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Abstract

We propose a novel interpretation of time as an emergent phenomenon arising

from the rate at which a four-dimensional (4D) quantum structure projects into

three-dimensional (3D) classical space. Unlike conventional approaches in general

relativity and quantum mechanics, which treat time as either a fundamental co-

ordinate or an external parameter, our framework derives temporal flow from the

decoherence-driven projection of a higher-dimensional quantum configuration onto

a 3D observational frame [1, 2].

This projection occurs in discrete increments, defined as Projection Frame Units

(PFUs), which constitute the fundamental building blocks of temporal measure-

ment. In typical decohered laboratory systems, the duration of a PFU is estimated

to be on the order of 10−21 s, many orders of magnitude above the Planck time

but still below directly accessible experimental resolutions. Classical time inter-

vals emerge from the accumulation of PFUs along entropy gradients, establishing

a quantitative link between temporal flow and thermodynamic irreversibility [3].

The framework suggests two experimentally accessible consequences. First, it

predicts measurable deviations in quantum tunneling delay times, where PFU mod-

ulation alters sub-attosecond transit dynamics. Second, it implies the possibility of

high-frequency gravitational-wave transients produced by rapid deprojection events

near black hole horizons. Both signatures are in principle testable with current or

near-future experimental platforms, including attosecond interferometry and next-

generation gravitational-wave detectors [5, 6].

By rooting time in the informational and geometric structure of quantum pro-

jections, this approach provides a falsifiable path toward unifying quantum me-

chanics, gravitational dynamics, and the thermodynamic arrow of time within a

higher-dimensional paradigm.
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1 Introduction

The nature of time remains one of the most profound and unresolved problems in the-

oretical physics. Across classical, relativistic, and quantum frameworks, time plays fun-

damentally distinct roles, and attempts to reconcile these divergent treatments have ex-

posed deep conceptual tensions. In Newtonian mechanics, time is absolute, universal, and

flows independently of the system under consideration. This view was revolutionized by

Einstein’s theory of relativity, which replaced absolute time with a flexible, coordinate-

dependent quantity embedded in the four-dimensional spacetime continuum [7].

In general relativity, the temporal coordinate is local and malleable, shaped by spacetime

curvature induced by mass-energy distributions. However, when transitioning to quantum

gravity, particularly in canonical quantization and quantum cosmology, time loses even

this local status. In the Wheeler–DeWitt equation, for instance, there is no explicit time

variable, giving rise to the “problem of time” in quantum gravity [8, 9]. This absence

challenges our understanding of change, causality, and evolution in quantum systems.

Within standard quantum mechanics, time remains a classical parameter driving uni-

tary evolution via the Schrödinger equation. This asymmetry, where space is quantized

but time is not, disrupts spacetime uniformity and highlights a conceptual gap in the

completeness of existing theories. Furthermore, the directional flow of time, manifested

in the thermodynamic arrow and entropy increase, is not naturally incorporated in ei-

ther quantum theory or general relativity, both of which are fundamentally time-reversal

invariant [3, 10].

A number of emergent-time proposals attempt to resolve these issues. The Page–Wootters

mechanism defines time relationally, as an entanglement parameter within a larger sta-

tionary state. The Thermal Time Hypothesis identifies time flow with the modular Hamil-

tonian of a system’s statistical state [3]. Causal Set Theory, in contrast, derives temporal

order from the discrete structure of spacetime itself. While conceptually powerful, these

approaches remain limited in testability: they provide frameworks for interpretation, but

few concrete, falsifiable predictions.

In this work we propose an alternative route. Time is identified with the rate at which a

four-dimensional (4D) quantum geometry undergoes decoherence-driven projection into a

three-dimensional (3D) observational frame. This process is intrinsically linked to entropy

flow and coherence loss, making the emergence of time both observer-dependent and

thermodynamically aligned. Projection Frame Units (PFUs) serve as the fundamental

increments of this process. PFUs differ from earlier proposals because they connect

decoherence and entropy gradients directly to temporal increments, thereby producing

experimentally accessible predictions, for example, measurable deviations in tunneling
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delay times and transient gravitational-wave bursts.

A potential circularity arises because PFUs appear to be defined with respect to classical

time intervals. We resolve this by grounding PFUs in decoherence dynamics: the unit

is defined by discrete increments of entropy-driven projection, independent of classical t.

Standard temporal coordinates only appear when mapping PFUs to conventional units

such as seconds. In this way, classical time is recovered as an emergent bookkeeping

device rather than an input.

To formalize this framework, we develop a tensor-based mathematical structure incor-

porating projection operators, generalized Schrödinger evolution, and entropy-gradient

equations. This allows PFUs to be embedded consistently into both quantum dynamics

and relativistic spacetimes.

The main contributions of this work are as follows:

• We provide a coherent conceptual framework linking the emergence of time to 4D

quantum projection and thermodynamic irreversibility.

• We formalize the notion of PFUs as discrete temporal units connected to quantum

decoherence and entropy gradients.

• We derive falsifiable predictions, focusing on tunneling delay anomalies and high-

frequency gravitational-wave transients.

• We situate our framework relative to existing emergent-time approaches, highlight-

ing both conceptual distinctions and testable consequences.

The paper is organized as follows. Section 2 develops the conceptual foundation of time

as a projection process and introduces PFUs. Section 3 presents the mathematical for-

malism, including projection tensors, decoherence rates, and entropy-driven temporal

dynamics. Section 4 explores physical implications, including black hole horizons, pho-

ton trajectories, and relativistic time effects. Section 5 details testable predictions and

potential experimental approaches. Section 6 contrasts our framework with contempo-

rary theories of quantum gravity and emergent time. Finally, Section 8 summarizes key

insights and outlines directions for future research.

By framing time as an emergent, quantized feature of a higher-dimensional quantum

reality, this work provides a unified lens for understanding its geometric, thermodynamic,

and quantum aspects.
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Notation and units (definitions used throughout):

1. N(x) : integer count of PFUs experienced by a worldline or system; di-

mensionless.

2. δ : characteristic PFU duration in seconds; units: s.

3. Γ(x) : PFU production rate, Γ ≡ dN/dt; units: s−1.

4. τ : emergent proper time measured in seconds. Relationship used in this

paper: dτ = δ dN = δ Γ dt.

5. t : coordinate time used in metric expressions; units: s.

2 Conceptual Foundations

In this section, we establish the theoretical framework for interpreting time as an emergent

phenomenon arising from the projection of a four-dimensional (4D) quantum structure

into three-dimensional (3D) classical reality. Our approach is grounded in the dynamics

of quantum coherence, decoherence rates, and entropy flow, and introduces a fundamental

temporal unit, the Projection Frame Unit (PFU), to quantify the discrete steps of this

projection process. This allows us to recast classical time intervals as cumulative effects

of PFU transitions along defined entropy gradients, linking temporal experience to both

information flow and thermodynamic irreversibility.

2.1 Time as a Projection Rate

Time, in our framework, is not a preexisting dimension but emerges from the rate at

which a coherent 4D quantum system projects into a decohered 3D classical configura-

tion. To formalize this process, we associate the projection rate Γ with the frequency of

decoherence-induced transitions that map the hidden 4D structure into observable 3D

states.

The reduced density matrix ρ3D evolves according to the general Lindblad master equa-

tion:
dρ3D
dt

= − i
ℏ
[H, ρ3D] +

∑
k

(
Lkρ3DL

†
k − 1

2
{L†

kLk, ρ3D}
)
, (2.1)

where H is the effective Hamiltonian of the reduced system and {Lk} are Lindblad oper-

ators describing the action of the hidden dimension or environment on the system. The

non-unitary part of Eq. (2.1) encodes decoherence and entropy production.

We now define a single Projection Frame Unit (PFU) as one effective decoherence “event”,

that is, a discrete increment in which off-diagonal coherence is suppressed beyond a
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Mazen Zaino Time as Projection Rate 9

threshold set by the environment’s correlation time. The projection rate Γ is then iden-

tified with the rate of such decoherence events:

Γ ≡ lim
∆t→0

∆PFU

∆t
= Tr

[∑
k

L†
kLk ρ3D

]
. (2.2)

Equation (2.2) grounds Γ directly in the dynamical structure of open quantum systems,

avoiding circular reference to classical time. Classical t only reappears when mapping

PFU counts onto observer-based units (e.g., seconds) for comparison with experiments.

In this sense, Γ is the fundamental quantity, while ordinary time is emergent.

Key features of this approach include:

• Discrete Temporal Structure: Each PFU corresponds to a Lindblad-type deco-

herence increment, providing a microscopic underpinning of temporal discreteness.

• Link to Thermodynamics: Since decoherence is tied to entropy production, Γ

naturally aligns the flow of time with the thermodynamic arrow.

• Dependence on Physical Conditions: Local energy density, coherence levels,

and entropy flows determine the magnitude of Γ, offering a unified explanation for

time dilation, null-PFU freezing along lightlike trajectories, and other relativistic

or quantum temporal effects.

2.2 Projection Frame Units (PFU)

To formalize the emergence of time, we define the Projection Frame Unit (PFU) as

the minimal discrete increment corresponding to a projection from the coherent 4D quan-

tum manifold into the 3D classical domain. PFUs are context-sensitive; unlike Planck

time, their effective duration depends on local physical conditions, including quantum

coherence, environmental entanglement, and entropy flow.

Mathematically, the PFU rate ∆τ relative to classical coordinate time t is expressed as:

dτ

dt
=

1

Γ
, (2.3)

where Γ is the local decoherence-driven projection rate. This establishes a direct inverse

relationship between time progression and the system’s coherence stability.

Worked Example: Single Qubit in a Thermal Bath

Consider a single qubit initially in a coherent superposition state |ψ⟩ = (|0⟩ + |1⟩)/
√
2,

weakly coupled to a thermal environment at temperature T . The reduced density matrix
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of the qubit evolves under a Lindblad master equation, leading to exponential suppression

of off-diagonal elements:

ρ01(t) = ρ01(0) e
−t/τd , (2.4)

where τd is the decoherence time. For a thermal bath dominated by pure dephasing

processes, one obtains

τd ≈
ℏ2

λ2kBT
, (2.5)

with λ the system-bath coupling strength.

In our framework, one PFU corresponds to this decoherence interval:

PFU = τd. (2.6)

If the bath temperature doubles, T → 2T , the decoherence time halves, τd → τd/2, and

consequently the PFU shortens by a factor of two. Thus the projection rate Γ increases,

and the local temporal flow accelerates relative to the original conditions.

Key Points

• Operational Meaning: PFUs serve as the fundamental unit of temporal evolution

in our 4D projection framework.

• Environmental Dependence: The PFU duration τd is explicitly tied to envi-

ronmental factors such as bath temperature and coupling strength, demonstrating

context-sensitivity.

• PFU Field as a Local Metric: Variations in Γ across space define a spatially

dependent temporal metric.

• Connection to 4D Quantum Structure: PFUs emerge directly from the dy-

namics of the 4D quantum manifold projecting into classical space.

2.3 Decoherence, Entropy, and Temporal Flow

Entropy gradients provide the directional arrow for projection-induced temporal evo-

lution. Regions of strong entropy increase accelerate the decoherence process, thereby

shortening local PFUs and effectively increasing the rate of classical time progression.

Conversely, near-zero entropy gradients stabilize coherence, prolong PFUs, and slow tem-

poral flow.

To formalize this relation, we begin with the von Neumann entropy of a system with
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density matrix ρ:

S(ρ) = −Tr [ρ ln ρ] . (2.7)

For an open quantum system governed by a Lindblad master equation,

dρ

dt
= − i

ℏ
[H, ρ] +

∑
k

Lk[ρ], (2.8)

the entropy production rate satisfies Spohn’s inequality:

dS

dt
≥ Φ, (2.9)

where Φ denotes the entropy flux into the environment. This inequality guarantees non-

negativity of entropy production and provides a rigorous statistical-mechanical basis for

the thermodynamic arrow of time.

Within our framework, each Projection Frame Unit (PFU) corresponds to a decoherence

interval, and the projection rate Γ is naturally linked to entropy production. Specifically,

we identify

Γ ∝ dS

dt
, (2.10)

so that rapid entropy growth corresponds to fast decoherence and shortened PFUs. Sub-

stituting into Equation (2.3) gives

dτ

dt
∝

(
dS

dt

)−1

. (2.11)

This formalism moves beyond the heuristic Γ ∝ |∇S| relation and grounds the connection

in open-system thermodynamics: entropy flux into the environment determines the rate

of temporal progression.

Key conceptual points include:

• Entropy as Temporal Driver: Projection rate Γ emerges directly from entropy

production in the Lindblad framework.

• PFU Modulation: Variations in decoherence rate modulate PFUs, providing a

quantitative bridge between quantum dynamics and temporal flow.

• Arrow of Time: Spohn’s inequality guarantees irreversibility, anchoring the emer-

gence of time’s directionality in fundamental statistical mechanics.
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2.4 Light, Null Projections, and Time Freezing

Photons and other fundamentally massless carriers constitute a limiting case in the pro-

jection framework. From the perspective of a classical observer, light follows null geodesics

(ds2 = 0) and therefore classically experiences no proper time. In our projection picture

this behavior is captured as an effective vanishing of PFU accumulation along the pho-

ton’s worldline: the effective PFU increment associated with a perfect, non-interacting

photon trajectory is taken as zero.

Two clarifications are important. First, the statement that a photon experiences no

PFU accumulation is an idealization. Physically, any real photon propagating through a

medium or an environment will undergo interactions (scattering, absorption, coupling to

background fields) that partially decohere its state. Second, the formal vanishing of PFU

accumulation should be understood as a limit of the projection-lapse variables used in the

main text. Concretely, if Λ(x) denotes the local projection lapse that relates emergent

proper time to coordinate time (see Section 3), then the null-projection limit is

∆PFU
∣∣∣
ideal photon

= 0 ⇐⇒ Λ(x)→ 0 along the null path, (2.12)

so that no emergent proper time is accumulated by the photon along that path.

Physical mechanism and finite decoherence. Realistic decoherence of photonic states is

governed by their interaction rate with the environment. To first approximation the rate

of interactions (scattering or absorption) is

γint ≈ nσ c, (2.13)

where n is the number density of scatterers, σ is an appropriate cross section and c

is the speed of light. When γint is nonzero the photon’s quantum state is subject to

environmental monitoring and partial loss of coherence. In the projection picture such

interactions generate nonzero PFU increments along the trajectory; conversely, in the

limit of vanishing interaction rate (vacuum, negligible background), the PFU increment

tends to zero and the null-projection idealization is recovered.

Connection to decoherence theory. This description is consistent with standard open-

system treatments of decoherence, in which the reduced dynamics of a photonic sub-

system are obtained by tracing out environmental degrees of freedom and the effective

decoherence rate is determined by coupling strengths and bath statistics [1,11]. The cru-

cial point for the PFU framework is that PFU accumulation along a worldline is controlled

by the same physical parameters that determine environmental decoherence: interaction

rates, bath occupation numbers, and scattering cross sections. Thus null-projection is

the idealized limit of vanishing environmental coupling.
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Observational consequences and caveats. Because real photons in astrophysical or labo-

ratory contexts are never perfectly isolated, one generically expects extremely small but

finite PFU contributions along most photon paths. These tiny effects can, in principle,

produce subtle phase shifts or coherence loss over long baselines (for example in preci-

sion interferometry or in propagation through the interstellar and intergalactic medium).

The PFU framework therefore predicts that null-projection is an excellent approximation

for nearly free photons in vacuum, but that measurable deviations could appear when

photons traverse regions with nonnegligible scattering or background radiation fields.

To summarize:

• The statement “photons do not experience PFU transitions” should be read as an

idealized limiting statement; physically it corresponds to negligible environmental

coupling.

• Finite photon decoherence is controlled by interaction rates such as Eq. (2.13),

which induce nonzero PFU accumulation and therefore small, in-principle observ-

able deviations from perfect null-projection.

• This interpretation aligns with open-system decoherence theory and preserves the

main intuition that null geodesics correspond to the limiting case of vanishing emer-

gent proper time.

2.5 PFU–Second Mapping and Classical Time Emergence

To reconcile PFU dynamics with classical temporal measurements, PFU increments are

mapped to standard seconds. The mapping under typical terrestrial or laboratory con-

ditions is given by:

tsecond = NPFU · δ, (2.14)

where NPFU is the number of PFUs per second and δ is the average PFU duration.

