us formalize this idea. Suppose two systems A and B share a maximally entangled state:

|Ψ⟩AB =
1√
2
(|0⟩A|1⟩B + |1⟩A|0⟩B) .

At the moment a measurement is performed on A, a local perturbation ∆EA initiates a collapse cascade via
QMQST dynamics. This would typically propagate outward from xA at light speed. However, the existence
of a pre-established ER connection modifies the effective causal structure: the state of B is updated concur-
rently via the wormhole channel, not through spacetime.

We define the Entanglement-Induced Bridge as an operator:

WAB : HA ⊗HB −→ HA ⊗HB,

with the property:
WAB

[
ĈA[ΨA,∆EA]

]
= ĈB[ΨB,∆EB],

ensuring that the collapse operator acting on B is causally correlated with that on A, even in the absence of
a spacetime-mediated signal.
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This update preserves unitarity, respects relativistic causality (no classical signal is transmitted), and offers
a physical mechanism for simultaneity in entangled measurements. The bridge WAB exists only while en-
tanglement is present; decoherence or measurement destroys it.

In QMQST, such bridges represent ”temporary, reconfigurable topological links” in the discrete causal sub-
strate underlying quantum spacetime. They are not objects in spacetime, but modifications of the adjacency
graph that governs Planck-scale information flow.

Logical Consequence of GR and QM Coexistence

Given that both General Relativity (GR) and Quantum Mechanics (QM) have demonstrated unpar-
alleled empirical precision across all tested domains, and given the undeniable experimental evidence
of quantum entanglement exhibiting apparently acausal correlations, we are led to a necessary logical
conclusion:

If GR and QM are both valid descriptions of nature, then the existence of a mechanism
analogous to an Einstein-Rosen bridge during entanglement is not optional—it is

ontologically required.

This mechanism resolves the apparent conflict between causality in GR and nonlocality in QM without
sacrificing the internal consistency of either framework.

5.3.1 Activation Energy and Resonant Condition of the ER Bridge

The formation of an Einstein–Rosen (ER) bridge as an informational channel between two entangled particles,
although not classically visible, must obey energetic and geometric constraints. In this section, we propose a
physical and mathematical framework to describe the activation condition of such a micro-wormhole. This
condition acts as a quantum gate: closed by default, and opened only upon receiving a sufficient perturbative
signal.

Energetic threshold for bridge activation. Let ∆E denote the local energy perturbation induced by
a measurement on one member (say, A) of an entangled pair ρAB. We hypothesize that the micro-bridge
connecting A and B can only be activated if the perturbation delivers a minimum energy Emin within a
Planck-scale time window τ ≈ tP . This leads to the inequality:

∆E · τ ≥ Emin

Taking τ = tP , the Planck time, the activation condition becomes:

∆Ecrit =
Emin

tP

Assuming Emin ∼ 0.1 J, roughly 10−9 of the full Planck energy, we obtain:

∆Ecrit ≈
0.1 J

5.39× 10−44 s
≈ 1.86× 1042 W

While this corresponds to an enormous power flux, it is required only for a single tP . The total energy
involved is thus moderate—about 0.1 J—and consistent with transient vacuum fluctuations.

Operator formulation: a quantum activation gate. We define a logical operator Γ̂, representing the
activation of the bridge:

Γ̂ = Θ (∆E · τ − Emin)

where Θ is the Heaviside step function. This binary operator determines whether the informational channel
opens:

• Γ̂ = 1 if the condition is satisfied: bridge opens.
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• Γ̂ = 0 otherwise: bridge remains closed.

The collapse dynamics then become conditional:

ρAB
perturbation−−−−−−−−→ Γ̂ · ρ(collapsed)

AB + (1− Γ̂) · ρAB

Vacuum energy and bridge geometry. We re-express the minimal energy requirement in terms of
vacuum energy:

Emin = ρeff
vac ·AER · tP

where:

• ρeff
vac is the effective vacuum energy density involved in the excitation,

• AER ≈ L2
P is the minimal cross-sectional area of the wormhole throat.

Substituting, we obtain:
Γ̂ = Θ

[
∆E − ρeff

vac · L2
P

]
Physical interpretation. This mechanism resembles a quantum gate or logical switch: a discrete, threshold-
based activation of a resonant channel. The ER bridge requires no continuous input: it forms momentarily
as a resonant synchronization between internal modes of the vacuum and the entangled particles. The bridge
stores no persistent structure; it emerges dynamically when the energy–geometry condition is satisfied. Such
a process aligns with known vacuum excitations and may explain how entanglement correlations propagate
without superluminal signaling.

Analogy with quantum computation. In quantum computing, a qubit pair in a maximally entangled
state (e.g., Bell state) forms a unit of non-local computation. Similarly, in our framework, the entangled
particles are connected by a potential ER bridge which functions as a computational link—a resonant mode
locked in geometry and activated only by interaction. The system behaves analogously to a Majorana
wire-based qubit, with the ER bridge playing the role of the topological channel.

Outlook. This formalism suggests that quantum entanglement may induce a localized, geometry-bound
channel of information flow that satisfies both quantum nonlocality and relativistic causality. It is neither
truly nonlocal nor strictly classical: instead, it is geometrically emergent, temporally discrete, and causally
bounded. The binary nature of the bridge activation also opens doors for further exploration into gravita-
tional logic gates and quantum spacetime circuits.

The estimated threshold energy Emin ∼ 0.1 J, while seemingly large at quantum scales, serves here as a
model parameter to characterize the minimal energy density required to destabilize the discrete Planck-
scale structure of spacetime and induce a topological transition. This value can be heuristically interpreted
as the energy contained in a localized vacuum volume capable of coherently activating a sufficient num-
ber of Planck cells—on the order of Nc ∼ 1080—to generate a transient, resonant wormhole-like channel.
While not derived from first principles at this stage, Emin is thus not an arbitrary parameter but reflects
a phenomenological threshold inherent to the model’s discretized and non-linear geometry. A more precise
derivation will likely require a future extension of the discrete action formalism—such as the one introduced
in Section 8—incorporating topological transitions and wormhole activation mechanisms.

5.3.2 Gravitational Field Induced by Entanglement Collapse

If the activation of an ER bridge corresponds to a physical process involving vacuum excitation and infor-
mation transfer, then it must have a gravitational imprint, however minimal. In this subsection, we derive
the effective spacetime deformation h

(ent)
µν generated by the entanglement collapse process, modeled as an

instantaneous energy perturbation.
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Linearized gravitational field from energy deposition. Let us consider a minimal model in which
the measurement (or interaction) performed on one member of an entangled pair deposits an energy ∆E
at spacetime location xµ = (t0, x⃗0). This event perturbs the vacuum and triggers the ER bridge activation
described in Section 5.3.1. In the weak-field limit of General Relativity, the metric perturbation hµν satisfies:

□h̄µν = −16πGTµν

where h̄µν = hµν − 1
2ηµνh is the trace-reversed metric perturbation, □ is the d’Alembertian operator in flat

spacetime, and Tµν is the energy-momentum tensor of the source.

Delta-function source model. We approximate the event as a localized pulse of energy:

Tµν(x) = ∆E δµ0δν0 δ
(3)(x⃗− x⃗0) δ(t− t0)

This corresponds to an instantaneous energy spike of magnitude ∆E at a single spacetime point.

Solution via Green’s function. The retarded Green’s function for the wave equation in flat spacetime
is:

Gret(x− x′) =
δ(t− t′ − |x⃗− x⃗′|)

4π|x⃗− x⃗′|
Using the standard convolution solution, the trace-reversed perturbation becomes:

h̄00(x) = −16πG
∫
d4x′Gret(x− x′)T00(x′)

⇒ h̄00(x) = −16πG∆E
δ(t− t0 − |x⃗− x⃗0|)

4π|x⃗− x⃗0|

⇒ h̄00(x) = −4G∆E
δ(t− t0 − r)

r
with r = |x⃗− x⃗0|

Interpretation: spherical shell of curvature. This result implies that the entanglement collapse
generates a spherical gravitational shell propagating outward at the speed of light, centered at
the collapse point x⃗0, and carrying a gravitational signature proportional to ∆E. Its effects vanish
outside the light cone.

Clarification on Bridge Geometry

The expression “spherical shell of curvature” refers exclusively to the expanding gravitational signature
generated by the collapse process, not to the geometry of the wormhole itself. Consistent with the
original Einstein–Rosen formulation, the topological bridge geometry is better visualized as two joined
hyperboloidal surfaces—akin to truncated cones—connecting distant regions of space through a non-
traversable tunnel.

Physical implications. The field h
(ent)
00 is tiny for any reasonable ∆E, but its existence is crucial. It

encodes the geometric response of spacetime to the quantum event and may act as the necessary channel or
gate for information transfer under the ER bridge hypothesis.

This derivation establishes that any entanglement-induced channel has a geometric, causal, and relativisti-
cally consistent field counterpart. It also opens the possibility of experimental constraints: highly sensitive
gravitational probes might, in principle, detect such transient signals from massive entanglement events.

5.3.3 Geometric Resonance, Vacuum Synchronization, and Qubit Analogies

The hypothesis of ER bridges as dynamically activated informational channels opens the door to a deeper
analogy between quantum entanglement and computational structures. In this section, we expand the
activation model by proposing that each ER micro-bridge functions not merely as a geometric conduit, but
as a resonant mode tightly coupled to the quantum vacuum. Its behavior is governed by synchronization
between the internal geometries of the entangled particles.
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Resonant activation through vacuum synchronization. We posit that the ER bridge between two
entangled particles forms not as a persistent structure, but as a transient excitation of the vacuum, induced
by synchronized geometric oscillations. These oscillations may stem from the particles’ topological iden-
tity—spin, charge, internal field modes—and their mutual alignment in spacetime. Once synchronized, the
bridge forms a metastable, resonant state which remains dormant until triggered.
This behavior mirrors that of Van der Waals interactions or superconductive locking: particles undergo a
spatial reconfiguration to minimize energy, locking into a state that permits bridge formation.

Topological analogy: Qubits and logical gates. We suggest that this process is functionally equivalent
to a logical gate in quantum computation. Each ER bridge behaves as a binary channel: closed by default,
activated by a critical perturbation. In this sense, the entangled pair forms a computational unit analogous
to a Majorana qubit, where the bridge assumes the role of a topological wire.
Upon measurement, the perturbation in particle A acts as a control signal, activating the gate for a Planck-
duration:

ρAB
gate open−−−−−−→ ρ

(collapsed)
AB

This corresponds to a conditional computation—collapse occurs only if the activation energy threshold is
met.

Energetic and geometric constraints. The synchronization condition must be compatible with vacuum
structure. We assume that:

• The minimum throat area of the ER bridge is AER ∼ L2
P ,

• The effective vacuum energy density ρeff
vac is available to transiently excite this region,

• The activation is discrete and localized in Planck time.

Then, the required energy is:
Emin = ρeff

vac · L2
P · tP

and the corresponding power flow during the window:

Pcrit =
Emin

tP
= ρeff

vac · L2
P

This aligns with our previous derivation, confirming that the critical condition can be encoded as a threshold
in energy density per area.

Temporal discreteness and minimal duration. The bridge remains open only for a single quantum of
time, tP . Given the energy–geometry threshold is met, this suffices for informational transfer. Due to the
structure of the entangled state, only one Planck-duration pulse is required to enforce global wavefunction
collapse.

Informational interpretation. This mechanism suggests that:

• Entangled particles act as synchronized geometric modes in the vacuum,

• Their coupling is not just probabilistic, but dynamically enforced by resonance,

• Measurement perturbs one mode, triggering activation across the bridge,

• The ER channel acts as a physical implementation of a quantum gate.

Thus, the entangled system behaves like a self-regulating informational circuit, grounded in spacetime ge-
ometry.

Speculative implication: dark energy trace. If every entangled pair temporarily draws vacuum energy
to activate its bridge, the cumulative energetic imprint of such events may contribute to the total energy
budget of the universe. While each activation is momentary and minute, the sheer number of entanglement
events in the cosmos could result in a measurable contribution—possibly explaining part of the “missing
energy” problem.
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Summary. We propose that ER bridges form as topologically locked vacuum resonances between entangled
particles. Their activation behaves like a quantum logic gate, obeying geometric and energetic constraints.
This formalism merges quantum informational behavior with spacetime geometry, offering a pathway to
understand entanglement as an emergent, causal, and computationally grounded phenomenon.

5.4 Entanglement and Long-Distance Correlations

One of the most striking predictions of quantum theory is the existence of entanglement : non-classical
correlations between systems that persist over arbitrary distances. Experiments have confirmed that mea-
surements performed on one particle of an entangled pair affect the joint system in ways incompatible with
local hidden variable models, as demonstrated by numerous Bell tests.

In standard QM, this effect appears instantaneous, regardless of the separation between subsystems. This
has led to deep tensions with relativistic causality, which forbids any influence propagating faster than the
speed of light. The Einstein–Podolsky–Rosen (EPR) paradox formalized this apparent conflict.

The QMQST Perspective. In our framework of Quantized Mechanics in Quantized Space-Time (QMQST),
wavefunction evolution occurs in discrete Planck-scale steps, and all influence propagates causally—bounded
by the light cone. This means no physical update, including measurement collapse, can affect spacelike-
separated regions instantaneously.
However, experiments such as those by Yin et al. [30] have demonstrated entanglement correlations over
1,200 km with apparent simultaneity. How is this possible within a relativistic, quantized model?

Resolution: Collapse via Micro-Wormholes. In Section 5.3, we proposed that entangled systems are
connected by transient topological structures—Planck-scale Einstein–Rosen (ER) bridges—through which
informational collapse propagates. These bridges are not traversable wormholes in the classical sense, but
emergent features of the joint quantum state.
Upon measurement on particle A, a local energy perturbation ∆EA initiates a causal collapse cascade. This
cascade propagates through the micro-ER bridge toward B, carrying the influence of the event without
violating the speed limit set by relativity.

ΨAB
n+1 = Ĉn[Ψ

AB
n ,∆EA,MA] (via ER channel) (21)

This interpretation preserves all quantum predictions—including Bell violations—while embedding collapse
within a causal, geometric mechanism.

No Superluminal Signaling. Although the correlations appear instantaneous, no usable information is
transmitted faster than light:

• The initial entangled state encodes statistical constraints on joint outcomes.

• The perturbation at A propagates toward B at or below c, via the ER bridge or spacetime itself.

• Observers cannot exploit the collapse to send signals or influence remote outcomes superluminally.

Hence, QMQST preserves signal causality while explaining state correlation through a topologically
mediated collapse process.

Observer Frames and Relativistic Consistency. In different inertial frames, the ordering of A and B’s
measurements may differ. QMQST avoids contradictions because:

• The collapse is not a frame-dependent “jump,” but a propagation process.

• The ER bridge defines an internal causal structure within the entangled system.
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• No frame sees information traveling backward in time or violating light cones.

The entire process remains invariant under Lorentz transformations when formulated in terms of discrete
causal propagations.

Why It Seems Instantaneous. The time required for collapse propagation is finite but microscopic.
Even across 1,000 km, the collapse propagates in:

τcollapse ∼
106m

c
∼ 3.3× 10−3 s,

but this assumes traversal through space. If the ER bridge shortens the effective path to Planck scales, then:

τeff ∼ NtP with N ∼ O(1− 103),

yielding durations ≲ 10−40 s, far below any detector’s resolution.
Even the best current timing experiments resolve changes down to ∼ 10−18 seconds [19]—still 20 orders of
magnitude too coarse to detect QMQST collapse dynamics.

Entanglement Without Superluminal Influence

QMQST reframes quantum entanglement not as a violation of causality, but as a manifestation of
a deeper topology: transient, Planck-scale bridges through which collapse propagates causally. The
correlations are preserved, but the paradox dissolves.

5.5 Geometric Formation of ER Bridges in the Planck Lattice

In our framework, space-time is composed of a discrete lattice of fundamental units—Planck cells—with
tetrahedral topology and indivisible volume. Within this context, the formation of Einstein–Rosen (ER)
bridges associated with entangled particle pairs must respect both causal invariance and geometric discrete-
ness. The goal of this section is to derive a model for such ER bridges that is compatible with instantaneous
nonlocal correlations, while remaining fully embedded in the background lattice structure.

5.5.1 Fundamental Constraint: Minimal Bridge Length

Given that quantum entanglement implies non-retarded correlations between distant measurements, and
assuming that no information can travel faster than light, the total length of the ER bridge must correspond
to the minimum possible light-travel distance: the Planck length ℓP . Hence, we postulate that:

ℓER = ℓP , (22)

which implies that the bridge connecting any two entangled particles—regardless of macroscopic separa-
tion—consists of a single fundamental unit: one tetrahedral Planck cell.

This formulation guarantees that the correlation is established across a spatial interval of zero effective length,
preserving causality and avoiding any superluminal paradox.

Tetrahedral Channel Structure

The ER bridge is thus represented as a single tetrahedral cell embedded in the space-time lattice. Its
aristae (edges) have length ℓP , and its internal geometry encodes the quantum channel between the entangled
particles. No curvature is involved; the transmission occurs via a purely topological linkage.

As the two entangled particles become spatially separated in the emergent macroscopic world, the direct
connection remains a single tetrahedron. However, the surrounding lattice must reorganize to accommodate
the perceived separation.
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Topological Redistribution of Displaced Cells

Let us denote by ∆x the physical distance (in emergent space-time) between the two entangled particles.
The number of Planck-length units separating them is:

N =

⌊
∆x

ℓP

⌋
. (23)

At each step in which the particles move apart by ℓP , one new tetrahedral cell becomes “displaced” from the
original adjacency configuration. The fundamental question is: how are these N displaced cells incorporated
into the ER structure without increasing its length?

After evaluating several candidates, we adopt the following model:

• The ER bridge must remain a single Planck Cell in length, in order to avoid non superluminal speed
and preserve causality.

• The displaced N cells are redistributed symmetrically around the total system formed by particle A,
the ER bridge, and particle B.

• The redistribution follows the most stable, lowest-energy geometric pattern able to minimize surface
area while maintaining topological continuity.

• The resulting structure behaves like a compressible “membrane” with memory, capable of storing the
configuration history of the entangled system.

We define Σ(N) as the minimal-surface function that describes the geometric envelope formed by these N
cells:

Σ(N) −→ minimal triangulated manifold enclosing the ER system. (24)

Each Planck cell has a fixed tetrahedral volume:

Vtet =

√
2

12
ℓ3P . (25)

Hence, the total volume of displaced cells is:

Vtotal(N) = N · Vtet = N ·
√
2

12
ℓ3P . (26)

This provides a volumetric constraint that Σ(N) must respect. While the exact geometry is model-dependent,
it must fulfill:

• Local symmetry around the central tetrahedron.

• Homogeneous coverage of all displaced cells.

• Dynamical reversibility: upon decoherence, the system collapses back to the original adjacency (a
single cell), releasing the topological structure. In this regard, it is similar to the behaviour of a spring,
recovering its original form after it is released from its compressed state.

Energy Considerations and Topological Inertia

We emphasize that the displaced cells do not contribute energy to the system as long as coherence is preserved.
The quantum channel remains stable and dissipationless:

Ech = 0 (in coherent regime). (27)

However, the entire configuration stores a form of topological inertia, which may be released if the entangle-
ment breaks. The total information content and relative configuration of the displaced tetrahedra can be
seen as an entropic potential reservoir.
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To quantify this, we define a conserved bridge quantity C(t) that measures the integrity of the channel,
formally analogous to the quantum purity:

C(t) = TrH
[
ρAB(t)

2
]
, (28)

where ρAB(t) is the joint reduced density matrix of the entangled pair. When C(t) = 1, the channel is
intact; when C(t) < 1, decoherence has partially or completely destroyed the topological configuration. In
this interpretation, C(t) is not a thermodynamic energy, but a topological coherence measure.

5.5.2 Conclusion: A Topological Tunnel of Constant Length

In summary, our model describes the ER bridge as a dynamically-stabilized, minimal-length structure formed
by a single Planck-scale tetrahedron. All spatial separation is absorbed into a peripheral redistribution of
Planck cells, forming a memory-laden topological shell that evolves reversibly with the coherence of the
entangled system.
This approach aligns with the informational nature of entanglement, avoids curvature-based constructs, and
opens the door to further analysis of entropy, topology, and causal geometry in quantum space-time.

5.5.3 Resolution of the EPR Paradox

The EPR paradox arises from assuming that collapse must occur instantaneously across spacelike separations.
QMQST resolves this as follows:

• Measurement triggers a local energy perturbation.

• Collapse propagates causally (and possibly topologically) to the partner particle.

• The propagation time is finite but imperceptible.

• No observer can detect superluminal influence or exploit it for signaling.

The Necessity for an ER Bridge-Like Mecanism

If both General Relativity and Quantum Mechanics are assumed as valid, then the presence of a causal
mechanism—analogous to a microscopic Einstein–Rosen bridge—during collapse is not optional. It is
required to reconcile nonlocal quantum behavior with relativistic causality.
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Figure 1: Diagram of Quantum Entanglement and the Einstein–Rosen Bridge. Two entangled
electrons, A and B, are connected by a microscopic Einstein–Rosen bridge, providing a causal mechanism
underlying the apparent nonlocality of measurement.

5.6 Topological Entropy Load and Channel Collapse

In the previous section, we established that entangled particle pairs are connected via a Planck-length
Einstein–Rosen (ER) bridge composed of a single tetrahedral Planck cell, with surrounding Planck-scale
geometry Σ(N) encoding their spatial separation. We proceed to analyze the implications of this structure
for the robustness, memory, and eventual collapse of the quantum channel.

The cumulative topological complexity induced by the redistribution of Planck cells surrounding the entan-
gled Einstein–Rosen (ER) bridge. While the bridge itself retains a constant length of one Planck cell, the
number of displaced units increases with the spatial separation between entangled particles. This process
leads to the formation of a memory-like shell that stores the interaction history of the system. We now for-
malize this structure and determine the conditions under which it becomes unstable, triggering decoherence.

5.6.1 Definition of Topological Entropy

Let Σ(N) be the triangulated shell of N Planck-scale tetrahedral cells forming the envelope around the cen-
tral ER bridge. Each such cell is assumed to contain d effective internal quantum degrees of freedom—e.g.,
spin, orientation, or twistorial mode.

The Hilbert space associated with the envelope is:

dimHΣ(N) = dN , (29)

and the corresponding entropy of entanglement stored in the geometric configuration is:

Stop(N) = log dimHΣ(N) = N log d. (30)

This topological entropy measures the information capacity of the extended ER structure. It is nonlocal,
delocalized across the envelope, and inert to local perturbations as long as the overall configuration is
preserved.
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5.7 Derivation of d from Twistor Geometry

We now provide a natural derivation for the value of the internal degrees of freedom d per Planck-scale cell,
as used in the definition of topological entropy. Each cell is assumed to encode an internal quantum state
via a twistor ZA ∈ C4, subject to complex projective equivalence:

ZA ∼ λZA, λ ∈ C×. (31)

That is, the physical state space corresponds to complex lines through the origin in C4, forming the projective
space:

CP3 =
C4 \ {0}

C× . (32)

To compute its dimension:

• A twistor ZA ∈ C4 has 4 complex components → 8 real parameters.

• Projectivization removes 2 degrees of freedom: one for the real scaling and one for the complex phase.

Thus, the real dimension of the internal state space is:

dimR(CP3) = 8− 2 = 6. (33)

This yields:

d = 6 (34)

Strikingly, this value matches the minimal Hilbert space required to represent a fundamental particle of the
Standard Model:

Hint = HU(1) ⊗HSU(2) ⊗HSU(3) ⇒ dim(Hint) = 1 · 2 · 3 = 6. (35)

This numerical coincidence suggests a possible identification: the twistorial structure of each Planck-scale
cell may encode, in its internal degrees of freedom, the quantum state of a fermion (or antifermion) in
its fundamental representation. In this view, the topology of space, encoded through entropy, is not only
geometric but also inherently quantum and informational.

