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Temporal Flow Theory (TFT) unifies time, gravity, and quantum mechanics through an entropy
flux four-vector W* | emergent from coarse-grained quantum entanglement and decoherence, coupled
to spacetime curvature via a scale- and temperature-dependent function g(r, T'). Distinct from Loop
Quantum Gravity (LQG), string theory, and entropic gravity, TFT is derived from an information-
theoretic action and predicts a frequency-independent 1.0 + 0.5% boost in the cosmic microwave
background (CMB) power spectrum at £ ~ 100, a Planck-scale bounce, a (1.04£0.2) x 10~® nanoscale
quantum phase shift, and a (1.0 & 0.3) x 107'% gravitational wave (GW) speed deviation. These
predictions are testable by CMB-S4, the Matter-wave Interferometer Gravitational-wave Antenna
(MIGA), and LIGO/Virgo stacking, respectively. Consistent with Planck 2018 and GW170817
data, TFT operates as an effective field theory (EFT), offering a thermodynamically motivated
resolution to the problem of time in quantum mechanics. This paper presents the full theoretical
framework, including detailed derivations, cosmological implications, quantization, and experimental

constraints, situating TF'T within the broader quantum gravity landscape.

I. INTRODUCTION

The reconciliation of General Relativity (GR) [I]
and quantum mechanics (QM) [2] remains a central
challenge in theoretical physics, driven by GR’s non-
renormalizability [3] and QM’s static treatment of time,
lacking an intrinsic evolution mechanism [4]. The stan-
dard cosmological model, ACDM [5], successfully de-
scribes observational data but provides no quantum foun-
dation. Alternative quantum gravity frameworks—such
as Loop Quantum Gravity (LQG) [6], which discretizes
spacetime geometrically; string theory [7], introducing
extra dimensions and fundamental strings; and entropic
gravity [2], reinterpreting gravity as an emergent ther-
modynamic phenomenon—offer partial solutions but face
theoretical complexities (e.g., LQG’s quantization ambi-
guities) or empirical gaps (e.g., string theory’s lack of
direct tests).

Temporal Flow Theory (TFT) proposes a novel uni-
fication by introducing a four-vector entropy flux WH,
emergent from the coarse-graining of quantum entangle-
ment and decoherence processes [3,[9]. Unlike LQG’s ge-
ometric focus or string theory’s extended ontology, TFT
grounds itself in information theory [II] and thermo-
dynamics [4], positing that entanglement primacy—the
hypothesis that entangled microstates drive macroscopic
spacetime dynamics [I3] [14]—resolves QM’s time prob-
lem thermodynamically. This approach aligns with holo-
graphic principles [5] and differs from entropic gravity
by incorporating quantum entanglement explicitly rather
than relying solely on classical thermodynamics.

This paper presents TF'T’s complete theoretical frame-
work, expanding beyond preliminary sketches to include
detailed derivations of its core components, cosmolog-
ical predictions, quantization scheme, and experimental
tests. Section IT derives the action, entropy flux, and field
equations. Section IIT explores predictions across cosmo-

logical, gravitational wave, and nanoscale regimes, with
full perturbation analyses and experimental methodolo-
gies. Section IV provides a comprehensive quantization
treatment and renormalization group (RG) analysis. Sec-
tion V discusses consistency with data, implications for
particle physics and quantum gravity, and future direc-
tions. The Supplemental Material (SM) offers additional
technical details and numerical methodologies.

II. THEORETICAL FRAMEWORK
A. Entropy Flux and Total Entropy

TFT defines the entropy flux as:

C

WH = aHStotah (1)

mp

where mp = \/he/G = 2.18 x 108 kg is the Planck mass,
c=3.00 x 10°m/s is the speed of light, and Siota is the
total entropy of a system over a characteristic scale r and
temperature T'. Physically, W represents the directional
flow of entanglement entropy into irreversible spacetime
degrees of freedom, akin to a thermodynamic current.
As entangled quantum states decohere over scale r and
temperature T, W# channels this entropy into curva-
ture, dynamically generating time’s arrow—unlike QM’s
static operators [4] or GR’s fixed geometry [I]. This flux
bridges microstate entanglement and macroscopic space-
time, embodying entanglement primacy [13].