An important step is to estimate δ from known decoherence rates. In mesoscopic or

solid-state systems at room temperature, decoherence times typically range from 10−20 s

to 10−18 s depending on environmental coupling strength [11]. Taking a conservative lower

bound, we may approximate

δ ∼ 10−21 s, (2.15)

as a characteristic PFU duration in strongly decohered laboratory conditions. This value

is many orders of magnitude larger than the Planck time (tP ≈ 10−43 s), indicating that

PFUs are not fundamental Planck-scale artifacts but rather emergent increments tied to

physical decoherence processes.
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The precise value of δ depends on context: ultra-coherent superconducting qubits at

millikelvin temperatures may yield δ in the range 10−15 s or longer, while photons prop-

agating through near-vacuum approximate the null-PFU limit discussed in Section 2.4.

This mapping establishes a bridge between emergent, discrete projection time and clas-

sical temporal experience, showing how Newtonian and relativistic time scales arise nat-

urally from the 4D quantum projection framework.

Conceptual highlights:

• PFU-to-Second Conversion: Connects the fundamental quantum-projection

unit to standard temporal measurement.

• Order-of-Magnitude Anchor: In typical laboratory environments, δ ∼ 10−21 s,

vastly above Planck time but well below everyday time scales.

• Emergence of Time Scales: Explains the origin of classical time intervals from

PFU progression, supporting both Newtonian and relativistic temporal phenomena.

• Thermodynamic Alignment: Ensures consistency with entropy-driven decoher-

ence and the thermodynamic arrow of time.

2.6 Interpretation and Significance

The PFU framework provides a unifying principle for phenomena traditionally treated

as distinct. Specifically, PFU modulation underlies both quantum-mechanical and rela-

tivistic manifestations of slowed time evolution. In laboratory systems, frequent environ-

mental interactions can suppress PFU advancement, yielding the well-known quantum

Zeno effect [17]. In gravitational contexts, spacetime curvature alters local decoherence

rates, leading to the effective slowing of PFU increments that underpins gravitational

time dilation [18, 19].

Thus, processes as different as repeated quantum measurement and the influence of grav-

ity on clocks can be interpreted as consequences of a single mechanism: variations in the

rate of PFU progression. This perspective consolidates quantum and relativistic time-

slowing effects within the same projection-based framework, offering a deeper physical

basis for the emergence of time across scales.

3 Mathematical Formalism

This section formalizes the Projection Frame Unit (PFU) framework, treating temporal

flow as a derived consequence of quantum-to-classical projection. The central aim is to

quantify PFUs through local decoherence dynamics, link them to entropy production,
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and show how they recover relativistic proper time under limiting conditions. This pro-

vides the mathematical infrastructure for embedding projection dynamics into a unified

spacetime description.

3.1 PFUs and Quantum Decoherence Dynamics

We begin by defining emergent projection time τ as distinct from the classical coordinate

time t. The relation between them is determined by the local decoherence rate Γ(xµ):

dτ

dt
=

1

Γ(xµ)
, (3.1)

where xµ = (t, x⃗) are spacetime coordinates. Equation (3.1) expresses the principle that

temporal flow is not absolute but modulated by the degree of quantum coherence. In

regions of suppressed decoherence, Γ→ 0, projection slows and τ dilates relative to t. In

the opposite limit of rapid decoherence, τ advances quickly, recovering the familiar flow

of macroscopic time.

Derivation of Γ from Open-System Dynamics. The dynamics of an open quantum

system coupled to an environment are governed by the Lindblad master equation [55]:

dρ

dt
= −i[HS, ρ] +

∑
k

(
LkρL

†
k − 1

2
{L†

kLk, ρ}
)
, (3.2)

where HS is the system Hamiltonian, and Lk are Lindblad operators encoding envi-

ronmental couplings. Tracing over environmental degrees of freedom yields an effective

non-unitary evolution, with decoherence rate

Γ ∼
∑
k

Tr
(
L†
kLkρ

)
. (3.3)

For weak coupling, Lk ∝ Hint, so the decoherence rate is proportional to the variance of

the interaction Hamiltonian:

Γdyn ∝ ⟨∆H2
int⟩, (3.4)

where ⟨∆H2
int⟩ = ⟨H2

int⟩ − ⟨Hint⟩2. This captures the dynamical contribution: stronger

environmental fluctuations drive faster loss of coherence.

Entropy-Gradient Contribution. Beyond dynamical fluctuations, decoherence is

also driven by irreversible information flow into the environment. The von Neumann

entropy S = −Tr(ρ ln ρ) grows monotonically under non-unitary Lindblad evolution. Ex-
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panding around a local state, the rate of entropy increase can be written

dS

dt
∼ ∇µS(x

µ) ẋµ, (3.5)

so that the magnitude of the entropy gradient, |∇µS|, quantifies the thermodynamic

drive toward irreversibility [1, 11]. We therefore identify an entropic contribution to Γ

proportional to |∇µS|.

Combined Expression. Putting the two contributions together yields:

Γ(xµ) = α |∇µS(x
µ)| + β ⟨∆H2

int⟩, (3.6)

with constants α and β setting the thermodynamic versus dynamical weights. Equation

(3.6) thus follows directly from (i) entropy production under Lindblad evolution and (ii)

variance of the interaction Hamiltonian due to environmental coupling. This grounds the

decoherence–PFU relation in standard open-system quantum mechanics while extending

it by tying Γ directly to temporal flow.

Relation to Proper Time. In the weak–field, high-decoherence limit (Γ → const.),

Equation (3.1) reduces to:

dτ ≈ 1

Γ0

dt, (3.7)

where Γ0 is the background decoherence rate in a stable environment. Normalizing Γ−1
0

to laboratory conditions recovers the standard mapping dτ = dt, ensuring consistency

with relativistic proper time. Departures from this limit introduce projection-induced

time dilation, analogous to but distinct from gravitational or kinematic effects.

PFU Field Evolution. For a covariant description, we define a projection field ϕ(xµ)

whose spacetime gradient encodes local decoherence:

∂µϕ(x
µ) = Γ(xµ). (3.8)

Integrating ϕ along a trajectory yields the cumulative PFU count, i.e. the effective tem-

poral progression experienced by the system. This construction prepares the ground for

introducing projection curvature tensors in later sections, where ϕ couples to spacetime

geometry and stress-energy.

This formulation embeds PFUs into a continuous field-theoretic framework, ties Γ explic-

itly to Lindblad decoherence channels and entropy gradients, and ensures compatibility
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with relativistic timekeeping in appropriate limits. It also opens the possibility of measur-

able deviations in environments with extreme entropy gradients or suppressed coherence,

such as near black holes, in quantum tunneling regimes, or in engineered low-decoherence

systems [1, 11,17,55,56].

3.2 Relation to Relativistic Proper Time

In general relativity, proper time along a worldline is defined by the spacetime metric

gµν :

dτ 2GR = gµν dx
µdxν . (3.9)

This definition encodes the local invariant interval but remains agnostic about quantum

coherence and entropy exchange. Within the PFU framework, we introduce a quan-

tum–informational modulation through a lapse function Λ(xµ), producing an adjusted

projection time:

dτPFU = Λ(xµ) dτGR, (3.10)

with

Λ(xµ) =
1

Γ(xµ)

(
dt

dτGR

)
. (3.11)

Here, Γ(xµ) is the local decoherence rate defined in Eq. (3.6). The lapse Λ rescales classical

proper time by incorporating the projection process: when Γ is large (rapid decoherence),

Λ is small, compressing PFUs; when Γ→ 0 (suppressed decoherence), Λ→∞, producing

effective freezing of temporal flow.

Covariant Tensor Formulation. We may equivalently define the PFU-adjusted line

element as:

dτ 2PFU = Λ2(xµ) gµν dx
µdxν , (3.12)

which preserves general covariance while introducing an irreversible modulation tied to

entropy flow. Unlike standard relativistic time dilation, which is symmetric under time

reversal, the PFU-modified proper time is inherently anisotropic: it privileges the for-

ward direction of entropy increase, embedding the thermodynamic arrow directly into

the metric structure.

Physical Regimes.

• Relativistic Limit: In stable decohered environments with Γ = Γ0, Λ reduces to

a constant scaling, and PFU-time coincides with proper time after normalization.

• Near-horizon Physics: As gravitational redshift suppresses local entropy ex-

change, Γ → 0, implying Λ → ∞ and dτPFU → 0, consistent with “time freezing”
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near black holes.

• Quantum Regimes: In ultra-coherent systems, Γ becomes small but finite, lead-

ing to measurable deviations between dτPFU and dτGR, potentially testable in lab-

oratory quantum optics and tunneling delay experiments [17, 56].

3.3 Projection Curvature and Quantum Geometry

To capture the geometric deformation induced by quantum projection, we define a pro-

jection curvature tensor Πµν as a modification of extrinsic curvature:

Πµν = ∇µnν − Kµν , (3.13)

where:

• nν is a unit normal vector field to the projected 3D hypersurface,

• Kµν is the extrinsic curvature tensor describing embedding in the underlying 4D

manifold.

The scalar projection curvature is then given by:

P = gµν Πµν . (3.14)

The quantity P acts as a local measure of projection acceleration:

• P > 0: accelerated projection, rapid decoherence, shortened PFUs (fast time flow).

• P = 0: null projection, vanishing PFU progression (frozen time).

• P < 0: suppressed projection, potential recoherence or temporal slowdown.

Interpretation. Πµν links the geometry of hypersurface embedding with the dynamics

of quantum collapse, effectively introducing a “projection curvature” correction to clas-

sical spacetime geometry. This generalization implies that local time flow is not solely

determined by gµν but also by the informational-geometric structure of the projection pro-

cess. In this sense, P functions as a quantum potential for temporal evolution, coupling

geometry, entropy, and decoherence into a unified description.

Together, Equations (3.10)–(3.14) extend proper time into a quantum-informed metric,

where both lapse and curvature fields determine the effective passage of time. This
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establishes the mathematical bridge between projection dynamics and quantum geometry,

setting the stage for later exploration of discontinuous deprojection events and their

possible gravitational signatures.

3.4 Conditions for Time Freezing and Null Projection

In the PFU framework, the effective lapse of projected proper time is given by

dτ

dt
=

1

Γ(xµ)
, (3.15)

where Γ(xµ) is the local decoherence rate. Taking the limit Γ(xµ)→∞ yields

lim
Γ→∞

dτ

dt
= 0, (3.16)

which defines the null projection condition. Physically, this corresponds to situations in

which no information is exchanged with an environment, rendering the PFU inactive.

Physical Consequences. Such conditions naturally arise in:

• Photonic geodesics: For massless particles in general relativity, dτGR = 0. The

PFU condition (3.16) reproduces this result, embedding null geodesics into the

projection formalism.

• Near-vacuum coherence: Systems cooled close to absolute zero with negligible

entanglement channels exhibit effectively frozen projection rates.

• Event horizons: External observers experience information inaccessibility at the

boundary of black holes, corresponding to vanishing projected time flow.

Edge Cases. Intermediate regimes ,such as partially isolated quantum systems or

finite-temperature vacua ,lead to suppressed but non-vanishing PFU values, producing a

slowed temporal flow rather than a complete freeze. This gradient provides a quantitative

measure of ”how classical” a system becomes as Γ varies smoothly.

3.5 Gravitational Wave Spikes from Deprojection Events

Discontinuous changes in PFU can act as localized sources of stress-energy. We define

the projection momentum flux vector

Πµ = ∇νΠ
µν , (3.17)
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with Πµν the projection curvature tensor introduced previously. Incorporating this into

the Einstein field equations yields a modified source term

□hµν = 16πGΠµν , (3.18)

where hµν is the linearized gravitational perturbation.

Mathematical Modeling. During violent astrophysical events such as horizon insta-

bility or black hole mergers, PFUs can undergo rapid discontinuities. These manifest as

sharply peaked contributions to Πµν , producing short-duration, high-frequency gravita-

tional wave bursts beyond standard post-Newtonian expansions.

Observational Signatures. Such signals are predicted to differ qualitatively from clas-

sical merger templates:

• Transient, sub-millisecond spikes of high frequency.

• Nonlinear interference patterns tied to the geometry of Πµν .

• Enhanced detectability in future observatories such as LISA and the Einstein Tele-

scope [5, 12].

This offers a testable distinction between classical and projection-induced gravitational

dynamics.

3.6 Synthesis and Physical Interpretation

The Projection Frame Unit (PFU) framework redefines time not as a pre-existing smooth

continuum, but as an emergent, information-dependent construct generated through the

projection of higher-dimensional quantum states. In this view, entropy gradients, deco-

herence dynamics, and the projection curvature tensor Πµν collectively determine the ef-

fective flow of time. The resulting structure unifies key domains ,quantum measurement,

thermodynamics, and general relativity ,within a single geometrical and informational

foundation.

Integration into the Conceptual Picture. The PFU approach provides a systematic

reinterpretation of several otherwise disconnected phenomena:

• Quantum coherence and time freezing: In the Γ → ∞ regime, PFUs van-

ish, linking null projections to frozen-time states in both relativistic and quantum

contexts.
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• Entropy and anisotropic temporal flow: Spatial and dynamical variations in

entropic density directly modulate PFU rates, producing direction-dependent time

evolution.

• Gravitational deprojection phenomena: Rapid discontinuities in PFU lead to

sharp gravitational wave bursts, a feature not accounted for in standard general

relativity.

Key Predictive Relationships. The framework establishes concrete, testable corre-

spondences:

dτ

dt
=

1

Γ(xµ)
←→ Effective temporal flow from decoherence, (3.19)

Πµν ←→ Curvature of projection geometry driving gravitational anomalies, (3.20)

P ←→ Scalar measure of global projection consistency. (3.21)

3.7 Projection Tensor Formalism and Induced Metric

A central mathematical tool in the PFU framework is the projection tensor, which encodes

how the underlying four-dimensional quantum geometry gives rise to the effective three-

dimensional slices observed in classical physics. The projection tensor not only defines

the mapping between the higher-dimensional structure and emergent 3D geometry, but

also governs how temporal flow and decoherence are geometrically constrained.

3.7.1 Derivation of P µ
ν

We begin by introducing a unit normal vector nµ that specifies the direction of projection

in the 4D spacetime manifoldM4. This vector satisfies

nµn
µ = ϵ, (3.22)

where ϵ = +1 for timelike normals and ϵ = −1 for spacelike normals.

The projection tensor is defined as

P µ
ν = δµν − ϵ nµnν , (3.23)

which acts to project any four-dimensional vector V ν onto the 3D hypersurface orthogonal

to nµ:

V µ
∥ = P µ

νV
ν . (3.24)
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This construction ensures that

nµV
µ
∥ = 0, (3.25)

i.e., the projected vector lies entirely within the emergent 3D hypersurface.

Relation to Induced 3D Metric. The induced metric hµν on the projected 3D hy-

persurface is obtained by lowering the index of the projection tensor:

hµν = gαβP
α
µP

β
ν , (3.26)

which explicitly yields

hµν = gµν − ϵ nµnν . (3.27)

This induced metric governs all intrinsic measurements within the emergent 3D slice and

encodes how projection modifies the local geometry experienced by observers. In par-

ticular, the entropic and decoherence-driven lapse functions introduced earlier modulate

nµ, thereby dynamically altering hµν and linking information flow directly to spacetime

geometry.

Interpretation. The projection tensor formalism establishes the precise mathematical

bridge between the higher-dimensional structure and effective 3D physics. It ensures that

projection is not merely a collapse process, but a geometric operation with measurable

consequences. This provides the foundation for subsequent constructs such as the pro-

jection curvature tensor Πµν and its associated fluxes, which extend the framework into

dynamical and observationally testable domains.

3.8 Generalized Schrödinger Equation in Four Spatial Dimen-

sions

The PFU framework requires extending the conventional three-dimensional Schrödinger

equation into a four-dimensional spatial configuration, where the additional coordinate

encodes the hidden structure responsible for projection dynamics. The emergent 3D wave

function arises as a projected slice of this higher-dimensional state, with decoherence and

PFU modulation governing the effective collapse into observable outcomes.

3.8.1 Projection to 3D Subspace

We define the generalized wave function Ψ(x⃗, x4, t) on the four-dimensional spatial man-

ifold R4, where x⃗ = (x1, x2, x3) are the conventional spatial coordinates and x4 denotes
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the extra spatial degree of freedom. The extended Schrödinger equation is

iℏ
∂

∂t
Ψ(x⃗, x4, t) =

[
− ℏ2

2m

(
∇2

x⃗ +
∂2

∂x24

)
+ V (x⃗, x4, t)

]
Ψ(x⃗, x4, t). (3.28)

The observed 3D wave function is obtained via projection by integrating over the hidden

coordinate x4 with a weighting kernel f(x4, t):

ψ(x⃗, t) =

∫ ∞

−∞
Ψ(x⃗, x4, t)f(x4, t) dx4. (3.29)

Here, f(x4, t) encodes the PFU-modulated projection profile, which dynamically selects

the relevant slice of the 4D wave function.

