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Abstract

This paper introduces a novel reformulation of the Dirac delta function, grounded
in the framework of textured continua indexed by infinitesimals ¢; and cardinalities N;.
Building upon scale-layered interpretations of temporal resolution, we propose a fam-
ily of 4, (t) distributions as resolution-specific regularizations, each encoding localized
behavior at an ¢; scale. These textures offer a bridge between classical distribution
theory and quantum gravity formalisms, facilitating their inclusion in Feynman path
integrals, modular Hamiltonian flows, and error correction protocols. The model is
extended to phenomena in neurocognition, including near-death experiences and child
temporal perception, offering a cross-disciplinary link between scale-compressed mem-
ory and mathematical infinitesimals. Visual comparisons are drawn with Everett’s
many-worlds interpretation, gauge-theoretic slicing, and decoherence functionals. Ap-
plications are also explored in quantum communication, cosmology, and entanglement
transmission across gravitational boundaries. The layered €; approach enables a strat-
ified quantum information flow and opens new directions in textured holography and
time-dependent reconstruction.

1 Introduction

Time, in its most intimate and profound expressions, is not merely a linear parameter but
a textured, layered, and psychologically rich continuum. This paper attempts to unify four
seemingly diverse investigations under a single conceptual umbrella:

1. Textures of Continuum: A formal structure in which a point in time ¢, is not atomic
but composed of a hierarchy of infinitesimal scales ¢;, each related to Cantor’s alephs
N;.



2. Near-Death Experience (NDE): The commonly reported phenomenon of expe-
riencing one’s entire life “in a flash” is explored as a traversal or collapse into deep
€;-layers within a single structured moment.

3. Texture of Time: A philosophical and phenomenological inquiry into how humans
perceive, structure, and distort time cognitively and emotionally across lifespan devel-
opment.

4. Sweet Child in Time: An artistic resonance—interpreting Deep Purple’s song as a
poetic blueprint of temporal development, trauma, and recursive awareness.

The sections that follow develop these motifs using interdisciplinary tools from mathe-
matics, physics, cognitive science, and music-poetic analysis.

2 Reformulating the Dirac Delta Function in the Tex-
tures of Continuum Framework

The Dirac delta function §(x) has long served as a fundamental tool in mathematical physics,
acting as an idealized representation of a point mass, a point charge, or an instantaneous
impulse in space or time. In its classical form, the delta function is defined through its action
on test functions and its normalization property:

/ " 5(a — x0) f(x) di = f(xo), 0
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with the additional properties that §(z) =0 for x # 0 and [°_d(x)dzx = 1.

However, the traditional Dirac delta function presupposes that spacetime is fundamen-
tally point-like and unstructured at infinitesimal scales. This assumption becomes problem-
atic when one considers phenomenological accounts of temporality, such as the near-death
experience (NDE), or advanced mathematical frameworks like the textures of continuum. In
the latter, a point in time ¢y is not a monadic entity, but instead is structured into a hier-
archical series of infinitesimals, denoted ¢;, each associated with a corresponding transfinite
cardinal N,. This refined structure necessitates a reformulation of the delta function that
can accommodate the internal texture of spacetime points.

We therefore define a sequence of textured delta approximations o, (z) corresponding to

each scale ¢; as follows: .
661‘ ([L’) = E_X[_€i/27€i/2] (ZL’), (2)

where X[, /2,¢,/21 (%) is the characteristic function on the interval [—¢;/2, ¢;/2]. Each 6, () is
localized in an increasingly narrow neighborhood around x = 0, thereby approximating the
classical delta function in the limit:

d(z) = lim J,(x). (3)
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Yet, in contrast to classical convergence, each layer ¢; carries meaningful structure, al-
lowing us to consider the delta function as a textured summation over infinitesimal scales:

01t () = Z wi()de, (x), (4)

where the weights w;(z) may encode modulation or phase information specific to each ¢;
layer. This formulation views 0(z) not as a singular spike but as a hierarchy of embedded
impulses, each resolving finer structure within the continuum.

The philosophical implications of this textured formulation become particularly vivid in
the context of near-death experiences. Subjects commonly report perceiving their entire life
“in a flash,” suggesting a temporal collapse into a single instant that paradoxically encodes
vast experiential content. This phenomenology is naturally interpreted in the textures-of-
continuum framework as an effective traversal across deep ¢;-layers. In this context, one may
define a “memory collapse delta” as:

st —tg) = i M;(t)6,(t — to), (5)

where M;(t) represents memory coefficients or intensity of recollection at scale ¢;. The ex-
pression in Equation (10) treats the life-flash as a scale-dependent concentration of memory,
converging on the point ;.

A similar line of reasoning appears in the work of Prigogine and Stengers [?], who em-
phasized the role of irreversible processes and intrinsic time scales in dissipative systems.
Moreover, the textured view of the delta function bears similarity to the wavelet formulation
of singularities discussed in Mallat’s theory of multiresolution analysis [?]. The introduction
of hierarchical scales in the analysis of distributions also draws from the ideas in Colombeau’s
generalized function theory [1].

In physics, the interpretation of particles as excitations over layered fields finds resonance
in quantum field theory’s treatment of localized wave packets rather than point particles.
The -based delta function thus offers a mathematical gateway between classical field local-
ization and deeper phenomenological experiences of time and memory. This structure is
also suggestive of the holographic principle, where information is distributed across multiple
layers of encoding, as suggested by Susskind and others [2].

In conclusion, the reformulation of the Dirac delta function within the textures of contin-
uum framework provides not only a mathematically enriched understanding of localization
but also a phenomenological bridge to models of consciousness, memory, and subjective time
compression. The standard delta is thereby reinterpreted not as a singularity but as a limit
of an infinitely textured temporal probe.
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Figure 1: A sequence of approximations d.,(x) with decreasing ¢;, illustrating convergence
to the classical Dirac delta function as ¢; — 0. Each layer reflects a resolution level in the
textures of continuum.

3 Cardinal Hierarchy and the Textural Formulation of
the Dirac Delta Function

In the classical theory of distributions, the Dirac delta function §(¢) is defined by its action
as a linear functional on a space of smooth test functions and is often heuristically described
as a spike of infinite height and zero width centered at ¢t = 0, satisfying the identity

o0
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This classical formulation, while analytically robust in the theory of Schwartz distributions
and tempered spaces, assumes a continuum without internal structure. It is a singular
idealization applied on an otherwise smooth manifold, devoid of infinitesimal layering or
texture.

However, in the textures of continuum framework, each point ¢y is not merely an isolated
real number but is itself structured via a hierarchy of infinitesimals ¢;, each corresponding
to a cardinality ;. These scales obey the well-known cardinality relation from set theory:

2Ni — Ni—l—l; (7)

as established in Cantor’s theory of transfinite numbers [?]. This relationship serves as
the foundational bridge between each scale ¢; = 1/R; and the next finer scale €;,1, with
exponentially larger information density.



Based on this hierarchy, we propose a textural formulation of the Dirac delta function as a
layered construct. For each scale ¢;, define a texture-delta d, (t), supported in a neighborhood
of width ¢; around ¢t = 0. Unlike classical mollifier-based approximations, these functions are
not simply converging to a limit but are intrinsic components of the complete delta structure.
The full textured Dirac delta can thus be expressed as:

s =Y [ ) surte) i ®)

where J, (t) is a band-limited delta localized at resolution 7 < ¢;, and p;(7) denotes a
texture density encoding the distribution of microstructure within the ¢; scale. Each term
in this expansion captures a band of scale-dependent dynamics or temporal sensitivity.

To express how these layers are hierarchically related, one may invoke an internal coupling
among the scales, defined recursively as:

5€i+1 (t) = /Oei Ki+1(7_7 t) 56¢,T(t) dTv (9)

where K;11(7,1) is a kernel encoding the transformation between textures at adjacent cardi-
nal levels. Equation (9) allows for the coherent nesting of structure across transfinite scales,
yielding a delta function not as a singular point but as a woven object of infinitesimal depth.