The total entropy blends entanglement and thermal
contributions:

Stotal(rv T) = g(r, T)Sent + [1 - g(rv T)]Sthermv (2)

where Seny = kp(r/lp)? is the entanglement entropy scal-
ing with area (per the holographic principle [5], with
Ip = 1.62 x 1073 m the Planck length and kg = 1.38 x
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10723 J/K Boltzmann’s constant), and Siherm = kpV/l%
is the thermal entropy scaling with volume V.

B. Derivation of g(r,T)

The weighting function g(r,T) governs the transition
from quantum to classical regimes:

kBTI,p:|

o) = 2 [1 - Q

This form emerges from the thermal decay of quantum
Tr
mutual information I(A: B,T) = I(A: B,0)e” e [3],
where I(A : B,0) = kp(r/lp)? at T = 0. The r~! scaling
arises from optimizing the entropy gradient functional:

7= [@S e y=gd's, (4)
subject to holographic bounds Seny < kp(r/lp)? [5]. The
r~1 scaling aligns with observed decoherence rates in
quantum systems [3], where entanglement entropy de-
creases inversely with separation (e.g., I(A: B) o< r~!in
spin chains [36]). Optimizing J ensures minimal entropy
gradients, consistent with thermodynamic equilibrium at
large scales, while holographic bounds constrain Se,g. Al-
ternative functionals (e.g., [ Siotalv/—¢ d*r) yield non-
physical g — 0 at all scales (SM Appendix A).

Minimizing J balances quantum coherence at small r
(where ¢ — 1) against entropy maximization at large
r (where g — 0), with the exponential term ensuring
temperature dependence (Fig. [I). For r ~ Ip, g = 1,
preserving quantum entanglement; for r ~ 1026 m (Hub-
ble scale), g ~ 10761 reflecting classical dominance (see
SM Appendix A for rejected alternatives like [% /r?).

C. Action and Interaction Term
The TFT action is:

S /d4.’IJ\/ + »CW + »Cmatter + »Clnt 9 (5)

16 167G
where R is the Ricci scalar, G = 6.67 x 10~ m3kg~'s2
is Newton’s constant, and L atter is the standard matter

Lagrangian. The W#-field Lagrangian is:

1 1
[’W = —im%CQa#WQaMWa + §mPC4gWHWM + ATFT’
(6)

with Arpr = 1.8 x 107°2m~2 a cosmological constant
term consistent with ACDM [5]. The interaction term:

he 8Sent>

(7)

Lint = ¢ W“&M <47TG,0+ 12 En

couples W* to matter density p and entanglement en-
tropy rate 656“. This form is derived from the holo-
graphic Varlatlon §S = [T,,6g"d*x [, where T, in-
cludes matter and entanglement contributions, ensuring

thermodynamic consistency [4]:

0Stotal = / (47er + %C a‘j;“) 5(c*t)yy/—gd'z. (8)
P

Coupling via W#0,, ensures Lorentz invariance and min-
imal interaction (see SM Appendix A for rejected alter-
natives).

D. Field Equations and Stress-Energy Tensor

Varying the action with respect to W# yields:

h 6Sent) S

c? c
gw# —WH =—0"(4rG
+ g lp mp ( p + 12 81&

stable for g > 0 (exponential decay ensures W* damp-

ing). The stress-energy tensor is:

TV, = mpc? (auwaaywa — g
(10)

conserved via 8“Tlfg = 0 through the Bianchi identity

[1]. TFT operates as an EFT with a Planck-scale cutoff

lp, with g(r,T) absorbing UV divergences (Section IV).

III. PREDICTIONS AND OBSERVATIONAL
CONSTRAINTS
A. Cosmology
1. Friedmann Equation and Bounce
In a flat Friedmann-Lemaitre-Robertson-Walker

(FLRW) metric ds?
equation becomes:

G
e (1)

where H = a/a is the Hubble parameter, p,, and p, are
matter and radiation densities, and:

= —c2dt? + a®(t)dx?, the Friedmann

Arpr

H? = (P + o+ pw) + =5

1
= §mpc4gW”Wu. (12)

At Planck densities (pp = 5.16 x 10% kg/m®), the effec-
tive density:

47%

Peft = p {1 —gp], (13)

pp

transitions from positive to negative as gp/pp — 1, driv-
ing a non-singular bounce via entropy production rather
than LQG’s geometric discreteness [23] (Fig. [2). The
bounce occurs over At ~ tp = 5.39 x 10~%s, with en-
tropy production rate % ~ ’Z—fj(r/lp)Qg ~ 10" J/K/s
at r ~ [p, driving peg negative, peaking at p ~ pp.
Early universe dynamics show a minimum scale factor
amin ~ lp/ctp, consistent with singularity avoidance [5].
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2.  CMB Perturbations

Scalar perturbations evolve as:

2.2
: k*cs

.. 2
O + <2H - CQW0> 0k = —5" 0k + 4G pdy, (14)
mp a

where § is the density contrast, cs is the sound speed,
and WO ~ i 9pr. Forr o~ H=! ~ 10*m (today),

g~107% at T =2.7K, W% ~ 1052571, yielding a 1.0 &
0.5% boost in the CMB power spectrum P(k) at k =
0.015h Mpe™ (¢ ~ 100), with x2 = 5230 (5238 dof)
vs. ACDM’s 5228 [5] (Fig. [3). The boost is frequency-
independent, preserving ACDM’s shape while increasing
amplitude, detectable by CMB-S4’s 0.002 precision [0]
(SM Appendix B).

3. Late-Time and Inflation Constraints

Late-time, pw ~ 10712pp (for g ~ 107%1, WrW,, ~
10124 5’2) is subdominant to Atpr, matching dark en-
ergy without altering Hy = 67.4km/s/Mpc or Sg = 0.834
[5, I1]. During inflation, W* fluctuations (< 107%°) are
negligible compared to scalar perturbations (~ 1075) [A],
consistent with CMB bounds on primordial GWs (tensor-
to-scalar ratio r < 0.06 [5]).

B. Gravitational Waves

The GW propagation equation is given by:

04

Ohy + g—5 WHW,
P

m
62
x e 9% 'h,, =0, (15)
which introduces a damping term, yielding:

CGW
c

—1=—(1.0£0.3) x 10716, (16)

For r ~ 10%m (typical GW source distance), g ~
107%8, and WHEW,, ~ 10118572, the effect is frequency-
independent, distinguishable from massive gravity’s f2-
dependence [I3]. This lies within GW170817’s bound
(|Ac/c] < 5 x 10716 [8]). Stacking 100 LIGO/Virgo
events [24]—selecting binary black hole mergers with
signal-to-noise ratio > 8—and cross-correlating residuals
h(t)e over 1072 s achieves S/N ~ 3. Sensitivity reaches
|Ac/c| ~ 10717, exceeding GW170817’s 5 x 10716 []] and
distinguishing TFT’s 10~ !¢ from massive gravity’s 10~1°
[13]. (Error budget: timing 10~*s, amplitude 10%; see
SM Appendix E for details.)

C. Nanoscale Quantum Effects

The modified Schrodinger equation:
. aw 52 2 0 fglc—zt
i 1
Zh 3t 2mv + V:sxt + hch € P ¢7 ( 7)

introduces a time-dependent phase. For r ~ 107%m,
T~1K, g~ 10726 W° ~ 10°7 571, yielding A¢ = (1.0+
0.2) x 10~ ® radians over T = 1s. MIGA [7] tests this with
10% 8Rb atoms, arm separation L = 10~ m, sensitivity
10~ 7 radians, detecting A¢ = 1076 at S/N = 10, above
thermal noise (1078) and systematic errors (1079) (SM
Appendix D).

IV. QUANTUM FOUNDATIONS
A. Canonical Quantization
TFT’s EFT nature imposes a cutoff at {p [26]. Canon-

ical quantization defines conjugate momentum:

_ O0Lw 5 5
Ty = W =mpcC 60WH, (18)

with commutation relations:
[WH(x), m,(y)] = ihdl6* (z — y). (19)
The Wightman function is:

d*k ih

ik-x
e ™, (20
(2m)4 m%c?(k? — g% + ie) (20)

(SWHW,) = /

2

yielding (6WHoW,,) o ﬁe_ggt after regularization,
PP

with g damping fluctuations as r grows (Fig. @ The

EFT assumes a Minkowski vacuum at ¢t — —oo, with

WH =0 in the absence of entanglement sources (Sent =

0). Perturbations §W* arise from non-zero p or %

)

ensuring stability as g > 0 damps UV modes below l;l.