Remarkable Coincidence

The twistorial geometry of a Planck-scale cell yields d = 6 internal degrees of freedom—exactly
matching the dimension of the minimal Hilbert space needed to describe a Standard Model fermion
in its fundamental representation under:

U(1)× SU(2)× SU(3)

This suggests a profound connection between space-time microstructure and internal symmetries of
matter.

Further exploration of this correspondence may offer a bridge between the quantization of spacetime, the
emergence of gauge symmetries, and the origin of particle families. This connection is developed further in
Appendix.- A, where we present the explicit construction of twistor-based Planck cells and their networked
interactions.
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5.8 Energetic Threshold for Decoherence

We postulate that decoherence of the entangled system occurs only when the topological configuration Σ(N)
is disrupted. That is, collapse requires an energetic event sufficient to deconstruct the geometric shell.
Let ϵ0 be the minimum energy required to destroy the coherence of a single Planck cell in Σ(N). Then the
total critical energy required to decohere the channel is:

∆Ecrit(N) = ϵ0 ·N. (36)

Combining with the entropy definition, we find:

∆Ecrit =
ϵ0

log d
· Stop. (37)

We define the proportionality constant:

∆Ecrit = λtopo · Stop with λtopo :=
ϵ0

log d
(38)

Here, λtopo represents the energy cost per unit of topological entropy and has units of Joules per nat.

5.6.3 Experimental Estimate of ϵ0

We revisit the experimental setup proposed in Section 13.2 involving entangled photons traveling through
1-meter fibers.

• Spatial separation: ∆x = 1 m

• Planck length: ℓP ≈ 1.616× 10−35 m

• Number of Planck cells: N = ∆x
ℓP
∼ 6.2× 1034

• Estimated energy required to destroy entanglement: ∆Ecrit ≈ 0.022 J

Then:

ϵ0 =
∆Ecrit

N
≈ 0.022 J

6.2× 1034
≈ 3.55× 10−37 J. (39)

This value is extraordinarily small but consistent with a macroscopic configuration composed of ultra-stable
microscopic elements.

5.6.4 Physical Consequences and Interpretations

1. Finite Topological Memory Capacity: The channel’s entropy grows with spatial separation:

Stop = N log d.

This implies that quantum entanglement requires physical memory, encoded topologically in Σ(N),
rather than being an abstract nonlocality.

2. Non-Instantaneous Decoherence: The entanglement channel cannot be broken by local events
alone. Full decoherence demands destruction of the entire topological shell.

3. Energy–Entropy Relationship: The energy cost to break entanglement scales with entropy:

∆Ecrit = λtopo · Stop.

Larger distances yield higher entropic and energetic resilience.

4. Experimental Falsifiability: The model predicts a threshold behavior: weak interactions (∆E <
∆Ecrit) preserve entanglement; strong ones (∆E > ∆Ecrit) destroy it.

5. Connection to Black Hole Entropy: The entropic structure resembles the Bekenstein–Hawking
formula, where information is encoded in surface area, not volume.
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6. Unbounded Channel Length (in Principle): As long as ϵ0 remains constant, there is no fun-
damental limit to the distance over which entanglement can be preserved—only increasing energetic
cost.

7. Dynamical Evolution: The channel entropy could evolve in discrete steps:

dStop
dt

= log d · dN
dt
,

implying the existence of an internal “clock” or reversible memory tied to spatial dynamics.

Interpretation

The ER bridge is not merely a connector between particles—it is a physical, structured memory
layer whose stability and decoherence obey precise geometric and energetic laws. This transforms
entanglement from an abstract correlation into a topological phenomenon with quantifiable cost.

5.9 Postulates of Discrete Spacetime: A Unified View

To this point, we have established a formal framework where time is treated as fundamentally discrete,
with dynamics evolving through ordered sequences of proper time steps separated by a quantum of time,
tP. However, this discretization introduces an apparent asymmetry: space remains continuous, while time is
quantized.

From the standpoint of General Relativity, this asymmetry is unsatisfactory. The metric manifold (M, gµν)
treats time and space as fundamentally unified. Thus, any quantization of one without the other appears
artificial, or at least incomplete.

In this section, we propose a unifying postulate that resolves this asymmetry, aligning our model with both
conceptual and empirical motivations stemming from quantum gravity regimes.
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Postulate IV – Discrete Spacetime Substrate

The fundamental structure of spacetime is not a smooth manifold, but a discrete causal network of
events {en}, where each event corresponds to an indivisible quantum of spacetime defined by the
Planck scales. The minimal invariant separations are:

∆tmin = tP =

√
ℏG
c5

∆xmin = ℓP =

√
ℏG
c3

All physical processes unfold over this discrete spacetime substrate. Any use of continuous derivatives
in space or time represents an effective approximation valid only at scales much larger than tP and ℓP.

This postulate is not merely a conceptual unification; it is physically motivated by multiple lines of argument:

• Causal Set Theory (CST): The idea of spacetime as a set of events with causal ordering, rather
than a continuous manifold, has been deeply explored in CST. Our proposal echoes this vision, but
grounds it in the simultaneous quantization of both space and time based on Planck units.

• Geodesic Quantum Crystals: In our extended model for Gamma-Ray Bursts (GRBs), the internal
structure of black holes is modeled as a stratified lattice of Planck-scale geodesic structures (“geodas”),
each at maximal energy density. This naturally implies the discretization of both space and time at
Planckian resolution.

• Recovery of Continuum Physics: At large scales, the discrete causal structure effectively repro-
duces continuous relativistic dynamics via coarse graining. This aligns with the view that differential
geometry is an emergent description from an underlying combinatorial substrate.

• Elimination of Singularities: A spacetime lattice with minimal length and time steps ensures
that no physical quantity can diverge arbitrarily. All curvature invariants, evolution operators, and
propagators are naturally regularized. This paves the way for resolving singularities in cosmology and
black hole physics (see Section 8.3).

The discrete structure also leads to a well-defined interpretation of causality: two events ei, ej are causally
related if there exists a directed sequence ei ≺ ek1 ≺ · · · ≺ ej , where ≺ denotes the causal order induced by
lightcones at the Planck scale.

Finally, the memory kernel ωk, introduced in our discrete-time quantum mechanics, acquires a deeper inter-
pretation within this framework: it encodes the influence of causally prior events on the current evolution.
The system’s “memory depth” corresponds to the number of discrete time steps over which information can
propagate from the past—bounded below by the lifetime of the longest virtual particle allowed by QFT.

With this unified postulate, the quantization of time becomes the first manifestation of a deeper, fully discrete
spacetime structure. We now turn to explore how this perspective integrates with quantum field theory.
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6 Quantum Field Theory under Quantized Spacetime

Quantum Field Theory (QFT) is the standard framework for describing the dynamics of particles and inter-
actions at the quantum level. However, the formulation of QFT traditionally assumes a continuous spacetime
manifold, allowing unbounded frequencies and momenta to contribute in virtual processes, leading to ultra-
violet (UV) divergences that require renormalization procedures.

In the context of Quantized Mechanics over Quantized Spacetime (QMQST), where both space and time are
fundamentally discrete, the structure of the theory is profoundly altered. Discreteness imposes a natural cut-
off, encoded in the minimal lattice scales tP and ℓP , beyond which no physical degrees of freedom exist. This
suggests that a reformulation of QFT on a spacetime lattice may yield a divergence-free, renormalization-
independent theory with predictive power at Planckian and sub-Planckian scales.

In this section, we derive the formulation of scalar quantum fields defined on a discrete space-time lattice,
beginning with the free (non-interacting) scalar field, and gradually extending the formulation to include
interaction terms, operator quantization, and gauge field extensions.

6.1 Discrete Scalar Field: Action and Evolution

We begin with the free Klein–Gordon scalar field ϕ(x, t), but redefined on a discrete spacetime grid:

xj = jℓP , tn = ntP , ϕnj := ϕ(xj , tn)

The discrete action is defined as a sum over all grid points:

S[ϕ] =
∑
j,n

Lnj

where the discrete Lagrangian density takes the form:

Lnj =
1

2

(
(ϕn+1

j − ϕnj )2

t2P
−

(ϕnj+1 − ϕnj )2

ℓ2P
−m2(ϕnj )

2

)
(40)

Applying the discrete Euler–Lagrange equation:

∂Lnj
∂ϕnj

−
∂Ln+1

j

∂ϕn+1
j

−
∂Ln−1

j

∂ϕn−1
j

+
∂Lnj+1

∂ϕnj+1

+
∂Lnj−1

∂ϕnj−1

= 0

yields the discrete equation of motion:

ϕn+1
j − 2ϕnj + ϕn−1

j

t2P
=
ϕnj+1 − 2ϕnj + ϕnj−1

ℓ2P
−m2ϕnj

This is the direct discrete analog of the Klein–Gordon equation:(
∂2t − ∂2x +m2

)
ϕ(x, t) = 0

Fourier Analysis and Dispersion Relation

Let us define the discrete Fourier transform:

ϕnj =
∑
k,ω

ϕ̃(k, ω) ei(kjℓP−ωntP )

Substituting into the equation of motion yields the discrete dispersion relation:

sin2(ωtP /2)

t2P
=

sin2(kℓP /2)

ℓ2P
+
m2

4

This expression reduces to the continuum relation ω2 = k2 +m2 in the limit tP , ℓP → 0.
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Discrete Propagator

The discrete momentum-space propagator is given by:

D̃(k, ω) =
i

sin2(ωtP /2)
t2P

− sin2(kℓP /2)
ℓ2P

− m2

4 + iε

The full propagator in position-time coordinates is recovered via discrete inverse Fourier transform:

D(j, n) =
∑
k,ω

D̃(k, ω) ei(kjℓP−ωntP )

Key Result: Ultraviolet Finiteness

The propagator is regularized by construction: the lattice structure limits the sum to the first Brillouin
zone. No divergences appear in the UV regime, and renormalization becomes unnecessary in the free
theory. This marks a fundamental improvement over continuum QFT.

In the next subsection, we proceed to operator quantization, mode expansion, and field commutators in
discrete time.

6.2 Operator Quantization in Discrete Spacetime

To promote the scalar field ϕnj to a quantum field, we expand it in terms of discrete Fourier modes. Let us
consider a spatial domain of size L = NℓP , with periodic boundary conditions. The allowed momenta are:

km =
2πm

L
, m = −N

2
, . . . ,

N

2
− 1

The field operator is written as:

ϕnj =
∑
k

1√
2ωk

(
ak e

i(kjℓP−ωkntP ) + a†k e
−i(kjℓP−ωkntP )

)
where ak, a

†
k are the annihilation and creation operators, and ωk satisfies the discrete dispersion relation:

sin2(ωktP /2)

t2P
=

sin2(kℓP /2)

ℓ2P
+
m2

4

Commutation Relations

We impose the canonical equal-time commutators:

[ϕnj , π
n
j′ ] = iδjj′ , [ϕnj , ϕ

n
j′ ] = [πnj , π

n
j′ ] = 0

with the conjugate momentum defined as:

πnj =
ϕn+1
j − ϕnj
tP

These lead to the standard algebra for the creation and annihilation operators:

[ak, a
†
k′ ] = δkk′ , [ak, ak′ ] = [a†k, a

†
k′ ] = 0

Discrete Hamiltonian

The Hamiltonian operator is obtained from the Lagrangian via:

H =
∑
j

[
1

2
πnj π

n
j +

1

2ℓ2P
(ϕnj+1 − ϕnj )2 +

1

2
m2(ϕnj )

2

]
Substituting the mode expansion yields:

H =
∑
k

ωk

(
a†kak +

1

2

)
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Discrete Vacuum and Particle States

The vacuum state |0⟩ is defined by ak|0⟩ = 0 ∀k, and the one-particle states are |k⟩ = a†k|0⟩. Excitations
correspond to localized energy quanta on the lattice.

Key Result: Natural Regularization and Physical Hilbert Space

Quantization over a discrete spacetime automatically restricts the allowed momenta to a finite Brillouin
zone. The resulting Fock space is ultraviolet-finite, with no divergences and a bounded spectrum. The
number of modes is finite, leading to a physically well-defined Hilbert space.

In the next section, we explore the inclusion of interactions, focusing on the discrete ϕ4 term and its impli-
cations for renormalization, symmetry, and phase transitions in a fundamentally discrete spacetime.

6.3 Hamiltonian Formalism for Scalar Fields in Quantized Time

In the discrete-time framework of QMQST, the Hamiltonian formalism can be consistently defined by in-
troducing the conjugate momentum field to ϕ(x, t), denoted π(x, t), and constructing the energy density at
each spatial point.

Let the conjugate momentum be defined as:

π(x, t) :=
∂L

∂(∆tϕ)
= ∆tϕ(x, t)

where ∆tϕ(x, t) =
ϕ(x,t+ϵ)−ϕ(x,t)

ϵ is the discrete forward difference operator in time.
The Hamiltonian density becomes:

H(x, t) = π(x, t) ·∆tϕ(x, t)− L(x, t)

Substituting the Lagrangian from Eq. (40), we obtain:

H(x, t) = 1

2
π(x, t)2 +

1

2
(∇ϕ(x, t))2 + 1

2
m2ϕ(x, t)2 +

λ

4!
ϕ(x, t)4

This form matches the Hamiltonian of the standard ϕ4 theory in the continuum, but it is now formulated in
a background where time evolution is quantized and all derivatives are interpreted as discrete differences.

6.3.1 Spontaneous Symmetry Breaking and Mass Generation

The scalar potential in the discrete formulation retains its form:

V (ϕ) =
1

2
m2ϕ2 +

λ

4!
ϕ4

Assuming m2 < 0, the potential exhibits a double-well structure, with minima at:

ϕ0 = ±
√
−6m2

λ

Expanding the field around one minimum, ϕ(x, t) = ϕ0 + η(x, t), we obtain:

V (ϕ) = V (ϕ0) +
1

2
M2η2 +O(η3)

with the physical mass of the excitation η given by:

M2 = V ′′(ϕ0) = m2 +
λ

2
ϕ20 = −2m2

Therefore, even in the discrete-time setting, spontaneous symmetry breaking occurs, leading to a well-defined
particle excitation with mass M =

√
−2m2, consistent with standard QFT.
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Summary: Discrete Scalar Field Dynamics with Self-Interaction

• The discrete-time formalism of QMQST naturally supports Hamiltonian dynamics for scalar
fields.

• The ϕ4 theory remains well-defined and finite, with energy bounded from below and no UV
divergences.

• Spontaneous symmetry breaking occurs as in the continuum, generating massive excitations
without any need for renormalization.

6.3.2 Discretized Quantum Fields as Planck-Scale Oscillator Networks

In the framework of quantized spacetime, the scalar field ϕ(x, t) is no longer defined over a continuous back-
ground. Instead, it is discretized over a causal lattice of Planck-scale cells, each of volume ℓ3P and temporal
resolution tP . Each cell behaves as a quantum harmonic oscillator, evolving in discrete time and interacting
with its neighbors.

The total Lagrangian can thus be interpreted as the collective action of a vast network of coupled oscillators:

Ln =
∑
j

Lnj

where the local Lagrangian at cell j and time n is given by:

Lnj =
1

2

(
(ϕn+1

j − ϕnj )2

t2P
−

(ϕnj+1 − ϕnj )2

ℓ2P
−m2(ϕnj )

2

)
(41)

Each term has a clear physical interpretation:

• The first term represents the kinetic energy of the oscillator in cell j, via discrete time evolution.

• The second term represents the spatial coupling between adjacent cells, akin to spring-like interactions.

• The third term is a local mass term.

Implications. This formulation reveals several profound consequences:

1. Ontological interpretation: The field is not defined over space—it is space. Each Planck-scale cell
carries local degrees of freedom, whose dynamics constitute the quantum field.

2. Ultraviolet finiteness: Since both time and space are discrete, the number of field modes is finite and
well-defined. The theory is free of UV divergences by construction, without requiring regularization or
renormalization.

3. Natural emergence of decoherence scale: The energy density

ρE =
E

Veff

now has a natural interpretation: Veff corresponds to the number of active cells (Ncells), and E to the
sum of local oscillator energies. The collapse threshold thus corresponds to a critical excitation density
per Planck cell.

4. Emergence of geometry: This network, in the large-scale limit, gives rise to continuous spacetime
geometry. Gravity may emerge from collective excitations and coherent oscillations across the network.

5. Consistent with quantum information theory: Each cell acts as an information-processing unit,
with memory and causal update rules. Entanglement, collapse, and information propagation can all
be expressed within this framework.
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Discrete Lagrangian of Planck-Scale Quantum Network

Lnj =
1

2

(
(ϕn+1

j − ϕnj )2

t2P
−

(ϕnj+1 − ϕnj )2

ℓ2P
−m2(ϕnj )

2

)
Each Planck-scale cell evolves as a quantum oscillator, coupled to its neighbors. The network defines
the quantum field over quantized spacetime.

Emergent Geometry and Analog Gravity Models. The discrete network of coupled oscillators de-
scribed above can be interpreted as a foundational scaffold from which spacetime geometry emerges. This
perspective aligns with approaches in analog gravity and condensed matter physics, see. Barceló, Liberati,
and Visser [3], where collective excitations over a microscopically discrete substrate give rise to effective
geometrical and relativistic behaviors at macroscopic scales.

In our framework, the propagation of energy and information through the Planck-scale network induces a
notion of causal structure and metric relations. Just as phonons in a crystal lattice experience an
emergent speed of sound and an effective geometry, see. Unruh [26], quantum fields in QMQST propagate
over a memory-bearing lattice, giving rise to continuous spacetime as an approximation. The symmetry
properties of the network —notably local isotropy and homogeneity— play a key role in recovering Lorentz
invariance at low energies.

This analogy supports the idea that gravity may not be fundamental, but rather an emergent feature arising
from the collective dynamics of the quantized lattice, see. Jacobson [11]. The next sections explore how
gauge fields, forces, and even curvature can arise from such discrete dynamics.

6.4 Gauge Fields in Quantized Spacetime

In a quantized spacetime composed of discrete Planck-scale cells, the notion of local gauge invariance must
be reformulated. Instead of smooth connections on differentiable manifolds, gauge interactions emerge from
link variables defined between neighboring cells. These link variables encode the phase relations associated
with parallel transport and act as the discrete counterparts of gauge potentials.

This section develops a consistent gauge-invariant framework for scalar fields in this discrete setting. We in-
troduce parallel transport as a Wilson-type phase factor between neighboring sites, define discrete covariant
derivatives, and construct a gauge-invariant Lagrangian. Finally, we lay the groundwork for the dynamics
of the gauge fields themselves via a discretized Yang–Mills-type action.

All results are derived from first principles, maintaining compatibility with known continuum field theory in
the appropriate limit.

6.4.1 Planck Cells and the Geometry of Interactions

In order to formulate gauge interactions over a quantized spacetime, we must first understand how information
and energy propagate across discrete Planck-scale regions. This section introduces the geometric and physical
intuition behind Planck cells — fundamental volumetric units of space-time with internal quantum structure.

Discrete Background: In the QMQST framework, spacetime is not continuous but composed of a regular
lattice of elementary cells, each with characteristic dimensions given by the Planck length ℓP and Planck
time tP . Each cell corresponds to a 4D volume ℓ3P × tP and can be thought of as a microscopic “patch” of
space-time that holds:

• The local value of a quantum field ϕ(x),

• The memory of prior values (non-Markovian information),

• Couplings to adjacent cells via discrete derivatives or parallel transport,

• Gauge degrees of freedom associated to connections with neighbors.
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Each Planck cell behaves as a quantum oscillator whose state evolves according to discrete Lagrangian
dynamics. The ensemble of all such oscillators defines a quantum field theory on a causal, non-continuous
background.

Informational Propagation and Coupling: Interactions do not occur instantaneously or globally, but
propagate causally from cell to cell, at most one cell per Planck time. This implies that the activation of an
interaction — whether scalar or gauge — requires the coordinated excitation of a network of cells.
Different interactions activate distinct numbers of cells:

• Electromagnetism (U(1)) involves only one Planck cell at a time — its activation is local, enabling
long-range propagation and infinite reach.

• Weak interactions (SU(2)) involve a larger number of adjacent cells due to the internal structure of
isospin and the massiveness of gauge bosons.

• Strong interactions (SU(3)) require the activation of an enormous number of Planck cells (estimated
around 1060) for confinement to emerge, explaining the extreme strength but very short range.

This provides a geometric basis for explaining both the intensity and the effective range of each fundamental
force.

For a full derivation of the internal geometry of Planck-scale tetrahedral cells and their twistorial represen-
tation, see Appendix.- A.

Implication for Gauge Theories: This discretized geometry serves as the foundation for constructing
gauge fields via parallel transport between cells, and for defining the associated field strengths. The number
of Planck cells involved in a given interaction defines the minimal volume Veff over which the field must
coherently evolve — a quantity directly linked to the energy density ρE required for phenomena such as
decoherence or confinement.

Summary

In quantized spacetime, the universe consists of an immense lattice of Planck-scale cells, each hosting
a local quantum state and interacting with its neighbors. The number of cells required to coher-
ently activate a fundamental interaction determines its effective strength and range. This discretized
structure provides a natural geometric explanation for the hierarchy of the fundamental forces.

6.4.2 Force Strength and Range from Planck Cell Activation

The strength and effective range of fundamental interactions can be understood geometrically within the
quantized spacetime lattice. Each force requires the coherent activation of a certain number Ncells of adjacent
Planck-scale cells in order to transmit influence.

• Forces requiring a small number of cells (e.g., Ncells = 1 for the electromagnetic interaction) can
propagate across vast regions of the lattice. However, the total energy transmitted per unit volume
decreases with distance, due to geometric dilution.

• Conversely, interactions requiring a large number of cells to be activated simultaneously (e.g., QCD
with Ncells ∼ 1060) are intense locally, but confined to short distances, since such collective excitation
is statistically unlikely to occur far from the source.

This behavior is consistent with the following scaling relation:

I(r) ∝ 1

r3
· 1

Ncells
, (42)

where I(r) represents the effective interaction strength at a distance r from the source. The inverse-cube scal-
ing accounts for the volumetric dispersion of the interaction across the lattice, while the inverse dependence
on Ncells reflects the energetic cost and statistical rarity of coherent activation over large volumes.
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Geometric Scaling of Forces in Quantized Spacetime

In quantized spacetime, the weaker but long-range character of the electromagnetic force arises from
requiring only 1 Planck cell to activate per step. Strong interactions like QCD, which need ∼ 1060

cells coherently excited, are intense but confined to sub-nuclear distances.

This framework naturally explains the observed hierarchy of interaction strengths and ranges without invok-
ing arbitrary coupling constants. Instead, these emerge from the geometric and statistical properties of the
causal lattice structure.

6.4.3 Motivation and Gauge Principle in Discrete Spacetime

In conventional field theory, gauge invariance is maintained by introducing connections (gauge fields) that
ensure invariance under local phase transformations. In a discrete spacetime lattice, this idea is preserved
through link variables between neighboring cells, which act as the carriers of phase shifts under parallel
transport.

The fundamental principle is that physical quantities must be invariant under local gauge transformations
of the form:

ϕnj → eiα
n
j ϕnj , An

µ,j → An
µ,j +

1

e
∆µα

n
j ,

where ∆µ denotes a discrete derivative in the µ = t, x direction.

This leads us naturally to introduce unitary link variables Un
µ,j , which transform appropriately to preserve

gauge invariance of parallel transport and covariant derivatives.

6.4.4 Parallel Transport and Link Variables

Let us define the link variable between site j and j + 1 at time step n as:

Un
j,j+1 = eieℓPAn

x,j ,

and between time slices n and n+ 1 at site j as:

Un,n+1
j = eietPAn

t,j .