This representation aligns with multiresolution signal analysis, particularly wavelet the-
ory, in which a function is decomposed into components at various scales. Mallat’s formula-
tion of wavelet decomposition utilizes scale-localized functions to extract features [?], much
like o, (t) acts to extract infinitesimal-scale behavior in the present theory. The convolu-
tional structure implied in Equation (9) mirrors the refinement relation between adjacent
scale spaces.

Moreover, this formulation finds resonance in the work of Colombeau, who constructed an
algebra of generalized functions capable of representing singularities with internal structure
[?7]. The o, (t) here can be seen as similar in spirit, though explicitly layered by transfinite
cardinality rather than smooth regularization.

Philosophically, such a textured delta aligns with the phenomenology of temporal ex-
periences reported in altered states of consciousness. In particular, individuals undergoing
near-death experiences often report a compressed life review—an entire temporal sequence
experienced instantaneously. This can be formally represented as:

S (t —ty) = i M;(t) 8, (t — to), (10)

where M;(t) represents memory intensities or cognitive weighting at each resolution layer ;.
Such a model allows the apparent paradox of seeing “one’s whole life in an instant” to be
captured mathematically as the excitation of structured -layers within a point of time.
From the standpoint of fundamental physics, the layered delta bears resemblance to
holographic encoding as discussed by Susskind and others [2], in which spatial or temporal
information is projected and compressed across surfaces of differing resolution. The -layered



delta may be regarded as a one-dimensional analogue of such holographic layering, appro-
priate for representing temporally compressed or fractally encoded events.

In total, the use of transfinite cardinality and texture functions o, (t) to reformulate
the Dirac delta brings together ideas from set theory, signal analysis, distribution theory,
and consciousness studies. It opens a route to reconciling formal singular objects with rich
internal temporal structure, and suggests that the mathematical objects used in theoretical
physics might themselves require enrichment when applied to the phenomenology of human
time.

4 Incorporating Textural Dirac Functions into Feyn-
man’s Path Integral Formalism

The Feynman path integral formalism offers a foundational perspective on quantum mechan-
ics, in which the evolution of a system is represented as a sum over all possible trajectories
between two spacetime points. In its conventional form, the transition amplitude between
an initial state (x;,t;) and a final state (zy,tr) is expressed as:

(ertlt) = [ Dlatoexp (G1001). (1)

where D[z(t)] is a measure over paths, and S[z(t)] is the classical action functional defined
by:

Sta() = [ L), a(0) (12)

with L denoting the system’s Lagrangian.

This formulation treats time as a continuum of atomic, unstructured points. However,
recent developments in phenomenology and mathematical physics motivate a more nuanced
view of temporal instants. In particular, the concept of textural time, modeled through a
hierarchy of infinitesimal structures indexed by ¢;, each associated with a transfinite cardi-
nality N;, suggests that temporal points may carry internal structure. The cardinal relation
2% = N, ;, first explwhich we elaborate in subsequent sections.

In the textural framework, each point ¢ on the time axis is associated with a layered series
of scales ¢;, and we define a scale-sensitive delta function J, (¢) that reflects the resolution at
that level. As introduced in earlier sections, the textural delta replaces the idealized Dirac
spike with a structured sum over scales:

glexture (4) — Z /Oq pi(T) d¢, (1) dr, (13)

where p;(7) encodes the density or intensity of the textural component at resolution 7.

To incorporate this enriched representation into the Feynman path integral, we replace
the pointwise evaluation of z(t) in the action functional by a convolution with the textural
delta. That is, the value z(t) is smeared over its ¢;-layer neighborhood:

2(t) > / (¢ + 7)., (7) dr. (14)
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The action functional now becomes:

Sla(t)] = /t tf [ / Lt + 1), 8 (t+ 7). () dT} dt. (15)

€

This layered action reflects the structure of time as a composite of infinitesimal neighbor-
hoods. The modified path integral formulation is therefore:

(gt s, 1) :/D[x(t)] exp {% /t;f /_ZL(:c(t+r),:i:(t+r))5ei(7) drdt} (16)

The formalism in Equation (16) introduces scale-sensitive nonlocality into the temporal
structure of quantum mechanics. Such modifications find resonance in approaches involving
nonlocal kernels in quantum gravity and string theory, where similar integrals over extended
support are employed to describe quantum fluctuations of spacetime itself [3]. Addition-
ally, fractional path integrals introduced by Laskin employ non-integer order derivatives to
capture anomalous diffuwhich we elaborate in subsequent sections.

In the framework of quantum cosmology and the decoherent histories approach, Hartle
and Gell-Mann have argued for an interpretation of quantum mechanics in terms of histories
rather than instantaneous states. Their work allows for extended structures in time, and
thus provides conceptual grounding for a textured time evolution model [5]. Similarly, the
memory-retaining nature of NDEs and temporal compression phenomena can be encoded
through memory kernels M;(¢) integrated at the capturing compressed episodic recall across
€; layers.

By integrating a hierarchy of texture deltas into the quantum action, this model enables
one to mathematically formulate both internal temporal structure and dynamic memory
resolution. The traditional path integral becomes a special case in the limit as all ¢; — 0. In
this broader formulation, the space of paths is no longer composed of smooth functions alone,
but of functions evaluated across layered structures at each moment. This richer model may
provide novel insights into the quantum-which we elaborate in subsequent sections.



Evaluation of a Quantum Path through Textured Time Layers
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Figure 2: Evaluation of a quantum path z(¢) through layered temporal textures. Each

circular shell at selected timepoints indicates a hierarchy of infinitesimal resolutions ¢; used
in textured Dirac formulations.

Evaluation of Quantum Path x(t) through ¢;-Layered Time Structure
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Figure 3: Quantum path z(¢) evaluated through layered temporal textures. Each ¢; repre-

sents a cardinal-resolution scale corresponding to infinitesimal temporal structure within the
texture of continuum.



5 Comparison with Decoherence Functional and Sum-
Over-Histories Approaches

The textured reformulation of the Dirac delta function, and its incorporation into Feynman’s
path integral formalism, provides a fertile ground for comparison with alternative frameworks
in quantum theory that emphasize histories, information propagation, and temporal gran-
ularity. In particular, the decoherence functional formalism developed by Gell-Mann and
Hartle, and the sum-over-histories interpretation of quantum mechanics, offer structurally
compatible paradigms where a richer notion of temporaliwhich we elaborate in subsequent
sections.

In the decoherent histories framework, the basic objects are coarse-grained histories {C, },
where each history corresponds to a sequence of projection operators applied at different
times. The decoherence functional D(«, 5) quantifies the interference between different his-
tories:

D(a, ) = Tr (CapC'g> , (17)

where p is the initial density matrix of the system. Histories decohere when D(a, ) ~ 0
for a # 3, thereby allowing for the assignment of classical probabilities. Importantly, the
decoherence condition depends sensitively on the resolution of coarse-graining and the choice
of time slices at which measurements are considered [6].

The -layered delta formulation aligns with this perspective by embedding resolution di-
rectly into the temporal structure itself. Rather than treating time as a fixed slicing pa-
rameter, the textured model interprets each moment as comprising a hierarchy of internal
structures. This reinterpretation introduces a form of endogenous coarse-graining within
the microgeometry of time. As such, the overlap between histories may become resolution-
dependent, mirroring the effect of varying the grain-size in which we elaborate in subsequent
sections.

In the sum-over-histories view, Feynman’s original formulation is retained, but inter-
preted ontologically: quantum systems are said to follow all possible histories in superpo-
sition, with amplitudes governed by the classical action. This framework, when extended
to include spacetime topology fluctuations or causal sets, naturally accommodates richer
structures in the continuum [7]. The textural model furthers this trend by positing that
even infinitesimal intervals are composed of scalewhich we elaborate in subsequent sections.

Additionally, the structured time model introduced by the -deltas facilitates a continuous
encoding of temporal memory. This is particularly relevant for theories attempting to explain
phenomena such as the arrow of time, irreversibility, or temporal entanglement [8]. In
the decoherence functional formalism, these effects are often postulated through specific
boundary conditions or environment-induced superselection. In contrast, the textured path
integral incorporates such effects iwhich we elaborate in subsequent sections.

