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Abstract

This paper introduces the Time Field Model (TFM) as a spacetime quantization approach,
wherein time is promoted to a fundamental scalar field with wave-like excitations. When the
energy density of these time waves surpasses a Planck-scale threshold (peritical ~ hc—g?), discrete
space quanta nucleate—initiating a phase-transition-like process closely resembling cosmic infla-
tion. We incorporate a Lagrangian derivation to explain how the time field couples to emergent
space quanta, and show how a lattice-based formulation avoids contradictions between discrete
and continuum pictures: on small scales, space is inherently discrete, but on large scales, the
metric recovers smooth geometry consistent with general relativity.

Building on TFM Papers #1-3, which established time as a two-component
field driving micro— and macro—Bang expansions, this work unifies those concepts
under a single threshold-driven mechanism, providing a testable blueprint for a
quantum—gravitational basis of cosmic expansion and emergent spacetime, with
signatures detectable by next-generation cosmological surveys.

1 Introduction

1.1 Context and Motivation

A central question in quantum gravity is whether spacetime is truly continuous or fundamentally
discrete at the Planck scale |1H4]. Emergent spacetime paradigms—causal dynamical triangulations
[5], causal set theory [6], loop quantum gravity |7,[8]—posit discrete building blocks but must still
recover classical general relativity at large scales.

TFM Paper #1 |9 introduced a two-component time field. Paper #2 [10] demonstrated
micro—Big Bang expansions fueling our universe’s ongoing cosmic growth, while Paper #3 |11] an-
alyzed macro-Big Bang expansions (Initial Sparks) triggered by Planck-scale coherence in that time
field. Here, we extend these results to a quantum—gravitational perspective, bridging micro—
and macro-Bang nucleation under a threshold-driven inflationary model for emergent geometry.

1.2 Key Innovations

e Threshold-Driven Phase Transition (Micro/Macro—Bang Nucleation): Time waves
crossing
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spontaneously spawn discrete space quanta, unifying the micro-Bang expansions of Paper #2
and the macro—Bang expansions of Paper #3 in one wave-based formalism.

e Discrete—Continuum Consistency: Despite Planck-scale discreteness, we recover a smooth
metric for sub-Planck energies, consistent with standard-model symmetries and Lorentz in-
variance.

¢ Quantum—Gravitational Basis: Potential observational signals (e.g., CMB non-Gaussianities,
high-frequency GWs) may confirm or rule out TFM’s discrete-lattice approach, bridging
micro—Bang expansions and macro—Bang expansions in a single threshold-driven model.

2 Theoretical Framework

2.1 Time Field and Double-Well Potential (Link to Paper #3)

Following TFM’s wave-based approach [9-11], let T'(x,?) be a real scalar field describing “time
waves.” Whenever its local energy density pr(x,t) exceeds
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discrete space quanta nucleate. In Paper #3, macro—Bang expansions occurred at this same thresh-

old. A double-well potential

V() = 3 (1 =)

(unified in TFM 3) can produce first-order phase transitions, spawning expansions for micro— /
macro—Bang phenomena or discrete-lattice inflation, with v ~ Mp;.
2.2 Consistent Couplings a4, 3

TFM 1-3 introduced cross-terms coupling the time field T" to matter/gravity, denoted a1, 3. Keep-
ing them consistent ensures micro-Bang threshold JE,. from Paper #2 and macro-Bang threshold
0 Egpark from Paper #3 unify here at pr > peritical-

3 Mathematical Formulation

3.1 Gauge Invariance and Anomaly Cancellation (Adler—Bell-Jackiw)

A minimal matter coupling
»Cmatter = E,y#(au - 7;9 AZTQ - ig, BM) 1/} X f[S(Xa t)]a

with S(x,t) the space-quanta field, transforms trivially under SU(2) x U(1) if S is scalar. Since
f(S) transforms trivially, no new gauge anomalies arise. This preserves the Standard Model’s chiral
symmetry structure, aligning with TFM’s low-energy effective theory. Standard-model symmetries
remain unbroken below Mp; [14].



3.2 Discrete Lattice & HPC Reference

Once pr > peritical, define:

Sx,1) = > Du(t) 6P (x — xp).

Coarse-graining merges these delta-function sites into an effectively continuous metric gfﬁ,ﬁ), echoing
the expansions from Paper #3. HPC-based numerical results appear in Sec.

4 Numerical Simulations

4.1 Methodology, AMR, and Performance

We adopt a 3D finite-difference time-domain approach. HPC is essential for large N3. Adaptive
Mesh Refinement (AMR) focuses resolution near high-pp regions, cutting runtime by 40% and
keeping energy drift below 0.1% over 10* timesteps. Simulations span redshifts from z = 10
down to z = 0.

4.2 Figure 1: Lattice Nucleation and Metric Recovery
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Figure 1: (Left) Lattice nucleation: space quanta appear once pr > peritical- (Right) Coarse-grained g,(ﬁ,ﬂ)
converges to a smooth continuum, with Ag,,, /g, ~ (1.0£0.2) x 1073 at z = 0. Error bars reflect statistical
uncertainties from 102 HPC ensemble runs.

Left panel of Fig. [I] shows discrete quanta forming once pr surpasses peritical- L he right panel tracks
(Aguv) /g near 1073 at z = 0, consistent with a near-continuum geometry. HPC synergy extends
from micro-Bang expansions in Paper #2 to macro—-Bang expansions in Paper #3.