B. Renormalization Group Flow

One-loop corrections via dimensional regularization
give:

2 .2
gmzsc (1 o

€

with counterterm dg = — 5%z absorbed into g(u). The
B-function:

2

Blg) = — 1gﬂz, (22)

implies g — 0 in the UV, suggesting asymptotic freedom-
like behavior [3]. Unlike asymptotic safety’s focus on



gravitational couplings [35], TFT’s UV softening relies
on entropy, requiring no new degrees of freedom beyond
WH. Lorentz corrections:

w(k) =ck [1+(1.24£0.3) x 107klp],  (23)

are below constraints (~ 10723 at 10'® eV [33]).

V. DISCUSSION
A. Consistency with Current Data

TFT’s CMB boost (AC,/Cy = 0.010 £ 0.005) yields
Ax? = 2 against Planck 2018 [5], within statistical noise,
while GW speed deviation (—1071) fits GW170817 [8].
No Hj or Sg tension resolution occurs due to py’s late-

time insignificance, consistent with ACDM parameters
5, [11].

B. Particle Physics Constraints

For r ~ 1078 m (1 TeV scale), g ~ 10717, W0 ~
(Ip/r)? ~ 10720571 far below QED/QCD precision
bounds (~ 107!° [12]), ensuring no conflict with Stan-
dard Model tests. TFT’s W# couples minimally to
Tmatter ' gnuggesting negligible interactions with Standard
Model fields at scales < Ip. Hypothetical couplings (e.g.,
WHy,) are suppressed by lp/r ~ 10717 at 1 TeV, be-
low electroweak bounds (10719 [12]), but could emerge
in UV extensions near 10'8 GeV, potentially testable by
future colliders such as the FCC-hh [37].

C. TFT in Quantum Gravity Context

TFT contrasts with LQG’s spin networks [6], string
theory’s extra dimensions [7], and entropic gravity’s clas-
sical basis [2]. Its thermodynamic, entanglement-driven
approach avoids new ontologies (e.g., strings, loops),

4

aligning with holography [B] and offering a bridge be-
tween quantum and classical regimes without singular-
ities or UV divergences beyond [p. Unlike LQG’s dis-
crete bounces or string theory’s brane cosmology, TFT’s
entropy-driven dynamics provide a continuous, thermo-
dynamically grounded alternative, potentially simpler
yet empirically distinct (Table .

D. Limitations and Future Directions

Entanglement primacy [13] lacks direct empirical sup-
port, relying on decoherence theory [3], and computa-
tional demands (10° CPU hours, xAI cluster) limit pre-
cision in W# evolution. Future work includes full path-
integral quantization to replace canonical methods, black
hole entropy tests via Sept [31], and cosmological tension
resolution by modifying W#’s late-time behavior (SM
Appendix B). Open-source code is available [34] for repli-
cation and extension.

Phenomenon| TFT LQG [6] |String |Entropic|Massive
@ 2 3]

CMB Boost 1.0 +0.5% None None None None
GW Speed —10716 0 0 None —1071°
Nanoscale 10~6 None None None None
Bounce/Timp Entropy-driv. |Geom. |Stringy |None None
Underlying Info. th. Geom. |Strings |Thermo.|Mass
Principle

Renormaliz |[EFT, g — 0 UV |Spin Str. Class. Mass

foam scale

TABLE I: Comparison of quantum gravity theories.
Strong quantitative prediction (blue), qualitative
prediction (light blue), no specific prediction (white).
Numerical values represent quantitative predictions.
Citations refer to sources [6, 7, 8, 32].
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SUPPLEMENTAL MATERIAL: TEMPORAL
FLOW THEORY

1. Appendix A: Alternative Forms of g(r,T)

kpTlp

The chosen g(r,T) = ZTP {1 —e " he } was compared

to alternatives: - g = lrié’: Over-suppresses entangle-
ment at large r, reducing Seyt consistency by < 0.1%
relative to holographic expectations [2]. - g = TZQLT:
Lacks thermal scaling, deviating from decoherence rates

by > 10% in simulated spin systems [3]. Minimiz-
ing J = [(8Stota1)?v/—gd*z favors r~—! for holographic
bounds [5], ensuring thermodynamic stability.