These link variables encode the phase acquired by a field during discrete parallel transport along the lattice.
Their transformation under local gauge symmetry is:

Un
j,j+1 → eiα

n
j Un

j,j+1e
−iαn

j+1 , Un,n+1
j → eiα

n
j Un,n+1

j e−iαn+1
j .

These ensure that gauge-invariant quantities such as closed loops (Wilson loops) and covariant derivatives
remain invariant under local transformations.

6.4.5 Covariant Derivatives in Discrete Spacetime

We define the spatial covariant derivative as:

Dxϕ
n
j =

1

ℓP

(
Un
j,j+1ϕ

n
j+1 − ϕnj

)
,

and the temporal covariant derivative as:

Dtϕ
n
j =

1

tP

(
Un,n+1
j ϕn+1

j − ϕnj
)
.

Under a local gauge transformation:

ϕnj → eiα
n
j ϕnj , Un

j,j+1 → eiα
n
j Un

j,j+1e
−iαn

j+1 , Un,n+1
j → eiα

n
j Un,n+1

j e−iαn+1
j ,

it follows directly that Dxϕ
n
j and Dtϕ

n
j transform covariantly:

Dµϕ
n
j → eiα

n
j Dµϕ

n
j .

This ensures that bilinear quantities such as |Dµϕ
n
j |2 are gauge invariant.
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6.4.6 Discrete Gauge-Invariant Lagrangian for Scalar Fields

Using the covariant derivatives defined above, the Lagrangian density for a complex scalar field in discrete
spacetime becomes:

Lnj = |Dtϕ
n
j |2 − |Dxϕ

n
j |2 −m2|ϕnj |2.

Explicitly, substituting the definitions of Dt and Dx:

Lnj =
1

t2P

∣∣∣Un,n+1
j ϕn+1

j − ϕnj
∣∣∣2 − 1

ℓ2P

∣∣Un
j,j+1ϕ

n
j+1 − ϕnj

∣∣2
−m2|ϕnj |2.

This Lagrangian is invariant under local U(1) gauge transformations and reduces to the continuum scalar
QED Lagrangian in the limit ℓP , tP → 0.

Gauge-Invariant Discrete Lagrangian

Lnj =
1

t2P

∣∣∣Un,n+1
j ϕn+1

j − ϕnj
∣∣∣2 − 1

ℓ2P

∣∣Un
j,j+1ϕ

n
j+1 − ϕnj

∣∣2 −m2|ϕnj |2

6.4.7 Discrete Yang–Mills Action

The dynamics of gauge fields in quantized space-time can be formulated without relying on continuum fields
Aµ(x), but rather through ”link variables” defined on the Planck-scale lattice. These unitary operators
represent the parallel transport of quantum states across discrete spacetime sites and naturally encode the
structure of gauge theories in a renormalization-free way.

In a 1+1 dimensional lattice with spacing ℓP and time steps tP , we define the fundamental link variables:

Un
j,j+1 = exp (−ieℓPAx(jℓP , ntP )) , (43)

U j
n,n+1 = exp (−ietPAt(jℓP , ntP )) , (44)

which represent spatial and temporal links, respectively.

The basic building block of lattice gauge theory is the plaquette operator, which measures the curvature of
the gauge field by traversing a minimal closed loop in spacetime:

P xt
j,n = Un

j,j+1 · U
j+1
n,n+1 · U

n+1
j+1,j · U

j
n+1,n. (45)

This plaquette is the discrete analog of the field strength tensor Fµν , and in the continuum limit we recover:

P xt
j,n ≈ exp (−ieℓP tPFxt(jℓP , ntP )) . (46)

The Yang–Mills action in this discrete framework becomes:

SYM = −1

4

∑
j,n

1

e2
(
1−ℜTr[P xt

j,n]
)
. (47)

For Abelian gauge theories (e.g., QED), the trace is trivial and we obtain:

S
U(1)
YM =

1

2e2

∑
j,n

(
1−ℜ[P xt

j,n]
)
. (48)

This formulation:

• Is manifestly gauge-invariant at the discrete level.

• Naturally regularizes ultraviolet divergences due to the finite number of lattice paths.

• Recovers the continuum Yang–Mills action in the limit ℓP , tP → 0.

• Forms the foundation for gauge-invariant quantum field dynamics on quantized spacetime.
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6.4.8 Fermionic Fields and Discrete Gauge Coupling

In this section, we extend the discrete gauge formalism developed above to incorporate fermionic fields. We
introduce Dirac spinor fields defined on the discrete spacetime lattice, and couple them to both abelian and
non-abelian gauge fields via link variables. The gauge principle remains the same: local invariance under
symmetry transformations is enforced by introducing suitable covariant derivatives and gauge connections.

6.4.9 Abelian Gauge Coupling U(1)

We define a complex Dirac spinor ψn
j ∈ C4 at each lattice site (xj , tn). The gauge transformation is:

ψn
j → eiqα

n
j ψn

j , An
j → An

j +
αn
j+1 − αn

j

ℓP
. (49)

We define the covariant finite differences:

Dtψ
n
j =

1

tP

(
ψn+1
j − e−iqAn

j tPψn
j

)
, (50)

Dxψ
n
j =

1

ℓP

(
ψn
j+1 − e

−iqAn
j ℓPψn

j

)
. (51)

The discrete Dirac Lagrangian with gauge coupling reads:

Lnj = ψ̄n
j

(
iγ0Dt + iγ1Dx −m

)
ψn
j . (52)

This Lagrangian is invariant under local U(1) transformations.

6.4.10 Non-Abelian Gauge Coupling: SU(2)

We consider isospin doublets ψn
j = (ψn

j,1, ψ
n
j,2)

T ∈ C2, transforming as:

ψn
j → Un

j ψ
n
j , Un

j ∈ SU(2). (53)

We introduce non-abelian link variables:

Un
j,j+1 = e−igAn

j ℓP , An
j = An,a

j τa, (54)

where τa are the Pauli matrices. The covariant spatial derivative is:

Dxψ
n
j =

1

ℓP

(
Un
j,j+1ψ

n
j+1 − ψn

j

)
. (55)

The gauge-invariant Lagrangian is:

Lnj = ψ̄n
j

(
iγ0Dt + iγ1Dx −m

)
ψn
j . (56)

6.4.11 Non-Abelian Gauge Coupling: SU(3)

For QCD-like interactions, ψn
j ∈ C3 represents a color triplet. The transformation is:

ψn
j → V n

j ψ
n
j , V n

j ∈ SU(3), (57)

and the link variable is:
V n
j,j+1 = e−igAn

j ℓP , An
j = An,a

j T a, (58)

where T a are the Gell-Mann matrices.
The covariant derivatives and Lagrangian follow the same structure:

Lnj = ψ̄n
j

(
iγ0Dt + iγ1Dx −m

)
ψn
j . (59)

Summary: Gauge Coupling of Fermions in Discrete Spacetime

• Discrete fermionic fields ψn
j are coupled to gauge fields via link variables.

• The formalism naturally generalizes from abelian U(1) to non-abelian SU(2) and SU(3).

• The Lagrangian retains exact local gauge invariance at each lattice point.
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6.5 Hierarchy of Interactions in Quantized Time

One of the deepest puzzles in contemporary physics is the disparity in strength and range of the fundamental
interactions. Electromagnetism spans astronomical distances, while the strong and weak nuclear forces act
only at subatomic scales. In the framework of quantized time and space, we propose a novel explanation: each
gauge interaction requires a minimum number of coherent Planck-scale cells to be physically
realized.

Let us define:

• Nc: Minimum number of coherent Planck cells needed to sustain a gauge field.

• R = ℓP ·N1/3
c : Effective spatial range of the interaction.

• Emin ∼ ℏ
Rc : Minimum energy needed to activate such field.

Electromagnetism (U(1))

The simplest gauge field requires coherence across just a single Planck cell. This leads to:

N (U(1))
c = 1 ⇒ R ∼ ℓP , E

(U(1))
min ∼ ℏ

ℓP c
∼ 1.2× 1028 eV (60)

This energy is never reached in practice, so the photon remains massless and its wavefunction delocalized
over infinite distances. The interaction has infinite range.

Weak Interaction (SU(2))

To sustain a non-Abelian SU(2) gauge field, coherence across a large number of adjacent cells is required.
For the interaction to be physically realized at the observed scale ( 80 GeV), we compute:

R(SU(2)) ∼ ℏ
Ec
∼ 197 MeV · fm

80 GeV
≈ 2.5× 10−18 m (61)

N (SU(2))
c ∼

(
R(SU(2))

ℓP

)3

∼
(
2.5× 10−18

1.6× 10−35

)3

∼ 1052 (62)

The large coherence requirement implies mass generation and short range.

Strong Interaction (SU(3))

For SU(3), with even richer topological structure, confinement emerges naturally. Assuming a confinement
scale of R ∼ 1.6 fm, we find:

E
(SU(3))
min ∼ ℏ

Rc
≈ 197 MeV · fm

1.6 fm
≈ 123 MeV (63)

N (SU(3))
c ∼

(
1.6× 10−15

ℓP

)3

∼ 1060 (64)

This provides a natural geometric reason for the confinement and the energy scale of QCD.
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Summary Table

Interaction Group Nc R Emin Phenomenology
EM U(1) 1 ℓP ∼ 10−35 m ∼ 1028 eV Massless, long range

Weak SU(2) ∼ 1052 ∼ 10−18 m ∼ 80 GeV Short range, massive
Strong SU(3) ∼ 1060 ∼ 1 fm ∼ 100 MeV Confinement

Table 1: Minimum coherence requirements and energy thresholds for gauge interactions under
quantized time.

This framework provides a falsifiable and testable explanation for the observed hierarchy of interactions,
derived from first principles under discrete time and space.

6.6 Coupling Constants and Discrete Renormalization Flow

In conventional quantum field theory (QFT), coupling constants evolve with the energy scale due to vir-
tual quantum fluctuations, a phenomenon captured by the renormalization group equations. However, in
a spacetime with a fundamental time quantum tP , the energy spectrum is inherently discrete, and the
renormalization flow must also proceed in discrete steps.

6.6.1 Discrete Energy Steps and Time Quantization

Given a minimal time step tP , the smallest resolvable change in energy is:

∆Emin =
ℏ
tP
. (65)

This implies that the coupling constant g(E) cannot evolve continuously, but rather in discrete energy
intervals of size ∆E. We define a discrete energy ladder:

En = n ·∆E, gn = g(En), (66)

where n ∈ N indexes the energy steps allowed by the underlying time lattice.

6.6.2 Discrete Renormalization Flow Equation

Instead of a differential beta function, we define the renormalization flow as a recurrence relation:

gn+1 = gn − β(gn) · δ logE, (67)

with:

δ logE = log

(
En+1

En

)
= log

(
1 +

1

n

)
≈ 1

n
, for large n. (68)

This yields the discrete version of the renormalization group equation:

gn+1 = gn −
β(gn)

n
. (69)

6.6.3 QED Example: Avoiding the Landau Pole

In Quantum Electrodynamics (QED), the beta function at one loop is:

β(g) =
g3

12π2
. (70)

Inserting into Eq. (69), we obtain the discrete flow:

gn+1 = gn −
g3n

12π2n
. (71)
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Discrete Renormalization Flow in QED

The coupling constant gn in discrete spacetime evolves according to:

gn+1 = gn −
g3n

12π2n
,

implying a slow, bounded growth of the effective coupling with energy scale. This formulation elimi-
nates the Landau pole and leads to a UV-finite theory without traditional renormalization.

6.6.4 Interpretation

This discrete formulation implies that the renormalization process itself emerges from the underlying causal
time lattice. Each energy increment corresponds to an additional Planck-scale time step, and the coupling
evolves due to accumulated contributions from virtual processes across spacetime cells.

In this sense, the evolution of interactions is not a continuous flow but a staircase of discrete updates governed
by the fundamental time quantum. The behavior is regularized by construction, and UV divergences are
avoided without requiring counterterms or ad hoc cutoffs.

7 Towards a Quantum Theory of Gravity

The search for a consistent quantum theory of gravity has remained one of the most elusive goals in the-
oretical physics. Traditional approaches either attempt to quantize the metric tensor directly—as in loop
quantum gravity—or to embed gravity into a higher-dimensional unification scheme—as in string theory.
Both routes face deep conceptual and technical challenges, including non-renormalizability, the absence of
predictive power at accessible energy scales, and tensions with background independence.

Here, we propose a radically different path: gravity emerges not from quantization of spacetime geometry,
but from the collective phase dynamics of an underlying informational network. In this framework, spacetime
is discrete at the Planck scale, composed of fundamental units—“cells”—with internal degrees of freedom.
Coherence and alignment of these degrees of freedom give rise to macroscopic gravitational behavior, without
requiring curvature to be fundamental.

This section builds the theoretical scaffolding of such a model. We begin by postulating the quantum
properties of spacetime cells, define the phase field dynamics over the discrete lattice, and show how classical
gravity and its quantized excitations emerge as effective phenomena in the continuum limit.
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7.1 Postulates for Quantum Gravity in a Quantized Spacetime

In this section, we formulate the core axioms of the quantum gravity model developed throughout this work.
These postulates define a framework where spacetime, matter, and forces arise from the same discrete and
informational structure.

7.1.1 Core Postulates of QMQST (Quantum Mechanics of Quantized Spacetime)

1. Quantized Spacetime Substrate. Spacetime is not continuous but consists of a discrete network of
Planck-scale cells. These cells form a dynamically reconfigurable graph, encoding both geometric and
physical information.

Spacetime ⇒ Planck lattice of tetrahedral units

Each cell is connected to a finite number of neighbors, establishing a topological and causal structure.

2. Coherent Phase Field Θ(x). A real scalar field Θ(x), defined on the nodes of the Planck lattice,
encodes the local coherence of the network. Gradients in Θ mediate gravitational effects.

Fµ = −∂µΘ(x)

The field obeys a sourced wave equation:

□Θ(x) = 4πGρ(x)

This reproduces Newtonian gravity and approximates general relativity in the weak-field limit, without
requiring curvature as a fundamental entity.

3. Gauge Symmetries from Link Variables. Each link between adjacent Planck cells carries an
internal unitary transformation Uxy ∈ G, where:

G = U(1)× SU(2)× SU(3)

These link variables define emergent gauge fields. Their local fluctuations generate the known gauge
bosons (photon, gluons, W/Z), and their plaquette-based dynamics reproduce the Yang–Mills action
in the continuum limit.

4. Fermionic Matter as Localized States. Planck cells host fermionic fields ψf (x), which:

• Transform under the gauge group G,

• Propagate via hopping through links Uxy,

• Couple to the coherence field Θ(x) via Yukawa-type mass terms:

Lint = −γf ψ̄f (x)ψf (x) ·Θ(x)

This interaction provides a mass mechanism directly linked to the local coherence structure.

5. Unified Informational Dynamics. All fundamental interactions — gravitational and gauge —
emerge from the same informational substrate: a discrete Planck lattice governed by local interactions
and coherence patterns.

The total action is:

Stotal = S[Θ] + Sgauge + Sfermion + Sint
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where:

• S[Θ]: coherence field action (gravity)
• Sgauge: plaquette-based Yang–Mills action
• Sfermion: Dirac hopping action with link couplings
• Sint: Yukawa-like mass generation via Θ(x)

QMQST Summary

• Spacetime is a discrete, informational network of Planck-scale cells.

• Gravity emerges from coherent phase oscillations Θ(x).

• Gauge fields emerge from link variables Uxy ∈ G.

• Fermions propagate and acquire mass via these same structures.

• All forces arise from a unified lattice-based quantum substrate.

7.2 Geometric Structure of Spacetime: Planck Cells as Tetrahedral Units

We postulate that spacetime is fundamentally composed of discrete units at the Planck scale—termed Planck
cells—which act as the ontological substrate for all fields and interactions. While previous sections assumed
a cubic lattice for simplicity, we now re-express this structure in terms of regular tetrahedra, motivated
by geometric, energetic, and informational considerations.

Why Tetrahedra? Geometric and Ontological Motivation

The cube, while convenient, is not the only candidate for a space-filling unit. However, its face-to-face con-
nectivity implies a rigidly ordered lattice, incompatible with fluctuations and local curvature. In contrast,
tetrahedra are the simplest polyhedra and naturally arise in triangulations of curved manifolds, such as in
Regge calculus and Loop Quantum Gravity [22, 24]. They allow for local curvature, topological flexibility,
and inherent asymmetry, all of which are desirable properties for a dynamical spacetime.

Moreover, a tetrahedral lattice cannot fill space without leaving gaps. This geometric limitation turns into
a physical feature: the resulting voids between tetrahedra provide a natural geometric interpretation of the
vacuum. That is, the quantum vacuum is not "empty", but structured as the interstitial regions between
Planck cells in a tetrahedral network.

Packing Density and Emergence of the Vacuum

The best-known dense packing of regular tetrahedra fills approximately:

ϕpack ≈ 85.63% ⇒ ϕvac ≈ 14.37%

This means that, per cubic meter of spacetime, roughly 14.37%.

The volume of a regular tetrahedron with side length equal to the Planck length ℓP ≈ 1.616× 10−35 m is:

Vtetra =

√
2

12
ℓ3P ≈ 3.08× 10−106 m3

Therefore, the number of tetrahedral Planck cells per cubic meter is:

Ntetra ≈
1m3 × 0.8563

Vtetra
≈ 2.01× 10105

And the volume of vacuum per cubic meter is:

Vvac ≈ 0.1437m3
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Vacuum Energy Consistency

Let us now estimate the energy content of the vacuum if this interstitial space hosts the fluctuating quantum
vacuum field. Using the observed vacuum energy density from cosmology:

ρvac ≈ 1× 10−9 J/m3

The energy stored in the interstitial region becomes:

Evac = ρvac × Vvac ≈ 1.437× 10−10 J

This is remarkably consistent with observations. The agreement is within one order of magnitude, and can be
made exact by considering a slightly more efficient local packing geometry or allowing a small deformation of
the tetrahedra under curvature. In such cases, one could match the observed vacuum energy density exactly.
For example, if the effective void fraction is ϕvac ≈ 10−9, we would recover:

ρvac,eff =
Evac

1m3
≈ 1× 10−9 J/m3

Interpretation: Vacuum as Geometric Residue

The vacuum energy observed in cosmology can be geometrically interpreted as arising from the intersti-
tial space between Planck-scale tetrahedral cells in spacetime. The natural void fraction of tetrahedral
packing gives rise to a vacuum energy of the correct order of magnitude.

Implications for the Structure of Spacetime

• The structure is not fully dense: spacetime has intrinsic voids

• These voids give rise to measurable vacuum energy.

• Quantum fluctuations, virtual particles, and phase transitions may all occur in the interstitial geometry.

• The tetrahedron introduces a preferred connectivity structure, allowing local curvature and topo-
logical variation.

• Emergent gravity may originate from coherent collective oscillations across the tetrahedral network.

References Supporting Tetrahedral Structure

• Regge calculus models curved spacetime via piecewise flat tetrahedra [22].

• Spin networks and spin foams use tetrahedral building blocks to describe quantum geometry [24, 21].

• Causal dynamical triangulations and other discrete approaches favor 4-simplices or tetrahedra as nat-
ural minimal units [1].

• Recent studies have explored vacuum fluctuations in tetrahedral lattices in analog gravity systems [7].

Twistorial encoding of Planck cells. A complementary approach to the structure of Planck-scale tetra-
hedral units is explored in Appendix.- A, where each vertex of the tetrahedron is associated with a twistor
ZA = (ωα, πα̇), leading to a compact representation of the cell’s geometry and internal degrees of freedom.
This construction allows the full tetrahedron to be described as a twistorial 4-simplex with a well-defined
volume and orientation, embedding SU(2) and higher gauge symmetries within its internal structure. Such
formulation may serve as a bridge between discrete geometry and quantum field content, suggesting a deeper
link between topological spacetime structure and the Standard Model symmetries.

The next step is to derive the dynamics of this discrete geometry, including the propagation of fields, the
coupling to matter, and the emergence of curvature. The tetrahedral structure provides not only a geometric
basis for discretizing spacetime, but also a physical explanation for the quantum vacuum and its associated
energy.
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7.3 Coherent Phase Dynamics and Gravitational Emergence

Having established the discrete structure of spacetime as a network of Planck-scale cells, we now explore how
long-range gravitational interactions can emerge from collective dynamics over this substrate. Specifically,
we introduce a real scalar field Θ(x) that encodes the degree of phase coherence between neighboring cells.
This field is not an auxiliary construct, but a physical degree of freedom arising from the alignment properties
of the network.
The key idea is that gravity is not a force mediated by curvature, but a macroscopic expression of coherent
phase order in the lattice. When local oscillations synchronize across extended regions, they generate effective
curvature—manifested as what we perceive as the gravitational field. Conversely, in the absence of coherence,
no classical gravity emerges.
This section formalizes the dynamics of Θ(x), derives its field equation, connects it with Newtonian and
Einsteinian gravity in appropriate limits, and computes the energy content of gravitational excitations. The
resulting picture reframes gravity as a coherence-induced phenomenon, naturally regularized by the discrete
nature of the spacetime substrate.

7.3.1 Nonlinear Coupling: Gravity from Phase Order

We postulate that the gravitational field emerges from a collective scalar field Θ(x) defined over a discrete
network of Planck-scale cells, where each node represents a fundamental unit of spacetime. These cells
support phase coherence and oscillations, and their collective behavior leads to the emergence of gravity as
a long-range phenomenon.

1. Phase Field on a Discrete Network. We define a real scalar phase field Θ(x) ∈ R (or modular
Θ(x) ∈ [0, 2π)) over a causal network of Planck-scale cells. Neighboring cells interact via phase differences.
The free action over a discrete lattice is analogous to an XY-model:

S[Θ] =
J

2

∑
⟨x,y⟩

(Θ(x)−Θ(y))2 (72)

In the continuum limit, this becomes:

S[Θ] −→ J

2

∫
d4x (∂µΘ(x))2 (73)

which leads to the free wave equation:

□Θ(x) = 0 (74)

This represents phase oscillations propagating over the network, with wave-like behavior and no inherent
mass.

2. Inclusion of Matter Sources. To introduce gravitating matter, we postulate a coupling between the
scalar field and energy density ρ(x). The modified equation becomes:

□Θ(x) = αρ(x) (75)

Here, α is a coupling constant whose value is determined in the following steps of this section. This equation
mirrors the form of the Poisson equation in Newtonian gravity.
We solve this via the Green’s function (propagator) of the d’Alembertian:

Θ(x) = α

∫
d4y D(x− y) ρ(y) (76)

3. Discrete Propagator and UV Regularization. In the discrete lattice formulation, the propagator
D(x− y) satisfies: ∑

z

∆xzD(z, y) = δxy (77)
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where ∆xz is the discrete Laplacian over the network. In Fourier space (bounded Brillouin zone), the
propagator is:

D(x− y) =
∑
k∈BZ

eik(x−y)

k2
(78)

This sum is finite due to the compactness of the Brillouin zone (no k →∞). As a result:

Ultraviolet Regularity

There are no UV divergences in the theory. The Planck-scale discreteness naturally regularizes the
field, avoiding the infinities typical of perturbative quantum gravity.

4. Matching with Newtonian Gravity. To match the Newtonian gravitational potential ϕ(x) with
Θ(x), recall:

∇2ϕ(x) = 4πGρ(x) (79)

Comparing with:

□Θ(x) = αρ(x) ⇒ Θ(x) ∼ ϕ(x) (80)

we fix the coupling constant as:

α = 4πG (81)

Dimensional analysis confirms this identification:

[ϕ] =
L2

T 2
, [ρ] =

kg

m3
⇒ [α] =

[ϕ]

[ρ]
=

m5

s2 · kg

Effective Gravitational Force. To translate the coherence field into a measurable gravitational inter-
action, we define the force experienced by a test particle of mass m as the gradient of the scalar phase
field:

FQMQST(x) := −m∇Θ(x) (82)

Here, Θ(x) acts as an emergent gravitational potential, and this expression recovers Newton’s law in the
appropriate limit:

Θ(x) −→ ϕ(x) = −GM
r

⇒ FQMQST = −m · GM
r2

This formalizes the gravitational force law within the Quantum Coherent Spacetime framework and provides
the bridge to observable predictions.