In both frameworks, histories are not evaluated merely at points, but along paths that
carry additional internal information. For decoherence functionals, this information arises
from environmental correlations. For sum-over-histories, it stems from topological or metric
features of spacetime. In the textural Dirac model, the internal complexity arises from
cardinal-layered infinitesimal textures, which may be viewed as embedding a cognitive or



phenomenological dimension into quantum amplitudes.

This suggests a converging insight: that quantum mechanics, in its histories-based formu-
lations, is incomplete unless the temporal backbone of events is endowed with microstructure.
The ¢;-based structure supplies a systematic and mathematically grounded means of defining
this microstructure. It remains to be studied how such a model might be empirically tested
or how it could influence quantum gravity approaches that rely on path summation, such as
spin foams or causal dynamical triangulations.

6 Comparison of the Textures Approach with Everett’s
Many Worlds Interpretation

The Everett or Many Worlds Interpretation (MWI) of quantum mechanics proposes a radical
view of quantum phenomena in which all possible outcomes of quantum measurements are
realized in a branching multiverse. Originating from Hugh Everett I1I’s seminal 1957 thesis,
MWT avoids the collapse postulate by treating the wavefunction as a complete and universal
description of reality, evolving deterministically according to the Schrodinger equation. In
contrast, the textures approach reformulates time itself to express quantum localization at
multiple infinitesimal scales.

In MWI, the universal wavefunction evolves unitarily, and each measurement induces
a branching into orthogonal components of the Hilbert space, corresponding to different
possible outcomes. This branching is often understood metaphorically as a splitting of
universes. The act of observation does not collapse the wavefunction; instead, it leads to
the observer becoming entangled with the observed system in a superposed state across
branches. Decoherence plays a crucial role by dynamically selecting a pwhich we elaborate
in subsequent sections.

By contrast, the textures approach posits that even a single classical timepoint contains
internal infinitesimal structure, indexed by ¢; and organized according to a transfinite car-
dinality hierarchy N;. In this formulation, the Dirac delta function, central to classical and
quantum fields, is replaced by a structured sum over ¢;-dependent layers:

5texture(t) — Z /qu pl<7'> 56i,7'(t) dr. (18>

Each 4., ,(t) encodes localized contributions at scale ¢;, forming an internal geometry of
temporal resolution. This formulation does not assume that reality branches into separate
worlds. Rather, it suggests that fine structure exists within the temporal backbone of events,
enabling superposed memory access or entangled time structures to arise from continuity
itself.

A key philosophical distinction arises from how possibility is represented. In MWI,
alternative outcomes correspond to actualized branches of the universal wavefunction, each
with its own quasi-classical reality. The textures approach, in contrast, allows alternate
temporal resolutions to coexist within a single ontological frame. Instead of many worlds, it
supports many scales, potentially co-present in each physical event. This view may better
accommodate phenomenological reports of Near Dwhich we elaborate in subsequent sections.
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Moreover, the textures model aligns more naturally with observer-relative notions of res-
olution and time. Whereas MWI postulates ontological equality among branches regardless
of observability, the textures approach emphasizes scale-dependent access. This resonates
with the role of decoherence in emergent classicality, but shifts the emphasis from branching
to structural encoding within the continuum [10]. Such encoding could support context-
dependent manifestations of probabilistic owhich we elaborate in subsequent sections.

Importantly, while MWI inherits all the mathematical formalism of standard quantum
theory, it does not specify how different branches become distinct in the experience of an
observer. The textures approach instead builds in differentiation through e;-layered dis-
tinctions, which may offer an intrinsic mechanism for resolving histories based on internal
structure rather than external branching.

In terms of quantum cosmology, where the definition of measurement and observer be-
comes highly ambiguous, the textures model may avoid the pitfalls of subjectivity by defining
structural transitions in time directly. This permits a formulation in which phenomena like
cosmic memory, entanglement through inflation, or pre-measurement coherence could be en-
coded in the geometry of ¢;-based textures, rather than requiring metaphysical multiplication
of worlds.

Everett's Many Worlds Textures of Continuum

Branching Universes

\>__\,
\ ) &

Infinitestfal

Textural Layers

World 2

\textbf{Everett}: Reality = all branches are actualized

\textbf{Texture§}: Reality = timepoint contains structured scales
World 3

Figure 4: Comparison between Everett’s Many Worlds interpretation and the Textures of
Continuum approach. Everett models quantum outcomes as distinct branching universes,
while the textures model encodes multiple resolution layers within a single timepoint.
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Everett's Many Worlds
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Figure 5: Symbolic comparison of Everett’s Many Worlds model and the Textures of Con-
tinuum approach. While the former branches the universal wavefunction ¥ into components
1, the latter decomposes a single timepoint into layered infinitesimal resolutions ¢; within
the textured Dirac formulation.

Aspect

Many Worlds (MWI)

Textures of Continuum

Decoherence Functional

Ontology

All possible outcomes ex-
ist in parallel branches

Single world with layered
internal structure

Histories with interference
suppression

Time Structure

Global time; branching of
histories at events

Each moment contains hier-
archy {e¢;}

Classical-like histories
emerge from quantum

Role of Observer

Becomes entangled across
branches; no special sta-
tus

Resolution-dependent  ac-

cess to events

Observer effects included
via environment

Mathematical Repre- | Universal ~wavefunction | Textured Dirac: 6**™°(¢) | D(«, ) = Tr(CapC;)

sentation U = ZZ P; across ¢;

Reality Multiplicity Parallel worlds co- | Many scales, not many | One world with decohered
existing worlds quasi-classical trajectories

Measurement Wavefunction never col- | Encoded via microstruc- | Effective collapse via deco-
lapses ture, not collapse herence

Quantum Evolution

Unitary and determinis-
tic

Modified path
with €; layers

integrals

Unitary;
emergence

probabilistic

Continuity of Experi-
ence

Discontinuous  between

branches

Continuous across texture
scales

Coarse-grained classicality

Empirical Testability

Highly debated and diffi-
cult

Possible via temporal reso-
lution effects

Indirectly testable via in-
terference loss

Table 1: Comparison between Everett’s Many Worlds, Textures of Continuum, and Deco-
herence Functional approaches in quantum theory.
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Many Worlds Textures of Continulmacoherence Functional

Quantu- _ _

Figure 6: Infographic comparing core aspects of quantum theories: Everett’s Many Worlds,
the Textures of Continuum approach, and the Decoherence Functional framework. Color-
coded regions highlight distinctions in ontology, time structure, observer roles, mathematical
representation, and interpretational implications.

7 Comparison of the ¢;-Textured Time Model with De-
Witt’s Canonical Quantum Gravity

The canonical formulation of quantum gravity developed by Bryce S. DeWitt in his seminal
1967 trilogy laid the foundation for much of contemporary quantum geometrodynamics.
Central to this approach is the Wheeler-DeWitt equation, a timeless wave equation defined
on the infinite-dimensional configuration space of three-dimensional spatial geometries known
as superspace. DeWitt’s program replaces the notion of evolution in time with constraints
imposed by the Hamiltonian and momentum operators. The resulwhich we elaborate in
subsequent sections.

The textured continuum model introduced in this work offers a distinct yet potentially
complementary perspective. Rather than viewing the wavefunction as defined on a timeless
geometry, we posit that each moment of time itself carries an internal hierarchy of infinites-
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imal structure, denoted by ¢;, aligned with cardinalities N;. The textured delta function
grexture(4) ig expressed as

grexture (4) — Z /061' pi(T) d¢, (1) dr, (19)

encoding nested infinitesimal resolutions at every temporal point. This structure serves as
the underpinning for a time-aware quantum formalism, capable of resolving temporal layering
that may be obscured in traditional path integral or canonical methods.

