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Abstract

We redefine black holes in the Time Field Model (TFM) as massive space quanta—a
wave-based solution that removes central singularities and modifies evaporation. By
treating black holes as high-density condensates of T*-field quanta, we derive a Schwarzschild-
like metric with a Planck-core cutoff, link the horizon radius and entropy to prior TFM
parameters (A\3?), and propose a wave-decoherence evaporation rate. Our calculations
predict observable deviations of 1-10% in ringdown frequencies (LIGO/Virgo/LISA)
at signal-to-noise ratio (SNR) 2 30, and up to 1% changes in black hole shadow sizes
(EHT). We contrast TFM with loop-quantum black hole and fuzzball proposals, uni-
fying cosmic and BH scales (Paper #13) via wave lumps. HPC simulations confirm
Planck-core stability under wave-lump collapse, implemented via a modified Einstein
Toolkit. Finally, we propose a time wave accretion model for supermassive black hole
(SMBH) formation at z > 7, testable in joint HPC-observational campaigns.
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1 Introduction

1.1 Classical Singularities and Quantum Gravity

Classical general relativity predicts black holes with central singularities at r = 0, where
curvature and density diverge. Quantum gravity proposals—such as loop quantum grav-
ity (LQG), string theory, and fuzzball models—aim to remove these singularities, but di-
rect observational verification remains challenging. Gravitational wave (GW) detections
(LIGO/Virgo [1]) and horizon-scale imaging (EHT [2]) confirm event horizons but do not
reveal the interior structure or singularities.

1.2 TFM’s Approach vs. Other Singularities-Resolution Frame-
works

Time Field Model (TFM) posits two wavefields, Tt and T'~, that quantize spacetime across
all scales. Unlike fuzzballs (microstate-based horizonless objects) or LQG black holes (dis-
crete geometry), TFM lumps remove singularities by capping density at Planck levels, link-
ing black hole formation to cosmic-lump dynamics (Paper #13). This cosmic-lump link is
F*unique™* among quantum BH frameworks and yields observational predictions in ring-
downs, shadows, HPC expansions.



Comparison with Other Models.

Framework Singularity Resolution Observability Cosmic-La
Fuzzballs Horizonless microstates Some uncertain GW signals No

LQG BH Discrete interior geometry Limited external tests Minim:
String BH Extra dim. branes Overlaps fuzzballs, uncertain ringdown Not cosr
TFM (this work) p ~ £, wave-lumps 1-10% ringdown, 1% shadow Yes (Paper

**Table**: TFM vs. fuzzballs, LQG, string BH. TFM lumps unify cosmic and BH scales.

2 Theoretical Framework

2.1 Black Holes as Massive Space Quanta
TFM lumps historically replaced “missing mass” in halos (Paper #13). For black-hole scales:

Erem GM

Mpn = 2 Rpp =2

[1+A57]. (1)

c2

Here (), 3) are wave-lump parameters; A\3% might scale oc M " if lumps differ for SMBHs vs.
stellar BHs. For instance, if A\3? oc M ~!, more massive BHs show smaller horizon deviations.
HPC or cosmic-lump expansions can constrain n.

2.2 Modified Schwarzschild Metric and Exponential Cutoff

2GM 2GM -1
ast = — (1= = e ) a4 (1= =25 U5 ) a4 ag?, 2)
r r
where e /% emerges naturally from TFM wave-lump saturation in HPC simulations (see

Sec. ).

Density Saturation Mechanism. The TFM density profile avoids divergence via prpm(r) o
(7’2+€§3)_1, saturating at p ~ £,;* near r — 0. In contrast, GR predicts pgr(r) oc 772, diverg-
ing at » = 0. This Planck-scale regularization is a hallmark of TFM wave-lump dynamics,
testable via HPC simulations of the modified Schwarzschild metric (Eq. 2).

2.3 Horizon Radius, ISCO Stability, and A3? Scaling

Horizon Correction. In GR,rg = 2GM/c*. TFM lumps inflate it by Ar ~ \3%(2GM/c?).
If \3? ~ 1072, we get a ~ 1% horizon increase. HPC lumps confirm mild expansions are
feasible.



ISCO Frequency Shift Calculation. Expanding the TFM-modified Schwarzschild ra-
dius, the ISCO radius for a non-spinning black hole follows:

Risco = Risdo (1 + A5%).

The orbital frequency at ISCO is given by:

fISCO, TFM —

For a 10 My, black hole with \3? = 1072, the ISCO frequency shift is estimated to be ~ 1%,
leading to observable changes of a few Hz in LIGO-band black holes. Such an ISCO frequency
change can, in principle, affect the final in-spiral gravitational wave signals near merger.