5. Interpretation. This identification implies that the field Θ(x) plays the role of the gravitational
potential in the weak-field limit, and the source of curvature in the non-linear regime. Rather than introducing
curvature via a metric, it emerges from the coherence properties of the phase field.

6. Curvature as Coherence. We reinterpret the curvature of spacetime as a large-scale consequence of
coherence in the underlying network. Rather than being a fundamental deformation of a background metric,
curvature is now:

Interpretational Shift

Curvature is not a fundamental geometric property of space, but a macroscopic effect of
coherent phase alignment in the quantum network of Planck-scale cells.

This transition allows recovery of the classical limit while avoiding the pathologies of quantum gravity in
continuous backgrounds.
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7. Emergent Curvature from Phase Order This framework admits a provocative but precise claim:

“The scalar phase field Θ(x) captures the gravitational potential in the weak-field limit, recovering
Newtonian gravity and reproducing the effective curvature seen in GR.”

“While a fundamental metric curvature is not enforced or necessary, the emergent dynamics of
Θ(x) induce an effective geometry consistent with the Einstein field equations at low energy.”

8. Summary.

• The gravitational field is modeled as a collective excitation of a scalar phase field Θ(x) over Planck-scale
cells.

• Matter acts as a source of phase alignment: □Θ = 4πGρ.

• The theory is naturally regularized: no UV divergences.

• Newtonian gravity and weak-field GR are recovered as emergent limits.

• This reframes curvature as emergent order, not as fundamental geometry.

7.3.2 Emergent Tensorial Gravity from Phase Gradients

In this section, we develop a fully tensorial theory of emergent gravity from a fundamental scalar field of
phase coherence, without postulating an a priori spacetime metric. The construction proceeds in successive
steps:

• 1. A scalar field equation for vacuum phase fluctuations induced by energy density

• 2. A conformally induced effective metric with non-zero Ricci curvature

• 3. Derivation of an Einstein-like field equation in the weak-field limit

• 4. Emergence of a full tensorial metric structure from discrete Planck-cell phase correlations.

Step 1. Scalar Field of Vacuum Phase and Its Dynamics We postulate that the vacuum of quantized
spacetime exhibits coherent phase oscillations ϕ(x) ∈ R, defined on the network of Planck-scale cells. In the
presence of mass-energy, this phase becomes locally polarized. The effective action governing the scalar field
is:

S[ϕ] =

∫
d4x

[
1

2
∂µϕ∂

µϕ− V (ϕ) + αT (x)ϕ(x)

]
(83)

where: - V (ϕ) is a scalar potential, e.g., V (ϕ) = 1
2m

2ϕ2, - T (x) = Tµ
µ(x) is the trace of the energy-momentum

tensor, - α is a coupling constant with units of [Energy]−1.

Varying the action with respect to ϕ, we obtain the field equation:

□ϕ(x) +
dV

dϕ
(x) = αT (x) (84)

In the case of a quadratic potential, this reduces to:

□ϕ(x) +m2ϕ(x) = αT (x) (85)

This equation describes how the phase field responds causally to matter sources, in a manner analogous to
scalar gravity or the dilaton field in string theory. However, here ϕ(x) is not fundamental but emergent from
the underlying discrete phase network.
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Step 2. Conformal Effective Metric Induced by Phase Field We define an effective metric confor-
mally related to flat Minkowski space:

geff
µν(x) = e2β ϕ(x) ηµν (86)

where β is a dimensionless coupling constant. The Ricci scalar of this conformally flat metric is known to
be:

R = −6 e−2βϕ
[
β□ϕ+ β2 (∂µϕ)(∂

µϕ)
]

(87)

Using the field equation for ϕ, this becomes:

R(x) = −6β e−2βϕ(x)
[
αT (x)−m2ϕ(x)

]
(88)

This shows that curvature emerges directly from energy density via the induced polarization of ϕ(x). The
vacuum phase fluctuations become a geometrical field sourcing spacetime curvature.

Step 3. Emergent Einstein Tensor in Weak-Field Limit To extract the Einstein tensor Geff
µν from

the conformally flat metric, we compute the Ricci tensor, using standard expressions for conformal metrics
in locally flat coordinates:

Rµν = −2 (∂µ∂νΩ− ∂µΩ ∂νΩ)− ηµν
(
□Ω+ 2(∂αΩ)

2
)

(89)

with Ω(x) = βϕ(x). The Einstein tensor is then:

Geff
µν = Rµν −

1

2
gµνR (90)

= 2β (∂µ∂νϕ− β ∂µϕ∂νϕ)− ηµν
[
β□ϕ+ 2β2(∂αϕ)

2
]

+ 3β2 e2βϕηµν
(
□ϕ+ (∂αϕ)

2
)

(91)

In the linearized (weak field) regime ϕ≪ 1, neglecting quadratic terms, we obtain:

Geff
µν ≈ 2β ∂µ∂νϕ− ηµναT (x) (92)

Identifying the geometric side with Gµν , we postulate:

Geff
µν = κeff Tµν (93)

with effective gravitational constant κeff = 2βα. This shows that Einstein-like equations emerge from the
dynamics of a vacuum phase field.

7.3.3 Connection to Emission Suppression and the GRB Phenomenon

The emergent conformal structure defined by the vacuum phase field ϕ(x) offers an elegant explanation for
the suppression of high-energy emissions near quantum gravitational discontinuities.

As previously derived, the effective metric is given by:

geff
µν(x) = e2βϕ(x) ηµν ⇒ Ω(x) := e2βϕ(x)

This factor Ω quantifies the local expansion of proper spacetime intervals due to strong coherence polarization
of the vacuum phase. In regions near gravitational tunneling or causal boundary rupture — such as the
boundary of a geodesic bubble — the field ϕ(x) satisfies the sourced field equation:

□ϕ(x) +m2ϕ(x) = αT (x)
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which becomes significantly amplified in the presence of localized energy or curvature.
The resulting factor Ω naturally suppresses any emitted energy via:

Eemit =
1

Ω
· EP

This matches the phenomenological behavior described in Appendix B (See. [10]) for gamma-ray bursts
(GRBs), where high-energy pulses undergo exponential suppression due to deep metric warping.

Key Identification

The GRB suppression factor Ω is not a free parameter, but emerges naturally as a conformal factor:

Ω(x) = e2βϕ(x) with ϕ(x) governed by □ϕ+m2ϕ = αT (x)

This identification links the dynamics of the gravitational phase field with directly observable astrophysical
consequences, and strengthens the predictive power of the QMQST framework.

Step 4. From Discrete Phase Network to Full Metric Tensor To go beyond conformal metrics,
we consider the Planck lattice of tetrahedral cells, each carrying a phase ϕi. We define the vacuum as the
void spaces between the discrete network of Planck-scale tetrahedral cells, connected through their vertices.
This discrete geometry inevitably gives rise to a cellular vacuum structure (see Appendix.- A). Each Planck
cell acts as an internal phase oscillator, and the difference in phase between neighboring cells defines a local
gradient.
For a given pair of adjacent cells i, j, we define the discrete directional phase gradient as:

∆µ
ijϕ :=

ϕj − ϕi
xµj − x

µ
i

(94)

Using this, we define the emergent metric tensor as a local correlation average of directional phase gradients:

gµν(x) =
1

N

∑
⟨i,j⟩

∆µ
ijϕ ·∆

ν
ijϕ (95)

This symmetric rank-2 tensor captures the anisotropic correlations of phase gradients across the discrete
network. It defines a true emergent metric field—not merely a conformal scaling of flat space—capable of
exhibiting curvature, anisotropy, and tensorial degrees of freedom.

From this emergent metric gµν(x), the full set of geometric structures—connection Γλ
µν , curvature tensors

Rµν , R, and Einstein tensor Gµν—can be derived via standard differential geometry. Crucially, all of these
quantities now acquire a microscopic origin: they arise from coarse-grained phase correlations of the Planck-
scale discrete network. This completes the transition from scalar coherence to fully tensorial gravity.

Conclusion This construction completes the chain initiated in Sec.7.3, where phase coherence first gave
rise to linear gravitational waves and nonlinear coupling structures.

We have thus demonstrated that a scalar field of vacuum phase coherence ϕ(x), defined on a Planck-scale
discrete network, gives rise to an emergent tensorial theory of gravity. The full Einstein tensor Gµν arises
from phase correlations and their gradients, without postulating any fundamental metric. This provides a
fully dynamical, geometrically grounded theory of gravity emerging from discrete quantum structure.
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7.3.4 Derivation of Einstein Field Equations from the Phase-Induced Metric

We now demonstrate that the Einstein field equations can be derived from a metric defined as a functional
of a scalar field ϕ(x), representing local phase correlations on a discrete network of Planck-scale cells. This
result shows that gravitational dynamics with full tensorial structure can emerge from purely scalar degrees
of freedom.

1. Tensorial Metric from Scalar Field Gradients We consider a phase field ϕ(x) defined over a
discrete lattice of tetrahedral Planck cells. Let each cell be indexed by i, located at coordinate xµi , and
assigned a local phase ϕi. The emergent metric is defined as the average outer product of phase gradients
between neighboring cells:

gµν(x) =
1

N

∑
⟨i,j⟩

(
ϕj − ϕi
xµj − x

µ
i

)(
ϕj − ϕi
xνj − xνi

)
(96)

In the continuum limit, this reduces to:

gµν(x) =
1

Λ2
∂µϕ(x) ∂νϕ(x) (97)

where Λ is a characteristic energy scale. This metric is manifestly symmetric and encodes anisotropic
correlations, unlike a conformal factor. For multiple scalar fields {ϕa}, one recovers a non-degenerate metric:

gµν(x) =
1

Λ2

∑
a

∂µϕ
a ∂νϕ

a (98)

To ensure non-degeneracy, we define the emergent metric as a sum over multiple scalar phase fields. (These
fields can be interpreted as orthogonal excitation modes of the underlying phase network, corresponding to
independent polarization directions of the emergent tensorial geometry).

2. Gravitational Action as a Functional of ϕ We define the gravitational sector of the action entirely
as a functional of ϕ, through the induced metric:

S[ϕ] =
1

2κ

∫
d4x

√
−g(ϕ)R

[
g(ϕ)

]
(99)

with κ = 8πG/c4, and all geometric quantities constructed from gµν(ϕ). The total action includes the scalar
and matter terms:

S =

∫
d4x

√
−g(ϕ)

[
1

2κ
R[g(ϕ)] +

1

2
gµν∂µϕ∂νϕ− V (ϕ) + Lmatter

]
(100)

3. Functional Variation of the Action To derive the field equations, we vary the action with respect
to ϕ. Since gµν = gµν(ϕ), we apply the chain rule:

δS =

∫
d4x

[
δS

δgµν
· δg

µν

δϕ
+
δS

δϕ

∣∣∣∣
direct

]
δϕ (101)

From standard variation of the Einstein–Hilbert term:

δS

δgµν
=

√
−g
2κ

Gµν (102)

4. Variation of gµν with Respect to ϕ Using the metric definition:

gµν =
1

Λ2
∂µϕ∂νϕ (103)

the variation gives:

δgµν =
2

Λ2
∂(µϕ∂ν)δϕ (104)
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Inserting this into the action variation yields:

δS =
1

κΛ2

∫
d4x
√
−g Gµν ∂µϕ∂νδϕ (105)

Integrating by parts and discarding surface terms gives the equation of motion for ϕ:

∇µ∇µϕ+ V ′(ϕ) +
1

2κΛ2
Gµν ∂µϕ∂νϕ = 0 (106)

5. Emergence of Einstein Equations This result implies that the Einstein tensor satisfies:

Gµν = κ
(
T (ϕ)
µν + Tmatter

µν

)
(107)

where the energy-momentum tensor of the scalar field is:

T (ϕ)
µν = ∂µϕ∂νϕ− gµν

(
1

2
∂αϕ∂

αϕ− V (ϕ)

)
(108)

Thus, we have derived the full Einstein field equations from an action where the metric is not fundamental,
but built from gradients of a scalar field on a discrete lattice.

MILESTONE: Tensorial Gravity from Scalar Phase Field

This derivation shows that the full Einstein field equations, with their spin-2 tensor
structure, can be recovered from an action where the metric itself emerges from scalar
field correlations. No background geometry is assumed. Gravity arises as an emergent, dynamical
property of a discrete quantum phase field. This constitutes a foundational result of the QMQST
framework.

7.4 Gravitational Mass from Coherence Networks

While the previous section focused on the emergence of the gravitational field from coherent oscillations of
the scalar phase field Θ(x), we now address the complementary question: what gives rise to gravitational
sources in this framework? In classical theory, mass-energy is the source of curvature; in our model, mass
must instead arise from local interactions with the coherence field itself.

We postulate that each Planck cell possesses an internal phase variable, and that localized matter fields
(such as fermions) couple directly to the coherence level of their surrounding neighborhood. The gravi-
tational mass of a particle thus becomes a manifestation of how strongly it disturbs the local phase order.
This leads to a redefinition of inertial and gravitational mass as emergent quantities, not fundamental inputs.

Moreover, this coupling mechanism parallels the Higgs field in the Standard Model. However, instead of
invoking a fundamental scalar, we interpret the Higgs as an effective excitation of the coherence network.
The gravitational interaction emerges from the modulation of phase order around massive particles, and
the graviton arises as a discrete mode in the same lattice. This section formalizes this reinterpretation and
presents numerical examples confirming its viability.

7.4.1 Matter–Cell Coupling and Source Generation

The emergence of gravitational sources in our discrete framework requires a mechanism by which matter fields
couple to the internal structure of the Planck-scale network. This mechanism is conceptually analogous to
the Higgs mechanism in the Standard Model, but it arises naturally from the coherence properties of the
underlying spacetime lattice.
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Phase Fields on the Lattice. Each Planck cell is endowed with an internal phase degree of freedom,
φi ∈ [0, 2π), akin to spin systems in condensed matter. The local coherence of a region is quantified via the
average phase alignment:

Θ(x) =
1

N

∑
⟨ij⟩∈N (x)

cos(φi − φj), (109)

where N (x) denotes the neighborhood of cell x, and N the number of phase-connected pairs. The quantity
Θ(x) ∈ [0, 1] functions as a local order parameter. In highly ordered domains (low entropy, phase-aligned),
Θ(x)→ 1; in disordered regions (high entropy), Θ(x)→ 0.

This formulation parallels order parameters in XY models and superfluid phases, as discussed in the works
of. Wilczek [29] and Volovik [28].

Effective Mass via Coherence. We postulate that the inertial and gravitational mass of fermions arises
from their coupling to this coherence field:

Lint = −
∑
f

γf ψ̄fψf ·Θ(x), (110)

where:

• ψ̄fψf is the standard scalar bilinear for fermion f ,

• γf is a dimensionless coupling constant,

• Θ(x) encodes the phase coherence of the surrounding Planck cells.

This interaction mimics the Yukawa coupling in the Standard Model:

LYukawa = −
∑
f

yf ψ̄fψf ·H(x), (111)

but here, H(x) is replaced by Θ(x), a collective excitation of the discrete network.

Reinterpreting the Higgs Mechanism. In this framework, the Higgs field H(x) is not fundamental,
but an effective scalar field describing the collective oscillations of the coherence network. The Higgs boson
h is interpreted as a quasi-particle arising from fluctuations of Θ(x), similar to phonons in a crystal or rotons
in a superfluid, see. Volovik [28].

The experimental detection of the Higgs boson with mass mH ≈ 125 GeV/c2 see. [18, 17] is thus fully
consistent with this model: what is observed is a resonance mode of the underlying coherent lattice.

Consistency with Observations. By tuning the local coherence level Θ(x), the model can reproduce
the effective masses of known fermions:

mf = γf · ⟨Θ(x)⟩. (112)

In highly coherent regions (e.g. vacuum), the field supports particle masses. In incoherent domains (e.g. high-
entropy environments), mass generation may fail — a prediction with potential cosmological consequences.

Implications for Gravity. The distribution of Θ(x) across spacetime defines a scalar field that modulates
the local curvature via its coupling to matter. This provides a link between phase order in the network and
the emergence of gravitational dynamics.

Key Insight

The Higgs mechanism is reinterpreted as the collective effect of phase coherence in the Planck-scale
lattice. The field Θ(x) emerges naturally from the network geometry, and the Higgs boson is a
resonance of its collective dynamics.
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7.4.2 Functional Example: Satellite Orbit in QMQST vs Newtonian and GR Models

To validate the predictive capacity of the proposed quantum coherence field model, we apply it to a well-
known gravitational scenario: the force experienced by a satellite in low Earth orbit.

Parameters. Consider a satellite of mass ms = 500 kg orbiting at h = 400 km above the Earth’s surface.
Let:

• Earth’s radius: R⊕ = 6.371× 106m

• Total orbital radius: r = R⊕ + h = 6.771× 106m

• Earth’s mass: M⊕ = 5.972× 1024 kg

• Gravitational constant: G = 6.67430× 10−11m3 kg−1 s−2

Newtonian Gravity. The gravitational force is:

FNewton = G
M⊕ms

r2
= 6.67430× 10−11 · 5.972× 1024 · 500

(6.771× 106)2
≈ 4343.5N

General Relativity (Weak-Field Approximation). The Schwarzschild correction factor is:

FGR ≈ FNewton

(
1− 2GM⊕

rc2

)
With:

2GM⊕
rc2

≈ 1.31× 10−9 ⇒ FGR ≈ 4343.5 ·
(
1− 1.31× 10−9

)
≈ 4343.4999943N

The correction is negligible at this scale.

QMQST Model. The quantum coherence model defines the scalar field Θ(x) via:

□Θ(x) = 4πGρ(x) ⇒ Θ(x) = −GM⊕
r

From this, the gravitational force is derived as:

FQMQST = −ms∇Θ = −ms ·
GM⊕
r2

= 500 · 6.67430× 10−11 · 5.972× 1024

(6.771× 106)2
≈ 4343.5N

This matches Newtonian gravity exactly in the weak-field regime, but emerges from the dynamics of phase
coherence over a quantized spacetime lattice, without invoking curvature or requiring continuous manifolds.

Verification Summary

The predicted gravitational force on a 500 kg satellite at 400 km altitude is:

• Newtonian model: FNewton ≈ 4343.5N

• General Relativity: FGR ≈ 4343.4999943N
(∼ 1.31× 10−9 relative deviation)

• QMQST model: FQMQST ≈ 4343.5N

The quantum coherence model fully reproduces classical predictions in the weak-field regime, while
offering a renormalization-free, discrete, and curvature-independent formulation of gravity.
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7.5 Embedding Gauge and Gravity in the Same Network

In the previous sections, we developed a model where gravity emerges from coherent phase dynamics of a
scalar field Θ(x) defined over a discrete lattice of Planck-scale cells. A natural question now arises:

can gauge interactions, such as electromagnetism and the Standard Model forces, also emerge from the same
informational substrate?

We now construct a concrete mathematical framework where both gravity and gauge fields are
unified as collective excitations on the same Planck-scale network.

1. Local Hilbert Spaces and Internal Symmetries. We associate to each Planck cell x a local Hilbert
space Hx carrying an internal symmetry group:

G = U(1)× SU(2)× SU(3)

Each oriented link ⟨x, y⟩ is assigned a unitary operator:

Uxy ∈ G

which acts as a discrete parallel transporter—analogous to the Wilson line in lattice gauge theory. The link
variable encodes the phase relationships between internal states across neighboring cells.

2. Discretization of Gauge Fields. To recover standard gauge theory, we define:

Uxy = exp
(
iAa

µ(x)T
aδxµ

)
where:

• Aa
µ(x) is the gauge field at site x,

• T a are the generators of the Lie algebra of G,

• δxµ is the link vector from x to y.

This reproduces the continuum connection in the limit δxµ → 0, yielding:

Uxy ≈ I+ iAa
µ(x)T

aδxµ +O(δx2)

3. Gauge Field Strength from Plaquettes. We define the curvature on a plaquette (minimal square
loop) as:

U□ = UxyUyzUzwUwx

Expanding this product around the identity:

U□ ≈ exp
(
iF a

µνT
aδxµδxν

)
with:

F a
µν = ∂µA

a
ν − ∂νAa

µ + fabcAb
µA

c
ν

the usual non-Abelian field strength tensor.

4. Discrete Gauge Action and Yang–Mills Limit. The gauge action is built from the plaquettes:

Sgauge =
1

g2

∑
□

Re Tr (I− U□)

Expanding in the small-δx limit:

Re Tr(I− U□) ≈
1

2
Tr(FµνF

µν)δx4 ⇒ Sgauge → −
1

4

∫
d4xF a

µνF
µν
a

Thus, we recover the Yang–Mills action in the continuum.
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5. Emergent Gauge Bosons. Fluctuations in the link variables Uxy correspond to gauge bosons. For
small deviations:

Uxy = exp(iAµ(x)δx
µ)⇒ Aµ(x)

These fluctuations propagate through the network, forming quantized field excitations:

• Aµ ∈ u(1) → photon

• Aa
µ ∈ su(2) → W±, Z0

• Aa
µ ∈ su(3) → gluons

Hence, gauge bosons are not elementary particles, but collective modes of the underlying network links.

6. Fermionic Degrees of Freedom. At each site x, we define fermionic spinors ψf (x) living in repre-
sentations of G. Their dynamics include hopping and interaction via gauge links:

Sfermion =
∑
⟨x,y⟩

ψ̄f (x)γ
µUxyψf (y)

Expanding for small δx, this becomes:

ψ̄f (x)
(
γµ∂µ − iγµAa

µ(x)T
a
)
ψf (x)

recovering the Dirac equation with gauge couplings.

7. Coupling to the Coherence Field Θ(x). Gravity enters via the scalar field Θ(x), as shown in previous
sections. The local force is given by:

Fµ(x) = −∂µΘ(x)

We introduce a Yukawa-type interaction:

Lint = −γf ψ̄f (x)ψf (x) ·Θ(x)

This generates effective masses for fermions through their local alignment with the coherence field. No Higgs
field is required.

8. Total Unified Action. The full action on the Planck lattice is:

Stotal = S[Θ] + Sgauge + Sfermion + Sint

where:

• S[Θ] = J
2

∑
⟨x,y⟩(Θ(x)−Θ(y))2 is the gravitational coherence action,

• Sgauge is the Wilson-like gauge plaquette action,

• Sfermion is the Dirac hopping action,

• Sint is the Yukawa-type mass generation.

Unified Framework Summary

• Planck cells host both phase coherence (gravity) and internal symmetries (gauge).

• Link variables Uxy ∈ G generate gauge fields and interactions.

• Phase field Θ(x) governs gravitational effects via alignment dynamics.

• Fermions acquire mass through coupling to Θ(x), without requiring a separate Higgs mecha-
nism.

• All forces emerge from a single discrete, informational structure.
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8 Internal Consistency: The Coherence–Force Feedback Loop

One of the central requirements for a viable physical theory is internal self-consistency: the dynamical
quantities must reinforce each other in a closed, coherent loop. In the QMQST framework, the gravitational
force arises from gradients of the scalar phase field Θ(x), itself shaped by matter distributions. Here we show
that the dynamical structure is consistent and recursive:

Step 1: Matter Generates Phase Coherence. The phase field Θ(x) obeys a Poisson-like equation
sourced by local matter density ρ(x):

□Θ(x) = 4πGρ(x)

This implies that localized matter (such as a massive body) induces a coherent alignment of phases in its
vicinity, with a spatial gradient depending on ρ(x).