DeWitt’s approach arises from a Hamiltonian decomposition of spacetime, requiring a
foliation into spatial hypersurfaces and producing a constraint equation:

HU[h;;] = 0, (20)

where W[h;;] is the wavefunctional over 3-metrics h;; and ‘H encodes the gravitational Hamil-
tonian constraint. Time does not appear explicitly; instead, dynamics is inferred from rela-
tional change between geometric configurations. In contrast, the textured model maintains
time as a primitive but internally rich variable, allowing for dynamics even within apparently
instantaneous events through scale-differentiated contributions.

An advantage of the ¢; model is its compatibility with experiences of temporal compres-
sion and expansion, such as those reported in near-death experiences (NDEs) or altered
states of consciousness. Whereas the Wheeler-DeWitt formalism assumes classical time has
already been eliminated from the outset, our model embraces time as an emergent textured
field, subject to quantum contributions from varying scales. This could provide a novel
framework for exploring phenomenological time within a qwhich we elaborate in subsequent
sections.

Moreover, while canonical quantum gravity seeks consistency through constraints and
diffeomorphism invariance, the textured approach embeds resolution-dependence within the
very definition of physical observables, possibly offering a new route toward scale-aware,
covariant generalizations. The Wheeler superspace is global and all-encompassing; the ¢;-
textured formulation is local and fine-grained, suggesting that time’s ontological microstruc-
ture could play a constructive role in resolving which we elaborate in subsequent sections.

Future synthesis might seek to derive DeWitt’s superspace equations as effective large-
scale limits of textured temporal models, where internal ¢; structure becomes effectively
smooth. Alternatively, one could extend canonical quantization techniques into ¢;-layered
superspaces, wherein the constraint algebra is adapted to variable resolution layers and
transfinite slicing.

14



DeWitt's Canonical Quantum Gravity ei-Textured Time Model

WavefuncTonaI Wlh;] rexthre(f)

Hamiltonian cobstraint 1w epntrasting Time Paradigms [temporal sdale layers ¢/

Superspaie of all h; Nested iniernal time

Timeless configuration Emergent dynamics

Figure 7: Diagram contrasting DeWitt’s canonical approach to quantum gravity, which
emphasizes a timeless wavefunctional over superspace, with the ¢;-textured model where
time retains internal structure and resolution layers.

8 From DeWitt’s Functional Delta Formalism to Tex-
tured Delta Structures

In his landmark monograph The Dynamical Theory of Groups and Fields, Bryce S. De-
Witt developed a covariant and geometrically consistent framework for quantum field theory
and gauge theory in curved spacetime. One of the critical tools employed throughout his
treatment is the Dirac delta function, which arises repeatedly in the definition of functional
derivatives, gauge fixing, and Green’s function constructions [?].

For instance, the functional derivative with respect to a field ¢(x) is defined using the
delta function:

0¢()

where §(z—y) enforces locality in the field configuration space. In curved spacetimes, DeWitt
introduces the covariant delta function normalized by the metric determinant:

4
6(z,y) = M)
V=9
ensuring that distributions transform correctly under general coordinate transformations.

DeWitt also uses delta functions extensively in the context of gauge fixing. In the path
integral approach, the integration over gauge orbits must be constrained by inserting a delta
function of the gauge condition G|[A], leading to:

/ DAG(G[A]) det (i-?) ™St (23)
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where the determinant arises from the Jacobian of the transformation and the delta function
enforces the constraint G[A] = 0. Here, the delta function acquires operational significance
in restricting the configuration space.

The textured model introduced in this paper reinterprets the role of the delta function by
embedding it within a hierarchy of infinitesimal scales. Rather than a singular distribution
localized at a point, the textured Dirac function §****"(¢) encodes a scale-resolved structure:

5texture(t) — Z /Oq pz(T) 561,’7(75) dT, (24)

where each layer ¢; corresponds to an infinitesimal domain associated with a cardinality N;,
and p;(T) represents a weight function over micro-resolutions 7 € [0,¢;]. This formulation
generalizes the delta function from a single-point distribution to a composition of nested
resolution structures.

Connecting this with DeWitt’s formalism reveals several conceptual and mathematical
bridges. In equation (22), the delta function plays a critical role in defining functional
calculus over fields and their gauge-related orbits. Similarly, the textured delta in equation
(24) can be understood as a resolution-aware counterpart that captures information across
temporal scales. If one were to generalize the field variables ¢(z) to include not just spatial
points but textured instants t.,, then the variation d¢(t.,)/d¢(t.,) could involve scale-sensitive
delta relations.

Additionally, the textured model offers a reinterpretation of equation (23) under temporal
resolution constraints. One could define a path integral modified by textured time variables:

Z= / D¢] exp ( / i Zz,-w(tq)]) , (25)

where each L; is an effective Lagrangian density over the scale ¢;. The delta function becomes
embedded within this layered action, enforcing causality and locality in textured form.

The delta function thus acts not only as a functional tool but also as a conceptual
placeholder for exact localization. In the textured formulation, this localization is relativized
to a hierarchy of infinitesimal layers, aligning with contemporary perspectives on temporal
granularity in quantum cosmology, spacetime discreteness, and psychophysical models of
time perception.

In conclusion, while DeWitt used the delta function to formalize quantum dynamics over
geometrically structured field configurations, the textured model proposes an enriched tem-
poral substrate where delta functions evolve into layered, scale-sensitive structures. This
could pave the way for a new class of quantum formulations incorporating both gauge prin-
ciples and internal temporal resolution.
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Comparison of Standard and Textured Dirac Delta Representations
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Figure 8: Comparison between the standard Dirac delta function (approximated by a narrow
Gaussian) and textured delta layers 6.(¢) at different resolutions e. Each textured layer
contributes to a more distributed representation of pointwise localization.

9 Visualizing Textured Delta Functions and Their Role
in Quantum Evolution

The previous diagram provides a visual comparison between the standard Dirac delta func-
tion §(¢) and a sequence of textured representations ., (t) defined at varying temporal reso-
lutions ¢;. The traditional Dirac delta is a generalized function sharply localized at a single
point, usually realized through a limiting procedure of increasingly narrow Gaussian func-
tions:

0(t) = lim \/L_e_ﬁ/ﬁ (26)

which approximates the delta function by concentrating all its amplitude at t = 0.

In contrast, the textured delta representation introduced in this work captures a richer
internal architecture. Rather than collapsing onto a singular peak, it preserves structured
contributions from multiple ¢; layers:

6texture(t) - Z /OEZ' pi(T) d¢, - (t) dr. (27)

Each 6, ,(t) is defined over a finite, though diminishing, temporal support, governed by
the resolution scale ¢;. The integration over 7 introduces a statistical spread reflecting the
inhomogeneous structure of time at each layer.

In the context of gauge theory and quantum field evolution, this formulation opens in-
triguing possibilities. In gauge theories, delta functions are employed to implement con-
straints and enforce local symmetries, such as in the Faddeev—Popov quantization procedure,

17



where a delta function 6(G[A]) imposes a gauge-fixing condition [?, 14]. If we reinterpret
the delta function in this context as a textured object, one may consider gauge fixing not as
a sharp projection but as a scalthrough layered regularizations across ¢; resolutions.

Such a model is compatible with a resolution-dependent quantum evolution, wherein the
dynamical variables are governed by effective Lagrangians at each layer:

s=Y / dt L6 (1..)), (28)

where ¢(t.,) denotes the field evaluated at a time resolution ¢;, and £; is the correspond-
ing effective Lagrangian. The evolution of the quantum system becomes a composite of
contributions across all ¢; layers, akin to a renormalization-group-like flow across temporal
resolutions.

Moreover, in quantum cosmology, where the Wheeler-DeWitt equation removes global
time and enforces a timeless constraint [?], the textured delta may serve as a reconstruction
device for temporal phenomenology. Since the textured delta retains time as an internally
structured parameter, it could permit a scale-wise emergence of dynamics, even in the ab-
sence of classical time. Each ¢; layer could be seen as encoding a partial “frame” of evolution,
much like a snapshot with varywhich we elaborate in subsequent sections.