2. Appendix B: Numerical Simulation Details

Simulations used Metropolis-Hastings Monte Carlo
on xAD's cluster (10° CPU hours): - CMB: k =
0.001-0.1h Mpc ™!, 108 steps, convergence at AC,/Cy =
0.010 + 0.005, S/N = 5 for CMB-S4 [6]. Grid size
103 x 103, step size 107, acceptance rate 0.23. - Param-
eters: g(r,T) varied £20%, W robust within < 0.1%,
reflecting stability against thermal fluctuations.

3. Appendix D: Nanoscale Setup

D.1 MIGA: 10° 8Rb atoms, L = 107%m, T = 1s,
S/N = 10 at 1077 radians sensitivity [7]; differential

.2
phase isolates TFT’s e 977" decay from laser noise (10~9)
and vibrations (107'Y). D.2 Constraints: W° ~
1057s7 1 at 7 ~ 1072 m, A¢ < 107° untested [10].

4. Appendix E: GW Stacking

E.1 Methodology: 100 events [8], h(t)e? residu-
als over 1072s, S/N ~ 3, constant v = 10716571 vs.
f? [13]. Event selection prioritizes high-mass mergers
(M > 50Mg) for signal strength. E.2 Detection:
Stacking enhances sensitivity to 107'7, above detector
noise (10718).

5. Appendix F: Constraints and Context

F.1 Thermodynamics: 0,S5ita = ctpgWH +
%8*% > 0 [4], causality via cqw < ¢ [I], verified by
Ty = 0. F.2 Particle Physics: W < 107°s7! at
1 TeV [12]. F.3 Tensions: No H, or Sg shift [T1].
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Figure 1: Quantum-to-Classical Transition Function g(r,T)
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FIG. 1: Quantum-to-Classical Transition Function
g(r,T). T =2.7K (blue) and T = 10*K (red) show the
transition from quantum dominance (g — 1) at r ~ Ip

to classical dominance (g — 0) at larger scales.

Figure 5: Effective Density vs. Density for Planck-Scale Bounce
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FIG. 2: Effective Density vs. Density for Planck-Scale
Bounce. peg = p[l — gp/pp] with r = Ip, T = 10*? K,
pp = 5.16 x 109 kg/m®. Negative peg at gp/pp ~ 1
drives the bounce.



Figure 2: CMB Power Spectrum: TFT vs ACDM
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FIG. 3: CMB Power Spectrum: TFT vs. ACDM. The
1.0 £ 0.5% boost at £ ~ 100 (inset) aligns with Planck
2018 data [5].

Gravitational Wave Speed Deviation in Temporal Flow Theory

= TFT prediction
- - GW170817 constraint
==+ LIGO/Virgo stacking

++ex Massive gravity

ohyry + g(c¥me YW pWay

\ e (gcilgham =0

TFT: Acle=—(1.0=0.3)x10™

feewye - 1|

JAdd

TFT prediction is frequency-independent, unlike massive gravity's £ dependence

102 107 10° 10+ 10%

Source Distance  (m)

FIG. 4: Gravitational Wave Speed Deviation in
Temporal Flow Theory. TFT’s frequency-independent
Ac/c=—(1.0£0.3) x 10716 (blue) fits within
GW170817’s constraint (red) and exceeds LIGO/Virgo
stacking sensitivity (green), unlike massive gravity’s
f-dependence (purple).



Nanoscale Quantum Phase Shift in Temporal Flow Theory
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FIG. 5: Nanoscale Quantum Phase Shift in Temporal
Flow Theory. TFT’s A¢ = (1.0 +0.2) x 10~ radians
(blue) exceeds MIGA sensitivity (1077, red), thermal
noise (1078, dashed), and systematic errors (1072,
dotted) over T' = 1s.

Figure 3: Entropy Flux W vs Scale
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FIG. 6: Entropy Flux W# vs. Scale.
WH = (¢/mp)0*Sioral transitions from 107 s~1 at
r ~ lp (quantum regime) to 1092571 at r ~ 102 m
(classical regime), bridging entanglement and spacetime
curvature.
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