This establishes the mathematical bridge between the generalized 4D evolution and the

familiar 3D state observed in experiment, consistent with the view that apparent quantum

randomness is a shadow of hidden higher-dimensional dynamics.

3.8.2 Modeling Decoherence via Integration over the Fourth Dimension

To incorporate decoherence, we extend the kernel f(x4, t) to depend explicitly on the

local PFU rate Γ(xµ) and entropy gradient ∇µS. A natural form is

f(x4, t) = exp
[
−Γ(xµ) x24

]
, (3.30)

which suppresses contributions from distant x4 slices as coherence is lost. Substituting

Eq. (3.30) into Eq. (3.29) yields

ψ(x⃗, t) =

∫ ∞

−∞
Ψ(x⃗, x4, t) e

−Γ(xµ)x2
4 dx4. (3.31)

This expression shows explicitly how decoherence arises as an effective contraction of the

hidden dimension: when Γ → 0, full coherence persists and the integral samples the

entire 4D wave function, while Γ→∞ collapses the state to a sharply localized 3D slice.

Implications for Superposition Collapse. Equation (3.31) demonstrates that PFU

dynamics control the rate at which superpositions collapse. States with small Γ evolve

nearly unitarily in four dimensions, while states with large Γ project rapidly into classical

3D outcomes. This provides a natural, dynamical account of the measurement problem:

collapse is neither instantaneous nor ad hoc, but rather emerges from the PFU-governed

integration process over the hidden dimension.
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3.9 Entropy Generation and the Thermodynamic Arrow of Time

Entropy production in the 4D projection framework emerges naturally from the dis-

cretized structure of time itself. Each Projection Frame Unit (PFU) represents a finite

quantum-to-classical transition, associated with a local increase in von Neumann entropy.

The rate of PFU generation therefore encodes the thermodynamic arrow of time.

3.9.1 Entropy–PFU Relation

The evolution of the reduced density matrix ρ under environmental coupling can be

described by the Lindblad master equation,

ρ̇ = − i
ℏ
[H, ρ] +

∑
k

(
LkρL

†
k −

1

2
{L†

kLk, ρ}
)
, (3.32)

where Lk are decoherence operators. The entropy production rate Ṡ satisfies Spohn’s

inequality,

Ṡ −
∑
k

Jk
Tk
≥ 0, (3.33)

where Jk denotes heat flow into bath k at temperature Tk.

We identify the local PFU rate Γ(xµ) with the coarse-grained entropy flux per quantum

transition,

Γ(xµ) =
1

τPFU(xµ)
∝ 1

kB

dSloc

dt
, (3.34)

linking temporal resolution directly to thermodynamic irreversibility. In equilibrium,

Ṡ = 0 implies constant PFU density and time symmetry; in open systems, Ṡ > 0 drives

PFU generation, defining the macroscopic arrow of time.

3.9.2 Worked Example: Two-Level System

Consider a two-level system with Hamiltonian H = ℏω0

2
σz coupled to a thermal bath at

temperature T . The dissipative dynamics yield

ρ̇11 = −Γ↓ρ11 + Γ↑ρ00, (3.35)

with detailed balance Γ↑/Γ↓ = e−ℏω0/kBT . The von Neumann entropy rate becomes

dS

dt
= −kB Tr(ρ̇ ln ρ) ≈ kB(Γ↓ρ11 − Γ↑ρ00) ln

ρ11
ρ00

, (3.36)
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and the corresponding PFU rate follows as

ΓPFU =
1

τPFU
= α

1

kB

dS

dt
, (3.37)

where α is a dimensionless coupling constant defining the entropy-to-time conversion.

This connects microscopic entropy flow directly to the discrete temporal quantization of

projection events.

3.9.3 Reversibility and Detailed Balance

Time-reversal symmetry corresponds to vanishing net entropy flow (Ṡ = 0), implying

ΓPFU = const and a reversible sequence of projections. In open systems with finite en-

tropy flux, Ṡ > 0 enforces ΓPFU growth, breaking detailed balance and producing an

intrinsic thermodynamic arrow of time. Thus, PFU generation quantitatively encodes

irreversibility, each irreversible microprojection corresponds to a positive entropy incre-

ment, grounding the direction of time in measurable decoherence dynamics.

3.10 The Four-Dimensional Quantum Harmonic Oscillator and

Bound States

3.10.1 Exact Solutions in the 4D Framework

We extend the standard harmonic oscillator to a four-dimensional spatial domain [38],

with Hamiltonian:

Ĥ4D = − ℏ2

2m
∇2

4 +
1

2
mω2r24, (3.38)

where ∇2
4 is the 4D Laplacian and r24 = x2 + y2 + z2 + w2. The eigenfunctions Ψn1n2n3n4

and energies En1n2n3n4 are separable:

En1n2n3n4 = ℏω
4∑

i=1

(
ni +

1

2

)
, ni ∈ N0. (3.39)

This exact solution provides a foundation for examining projection-induced dynamics

from 4D to the 3D observational frame.
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3.10.2 Projection Effects on Energy Levels and Tunneling

The observed 3D wave function is obtained by integrating over the fourth spatial dimen-

sion, incorporating the PFU-dependent projection factor:

ψ(x⃗) =

∫
Ψn1n2n3n4(x⃗, w) fPFU(w; Γ(x

µ)) dw, (3.40)

where fPFU(w; Γ(x
µ)) encodes the local decoherence rate and PFU timing (τPFU) along

the fourth dimension. This procedure modulates the effective energy levels, altering

tunneling rates and coherence lifetimes in 3D space, consistent with the PFU framework

for time evolution [1, 11].

Energy Level Shifts. The projection process introduces a curvature correction term

in the effective Hamiltonian of the form

ĤΓ = Ĥ4D +
ℏ2

2m
κΓ, (3.41)

where κΓ ≈ Γ2/c2 represents the projection curvature generated by local decoherence

dynamics. To first order in perturbation theory, the relative shift in the bound-state

energies is
∆En

En

≃ ⟨Ψn|κΓ|Ψn⟩
mω2⟨r24⟩

∼ Γ2

ω2c2
, (3.42)

where ⟨r24⟩ = (n1 + n2 + n3 + n4 + 2)ℏ/(mω) for the 4D oscillator. This relation directly

predicts small but measurable deviations in systems of extremely low decoherence, such

as trapped ions or superconducting resonators, where Γ/ω ≲ 10−6 yields ∆E/E ∼ 10−12.

Tunneling Rate Modifications. The same projection curvature affects tunneling am-

plitudes through an effective change in barrier width in the 3D projection. The semiclas-

sical transmission coefficient becomes:

TPFU ≈ exp

[
−2

ℏ

∫ x2

x1

√
2m (V (x)− E)

(
1− Γ2

2ω2c2

)
dx

]
, (3.43)

leading to a relative tunneling ratio:

TPFU
T3D

≃ exp

[
Γ2

ω2c2
1

ℏ

∫ x2

x1

√
2m(V − E) dx

]
. (3.44)

Increased Γ corresponds to reduced effective transparency, implying that highly decoher-

ing environments suppress tunneling probabilities, consistent with the interpretation of

PFUs as discrete, entropy-coupled projection events governing temporal resolution.
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The magnitude of this effect is system-dependent but, for typical laboratory-scale param-

eters (Γ ∼ 103 s−1, ω ∼ 109 s−1, E ∼ ℏω), the correction TPFU/T3D − 1 lies in the range

10−12–10−10, within reach of high-fidelity superconducting qubit experiments.

3.10.3 Interpretation and Physical Implications

From the PFU perspective, the bound-state energy levels in 3D are not absolute but

subtly shifted by the projection dynamics along the fourth dimension. Systems with high

coherence and low environmental entanglement reveal these shifts more prominently.

Tunneling phenomena, often treated as instantaneous in conventional 3D theory, are nat-

urally extended over PFU-regulated intervals, providing a clear link between projection-

induced time and quantum behavior. The analytic relations (3.42)–(3.44) thus establish

a direct bridge between measurable energy or tunneling deviations and the underlying

4D projection curvature, making this the first experimentally testable realization of the

4D quantum projection hypothesis.

3.11 Entanglement of Multiple Particles within the 4D Projec-

tion Framework

3.11.1 Mathematical Formulation

In the 4D Quantum Projection Hypothesis, entanglement arises naturally from the corre-

lated projection of multiple particles within the higher-dimensional manifold. The local

lapse of each particle’s PFU τPFU governs the timing of its 4D to 3D projection, and

the relative synchronization of these PFUs establishes observable correlations in the 3D

space.

For an N -particle system, the joint PFU-modulated wave function is expressed as:

ΨPFU(x⃗1, . . . , x⃗N , t) =

∫ N∏
i=1

Ψi(x⃗i, x4) f(x4, t) dx4, (3.45)

where f(x4, t) encodes both the 4D projection timing and decoherence effects. Variations

in local PFU rates Γ(xµ) and projection curvature Πµν influence the effective coupling

between particles, providing a mechanistic explanation for non-local correlations observed

in Bell-type experiments [39, 40] without violating the relativistic causality in the 4D

manifold.
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3.11.2 Decoherence and PFU-Dependent Dynamics

Simulation studies within the PFU framework show that the entanglement strength and

coherence times are dynamically modulated by the PFU flux and entropy gradients. Low

local decoherence rates (small Γ) and flat projection curvature regions support long-lived

entanglement, whereas high PFU flux or sharp curvature gradients accelerate disentangle-

ment. These behaviors reproduce known quantum statistical predictions while explicitly

connecting them to higher-dimensional geometry and information flow.

Decoherence effects can be formally incorporated into the projection kernel:

f(x4, t) = exp
[
− Γ(xµ) x24

]
, (3.46)

in direct analogy with the PFU-modulated 4D-to-3D projection approach described in

Sec. A.2. This ensures that the local PFU lapse and decoherence rate dynamically control

entanglement collapses.

3.11.3 Physical Interpretation and Novel Predictions

The PFU formalism predicts novel phenomena beyond standard quantum mechanics:

• Phase-dependent decoherence delays: The lifetime of the entanglement can

be extended or shortened depending on the local phase alignment across the 4D

manifold.

• Curvature-mediated entanglement amplification: Regions of low projection

curvature can enhance effective coupling between distant particles.

These effects can be tested in controlled multiqubit superconducting circuits or cold-

atom arrays, where PFU-field parameters can be effectively tuned. The approach unifies

quantum nonlocality, temporal modulation, and higher-dimensional geometry within a

coherent PFU framework [1, 11,56].

3.12 Summary of Mathematical Formalism

The mathematical formalism developed in this section provides a unified framework in

which time, decoherence, and quantum projection are rigorously quantified through the

Projection Frame Unit (PFU) paradigm. By defining PFUs as discrete increments of

the projection of 4D to 3D, we established a direct link between local decoherence rates

Γ(xµ), entropy gradients, and emergent temporal flow τPFU.
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The projection curvature tensors Πµν and the induced projection metric P µ
ν allow a ge-

ometric description of the evolution of the 3D hypersurface within the underlying 4D

manifold, mediating both local time dilation and entanglement dynamics. The gener-

alized Schrödinger equation in four spatial dimensions, combined with integration over

the fourth dimension, provides a consistent mechanism for wave function collapse and

decoherence, fully integrating PFU-dependent temporal modulation.

Entropy generation and the thermodynamic arrow of time are naturally encoded through

PFU flow, linking microscopic quantum transitions to macroscopic irreversibility. Bound

states of the four-dimensional quantum harmonic oscillator, as well as multiparticle en-

tanglement, demonstrate how PFU-modulated projection dynamics reproduce standard

quantum behavior while predicting novel deviations under extreme coherence or curvature

conditions.

Collectively, these developments demonstrate that the PFU formalism unites geomet-

ric, thermodynamic, and quantum phenomena under a single, higher-dimensional frame-

work, providing a predictive and experimentally testable description of emergent time

and projection-driven dynamics.

4 Physical Implications

The reinterpretation of time as the rate of 4D-to-3D quantum projection introduces a

significant paradigm shift in our understanding of temporal evolution across physical

regimes. In this formulation, time is not a universal background parameter but an emer-

gent, observer-dependent quantity determined by the local projection dynamics. The

Projection Frame Unit (PFU), defined as the inverse of the local decoherence rate Γ(xµ),

encodes the cumulative flow of quantum-to-classical projection at a given spacetime point.

This reframing provides a unified variable linking cosmology, gravitation, and quantum

measurement. In the following subsections, we analyze the consequences of this formalism

for cosmological evolution and local temporal asymmetries.

4.1 Cosmological Time as Integrated Projection Flow

In the standard ΛCDM cosmological model, cosmic time is defined as the proper time

along comoving worldlines [41]. Within the projection framework, however, cosmological

time arises from the cumulative PFU across a spacelike hypersurface Σ. If Γ(xµ) denotes

the local decoherence rate and h the determinant of the induced spatial metric, the

emergent cosmological time is expressed as:

Tcosmo =

∫
Σ

1

Γ(xµ)

√
h d3x. (4.1)
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This formulation implies that early epochs of high coherence correspond to suppressed

PFU accumulation, effectively stretching perceived cosmic time. Such a mechanism offers

an alternative to inflationary models by attributing rapid early-universe expansion to

projection dynamics rather than an additional scalar field [42,43]. The age of the universe,

in this view, becomes inseparably tied to entropy flow and information loss encoded in

Γ(xµ), providing a direct thermodynamic underpinning to cosmological chronology.

4.2 PFU Inhomogeneities and Temporal Asymmetry

Local variations in the PFU field introduce spatial and temporal asymmetries in the

experience of time. For two observers at spacetime positions xµ1 and xµ2 , with local

decoherence rates Γ1 and Γ2, the accumulation of proper time proceeds at different rates:

dτ1
dt

=
1

Γ1

,
dτ2
dt

=
1

Γ2

. (4.2)

This relation generalizes relativistic time dilation by introducing a projection-induced

temporal modulation, independent of kinematic or gravitational effects. Coherence-

preserving environments, such as Bose–Einstein condensates or certain superconducting

states, are predicted to exhibit reduced Γ values, effectively slowing the passage of proper

time in these systems [44].

Furthermore, gradients in the PFU field∇µ(1/Γ) naturally align with entropy production,

establishing a dynamical link between local temporal asymmetry and the global arrow

of time. This suggests that the irreversible progression of macroscopic phenomena is not

only statistical but also geometrically encoded in the projection structure of spacetime,

bridging quantum decoherence with thermodynamic irreversibility.

4.3 Photons and Null Projection Trajectories

Photons represent a limiting case of the projection formalism. As carriers of quantum

information that do not undergo decoherence, photons correspond to trajectories with an

effectively infinite projection rate:

Γγ →∞ ⇒ dτγ =
dt

Γγ

→ 0. (4.3)

This immediately recovers the standard relativistic result that photons experience no

proper time along their worldlines [19]. Within the PFU framework, photons act as

null probes of the higher-dimensional structure, traversing projection-free geodesics that

remain insensitive to local decoherence dynamics.

An important implication is that spatial variations in Γ(xµ) can induce small but mea-
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surable phase modulations in photon trajectories, potentially leaving imprints in long-

baseline interferometry or cosmological observables such as the cosmic microwave back-

ground anisotropies [16]. Thus, light propagation provides a natural experimental probe

of null projection geometry.

4.4 Relativistic and Gravitational Time Dilation Reinterpreted

Time dilation in both special and general relativity can be reformulated as modulation

of the PFU lapse function. For an inertial observer moving at velocity v relative to the

projection frame, the effective lapse is:

ΛSR(v) =

√
1− v2

c2
, dτSR = ΛSR ·

dt

Γ(xµ)
. (4.4)

In curved spacetime, the local PFU lapse incorporates the gravitational redshift factor

f(r) from the Schwarzschild metric:

ΛGR(r) =

√
1− 2GM

rc2
, dτGR = ΛGR ·

dt

Γ(xµ)
. (4.5)

These relations extend the conventional relativistic picture by introducing an additional

PFU-dependent modulation, thereby unifying kinematic, gravitational, and decoherence-

driven contributions to proper time. Experimental consequences could arise in regimes

where quantum coherence significantly alters Γ(xµ), such as in superconducting circuits

or near-horizon gravitational systems [44].

4.5 Black Hole Horizons and Projection Arrest

• PFU lapse approaching zero near event horizons

• Consequences for horizon physics and information paradox

At the event horizon of a black hole, the gravitational lapse function approaches zero,

causing the local PFU accumulation rate to vanish:

lim
r→rs

ΛGR(r)→ 0 ⇒ dτPFU
dt

→ 0. (4.6)

This corresponds to a physical freezing of time for external observers, halting decoherence

and classical evolution at the horizon. In the PFU framework, the horizon acts as a

coherent quantum memory surface, in line with holographic principles [45,46].