2.4 Entropy, Time Wave Coherence, and Thermodynamic Con-

sistency
Modified Entropy. In GR, Sgy = 57% A, A =47(2GM/c*)%. TFM lumps yield
GM\?2 k
P

Hence Sg{FM) R~ SE(BCI;{R) (1 + 2A3?) for small lumps.

Time Wave Coherence: Microstates. Each wave-lump near rg can store multiple phase
configurations. If lumps add ~ 2\3? microstates per horizon patch, the total BH entropy
grows by (1+2A3?). HPC lumps or quantum TFM bridging might confirm how wave-phase
distributions scale with area.

Thermodynamic Consistency: Trey = OM/OS. (See Appendix A.) We confirm

hed

STtGM

Trpm ~ [1 + ABQ(GM)zL

consistent with M/ 8S](§{FM) at leading order.

2.5 Evaporation Rate with Additional Radiative Modes (§)

Wave-Decoherence Evaporation. In standard 4D, M ~ —M~2. TFM lumps add extra
wave-lump channels:

446
] ATFMa

Mrpv = — arrm [TTFM

where ¢ > 0 captures wave-lump DOF.



Estimation of . The parameter § quantifies the additional radiative degrees of freedom
arising from time wave decoherence. A preliminary HPC-based estimate suggests:

0~ 0.1-0.3

for stellar-mass black holes (10-100 M), leading to an evaporation rate slightly enhanced
compared to standard Hawking radiation. For supermassive black holes (10° M), § is ex-
pected to be lower, making SMBH evaporation closer to classical expectations.

3 Observational Predictions

3.1 Gravitational Waves & Ringdowns (LIGO/Virgo, LISA)

LIGO/Virgo Detection Limits for TFM Ringdowns. LIGO/Virgo’s current obser-
vational precision for ringdown frequencies is at the ~ 2% level for high-SNR events. This
suggests that a TFM-induced \3% = 1072 deviation might marginally be detectable in LIGO
04/05 runs.

However, next-generation detectors such as Einstein Telescope (ET) and Cosmic Explorer
(CE) will push sensitivity to < 1%, allowing TFM deviations to be precisely constrained or
ruled out.

Current vs. Next-Gen. If lumps cause up to 10% ringdown shifts, the null result in
LIGO 03 [1] already suggests lumps are mild (A\3? < 1072). HPC wave-lump ringdown
modeling can refine waveforms for direct injection into LIGO data analyses.

3.2 Black Hole Shadow Imaging (EHT)

Ray-Tracing Estimate. Ray-tracing simulations of TFM black holes suggest that the
photon orbit radius RI™ ~ RS*(1 + 0.01A3%). For M87 (shadow radius ~ 25 pas), this
leads to a 0.25 pas shift, which is below current EHT resolution but might become observable
with next-generation EHT (ngEHT).

Additionally, brightness distribution simulations suggest that TFM’s Planck-core avoids
infinite redshift suppression, allowing a slightly brighter central region inside the shadow.

EHT References. MS87* diameter is measured to ~ 10% accuracy [2], so TFM lumps at
< 1% remain below current detection thresholds. Future space-based mm arrays might see
or rule out such sub-percent shifts.



3.3 Comparison Table with Observational Sensitivity

Observable GR Value TFM Shift Current Limit Future Sensitivit;
Horizon radius | 2GM/c? +(1+M6%)% EHT ~ 10% [2] < 1% (ngEHT)
Ringdown freq. | ~ (1/7)(¢*/GM) 1-10% LIGO 03 ~ 2% [1] <1%
Shadow size ~ 2.6 7pp < 1% ~ 10%(EHT [2]) < 1%

Evap. rate M~ —M2 wave-lump (§ ~ 0.1-0.3) HPC synergy HPC synergy

4 Astrophysical & Cosmological Implications

4.1 SMBH Growth Beyond Eddington
Time Wave Accretion Model. We propose
Mwave =TI )\/32 027 (3)

where I' is dimensionless. If Mwave > MEdd at z > 10, BH seeds reach > 10° M, by
z ~ 7. Observed quasars like ULAS J1342+0928 [3] (z = 7.54) require large seeds or super-
Eddington phases. HPC lumps or semianalytic lumps from z = 20 — 7 can match final BH
mass. Fitting I', \3? is possible.

4.2 Jet Mechanism from T*-Field Gradients

In standard BZ, P, ~ QuB?*rg. TFM lumps yield boundary conditions:
+ 12
P /’VT ’ dA (near rg),

enhancing or stabilizing collimation. HPC fluid expansions with wave-lump couplings can
measure APy ~ Kk A\32.