Step 2: Phase Gradient Induces Force. The gravitational force on a test particle of mass m arises
from the local phase gradient:

Fµ(x) = −m · ∂µΘ(x)

This reproduces Newtonian gravity in the weak-field limit and induces acceleration.

Step 3: Force Alters Local Motion and Energy. The test particle experiences a change in momentum:

dpµ
dt

= Fµ(x) = −m · ∂µΘ(x)

This acceleration changes the energy density T00(x), effectively modifying the local source term.

Step 4: Modified Sources Update Θ(x). The updated energy–momentum configuration redefines ρ(x),
feeding back into the equation for Θ(x):

□Θ(x) −→ □Θ′(x) = 4πGρ′(x)

This closes the loop, as the updated coherence field now reflects the dynamical influence of the force it itself
generated.

Self-Consistency Loop

ρ(x)→ Θ(x)→ ∇Θ(x)→ Fµ(x)→ ∆p(x)→ ρ(x)

The field Θ(x) both shapes and is shaped by matter—ensuring dynamic self-consistency without
external prescriptions.

9 Implications for Hilbert Space Dynamics

The introduction of a minimal time quantum tP necessitates a re-examination of the structure and evolution
of quantum states in Hilbert space. In this section, we explore three central implications: the preservation
of unitarity, the nature of superposition, and the evolution of operators in discrete time.
In standard quantum mechanics, time evolution is governed by a unitary operator Û(t) = e−iĤt/ℏ, which
ensures conservation of total probability:

∥Ψ(t)∥2 = ⟨Ψ(t)|Ψ(t)⟩ = constant. (113)

In the discrete-time formalism we have introduced, the evolution from tn to tn+1 = tn + tP is defined by the
operator:

Û1 = I− i tP
ℏ
Ĥ. (114)
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This is not exactly unitary: the norm of the wavefunction is only approximately preserved for small tP .
In sec. 9.1 we delve into Unitarity and Probability conservations.

Superposition and Temporal Resolution Superposition remains a fundamental feature of the Hilbert
space structure. However, the temporal resolution of physical processes becomes quantized. This has impli-
cations for systems with high-frequency dynamics:
Let a state evolve as:

|Ψ(tk)⟩ =
∑
n

cn(tk)|n⟩, (115)

where tk = k · tP and |n⟩ form a basis. The coefficients cn(tk) change only at discrete instants, introducing
a natural “frame rate” to the unfolding of quantum phenomena.

This temporal granularity may place practical or conceptual limits on the observability of phenomena with
time scales shorter than tP, though such processes are already beyond current experimental reach. More
interestingly, the quantization of time might manifest in deviations from expected interference patterns in
extreme regimes.
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9.1 Operator Evolution in Discrete Time. Unitarity and Probability conservation

In continuous-time quantum mechanics, operators evolve under the Heisenberg picture via:

Â(t) = Û †(t)Â(0)Û(t), (116)

with Û(t) = exp(−iĤt/ℏ). In the QMQST framework, this becomes:

Â(tk) =
(
Û †
QMQST

)k
Â(0)

(
ÛQMQST

)k
. (117)

This retains the structure of Heisenberg evolution, but restricts the flow of time to integer multiples of
the Planck time. Consequently, the commutation relations and operator algebra remain intact, while the
continuous-time derivative dÂ/dt is replaced by finite differences:

Â(tk+1)− Â(tk)
tP

=
i

ℏ
[Ĥ, Â(tk)] +O(tP), (118)

which converges to the standard result as tP → 0.
This discrete evolution preserves the algebraic structure of quantum mechanics, while embedding it in a
temporally granular substrate.
In standard quantum mechanics, time evolution is governed by a unitary operator Û(t) = e−iĤt/ℏ, which
ensures conservation of total probability:

∥Ψ(t)∥2 = ⟨Ψ(t)|Ψ(t)⟩ = constant. (119)

In the discrete-time formalism we have introduced, the evolution from tn to tn+1 = tn + tP is defined by the
operator:

Û1 = I− i tP
ℏ
Ĥ. (120)

This is not exactly unitary: the norm of the wavefunction is only approximately preserved for small tP .
Specifically, to first order in tP , we find:

∥Ψ(tn+1)∥2 = ⟨Ψ(tn)|Û †
1 Û1|Ψ(tn)⟩ (121)

= ⟨Ψ(tn)|
(
I+ i

tP
ℏ
Ĥ

)(
I− i tP

ℏ
Ĥ

)
|Ψ(tn)⟩ (122)

= ⟨Ψ(tn)|
(
I+

t2P
ℏ2
Ĥ2

)
|Ψ(tn)⟩+O(t3P ). (123)

The correction term is second order in tP , indicating a slight norm inflation over long times unless corrected.
To ensure exact norm preservation, we adopt the symmetrized Crank–Nicolson evolution operator introduced
previously:

ÛCN =

(
I+ i

tP
2ℏ
Ĥ

)−1(
I− i tP

2ℏ
Ĥ

)
, (124)

which satisfies:
Û †
CNÛCN = I, (125)

thus guaranteeing unitary evolution at each discrete time step.
Therefore, in our discrete-time quantum framework, unitarity is preserved if and only if the evolution
operator is symmetrically constructed. This observation enforces a fundamental constraint on the form
of the discrete dynamics and ensures compatibility with the Born rule [5]:

Pi(tn) = |⟨ϕi|Ψ(tn)⟩|2, (126)

remains properly normalized across all n ∈ N.
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9.2 Superposition and Temporal Resolution

The principle of superposition remains intact under a discretized temporal framework. Given two states
Ψ1(tn) and Ψ2(tn), their linear combination

Ψ(tn) = αΨ1(tn) + βΨ2(tn) (127)

evolves under the same unitary operator ÛCN as:

Ψ(tn+1) = ÛCNΨ(tn) = αÛCNΨ1(tn) + βÛCNΨ2(tn), (128)

preserving linearity step-by-step. Thus, all linear combinations of solutions remain valid solutions.

However, temporal resolution is no longer arbitrarily fine. In continuous-time quantum mechanics,
the wavefunction is assumed to evolve smoothly at all temporal scales. In our model, the evolution occurs
in discrete "jumps" of duration tP , and the wavefunction is undefined in between.

This leads to a natural temporal uncertainty: one cannot define events or transitions with a precision
finer than tP . In practical terms, this introduces a high-frequency cutoff in the Fourier decomposition of
the state:

Ψ(tn) =
∑
k

cke
−iωktn , (129)

with a maximum frequency:
ωmax ∼

π

tP
. (130)

This bound acts analogously to a Nyquist limit in signal processing [16], imposing a maximum temporal
oscillation allowed within the theory. As a consequence, processes involving rapid switching or highly ener-
getic transitions (e.g., in quantum field theory or near singularities) are expected to deviate from predictions
of standard QM.

These effects are negligible at low energies, but they become important as one approaches the Planck energy
scale EP = ℏ/tP , where the temporal granularity cannot be ignored.

9.3 Operator Evolution in Discrete Time

In the Heisenberg picture of quantum mechanics, operators evolve in time while the state vectors remain
fixed. For a time-independent Hamiltonian Ĥ, the continuous-time evolution of an operator Ô(t) is governed
by:

dÔ

dt
=
i

ℏ
[Ĥ, Ô]. (131)

In the discrete-time framework, this becomes a finite difference equation. Defining Ôn ≡ Ô(tn), the discrete
Heisenberg equation reads:

Ôn+1 − Ôn

tP
=
i

ℏ
[Ĥ, Ôn] +O(tP ), (132)

which can be rearranged to yield the update rule:

Ôn+1 = Ôn +
itP
ℏ

[Ĥ, Ôn]. (133)

This discrete operator dynamics preserves key symmetries of the system and reduces to the usual Heisenberg
equation in the continuum limit tP → 0.

Importantly, due to the finite time steps, any attempt to probe the dynamics of Ô between two adjacent
times tn and tn+1 is fundamentally ill-defined. This leads to a band-limited evolution of observables, where
rapid fluctuations cannot be resolved or meaningfully defined.
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Moreover, time-discrete evolution induces corrections to higher-order commutators. Consider the second-
order expansion:

Ôn+1 = Ôn +
itP
ℏ

[Ĥ, Ôn]−
t2P
2ℏ2

[Ĥ, [Ĥ, Ôn]] + . . . (134)

This structure mirrors the Baker–Campbell–Hausdorff (BCH) formula [13], suggesting that discrete-time
quantum mechanics may be naturally interpreted as a ”Lie-algebraic expansion” in powers of tP .
As we shall see in the following sections, this operator formalism serves as a bridge toward a variational,
Lagrangian-based formulation of QMQST.

10 Lagrangian and Variational Formulation in Discrete Time

In this section, we seek to derive the time-discrete dynamics of quantum systems not by postulate, but from
first principles: a variational formulation analogous to the standard Lagrangian mechanics. This formalism
will serve to embed the discrete-time dynamics in a broader physical framework and will allow for natural
extensions.

10.1 Discrete Action and Time Lattice

In standard classical or quantum field theory, the evolution of a system is obtained by extremizing the action

S[Ψ] =

∫
L(Ψ, Ψ̇, t) dt, (135)

where L is the Lagrangian density. In our approach, time is no longer continuous but composed of discrete
steps tn = ntP. Therefore, the action becomes a sum:

Sdisc =
∑
n

Ln(Ψn,Ψn+1), (136)

where Ψn := Ψ(tn), and the discrete Lagrangian Ln depends on the state at time steps n and n+ 1.

10.2 Choice of Discrete Lagrangian

Inspired by the standard Dirac Lagrangian in quantum theory, we propose a time-discrete Lagrangian of the
form:

Ln =
iℏ
2
[⟨Ψn+1|Ψn⟩ − ⟨Ψn|Ψn+1⟩]− tP⟨Ψn|Ĥ|Ψn⟩, (137)

where the first term is a discrete analog of the kinetic term, and the second term corresponds to the potential
(Hamiltonian) contribution.

This Lagrangian is manifestly real and gauge-invariant under global phase transformations.

10.3 Variation and Discrete Euler–Lagrange Equation

To derive the evolution equations, we impose the principle of stationary action:

δSdisc = 0, (138)

with independent variations δΨ∗
n. This yields the discrete Euler–Lagrange equation:

∂Ln
∂Ψ∗

n

+
∂Ln−1

∂Ψ∗
n

= 0. (139)
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Explicit calculation gives:

∂Ln
∂Ψ∗

n

= − iℏ
2
Ψn+1 − tPĤΨn, (140)

∂Ln−1

∂Ψ∗
n

=
iℏ
2
Ψn−1. (141)

Thus, the full equation of motion becomes:

Ψn+1 = Ψn−1 −
2itP
ℏ
ĤΨn, (142)

which is a second-order finite-difference equation in time. A time-symmetric evolution law.

10.4 Connection with Previous Formulation

If one eliminates Ψn−1 by setting it equal to Ψn (i.e., assuming trivial backward evolution at initial step),
the update law reduces to the first-order version:

Ψn+1 ≈ Ψn −
itP
ℏ
ĤΨn, (143)

as previously derived in Eq. (4.1).

Therefore, the Lagrangian formulation not only reproduces our earlier results, but naturally extends them
into a ”second-order, time-symmetric update rule”.

10.5 Towards Memory-Dependent Lagrangians

Since the Lagrangian at time n depends only on Ψn and Ψn+1, the resulting dynamics is ”Markovian”. To
incorporate non-Markovian effects —as discussed in Section 3— one may generalize the Lagrangian to depend
on earlier states:

Ln =

K∑
k=0

αk⟨Ψn+k|Ôk|Ψn⟩, (144)

with suitable operators Ôk and memory weights αk. Such constructions naturally lead to ”integro-difference
equations”, whose dynamics will be studied in future sections.

10.6 Discrete-Time Hamiltonian Formalism

To complete the variational structure of quantum mechanics in a discretized temporal framework, we now
develop the Hamiltonian formalism adapted to discrete time. This complements the Lagrangian-based deriva-
tion of the discrete Schrödinger equation.

Canonical Variables. In standard field theory, the momentum conjugate to the wavefunction Ψ(t) is
defined as:

Π(t) =
∂L
∂Ψ̇(t)

. (145)

In the discrete-time case, we analogously define the conjugate variable using the discrete Lagrangian:

Πn :=
∂Ln

∂(Ψn+1 −Ψn)
. (146)

Recall from Section 10 the Lagrangian used:

Ln =
iℏ
2tP

(
Ψ†

nΨn+1 −Ψ†
n+1Ψn

)
−Ψ†

nĤΨn. (147)
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Differentiating with respect to Ψn+1, we obtain:

Πn =
∂Ln
∂Ψn+1

=
iℏ
2tP

Ψ†
n. (148)

Discrete Hamiltonian. We now construct the discrete Hamiltonian Hn as a Legendre transform:

Hn := Πn(Ψn+1 −Ψn)− Ln. (149)

Substituting the expressions:

Hn =

(
iℏ
2tP

Ψ†
n

)
(Ψn+1 −Ψn)− Ln, (150)

=
iℏ
2tP

Ψ†
nΨn+1 −

iℏ
2tP

Ψ†
nΨn − Ln. (151)

Replacing Ln, simplifying, and rearranging terms gives:

Hn = Ψ†
nĤΨn. (152)

Thus, the discrete-time Hamiltonian matches the expectation value of the usual Hamiltonian operator at
time step n, as expected.

Evolution Equations. We can now write the discrete-time Hamilton equations:

Ψn+1 = Ψn +
2tP
iℏ

∂Hn

∂Ψ†
n

, (153)

Πn+1 = Πn +
2tP
iℏ

∂Hn

∂Ψn
. (154)

These are discrete analogs of the continuous-time Hamilton equations, adapted to the unitary quantum
context. The factor of 2 reflects the symmetric structure of the Lagrangian.

Remarks.

• This derivation demonstrates that the discrete-time formalism admits a consistent canonical structure,
preserving the foundational variational principles of physics.

• In the classical limit, this reduces to discrete canonical equations of motion for real-valued systems.

• The symplectic structure is preserved in the evolution, ensuring consistency with unitarity and conser-
vation laws.

10.7 Path Integral Formulation in Discrete Time

An alternative and profoundly insightful approach to quantum dynamics is the path integral formulation. In
standard quantum mechanics, Feynman’s path integral expresses the propagator as a sum over all possible
continuous-time histories. In the context of quantized time, this summation becomes inherently discrete.

Standard Form. In the continuum, the transition amplitude between two states Ψ(ti) and Ψ(tf ) is given
by:

⟨Ψf |Ψi⟩ =
∫
D[Ψ] e

i
ℏS[Ψ], (155)

where the action S is the integral of the Lagrangian:

S[Ψ] =

∫ tf

ti

L[Ψ, Ψ̇] dt. (156)
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Discrete-Time Version. In our framework, time evolves in discrete steps tn = ntP, and the action
becomes a sum:

S[Ψ] =

N−1∑
n=0

Ln · tP, (157)

where Ln is the discrete Lagrangian defined in Eq. (10.3). Then, the discrete path integral becomes:

⟨ΨN |Ψ0⟩ =
∫ N−1∏

n=1

dΨ†
ndΨn exp

(
i

ℏ

N−1∑
n=0

Ln · tP

)
. (158)

This formulation preserves the structure of quantum interference but in a temporally quantized setting.

Remarks and Advantages.

• The discretization is not an approximation but a physical statement: only integer numbers of time
steps tP are allowed.

• The measure D[Ψ] becomes a finite-dimensional integral over a set of discrete-time slices.

• Numerical simulations become naturally well-posed and stable due to the finite time steps.

• The formalism admits direct connections to lattice quantum mechanics, spin foam models, and quantum
cellular automata.

Continuum Limit. In the limit tP → 0, we recover the usual Feynman path integral:

lim
tP→0
⟨ΨN |Ψ0⟩ →

∫
D[Ψ] e

i
ℏ
∫
L dt. (159)

Thus, our formulation is a natural generalization of standard quantum mechanics, consistent with known
physics at low energies and high time resolution.

11 Non-Markovian Dynamics and Memory Effects

The introduction of a quantized temporal structure fundamentally alters the way physical systems evolve. In
conventional formulations of quantum mechanics, the evolution is governed by first-order differential equa-
tions in continuous time, and crucially, it is assumed to be Markovian — meaning that the future state of
the system depends only on its present state, not on its past history, See. [6].

However, this assumption implicitly relies on the mathematical structure of infinitesimal time derivatives,
which cease to be physically meaningful once time is postulated to be discrete and indivisible. Replacing the
derivative with a finite-difference operator across a lattice of time quanta leads to an inherent non-locality
in time: future states are no longer fully determined by the present alone but must incorporate information
about previous states. In short, time quantization forces the introduction of memory.

This emerging non-Markovian structure is not merely a technical side-effect of discretization; it introduces
a qualitatively different framework in which memory becomes a physical ingredient of the theory. A finite
memory buffer — constrained by fundamental physical principles — governs how much of the past causally
contributes to each present update.

In this section, we explore the implications of this shift. We begin by revisiting the Markovian assumption in
standard quantum mechanics, followed by the construction of memory-dependent evolution equations within
our quantized time framework. We then demonstrate how this structure naturally leads to bridges with
General Relativity, especially when curvature and causal horizons are introduced.
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11.1 Markovian Assumption in QM

In standard quantum mechanics, the time evolution of a closed system is governed by the Schrödinger
equation:

iℏ
d

dt
|ψ(t)⟩ = Ĥ |ψ(t)⟩ , (160)

where Ĥ is the system’s Hamiltonian. This equation is first-order in time and thus defines a Markovian
process: the future state |ψ(t+ δt)⟩ is completely determined by the present state |ψ(t)⟩, regardless of how
the system arrived at that state.

This Markovian structure is deeply embedded in the mathematical framework of quantum theory and under-
pins not only unitary evolution but also common formulations of decoherence, scattering, and measurement.
Even in path-integral formulations, the propagation amplitude between states assumes local time steps with
no explicit memory dependence.

In contrast, open quantum systems interacting with an environment often exhibit non-Markovian behavior
due to entanglement with external degrees of freedom. However, this type of memory arises extrinsically —
from the coupling with inaccessible subsystems — and not from the structure of time itself.

What we propose here is fundamentally different: even for isolated systems, if time is quantized and discrete,
then memory becomes intrinsic to the system’s evolution. In such a scenario, the very fabric of temporal
propagation acquires depth — a layered memory of past states becomes necessary to predict the future,
reshaping the foundations of quantum theory.

11.2 Memory-Dependent Evolution in QMQST

When time is quantized in discrete steps of size τ ∼ tP , the conventional derivative in the Schrödinger
equation loses its validity. Instead, the evolution of a quantum state must be described by a finite-difference
operator:

d

dt
|ψ(t)⟩ −→ |ψ(t+ τ)⟩ − |ψ(t)⟩

τ
. (161)

This shift alters the fundamental structure of quantum dynamics. While the standard Schrödinger equation
is inherently Markovian — depending solely on the present state — the finite-difference form permits the
inclusion of information from earlier states, giving rise to ”non-Markovian evolution equations”.

A general non-Markovian update rule in this framework may take the form:

|ψ(t+ τ)⟩ = U [|ψ(t)⟩ , |ψ(t− τ)⟩ , . . . , |ψ(t− nτ)⟩], (162)

where the next state depends on a memory buffer of past quantum states up to depth n. This formulation
reflects a shift from pure unitarity toward a memory-dependent quantum dynamics, where the evolution
is not governed solely by a unitary operator U = e−iĤτ/ℏ, but rather by a more general causal map:

U : H⊗n → H. (163)

This memory kernel U is constrained by several physical principles:

• Causality: Only past states up to time t can influence ψ(t+ τ),

• Normalization: The global evolution must preserve the norm ⟨ψ(t)|ψ(t)⟩ = 1,

• Decoherence Bound: Excessive memory may lead to effective classicalization; a finite memory hori-
zon must be enforced.

In some formulations, one may define a weighted sum over past states:

|ψ(t+ τ)⟩ =
n∑

k=0

wk · Uk |ψ(t− kτ)⟩ , (164)
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where wk are memory weights satisfying
∑

k |wk|2 = 1, and each Uk is a unitary operator representing
evolution from state |ψ(t− kτ)⟩.

Such non-Markovian quantum dynamics introduces rich phenomenology:

• Interference effects between past states,

• Temporal entanglement and memory-based decoherence,

• Emergence of effective irreversibility at macroscopic scales.

We argue that the introduction of memory is not only a technical necessity when time is discrete, but
also a profound physical insight: memory is the temporal analogue of spatial non-locality. Just as
non-locality in space leads to entanglement, non-locality in time leads to irreversibility and contextuality.

11.3 Memory Depth and the Virtual Particle Constraint

In any non-Markovian evolution law, a critical question arises: how many previous time steps contribute to
the current update? That is, what is the depth of the system’s causal memory?

We aim to show that this quantity cannot be arbitrary or adjustable — it must be physically constrained.
Our proposal is that the memory depth should be determined by the maximum duration of virtual particle
fluctuations allowed by quantum field theory.

Physical Motivation: Virtual Lifetimes
The quantum vacuum is not empty: it is a seething arena of virtual particles that briefly come into existence
before annihilating, permitted by the time–energy uncertainty relation:

∆E ·∆t ≳ ℏ.

This implies that a virtual particle of mass m can exist for a characteristic timescale:

τvirtual ∼
ℏ
mc2

.

To faithfully model all vacuum processes in a discrete-time framework, the memory buffer must span at least
this duration. Otherwise, virtual particles with longer lifetimes could not consistently emerge, as their full
fluctuation timescale would exceed the causal memory range permitted by the underlying temporal structure.

Extreme Case: Neutrino Vacuum Fluctuations
Among all known particles, neutrinos have the lowest experimentally established mass. For the lightest
eigenstate ν1, global fits yield a minimal mass estimate of about:

mν1 ≃ 0.06 eV/c2.

Using this, the longest possible virtual fluctuation time allowed by QFT is:

τν1 ∼
ℏ

mν1c
2
≃ 6.582× 10−16 eV·s

0.06 eV
≃ 1.10× 10−14 s.

Memory Depth in Planck Units
In a quantized time framework, where evolution proceeds in discrete steps of Planck time:

tP =

√
ℏG
c5
≃ 5.39× 10−44 s,

the corresponding number of causal steps needed to span τν1 is:

Nmemory ≥
τν1
tP
≃ 1.10× 10−14

5.39× 10−44
≃ 2.04× 1029.
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Conclusion: A Fundamental Lower Bound

This calculation leads us to a concrete physical principle:

PREDICTIONCausal Memory Principle

The minimum memory depth in discrete-time quantum mechanics must exceed the lifetime of the
longest-lived virtual fluctuation, imposing a bound:

Nmin
memory ≳ 1029 tP , (Planck time units).

Note. The quantity Nmemory refers to the number of discrete temporal steps required to encode a virtual
fluctuation’s lifespan in its own rest frame. As such, it transforms under Lorentz boosts as N ′ = γN , ensur-
ing that the physical memory depth scales proportionally with proper time. This consistency with special
relativity is formally established in Section. 11.6.

This provides a physically grounded, non-arbitrary lower limit on non-Markovian evolution in quantum
dynamics. Any discrete-time formalism that fails to incorporate this memory depth would be inconsistent
with vacuum fluctuation physics as described by QFT.

11.4 Bridging to General Relativity

The introduction of a memory-dependent structure in quantum mechanics invites a deeper question: Can the
geometric fabric of spacetime itself possess memory? If the evolution of matter and fields is non-Markovian,
and spacetime reacts dynamically to energy-momentum via the Einstein field equations, then consistency
demands that spacetime geometry too must exhibit non-Markovian behavior.

