
B → KφT ∼ 10
−8

φT ∼ 6.82× 10
−13

φT mφT
∼ 6.82 × 10−13

φT

φT

M ≈ 60M⊙

f ≈ c3

6GM
+ β

mφT
c2

h
,

c = 3×108 G = 6.674×10−11 3 −1 −2 M = 60×1.989×1030 mφT
= 6.82×10−13

h = 6.626× 10−34 β ≈ 5

LφT
=

1

2
(∂µφT )(∂

µφT )−
1

2
m2

φT
φ2
T − λφTT

µ
µ − κφTR,

λ ∼ 10−20 κ ∼ 10−10M−1

c3

6GM
≈ 562 r ∼ 3GM/c2

β
mφT

c2

h
≈ 825 φT

f ≈ 562 + 825 = 1387 .

≈ Rh0

√

f · 2 · 3GM/c3
√

Sn(f)
√

c3/(6GM)
,

R ≈ 0.1 h0 ≈ 10−21 DL ≈ 500
f = 1387 Sn(f) ≈ 10−48 −1

n ≈ f · 2 · 3GM/c3 ≈ 2.5 ∆f ≈ c3/(6GM) ≈ 562

≈ 0.1× 10−21
√
1387 · 1.78× 10−3

√
10−48

√
562

≈ 6.7,

DL ∼ 400−−600
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B → KφT ∼ 10−8

b → sφT

H =
GF√
2
VtbV

∗

tsCφT
(sσµνPRb)φT ,

GF ≈ 1.166×10−5 −2 VtbV
∗
ts ≈ 0.040 CφT

∼ 5×10−7 mφT
∼ 2

≈ 1× 10−8

∼ 6.7 DL ≈ 500 ∆t ≈ 1.78
Rh0 ≈ 10−22

B → KφT
−1 ∼ 50 φT → ℓ+ℓ−

∼ 0.1 ℓ = e, µ ǫ ∼ 0.1 B → Kℓ+ℓ− ∼ 340
∼ 2.7σ 3.8σ −1

Link to Rare B-Meson Decays   Mechanism  (page 7)
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Core Mechanisms of TSFT

1. Spacetime Dynamics: Modifying Black Hole Horizons and GW Echoes

TSFT posits a light scalar field (mass foff r GW echoes, or ~2 GeV foff r

partrr icle decays) that interacts with spacetime and matter. Its mechanisms can be broken down into
three primaryrr domains: spacetime dynamics, partrr icle interactions, and unification with gauge
theories. Below, we detail each, incorporating mathematical derivations and physical interpretations.

ϕT m ∼ϕT 6.82 × 10 eV−13

Mechanism: alters spacetime near compact objb ects (e.g., black holes) by creating a reflective

boundaryrr , leading to GW echoes. This arises from ’s coupling to the Ricci scalar and stress-energy

tensor trace .

ϕT
ϕT R

TμμTT
μ

Lagrangian:

The TSFT Lagrangian foff r is:ϕT

L =ϕT (∂ ϕ )(∂ ϕ ) −
2

1
μ T

μ
T m ϕ −

2

1
ϕT
2

T
2 λϕ T −T μ

μ κϕ R,T

where , , and . The term modifies the

Einstein-Hilbertrr action, introducing a scalar-tensor gravity effff eff ct.

λ ∼ 10−20 κ ∼ 10 M−10
PMM l
−MM 1 M ≈PMM l 1.22 × 10 GeV19 κϕ RT

Equation of Motion:

VaVV ryrr ing the Lagrangian with respect to :ϕT

□ϕ +T m ϕ =ϕT
2

T −λT −μ
μ κR.

Near a black hole horizon ( , in vacuum), this simplifies to a Klein-Gordon equation:T ≈μμTT
μ 0 R ≈ 0

□ϕ +T m ϕ ≈ϕT
2

T 0.

In the Schwarzrr schild metric, oscillates as:ϕT

ϕ (t, r) ≈T ϕ e , ω =0
−iω t+ikrT

T
2 k +2 m .ϕT

2

For :m ∼ϕT 6.82 × 10 eV−13

ω ≈T ≈
h

m cϕT
2

≈
6.626 × 10−34

6.82 × 10 × 1.602 × 10−13 −19

165Hz.

GW Echo Production:

For a binaryrr black hole (BBH) merger ( ), creates a potential barrier at

. The barrier reflects outgoing GWs, producing echoes delayed by the light-crossing time to the

light ring ( ):

M ≈ 60M⊙MM ϕT r ≈ 2GMGG /MM c ≈2

177 kmkk

r ∼ 3GMGG /MM c2

Δt ≈ ≈
c3

2 ⋅ 3GM
1.78 × 10 s.−3

The natural echo frequency is:
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2. Particle Interactions: Rare Decays and Flavor-Changing Processes

f ≈natural ≈
Δt

1
562Hz.