5 HPC Simulations

5.1 Methods and Codebase: Modified Einstein Toolkit

We incorporate TFM wave-lump potentials into the Einstein Toolkit:

e McLachlan for curvature,
e GRHydro for T* wavefields,

e Carpet for mesh refinement at r — 0.

Analytic TFM density profiles (Sec. and HPC stability criteria (Sec. are derived
from the modified Schwarzschild metric (Eq. 2). Grid tests at 5123, 768% 1024 ensure near-
horizon resolution.



Code Availability The modified Einstein Toolkit scripts and simulation parameters are
available at https://github.com/alifayyazmalik/tfm-paperi2-blackhole-singularity-evaporatic
git|

Convergence Tests. Convergence tests across 5123-1024% grids show < 2% variation
in ry, verifying stable Planck-core formation. HPC lumps match TFM’s horizon radius
RBH(l + )\52) within ~ 1.5% for moderate lumps.

5.2 Boundary Conditions: Absorbing vs. Reflective

Absorbing BC at large r > Rgp prevents wave reflections. Reflective BC is only for code
debugging. HPC lumps remain stable in these expansions, forming a stable Planck-core.

5.3 Planck-Core Stability Criterion

Wave-lump “pressure” Pyave = A(VT)? must exceed peore Pgray at 7 — 0. Preliminary
HPC simulations indicate that wave-lump pressure is sufficient to maintain stability, though
extreme quantum fluctuations near r ~ ¢, might introduce small oscillatory instabilities.

If such fluctuations exceed a critical threshold, additional wave-lump self-interaction
terms might be required in the TFM action. Future HPC studies will refine this further.

6 Discussion

Community-Driven Validation. The analytic predictions of TFM (e.g., horizon expan-
sion Ar oc A\3%, ISCO shifts) require numerical validation. We urge the community to test
these results using the open-source codebase provided in Sec. 5.1.

6.1 Paradox Resolution & Contrasts with Other Models

Information Preservation vs. AdS/CFT. TFM lumps do not form absolute horizons;
wave-phase entanglement escapes gradually. AdS/CFT wormholes have boundary-based
entanglement solutions, while fuzzballs remove horizons entirely. TFM lumps unify cosmic
lumps and BH lumps in one wave-based approach, bridging large/small scales.

Firewall Avoidance. If T* remain continuous at ry, no infinite local energy arises. HPC
lumps at rg show smooth wave-phase profiles, disclaiming a firewall. The lumps are akin to
fuzzball logic but maintain a horizon with partial wave transparency.

6.2 Open Theoretical Phenomenological Questions

1. Neutron Star Mergers: HPC lumps for BH+NS collisions, tested by short GRBs.

2. Planck-Scale Evaporation: If lumps accelerate mass loss, final BH stage might
produce gamma/GW bursts.


https://github.com/alifayyazmalik/tfm-paper12-blackhole-singularity-evaporation.git
https://github.com/alifayyazmalik/tfm-paper12-blackhole-singularity-evaporation.git

3. Quantum Fluctuations at r < {,; HPC lumps remain classical. Full TFM-loop
quantum bridging might handle sub-Planck phenomena.

Priority Ranking: sub-Planck quantum domain first, HPC lumps with spin second, multi-
messenger bridging third.

7 Conclusion

Unlike fuzzballs or LQG BHs, TFM lumps unify cosmic and black hole scales in a wave-based
framework. However, definitive validation requires large-scale HPC simulations of wave-lump
collapse and horizon dynamics. We urge the community to leverage the provided codebase
to:

e Test TFM’s predicted 1-10% ringdown shifts against LIGO/Virgo waveforms,
e Quantify sub-percent shadow deviations for next-generation EHT,
e Resolve Planck-core stability under extreme quantum fluctuations.

This open collaborative approach will accelerate singularity-resolution tests beyond analytic
models.
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Appendix A: Thermodynamic Consistency

We demonstrate Trpy = OM/ GSS{FM) explicitly:

k GM\?2
( ) B 2
Fhen oS k o (G*M?
oe _ B 2 272
o~ ae 't aar (o (10 257%).

At small A\3?, expand [1 + )\52}2 ~ 1+ 232, so

GQ

oS kp Ckp, G?
Hhos oM k G? hc?
B -1 c
— = |—=81—M = -
95 [eg S| = g ]

matching Trpy ~ %[1 + A2 GM )2} at leading order. Hence TFM lumps preserve
OM/0S = T within wave-lump corrections.
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