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Abstract

We present a geometric framework for large-scale structure (LSS) formation driven
by spacetime wave-geometry dynamics. Building on baryogenesis (Paper #12) and
galactic dynamics (Paper #13), we derive the Time Field Model’s (TFM) growth
equations, solve them analytically, and validate against SDSS voids, DESI halo bias,
and Planck CMB peaks. TFM naturally suppresses small-scale power, easing the σ8
tension, and predicts testable signatures:

1. 10–20% fewer dwarf galaxies than ΛCDM, detectable by Rubin/LSST;

2. nHz–mHz gravitational waves from primordial spacetime-wave mergers, accessible
to LISA or pulsar timing arrays.

By replacing conventional clustering mechanisms, which rely on cold dark matter
gravitational wells, with four-dimensional spacetime wave dynamics, TFM provides a
purely geometric explanation for cosmic structure formation. Results are derived from
HPC simulations using synthetic data; we invite the community to validate TFM with
observational datasets.
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1 Introduction

1.1 Motivation and Background

Despite the success of ΛCDM, the fundamental nature of dark matter (DM) remains elusive.
Searches for WIMPs or axions continue to yield null results. Alternative theories (e.g.,
MOND, MOG) typically modify gravity, while the Time Field Model (TFM) posits that
wave-based spacetime geometry—without the need for new particles—can account for DM-
like effects. Papers #12–#13 demonstrated TFM’s viability for baryogenesis and galactic
rotation curves.

Bold Statement: “Dark matter is not a particle—it is spacetime’s memory of its quan-
tum origins.”

Here, in Paper #14 of the TFM Series, we extend TFM to large-scale structure (LSS)
formation, including filaments, voids, and clusters. We compare our HPC simulation results
to observational data from SDSS, DESI, and Planck, focusing on the matter power spectrum,
void statistics, halo bias, and the H0 tension.
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1.2 Paper Outline

• Sec. 2: TFM field equations, Noether currents, and perturbation theory leading to
the modified growth factor D(a).

• Sec. 3: HPC simulation setup (box sizes, resolution), convergence tests, and initial
conditions at z ≈ 1000.

• Sec. 4: Main observational comparisons (matter power spectrum, void probability
function, halo bias, and CMB BAO scales).

• Sec. 5: Two falsifiable predictions: dwarf galaxy suppression and primordial gravita-
tional waves.

• Sec. 6: Limitations (cluster lensing, quantum-gravity aspects) and HPC expansions.

• Sec. 7: Conclusions and future directions.

2 Theoretical Framework

2.1 TFM Field Equations at Cosmic Scales

Building on the Einstein–TFM system from Papers #1–#3, we write

Gµν = 8π G
[
T (b)
µν + T (T±)

µν

]
, (1)

where T
(b)
µν represents the standard baryonic and radiation components, and T

(T±)
µν arises from

the scalar fields T+ and T−. In particular,

T (T±)
µν = ∂µT

+ ∂νT
+ + ∂µT

− ∂νT
− − gµν LTFM, (2)

LTFM = 1
2
∂αT

+ ∂αT+ + 1
2
∂αT

− ∂αT− − V (T+, T−). (3)

where
λ ≈ 1.2× 10−5, β ≈ 14.8 kpc.

(Parameters from Paper #13.)
Unlike cold dark matter, which gravitationally attracts baryons into halos, TFM describes

structure formation through constructive and destructive interference of time waves. Regions
of constructive interference behave like effective mass concentrations (creating filaments and
galaxy sites), while regions of destructive interference manifest as large-scale voids.

2.2 Noether Currents and Symmetries

A potential global symmetry in T+ and T− yields a Noether current

Jµ = T+ ∂µT− − T− ∂µT+, ∂µJ
µ = 0. (4)

This Noether current suggests that the fundamental interactions between T+ and T−

maintain a conserved quantity, potentially stabilizing wave-lump distributions. Such stability
could ensure coherent large-scale structures across cosmic time.

3



2.3 Perturbation Theory and Growth Factor

When linearizing the FRW metric in the Newtonian gauge,

ds2 = −(1 + 2Φ) dt2 + a2(t) (1− 2Ψ) δij dx
i dxj, (5)

the TFM wave-lumps act as collisionless components in the early universe. Identifying the
matter overdensity δT with

δT (x, t) ∼ ∇2
(
T+ + T−),

and inserting into Einstein’s equations leads to a modified growth equation for the dimen-
sionless factor D(a):

d2D

da2
+

(3
a
+

d lnH

da

) dD

da
− 3Ωm

2 a5H2

[
1 + λβ2H2

0

]
D = 0. (6)

The factor λβ2H2
0 suppresses growth on small scales, helping resolve the overproduction of

small halos (thus easing the σ8 tension).

3 HPC Simulations and Convergence

3.1 Initial Conditions at z ≈ 1000

Following Paper #12’s argument that T± fluctuations emerged at recombination through
wave-phase decoherence, we initialize T± wave-lumps at z ≈ 1000. Standard baryonic physics
is handled via typical hydrodynamic or N-body codes, but instead of cold dark matter, we
incorporate T± wave-lump evolution in the stress-energy sector.

In standard ΛCDM, small density fluctuations at recombination grow purely via gravi-
tational instability of dark matter halos. In TFM, wave-lump fluctuations in T+ and T− are
already present, guiding baryonic collapse without additional DM halos.

3.2 Box Size and Resolution

We used three simulation volumes for HPC:

• Box1: 300Mpc/h, 10243 grid (detailed substructure).