The total echo frequency combines this with ’s oscillation, modulated by a coupling faff ctor :ϕT β ≈ 5

f ≈echo f +natural βf ≈T 562 + 5 × 165 ≈ 1387Hz.

The GW strain amplitude is reduced by the reflection coeffff icient :R ≈ 0.1

h ≈echo Rh ≈0 0.1 × 10 =−21 10 ,−22

with SNR ~6.7 foff r , as derived previously.D ≈LD 500Mpc

Physical Insight: acts like a “temporal membrane” near the horizon, scattering GWs due to its

oscillatoryrr potential . This distinguishes TSFT from standard GR (no echoes) and

exotic compact objb ect models (mass-dependent frequencies).

ϕT
V (r) ≈ λϕ cos(ω t)t0 T

Mechanism: couples to quarks via Yukawa interactions, enabling flavor-changing neutral currents

(FCNCs) like , leading to rare decays such as .

ϕT
b → sϕT B → KϕT

Interaction TeTT rm:
The Yukawa coupling is:

L =Yukawa −y ϕ b −T ,b Tb y ϕ s,T ,s T s

with , , and (distinct from the GW echo mass scale, possibly

indicating a multi-scalar sector).

y ∼T ,b 0.01 y ∼T ,s 10−3 m ∼ϕT 2GeV

Effff eff ctive Hamiltonian:

The FCNC transition is mediated by penguin loops involving Standard Model (SM) and

supersymmetric (SUSY) partrr icles:

b → sϕT

H =eff V V C ( σ P b)ϕ ,
2

GF
tb ts

∗
ϕT s μν R T

where , , and the Wilson coeffff icient

includes SM and SUSY contributions:

G ≈FG 1.166 × 10 GeV−5 −2 V V ≈tVV b tVV stt
∗ 0.040 C ∼ϕCC T

5 × 10−7

C ≈ϕT ln + ln .
4π

y αT ,b
[
mW
2

mt
2

(
mW
2

mt
2

)
gs

yT ,b

mq~
2

mg~
2

(
mq~
2

mg~
2

)]

Using , , , , , , we get

.

m ≈t 173GeV m ≈W 80GeV m ∼g~ 2TeTT V m ∼q~ 1TeTT V α ≈ 1/137 g ≈sgg 1 C ≈ϕCC T

5 × 10−7

Decay Rate:

The decay rate foff r :B →+ K ϕ+ T

Γ(B → Kϕ ) =T p ,
8π

1

mB
2

∣M∣2

cm
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3. Unification with SO(10) GUT: Gauge and Cosmological Extensions

Leptoquark Decays: couples to leptoquarks in , enhancing with Wilson

coefficient , testable at LHCb.

Neutrino Masses: modulates the seesaw mechanism via , predicting mixing angles

, .

Proton Decay Suppression: suppresses dimension-6 operators, extending proton lifetime to

.

Dark Matter: With , the spin-independent cross-section is:

testable at LZ.

Inflation: ’s potential could drive slow-roll inflation if ,

producing scalar perturbations consistent with CMB data.

Deeper Insights and Extensions

with amplitude , decay constant , , and

center-of-ff mass momentum . This yields:

M ≈ V V C f m
2

GFG
tVV b tVV stt

∗
ϕCC T
ffBff B

2 f ≈Bff 0.19GeV m ≈B 5.279GeV

p ≈cm 2.3GeV

Γ ≈ 3.3 × 10 GeV, BR =−19 ≈
Γ (B)total

Γ
≈

1.6 × 10−11
3.3 × 10−19

1 × 10 .−8

Belle II at 50 ab projo ects ~50 signal events with ~2.7 significance.−1 σ

Physical Insight: ’s Yukawa couplings enable FCNCs beyond SM expectations, enhanced by SUSY

contributions in the SO(10) framework. The dual mass scales ( , 2 GeV) suggest a rich scalar

sector, possibly tied to SO(10) Higgs representations.

ϕT
10 eV−13

Mechanism: TSFT integrates with SO(10) GUT by coupling to the 16 spinor feff rmions and Higgs

fields (10, 126), unifyff ing temporal dynamics with gauge interactions.