5 Observational Predictions

5.1 CMB Non-Gaussianities
(local) _

Discrete nucleation can yield local-type fxi, ~ O(1). Planck 2018 [15] with fy, —09+5.1
accommodates that range, but CMB-S4 might achieve o(fn1,) < 1, providing a decisive test at
> 50 if no large fnr, signal appears.



5.2 High-Frequency GWs: MAGIS Timeline

Paper #3 predicted macro-Bang expansions generating GWs above f > 10°Hz. The discrete-
lattice approach suggests an upper limit fpa.x ~ 1043 Hz. MAGIS—Atomic by 2030-2035 could
test up to 1 GHz [11},13], overlapping TFM’s HF predictions.

5.3 Lorentz Invariance

Discrete geometry can raise Lorentz-violation concerns. However, TFM’s emergent continuum
ensures subluminal corrections vanish below Mp;. Observations of gamma-ray bursts place strong
constraints on any Planck-scale dispersion [16]. If future arrays detect anomalies near ~ 10~*Mpy,
TFM’s discretization scale might need revision.

6 Theoretical Consistency

6.1 Holography & Bekenstein-Hawking Entropy

If each space quantum is an 51231 patch, a black hole horizon area A effectively counts Nquanta = A/ 61231.

Then
A

2
445,

SBH X quanta;

unifying TFM’s discrete-lattice approach with standard Bekenstein—Hawking entropy.

6.2 Renormalization (Wilsonian EFT)

A Wilsonian effective action integrates out Planck-scale discreteness, yielding standard QFT plus
(’)(Mgll) corrections—consistent with TFM #1-3’s continuum recovery. No large divergences or
anomalies appear below peritical-

6.3 Derivation of Planck-Scale Suppression Effects and Discrete Space Quanta

Critical Energy Density and Stability: We begin with the critical energy density for space

quanta formation:

P

Peritical ~ TG,Z

Above this threshold, time waves must quantize space to maintain overall stability of the system.

SDE for Time Wave Fluctuations: We introduce a stochastic differential equation (SDE)
capturing quantum fluctuations in the time field:

dT

— = —aT + pW(t), (1)

dt
where W (t) is a Wiener process modeling short-scale quantum variations that couple to spatial de-
grees of freedom. Such fluctuations naturally lead to discrete space quanta because their amplitudes
stabilize at finite characteristic lengths once the energy density surpasses peritical-

Discretization Scale: Using wave condensation arguments, one derives a characteristic length

scale: e
Equanta =~ T (1 + )\ e_p/pC!‘itiCal) .
c
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This result shows how quantization occurs at or near the Planck length but can be modified
by density-dependent exponential factors, ensuring that at subcritical densities, space remains
effectively continuum, while above peritical discrete quanta become unavoidable.

6.4 Bridging Micro—Bang and Macro—Bang

Since TFM caps pr < pplanck, Singularities are avoided. Micro-Bang expansions (Paper #2)

and macro-Bang nucleation (Paper #3) can share a single potential V(T'), crucial for unification.
Threshold crossing can drive either small-scale expansions or large-scale bursts.

7 Discussion & Conclusion

Open Issues:

e Common V(7T'): Determining if micro-Bang expansions (Paper #2) and macro-Bang sparks
(Paper #3) truly arise from the same double-well potential.

e Gauge Couplings on Lattice: Insert full SU(2) x U(1) fields with anomaly checks.

e Next-Gen Bounds: HPC plus TFM expansions tested by CMB-S4, MAGIS, advanced GRB
arrays.

Conclusion:

TFM’s discrete spacetime quantization bridges micro—Bang expansions and macro—Bang
“Sparks”, offering a quantum-—gravitational basis for both sustained and inflationary cosmic
growth. If validated observationally, it could unify wave-based quantum gravity with standard
cosmology, reconciling Planck-scale discreteness and emergent continuum geometry.

If confirmed, TFM merges micro-Bang expansions (Paper #2) and macro—Bang sparks
(Paper #3) under a single threshold-driven wave-based formalism, providing a testable
foundation for cosmic inflation and emergent spacetime.
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Appendix A: Proof of Discrete Spacetime Formation

A.1 Wave-Packet Argument:
Consider the short-scale wave function for time waves:

T(z,t) = Aellkz=wt),

At high energy densities, interference among such modes forces wave packets to remain localized
within finite-length structures, preventing free propagation at arbitrarily small scales once p 2

Pcritical -

A.2 Fundamental Discretization Length:
Performing a Fourier analysis on these localized modes reveals that short-wavelength fluctuations
effectively “collapse” into finite regions, yielding:

1 h

Awmin ~ = —
kmax pc

This provides a direct mechanism for how time waves “carve out” discrete spatial domains at the
Planck scale (or slightly above it), forming the basic space quanta in TFM.



A.3 Comparison with LQG and Causal Set Theory:

Whereas Loop Quantum Gravity (LQG) and causal set models postulate discrete spacetime at
the outset, TFM derives discrete geometry dynamically from time-wave interference and threshold
constraints. No strict pre-existing lattice is required; instead, discrete space emerges wherever
time-wave fluctuations exceed peritical, i line with a first-order phase transition.
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