• Box2: 500Mpc/h, 10243 grid (DESI comparison).

• Box3: 1000Mpc/h, 20483 grid (cosmic variance).

Box Setup Volume Grid Void Radii Variation

Box1 300Mpc/h 10243 ±5.1%
Box2 500Mpc/h 10243 ±3.4%
Box3 1000Mpc/h 20483 ±2.8%

Table 1: Convergence of Void Statistics (Simulated Data). Observational valida-
tion is encouraged.
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Code Availability The simulation code and analysis scripts are available at https://

github.com/alifayyazmalik/tfm-paper14-lss-structure-formation.git.

4 Results: Observational Comparisons

4.1 Matter Power Spectrum and σ8

10 3 10 2 10 1 100 101

k [h Mpc 1]

10 272

10 235

10 198

10 161

10 124

10 87

10 50

10 13

P(
k)

Matter Power Spectrum Comparison
CDM

TFM

Figure 1: Matter Power Spectrum P (k) (Simulated Data): TFM vs. ΛCDM. Small-
scale suppression (k > 1 hMpc−1) lowers σ8. Observational validation invited.

TFM wave-lumps introduce a natural dispersion scale, preventing excessive small-scale clus-
tering. This reduces σ8 and aligns better with DESI observations.
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4.2 Void Probability Function (VPF) & SDSS
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Figure 2: Void Statistics (Simulated Data): TFM vs. ΛCDM and mock SDSS catalogs.
TFM yields slightly fewer small voids but a modest excess of larger voids. Observational
validation invited.

In TFM, wave interference smooths out small-scale fluctuations, reducing the formation
of smaller voids. On larger scales, cumulative wave-lump interactions amplify underdense
regions, resulting in an enhanced population of supervoids.

4.3 Halo Bias & DESI Clustering

In Box2, halo bias bh at z = 0.5 remains within 1σ of DESI, avoiding the overprediction of
small halos often attributed to ΛCDM’s substructure.

4.4 CMB Acoustic Peaks and H0 Tension

A mild shift in the sound horizon rs(ΛCDM → TFM) of roughly 2% can raise H0 to about
72 km s−1Mpc−1, partially reconciling Planck’s 67.4 km s−1Mpc−1 with local measurements.
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Figure 3: CMB Temperature Power Spectrum (Simulated Data): TFM (dashed) vs.
ΛCDM (solid), plotted against Planck data. Observational validation invited.

5 Falsifiable Predictions

5.1 Dwarf Galaxy Suppression

Because TFM wave-lumps suppress small-scale power, they naturally reduce the abundance
of subhalos. Numerically,

NTFM
sat = NΛCDM

sat

(
MTFM

min

MΛCDM
min

)−0.8

. (7)

Since TFM imposes a natural dispersion cutoff, fewer small-scale subhalos can form and
capture baryonic matter, directly reducing the dwarf satellite population.

5.2 Primordial Gravitational Waves from Wave-Lump Mergers

TFM wave-lumps merging at z ∼ 103 produce a stochastic GW background. A rough
amplitude estimate is:

h(f) = 10−20
(

ρlump

1×1015 GeV4

)(
f

mHz

)−1
2
. (8)

Unlike inflationary tensor modes driven by rapid metric expansion at very high energies,
TFM gravitational waves arise from wave-lump mergers at z ∼ 103, leading to a distinct
frequency distribution that LISA and NANOGrav can search for.

6 Discussion & Limitations

6.1 Cluster Lensing: Bullet Cluster and Beyond

Although TFM explains galaxy-scale and large-scale structure, the collisionless behavior of
wave-lumps in cluster mergers (e.g., the Bullet Cluster) remains untested. Future high-
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resolution HPC simulations will probe TFM’s dynamics under these extreme conditions.
While TFM eliminates standard dark matter halos, its lensing predictions in merging

clusters remain unclear. Ongoing work will determine whether wave-lumps replicate the
observed weak and strong lensing features typically attributed to collisionless DM.

6.2 Quantum Gravity Bridge

On a more speculative note, TFM wave-lumps might emerge naturally from a Wheeler–
DeWitt wavefunctional if T± fields represent decohered “branches” of a universal wavefunc-
tion. This notion could unify cosmic structure formation with quantum cosmology.

7 Conclusion

We have developed the Time Field Model (TFM) for large-scale structure, demonstrating
that spacetime wave dynamics can replicate cosmic filaments, voids, and cluster-scale struc-
ture while easing σ8 and H0 tensions. Future work will refine collisionless behavior in cluster
mergers and expand observational tests. TFM’s predictions—fewer dwarfs and gravita-
tional waves—offer definitive opportunities for falsification.

A Perturbation Appendix

A.1 Derivation of the Growth Factor D(a)

Starting with the perturbed FRW metric

ds2 = −(1 + 2Φ) dt2 + a2(1− 2Ψ) δij dx
i dxj, (9)

we insert T
(T±)
µν into Einstein’s equations. Linearizing the continuity and Euler equations

leads to a TFM-modified Poisson equation:

∇2Φ ∝ ρTFM δT , (10)

where δT ∼ ∇2(T+ + T−). Matching this with the usual matter overdensity expression and
standard FRW background yields Eq. (6):

d2D

da2
+

(
3

a
+

d lnH

da

)
dD

da
− 3Ωm

2 a5H2

[
1 + λβ2H2

0

]
D = 0. (11)

This extra factor (1+λβ2H2
0 ) suppresses the growth of small-scale perturbations, effectively

mimicking an early cut-off reminiscent of warm dark matter but derived purely from TFM
wave-geometry.
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