Transient reductions and subsequent restorations of the PFU rate Γ(xµ) during black

hole evaporation or merger events can produce decoherence shocks. These discontinuities
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propagate as sharp bursts in the local projection field, potentially manifesting as grav-

itational wave spikes observable in future high-sensitivity experiments [47]. Such phe-

nomena provide a direct link between quantum projection dynamics and horizon-scale

astrophysics.

4.6 Quantum Phenomena and Temporal Modulation

• PFU-driven effects on tunneling, entanglement, and superposition

The PFU framework also offers a unifying explanation for a variety of quantum temporal

anomalies. In the quantum Zeno effect, repeated measurement suppresses evolution by

effectively inflating the local PFU rate:

ΓZeno ≫ Γ0 ⇒ dτPFU ≪ dt, (4.7)

where Γ0 is the baseline decoherence rate. The enhanced projection frequency slows or

freezes the perceived evolution of the quantum state.

Entanglement freezing occurs when correlated particles share null projection corridors,

maintaining suppressed Γ across spacelike separations. This mechanism naturally ac-

counts for persistent correlations without invoking superluminal signaling.

Tunneling delays are explicitly modeled through the PFU accumulation along the barrier

path:

∆τtunnel =

∫ xb

xa

1

Γ(x)
dx, (4.8)

capturing both barrier properties and local decoherence dynamics. This formalism aligns

with attosecond-scale experimental observations [13] and extends to other nonlocal quan-

tum phenomena, including delayed-choice setups and vacuum fluctuations.

Together, these subsections illustrate how PFU-based temporal modulation provides a

coherent, unified perspective: from horizon-scale freezing to microscopic quantum

dynamics, time is fundamentally emergent, shaped by decoherence, projection geometry,

and entropy flow. This establishes a consistent framework for both cosmological and

laboratory-scale temporal phenomena.

4.7 Cosmological Applications of PFU Flow

• Predictions for large-scale structure and CMB

• Simulation scenarios

The PFU framework offers a novel perspective on cosmological evolution by linking the

cumulative rate of quantum projection to observable large-scale phenomena. Variations
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in the local PFU rate Γ(xµ) across the early universe can modulate the formation of

density perturbations, providing a complementary mechanism to inflation for generating

the observed spectrum of large-scale structure. Formally, the projected cosmological

density contrast δPFU can be expressed as:

δPFU(x⃗, t) =

∫
Σ

δρ(x⃗)

Γ(x⃗, t)

√
h d3x, (4.9)

where Σ is a 3D spatial hypersurface and h is the determinant of the induced metric.

To make the PFU formalism directly comparable with standard cosmology, the total

projected cosmic time can be expressed in FLRW coordinates as:

Tcosmo =

∫
Σ

Γ−1(a(t), ρ(t))
√
h d3x, (4.10)

where Γ−1(a(t), ρ(t)) denotes the effective projection interval determined by the decoher-

ence rate as a function of the scale factor a(t) and energy density ρ(t). In a homogeneous

and isotropic universe, we may approximate Γ−1 ∝ ρ−α, where α quantifies the sensitiv-

ity of projection dynamics to energy density or temperature. For radiation-dominated

epochs (ρ ∝ a−4), this implies:

Tcosmo ∝
∫
a3+4α da, (4.11)

indicating that epochs of higher coherence (low Γ) effectively yield accelerated projected

expansion, offering a geometric analogue to inflation within the 4D projection picture.

PFU Inhomogeneity and Observational Signatures

Small-scale inhomogeneities in Γ(xµ) could generate subtle anisotropies in the projection

rate, resulting in measurable phase irregularities in the cosmic microwave background

(CMB). These would manifest as deviations in the angular power spectrum, potentially

contributing to observed CMB phase anomalies or parity asymmetries beyond ΛCDM

expectations.

Such PFU-driven perturbations can be modeled as stochastic modulations of the recom-

bination phase, ϕrec(n̂) ∼
∫
Γ−1(xµ) dℓ, where n̂ denotes a direction on the sky and dℓ the

comoving line element. Variations in this effective phase could yield angular correlations

distinguishable from standard scalar perturbations.

Numerical simulations of PFU-modulated cosmic evolution suggest testable deviations

from standard ΛCDM predictions, particularly in high-resolution anisotropy and polar-

ization maps [16,48]. These signatures would arise not from classical metric perturbations
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but from variations in the projection rate, providing a direct observational test of the PFU

hypothesis in cosmology.

4.8 Entropion Field Couplings and Thermodynamic Arrow

• Entropion field role in temporal modulation

• Mathematical modeling of PFU-entropy interactions

Within the unified 4D projection framework, the entropion field ϕE mediates the ther-

modynamic arrow of time by coupling directly to the local PFU rate. This interaction

governs the irreversibility of quantum-to-classical transitions and sets the effective direc-

tionality of temporal flow. The coupled dynamics can be expressed as:

Γ(xµ) = Γ0 + κ∇µSE(x
µ) · ϕE(x

µ), (4.12)

where Γ0 is the baseline decoherence rate, κ is a coupling constant, and SE is the local

entropic density.

Crucially, this formulation explicitly links the entropion field to microphysical quan-

tum effects, as variations in ϕE modulate the decoherence rate of individual quantum

systems. Local fluctuations in ϕE directly affect superposition lifetimes, tunneling rates,

and entanglement dynamics, ensuring that the arrow of time emerges consistently from

quantum scales up to cosmological projection flow. In this way, PFU dynamics pro-

vide a seamless bridge between microphysics and large-scale thermodynamic behavior,

connecting entropy generation, temporal asymmetry, and observable cosmological phe-

nomena [1, 11,47].

Summary of Physical Implications: The Projection Frame Unit (PFU) formalism

recasts time as an emergent, decoherence-driven quantity, bridging quantum, relativistic,

and cosmological phenomena. Across scales, PFU dynamics unify:

• Cosmological time with integrated PFU flow, influencing early universe expansion

and large-scale structure.

• Local temporal asymmetries and the arrow of time, driven by spatial and temporal

variations in decoherence rates.

• Photon trajectories, null projections, and the relativistic interpretation of proper

time.

• Black hole horizons, horizon-layer quantum memory, and projection-arrested dy-

namics.
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• Quantum phenomena including tunneling delays, entanglement modulation, and

superposition collapse.

• Entropion field couplings that link microphysical decoherence to macroscopic ther-

modynamic flow.

This summary underscores the framework’s predictive power, connecting quantum-scale

mechanisms to cosmological observables while providing testable consequences for next-

generation experiments.

5 Experimental Predictions and Testability

A critical strength of the 4D Quantum Projection Hypothesis is its capacity to gener-

ate falsifiable predictions across both gravitational and quantum platforms. By linking

Projection Frame Units (PFUs) and the entropion field to measurable observables, the

framework provides testable deviations from standard general relativity and quantum

mechanics. Two primary experimental avenues are highlighted below.

5.1 Projection Spikes in Gravitational Wave Observatories

Within the unified framework, extreme spacetime curvature events, such as black hole

formation, mergers, or abrupt collapses of localized spacetime volume, can trigger discon-

tinuities in the projection rate tensor Πµν
αβ. These discontinuities correspond to temporary

“projection halts” or freezes, where entropy flow∇µS is sharply suppressed. The resulting

dynamics induce localized bursts in the metric tensor of the form

hµν(t) ≈
∆Πµν

αβ

r
eiωt, (5.1)

where r is the luminosity distance and ω the effective projection frequency associated

with the discontinuity.

Unlike standard inspiral-driven chirps, these signals are predicted to be:

• ultrashort in duration (sub-millisecond timescales),

• highly non-Gaussian in morphology,

• asymmetric with no periodic repetition,

• strongly localized in projection phase space rather than orbital dynamics.

Such “projection spikes” would appear in interferometer strain data as transient, high-

intensity anomalies distinct from classical templates. Their identification requires analysis
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pipelines beyond matched filtering, favoring model-independent Bayesian extraction or

machine-learning anomaly detection.

Current data sets from LIGO, Virgo, and the NANOGrav Pulsar Timing Array already

contain unclassified transients with ambiguous interpretation [5, 6]. Re-examining these

events under the projection framework may reveal statistical excesses in ultrashort, asym-

metric bursts consistent with PFU-driven projection halts. Confirmation of such features

would represent direct empirical support for the entropion-projection dynamics.

5.2 Quantum Circuit Tests of PFU Modulation

At the quantum scale, the framework predicts that time emerges from discrete PFUs,

defined as quantized intervals of entropy-modulated wave function collapse from 4D to

3D. The PFU timescale τPFU is governed by the decoherence rate Γ, itself dependent on

entropy flux dS/dt:

τPFU ∼ Γ−1 ∝
(
dS

dt

)−1

. (5.2)

This relation predicts a nonlinear dependence of quantum state evolution on entropy flow.

In particular:

• increasing entropy injection reduces τPFU, accelerating collapse,

• entropy suppression extends superposition lifetimes,

• fluctuations in ϕE (the entropion field) directly modulate tunneling rates and en-

tanglement stability.

Experimental verification can be sought using superconducting qubits, trapped ions, or

quantum dots coupled to engineered reservoirs (phononic, photonic, or thermal). By

dynamically tuning entropy flux—for instance, via controlled dissipation or feedback—

the evolution of coherence times can be tracked against the prediction of Eq. (5.2).

The quantum Zeno effect provides a particularly sharp test. In standard interpreta-

tions, frequent observation slows state evolution due to measurement back-action. In

the projection framework, however, this slowing reflects inhibition of PFU progression it-

self. By systematically varying measurement frequency, entropy gradients, and coupling

strengths, one can map PFU dynamics and distinguish projection-modulated collapse

from conventional decoherence models [1, 11,14].

If observed, these deviations would supply direct microphysical evidence for PFU dis-

creteness and the entropion field’s role in setting the temporal arrow.
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5.3 Measuring PFUs in Entropy-Controlled Systems

The projection hypothesis asserts that time itself emerges in quantized entropy-driven in-

tervals, Projection Frame Units (PFUs). The central task is to measure this directly. The

most promising strategy is to engineer quantum systems where entropy flux δS is both

tunable and measurable, and then compare coherence lifetimes with PFU predictions.

Consider a system prepared in a superposition |ψ0⟩, coupled to an environment supplying

controlled entropy input. The projection rate follows:

Γ =
d

dt
⟨ψ|ρenv|ψ⟩, (5.3)

yielding an empirical PFU via τPFU ∼ Γ−1. Unlike conventional treatments, this for-

mulation predicts that the measured flow of time stretches or contracts under entropy

control.

A decisive experimental signature would be systematic phase retardation or anomalous

coherence extension in systems such as Bose–Einstein condensates, long-lived photon

traps, or engineered exciton states. These deviations cannot be explained by unitary

Schrödinger evolution alone. Detection would mark a fundamental shift: clocks tied not

to atomic oscillations but to collapse intervals governed by informational topology.

5.4 Entropic Time Dilation in Ultra-Coherent Media

The PFU framework predicts that the apparent rate of temporal progression is inversely

correlated with entropy exchange. In highly coherent systems, where dS/dt → 0, the

projection frequency Γ decreases and the effective temporal unit per PFU expands. In

other words, coherence suppresses the flow of time: fewer projections occur per physical

second. This effect, termed entropic time dilation, becomes measurable in ultra-coherent

quantum systems.

Formally, the dilation ratio is approximated by

∆τPFU
τ

≃ 1

Γcoh

− 1

Γth

, (5.4)

where Γcoh and Γth are the PFU rates in coherent and thermal regimes, respectively.

Assuming Γ ∝ 1/Tc, where Tc is the system’s coherence time, Eq. (5.4) gives:

∆τPFU
τ

≈ T coh
c − T th

c

T th
c

, (5.5)

indicating that each order-of-magnitude increase in coherence time amplifies PFU dilation

proportionally.
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To connect this prediction with experimentally accessible parameters, consider the follow-

ing representative estimates. We define δPFU as the characteristic PFU “size” (effective

temporal increment per projection) derived from δPFU = Γ−1 ≈ Tc/Nproj, where Nproj is

the number of distinguishable projection events within the coherence interval.

Table 1: Estimated PFU dilation in representative ultra-coherent systems. Values are order-of-
magnitude estimates assuming Γ ∝ 1/Tc and normalized to a thermal baseline at Tc ≈ 10−12 s.

System Coherence Time Tc (s) Estimated δPFU (s) ∆τPFU/τ
Superconducting Qubit 10−9 10−21 ∼ 10−12

Bose–Einstein Condensate 10−3 10−15 ∼ 10−9

Optical Cavity Photon Trap (High-Q) 10−2 10−14 ∼ 10−8

Cryogenic Spin Ensemble 10−2 10−16 ∼ 10−7

Nuclear Spin Qubit (Si:P) 103 10−9 ∼ 10−6

Thermal Quantum Dot (Reference) 10−12 10−24 —

The monotonic increase of ∆τPFU/τ with coherence time demonstrates that ultra-coherent

media effectively experience a slower PFU tick rate. This constitutes an experimentally

accessible analogue of gravitational time dilation driven by entropy flux rather than cur-

vature, providing a clear empirical prediction of the projection framework. Observable

consequences include phase retardation, frequency downshifts in interference patterns,

and delayed tunneling transitions in entropically isolated systems.

Experimental detection could rely on comparing two otherwise identical systems differing

only in entropy exchange rate, e.g., a superconducting qubit versus the same device under

thermal noise coupling. A measured deviation following the scaling law of Eq. (5.5) would

constitute direct empirical evidence that the rate of temporal projection is governed by

coherence-dependent entropy flow.

5.5 Toward Verification and Falsification

The projection framework is falsifiable through multiple experimental routes. The fol-

lowing strategies establish a concrete roadmap:

• Gravitational Wave Searches: Reanalyze LIGO/Virgo/NANOGrav data for

ultrashort, non-Gaussian transients consistent with projection spikes.

• Quantum Circuit Tests: Probe PFU modulation under controlled entropy gra-

dients in superconducting qubits, trapped ions, or quantum dots.

• Metrology of Temporal Quanta: Establish PFU-to-second calibration by mea-

suring entropy-resolved projection rates across tunable reservoirs.

• Entropic Clocks: Develop clocks based not on atomic transitions but on quantized

projection intervals, realizing time as a direct measure of entropy flow.
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Together, these methods provide both discovery channels and failure points. Either PFUs

will manifest empirically through coherence anomalies, projection spikes, or entropic

time dilation, or the hypothesis will be decisively ruled out. In either outcome, time

itself becomes a laboratory variable rather than a background assumption, moving the

question of temporal flow from interpretation to direct experiment [5, 6, 11,44].

5.6 Projection Clock Concept and Standardization

5.6.1 PFU-Based Timekeeping

The projection clock is a novel temporal standard based on the discrete quantization of

time via Projection Frame Units (PFUs). In this framework, each PFU represents the

minimal interval associated with a coherent quantum projection event. The cumulative

PFU count at a spacetime location serves as an intrinsic measure of elapsed time:

tPFU =
∑
i

τ
(i)
PFU, τ

(i)
PFU ∼ Γ−1(xµi ), (5.6)

where Γ(xµ) is the local decoherence rate modulated by entropy flow [11, 44]. This ap-

proach naturally integrates quantum, thermodynamic, and relativistic influences on time

measurement.

To ensure thermodynamic consistency, the PFU rate Γ can be formally linked to entropy

production through the non-equilibrium statistical framework of open quantum systems.

According to Spohn’s inequality for completely positive, trace-preserving dynamics gen-

erated by a Lindblad master equation,

dS

dt
−
∑
α

Jα
Tα

= σ ≥ 0, (5.7)

where S = −kBTr[ρ ln ρ] is the von Neumann entropy, Jα denotes the heat flow into

bath α at temperature Tα, and σ is the irreversible entropy production rate. For a single

effective decohering channel with rate Γ, we can identify the entropy flux per PFU event

as
dS

dt
≈ kBΓ ln

(
1

pcoh

)
, (5.8)

where pcoh quantifies the surviving coherence fraction of the reduced density matrix.

Thus, the PFU rate encodes the entropy flow driving the thermodynamic arrow of time:

each projection event corresponds to a minimal increment in system entropy and infor-

mation loss.
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Example: Two-Level System Coupled to a Thermal Bath. Consider a two-level

system with Hamiltonian H = ℏω0

2
σz interacting with a thermal reservoir at temperature

T . The Lindblad equation reads

ρ̇ = − i
ℏ
[H, ρ] + Γ↓D[σ−]ρ+ Γ↑D[σ+]ρ, (5.9)

where Γ↓ = Γ(nT +1), Γ↑ = ΓnT , nT = (eℏω0/kBT − 1)−1, and D[L]ρ = LρL†− 1
2
{L†L, ρ}.