In gauge-invariant path integrals, the measure includes gauge orbits and their restrictions.
Embedding a textured delta into the constraint surface allows one to represent the gauge
slice not by a singular condition but as a layered manifold of near-slice configurations:

7z - / DA e (G[A]) A[A] €51 (29)

where A[A] may include scale-adapted generalizations of the Faddeev-Popov determinant.
This form could admit interpolations between sharp gauge fixing and soft constraints, pos-
sibly relevant in stochastic gauge systems or coarse-grained quantization.

In conclusion, the visual structure of textured delta functions embodies the core idea of
the textured continuum model: localization is not absolute but mediated by a hierarchy of
internal resolutions. This provides a powerful alternative for rethinking standard constructs
in quantum theory, from field evolution to constraint enforcement, in a manner more aligned
with scale-dependence, phenomenological richness, and quantum spacetime microstructure.
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——- Gauge Orbit
—— Gauge Slice G[A]=0

Configuration Space A

Figure 9: Tllustration of textured gauge fixing using 6**™¢(G[A]). Instead of a singular gauge
slice G[A] = 0, the textured model incorporates resolution layers represented by overlapping
elliptical bands in configuration space A. This allows for soft constraint implementation and
scale-sensitive gauge adaptation.

10 Textured Delta Formalism in Quantum Cosmology

Quantum cosmology, which aims to describe the quantum behavior of the universe as a
whole, encounters foundational issues related to time, measurement, and the structure of
spacetime at Planckian scales. The traditional framework of canonical quantum gravity,
notably encapsulated in the Wheeler-DeWitt equation, eliminates time from the fundamental
dynamical law, replacing temporal evolution with constraint equations on the wavefunction
of the universe [?, 15]. Thiwhich we elaborate in subsequent sections.

In this context, the textured delta formalism introduced in this work provides an alterna-
tive approach wherein time is retained as a structured but internally granular variable. The
key idea is to reinterpret the Dirac delta function, which often appears as a mathematical
tool in field theories and path integrals, as a physically enriched object capable of encod-
ing scale-dependent dynamics. In quantum cosmology, such reinterpretation is not merely
formal; it addresses the conceptual challenges owhich we elaborate in subsequent sections.

Let us consider a minisuperspace model where the metric of the universe is parametrized
by a finite number of degrees of freedom, such as the scale factor a(t) and a scalar field ¢(t).
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The standard Wheeler-DeWitt equation in this case takes the form:

92 92

——+ — + Ufa, V(a,p) =0, 30

5+ g+ V(@d)| ¥la.0) (30)

where Ul(a, ¢) is an effective potential arising from the curvature and matter contributions.

This equation is hyperbolic in the superspace variables but lacks any explicit time parameter.

Various interpretations, including the semi-classical WKB approximation and relational time

models, attempt to reintroduce a notion of time from correlations between degrees of freedom.

In contrast, the textured model introduces a scale-resolved delta function 6***™(¢) ca-

pable of encoding multiple layers of temporal information. The modified path integral for
the cosmological wavefunction becomes:

\I][hij’¢] = /D[Qw>¢] exp (iZ/dtﬁi[guV(tez')??b(tq)]) ) (31)

where L; is the effective Lagrangian at resolution layer ¢;. Each integral over ¢ now incorpo-
rates the internal structure of time, and the path integral accumulates contributions across
a hierarchy of resolutions.

Such a model has several significant implications for quantum cosmology. First, it allows
the recovery of approximate temporal dynamics in regimes where the standard Wheeler-
DeWitt equation is too restrictive. Second, it offers a framework to model quantum fluctu-
ations in the “texture” of time itself, potentially relevant in the very early universe near the
Planck epoch. In this scenario, decoherence between ¢; layers may play an analogous role to
environmental decoherence in emergent classwhich we elaborate in subsequent sections.

Furthermore, the textured delta framework could be integrated with boundary condition
proposals in quantum cosmology, such as the Hartle-Hawking no-boundary wavefunction or
the tunneling proposals of Vilenkin. These models rely on specifying path integrals over
compact Euclidean manifolds or semiclassical tunneling geometries [16, 17]. If the delta
function constraints appearing in such formulations are made texture-sensitive, one can
extend the formalism to through layered regularizations across €; resolutions.

In summary, the textured delta formulation offers a new interpretational and computa-
tional toolkit for quantum cosmology. By retaining time as an internally structured entity,
it bridges the gap between timeless formalisms and the phenomenological need for temporal
evolution. It generalizes delta function constraints into layered, dynamic resolutions, thereby
enriching the possible dynamical behaviors of the cosmological wavefunction.
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Scale-Resolved Cosmological Histories ¢(t;,)

Cosmic Time

Figure 10: Visualization of ¢;-layered cosmological histories. Each curve represents a reso-
lution layer of cosmic evolution, contributing to the textured path integral formulation in
quantum cosmology. The layered approach allows encoding of fine-structure in early universe
dynamics.

11 Textured Temporal Layers in Inflationary Dynam-
ics and Decoherence

Inflationary cosmology postulates a brief period of rapid exponential expansion in the early
universe, resolving several classical cosmological problems such as the horizon, flatness, and
monopole issues [18]. This period is typically modeled via scalar field dynamics, wherein
a slowly rolling inflaton field ¢(¢) dominates the energy density and drives quasi-de Sitter
expansion. During inflation, quantum fluctuations of the inflaton become stretched to macro-
scopic scales and later seed the observed anisotropies in the cosmic microwave background
(CMB) [19].

In standard approaches, time is treated either classically or semi-classically, with fluctu-
ations generated at discrete points along a global time parameter. However, the textured
time model introduces an additional structure: the notion that time itself is composed of
resolution layers ¢;, each associated with a scale of fluctuation or observational granularity.
This model modifies the generation and decoherence of inflationary perturbations by allowing
fluctuations to propagate not only through spacetime but also across temporal texture.

Let us begin with the inflaton field expanded over temporal resolutions:

¢<t) = Z Ge; (tfi)7 (32)

where ¢, represents the inflaton field at temporal resolution ¢;. The corresponding power
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spectrum of fluctuations then becomes a sum over these layers:

Po(k) = > PLY(k), (33)

i

where Péf” denotes the contribution from resolution layer ¢;. This structure introduces a
multi-scale texture in the statistical properties of the primordial perturbations.

The layered nature of time in this model also has profound implications for decoherence.
Decoherence in inflationary cosmology is the process through which quantum fluctuations
become classical perturbations via interactions with an environment or by tracing over inac-
cessible degrees of freedom [20]. In the textured framework, decoherence is naturally encoded
through inter-layer interference. Each ¢, evolves semi-independently, and the cross terms
between different ¢; in the density matrix diminish over time:

per =D Pt ) e e, (34)

i#]

where the exponential factor suppresses interference between distant temporal resolutions.
This provides a physically motivated mechanism for decoherence without requiring an ex-
ternal environment, embedding classicality within the structure of time itself.

Furthermore, the structure of Eq. (34) suggests that observable features in the CMB,
such as slight scale-dependent modulations or non-Gaussianities, might carry signatures of
the underlying temporal texture. In particular, anomalies observed in large-scale CMB
correlations could potentially be explained by selective coherence across specific ¢; layers
during inflationary dynamics.

In conclusion, the textured time framework adds a new dimension to inflationary cos-
mology, allowing the inflaton field and its perturbations to be distributed and entangled
across temporal resolutions. This multi-scale architecture modifies the structure of quan-
tum fluctuations and provides an intrinsic decoherence mechanism. Future observations and
refinements in early universe models may be able to constrain or uncover imprints of this
temporal granularity.
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Textured Decoherence across Temporal Resolution Layers

Interference between ¢., and ¢, suppressed as |¢; — gj| increases

Figure 11: Decoherence suppression between inflationary field components ¢, and ¢.; across
temporal resolution layers. Arrows represent inter-layer interference, with transparency pro-
portional to suppression elei—eil?/o?,

12 Implications of Textured Temporal Layers for Cos-
mological Observables and Quantum Gravity

The presence of structured temporal layers, modeled through a hierarchy of infinitesimal
resolutions ¢;, carries potential observational consequences for both the cosmic microwave
background (CMB) and fundamental quantum gravity phenomenology. These textured lay-
ers redefine how quantum fields evolve and decohere in the early universe, leading to imprints
that may be detected in the statistical and spectral features of cosmological data [21, 22].
In standard inflationary cosmology, the power spectrum of scalar perturbations is derived
under the assumption of a smooth, continuous temporal background. However, the textured
model suggests that fluctuations in the inflaton field are distributed over layers of temporal
resolution, modifying the expected two-point correlation functions. Specifically, we can write
the modified correlation function as:
- - leg—e;1? N -
(0R)p(K)) = e (9 (k)e, (K). (35)

i,J

where cross-layer correlations are suppressed based on the resolution difference. This in-
troduces a multi-scale modulation in the power spectrum Py(k), potentially manifesting as
running spectral indices, scale-dependent oscillations, or even statistical anisotropies.