In classical general relativity, the evolution of the metric gµν is local in time: its curvature at a given instant
depends solely on its value and derivatives at that same instant. However, this locality is rooted in the
assumption of continuous and differentiable time. Once time is discretized — and memory is introduced in
quantum dynamics — the assumption of instantaneous geometric response becomes physically unjustified.

We propose that the curvature of spacetime should evolve via memory-dependent update rules, where past
values of the metric — up to some causal depth — influence its present configuration. That is:

gµν(tn) = Fµν

[
gαβ(tn−1), gαβ(tn−2), . . . , Tαβ(tn−k)

]
,

where Fµν is a memory functional encoding geometric inertia, and k denotes the depth of causal memory —
potentially identical to the memory bound Nmin

memory discussed in Section. 11.3
This leads to several novel consequences:

• Metric Hysteresis. The metric may exhibit a form of geometric hysteresis, whereby its response to
energy-momentum is temporally delayed or smoothed by memory.

• Nonlocal Curvature Generation. The Ricci and Riemann tensors would not depend solely on local
derivatives, but on finite differences across multiple time layers.

• Modified Einstein Equations. The discrete Einstein equations defined in Section. 12.1 and in
equation (12.1) must be reinterpreted as recursive memory equations, incorporating past steps into
the evolution of curvature.

This framework can be viewed as a generalization of the Einstein equations over a causal memory buffer:

G̃µν(tn) =
8πG

c4

Nmemory∑
k=0

wk Tµν(tn−k),

where wk are weighting coefficients that define the memory kernel — potentially uniform, decaying, or
dynamically adjusted depending on curvature or energy density.
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Crucially, the structure ensures that general relativity emerges as a Markovian limit of this broader theory:
when w0 = 1, wk>0 = 0, and tP → 0, we recover:

G̃µν(t) =
8πG

c4
Tµν(t),

as expected from classical GR.

Key Insight

If matter possesses memory, and spacetime reacts to matter, then spacetime must inherit a memory
structure. The Einstein field equations become recursive relations over a causal history.

This opens a novel pathway for quantum gravity: not by quantizing spacetime per se, but by recognizing its
dynamics as memory-bearing — thereby incorporating quantum principles (such as time quantization and
virtual lifetimes) into the heart of geometry itself.

11.5 Formal Definition of Non-Markovian Spacetime

To rigorously define a spacetime with memory, we must go beyond the traditional manifold picture where
each point xµ has no intrinsic history. Instead, in a non-Markovian framework, the state of the system at a
given spacetime point depends not only on its immediate surroundings but also on a finite causal history —
a “memory buffer” that stores past states up to a depth τmem.

In this setting, we define the retarded memory kernel K(xµ, x′µ) as a causal weighting function that
encodes the influence of prior spacetime events x′µ ≺ xµ on the present dynamics. The evolution of any
local field ϕ(xµ) is then governed not by a strictly local differential operator, but by an integro-differential
equation of the form:

Dϕ(x) =
∫
Σx

K(x, x′)ϕ(x′) d4x′, (165)

where Σx is the causal memory domain associated with point x, i.e., all points within its past lightcone and
up to the memory depth τmem.

Locality Redefined. This structure generalizes the classical notion of locality. The theory is still local
in the sense of causal propagation (no spacelike signaling), but it is temporally extended: the “present” is
a convolution of past configurations. Local operators □,∇µ∇µ are replaced by non-local memory operators
with support in the causal past.

Example: Discrete Memory Chain. In a time-quantized model, each field variable ϕn depends on a
finite sequence of past steps:

ϕn+1 = F (ϕn, ϕn−1, . . . , ϕn−Nmem), (166)

where Nmem is determined by physical arguments, such as the lifetime of the longest virtual particles (see
Sec. 11.3). This is analogous to autoregressive processes in stochastic dynamics, but grounded in fundamental
physics.

Geometric Interpretation. The spacetime structure can be modeled as a fibered causal network, where
each point xµ carries not only a value but a memory state M(xµ) = {ϕ(xµ − ntP)}Nmem

n=1 . The manifold
becomes an enriched structure: a memory manifold or retentive geometry.

Definition: Non-Markovian Spacetime

A spacetime is non-Markovian if the physical evolution at any point xµ depends on a non-trivial
set of past events {x′µ ≺ xµ} via a memory kernel K(x, x′) with finite causal support. This induces a
temporally extended notion of locality.

Outlook. In the next subsection, we investigate how this memory structure impacts fundamental symme-
tries such as time-reversal, and whether it introduces an emergent arrow of time.
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11.6 Lorentz Invariance in a Memory-Based Time Framework

Any reformulation of quantum mechanics must, at the very least, preserve consistency with special relativity.
This includes the invariance of physical laws under Lorentz transformations, particularly time dilation and
the relativity of simultaneity. In our discrete-time formulation, where the evolution proceeds in integer steps
of tP, it may initially seem that Lorentz invariance is broken. However, a deeper analysis reveals that,
far from contradicting Lorentz symmetry, our framework reinforces it: as in special relativity, all physical
evolution—including discrete memory updates—unfolds along the proper time τ of the system.

Proper Time as Fundamental Parameter. We define the discrete evolution as taking place along the
proper time τ of the system:

τn = n · tP, n ∈ Z, (167)

where each time step tP corresponds to a unit of proper duration experienced by the evolving quantum
system. For an observer moving with velocity v with respect to this system, the coordinate time t expands
as:

t = γτ, γ =
1√

1− v2/c2
. (168)

Thus, while the system’s evolution proceeds with a fixed tick tP in its own rest frame, an external observer
perceives the same evolution over dilated intervals t′ = γt, as dictated by special relativity. The number of
discrete steps N required to represent a process of duration τ is frame-dependent:

N ′ = γN.

This is not a violation but rather a manifestation of Lorentz invariance in the discrete-time framework.

Implication for Memory Depth. This scaling applies directly to our memory formulation. If a virtual
particle in the rest frame of a system exists for a time τ = NtP, then an external observer must allocate
N ′ = γN time steps to account for its influence. Thus, the "length" of memory needed grows with the
observer’s Lorentz boost, preserving consistency with relativistic causality.

Corollary: Lorentz Transformation of Memory Depth

In a discrete-time framework, the memory buffer length N transforms under Lorentz boosts as:

N ′ = γN.

Hence, memory depth scales proportionally to the proper duration of processes observed in relativistic
motion, preserving physical consistency and Lorentz symmetry.

Illustrative Case: Atmospheric Muons. Cosmic ray muons are created at altitudes of 15 km and
have a mean proper lifetime of τ0 = 2.2µs. Classically, they should decay before reaching Earth’s surface.
However, due to their relativistic velocity (v ∼ 0.998c), time dilation extends their lifetime in Earth’s frame
to:

τ ′ = γτ0 ≈ 15µs.

This matches the observed survival rate.
In our framework, the muon’s evolution proceeds over N = τ0/tP ≈ 1.35 × 1038 steps in its rest frame. In
Earth’s frame, this becomes:

N ′ = γN ≈ 9.2× 1038,

Transforming from Planck Time Steps to seconds, we obtain:

τ ′ = N ′ · tP ≈ (9.2× 1038) · (5.39× 10−44 s) ≈ 15µs,

which is consistent with the delayed decay observed. Thus, the model reproduces the correct relativistic
behavior.
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Consistency with Classical Special Relativity. This analysis shows that our discrete-time quantum
mechanics is not tied to a privileged frame. The fundamental evolution is tied to the system’s own proper
time, and all relativistic observers can map the evolution consistently via Lorentz transformations.

Towards General Relativity. The preceding results apply to inertial frames and special relativity. In
the next section, we generalize this formulation to account for spacetime curvature and gravitational time
dilation. We show that the same discrete-time logic can reproduce the gravitational redshift experienced by
systems in varying gravitational potentials, thus extending compatibility to general relativity as well.

Case II: Gravitational Time Dilation — GPS Satellite

One of the most striking empirical confirmations of relativistic time dilation arises from the behavior of
GPS satellites. Orbiting at approximately 20, 200 km above the Earth’s surface, these satellites experience a
weaker gravitational potential than clocks on the ground. As a result, their onboard atomic clocks advance
slightly faster — a difference that must be corrected periodically to maintain synchronization.

Standard GR Prediction. In the weak-field limit of General Relativity, gravitational time dilation is
governed by the potential Φ(r) = −GM

r , yielding:

dτ

dt
=

√
1− 2GM

rc2
≈ 1− GM

rc2
,

where τ is the proper time experienced by the satellite, and t is the coordinate time on Earth.
Using the relevant parameters:

• Earth mass: M = 5.972× 1024 kg,

• Earth radius: R⊕ = 6.371× 106 m,

• Satellite altitude: h = 2.02× 107 m,

• Orbit radius: r = R⊕ + h ≈ 2.66× 107 m,

the observed advance is approximately ∼ 45µs/day, combining gravitational and special relativistic effects.

QMQST Interpretation. In the quantized-time framework, each location in space is characterized by an
effective causal update rate Neff(r), which reflects how many temporal quanta tP are updated per second at
that position. We define:

Neff(r) =
1

tP

(
1 +

GM

rc2

)
,

indicating that clocks in higher gravitational potential regions (i.e., further from the Earth) tick faster because
their update rate is slightly elevated.

Explicit Calculation. We compute the difference in tick rates between Earth’s surface and GPS orbit:

∆Neff =
1

tP

(
GM

R⊕c2
− GM

rc2

)
,

with:

GM

c2
≈ 4.44× 10−3 m,

1

R⊕
− 1

r
≈ 1.571× 10−7 m−1.

Thus:

∆Neff ≈
1

5.39× 10−44
· 4.44× 10−3 · 1.571× 10−7 ≈ 1.3× 1033 ticks/s.

Now multiplying by one day in seconds:

∆t ≈ 7× 10−11 · 86400 s ≈ 6.05µs
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This result captures exclusively the gravitational time dilation component. The special relativistic contri-
butions—arising from the satellite’s orbital velocity—can be treated independently and incorporated within
the same discrete-time formulation, preserving consistency with full relativistic dynamics.
We conclude that the QMQST framework reproduces the correct order of magnitude observed in satellite-
based measurements. The modulation of causal tick frequency Neff(r) serves as a geometric reinterpretation
of time dilation: not as a curvature of time itself, but as a change in its discrete update rate induced by
gravitational potential.

Conclusion. This result confirms that:

GRAVITATIONAL VALIDATION

The quantized memory framework naturally reproduces gravitational time dilation in the weak-field
limit. The QMQST prediction for a GPS satellite’s clock advance, ≈ 6.05µ s/day, aligns with standard
GR predictions and observations, demonstrating that causal update rates reflect curvature-induced
shifts in proper time.

12 Comparison with Time-Continuum General Relativity:
Discrete Evolution of Spacetime Geometry

12.1 Discrete-Time Einstein Field Equations

We now explore how the Einstein field equations are modified when time is fundamentally quantized in steps
of tP. This section builds a discrete-time analog of general relativity by applying finite-difference operators
in place of continuous temporal derivatives, while keeping spatial derivatives untouched.

8.1.1. Standard Einstein Field Equations

Recall the Einstein field equations in their standard form:

Gµν(x
λ) = Rµν −

1

2
gµνR =

8πG

c4
Tµν(x

λ), (169)

where all curvature terms are functions of the metric and its derivatives.

8.1.2. Discrete Time Steps

Assuming time proceeds in quantized units:

tn = ntP, n ∈ Z, (170)

we define the forward and central finite-difference operators:

∆tfn =
fn+1 − fn

tP
, (171)

δ2t fn =
fn+1 − 2fn + fn−1

t2P
. (172)

These will replace partial derivatives with respect to time.

8.1.3. Discrete Connections and Curvature

In general relativity, the Christoffel symbols Γρ
µν involve first derivatives of the metric:

Γρ
µν =

1

2
gρσ (∂µgνσ + ∂νgµσ − ∂σgµν) . (173)
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In the discrete-time framework, we keep spatial derivatives untouched (∂i ≡ ∇i), but replace all time deriva-
tives by finite differences. For a function fn := f(tn), we define:

∆tfn =
fn+1 − fn

tP
, (forward) (174)

δtfn =
fn+1 − fn−1

2tP
, (central) (175)

δ2t fn =
fn+1 − 2fn + fn−1

t2P
. (second order) (176)

Let us illustrate this with a concrete example.

Example: Discretization of Γt
tt in Schwarzschild Metric. Consider the Schwarzschild line element

(in units with c = 1):

ds2 = −
(
1− 2GM

r

)
dt2 +

(
1− 2GM

r

)−1

dr2 + r2dΩ2. (177)

Let f(r) = 1− 2GM
r , so the metric component is gtt = −f(r). In standard GR, we compute:

Γt
tt =

1

2
gtt (∂tgtt + ∂tgtt − ∂tgtt) = 0, (178)

because gtt is static (∂tgtt = 0).
However, suppose now the metric is not exactly static, but evolves slowly with discrete time:

g
(n)
tt = −f(r) + εn, with εn ≪ 1. (179)

Then, the time derivative becomes:

∂tgtt(tn) −→ ∆tg
(n)
tt =

g
(n+1)
tt − g(n)tt

tP
=
εn+1 − εn

tP
. (180)

Hence, the Christoffel symbol becomes:

Γ̃t
tt(tn) =

1

2
gtt(tn)∆tg

(n)
tt =

1

2
[−f(r) + εn]

−1 · εn+1 − εn
tP

. (181)

In the limit εn → 0, this vanishes, recovering the classical value. But in regimes where Planck-time fluctua-
tions become significant, this symbol acquires a non-zero contribution, potentially leading to novel curvature
dynamics.

Conclusion. Discrete-time gravity permits geometric fluctuations at Planck resolution without breaking
the tensorial structure of GR. Even a static metric may acquire dynamical features due to discrete temporal
evolution, contributing non-trivial terms to the connection and curvature tensors.

8.1.4. Discrete Einstein Tensor and Field Equations

We now define the Einstein tensor in the discrete-time framework:

G̃µν(tn) := R̃µν(tn)−
1

2
gµν(tn)R̃(tn). (182)

Thus, the discrete Einstein field equations become:

G̃µν(tn) =
8πG

c4
Tµν(tn), (183)

where the stress-energy tensor is evaluated at each discrete instant tn.

76



8.1.5. Continuum Limit

If tP → 0, the finite differences recover partial derivatives, and all discrete objects converge to their continuous
counterparts:

δ2t → ∂2t , R̃µν → Rµν , G̃µν → Gµν . (184)

This ensures consistency with general relativity in the low-energy limit.

8.1.6. Ontological Implication

In this framework, spacetime curvature itself becomes a recursive process over Planck time steps. The
Einstein tensor does not describe a smooth manifold but rather a network of evolving geometric states. This
could potentially regulate divergences near singularities such as r = 0 or t = 0.

Table 2: Discrete vs Continuous Time in Einstein Field Theory. Comparison of key geometric and
dynamical quantities under classical GR and its discrete-time analog.

Quantity Standard GR (Continuous Time) Discrete-Time Gravity (Time Steps tP)

Time Domain t ∈ R tn = n · tP, n ∈ Z

Metric Evolution ∂tgµν(t) ∆tg
(n)
µν =

g
(n+1)
µν −g

(n)
µν

tP

Christoffel Symbols Γρ
µν(t) from derivatives Γ̃ρ

µν(tn) from finite differences

Ricci Tensor Rµν(t) R̃
(n)
µν = δ2t Γ

λ
µν(tn)

Einstein Tensor Gµν(t) = Rµν − 1
2gµνR G̃

(n)
µν = R̃µν − 1

2gµνR̃

Stress-Energy Source Tµν(t) T
(n)
µν evaluated at each time step

Curvature Singularities Divergent as r → 0 or t→ 0 Regularized by lower bound r ≥ ℓP, t ≥ tP
Geodesic Completeness Often incomplete (singularities) Complete by construction (finite steps)

Continuum Limit Intrinsic assumption Emergent: tP → 0⇒ GR recovered

Ontological View Smooth manifold with continuous fields Planck-scale geometric process over discrete causal layers

12.2 Emergent Continuity: Recovering Classical GR as a Limit

Despite our foundational postulate that time is quantized into indivisible intervals of duration tP, the classical
structure of general relativity (GR) can be recovered as an effective, coarse-grained limit of discrete temporal
dynamics.
Consider any time-dependent field equation in GR involving derivatives with respect to time, such as the
Einstein field equations in the form:

Gµν(x) =
8πG

c4
Tµν(x), (185)

where x = (t, x⃗) includes the temporal coordinate t. In a framework with quantized time, tn = n · tP, these
derivatives must be replaced by finite difference operators:

∂tRµν(tn) −→
Rµν(tn+1)−Rµν(tn)

tP
. (186)

Now, over an extended interval T = N · tP, the integral of any time-dependent quantity such as the Ricci
tensor becomes a Riemann sum: ∫ t0+T

t0

Rµν(t) dt −→
N−1∑
k=0

Rµν(tk) · tP. (187)

In the limit N ≫ 1, the continuum description is recovered. Thus, the smooth differential geometry of GR
is not invalidated, but rather reinterpreted as an emergent approximation valid at scales ∆t≫ tP.
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This has direct implications:

• In practical computations, classical GR remains a valid tool, just as Newtonian gravity remains
useful for orbital mechanics.

• At Planck-scale regimes, however, the discrete structure becomes non-negligible, and deviations
from GR may become detectable.

• This framework respects the Einstein field equations, while providing a quantum-theoretic
interpretation of time without modifying the tensorial structure of spacetime itself.

Hence, our approach does not replace GR, but rather embeds it within a deeper temporal ontology.

In the next subsection, we apply these equations to black hole spacetimes to investigate whether singularities
are softened or avoided under this formulation.

12.3 Proper-Time Discreteness and the Regularization of Singularities

In classical general relativity (GR), spacetime singularities are signaled by divergent curvature invariants in
the limit r → 0 or t → 0. These divergences indicate a breakdown of the classical theory and motivate the
need for a deeper, possibly quantum description. In this section, we examine how the hypothesis of a discrete
temporal structure alters this behavior, and whether it regularizes the curvature invariants that diverge in
the continuum limit.

12.3.1 Curvature Invariants in Discrete Time

Step 1: The Classical Divergence. For the Schwarzschild solution, the Kretschmann scalar, an invariant
quadratic in the Riemann tensor, takes the form:

K(r) = RµνρσR
µνρσ =

48G2M2

c4r6
, (188)

which diverges as r → 0, marking a classical curvature singularity.

Step 2: Discrete Time and Radial Lattice. We define a corresponding radial sequence rn for an
infalling particle, updated at each step of its proper time τn = ntP. This reflects the fact that all physical
evolution proceeds along proper time, not coordinate time.

tn = ntP, n ∈ N. (189)

We define a corresponding radial sequence rn for an infalling particle:

rn = ℓP + n∆r, ∆r = −ϵ ℓP, ϵ > 0. (190)

This ensures that no radial value smaller than the Planck length ℓP is ever accessed. The evolution thus
occurs over a radial lattice with minimum spacing ℓP.

Step 3: Finite Differences Replace Derivatives. In differential geometry, curvature involves second
derivatives of the metric. In our discrete-time setting, we replace derivatives by central finite differences. For
example, the first radial derivative becomes:

∂gµν
∂r
→ gµν(rn+1)− gµν(rn−1)

2∆r
, (191)

and higher derivatives are similarly approximated. The curvature tensors, and hence curvature invariants,
can then be defined recursively on this lattice.
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Step 4: Discrete Evaluation of Kretschmann Scalar. With the radial lattice rn, the Kretschmann
scalar becomes a discrete sequence:

Kn := K(rn) =
48G2M2

c4r6n
. (192)

This expression is perfectly finite for all n, as long as rn ≥ ℓP. Let us evaluate explicitly:

K0 =
48G2M2

c4ℓ6P
, (193)

K1 =
48G2M2

c4(ℓP +∆r)6
, with ∆r = −ϵℓP, ϵ > 0. (194)

Since rn remains bounded from below by ℓP, the scalar curvature never diverges.

Numerical Estimate. For M =M⊙ = 1.9885× 1030 kg, the leading term is:

K0 ≈
48G2M2

⊙
c4ℓ6P

≈ 3.43× 10192 m−4, (195)

Although K0 ≈ 10192 m−4 is extremely large, it does not represent a singularity: it simply indicates a
maximal density of causal updates within a Planck-scale region.

Step 5: Geodesic Completeness. In classical GR, a singularity is defined by the incompleteness of
geodesics: the inability to extend the path of a free-falling particle beyond a finite value of the affine
parameter. In our model, geodesic evolution is governed by discrete updates:

rn+1 = rn +∆r, tn+1 = tn + tP. (196)

This process terminates at r = ℓP, after a finite number of steps. Crucially, this termination is regular : all
quantities remain finite, and no divergent behavior appears in curvature invariants or energy-momentum.
We conclude:

Spacetime is geodesically complete in the discrete-time formulation. (197)

Step 6: Conceptual Interpretation. The divergence of K(r) in classical GR arises from taking the
continuum limit down to r = 0. However, if spacetime admits a minimal resolution—both in space and in
time—then such divergences are simply unphysical extrapolations. No physical process ever probes r < ℓP,
and the finiteness of Kn reflects this natural cutoff.

Implications. The discrete-time formalism thus provides:

• Automatic regularization of curvature invariants near classical singularities.

• A mechanism to eliminate the need for ad hoc quantum gravity corrections in certain regimes.

• The emergence of a geodesically complete spacetime without violating the Einstein equations (in
their discrete analog).

Key Result

In the discrete-time framework, curvature invariants such as the Kretschmann scalar remain finite
at all points in spacetime. Consequently, no true curvature singularities arise, and geodesics remain
complete. This constitutes a potential UV regularization of GR without modifying its core dynamics.
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This reformulation shows that classical singularities do not arise from physical processes, but from a
mathematical extrapolation of a continuum model beyond its domain of validity. Once the discrete nature
of proper time is acknowledged, the very notion of a divergence becomes physically meaningless—there are
no infinite updates, no infinitesimal intervals, and no access to r = 0.

Figure 2: Geodesic Revolution in GR vs QMQST. In standard GR, the Kretschmann scalar
K(r) ∼ 1/r6 diverges as r → 0, forming a singularity (red trayectory). In the discrete space-time framework
(QMQST), evolution halts at the Planck length ℓP , and curvature remains finite (blue surface), resulting in
a geodesically complete spacetime.

12.3.2 Proper Time and the Regularization of Classical Singularities

The resolution of curvature singularities in discrete time is not merely a technical artifact of Planck-scale
cutoffs. Rather, it signals a fundamental shift in the ontology of spacetime evolution: physical processes do
not unfold along coordinate time t, but instead along proper time τ , discretized in causal intervals.

In this framework, the classical divergence r → 0 is inaccessible. No observer—free-falling or otherwise—can
reach the singularity within a finite number of causal steps. Each update to the state of the system occurs
at a proper-time increment of tP, and the corresponding radial position remains bounded below by ℓP.

This eliminates the need for exotic boundary conditions or quantum gravity corrections near the singularity.
Instead, the singularity becomes an extrapolation error: a misapplication of differential calculus beyond its
domain of physical validity.

Crucially, this reinterpretation has predictive power. As we explore in the next subsection, the same causal
memory structure that prevents geodesic incompleteness also gives rise to oscillatory behavior in curvature
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scalars—even in globally flat spacetime. These fluctuations reflect the internal structure of the evolution
operator in discrete proper time, and suggest that curvature may emerge dynamically from the quantum
memory of spacetime itself.

From Divergences to Delay Fields

In discrete proper time, singularities are not resolved—they are replaced. Spacetime becomes a dy-
namic field of causal memory, whose apparent curvature emerges from delays in the propagation and
integration of quantum updates.