The entropy production rate in the steady state is

dS

dt
= kBΓ(Γ↑ + Γ↓)

(
ℏω0

kBT

)
tanh

(
ℏω0

2kBT

)
, (5.10)

which scales directly with Γ and hence with the PFU emission rate. Integrating over time

yields

∆S = kB

∫
Γ(t) dt = kBNPFU, (5.11)

identifying each PFU as a discrete entropy quantum of kB, a statistical tick of the ther-

modynamic arrow.

Reversibility and Detailed Balance. At equilibrium (Γ↑/Γ↓ = e−ℏω0/kBT ), detailed

balance ensures zero net entropy production, corresponding to stationary PFU flux with

no preferred temporal direction. Any deviation from detailed balance (Γ↑ ̸= e−ℏω0/kBTΓ↓)

breaks microscopic reversibility, producing a positive σ and a net PFU drift that defines

the local temporal flow. Hence, the PFU rate Γ operationally encodes the emergence of

irreversibility, directly linking projection dynamics to entropy generation.

5.6.2 Comparison with Atomic Clocks

Projection clocks can be directly compared with atomic clocks, which define the SI sec-

ond via well-characterized hyperfine transitions [49,50]. Unlike atomic clocks, PFU-based

clocks derive temporal resolution from information-theoretic collapse events, making them

sensitive to entropy flux, decoherence rates, and local quantum coherence. Such a com-

parison allows calibration of PFU intervals against established atomic time standards,

while highlighting potential deviations under extreme low-decoherence conditions or en-

gineered quantum reservoirs.

5.6.3 Projection Observables and Verification Pathways

Experimental verification of projection clocks relies on measurable PFU observables. Can-

didates include:
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• Quantum coherence intervals: phase evolution in superconducting qubits, trapped

ions, or photonic systems [14,51].

• Tunneling or entanglement dynamics: changes in decay rates or correlation

times under controlled decoherence [13].

• PFU-to-atomic clock calibration: simultaneous measurement of PFU-based

time and SI second via optical lattice clocks or cesium fountains [49,52].

Together, these observables form a pathway for falsification or validation of the projec-

tion clock concept. Controlled laboratory environments, combined with high-precision

quantum metrology, enable direct tests of PFU quantization and its relation to stan-

dard atomic time, ensuring that the projection clock is both scientifically rigorous and

experimentally tractable.

Summary of Experimental Predictions and Testability

The 4D quantum projection framework provides a concrete and empirically acces-

sible set of predictions linking PFU dynamics to both microscopic and macroscopic

phenomena. At cosmological scales, abrupt projection halts induce localized gravita-

tional wave spikes, offering distinctive, high-time-resolution signatures for next-generation

detectors. At the quantum scale, PFU-modulated decoherence rates manifest as

measurable deviations in coherence times, tunneling delays, and entanglement lifetimes,

enabling controlled experiments using superconducting qubits, trapped ions, or quantum

dots.

Entropy-resolved systems further reveal entropic time dilation, wherein ultra-coherent

media experience slowed temporal evolution relative to decohering environments, provid-

ing a direct experimental window into PFU-dependent temporal modulation. Finally,

the projection clock concept translates these insights into standardized timekeeping,

defining observables and verification pathways that can bridge laboratory precision exper-

iments with fundamental cosmological observations. Collectively, these predictions form

a falsifiable framework, linking quantum microphysics, thermodynamics, and spacetime

geometry, and providing multiple avenues for empirical validation of the 4D projection

hypothesis [1, 5, 6, 11,14,47].
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6 Comparison to Existing Theories

6.1 The Problem of Time in Quantum Mechanics and General

Relativity

One of the central difficulties in unifying modern physics lies in the incompatible treat-

ments of time in quantum mechanics (QM) and general relativity (GR). In standard QM,

time is introduced as an external classical parameter t, driving unitary evolution via the

Schrödinger equation:

iℏ
∂

∂t
ψ(t) = Ĥψ(t), (6.1)

where ψ(t) denotes the wavefunction and Ĥ the Hamiltonian operator [20]. In this

formulation, time is absolute, universal, and not represented as an operator or dynamical

field within the theory.

By contrast, GR incorporates time as an intrinsic and dynamical component of the

spacetime manifold, directly shaped by matter-energy distributions through Einstein’s

field equations:

Gµν + Λgµν =
8πG

c4
Tµν , (6.2)

where Gµν encodes spacetime curvature and Tµν the stress-energy tensor [21]. Here,

temporal flow is not universal but rather relational, measured locally along an observer’s

worldline by proper time:

dτ 2 = −gµνdxµdxν , (6.3)

demonstrating its dependence on geometry and local conditions [22].

This dichotomy creates the long-standing problem of time: the fixed, external time of

QM is conceptually at odds with the dynamic, emergent time of GR. Attempts to quantize

gravity are obstructed by this conflict, as the two roles of time cannot be reconciled within

a naive unification [8]. The PFU framework directly addresses this tension by replacing

absolute or geometric time with a projection-based rate, embedding temporal flow into a

quantized, entropy-linked process.

6.2 Timelessness in the Wheeler-DeWitt Equation

Canonical approaches to quantum gravity have attempted to overcome the time problem

by quantizing the gravitational field, leading to the Wheeler–DeWitt (WDW) equation

[23]:

ĤΨ[gij, ϕ] = 0, (6.4)
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where Ĥ is the Hamiltonian constraint operator acting on the wavefunctional Ψ, which

depends on the spatial 3-metric gij and matter fields ϕ. The striking absence of any

explicit time parameter renders the theory formally timeless, suggesting a “frozen” wave-

functional of the universe.

This timelessness creates a profound interpretational challenge: how can dynamic, causal

evolution emerge from a static universal state? Proposed resolutions often attempt to

extract an approximate time parameter from semiclassical limits, or to define internal

clocks using matter fields as relational markers of change [9, 25]. Yet no consensus has

been reached, and the problem remains central to quantum gravity research.

Within the 4D projection framework, the timeless character of the WDW equation is nat-

urally reinterpreted: the absence of explicit time reflects the fact that temporal flow is not

fundamental, but instead arises from the accumulation of discrete Projection Frame Units

(PFUs). In this view, the WDW equation describes the static structure of the higher-

dimensional state, while the observed passage of time emerges from entropy-modulated

projection dynamics. This provides a coherent bridge between the formal timelessness

of canonical quantum gravity and the experienced temporality of quantum systems, re-

framing the problem of time in a testable, dynamical way.

6.3 The Thermal Time Hypothesis and Emergent Time

The thermal time hypothesis proposes that time is not a fundamental variable but in-

stead emerges from the thermodynamic state of the universe, formalized through modular

theory in operator algebras [24]. In this framework, temporal flow is defined by the mod-

ular automorphism group associated with a statistical state, establishing an intrinsic link

between the arrow of time, entropy increase, and irreversibility.

This hypothesis provides an elegant statistical underpinning for the directionality of time.

However, it lacks a local and operational measure of time applicable at the scale of

quantum measurement or within strong gravitational fields. Consequently, while suc-

cessful in correlating entropy with temporality, the thermal time hypothesis remains

incomplete as a universal account of time’s nature [25].

6.4 Resolution via the 4D Quantum Projection Framework

The 4D Quantum Projection Hypothesis synthesizes and extends these ideas by modeling

time as a quantized rate of projection from a fundamental four-dimensional quantum

manifold into three-dimensional classical space. Temporal progression is encoded in dis-

crete Projection Frame Units (PFUs), mathematically defined by local decoherence rates

Γ and entropy gradients. These PFUs serve as the fundamental “ticks” of an operational

clock, directly linking the passage of time to observable quantum-classical transitions.
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This formulation inherently incorporates irreversibility: the non-unitary collapse process

corresponds to entropy increase, thereby embedding the thermodynamic arrow of time

within the dynamics of projection [1]. Unlike the timeless Wheeler–DeWitt (WDW)

framework, the projection hypothesis provides an explicit dynamical parameter for tem-

poral evolution, resolving the “frozen time” paradox by rooting time in discrete, measur-

able decoherence events.

Furthermore, the introduction of projection curvature tensors formalizes the manner

in which local spacetime curvature modulates the flow of PFUs. This unifies relativistic

time dilation and gravitational effects with quantum measurement processes, allowing

the recovery of classical proper time intervals and relativistic corrections while preserving

a quantum-mechanical foundation [22].

6.5 Relation to Contemporary Quantum Gravity and Cosmol-

ogy

This framework aligns with and extends major approaches in quantum gravity, including

Loop Quantum Gravity (LQG) [28] and Causal Dynamical Triangulations (CDT) [29].

By embedding the emergence of time within decoherence and measurement, the projec-

tion hypothesis introduces a physically motivated temporal structure absent in purely

algebraic or combinatorial formulations.

The model also complements holographic and quantum information-theoretic perspectives

on spacetime, providing explicit mechanisms for horizon freezing and deprojection

events at black hole boundaries. These mechanisms yield new insights into black hole

thermodynamics, the entropy-area law, and the information paradox [30–32].

In summary, the 4D Quantum Projection Framework delivers a conceptually coherent,

mathematically rigorous, and experimentally testable resolution to the problem

of time, seamlessly bridging quantum measurement, thermodynamics, and relativistic

spacetime geometry.

6.6 Comparison with Holographic and UV-Complete Frame-

works

Beyond effective models of quantum gravity, the 4D Quantum Projection Hypothesis

can be meaningfully compared with holographic and UV-complete frameworks. In

the AdS/CFT correspondence [53], time evolution in the bulk is encoded in boundary

conformal dynamics, where modular flow plays a central role in defining causal and en-

tropic structure. The projection framework resonates with this idea by treating time as a

rate of information projection, but it differs by offering a direct operational mechanism:
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Projection Frame Units (PFUs), which ground modular flow in measurable quantum

decoherence events.

From the perspective of UV completion, string theory provides higher-dimensional embed-

dings where time can emerge from compactification or duality structures [54]. However,

these mechanisms often remain mathematically abstract and lack a local operational def-

inition of temporal flow. The projection hypothesis complements such approaches by

supplying a physically testable clock, anchored in entropy production and measurement,

that could in principle be embedded within higher-dimensional or holographic duals.

Moreover, the introduction of projection curvature tensors suggests a natural holo-

graphic analogue. The rate of PFU flow across a boundary may correspond to the flux of

entanglement entropy or modular Hamiltonian evolution in a dual field theory. This cre-

ates a bridge between the operational time of the projection framework and the entropic

time of holographic dualities, offering a pathway toward UV completion that remains

experimentally connected.

In summary, while holographic and UV-complete models provide profound mathematical

structures for emergent time, the 4D Quantum Projection Hypothesis uniquely supple-

ments them with an explicit and measurable definition of temporal flow. This positions

the framework as both complementary to and testable against the leading candidates for

a fundamental description of spacetime.

Summary of Comparison to Existing Theories

This section has contrasted the 4D Quantum Projection Hypothesis with leading ap-

proaches to the problem of time in physics. In standard quantum mechanics, time is

treated as an external parameter, while in general relativity it is dynamical and geo-

metric, creating a fundamental inconsistency. Canonical quantum gravity, through the

Wheeler–DeWitt equation, removes time altogether, but at the cost of a “frozen” formal-

ism. The thermal time hypothesis recovers an emergent arrow of time linked to entropy,

yet lacks a local and operational definition.

The projection framework resolves these issues by grounding time in discrete Projection

Frame Units (PFUs), tied to decoherence rates and entropy production. This provides

both irreversibility and a measurable temporal parameter, reconciling quantum and rela-

tivistic treatments. Compared to approaches such as Loop Quantum Gravity and Causal

Dynamical Triangulations, it supplies an explicit operational mechanism absent from

purely combinatorial models. Furthermore, by engaging with holographic dualities and

UV-complete string frameworks, the projection hypothesis introduces a testable and phys-

ically grounded complement to abstract mathematical structures.

In summary, the framework bridges microphysical quantum processes and cosmo-

https://doi.org/10.33774/coe-2025-brblf-v2 ORCID: https://orcid.org/0009-0002-3862-6407 Content not peer-reviewed by Cambridge University Press. License: CC BY 4.0

https://doi.org/10.33774/coe-2025-brblf-v2
https://orcid.org/0009-0002-3862-6407
https://creativecommons.org/licenses/by/4.0/


Mazen Zaino Time as Projection Rate 46

logical structure, unifies the thermodynamic arrow with relativistic time dilation, and

provides an experimentally accessible account of temporal flow that is distinct from, yet

compatible with, existing theories.

7 Future Work and Outlook

The present work introduces the core conceptual framework of the 4D Quantum Pro-

jection Framework and provides illustrative simulations that highlight its key predic-

tions. To evolve this framework into a fully developed and testable scientific theory,

several research avenues must be pursued. These directions emphasize building a rig-

orous mathematical backbone, deriving explicit predictions, forging precise links with

established physics, and exploiting the tools of quantum information theory.

7.1 Rigorous Mathematical Formalism

A central challenge is the establishment of a mathematically rigorous foundation that

formalizes the projection process. The following lines of inquiry are prioritized:

• Defining the Projection Tensor as a Fundamental Geometric Entity: The

framework suggests that emergent time is governed not by an external parameter

but by an intrinsic projection structure. Future work must precisely define a pro-

jection tensor, denoted Πµν , as the primary object encoding projection dynamics.

This tensor is expected to be more fundamental than scalar projection curvature

P(x, t) or even the projected curvature field tensor RP
µνρσ, with the latter derivable

from Πµν . In this formulation, the PFU rate relation,

∆tPFU ∝
1

Γ(x, t)
, (7.1)

would no longer be postulated, but instead emerge directly from the internal dy-

namics of Πµν .

• Field-Theoretic Formulation of Projection Events: Building on Πµν , a con-

sistent field theory of projection must be constructed. This requires the formulation

of a Lagrangian or Hamiltonian density that governs the evolution of a “projection

field” or “projection density.” The field equations derived from this formalism

should yield the local decoherence rate Γ(x, t) as a dynamical outcome of entropy

gradients and projection curvature, rather than as an external input. Such a the-

ory would make the link between entropy, measurement, and spacetime structure

mathematically explicit.
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• Emergent Metric from PFU Dynamics: A key goal is to demonstrate rigor-

ously how the PFU duration ∆tPFU encodes the structure of an emergent metric

tensor gµν . This step requires showing under which approximations the dynamics

of Πµν reduce to effective Einstein field equations:

Gµν + Λgµν ≈
8πG

c4
Tµν , (7.2)

thereby embedding general relativity as a limiting case of projection dynamics.

A precise identification of the “source” of curvature within this new framework

would open the path to unifying entropy-driven decoherence with classical spacetime

geometry.

The development of this mathematical formalism will transform the projection hypothesis

from a conceptual model into a predictive framework, positioning it alongside established

field theories while retaining its distinctive explanatory power regarding the emergence

of time.

7.2 Testable Predictions and Experimental Timelines

Translating conceptual insights into empirically verifiable predictions is essential for trans-

forming the 4D Quantum Projection Framework into a falsifiable physical theory. To

this end, we outline a tiered experimental roadmap, organized by technological feasibility

and timescale:

• Near-Term Feasibility (Within 5–10 years):

– Quantum Clock Anomalies in Highly Coherent Systems: Ultra-coherent

quantum systems, such as Bose–Einstein condensates (BECs), optically trapped

ions, or nitrogen–vacancy (NV) centers in diamond, provide a natural testing

ground. The framework predicts that systems with suppressed environmen-

tal decoherence should exhibit a measurable acceleration of proper time, with

highly coherent clocks progressing marginally faster than conventional atomic

clocks, consistent with dτ > dt.

– Concrete Numerical Estimate: Preliminary calculations indicate that Pro-

jection Field Unit (PFU) modulation could induce a drift of order 10−18 sec-

onds per day in NV-based quantum clocks maintained at cryogenic temper-

atures (∼ 10mK) and shielded from environmental noise. This precision lies

near the projected sensitivity of next-generation atomic clock networks.

• Mid-Term Prospects (10–20 years):
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– Refined Gravitational Time Dilation Tests: Employing advanced quan-

tum sensors and distributed clock networks to probe for deviations from stan-

dard General Relativistic predictions at varying gravitational potentials.

– Laboratory Entropy Gradients: Directly testing the framework’s predic-

tion of entropy-induced time dilation by creating controlled entropy gradients

in quantum thermodynamic experiments and measuring associated temporal

shifts.

• Long-Term Goals (Beyond 20 years):

– Projection-Induced Gravitational Signatures: Deriving waveforms for

gravitational transients expected from black hole deprojection events, and as-

sessing their potential observability by LISA, the Einstein Telescope, or the

Cosmic Explorer. Such signals are expected to display spectral and polariza-

tion properties distinct from standard General Relativity.