Such features are not merely theoretical artifacts. Observations from Planck and WMAP
have already noted slight anomalies in the low-¢ multipoles of the CMB, as well as hemi-
spherical asymmetries and power suppression at large scales [23]. While various models have
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been proposed to explain these deviations, the textured model provides a novel explanation:
fluctuations decohered non-uniformly across ¢; layers, producing residual structures in the
observed spectrum.

Furthermore, the influence of textured time becomes even more pronounced near the
Planck scale, where quantum gravity effects are expected to dominate. In loop quantum
cosmology and other discrete spacetime models, the notion of continuous time is replaced or
augmented by spin networks, causal sets, or other fundamentally discrete structures [24, 25].
The textured delta formalism complements these approaches by embedding time continuity
within a hierarchically discretizedwhich we elaborate in subsequent sections.

Let us consider a quantum gravity scenario where transition amplitudes between states
are computed via spin foam sums or path integrals over simplicial manifolds. The intro-
duction of textured time can modify the vertex amplitude by layering it over e¢;-indexed
configurations:

A =3 [ Dla]6,(G e, (36)

where (; denotes geometric constraints at resolution ¢; and J,, is the textured delta en-
forcing them. This formulation allows one to capture coarse-to-fine propagation, improving
convergence and potentially taming ultraviolet divergences.

Additionally, this perspective opens a pathway for understanding quantum fluctuations
in time itself. Rather than modeling fluctuations in spatial geometry alone, textured time
allows one to consider differential contributions to temporal evolution, where causal intervals
fluctuate internally within each ¢; slice. This aligns well with recent developments in causal
dynamical triangulations and holographic renormalization, suggesting that quantum gravity
may not merely quantize the geometry of spacsuggesting early emergence of coarse temporal
scale awareness.

In conclusion, the textured temporal framework has profound implications for both ob-
servational cosmology and quantum gravity theory. It modifies primordial spectra, encodes
intrinsic decoherence, and suggests new ways of summing over histories or configurations
in quantum gravity. These layered temporal dynamics could serve as a testable signature
of underlying quantum temporal structure, potentially accessible through CMB anomalies,
gravitational wave spectra, or high-energy scattering phenomena.
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Quantum gravity amplitudes layered over textured constraints G_i at different €_i resolutions

Figure 12: Textured formulation of quantum gravity amplitudes. The sum over geometries
is stratified over resolution layers ¢;, each enforcing geometric constraints G; via textured
delta functions 6., (G;). The total amplitude Aiqa integrates across these textured slices.

13 Textures of Time in Black Hole Entropy and Quan-
tum Information

The study of black hole entropy and quantum information has unveiled profound tensions
between quantum mechanics, gravity, and the nature of spacetime. Central to these investi-
gations is the Bekenstein—-Hawking entropy formula:

. l{?BCgA
BH — 4hG )

where A is the area of the black hole event horizon. This formula suggests that black
holes are thermodynamic objects and encode information holographically on their surfaces.
However, this raises the black hole information paradox, particularly regarding whether and
how information is preserved during black hole evaporation.

The textured time framework provides a unique angle to address this issue by proposing
that time near or at the black hole horizon is not a continuous one-dimensional parameter but
a stratified structure composed of infinitesimal scales ¢;. In this interpretation, information
does not vanish into a singular spacetime point but gets distributed across a hierarchy of
temporal resolutions, potentially retaining partial access even as classical observables fade.

In black hole thermodynamics, the entropy can be understood as a count of microscopic
degrees of freedom. If the near-horizon dynamics are governed by textures of time, the

(37)
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microstates can be indexed by resolution scales ¢; such that:

Stexture - kB 10g <Z Qq) ) (38)

where ()., counts accessible microstates at temporal resolution ¢;. This formulation natu-
rally introduces a coarse-graining mechanism, as higher ¢; levels (lower resolution) hide finer
details, aligning with the idea that entropy emerges from inaccessible information.

Moreover, in quantum information theory, entanglement entropy is sensitive to how de-
grees of freedom are traced out. Near a black hole, the entanglement between interior and
exterior field modes is believed to give rise to area-law behavior. In the textured model, this
entanglement must also include the layering structure of time:

p= Z Pe; + Z YijPeie; s <39)

i#]

where v;; encodes interference or coherence across different temporal resolutions. The re-
sulting entropy,
S = —Tr(plogp), (40)

reflects both the standard spatial entanglement and inter-temporal resolution correlations.
This might allow information to be encoded not just in “where” it resides, but also in “how
finely” it is distributed in time.

This perspective resonates with ideas from holography and AdS/CFT correspondence,
where boundary theories encode bulk dynamics. If bulk time itself is textured, then the dual
boundary field theory must accommodate or reflect that temporal hierarchy, potentially in
the form of scale-dependent operator insertions or nested modular flows. This could reconcile
aspects of the firewall paradox or provide a path to recover information from Hawking
radiation when traced over ¢; slices.

Finally, black hole complementarity may receive a formal reinterpretation: instead of
describing the same process from different viewpoints (interior vs exterior), one may describe
a single quantum event through its projection across different ¢; scales. In this layered
view, no information is lost, only its resolution accessibility varies. Thus, a unification of
thermodynamics, quantum measurement, and gravitational dynamics might emerge through
this textured lens.
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Entropy Contributions S, = kglog Q;,

Layered information encoding across temporal scales near horizon

Figure 13: Entropy encoding via resolution layers ¢; near a black hole horizon. Each con-
centric shell represents microstates contributing to S, = kplog (2,, suggesting that entropy
is stratified across temporal textures.

14 Textured Temporal Layers in Holography and En-
tanglement Wedges

Holographic dualities, particularly the AdS/CFT correspondence, propose a deep relation-
ship between bulk gravitational theories and boundary conformal field theories (CFTs). A
central feature of this duality is the encoding of bulk geometric and dynamical information
on the lower-dimensional boundary [30, 31]. Among the most insightful developments in
this context is the concept of entanglement wedges, which delineate the bulk regions recon-
structible from specifsuggesting early emergence of coarse temporal scale awareness.

In the textured time model, the idea of scale-resolved temporal slices naturally maps onto
the hierarchical structure present in holographic entanglement. Each resolution ¢; contributes
not only spatially but temporally to the encoding of bulk data. The temporal direction in
the boundary theory may be layered with operator insertions or modular flow segments
corresponding to distinct ¢; scales, producing a stratified reconstruction of the bulk.

Consider the standard expression for the holographic entanglement entropy of a boundary
region A in the static case:

_ Area(y4)
4Gy
where v, is the Ryu-Takayanagi minimal surface homologous to A. In a textured framework,
this surface v4 may itself be decomposed into slices indexed by ¢;, each contributing a

Sy (41)
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weighted area depending on the layer resolution:

Area(y ))
texture SV NTA T
S = Z Teramt (42)

where w; encodes the temporal resolution’s weight. These weights may arise from the degree
of causal entanglement or information flow coherence at scale e;.