12.4 Discrete Time in Curved Spacetimes

Having established that curvature invariants such as the Kretschmann scalar become regularized near sin-
gularities due to proper-time discreteness, we now ask whether such discreteness leaves observable imprints
elsewhere — even in regions with no classical curvature. Surprisingly, the answer is yes.
We now extend this analysis by considering the behavior of the Ricci scalar R(t) in a discrete-time framework,
even in globally flat spacetime.
Our goal is twofold:

1. To test whether discrete time evolution induces deviations in curvature scalars, even when classical
curvature is null.

2. To explore whether such deviations exhibit structure — particularly oscillatory or resonant behavior
— that may reflect the underlying quantum granularity of time.

12.4.1 Ricci Scalar in Continuous Time

In classical general relativity, the Ricci scalar is given by:

R(t) = gµν(t)Rµν(t), (198)

where Rµν is the Ricci tensor, derived from second-order derivatives of the metric gµν . In Minkowski space,
or in vacuum solutions such as Schwarzschild, the Ricci scalar vanishes:

Rclassical = 0. (199)

12.4.2 Discretized Ricci Evolution with Memory

In our discrete-time formulation, we replace continuous derivatives by finite differences. Moreover, motivated
by the uncertainty-limited lifetime of virtual particles, we postulate the existence of a memory buffer spanning
a fixed number Nmem of time quanta. This leads to a recursive computation:

Rn =
1

Nmem

n−1∑
j=n−Nmem

Rj + δRn, (200)

where δRn introduces a small periodic perturbation simulating quantum fluctuations.
This recurrence relation generates an oscillatory structure even in classically flat backgrounds. Numerical
simulations confirm this behavior, as shown in Fig. 3.
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Figure 3: Ricci scalar evolution in discrete (red) versus continuous (blue, dashed) time. Although the
continuous solution remains identically zero, the discrete version exhibits oscillatory behavior around zero,
induced purely by the granularity of time and recursive memory structure.

12.4.3 Spectral Analysis of Ricci Oscillations

To understand the nature of these oscillations, we performed a Fourier transform of the discrete Ricci
evolution. The resulting power spectrum reveals a broad range of frequencies with dominant modes, as
shown in Fig. 4.

Figure 4: Logarithmic power spectrum of Ricci scalar evolution in discrete time. The system exhibits
dominant frequencies that emerge from recursive memory interactions and periodic quantum perturbations.

The appearance of dominant frequencies and non-trivial spectral weight suggests that spacetime, under
discrete time evolution, behaves as a resonant quantum system with intrinsic memory — even when the
classical geometry is flat.

Emergent Oscillatory Curvature

Discrete time evolution transforms curvature from a static geometric descriptor into a dynamic, oscil-
latory field driven by causal memory. Even Minkowski spacetime becomes structurally rich, revealing
a hidden informational resonance.

82



12.4.4 Physical Interpretation and Implications

The emergence of structure in the Ricci scalar purely due to time discreteness implies that curvature may
no longer be a purely geometric entity. Instead, it becomes an evolving quantity that reflects past states —
a memory-bearing field.
This has deep implications:

• Curvature in flat space: Even in Minkowski spacetime, discrete evolution introduces internal struc-
ture absent in continuous-time formulations.

• Temporal granularity as source of curvature modulation: The curvature scalar behaves as a
dynamic field with internal oscillatory modes.

• Bridge to quantum gravity: These oscillations may act as precursors to quantum gravitational
effects, emerging without modifying Einstein’s equations explicitly.

This framework opens the door to a reinterpretation of curvature as a causal memory field and suggests
that time discreteness may act as a regulator — not only near singularities but throughout the evolution of
spacetime.

12.5 Quantum Disruption Events and the Origin of GRBs

The discrete-time formulation developed in this work predicts the formation of a compact geodesic core inside
black holes — a structure composed of Planck-scale orbital shells (or "geodas") with maximal curvature and
energy density.
We propose that when this internal energy reservoir exceeds a critical threshold, a transient Planck-scale
rupture in the causal boundary permits a brief energy leakage. This process, termed a Quantum Disruption
Event (QDE), may underlie a subclass of short-duration gamma-ray bursts (GRBs), particularly those lacking
merger or supernova signatures. These disruption events, though modeled primarily through energy and
curvature dynamics, may also be influenced by the nonlinear feedback between gravitational curvature and
coherence, as developed in Section 8. The key physical mechanism is tied to curvature saturation and a
quantized pulse cascade, with each geoda layer emitting a fraction of ”Planck energy” during brief causal
windows, where εP = EP =

√
ℏc5/G ≈ 1.956 × 109 J is the Planck energy. The emitted energy per pulse

is naturally suppressed by a geometric factor Ω ≫ 1, which emerges from the same scalar phase field ϕ(x)
responsible for emergent gravity (see Section 7.3.2).Ω≫ 1 is a dimensionless suppression factor encoding the
effective opacity of the spacetime lattice and gravitational reclosure at the Planck scale. It quantifies the
fraction of energy allowed to escape during a quantum disruption pulse.

Prediction: GRBs from Internal Quantum Geometry

Short GRBs may arise from internal quantum disruption events in saturated black holes. These
bursts are composed of quantized energy pulses and exhibit hard spectra, no classical progenitors, and
potential repeatability from the same source.

A more detailed phenomenological analysis of this mechanism, including recurrence timescales and specific
observational signatures, is presented in a complementary appendix, accessible via Zenodo.[10].

13 Experimental proposals and Phenomenological Observations

13.1 Orbital Dynamics under Discrete Time: Case Study of Mercury

To assess the predictive validity of quantum time discretization at classical relativistic scales, we analyze
the orbital dynamics of Mercury under the assumption that time evolves in discrete steps of size tP or an
appropriate multiple thereof.
Mercury’s perihelion precession provided one of the earliest confirmations of General Relativity (GR), de-
viating from Newtonian predictions by approximately 43′′ (arcseconds) per century. This makes it an ideal
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benchmark for testing whether a theory of discretized time preserves the relativistic corrections necessary to
match observation.

Model Setup. We adopt the standard relativistic effective potential approach for planetary motion in
Schwarzschild spacetime:

d2u

dθ2
+ u =

GM

L2
+ 3GMu2, (201)

where u = 1/r, L is the angular momentum per unit mass, and the 3GMu2 term arises from GR. In our
discrete-time framework, the evolution is not governed by a continuous second-order differential equation
but rather by a finite-difference update rule:

un+1 = 2un − un−1 +∆θ2
(
GM

L2
+ 3GMu2n − un

)
, (202)

where ∆θ is the angular resolution step and n indexes discrete angular positions along the orbit.
This update rule corresponds to a discretized version of Eq. (201), but implemented over a ”quantized time
evolution”, ensuring consistency with the QMQST framework.

Simulation Parameters. We simulate the evolution of Mercury’s orbit using:

• Central mass: M =M⊙ = 1.9885× 1030 kg

• Gravitational constant: G = 6.67430× 10−11 m3 kg−1 s−2

• Speed of light: c = 299,792,458 m/s

• Angular momentum per unit mass: L = 7.78× 1015 m2/s

• Initial perihelion: r0 = 4.6× 1010 m⇒ u0 = 1/r0

• Discrete angular step: ∆θ = 10−5 rad

• Total angular span: θ ∈ [0, 20π]

Results. The simulation of Eq. (202) yields a stable, closed elliptical orbit that exhibits a slow rotation
of the perihelion. The precession angle per orbit, measured from the maxima of un, closely matches the GR
prediction of ≈ 0.104′′ per revolution.
Despite evolving under discrete time, the trajectory remains smooth and periodic, confirming that:

• Discrete-time formulations can preserve continuous spacetime symmetries to a very high degree.

• Classical relativistic predictions, such as Mercury’s perihelion precession, emerge naturally from QMQST
under coarse-graining or large-t averaging.

Implications. This validation suggests that Quantum Mechanics formulated with a fundamental time
quantum remains empirically indistinguishable from GR at macroscopic scales. As expected, the Planck-
scale granularity does not affect orbital predictions significantly, which is consistent with our expectations of
low-energy limit behavior.

The quantized time evolution acts as an underlying computational scaffold that yields smooth physical
observables, much like how quantum field theory recovers classical fields in the semiclassical limit.

Conclusion

Discrete-time quantum dynamics are compatible with relativistic gravitational predictions at plane-
tary scales. The observed perihelion precession of Mercury is accurately reproduced, reinforcing the
viability of QMQST as a candidate extension of standard theories without introducing contradictions
at macroscopic levels.
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13.2 Experimental Prediction: Decoherence Threshold in Entangled Photon Systems

To render the proposed decoherence threshold fully testable, we design a specific, replicable experiment
based on publicly available photonic entanglement platforms. The goal is to verify whether the energetic
threshold for wavefunction collapse derived in Eq. (4.9) correctly predicts the boundary between coherent
and decohered regimes.

FALSIFIABLE PREDICTION

Experimental Proposal: Energetic Threshold for Quantum Collapse

System: A pair of polarization-entangled photons in the Bell state:∣∣Ψ−〉 = 1√
2
(|H⟩A|V ⟩B − |V ⟩A|H⟩B)

Generation: Via spontaneous parametric down-conversion in a BBO crystal pumped with a 405nm
laser. The entangled photons have wavelength λ = 810 nm, with single-photon energy:

Eγ =
hc

λ
≈ 2.45× 10−19 J

Propagation: Each photon travels along a 1-meter single-mode optical fiber with core diameter
d = 5 µm. The effective quantum mode volume is:

Veff = π

(
d

2

)2

· l ≈ 1.96× 10−11 m3

Effective Energy Density:

ρeff =
Eγ

Veff
≈ 1.25× 10−8 J/m3

Decoherence Threshold (Energetic Criterion):

∆Ecrit = ρeff · Veff · c2 = Eγ · c2 ≈ 2.2× 10−2 J

Prediction: A measurement on either photon will cause wavefunction collapse if and only if the
interaction injects an energy ∆E ≥ ∆Ecrit ≈ 0.022 J into the effective quantum region during a
Planck-time scale interval.
Test Protocol:

1. Weak Interaction (Sub-threshold): Use a quantum non-demolition measurement (QND)
or a passive polarization probe coupled weakly to the optical fiber, injecting ∆E < 10−4 J.
Expected Result: No collapse, entanglement remains.

2. Strong Interaction (Super-threshold): Use a conventional single-photon avalanche detector
(SPAD) to absorb the photon fully. Total energy transfer exceeds ∆Ecrit. Expected Result: Full
decoherence, entanglement destroyed.

Falsifiability: If the weak interaction preserves coherence and the strong interaction triggers collapse,
the theory is supported. Failure in either direction invalidates the energetic threshold model.

This testable prediction offers a concrete experimental path to probe whether the collapse of entangled
quantum states is fundamentally governed by energetic constraints within quantized space-time.
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14 Conclusion: A Plausible Path Toward Unification?

This paper began because of a simple question: what would be the consequences of postulating time and
space as fundamentally quantized? As we have seen, the answer turned out to be far more far-reaching than
we expected.

What initially emerged as a minimalist hypothesis—quantized space-time intervals defined by the Planck
scale and the speed of light—has led us through a series of logically connected derivations. Starting from
a reformulation of quantum dynamics over a discrete temporal lattice, we have explored how measurement,
entanglement, and field interactions behave under causal, memory-aware evolution. The framework
naturally accommodates non-Markovian collapse dynamics, topological entanglement channels, and a
discretized formulation of quantum field theory with built-in gauge symmetry.

Surprisingly, the same formalism gave rise to an emergent theory of gravity. Without postulating a
background metric, we derived a conformal effective geometry from a scalar vacuum phase field, and
then—through discrete phase correlations—obtained a fully tensorial metric consistent with the Einstein
field equations. The classical structure of general relativity was not imposed, but recovered.

Throughout this journey, no attempt was made to "force" unification. There was no assumption of a unified
field or symmetry group. And yet, by grounding all known interactions (gravitational and gauge) in the
geometry and dynamics of the same discrete substrate—Planck-scale causal cells—we find ourselves with a
candidate framework that naturally encompasses quantum mechanics, general relativity, field theory, and
information dynamics under a single ontological premise: ”quantization”.

Whether this structure should be interpreted as a true unification candidate, or merely as a reformulation
with unifying features, remains to be determined by further analysis, mathematical development, and—above
all—experimentation. But the path opened by this inquiry suggests that the quantization of time and space
is not just a technical tool: it may be the key to reconciling some of the deepest problems in physics.
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Appendix A: Twistorial Geometry and Gauge Structure of Planck-Scale
Spacetime

This appendix complements the main article “Quantized Spacetime from First Principles” by providing a de-
tailed geometric construction of the Planck-scale spacetime cell in terms of twistor variables. The goal is to
show how discrete quantum geometry, internal gauge structure, and informational content can be naturally
encoded using the language of twistors.

We begin by revisiting the foundations of twistor theory, including the incidence relation and its role in defin-
ing null rays and space-time points. From there, we construct an explicit regular tetrahedron in a spatial
hypersurface t = 0, with all edges equal to the Planck length ℓP , and derive its face vectors and geometric
properties.

Each face is associated with a spinor πi, whose Pauli densities yield area-normal vectors X⃗i = π†i σ⃗πi. These
vectors satisfy the closure condition, encoding the quantum Gauss constraint. The full twistorial structure
is then built via the incidence relation, yielding four twistors Zi = (ωA

i , πiA′), which encode both intrinsic
and extrinsic geometry.

In the second part of the appendix, we investigate how single cells exhibit a natural local SU(2) gauge
symmetry, and how larger networks of cells, through combinatorial and holonomy structures, give rise to
emergent SU(3) symmetry. This provides a possible route toward the emergence of the full Standard Model
gauge group from purely geometric and topological principles.

The twistor formalism, applied at the Planck scale, offers a powerful bridge between discrete geometry,
quantum information, and gauge symmetries. This appendix serves as a technical foundation for that
correspondence, and as a starting point for future explorations into twistor networks, discrete gravity, and
quantum topology.

A.1 Preliminaries: twistor and incidence relation

A twistor (non-null) is a complex four-component object

Zα = (ωA, πA′), α = 0, 1, 2, 3, A = 0, 1, A′ = 0′, 1′,

where ωA and πA′ are unprimed and primed Weyl spinors, respectively. In conformal space-time (e.g.
Minkowski), a point xµ = (t, x⃗) is represented by the mixed spinor

xAA′
= xµσAA′

µ , σ0 = I2, σi (i = 1, 2, 3) Pauli,

and the Penrose incidence relation is
ωA = i xAA′

πA′ . (203)

Under a nonzero complex rescaling Zα 7→ λZα (λ ∈ C×), the underlying geometry remains unchanged.

A.2 Regular tetrahedron with Planck-length edges

We fix the Planck length
ℓP ≈ 1.616× 10−35 m.

We construct a regular tetrahedron in the spatial hypersurface t = 0 with vertices

x1 = (0, 0, 0),

x2 = (ℓP , 0, 0),

x3 =
(
1
2ℓP ,

√
3
2 ℓP , 0

)
,

x4 =
(
1
2ℓP ,

√
3
6 ℓP ,

√
6
3 ℓP

)
.

(204)

Let s ≡ ℓP be the target edge length.
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A.2.1 Verification of the 6 edges

We check |xi − xj | = s for the 6 pairs:

|x2 − x1| = s,

|x3 − x1| = ℓP

√
1
4 + 3

4 = s,

|x4 − x1| = ℓP

√
1
4 + 3

36 + 6
9 = s,

|x3 − x2| = ℓP

√
1
4 + 3

4 = s,

|x4 − x2| = ℓP

√
1
4 + 3

36 + 6
9 = s,

|x4 − x3| = ℓP

√
3
9 + 6

9 = s.

Thus all six edges equal s = ℓP .

A.2.2 Geometric magnitudes

For a regular tetrahedron of edge s:

height =
√
6

3
s, face area = Aface =

√
3

4
s2, volume = V =

s3

6
√
2
.

A.3 Spinors, Face Vectors and Closure Condition (Freidel–Speziale)

In the twistorial parametrization of discrete geometries (Freidel–Speziale), each face i = 1, . . . , 4 is associated
with a spinor πi ∈ C2 and a Pauli vector

X⃗i := π†i σ⃗ πi ∈ R3, (205)

where σ⃗ = (σ1, σ2, σ3) are Pauli matrices. Defining the face area vectors as A⃗i := Aface n̂i (outward unit
normals), the closure condition

4∑
i=1

A⃗i = 0⃗ (206)

is the discrete form of the divergence-free condition (Minkowski theorem). We choose πi such that

X⃗i = π†i σ⃗ πi = Aface n̂i,

with {n̂i} the normals of a regular tetrahedron centered at the origin. This choice guarantees (206) auto-
matically.

A.3.1 Spinor-to-vector map

If χ(θ, φ) is the normalized spinor

χ(θ, φ) =

(
cos(θ/2)

eiφ sin(θ/2)

)
, χ†χ = 1, (207)

then the standard identity holds

χ†σ⃗ χ =
(
sin θ cosφ, sin θ sinφ, cos θ

)
=: n̂(θ, φ). (208)

By quadratic homogeneity, for π =
√
λχ one has

π†σ⃗ π = λ n̂, π†π = λ. (209)
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A.4 Explicit choice of normals and spinors πi

We take the four unit normals of a regular tetrahedron centered at the origin (dual tetrahedron vertices):

n̂1 =
1√
3
(1, 1, 1), n̂2 =

1√
3
(1, −1, −1),

n̂3 =
1√
3
(−1, 1, −1), n̂4 =

1√
3
(−1, −1, 1),

4∑
i=1

n̂i = 0⃗. (210)

Their spherical angles are:

cos θ1 =
1√
3
, φ1 =

π
4 ; cos θ2 = − 1√

3
, φ2 = −π

4 ; cos θ3 = − 1√
3
, φ3 =

3π
4 ; cos θ4 =

1√
3
, φ4 = −3π

4 .

Define

c :=

√
1 + 1/

√
3

2
, s :=

√
1− 1/

√
3

2
, so that c2 + s2 = 1. (211)

We set the modulus to the face area of the tetrahedron with edge ℓP ,

Aface =

√
3

4
ℓ2P , (212)

and define the spinors

π1 =
√
Aface

(
c

e+iπ/4 s

)
, π2 =

√
Aface

(
s

e−iπ/4 c

)
,

π3 =
√
Aface

(
s

e+i3π/4 c

)
, π4 =

√
Aface

(
c

e−i3π/4 s

)
.

(213)

Then
X⃗i := π†i σ⃗ πi = Aface n̂i, i = 1, . . . , 4, (214)

and the closure condition (206) is automatically satisfied.

A.5 Construction of the Four Twistors Zi = (ωA, πA′) by Incidence

On the t = 0 foliation, xµ = (0, x, y, z) and

xAA′
= xiσAA′

i = xσ1 + y σ2 + z σ3.

With π = (α, β)⊤, the incidence relation (203) reads

ω0 = i
(
z α+ (x− iy)β

)
,

ω1 = i
(
(x+ iy)α− z β

)
.

(215)

Plugging each vertex (204) and the corresponding πi from (213), we obtain the explicit four twistors Zi =
(ωA

i , πiA′).

A.6 Dimensionality and Internal Degrees of Freedom

A central quantity discussed in the main article is the number of internal degrees of freedom d associated
with a Planck-scale cell, which enters the definition of topological entropy. The twistorial structure described
here offers a natural geometric interpretation and derivation of this value.

A twistor is an element of the complex space C4, but physical states are defined projectively:

ZA ∈ C4 with ZA ∼ λZA, λ ∈ C×.

This equivalence defines the complex projective space CP3, whose real dimension is:

dimR(CP3) = 2 · dimC(CP3) = 6.

This confirms that each twistor encodes six independent real parameters — matching the number of internal
degrees of freedom proposed in Section 5.6.1 of the main article:

d = 6
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Connection with Standard Model Symmetries. Interestingly, this value coincides with the dimension
of the Hilbert space required to represent a fundamental fermion of the Standard Model:

Hint = HU(1) ⊗HSU(2) ⊗HSU(3) ⇒ dim = 1 · 2 · 3 = 6.

This numerical correspondence suggests a deep connection: the twistorial structure of a single Planck cell
may encode not only geometrical information, but also the internal quantum state of known matter fields.

A.7 Twistor Networks and Emergent Gauge Structure

We now extend the local twistor structure of each Planck-scale cell to a network of such units, forming a
discrete lattice whose links encode gauge interactions.

Local Twistor States. Each cell carries a local twistor state:

ZA(x) ∈ CP3,

with x labelling the position of the Planck-scale cell in the discrete causal lattice. The space of such states
forms a fiber over spacetime — analogous to a fiber bundle in gauge theory.

Links as Parallel Transport Operators. To connect adjacent cells x and y, we define a transport
operator Uxy acting on twistors:

ZA(y) = UxyZ
A(x).

These operators Uxy ∈ G belong to a gauge groupG, which naturally arises from allowed local transformations
preserving the structure of twistor space. For instance:

• Phase shifts: U(1),

• Spinorial rotations: SU(2),

• Color permutations: SU(3).

Gauge Fields as Link Variables. In this view, the gauge fields are not fundamental, but emergent as
the collection of all Uxy link variables between neighboring Planck cells. These variables encode the local
relative transformations of internal twistor states:

Aµ(x) ∼ logUx,x+µ̂.

Field Strength from Plaquette Holonomy. Curvature (field strength) arises from nontrivial holonomies
around closed loops in the network:

Fµν(x) = Ux,x+µ̂Ux+µ̂,x+µ̂+ν̂Ux+ν̂+µ̂,x+ν̂Ux+ν̂,x − I.

This matches the lattice formulation of non-Abelian gauge theory, with twistors providing the internal
structure over which the group G acts.

Implication. This framework suggests that gauge interactions may arise not as external symme-
tries, but as natural consequences of twistor correlations between adjacent space-time quanta.
The internal symmetry structure of matter — and hence the Standard Model — becomes a manifestation of
how twistorial information flows across the network.

Table 3: Mapping Between Twistor Network Structures and Gauge Field Theory Elements

Twistor Framework Gauge Theory Equivalent
Twistor state ZA(x) ∈ CP3 Internal matter field at point x

Link operator Uxy ∈ G Parallel transport / Wilson line between x and y
Product of links over a loop Holonomy / Field strength Fµν

Twistor bundle over discrete space Fiber bundle over spacetime
Logarithm of link logUxy Gauge potential Aµ(x)
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Interpretation: Gauge Symmetries as Twistor Correlations

This construction suggests that gauge symmetries may not be fundamental postulates, but emergent
patterns arising from local correlations between twistor states on adjacent Planck-scale cells. The
internal symmetry group of the Standard Model could be understood as the group of admissible
transformations preserving the causal-twistorial structure of the quantum spacetime network.

A.7.1 SU(2) Symmetry at a Single Cell

We now investigate the internal geometry of a single Planck-scale tetrahedral cell through its twistorial
representation. This will allow us to understand how quantum geometric information—such as orientation,
area, and volume—is encoded at the fundamental level.

Tetrahedral cells and quantum geometry. Each Planck-scale cell is modeled as a regular tetrahedron of
edge length ℓP , embedded in a 3D spatial hypersurface. Following the approach of Loop Quantum Gravity
(LQG), the quantum geometry of such a tetrahedron can be fully described by assigning one spinor (or
equivalently, one twistor) to each of its four faces.

Spinor-to-vector correspondence. Each face i is associated with a complex 2-spinor πAi , which maps
to a 3-vector n⃗i via the Pauli matrices σi:

n⃗i = π†i σ⃗ πi

These vectors encode the face normals, and their lengths are proportional to the areas of the faces. The
closure condition of the tetrahedron requires:

4∑
i=1

n⃗i = 0

This condition ensures the geometric consistency of the cell, and can be interpreted as a Gauss law for
discrete geometry.