– Cosmological Probes: Investigating early-universe consequences of the frame-

work, including distinctive imprints in the Cosmic Microwave Background

(CMB) anisotropies or deviations in large-scale structure formation. These

predictions may become accessible to next-generation cosmological surveys.

7.3 Connection to Established Physics

An essential task for the future development of the framework is to establish systematic

correspondences with existing theories and identify points of potential departure:

• Correspondence with General Relativity: Demonstrating explicitly how Ein-

stein’s field equations emerge in the classical limit, when quantum projection effects

are negligible or averaged out. This correspondence principle is crucial to ensure

continuity with the well-tested predictions of General Relativity.

• Black Hole Information Paradox: Within this framework, information is not

destroyed but compactly encoded in the dense quantum state of a black hole. The

proposed deprojection process allows this information to gradually re-emerge into

the observable spacetime, preserving unitarity. This mechanism offers a concrete

resolution pathway to the long-standing paradox.

• Unification of Quantum Mechanics and Gravity: The framework provides a

candidate mechanism for reconciling superposition, entanglement, and quantum

nonlocality with an emergent spacetime geometry, bridging the divide between

quantum mechanics and gravitation.
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• Implications for the Standard Model: The role of the projection field in

particle properties and interactions will be explored, with particular attention to

whether it influences fundamental constants, mass generation, or coupling hierar-

chies, thereby offering potential extensions to the Standard Model.

7.4 Quantum Information Theory Integration

Leveraging the formal tools of quantum information theory offers a precise and opera-

tional language for defining and quantifying the core processes of projection and emergent

time within the 4D Quantum Projection Framework. This approach allows for rig-

orous characterization of how quantum information, entropy, and decoherence govern the

dynamics of Projection Frame Units (PFUs). Key research directions include:

• Information-Theoretic Definition of Projection: Formally defining ”projec-

tion events” and decoherence using quantum information measures such as entan-

glement entropy, mutual information, and quantum fidelity. These metrics provide

a quantitative handle on PFU rates and local projection dynamics.

• Quantum Channel Modeling: Treating the interaction between quantum sys-

tems and the projection environment as quantum channels. This framework enables

a precise description of how channel properties determine the local decoherence rate

Γ and the transfer, preservation, or loss of information during projection.

• Thermodynamic-Informational Linkages: Investigating the relationship be-

tween entropy gradients, decoherence, and the thermodynamics of information.

This clarifies why local information processing directly modulates temporal flow

and PFU progression.

• Computational Universe Analogy: Conceptualizing the universe as a large-

scale quantum computation, where projection events represent fundamental com-

putational steps. This analogy provides a structured framework for modeling emer-

gent phenomena, the flow of time, and information propagation across scales.

Developing these avenues positions the 4D Quantum Projection Framework as a

fully operational and empirically testable theory, with time, decoherence, and spacetime

emergence grounded in measurable information-theoretic principles.

7.5 Connection to Established Physics

A critical objective of the 4D Quantum Projection Framework is to establish explicit

and testable connections with well-validated physical theories. This ensures the frame-
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work remains grounded in established physics while extending the explanatory reach of

quantum and relativistic models. Key directions include:

• Correspondence with General Relativity: Demonstrating that emergent space-

time dynamics derived from PFU-based projection reproduce classical General Rel-

ativity in the appropriate limit. This involves showing that the effective metric

tensor gµν , arising from local PFU durations and projection curvature, reduces

to the Einstein field equations when quantum projection effects are negligible or

averaged out.

• Resolution of the Black Hole Information Paradox: Within this framework,

information is not destroyed but encoded in the projection state of highly dense

quantum systems such as black holes. During black hole deprojection, infor-

mation gradually re-emerges into the classical spacetime manifold. Future work

will formalize the information-theoretic processes governing projection and depro-

jection, establishing conservation laws consistent with quantum mechanics.

• Bridging Quantum Mechanics and Gravity: The framework provides a uni-

fied approach in which quantum superposition, entanglement, and decoherence are

directly linked to emergent spacetime. By formalizing how PFU dynamics influ-

ence both quantum evolution and local curvature, it offers a concrete pathway to

reconcile quantum mechanics with gravitational phenomena.

• Implications for the Standard Model: Exploring whether the projection field

influences particle properties, interactions, or mass generation mechanisms. This

line of inquiry could yield novel insights into Standard Model parameters, force

unification, or potentially reveal connections between projection dynamics and yet-

undiscovered particles or interactions.

• Integration with Cosmology: Establishing connections with cosmological ob-

servables, such as structure formation, Cosmic Microwave Background (CMB) fluc-

tuations, and gravitational wave signatures. By embedding PFU and entropic dy-

namics into large-scale spacetime evolution, the framework may provide testable

predictions that extend beyond local laboratory experiments.

Through these avenues, the 4D Quantum Projection Framework situates itself

within the landscape of established physics, maintaining consistency with known laws

while providing new mechanisms for understanding the emergence of time, spacetime

geometry, and information flow.
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8 Conclusion

In this paper, we have developed a comprehensive theoretical framework in which time

is fundamentally reinterpreted as a dynamic rate of projection from a four-dimensional

quantum manifold onto the emergent three-dimensional classical world. This paradigm

introduces Projection Frame Units (PFUs) as the fundamental quanta of temporal evo-

lution, mathematically connected to decoherence rates and entropy gradients [1,36]. The

framework thus provides a physically grounded and quantitatively precise measure of

time, bridging microscopic quantum processes with macroscopic classical phenomena.

This approach addresses the persistent conceptual and technical challenges surrounding

the notion of time in quantum mechanics and general relativity [8,9]. By deriving tempo-

ral flow from the intrinsic quantum collapse dynamics of the 4D structure, the framework

offers a resolution to the “problem of time” in canonical quantum gravity, replacing static,

timeless wavefunctions with an operationally defined and observer-independent temporal

parameter [28]. Furthermore, it naturally incorporates relativistic effects such as grav-

itational time dilation and the freezing of time at null projection paths (e.g., photon

trajectories and black hole horizons) through the projection curvature tensor formal-

ism [35].

The physical implications span multiple domains:

• Cosmology: temporal flow emerges as an integrated evolution of projection rates.

• Black hole physics: horizon thermodynamics and information paradoxes are rein-

terpreted via deprojection events [31].

• Quantum phenomena: effects such as the quantum Zeno effect and entanglement

dynamics are manifestations of projection-rate modulation [17].

These insights suggest that temporal flow and causality themselves are emergent proper-

ties grounded in the geometry and dynamics of higher-dimensional quantum projection.

Experimentally, the framework predicts distinctive signatures, including gravitational

wave spike phenomena associated with black hole deprojection events and the potential

direct measurement of PFU fluctuations in highly controlled quantum systems [5]. These

testable predictions open avenues for empirical validation and may enable novel quantum

technologies exploiting projection-based time modulation.

Future research will focus on deepening the mathematical formalism to encompass non-

trivial spacetime topologies and interactions, developing numerical simulations of coupled

projection and decoherence dynamics, and designing experimental protocols to detect

PFU-related phenomena. These efforts are essential for establishing the 4D quantum
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projection hypothesis as a viable, fundamental theory of temporal emergence, with trans-

formative implications for quantum gravity, cosmology, and quantum information science.

Ultimately, reconceptualizing time as an emergent quantum projection rate not only

resolves longstanding paradoxes but also provides a unified theoretical framework inte-

grating quantum measurement, thermodynamics, and relativistic physics [33, 34]. This

work represents a significant step toward a deeper understanding of the fundamental

nature of reality.
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A Extended Derivations

This appendix presents detailed mathematical derivations underlying the theoretical

framework described in the main text, focusing on the geometric and quantum me-

chanical formalism of the 4D Quantum Projection Hypothesis. We systematically

develop the projection tensor formalism, analyze the dynamics of the wave function in

an extended spatial manifold, and formalize the emergence of decoherence and entropy

through dimensional reduction.

A.1 Projection Tensor Formalism and Induced Metric

We consider a 4-dimensional spatial manifold M4 with coordinates xµ, where µ =

1, 2, 3, 4. Physical three-dimensional space Σ3 is identified as a hypersurface embedded

at fixed x4 = τ . The higher-dimensional geometry is described by the metric

Gµν(x
α), (A.1)

which generalizes the usual 3D spatial metric gij(x
k), with i, j, k = 1, 2, 3.

Definition of the Projection Tensor. To consistently restrict vectors and tensors

fromM4 onto Σ3, we define the projection tensor

P µ
ν = δµν − nµnν , (A.2)

where nµ is the unit normal vector to Σ3. The normalization condition

Gµνn
µnν = ϵ, (A.3)

is imposed, with ϵ = +1 since the extra dimension is treated as spatial.

The operator P µ
ν satisfies P µ

νn
ν = 0, ensuring orthogonality to the hypersurface normal.

Induced Metric on the Hypersurface. The induced 3D metric is then obtained via

double projection:

gαβ = P µ
αP

ν
βGµν . (A.4)

This construction guarantees that

gαβn
β = 0, (A.5)

which confirms that gαβ acts only tangentially to Σ3.
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Physical Interpretation. Equation (A.4) formalizes the statement that all physical

observables in the emergent 3D space are projections of their higher-dimensional coun-

terparts. For instance, a 4D vector V µ decomposes as

V µ = (P µ
νV

ν) + (nµnνV
ν), (A.6)

where the first term represents the physically accessible component and the second cor-

responds to the hidden 4D degree of freedom.

Connection to Projection Curvature and PFU Formalism. In the main text, we

introduced the concept of Projection Frame Units (PFUs) as the elementary quanta of

time evolution. The rate of PFU progression is governed by the local decoherence rate

Γ(x, t). Within this appendix, the projection tensor framework allows us to reinterpret

Γ(x, t) as a contraction of curvature quantities associated with the embedding of Σ3 in

M4. In later subsections, we demonstrate explicitly how the dynamics of PFUs emerge

from the interplay between the projection operator P µ
ν , the extrinsic curvature of the

hypersurface, and entropy gradients in the full manifold.

Derivation of P µ
ν: Starting with any vector V µ ∈ TM4, we decompose it into com-

ponents parallel and orthogonal to the hypersurface Σ3. The orthogonal direction is

uniquely defined by the normal vector nµ, such that the orthogonal component is

V µ
∥ = (nνV

ν)nµ. (A.7)

Subtracting this from the full vector yields the projection onto the tangent space of Σ3:

V µ
⊥ = V µ − V µ

∥ = V µ − (nνV
ν)nµ. (A.8)

This motivates the definition of the projection tensor in Eq. (A.2), such that

V µ
⊥ = P µ

νV
ν , (A.9)

demonstrating that P µ
ν indeed removes the component of any vector along the normal

direction. By construction, the tensor satisfies

P µ
νn

ν = 0, (A.10)

ensuring strict orthogonality. Geometrically, this tensor defines the intrinsic structure of
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the 3D physical hypersurface within the extended 4D manifold.

A.2 Generalized Schrödinger Equation in Four Spatial Dimen-

sions

We now extend the quantum state space from ordinary three-dimensional space to the

full 4D manifoldM4. The wave function is defined as

Ψ = Ψ(xµ, t), µ = 1, 2, 3, 4, (A.11)

where t is treated as an external evolution parameter distinct from the spatial coordinates.

This formulation preserves compatibility with the standard Schrödinger picture while

allowing additional spatial degrees of freedom.

The generalized dynamics are governed by the four-dimensional Schrödinger equation,

iℏ
∂Ψ

∂t
= Ĥ4Ψ =

(
− ℏ2

2m
∇2

4 + V (xµ)

)
Ψ, (A.12)

where Ĥ4 is the Hamiltonian operator defined on M4. The Laplacian in four spatial

dimensions is written in general covariant form as

∇2
4 = Gµν∇µ∇ν , (A.13)

which, in a flat 4D background, reduces to

∇2
4 =

4∑
µ=1

∂2

∂(xµ)2
. (A.14)

In curved geometries, connection terms arising from the Levi-Civita connection associated

with Gµν must be included. The potential V (xµ) is promoted from the usual 3D potential

to a function defined over the extended 4D domain.

This equation directly generalizes the standard non-relativistic Schrödinger dynamics.

Restricting Ψ(xµ, t) to a hypersurface at fixed x4 = τ recovers the usual three-dimensional

dynamics with an effective Hamiltonian modified by the influence of the 4th spatial

dimension. Consequently, the apparent wave function in 3D arises as a projection of the

full 4D state, consistent with the projection formalism developed above.

Projection to 3D Subspace: Restricting the dynamics to the hypersurface Σ3 at

fixed x4 = τ , the effective 3D wave function is naturally defined as a slice of the full 4D
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state,

ψτ (x
i, t) := Ψ(xi, x4 = τ, t), i = 1, 2, 3. (A.15)

This object represents the physically accessible state on the 3D hypersurface. Because

the underlying state Ψ(xµ, t) extends continuously along the fourth spatial coordinate,

any measurement can be viewed as a restriction of the state to a specific value of x4.

In this picture, the apparent collapse of the wave function in three dimensions corre-

sponds to selecting a single hypersurface slice from the extended 4D configuration. Thus,

measurement-induced localization can be understood geometrically as projection along

the extra dimension.

A.3 Modeling Decoherence via Integration over the Fourth Di-

mension

If the fourth spatial coordinate is inaccessible to observation, the physically relevant

description is obtained by integrating over x4. This procedure corresponds to tracing out

the hidden degree of freedom, yielding an effective mixed state on the 3D hypersurface.

The reduced density matrix is defined as

ρ3D(x
i, x′i, t) =

∫ ∞

−∞
Ψ(xi, x4, t)Ψ∗(x′i, x4, t) dx4, (A.16)

where the integration is taken over the full domain of the fourth coordinate. Even if

the global state Ψ is pure in the extended 4D Hilbert space, the reduced density matrix

ρ3D is generically mixed, reflecting the loss of coherence associated with ignoring the

inaccessible dimension.

This construction provides a natural mechanism for decoherence: interference terms de-

pending on correlations along the fourth dimension vanish under integration, leaving

behind a statistical mixture on the 3D subspace.

To quantify this process, we introduce a phenomenological decoherence rate Γ, which

measures the effective leakage of coherence into the hidden dimension:

Γ = λ

∫ ∞

−∞
|Ψ(xi, x4, t)|2 dx4, (A.17)

where λ encodes interaction strengths or projection-coupling parameters. The expression

in Eq. (A.17) captures the intuition that the stronger the wave function’s support along

the extra coordinate, the more rapidly coherence in the observed 3D subspace decays.
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In the limit where Ψ is sharply localized in x4, the integral collapses to a narrow band,

and decoherence is suppressed, recovering standard unitary dynamics. Conversely, broad

extension along x4 enhances decoherence, providing a geometric basis for the emergence

of classicality.

A.4 Entropy Generation and the Thermodynamic Arrow of Time

From the reduced density matrix ρ3D, the effective entropy is quantified using the von

Neumann functional:

S = −kB Tr(ρ3D log ρ3D) , (A.18)

where kB is Boltzmann’s constant. This expression measures the information loss incurred

by tracing out the inaccessible coordinate x4. Even if the underlying state Ψ is pure in

the extended 4D Hilbert space, the reduced state ρ3D is generically mixed, so that S > 0.

The crucial insight is that entropy growth in three dimensions emerges from the geometric

act of dimensional reduction: tracing over the hidden spatial degree of freedom naturally

introduces irreversibility. This provides a microscopic, geometric foundation for the ther-

modynamic arrow of time. In particular, as system–environment correlations accumulate

along the extra dimension, the reduced state acquires increasing entropy, manifesting as

the unidirectional flow of time observed in 3D.

Formally, the entropy production rate can be expressed as

dS

dt
= −kB Tr(ρ̇3D log ρ3D) , (A.19)

with ρ̇3D determined by the integrated dynamics of Eq. (A.16). Whenever ρ̇3D is non-

unitary due to hidden-dimension tracing, entropy grows monotonically, recovering the

second law of thermodynamics as an emergent statistical statement.

Remarks:

• The formalism explicitly bridges geometric dimensionality with quantum measure-

ment theory, interpreting wave function collapse as a projection effect that produces

entropy in the observed subspace.

• The additional spatial coordinate x4 provides a natural explanation of superposi-

tion and entanglement as extended structures in 4D, whose 3D projections appear

probabilistic and irreversible.
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• This framework suggests that the thermodynamic arrow of time is not fundamental

but rather emergent from dimensional reduction. It connects microscopic quan-

tum dynamics to macroscopic irreversibility without assuming coarse-graining or

phenomenological reservoirs.

• Future work will focus on explicit solutions of the 4D Schrödinger equation (Eq. (A.12))

in representative potentials, computation of entropy growth under specific projec-

tion dynamics, and quantitative estimates of the coupling constant λ governing

decoherence in Eq. (A.17).