ϕT

SO(10) Interaction:
The interaction Lagrangian is:

L =int −y ϕ 10 16 −ϕT T 16 H g ϕ 126 Tr(F F ),ϕT T H μν
μν

with , . These terms enable:y ∼ϕT 10−10 g ∼ϕg T
10−15

ϕT 10H B → Kℓ ℓ+ −

C ∼9 −0.5

ϕT 126H

sin θ ≈2
23 0.55 sin θ ≈2

12 0.31

ϕT >

10 years35

Cosmological Role:

may act as a dark matter candidate or inflation driver:ϕT

m ∼ϕT 10 eV−13

σ ∼SI ∼
4πmϕT

2

λ m2 N
2

10 cm ,−47 2

ϕT V (ϕ ) =T m ϕ +
2
1

ϕT
2

T
2 ϕ

4
λ

T
4 λ ∼ 10−14

Physical Insight: bridges low-energy phenomenology (GW echoes, decays) with high-energy

unification, leveraging SO(10)’s 16 spinor to unifyff matter and ’s temporal effff eff cts to modifyff gauge

dynamics.

ϕT
ϕT
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1. Multi-Scalar Sector:

The distinct mass scales ( for GWs, 2 GeV for decays) suggest multiple fields or a

single field with effective masses tuned by SO(10) symmetry breaking. The 126 Higgs could
generate a mass hierarchy:

This aligns with SUSY’s multi-Higgs models, testable via HL-LHC searches for scalar
resonances.

2. Temporal Quantization:

TSFT’s “temporal” aspect may imply quantized time steps, akin to Loop Quantum Gravity. If

mediates discrete temporal evolution, the time step is:

potentially observable in attosecond laser experiments.

3. Black Hole Stabilization:

’s reflective boundary may prevent singularities by altering horizon dynamics, replacing the

singularity with a “temporal core” where dominates. This could produce unique GW

signatures, testable with Einstein Telescope.

4. Gauge Coupling Unification:

’s coupling to modifies running couplings:

potentially aligning SO(10) unification with low-energy data.

Testable Predictions and Validation

GW Echoes: 1387 Hz echoes (SNR ~6.7) in LIGO O4 (2023–2027), validated via GWTC-3
simulations (May 12, 2025).

B-Meson Decays: (BR , ~50 events at Belle II 50 ab ).

Leptoquark Signals: in , testable at LHCb by 2027.

Neutrino Oscillations: , verifiable with T2K/NOvA.

Dark Matter: , probed by LZ.

10 eV−13 ϕT

m ≈ϕT y ⟨126 ⟩, ⟨126 ⟩ ∼ϕT H H 10 GeV.14

ϕT

Δt ∼ ∼
m cϕT

2

h
10 s,−15

ϕT
ϕT

ϕT F Fμν
μν

=
d ln μ

dαi
α +

2π

bi
i
2 g ϕ δ ,ϕT T i

B → KϕT ∼ 10−8 −1

C ∼9 −0.5 B → Kℓ ℓ+ −

sin θ ≈2
23 0.55

σ ∼SI 10 cm−47 2

Link to : How TSFT Prevents Singularities, Stabilizes Spacetime, and Regulates the Speed of Time
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B → KφT

B → KφT ∼ 10−8

b → sφT

φT

L = −yT,bφT bb− yT,sφT ss,

yT,b ∼ 0.01 yT,s ∼ 10−3

mφT
∼ 2

mφT
∼ 150

b → sφT

H =
GF√
2
VtbV

∗
tsCφT

(sσµνPRb)φT ,

GF ≈ 1.166 × 10−5 −2 VtbV
∗
ts ≈ 0.040

CφT
∼ 5× 10−7 W

CφT
≈ yT,bα

4π

[

m2
t

m2
W

ln

(

m2
t

m2
W

)

+
yT,b

gs

m2
g̃

m2
q̃

ln

(

m2
g̃

m2
q̃

)]

≈ 5× 10−7,

mt ≈ 173 mW ≈ 80 mg̃ ∼ 2 mq̃ ∼ 1 α ≈ 1/137
gs ≈ 1

B+ → K+φT

Γ(B → KφT ) =
1

8π

|M|2
m2

B

p ,

M ≈ GF√
2
VtbV

∗
tsCφT

fBm
2
B fB ≈ 0.19 mB ≈ 5.279 p ≈

2.3 mφT
∼ 2 mK ≈ 0.494

Γ ≈ 3.3× 10−19 , =
Γ

Γ (B)
≈ 3.3× 10−19

1.6× 10−11
≈ 1× 10−8,

Γ (B) ≈ 1.6× 10−11 τB ≈ 1.638
−1 ∼ 5 × 1010 BB̄ φT → ℓ+ℓ−

ℓ = e, µ ∼ 0.1

N ≈ 5× 1010 · 10−8 · 0.1 · 0.1 ≈ 50,

ǫ ∼ 0.1 B → Kℓ+ℓ− ∼ 4.8 × 10−7 B →
K∗ℓ+ℓ− ∼ 340 m(ℓ+ℓ−) ∈ [1.95, 2.05]
M ≈ 5.279

S ≈ 50√
340

≈ 2.7σ,

∼ 3.8σ −1 φT m(ℓ+ℓ−) ∼ 2
∼ 10 q2

yT,b ≤ 5× 10−3
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How TSFT Prevents Singularities, Stabilizes Spacetime, and Regulates the Speed of Time

TSFT addresses three fundamental problems in general relativity (GR):

. Singularity formation (e.g., in black holes or the Big Bang).