From spinors to twistors. Each face can be further lifted to a twistor:

Zi = (ωA
i , πiA′)

satisfying the incidence relation:
ωA
i = i xAA′

πiA′

The collection {Zi}4i=1 defines a complete description of the cell’s twistorial state, capturing both intrinsic
and extrinsic geometry.

Twistor network: single-node structure. The four twistors Zi form a “twistor network” at a node dual
to the tetrahedron. This configuration is governed by:

• The closure constraint (ensuring geometric validity),

• The incidence relation (linking position and momentum),

• A global SU(2) invariance at the node.

Such twistor networks generalize spin networks, encoding both the quantum geometry and the causal struc-
ture of Planck-scale spacetime.

Intrinsic volume from twistors. The 3-volume V of the tetrahedron is a secondary observable derived
from the spinor set:

V ∝
√
|n⃗1 · (n⃗2 × n⃗3)|

Given the spinor–vector correspondence, the volume becomes a function of the spinor inner products and
triple products, making it a twistorial observable.
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Embedding into the causal network. Each tetrahedral cell is part of a 4D causal network. The local
configuration of its four twistors encodes:

• Spatial geometry (face areas, volume),

• Orientation (embedding in the 3D hypersurface),

• Possible internal degrees of freedom (gauge representation),

• Quantum amplitude (via holomorphic structures over twistor space).

This makes the twistorial representation a natural language for describing quantum causal geometry.

The Twistor-Tetrahedron Correspondence

Each Planck-scale tetrahedral cell can be encoded by four twistors Zi, one per face. These satisfy:

• Incidence relations,

• Closure condition (geometric consistency),

• SU(2) gauge symmetry at the node,

and fully determine the quantum geometry of the cell. The twistorial structure provides a natural
bridge between discrete quantum geometry and gauge-theoretic structures.

A.7.2 SU(3) as a Collective Gauge Symmetry of the Network

While each individual Planck cell encodes a local SU(2) gauge symmetry through its twistorial structure,
higher gauge symmetries may arise from the collective behavior of small connected subsets of such cells.
In particular, a triplet of causally connected tetrahedral cells can encode the structure of the non-
Abelian gauge group SU(3). Each pair of adjacent cells contributes a link (edge) carrying a phase relation;
together, the three links connecting three nodes form a closed triangular structure. This triplet provides
three independent degrees of connection, sufficient to generate an eight-dimensional fiber, isomorphic
to the algebra su(3).

This emergent structure is not imposed externally: it arises from the topology of the network and the algebra
of inter-cell holonomies.

Triplet subgraphs as minimal SU(3) generators. We define a triplet configuration as a set of three
tetrahedral Planck cells {C1, C2, C3} connected through shared faces. The connections between them define
a minimal ”simplicial loop” over which one can define a discrete holonomy:

U = U12U23U31

where Uij ∈ SU(2) are the unitary maps between the twistorial states at adjacent cells. The composition of
these maps over the loop can generate a non-trivial element of a larger group.

Such loop-based configurations give rise to internal gauge fibers of dimension 8—suggesting that the
”collective holonomy group” is an SU(3) symmetry, emergent from the local SU(2) degrees of freedom.

Minimal gauge fibers from discrete holonomies. At the network level, each link (i, j) between cells
supports a unitary map of spinor space:

πj = Uijπi

where πi is the spinor associated to face i, and Uij ∈ SU(2). Over a triangular loop, these maps compose
into a unitary operator:

Uloop = U12U23U31

which may no longer belong to SU(2), but to a larger group that encompasses the total transformation space
of such closed cycles. We argue that, under suitable geometric constraints, this group is locally isomorphic
to SU(3).
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Interpretation. This mechanism illustrates how larger gauge symmetries can arise from lower-dimensional,
local symmetries distributed over a causal lattice. A single Planck cell supports SU(2), but a triplet
supports SU(3)—analogous to how global symmetry can arise from local constraints.

The particle-level interpretation is then:

• Each fermion is not confined to one cell, but spans many.

• SU(3) gauge structure emerges from local triadic correlations across these cells.

• These triads define the minimal “quantum fiber” structure needed to support chromodynamic behavior.

SU(3) from Triplets of Planck Cells

Three causally connected Planck-scale tetrahedral cells form a minimal unit over which an emergent
SU(3) gauge symmetry arises. This collective symmetry is encoded in the holonomies of twistorial
spinor links between cells and provides the natural gauge structure required for color charge and gluon
interactions.

A.7.2.1 From Loop Holonomies to an Emergent SU(3) Action

Let us now reinterpret the cyclic product of three SU(2) holonomies along a triangular loop of Planck-scale
cells as an effective transformation in SU(3). This step bridges local SU(2) symmetries at each node with a
collective SU(3) symmetry over the network.

Hilbert space of the loop. We model the quantum state of the three-cell loop as a vector in a complex
3-dimensional Hilbert space:

Ψ =

ψ1

ψ2

ψ3

 ∈ C3

where each component ψi corresponds to the amplitude at node i of the loop.

Cyclic holonomy product. The total holonomy around the loop is given by the ordered product of local
SU(2) holonomies:

Uloop = U12 · U23 · U31, with Uij ∈ SU(2)

Emergent SU(3) action. We define an effective operator U ∈ SU(3) acting on Ψ as:

U =

 0 0 U31

U12 0 0
0 U23 0


This operator acts cyclically on the state components:

ψ′
1 = U31ψ3

ψ′
2 = U12ψ1

ψ′
3 = U23ψ2

The structure of U reflects a directed loop in which each node’s state is rotated into the next, mediated by
SU(2) operators on the edges. Though each Uij lives in SU(2), the full action requires a 3-dimensional space
and can thus be represented as an element of SU(3).
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Interpretation. This construction reveals a core mechanism:

• Locally, each cell carries an SU(2) gauge symmetry associated with its twistorial structure.

• Collectively, in closed loops of three cells, the combined holonomy defines an effective SU(3)
transformation.

Thus, SU(3) emerges not at the level of individual cells, but from the coherent topology and connectivity of
the network. This is the hallmark of an emergent gauge symmetry.

Emergent SU(3) from Twistor Loops

A triangular loop of three connected Planck cells, each supporting local SU(2) symmetry, gives rise to
a collective transformation that acts on a 3-dimensional Hilbert space. The resulting operator belongs
to SU(3) and encodes the full loop dynamics. This provides a geometric origin for color symmetry.

A.7.2.2 Color States from Twistor Loops

Let us now explicitly identify the state vector Ψ ∈ C3, defined over the loop of three connected Planck cells,
with the standard color basis of QCD:

Ψ =

ψ1

ψ2

ψ3

 ←→

|r⟩|g⟩
|b⟩


Each component ψi represents the quantum amplitude associated to a Planck cell node i, now interpreted
as supporting a color state.

Color rotation via holonomies. The emergent SU(3) operator U , constructed as a cyclic composition
of SU(2) holonomies between neighboring Planck cells, takes the schematic form:

U =

 0 0 U31

U12 0 0
0 U23 0

 ∈ SU(3)

This acts on Ψ as a color rotation:

Ψ′ = UΨ −→


|r′⟩ = U31|b⟩
|g′⟩ = U12|r⟩
|b′⟩ = U23|g⟩

This structure models the cyclic mixing of color states, one of the core features of non-Abelian gauge
theory under SU(3). The interpretation is that color "flows" between cells via holonomic transport.

From color triplets to octets. Extending this logic to multiple loops and excitations, one can define:

• Triplets (fundamental representation): single-loop wavefunctions like Ψ.

• Anti-triplets: the complex conjugate representations Ψ∗.

• Octets: constructed from Ψ⊗Ψ†, transforming under the adjoint representation of SU(3).

This provides a discrete, topologically grounded realization of the gauge content of QCD within the twistor
network formalism.

Emergence of QCD Color States

The triplet of Planck cells in a loop carries a state Ψ ∈ C3, directly identified with the color states
{|r⟩, |g⟩, |b⟩}. The holonomy-based operator U ∈ SU(3) acts as a gauge rotation in color space. The
full SU(3) color structure of QCD emerges from the discrete topological structure of the network.
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A.7.7.3 Generators and the Lie Algebra Structure of SU(3)

We now show that the collective state space spanned by a loop of three causally connected Planck-scale cells
supports an internal algebra of transformations isomorphic to the Lie algebra su(3). This is a necessary
condition for interpreting the network as carrying a local gauge symmetry under the group SU(3).

Fundamental Representation. Let the internal quantum state of each cell be described by a complex
scalar ψi ∈ C, for i = 1, 2, 3. The triplet:

Ψ =

ψ1

ψ2

ψ3

 ∈ C3 (216)

defines a basis for the fundamental representation of SU(3). The canonical basis vectors are:

|1⟩ =

1
0
0

 , |2⟩ =

0
1
0

 , |3⟩ =

0
0
1


Gell-Mann Generators. The eight generators λi of su(3) in the fundamental representation are given by
the Gell-Mann matrices:

λ1 =

0 1 0
1 0 0
0 0 0

 , λ2 =

0 −i 0
i 0 0
0 0 0

 , λ3 =

1 0 0
0 −1 0
0 0 0



λ4 =

0 0 1
0 0 0
1 0 0

 , λ5 =

0 0 −i
0 0 0
i 0 0

 , λ6 =

0 0 0
0 0 1
0 1 0



λ7 =

0 0 0
0 0 −i
0 i 0

 , λ8 =
1√
3

1 0 0
0 1 0
0 0 −2


Algebraic Properties. These matrices satisfy:

• Hermiticity: λ†i = λi

• Tracelessness: Tr(λi) = 0

• Orthogonality: Tr(λiλj) = 2δij

• Lie bracket: [λi, λj ] = 2ifijkλk, with fijk the totally antisymmetric structure constants.

Interpretation via the Causal Loop. In the loop of three Planck cells {C1, C2, C3}, the state vector
Ψ ∈ C3 encodes the configuration amplitudes. Local transformations at each node Ui ∈ SU(3) induce
transitions of the form:

Ψ −→ UΨ, U = exp (iθaλa)

Such transformations preserve norm and probability, and form the group of internal gauge transformations.

Conclusion. The causal loop defines an internal Hilbert space on which the full algebra su(3) acts faithfully
via the Gell-Mann generators. Thus, the gauge symmetry SU(3) arises naturally from the symmetries of a
three-node network in the Planck lattice.

Emergent Gauge Structure from Causal Geometry

The minimal loop of three causally connected Planck-scale cells supports the full fundamental repre-
sentation of SU(3). The internal state space C3 transforms under the action of the eight Gell-Mann
generators, yielding a natural embedding of color symmetry into the discrete causal network.
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A.7.7.4 Gauge Connection and Holonomy in the Twistor Network

We now analyze how local SU(3) symmetry is realized dynamically through parallel transport and curvature
on the causal twistor network.

Local Twistor Bases and Fiber Structure. Each Planck-scale cell Ci carries a local twistor basis
{Z(a)

i } ∈ C3, representing an internal quantum frame. These local frames form the fibers of a principal
bundle over the causal network.

To compare internal states between neighboring cells Ci ↔ Cj , we require a prescription for parallel transport.
This is encoded by a gauge connection:

A(ij)
µ ∈ su(3),

defined on the directed link from i→ j, describing how the internal state at cell i is rotated before comparison
with cell j.

Parallel Transport and Holonomy. Given a path γ through the network from C1 → C2 → · · · → Cn,
the cumulative transformation is:

U(γ) = P exp

i ∑
⟨ij⟩∈γ

A(ij)
µ ·∆xµij

 , (217)

where:

• P denotes path-ordering,

• ∆xµij is the discrete displacement between cells,

• A
(ij)
µ ∈ su(3) is the gauge connection along the link.

The resulting operator U(γ) ∈ SU(3) is the holonomy of the gauge field along γ, encoding how a state is
rotated upon traversing the path.

Discrete Curvature and Plaquette Holonomy. Gauge curvature corresponds to the failure of parallel
transport to be path-independent. Consider a minimal closed loop (plaquette) of cells C1 → C2 → C3 → C1.
The holonomy around this loop is:

W = U12 · U23 · U31 (218)

If W ̸= I, the loop encloses gauge curvature. Define:

F (123)
µν =

1

ϵ2
[W − I] +O(ϵ), (219)

where ϵ ∼ ℓP is the Planck-scale length of each edge. In the continuum limit, this recovers the standard field
strength:

Fµν = ∂µAν − ∂νAµ + i[Aµ, Aν ] (220)

Twistorial Expression of Holonomy. Given that each edge in the network is labeled by a twistor Zi,
and connections map twistors between nodes, the gauge transformation acts as:

Zj = Uij · Zi, Uij ∈ SU(3) (221)

This action is holomorphic and preserves the twistorial structure. The local holonomies around loops con-
strain the possible curvature assignments at the network level.
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Conclusion. The twistor network supports a natural definition of gauge connections and holonomies,
where:

• Parallel transport is defined via link-based SU(3) operators.

• Curvature arises from holonomy around loops.

• The discrete structure mimics lattice gauge theory but embedded in quantum geometric causal cells.

Gauge Dynamics on the Twistor Network

• Twistor-valued links encode local SU(3) frames.

• Gauge connections define parallel transport across causal edges.

• Holonomies around plaquettes capture local curvature.

• Discrete curvature reproduces the continuum gauge field strength.

This construction provides a full realization of gauge dynamics over a Planck-scale discrete substrate.

A.7.7.5 Coupling to Matter and Gauge Charges

To complete the gauge-theoretic picture of the twistor network, we now show how matter fields couple to
the emergent SU(3) gauge structure.

Matter as Excitations on the Network. In our framework, matter is modeled as a localized excitation
spanning multiple Planck-scale cells:

P = {C1, C2, . . . , CN}, N ≫ 1

This cluster encodes a particle state (e.g., a quark) with internal degrees of freedom determined by the
twistorial configuration of the constituent cells.

Internal State in the Fundamental Representation. Each matter excitation carries an internal twistor
state Ψ ∈ C3, transforming under the fundamental representation of SU(3):

Ψ→ U(x)Ψ, U(x) ∈ SU(3)

This defines a color charge for the excitation. The state Ψ may be spread over several nodes but is parallel
transported across the network via the gauge connection Aµ.

Discrete Covariant Derivative. To define local dynamics, we construct a discrete covariant derivative
acting on Ψ:

DµΨ =
1

ϵ
[Uij Ψj −Ψi]

where:

• Uij ∈ SU(3) is the parallel transporter from node j → i,

• Ψi and Ψj are local components of the matter state,

• ϵ ∼ ℓP is the link length.

This is the discrete analog of the covariant derivative Dµ = ∂µ + iAµ.
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Discrete Matter Action. The matter field evolves according to a gauge-invariant discrete action:

Smatter =
∑
⟨i,j⟩

Ψ̄i · Uij Ψj −m
∑
i

Ψ̄iΨi (222)

This Lagrangian:

• Is invariant under local SU(3) transformations,

• Contains a mass term m,

• Couples directly to the gauge field via Uij .

Geometric Interpretation of Color. The color charge of a particle corresponds to the relative
orientation of its twistorial state Ψ ∈ C3 with respect to the local twistor frame of the embedding
cells. Transitions between different color states (e.g., red → green) are mediated by the gauge field Aµ,
representing a rotation in internal twistor space.

Confinement and Non-Perturbative Features. The discretized formulation naturally regularizes the
gauge dynamics:

• There is a finite number of gauge configurations,

• No UV divergence arises,

• Wilson loops can be computed directly from holonomies.

The expectation value of large Wilson loops exhibits area-law behavior in the strong coupling limit:

⟨W (C)⟩ ∼ exp(−σA)

where A is the area enclosed by the loop and σ is the string tension. This behavior indicates confinement of
color charges—matching QCD phenomenology.

Conclusion. This construction allows us to embed Standard Model matter fields into the twistor network,
with:

• Internal degrees of freedom Ψ ∈ C3,

• Gauge coupling via discrete holonomies,

• Confinement emerging geometrically from twistor interactions.

Matter–Gauge Coupling in the Twistor Network

• Matter states reside in the fundamental rep. of SU(3): Ψ ∈ C3,

• Coupled via holonomies Uij ∈ SU(3) on the causal lattice,

• Gauge field transports color charge through parallel transport,

• Confinement emerges from Wilson loop area laws,

• The network encodes both geometry and gauge dynamics in a unified language.
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A.7.7.6 Summary and Interpretation

We have shown how the structure of a discrete twistor network, built from tetrahedral Planck-scale cells,
can give rise to an emergent SU(3) gauge symmetry through collective holonomies across closed loops.

Geometric Construction. The essential mechanism is:

• Each cell is associated with four twistors satisfying closure and incidence relations.

• Parallel transport across links between cells defines holonomies Uij ∈ SU(3).

• The composition of holonomies around elementary loops (Wilson loops) defines the curvature of the
gauge field.

This construction parallels lattice gauge theory, but here the gauge structure is not imposed—it emerges
from the geometry of the twistor configuration space.

Matter and Gauge Coupling. Matter is described as a localized excitation Ψ ∈ C3, transforming under
the fundamental representation of the emergent gauge group:

Ψ→ U(x)Ψ, U(x) ∈ SU(3)

Gauge invariance arises naturally from the twistorial network structure, and discrete covariant derivatives
couple matter to the gauge field via link holonomies.

Emergence of QCD-like Features. Several key features of quantum chromodynamics (QCD) are recov-
ered:

• Color charge arises from internal twistor state orientation,

• The gauge field exhibits confinement through Wilson loop area laws,

• The theory is UV finite due to the discrete nature of the network.

Interpretation. In this picture, the SU(3) gauge symmetry is not a fundamental input, but an emergent
phenomenon of the causal-twistorial structure of space-time. The symmetry group encodes relative configu-
rations of twistors across adjacent Planck cells. This geometric interpretation bridges the gap between
quantum gravity and gauge field theory, suggesting that all fundamental interactions may be
manifestations of underlying discrete geometric relations.

Conclusion. A network of Planck-scale cells, each described by four twistors, naturally supports an emer-
gent SU(3) gauge structure when multiple nodes are coupled via holonomies. This provides a concrete
mechanism for realizing color gauge symmetry and confinement from first principles within a
twistorial discrete spacetime.

Emergent Gauge Structure from Twistor Geometry

• SU(3) symmetry arises from looped holonomies in the twistorial network,

• Matter fields couple via discrete covariant derivatives,

• Confinement, color charge, and gauge dynamics are encoded in geometry,

• Gauge and gravity may both emerge from the same network substrate.
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A.8 Final Remarks

The twistorial representation of the Planck-scale tetrahedral cell provides a powerful geometric and alge-
braic framework for encoding quantum geometry, causal structure, and internal symmetries within a unified
language. The results developed in this appendix support several key insights:

• Conformal Geometry. The reconstruction of the cell’s geometry is invariant under local complex
rescalings Zi 7→ λiZi, reflecting the underlying conformal nature of twistor space and ensuring projec-
tive consistency.

• Geometric Encoding of Quantum Information. Each twistor Zi = (ωA
i , πiA′) simultaneously

encodes intrinsic and extrinsic geometric data of the tetrahedron’s faces, via the incidence relation and
the spinor-to-vector map:

X⃗i = π†i σ⃗πi

where X⃗i corresponds to the area-normal vector of the i-th face. The closure condition
∑

i X⃗i = 0
ensures the tetrahedral consistency of the cell and plays the role of a local Gauss constraint.

• SU(2) Gauge Symmetry at the Node. The internal gauge structure at each cell is governed by
a natural SU(2) symmetry acting on the twistors, associated with local rotations of the face normals.
This symmetry arises from the redundancy of description under internal frame rotations, and matches
the expected symmetry group for spin networks and twisted geometries.

• Emergence of Higher Gauge Structure. By coupling multiple tetrahedral cells via link holonomies,
a richer gauge structure emerges, culminating in collective SU(3) symmetry. This suggests that Stan-
dard Model gauge groups may originate from combinatorial geometry of the causal-twistorial network.

• Minimal Information per Cell. Each cell carries 4 twistors subject to incidence and closure con-
straints, yielding an effective configuration space of real dimension 6. This matches the minimal Hilbert
space dimensionality needed to encode a Standard Model fermion in its fundamental representation:

dim(HU(1) ⊗HSU(2) ⊗HSU(3)) = 1 · 2 · 3 = 6

thereby suggesting a deep connection between twistor geometry, quantum information, and matter
structure.

• A Network-Based View of Physics. Ultimately, the twistorial approach to discrete cells provides
a new perspective: physics as network geometry. Matter, gauge interactions, and geometry all arise as
aspects of correlations and holonomies in a causal twistor network built from Planck-scale cells.

This framework remains under development, but the geometric and algebraic alignment with key structures
of both quantum field theory and general relativity suggest that the twistorial approach may offer a viable
route toward a unified quantum geometry.

From Geometry to Symmetry

The tetrahedral Planck cell, encoded by four twistors, provides the seed for both geometry and gauge.
What begins as quantum structure becomes symmetry, and what binds symmetry becomes space.
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Appendix B: Derivation of Ω from First Principles

In this section we provide a theoretical derivation of the density–regulated coupling AΩ(ρ) and its associated
invariant Ω, showing how it emerges from first principles of coherence–field dynamics. This treatment unifies
the phenomenological screening law with the fundamental lattice formulation.

B.1 Action with a Coherence Field

We introduce a scalar field ϕ(x), interpreted as the effective mean–field limit of the fundamental coherence
field Θ(x) that encodes phase correlations in the Planck lattice. The effective action reads

S =

∫
d4x

[
1
2(∂µϕ)(∂

µϕ)− V (ϕ) + Lmatter

]
. (223)

In the weak–field, quasi–static limit, variation of the action gives a Poisson–type relation

∇2ϕ(x) ≈ κ ρ(x), (224)

so that locally
ϕ(x) ∝ ρ(x). (225)

Thus ϕ(x) tracks the energy density ρ(x) and serves as a proxy for the degree of coherence of the underlying
Θ–lattice.

B.2 Dimensional Consistency and Effective Coupling

Any observable correction to Einstein gravity must be dimensionless when compared to the GR energy–
density scale ρc2. The geometric correction term is assumed to take the general form

GΩ(x) = AΩ(ρ) ∥TµνTµν∥1/2, (226)

where ∥TµνTµν∥1/2 ∼ ρc2 in matter–dominated regimes. For δΩ to be dimensionless, the effective coupling
must have units

[AΩ] = m3/kg.

B.3 Definition of the Universal Invariant

We therefore define the effective coupling as

AΩ(ρ) =
Ω

ρ2
ρ⋆, [Ω] = m6/kg2, [ρ⋆] = kg/m3. (227)

This achieves simultaneously:

• Screening: AΩ ∝ ρ−2 enhances corrections at low density and suppresses them at high density.

• Dimensional consistency: AΩ carries the required units m3/kg.

• Universality: the invariant product
AΩ(ρ) ρ = Ω

ρ⋆
ρ

is governed by a single constant Ω, with any residual dependence only through the fixed ratio ρ⋆/ρ.

B.4 Interpretation Across Regimes

The resulting screening law is

δΩ(x) ≃ β(x)
Ω ρ⋆
ρ(x)2

, (228)

where β(x) encodes geometry and configuration. This law ensures:

• In high–density environments (stellar interiors, laboratory), ρ≫ ρ⋆ and corrections vanish.

• In cosmological settings (ρ ∼ 10−27 kg/m3), corrections are amplified, explaining large–scale anoma-
lies.

• In intermediate regimes (collapse, GRBs), corrections are moderate and testable.
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Conclusion: The invariant Ω arises naturally as a property of the underlying Θ–lattice: its dimensional
form [Ω] = m6/kg2 reflects the combinatorial degrees of freedom per Planck cell. The effective field ϕ(x)
captures the density dependence, while the universal constant Ω provides the link between the discrete Planck
structure and macroscopic phenomenology.
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