A.5 The Four-Dimensional Quantum Harmonic Oscillator and

Bound States

We now extend the free-particle formulation of Sec. A.12 by introducing a confining

potential in four spatial dimensions. Consider the isotropic harmonic oscillator defined

on R4 by

V (x) =
1

2
mω2

4∑
µ=1

(xµ)2, (A.20)

where x = (x1, x2, x3, x4), m is the particle mass, and ω the oscillator frequency.

The time-independent Schrödinger equation becomes

− ℏ2

2m
∇2

4Ψ(x) +
1

2
mω2|x|2Ψ(x) = EΨ(x), (A.21)

with ∇2
4 =

∑4
µ=1

∂2

∂(xµ)2
and |x|2 =

∑4
µ=1(x

µ)2.

Eigenfunctions and Energy Spectrum. Since the potential is separable in Cartesian

coordinates, the eigenfunctions factorize into products of 1D harmonic oscillator modes:

Ψn1n2n3n4(x) =
4∏

µ=1

ψnµ(x
µ), (A.22)

where ψn(x) are the normalized 1D oscillator eigenfunctions and nµ ∈ N0.

The energy eigenvalues are additive:

En1n2n3n4 = ℏω (n1 + n2 + n3 + n4 + 2) , (A.23)

where the zero-point term reflects the dimensionality: for a D-dimensional oscillator,

E0 =
D
2
ℏω. Here, D = 4, giving 2ℏω.

https://doi.org/10.33774/coe-2025-brblf-v2 ORCID: https://orcid.org/0009-0002-3862-6407 Content not peer-reviewed by Cambridge University Press. License: CC BY 4.0

https://doi.org/10.33774/coe-2025-brblf-v2
https://orcid.org/0009-0002-3862-6407
https://creativecommons.org/licenses/by/4.0/


Mazen Zaino Time as Projection Rate 60

Projection-Induced Modifications. In the 4D projection framework, the fourth-

dimensional degree of freedom interacts with the decoherence field characterized by the

local rate Γ(xµ). This introduces a small curvature correction to the 4D Laplacian,

effectively shifting the energy spectrum. The modified Hamiltonian takes the form

ĤΓ = Ĥ0 +
ℏ2

2m
κΓ(x

µ), (A.24)

where κΓ(x
µ) ≈ Γ2/c2 encodes projection curvature. To first order in perturbation theory,

the fractional energy shift is

∆En

En

≃ ⟨Ψn|κΓ|Ψn⟩
mω2⟨|x|2⟩

∼ Γ2

ω2c2
. (A.25)

For a weakly decohering environment (Γ ≪ ω), the shift is small but measurable in

ultra-coherent systems such as trapped ions or superconducting oscillators, where relative

precision below 10−12 is achievable.

The same modification influences tunneling probabilities through effective potential nar-

rowing in the projected 3D subspace. The ratio of tunneling rates between projected and

standard cases follows approximately

TPFU
T3D

≃ exp

[
−2

ℏ

∫ √
2m (V − E)

(
1− Γ2

2ω2c2

)
dx

]
, (A.26)

showing that higher projection curvature (larger Γ) effectively reduces barrier trans-

parency, an experimentally accessible observable in Josephson junctions or optical lattice

tunneling.

Projection to 3D Subspaces. Physical observables correspond to slices at fixed x4 =

τ . The effective 3D wave function is

ψ(n1n2n3)
τ (r) = Ψn1n2n3n4(r, τ) =

[
3∏

µ=1

ψnµ(x
µ)

]
ψn4(τ), (A.27)

with r = (x1, x2, x3). Thus, the 4th-dimensional quantum number n4 parametrizes am-

plitude modulation of the 3D slice. Experimentally, decoherence along the x4 direction

suppresses superpositions across different n4 sectors, yielding the appearance of standard

3D bound states.

These small but finite shifts in bound-state energies and tunneling probabilities consti-

tute direct observables for the projection framework and provide an experimental bridge

between microscopic coherence dynamics and the measurable quantum spectrum.
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A.6 Entanglement of Multiple Particles within the 4D Projec-

tion Framework

Consider two distinguishable particles with 4D coordinates x1,x2 ∈ R4, described by a

joint wave function Ψ(x1,x2). The state is entangled if

Ψ(x1,x2) ̸= ψ(x1)ϕ(x2). (A.28)

Projection to 3D. Fixing the extra-dimensional coordinates at x41 = τ1, x
4
2 = τ2 gives

the reduced 3D wave function

ψτ1τ2(r1, r2) = Ψ(r1, τ1; r2, τ2). (A.29)

Here, correlations in the hidden dimension control the degree of entanglement observed

in 3D. Decoherence along x4 localizes τ1, τ2, producing a standard 3D entangled state,

while delocalization across x4 enhances correlations beyond conventional predictions.

Example: Generalized Singlet State. A Bell singlet-like state in 4D can be written

as

Ψ(x1,x2) =
1√
2
[ψa(x1)ϕb(x2)− ψb(x1)ϕa(x2)] , (A.30)

with {ψa, ψb} and {ϕa, ϕb} orthonormal 4D modes. Projection introduces overlap integrals

in the hidden dimension:

Iαβ =

∫
ψ∗
α(x

4)ψβ(x
4) dx4, (A.31)

which determine coherence retention. Suppression of these overlaps under decoherence

weakens measurable entanglement in 3D.

Physical Interpretation. From this perspective, quantum nonlocality in 3D is rein-

terpreted as a projection artifact: it reflects correlations distributed across the full 4D

manifold, which become hidden when restricted to slices. The 4D projection framework

thus provides a geometric underpinning for the apparent nonlocality and contextuality of

quantum mechanics.

Summary:

• The isotropic 4D harmonic oscillator admits bound states with discrete spectrum

En1n2n3n4 .

• Observed 3D states correspond to fixed-τ slices modulated by the hidden quantum

number n4.
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• Two-particle entanglement naturally generalizes to 4D, with correlations along x4

governing the strength and visibility of entanglement in 3D.

• Decoherence in the extra dimension explains both the collapse of higher-dimensional

superpositions and the emergent appearance of nonlocal correlations.

do below

B Simulation and Modeling Details

B.1 PFU Field Simulation

To provide a concrete understanding of how Projection Frame Units (PFUs)manifest

dynamically, we simulate a PFU field across a given spacetime region. This simulation

models the local effective duration of PFUs (∆tPFU) as an inverse function of the local

decoherence rate Γ(x, t), which is itself modulated by entropy gradients and quantum-

geometric interactions as defined in Equation (A.19).

∆tPFU(x, t) ∝
1

Γ(x, t)
∝ |∇S(x, t)|−1 . (B.1)

This formulation allows us to visualize how PFU values vary across spacetime, offer-

ing a geometric and dynamical representation of temporal anomalies predicted by the

framework, such as time dilation, freezing, and localized accelerations of the projection

rate.

B.1.1 Simulation Methodology

For clarity, let us restrict to a 1D spatial domain x ∈ [0, L] with a discretized temporal

evolution t ∈ [0, T ]. The decoherence rate Γ(x, t) is parameterized as:

Γ(x, t) = A+B
∣∣∇xS(x, t)

∣∣+ C P(x, t), (B.2)

where:

• A is a baseline decoherence rate due to environmental noise or background fluctu-

ations.

• B is a coupling constant encoding the influence of entropy gradients on decoherence.
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• C is a coupling constant representing the contribution of the projection curvature

scalar P(x, t) (from Eq. (3.14)), which incorporates the geometric embedding of

the 3D hypersurface in the extended 4D structure.

The local PFU duration is then given by:

∆tPFU(x, t) =
k

Γ(x, t)
, (B.3)

where k is a scaling factor ensuring dimensional consistency with conventional time units.

B.1.2 Entropy Gradient Specification

The entropy gradient |∇xS(x, t)| is modeled as a dynamical field driven by local density

variations and projection effects. For simulation purposes, one can adopt simplified test

functions such as:

S(x, t) = S0 + α sin

(
2πx

L

)
exp

(
− t

τs

)
, (B.4)

where S0 is a background entropy level, α encodes the amplitude of entropy fluctua-

tions, and τs characterizes entropy relaxation. This provides both spatial and temporal

variability that drives Γ(x, t).

B.1.3 Numerical Scheme

The simulation is implemented by discretizing x into N grid points and t into M time

steps. At each step:

1. Compute ∇xS(x, t) via finite differences.

2. Evaluate Γ(x, t) using Eq. (B.2).

3. Update ∆tPFU(x, t) via Eq. (B.3).

Boundary conditions may be chosen as periodic (S(0, t) = S(L, t)) or reflecting (∇xS(0, t) =

∇xS(L, t) = 0), depending on the physical interpretation (closed loop vs. open system).

B.1.4 Interpretation of Results

The simulation produces a spatiotemporal map of ∆tPFU(x, t), from which the following

phenomena can be extracted:
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• Regions of Time Freezing: Points where Γ(x, t)→∞ imply ∆tPFU → 0, halting

the effective projection rate.

• Regions of Accelerated Time: Local minima of Γ(x, t) result in anomalously

long PFUs, corresponding to temporal acceleration.

• Curvature Effects: The contribution of P(x, t) distinguishes geometric distortions

of the projection process from purely thermodynamic entropy-driven decoherence.

Future Directions: Extending the simulation to 3 + 1D spacetime with realistic en-

tropy fields derived from quantum field dynamics and gravitational backgrounds will al-

low quantitative comparison with experimental timekeeping anomalies, including atomic

clock deviations and gravitational time dilation.

B.1.5 Illustrative Scenarios and Results

To highlight the physical implications of the PFU field model, we present three rep-

resentative scenarios that illustrate how entropy gradients and curvature effects shape

the effective projection dynamics. Each case can be numerically simulated within the

framework established in Eqs. (B.1)–(B.3).

1. Uniform Environment (Baseline Classical Regime).

Consider a spatial region with constant entropy (∇xS = 0) and negligible curvature

(P(x, t) ≈ 0). In this case, the decoherence rate reduces to

Γ(x, t) = A, (B.5)

where A is the baseline environmental term. This yields a uniform PFU duration,

∆tPFU(x, t) =
k

A
, (B.6)

constant across both space and time. This regime reproduces the familiar Newto-

nian notion of absolute time, with no observable anomalies.

2. Entropy Gradient (Thermalization Front).

Next, consider a spatial region where entropy increases dynamically, e.g., a quantum

system undergoing thermalization. In this case, the entropy gradient magnitude

grows as

|∇xS(x, t)| ̸= 0, (B.7)
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enhancing the decoherence rate Γ(x, t). From Eq. (B.3), the PFU duration shortens:

∆tPFU(x, t) ↓ as |∇xS| ↑ . (B.8)

Physically, regions of increasing entropy exhibit a faster effective passage of time.

Conversely, near coherent domains or low-entropy environments (e.g., near absolute

zero), Γ(x, t) is minimal and ∆tPFU lengthens, slowing time.

(a) Simulated PFU field ∆tPFU(x, t) under a propagating entropy gradient. The
surface illustrates faster time (lower PFU values) in regions of stronger entropy
variation.

Figure 1: Conceptual visualization of PFU field dynamics in the presence of a spatial entropy
gradient.

3. Curvature Effect Near a Massive Object.

In the vicinity of a massive body, the projection curvature scalar P(x, t) contributes
significantly to the decoherence rate. In this case,

Γ(x, t) = A+ C P(x, t), (B.9)

with P(x, t) > 0 and largest near the mass. As a result, the PFU duration decreases:

∆tPFU(x, t) ∼
k

A+ C P(x, t)
, (B.10)

which predicts gravitational time dilation as a natural outcome of the projection

framework.
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(a) Simulated entropy gradient magnitude |∇xS(x, t)| as a 3D surface plot. This
illustrates the underlying structure that drives variations in Γ(x, t) and consequently
shapes PFU dynamics.

Figure 2: Conceptual visualization of the entropy gradient field influencing PFU variations.
The addition of curvature terms P(x, t) reproduces gravitationally induced time dilation.

Summary of Results:

• In the absence of entropy gradients and curvature, PFUs are constant, reproducing

the classical limit of absolute time.

• Increasing entropy gradients shorten PFUs, leading to accelerated time flow in

disordered or decohering environments.

• Curvature effects near massive bodies shorten PFUs in accordance with gravita-

tional time dilation, embedding relativistic time effects into the projection frame-

work.

—

B.2 Lightlike Trajectories and Null Projection Paths

The concept of lightlike trajectories—where proper time effectively ceases to pass—is

central to both special and general relativity. Within the 4D Quantum Projection

Framework, this phenomenon acquires an emergent explanation through the behav-

ior of Projection Frame Units (PFUs). Specifically, for massless particles such as
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photons, the intrinsic coherence of their states implies instantaneous projection, leading

to the convergence of PFUs to zero duration. This yields a natural definition of Null

Projection Paths, serving as the projection-based analog of null geodesics in general

relativity.

B.2.1 Photon Decoherence and PFU Convergence

Recall that the emergent proper time increment dτ relates to the external coordinate

time dt by

dτ =
dt

Γ(x, t)
, (B.11)

where Γ(x, t) denotes the local decoherence rate. Correspondingly, the duration of a PFU

is

∆tPFU ∝
1

Γ(x, t)
. (B.12)

A central postulate of the framework is that for lightlike entities, the projection process is

instantaneous with respect to their intrinsic frame. Their quantum states do not decohere

internally, and from an external observer’s perspective this corresponds to an effectively

infinite decoherence rate:

For lightlike trajectories: Γ(x, t)→∞ =⇒ ∆tPFU(x, t)→ 0. (B.13)

Thus, PFUs collapse to zero duration along lightlike trajectories, reproducing the physical

condition that no proper time elapses for photons. These special projection paths are

identified as Null Projection Paths.

B.2.2 Simulation of PFU Convergence in Curved Space

To illustrate the behavior of PFUs near strong gravitational curvature, consider a photon

approaching a massive source. In this regime, the projection curvature scalar P(x, t)
dominates the local decoherence rate, which may be modeled as

Γ(r) = A+ C · P(r), (B.14)

where A is the baseline decoherence, C is the curvature coupling constant, and r denotes

radial distance from the source.

For concreteness, we adopt a simple divergent form,

P(r) = 1

(r − r0)n
, n > 0, (B.15)

https://doi.org/10.33774/coe-2025-brblf-v2 ORCID: https://orcid.org/0009-0002-3862-6407 Content not peer-reviewed by Cambridge University Press. License: CC BY 4.0

https://doi.org/10.33774/coe-2025-brblf-v2
https://orcid.org/0009-0002-3862-6407
https://creativecommons.org/licenses/by/4.0/


Mazen Zaino Time as Projection Rate 68

where r0 represents a critical radius, identified with the Schwarzschild horizon in the

simplest case.

The PFU duration then becomes

∆tPFU(r) =
k

Γ(r)
=

k

A+
C

(r − r0)n
. (B.16)

As r → r0, the curvature term diverges, Γ(r)→∞, and therefore

∆tPFU(r)→ 0, (B.17)

signaling the freezing of time progression for lightlike paths.

Figure 3: Simulated PFU duration ∆tPFU(r) along a radial trajectory toward a gravitational
source. The PFU duration remains nearly constant at large r but converges sharply to zero
near the critical radius r0, representing the freezing of proper time along null trajectories.

This convergence provides a quantum-projection-based interpretation of gravitational

time dilation and horizon effects. For external observers, an infinite number of PFUs are

projected into a finite coordinate interval as the horizon is approached, aligning with the

relativistic picture of infinite time dilation.

B.2.3 Parameter Dependence and Robustness

The convergence behavior can be further clarified by exploring variations in the coupling

parameters. Larger curvature coupling (C) or higher divergence power (n) accelerate

the decrease in ∆tPFU, showing that the freezing of time near horizons is robust but

quantitatively sensitive to local spacetime properties.
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(a) Comparison of PFU convergence for varying curvature coupling C and diver-
gence power n. Stronger coupling or sharper divergence leads to a more rapid
approach to ∆tPFU = 0.

(b) Corresponding divergence of Γ(r) for different parameter sets. As Γ diverges,
∆tPFU vanishes, reflecting the projection mechanism underlying null trajectories.

Figure 4: Simulations of PFU convergence and decoherence rate divergence near gravita-
tional horizons, illustrating parameter dependence and robustness of the projection-based time-
freezing mechanism.

Interpretation. In this formalism, null geodesics of general relativity are reinterpreted

as Null Projection Paths, along which PFUs vanish and proper time ceases. This pro-
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vides a microscopic, projection-based account of the timelessness of lightlike trajectories,

unifying quantum decoherence dynamics with relativistic causal structure.