This model suggests that the entanglement wedge dual to a boundary region should not be
seen as a monolithic reconstruction domain but as a layered object. At coarse resolution ¢g,
only the most robust bulk features may be recoverable. As one moves to finer ¢;, more detailed
bulk geometry is encoded, but with increasing susceptibility to decoherence and boundary
quantum noise. The full entanglement wedge then becomes a union over ¢;-stratified domains:

Wen = [JWa(4), (43)

each W,,(A) reconstructible via modular Hamiltonians acting on temporal segments of the
boundary.

In quantum error correction models of holography, such as those based on tensor networks
or operator algebraic codes [?], the textured model introduces new structure in the form of
redundancy across temporal resolution layers. Logical bulk information can be redundantly
encoded across different ¢; layers, with recovery becoming resolution dependent. This pro-
vides a new degree of fault tolerance and could potentially explain partial recoverability of
bulk information in time-fwhich we elaborate in subsequent sections.

Furthermore, holographic complexity proposals—both “complexity=volume” and “com-
plexity=action”—may admit reformulations wherein computational cost accumulates not
only over spatial configurations but also over ¢;-layered time evolutions. That is, the cost of
constructing a state is not just a function of depth in the tensor network but also its breadth
across time resolution scales.

In summary, the textured temporal formalism adds a powerful new lens to holography.
It enhances the interpretive richness of entanglement wedges, suggests layered reconstruc-
tions of bulk regions, and opens avenues for temporally-resolved error correction. Such a
framework not only bridges gravitational and informational perspectives but may also sug-
gest experimental proxies via entangled time-bin quantum systems or layered modular flow
dynamics in condensed matter analogs.
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Textured Reconstruction of Bulk via ¢;-Entanglement Wedges

Region A

Layered entanglement wedges W, (A) reconstruct bulk regions at scale ¢;

Figure 14: Textured reconstruction of bulk spacetime via layered entanglement wedges
W, (A). Each wedge corresponds to a different temporal resolution ¢; in the boundary
theory, with deeper ¢; layers capturing increasingly detailed bulk structure.

15 Textured Time, Complexity Growth, and Bound-
ary Modular Flows

In recent years, computational complexity has emerged as a central concept at the interface
of quantum gravity and quantum information theory. Holographic proposals such as ”com-
plexity=volume” (CV) and ”complexity=action” (CA) have sought to relate the interior
geometry of a black hole to the quantum computational complexity of the dual boundary
state [32, 33]. These conjectures suggest that gravitational bulk evolution is dual to the cost
of constructing thewhich we elaborate in subsequent sections.

Within the textured time framework, complexity growth can be reframed through a scale-
dependent lens. Rather than viewing time evolution as a monolithic process, one considers
evolution stratified across resolution scales €;, each contributing to the total complexity based
on the cost of coherent propagation at that resolution. The complexity of a state |1(t)) then
becomes a layered functional:

Ctota1<t> = Zcei(t)y (44)

where C,, (t) measures the computational cost of implementing time evolution at scale ;.
This perspective naturally captures phenomena like late-time saturation of complexity or
sub-exponential early growth, by modulating the rate at which ¢; layers activate or interfere.

Moreover, modular flows in boundary CFTs, governed by modular Hamiltonians K4 =
—log pa, are central to understanding entanglement wedge reconstruction and bulk locality
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[34, 35]. These flows describe the evolution of operators within subregions and are typically
thought to be smooth. However, in a textured temporal framework, the modular flow itself
becomes stratified:

() —iKk'7s
U, 0d($> =e€ AT (45>

1

where Kf) denotes the modular Hamiltonian at resolution ¢;. These flows may not commute
across ¢; scales, resulting in nontrivial operator growth and scrambling dynamics that differ
from conventional unitary evolution.

This texture-layered approach offers a path to reconcile different regimes of computa-
tional complexity, including both circuit-based definitions and continuous geometric duals.
It suggests that the effective geometry seen by an observer or computational agent depends
not only on spatial regions but also on the temporal texture they resolve. For example,
fine-grained observers (resolving small ¢;) perceive more complex trajectories, while coarse
observers (resolving only large ¢;) tracewhich we elaborate in subsequent sections.

The layered formulation also aligns with the recent interest in tensor networks and their
interpretation as discrete versions of AdS spacetimes. In particular, MERA (Multiscale
Entanglement Renormalization Ansatz) already incorporates a scale-dependent hierarchical
structure. By augmenting MERA with textured time directions, one could build hybrid
tensor networks encoding both spatial and temporal renormalization, enabling more accu-
rate modeling of holographic dynamics and time-dependent entanglement transwhich we
elaborate in subsequent sections.

In conclusion, textured time provides a flexible and physically motivated framework to
reformulate complexity and modular evolution. It allows stratified control over time evolution
costs, aligns with tensor network models, and introduces a new class of observables sensitive
to temporal scale structure. This could illuminate unresolved issues in bulk reconstruction,
operator growth, and the quantum-to-classical transition of spacetime.
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Temporal Complexity and Modular Flow across Textured ¢; Layers

> Timet

Layered modular flows /) ,(s) across resolution scales ¢;

Figure 15: Layered modular flows Z/{S())d(s) governing the evolution of operators across tempo-
ral resolution scales ¢;. Each flow reflects scale-specific modular Hamiltonians, contributing
independently to the total complexity of quantum states.

16 Time-Resolved Error Correction and Bulk Recon-
struction via Temporal Textures

Quantum error correction (QEC) plays a foundational role in modern interpretations of
holography, particularly through the lens of AdS/CFT duality. In such frameworks, the
boundary field theory acts as a quantum code capable of reconstructing bulk operators,
with entanglement wedges serving as the decoding domain [?, 36]. Traditionally, QEC codes
operate over spatial degrees of freedom. However, the introduction of textured temporal
resolution scales ¢€; provides awhich we elaborate in subsequent sections.

In the textured paradigm, the reconstruction of a bulk operator Op is no longer confined
to a spatial region A on the boundary, but to a temporal bundle:

A=A, (46)

where each A, is a slice of the boundary resolution-dependent modular domain. The recovery
map R for bulk-to-boundary decoding thus becomes scale-layered:

Op =Y R, (05), (47)
reflecting the distribution of logical information across temporal granularities.
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A particularly intriguing implication of this formalism arises in noisy environments. Just
as standard QEC relies on redundancy to protect against decoherence, textured resolution
layers provide a temporal form of redundancy. Fine ¢; layers encode high-resolution features,
while coarser layers offer stability against fast noise fluctuations. One may define a noise-
weighted fidelity functional:

F = Z w;(o) - Fe,, (48)

where w;(0) penalizes layers depending on the noise scale o, and F, measures fidelity of
reconstruction at resolution e;.

In bulk quantum gravity scenarios—particularly in the presence of black holes, cosmo-
logical horizons, or scrambling dynamics—such a redundancy may preserve partial recon-
structability even under strong decoherence. Temporal modular flows may also permit recon-
structions across time-separated boundary segments, extending recent insights into modular
chaos and non-local entanglement harvesting.

This formalism also interfaces with recent proposals of path-integral optimization and
Liouville action minimization in holography [37], where Euclidean geometries are tuned
to optimize tensor contraction. Introducing textured temporal weights adds new degrees
of freedom to the optimization functional, potentially refining the precision of holographic
decoders in time-dependent backgrounds.

In conclusion, time-resolved error correction via textured layers introduces a robust mech-
anism for protecting and decoding bulk information in dynamic spacetimes. It expands the
conceptual reach of QEC from spatial to spatiotemporal domains, aligns naturally with
operator algebra quantum error correction, and opens new directions for applying layered
holography in the study of quantum gravity and entanglement dynamics.
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Redundant Layered Bulk Reconstruction via Temporal Textures
Bulk Operator Opg
(]

$\mathcal{O} A~{(3$)}$
$\mathcal{O} A~{(2$)}$
$\mathcal{0}_A~{(1$)}$

$\mathcal{O}_A~{(0$)}$

Time-resolved decoding of bulk operator O via boundary slices Off" across ¢; layers.

Figure 16: Redundant reconstruction of a bulk operator Op from boundary regions across
different temporal resolution layers ¢;. Each layer Off) contributes partial decoding, with
layered redundancy enabling recovery under temporal noise.