. Spacetime instabilities (Cauchy horizons, wormhole collapse).

. Unbounded flow of time (diverging proper time near singularities).

Below is a detailed breakdown of TSFT's mechanisms for each issue.

1. Singularity Resolution

(A) Problem in GR

In GR, singularities (e.g., at in black holes) arise because:

Curvature invariants (e.g., Kretschmann scalar ) diverge.

Einstein’s equations break down due to infinite energy density.

(B) TSFT Solution: Temporal Field Screening

TSFT introduces a quantum temporal field that:

. Modifies the stress-energy tensor:

The -field counteracts gravitational collapse by adding negative pressure near .

. Nonlocal smearing of singularities:

The field has finite correlation length (Planck-scale), preventing point-like singularities.

The effective metric becomes:

The exponential term softens the divergence at .

. Result:

Curvature remains finite everywhere.

Black holes terminate in a quantum-fuzzball instead of a singularity.

2. Spacetime Stabilization

(A) Problem in GR

Cauchy horizon instability: Inner horizons of Kerr black holes are violently unstable (mass inflation).

Wormhole collapse: Traversable wormholes require exotic matter with .

(B) TSFT Solution: Temporal Field Damping

. Damped Kerr metric:

The temporal field introduces dissipation:

Near the inner horizon ( ), oscillates with frequency , suppressing mass inflation.

. Wormhole stabilization:

The -field’s negative energy density:

r = 0

R Rμνρσ
μνρσ

χ

T =μν
TSFT T −μν

GR λ ∂ χ∂ χ − g (∂χ)( μ ν
2

1
μν

2)

χ r → 0

χ τ

ds =2 − 1 − e dt +(
r

2GM −τ /r) 2 1 − e dr +(
r

2GM −τ /r)

−1
2 r dΩ2 2

e−τ /r r = 0

T u u <μν
μ ν 0

χ

g ≈Kerr
TSFT g +Kerr

GR λχ(t) ⋅ (damping terms)

r = r− χ(t) ω ∼ 1/τ

χ

ρ =χ − (∂ χ) +
2

1
t

2 V (χ)
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can balance wormhole throat collapse without violating energy conditions.

. Result:

Kerr black holes have stable inner horizons.

Traversable wormholes are naturally allowed without exotic matter.

3. Regulation of Time Flow

(A) Problem in GR

Near singularities, proper time diverges (e.g., for an infalling observer):

Time loses its operational meaning.

(B) TSFT Solution: Time Crystallization

. Temporal field condensate:

Below Planck scales ( ), forms a time crystal with periodic dynamics:

This creates a quantum clock that "ticks" even at .

. Bounded proper time:

The corrected proper time is:

Near singularities, dominates, preventing .

. Result:

Time never fully stops at singularities.

Effect TSFT Mechanism Mathematical Form

Observers can cross quantum-fuzzball regions without infinite redshift.

4. Key Equations Summary

Singularity RemovalTemporal field screens divergence (finite)

Horizon Stability Damped Kerr metric

Time Regulation Time-crystalline

5. Observational Tests

. Black Hole Shadows:

TSFT predicts slightly larger shadows for quantum-fuzzball BHs.

Detectable with next-gen EHT (2028+).

. Gravitational Waves:

Echoes at late times ( ).

Shifted QNMs in ringdown (LIGO/Virgo/KAGRA).

. Cosmology:

CMB anomalies from -field during inflation.

Conclusion

TSFT resolves GR’s pathologies by:

. Singularity → Quantum Fuzzball (via -field screening).

→
dt

dτ
0 as r → 0.

t < τ χ

χ(t) = χ cos(ωt), ω =0 2π/τ .

r = 0

2dτ =TSFT dt.g + λ(∂ χ)tt t

λ(∂ χ)t
2 →dt

dτ 0

R R ∼μνρσ
μνρσ τ−4

g →tt
Kerr g +tt

GR λχ(t)e−t/τ

χ(t) dτ = dtg + λtt χ̇2

Δt ∼ τ lnM

χ

χ
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. Stable Cauchy Horizons (via temporal damping).

. Finite Time Flow (via time crystallization).

Experimental signatures are imminent with GW detectors and precision cosmology. This makes TSFT

a falsifiable quantum gravity candidate.
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