—

B.3 Black Hole Deprojection and Gravitational Spikes

The 4D Quantum Projection Framework provides a novel reinterpretation of black

holes, not merely as classical spacetime singularities, but as regions characterized by

extreme projection density. In these domains, the projection curvature scalar P(x, t)
diverges, driving the local decoherence rate to infinity,

Γ(x, t)→∞ =⇒ ∆tPFU(x, t)→ 0, (B.18)

which corresponds to the effective freezing of time in the PFU description. Within this in-

terpretation, a black hole represents a regime where quantum information has undergone

complete projection into a maximally condensed, stable state.

B.3.1 Black Hole Deprojection (Projection Fading)

Analogous to black hole evaporation (e.g., Hawking radiation in semiclassical gravity),

the 4D framework permits the possibility of a deprojection process, whereby the ex-

treme projection density that defines a black hole gradually diminishes. We term this

process Projection Fading. As the mass of the black hole decreases due to quantum

or thermodynamic effects, the radius of dominant projection curvature recedes, and the

effective value of P(x, t) relaxes toward finite values:

P(r, t) ∼ 1

(r − r0(t))n
, n > 0, (B.19)

where r0(t) denotes the evolving critical radius associated with the projection horizon.

As r0(t) shrinks, regions that were previously dominated by ∆tPFU → 0 regain finite PFU

durations, allowing the re-emergence, or deprojection, of encoded information back into

emergent spacetime.

B.3.2 Projection-Induced Gravitational Spikes

The terminal stages of black hole deprojection, particularly near the Planck scale, are

expected to involve rapid and non-adiabatic changes in P(x, t). We hypothesize that the
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time-dependent variation of the projection curvature scalar,

δP(x, t) = ∂P(x, t)
∂t

, (B.20)

couples directly to fluctuations in the emergent metric gµν(x, t), producing transient

disturbances. These disturbances manifest as short-lived, high-intensity perturbations

of spacetime geometry, which we term gravitational spikes or projection-induced

gravitational pulses.

Unlike conventional gravitational waves generated by bulk motion of matter (e.g., bi-

nary mergers), these spikes are intrinsically quantum-projection phenomena. Their key

properties would be determined by:

1. Amplitude: proportional to the rate of change in projection curvature, δP(t).

2. Frequency spectrum: controlled by the timescale of deprojection, ranging from

short, high-frequency bursts (Planck-scale deprojection) to longer, lower-frequency

pulses (gradual fading).

3. Duration: directly linked to the PFU relaxation timescale, τPFU ∼ 1/Γ(t), which

lengthens as Γ falls from near-infinite values to finite ones.

Formally, one may express the effective perturbation to the metric as

hprojµν (t) ∝ α δP(t)Θ(t− tc), (B.21)

where α is a coupling constant encoding the strength of projection-metric interaction,

and Θ(t− tc) represents the onset of deprojection dynamics at a critical time tc.

This framework predicts that the final moments of black hole deprojection could produce

a distinct class of gravitational signals: ultra-short, sharp distortions in spacetime distin-

guishable from standard waveforms. Such signals, if detected, would serve as a signature

of projection physics underlying quantum gravity.

B.3.3 Conceptual Simulation and Comparison to Astrophysical Templates

To illustrate the qualitative nature of projection-induced gravitational spikes, we

employ a phenomenological model of their possible waveforms. Since the detailed deriva-

tion of such signals from first principles within the 4D Quantum Projection Framework

remains an open problem, this approach provides a conceptual visualization rather than

a rigorous astrophysical prediction.
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A natural starting point is to approximate the transient signal as a damped oscillation,

akin to the quasinormal-mode “ringdown” observed in general relativity following black

hole mergers. The waveform is modeled as:

h(t) = A · e−t/τ · cos(ωt+ ϕ), (B.22)

where:

• A is the initial amplitude, related to the energy release during deprojection,

• τ is the characteristic decay timescale of the pulse,

• ω is the characteristic angular frequency, reflecting the mass and geometry of the

deprojecting black hole,

• ϕ is an initial phase offset.

This phenomenological form allows us to construct qualitative analogues of gravitational

spikes expected from different deprojection scenarios. Figure 5 shows two illustrative

cases:

1. A short, high-frequency burst resembling signals detectable by ground-based inter-

ferometers such as LIGO, representing a rapid and violent deprojection event near

the Planck scale.

2. A longer, lower-frequency pulse resembling signals accessible to pulsar timing arrays

such as NANOGrav, corresponding to a more gradual or large-scale deprojection

process.
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(a) Conceptual “LIGO-like” projection-induced gravitational spike: a short, high-
frequency burst produced by a rapid deprojection event.

(b) Conceptual “NANOGrav-like” projection-induced gravitational spike: a longer,
lower-frequency pulse, potentially produced by a slower or large-scale deprojection
process.

Figure 5: Conceptual simulations of projection-induced gravitational spikes from black hole
deprojection. These visualizations highlight the qualitative diversity of potential waveforms,
ranging from rapid bursts to extended pulses.

It is important to emphasize that while the above signals bear superficial resemblance to

templates used in current gravitational wave astronomy, their underlying origin is dis-

tinct. Standard astrophysical templates are derived from general relativity and describe

classical processes such as binary black hole or neutron star mergers. By contrast, the

waveforms shown here are intended to represent energy release from projection fad-

ing, a fundamentally quantum-projection process. Future work must focus on deriving

Equation (B.22) and its generalizations directly from the principles of the 4D Quantum

Projection Framework, and on identifying unique observational signatures that dis-

tinguish projection-induced gravitational spikes from conventional astrophysical sources.

—
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B.4 Quantum Clock under PFU Modulation

The concept of a quantum clock, embodied, for example, by highly stable atomic transi-

tions, interferometric oscillators, or oscillating quantum states, represents the most pre-

cise operational definition of time in modern physics. In the 4D Quantum Projection

Framework, however, the evolution of such a clock is tied not to an absolute coordinate

time t, but to the emergent proper time dτ determined by the local rate of Projection

Frame Unit (PFU) generation and decay. The defining relation

dτ =
dt

Γ(x, t)
(B.23)

introduces a mechanism whereby the environmental context—specifically, the local deco-

herence rate Γ(x, t)—directly modulates the clock’s unitary evolution. This implies that

the “ticking” of a quantum clock may deviate from classical predictions whenever Γ(x, t)

departs from its standard baseline value.

B.4.1 PFU-Governed Time for Quantum Systems

Consider a “highly coherent zone” (HCZ), defined as a region where the system is

exceptionally well isolated from environmental decoherence, such as cryogenic environ-

ments, deep shielding from external fields, or intrinsically robust quantum states (e.g.,

superconducting qubits, optical lattice clocks). Within such a zone, the effective deco-

herence rate Γ(x, t) is suppressed relative to a normalized baseline Γ0 = 1.

If Γ(x, t) < 1, then from Eq. (B.23),

dτ =
dt

Γ(x, t)
> dt, (B.24)

so that the proper time experienced by the system progresses faster than the external

coordinate time. A quantum clock located in such a region would therefore accumulate

phase more rapidly than an identical reference clock evolving under Γ = 1. This consti-

tutes a fundamental divergence from classical unitary evolution, which assumes Γ to be

unity or a constant scaling factor.

B.4.2 Modeling a Quantum Clock’s Evolution

To formalize this, consider a simple quantum phase oscillator with intrinsic angular fre-

quency ω. In classical unitary evolution, the state evolves under the operator

U(t) = e−iHt/ℏ, ϕ(t) = ωt, (B.25)
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where ϕ(t) is the accumulated phase.

Under PFU modulation, the accumulated phase depends on the emergent proper time

τ(t):

ϕPFU(t) = ω · τ(t), (B.26)

with

τ(t) =

∫ t

0

dt′

Γ(t′)
. (B.27)

The divergence from classical behavior arises from variations in Γ(t) due to environmental

conditions.

For example, suppose Γ(t) switches between two regimes:

Γ(t) =

1, t /∈ [t1, t2]

ΓH < 1, t ∈ [t1, t2]
(B.28)

representing entry into a highly coherent zone during the interval [t1, t2]. In this case, the

accumulated phase after time t2 is

ϕPFU(t2) = ω

(
(t1 − 0) +

t2 − t1
ΓH

)
, (B.29)

while the classical clock yields ϕ(t2) = ωt2. The difference,

∆ϕ = ϕPFU(t2)− ϕ(t2) = ω

(
t2 − t1
ΓH

− (t2 − t1)
)
, (B.30)

quantifies the measurable divergence due to PFU modulation.

B.4.3 Simulation and Divergence from Classical Evolution

To visualize this effect, we simulate two identical quantum clocks:

• Reference clock: evolves under Γ = 1 (classical assumption).

• PFU-modulated clock: evolves under time-varying Γ(t), including a drop to

ΓH < 1 during the coherent interval.
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(a) Phase evolution of a quantum clock: classical unitary progression (Blue) vs.
PFU-modulated progression (Red). Within the “Highly Coherent Zone”, the PFU-
modulated clock accumulates phase more rapidly, leading to a divergence ∆ϕ.

(b) Time-varying decoherence rate Γ(t). The “Highly Coherent Zone” corresponds
to a temporary drop in Γ, modulating the effective progression of proper time τ(t).

Figure 6: Simulated behavior of a quantum clock under PFU-governed time. A clear divergence
from classical evolution emerges within the highly coherent zone.

As shown in Figure 6a, the PFU-modulated clock gets ahead of its classical counter-

part during the coherent interval, reflecting the accelerated passage of emergent proper

time. The corresponding Γ(t) profile (Figure 6b) highlights the direct dependence of this

divergence on environmental decoherence suppression.

B.4.4 Experimental Implications

This framework suggests that under sufficiently controlled laboratory conditions, mea-

surable deviations could be observed in comparisons between:

1. Standard optical lattice or atomic clocks operating in typical environments, and

2. Identical clocks placed in engineered low-decoherence zones (e.g., cryogenic ion

traps, ultra-shielded vacuum chambers).
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Any systematic and reproducible divergence from standard unitary predictions would

provide strong empirical evidence for the projection-based interpretation of emergent

time. Future work should refine the mapping between Γ(t) and realistic decoherence

channels, quantify expected magnitudes of ∆ϕ, and develop experimental protocols to

distinguish PFU effects from relativistic corrections or standard noise sources.

—

B.5 Projected Curvature Field Tensor

At the very heart of the 4D Quantum Projection Framework lies the Projected

Curvature Field Tensor, denoted as Pµνρσ(x, t). This object is not merely a math-

ematical abstraction; it encodes the intrinsic stress and strain of emergent spacetime,

arising directly from the ubiquitous process of quantum projection. Conceptually, Pµνρσ

plays a role analogous to the Riemann curvature tensor Rµνρσ in General Relativity, yet

its physical origin is distinct: it quantifies the local density and orientation of quantum

projection events across spacetime. From this tensor, one can extract scalar and vectorial

invariants, the simplest of which is the scalar projection curvature P(x, t), previously
introduced as a localized invariant reflecting the intensity of projection activity.

B.5.1 Defining the Quantum Warp: Influence on Local Time Rates

The magnitude and structure of Pµνρσ directly govern the local decoherence rate Γ(x, t)

and, consequently, the duration of Projection Frame Units (∆tPFU). This relation-

ship can be formalized by introducing a contraction of Pµνρσ:

Γ(x, t) ∝
√
Pµνρσ(x, t)Pµνρσ(x, t), (B.31)

which ties the effective rate of projection events to the local invariant strength of the

projected curvature tensor. Regions with intense projected curvature (large tensor norm)

correspond to elevated decoherence rates Γ(x, t), which in turn drive the PFU duration

toward zero:

∆tPFU(x, t) =
dt

Γ(x, t)
→ 0 as Γ(x, t)→∞. (B.32)

This provides a natural, quantum-projection-based explanation for gravitational time

dilation and for the apparent freezing of time in the vicinity of horizons or strongly curved

regions. Unlike General Relativity, where curvature emerges from energy-momentum

content via Einstein’s field equations, here the effective rate of time emerges from the

microscopic statistics of projection events.
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B.5.2 Visualizing the Flow of Time: PFU Gradients

Beyond the magnitude of Γ(x, t), the spatial variation of ∆tPFU(x, t) defines PFU gra-

dients, expressed as:

∇i∆tPFU(x, t) = −
1

Γ(x, t)2
∇iΓ(x, t), (B.33)

where i denotes spatial components. These gradients quantify the direction and steep-

ness of change in the local PFU duration, effectively mapping the currents of emergent

time. Steep PFU gradients correspond to sharp transitions in temporal experience, while

shallow gradients correspond to near-uniform time flow.

To illustrate this phenomenon, we simulate a 2D spatial slice featuring a concentrated

“source” of projected curvature, analogous to a massive body in General Relativity but

here representing a localized concentration of projection intensity. The local PFU dura-

tion is computed across this region, and its gradient is visualized as a vector field.
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Figure 7: Depiction of the PFU Gradient Vector Field ∇∆tPFU(x, t). Each arrow encodes
a local PFU gradient: the orientation indicates the direction of the steepest increase in PFU
duration (where time effectively accelerates), while the arrow color encodes the magnitude of this
gradient. The central red region marks a localized source of intense projected curvature, where
∆tPFU → 0 and time is effectively frozen. Outward-pointing arrows indicate that emergent time
“speeds up” with increasing distance from this source.

As illustrated in Figure 7, PFU gradients form a coherent structure: arrows consistently

emanate outward from the high-curvature source, representing steep increases in PFU

duration. This captures the intuitive notion that emergent time flows more rapidly as

one moves away from regions of maximal projection activity. The magnitude of the

gradient, encoded in the color intensity, pinpoints locations where temporal progression

is most non-uniform.

Thus, the Projected Curvature Field Tensor provides not only the mathematical under-

pinning of the framework but also a predictive handle on observable deviations in the flow

of time, distinguishing the 4D Quantum Projection Framework from standard relativistic

curvature and offering novel empirical avenues for testing.
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C Glossary of Symbols

This appendix presents a categorized glossary of the principal symbols used throughout

this work. Each entry provides a concise definition and contextual description relevant

to the 4D Quantum Projection Hypothesis and the Entropion field framework.

C.1 Time, Projection, and PFU Parameters

Symbol Description

∆tPFU Local PFU duration; fundamental discrete time interval for

3D projection of a 4D quantum state.

r Projection rate; inverse of ∆tPFU.

r0 Reference projection rate used as a normalization constant.

Γ(x, t) Local decoherence rate induced by tracing out hidden dimen-

sions.

ΓH Decoherence rate in highly coherent regions (slow entropy

growth).

ΓL Decoherence rate in low-coherence regions (rapid entropy

growth).

dτ Emergent proper time accumulated through sequential PFUs.

dt External coordinate time parameter.

∇∆tPFU Gradient of PFU duration, indicating the direction and mag-

nitude of local projection-rate variation.

P(x, t) Projection curvature scalar; invariant derived from the Pro-

jected Curvature Field Tensor, quantifying curvature induced

by 4D-to-3D projection.

C.2 Entropy and Thermodynamic Quantities

Symbol Description

S(x, t) von Neumann entropy of the reduced 3D density matrix ρ3D.
dS
dt

Rate of entropy production from non-unitary reduced dynam-

ics.

ϕ(x, t) Entropion scalar field mediating entropy exchange and tem-

poral asymmetry across the hidden dimension.
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C.3 Geometry and Curvature Tensors

Symbol Description

RP
µνρσ Projected Curvature Field Tensor representing local geomet-

ric distortions generated by projection processes.

κc Curvature–entropy coupling constant linking projection cur-

vature to entropy gradients.

C.4 Quantum Dynamics and Operators

Symbol Description

Ψ(xµ, x4, t) Full 4D wave function in extended Hilbert space including the

hidden spatial coordinate.

ρ3D Reduced 3D density matrix obtained by tracing out the hid-

den dimension.

H Effective Hamiltonian governing reduced 3D dynamics.

ℏ Reduced Planck constant.

U(t) Unitary evolution operator describing closed-system quantum

dynamics.

C.5 Quantum Clocks and Phase Variables

Symbol Description

ωclock Proper frequency of an idealized quantum clock.

δω(t) Projection-induced frequency shift arising from hidden-

dimension coupling.

ϕ(t) Quantum phase of a clock oscillator or wave state.

C.6 Gravitational Spikes and Simulation Parameters

Symbol Description

h(t) Gravitational spike waveform used in conceptual simulations.
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Aspike Amplitude of the spike waveform.

ωspike Angular frequency of the oscillatory component of the spike.

ϕspike Initial phase of spike oscillation.

τdecay Characteristic decay time of spike amplitude.

V (t) External potential applied in simulation tests of projection-

induced decoherence.

C.7 Fundamental Constants

Symbol Description

c Speed of light in vacuum.

kB Boltzmann constant.
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