Fidelity and Scrambling across Textured Temporal Layers

Noise 0 = 0.9
Noise 0 = 0.6
Noise 0 = 0.3

Noise 0 = 0.1

Fidelity decreases with increasing noise at finer &; layers; scrambling more intense at higher resolution.

Figure 17: Layered fidelity J., under increasing temporal noise o. Higher resolution layers ¢;
are more susceptible to decoherence and quantum scrambling, while lower resolution layers
preserve stable recovery.
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17 Quantum Channel Capacity and Information Flow
through Temporal Textures

The quantum channel capacity quantifies the maximum rate at which quantum information
can be transmitted reliably through a given physical channel [38]. Tt is typically bounded by
the coherent information or the entanglement-assisted capacity, depending on assumptions
about the channel environment. Standard treatments consider spatial encoding over qubits
or continuous-variable modes. However, the introduction of temporal texture layers ¢; allows
for a new axis of coding: twhich we elaborate in subsequent sections.

Let us consider a quantum channel N with a temporally structured transmission. The
total capacity becomes stratified into resolution-dependent contributions:

Qtotal = Z Qem (49>

where (), is the capacity of the channel restricted to the ¢; layer. Each layer may have differ-
ent noise characteristics and error models, particularly if physical implementation involves
layered quantum memories or temporal-bin encodings in photonic circuits.

The channel fidelity and capacity at each ¢; scale depend on the effective decoherence
time 1. 2(61') and quantum coherence length. Using coherent information . as a proxy:

Qe ~ max Le(p, N,) = max [S(Ne, (p) = S(Z @ Ne) (1) ()] (50)

where [¢) is a purification of the input state p, and S(-) denotes von Neumann entropy.

This layered structure allows for fine-grained routing of quantum data, where information
of different criticality is encoded preferentially in more stable ¢; layers. For instance, control
information or key entanglement resources may be encoded in coarser ey or €; channels,
while high-resolution sensing data uses e3. Such layering enhances total throughput by
optimizing for fidelity and rate per layer, similar to time-frequency multiplexing in classical
communiwhich we elaborate in subsequent sections.

In quantum gravity and holography, this notion of layered temporal channels also maps
naturally onto the flow of entanglement entropy and complexity from the boundary to the
bulk. Textured ¢; channels might serve as proxies for causal depth in a holographic tensor
network, guiding the reconstruction of deeply encoded quantum states. This stratification
aligns with recent developments in quantum rate-distortion theory and entanglement wedge
modular flow.

Moreover, temporal textures enable noise-adaptive coding strategies. For example, an
adaptive encoder could assess real-time decoherence metrics and dynamically allocate qubit
information across ¢; scales to maximize Qiota. These strategies could be implemented using
dynamic time-bin photonics, layered temporal waveguides, or hybrid opto-mechanical devices
that sample and steer signal layers with scale-selective delay lines.

In conclusion, the quantum channel capacity of temporally textured systems exceeds
that of monolithic temporal encodings. By aligning information-theoretic encoding with
resolution-sensitive quantum layers, the textured model offers an efficient, physically realiz-
able framework for reliable quantum communication and computation in noisy or gravita-
tionally dynamic regimes.
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Quantum Channel Capacity Stratified Across Temporal Layers

Low Q

Moderate Q

High Q

Peak Q

Total Capacity: Qotal = ZQg,.
i

Each ¢;-layered channel contributes differently to the total quantum capacity.

Figure 18: Quantum channel capacity distributed across textured temporal layers ¢;. Each
layer contributes differently to the total capacity Qiota, With €3 carrying the highest-fidelity
transmission under fine temporal resolution.

18 Time-Dependent Entanglement Transmission and
Capacity Loss Near Horizons

In spacetimes containing causal boundaries or event horizons—such as black holes, Rindler
wedges, or cosmological de Sitter patches—the transmission of entanglement is subject to
non-trivial degradation. As quantum signals approach such horizons, the redshifted time
evolution and accelerated decoherence dramatically affect their channel capacity and the
preservation of entanglement [39, 40, 41].

The textured temporal framework introduces a new method of quantifying such losses
by stratifying entanglement into ¢; layers. Each temporal resolution scale €; corresponds
to a channel subspace with different susceptibility to gravitational time dilation and near-
horizon scrambling. Thus, the entanglement transmission capacity becomes a functional of
depth-dependent ¢; contributions:

) = D) Qu G

where 7;(r) encodes the redshift and scrambling attenuation near horizon radius r for the
i-th resolution scale. Near the horizon (r — rp), fine-resolution layers (¢; — 0) are strongly
suppressed due to blueshift divergence and fast mode scrambling.

This model naturally explains features such as: (1) The loss of high-frequency coherence
in near-horizon transmission. (2) The decoupling of ultraviolet entanglement in late-time
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Hawking radiation. (3) The mismatch between fine-grained unitarity and coarse-grained
observability in black hole evaporation scenarios.

A key implication is that total entanglement capacity near the horizon diminishes not due
to fundamental information loss, but due to differential attenuation across ¢;-layers. This
provides a texture-based resolution to firewall paradox analogues, suggesting that low-¢;
modes maintain continuity across the horizon while high-¢; modes rapidly decohere.

Furthermore, by examining the flow of modular Hamiltonians in such regions, one may
define an entanglement transmission window:

Wtrans = {Ei : WZ(TH) ' Qei > 5}7 (52)

where 0 sets a lower bound on acceptable fidelity. This characterizes the range of resolutions
at which entanglement remains reconstructible across the horizon, with strong implications
for Hayden—Preskill-type protocols and traversable wormhole scenarios.

In summary, temporal textures offer a powerful tool to model time-dependent entan-
glement degradation near gravitational boundaries. By stratifying channel capacity and
tracking fidelity as a function of scale and curvature, they provide a unified language linking
gravitational redshift, decoherence, and quantum information theory.

orizon (ry)

Entanglement Transmission and £,--DeEendent Attenuation Near a Horizon
[

>
w

High-resolution entanglement modes ¢;— 0 are suppressed across the horizon, reflecting decoherence and loss of fidelity.

Figure 19: Entanglement modes at resolution scale ¢; undergo differential attenuation as
they cross an event horizon at ry. Higher resolution modes (e.g., €3) suffer rapid fidelity
loss, while lower resolution modes (e.g., €9) may remain stable. This behavior is captured
by attenuation factors 7;(rg).
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19 Conclusion

In this paper, we have developed a scale-structured formulation of spacetime based on the
notion of textured continua indexed by infinitesimal scales ¢; and transfinite cardinalities
N;. Through this lens, we reinterpreted the Dirac delta function as a sequence of texture-
resolved distributions o, (t), each corresponding to a distinct layer of temporal resolution.
This reformulation enabled the construction of a hierarchy of localized singularities that not
only encwhich we elaborate in subsequent sections.

We connected this formalism to the experiential phenomenon of near-death experiences,
wherein the perception of an entire life flashing in an instant finds mathematical expression
through infinitesimal-temporal compression. The correspondence between child temporal
cognition and layered ¢; resolution further strengthens the claim that human time perception
may itself be structured in a stratified continuum of cognitive scales.

This textured paradigm was also shown to interface naturally with foundational models
of quantum theory. When applied to Feynman’s path integrals, the 4, () model permits a
multi-scale evaluation of quantum amplitudes, effectively layering the configuration space
into textured slices. These ideas extend to decoherence functionals, sum-over-histories ap-
proaches, and even Everett’s many-worlds framework, wherein different branches may cor-
respond to differing texture layers. Gauge theowhich we elaborate in subsequent sections.

The mathematical textures introduced herein were not merely theoretical. We demon-
strated how these ideas impact quantum information science, particularly in terms of chan-
nel capacity, modular flows, and time-resolved error correction. Applications to quantum
cosmology and black hole horizons illustrate how ¢;-layered entanglement and fidelity atten-
uation may resolve paradoxes in semiclassical gravity. Across all these domains, the notion
of a textured continuum reveals hidden granularity in twhich we elaborate in subsequent
sections.
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