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Abstract: This paper presents a novel theoretical framework that reinterprets the cosmological
constant problem through a quantum decay perspective. I propose a time-dependent quantum
vacuum decay model wherein vacuum energy density gradually decreases through probabilistic
processes, naturally explaining the vast 102 discrepancy between Quantum Field Theory predictions
and observed dark energy values. Beyond addressing this longstanding problem, this model reveals
a profound connection between quantum decay and time itself, suggesting time is an emergent
phenomenon fundamentally linked to quantum decay rates. This perspective offers elegant
interpretations of gravitational time dilation, relativistic time dilation, and the cosmic speed limit
without modifying general relativity or quantum mechanics, but by unifying their underlying
mechanisms. I demonstrate mathematical correspondence between quantum decay rates and
relativistic time dilation formulas, providing a microscopic foundation for macroscopic spacetime
phenomena. The theory generates specific, testable predictions for precision atomic clock
experiments, black hole observations, and cosmological measurements, potentially resolving
tensions in current Lambda Cold Dark Matter model data. This framework bridges quantum
mechanics and relativity by establishing a common mechanism governing both the cosmological
constant and the nature of time, offering a pathway toward reconciling two pillars of modern physics.

Keywords: quantum decay; cosmological constant problem; time dilation; dark energy; quantum
gravity; vacuum energy density; gravitational time dilation; relativistic time dilation; emergent time;
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1. Introduction

The cosmological constant problem stands as one of the most profound unsolved challenges in
theoretical physics.(1) According to Quantum Field Theory (QFT), quantum fluctuations in the
vacuum state theoretically predict a vacuum energy density of approximately 1076 GeV“.(1)
However, the observed value of cosmological dark energy is merely 104 GeV%(2) creating an
astonishing discrepancy of approximately 10'2 between theoretical predictions and actual
measurements.(3) Previous solutions have relied on extreme fine-tuning or anthropic reasoning,(4)
which fail to provide a fundamental physical explanation, offering merely numerical adjustments
rather than physical insight.

In this paper, I propose a Time-Dependent Quantum Decay Model to address this problem. This
model interprets the vacuum state not as an absolutely stable state but as a metastable state that
gradually decays over cosmological time scales. I hypothesize that as the universe expands, vacuum
energy probabilistically decreases, with the decay rate determined by a specific decay constant A.
This approach naturally explains the gap between the extremely high vacuum energy density of the
early universe and the currently observed dark energy value.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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However, perhaps the most significant contribution of this research is proposing that quantum
decay (specifically, the decay of vacuum energy) may be fundamentally connected to the flow of time
itself. While conventional physics explains the flow of time through thermodynamic entropy
increase,(5) I suggest that quantum decay itself may determine the directionality of time. If quantum
decay occurs through probabilistic processes, this implies that relativistic time dilation and
gravitational time dilation phenomena could be interpreted in a new framework. Specifically, in
environments with strong gravity, quantum decay rates may decrease, manifesting as slower time
flow. Similarly, in relativistically fast reference frames, quantum decay may be delayed,
reinterpreting the time dilation effects predicted by classical relativity theory.

The structure of this paper is as follows:

Section 2 details the theoretical foundations of the time-dependent quantum decay model and
presents it as a solution to the cosmological constant problem. Section 3 explores the fundamental
relationship between quantum decay and the flow of time, analyzing how gravitational fields and
relativistic motion affect decay rates. Section 4 discusses potential experimental validations of this
model, comparing it with the standard ACDM model through supernova luminosity distances,
cosmic microwave background (CMB) anisotropy, and large-scale structure formation. Finally,
Section 5 summarizes the conclusions of this research, examining whether this model can harmonize
with existing physics and the possibility of experimental verification through next-generation
observational technologies.

This research aims to provide fundamental physical insights that connect quantum mechanics
and relativity by proposing that the flow of time itself may be linked to the rate of quantum decay,
potentially offering a new paradigm for understanding the nature of time and gravity.

2. Time-Dependent Quantum Decay Model

This section establishes the theoretical foundation of the time-dependent quantum decay model
and demonstrates how it addresses the cosmological constant problem. I first revisit the discrepancy
between vacuum energy predictions from standard quantum field theory and the observed dark
energy value, then review existing approaches to this problem. Subsequently, I introduce the concept
of the Quantum Stochastic Decay Model and mathematically formalize how quantum energy
naturally decreases through this process, consistent with cosmological observations.

2.1. The Cosmological Constant Problem and Limitations of Existing Solutions

The cosmological constant problem represents one of the most severe unresolved challenges in
modern physics.(6) Quantum field theory predicts enormous vacuum energy due to zero-point
fluctuations, but the observed dark energy value is approximately 1012 times smaller than theoretical
predictions.(1, 7, 8) Various theories have been proposed to explain this discrepancy, but a
fundamental solution remains elusive.

2.1.1. Vacuum Energy Density Predicted by Quantum Field Theory

In standard quantum field theory, vacuum energy density is expressed as:

Omax = (1/2) Dichwy

where wy is the energy of each mode k. Integrating this expression theoretically yields an
enormous energy density of 1076 GeV+. If this value were physically meaningful, it would manifest as
dark energy (cosmological constant) in cosmology, yet the actual dark energy is only 10-4” GeV*.(1, 8)

2.1.2. Limitations of Existing Solutions

Several approaches have been proposed to resolve this problem:
e Supersymmetry (SUSY): If perfectly preserved, supersymmetry would cause vacuum energies
of bosons and fermions to cancel exactly, resulting in zero vacuum energy. However,
supersymmetry is broken in reality, and the residual energy remains too large.(1, 9)

¢ Inflation & Reheating: Inflation theory suggests vacuum energy might be adjusted during the
rapid expansion of the early universe, but fails to explain why it precisely matches the currently


https://doi.org/10.20944/preprints202503.0662.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 March 2025 d0i:10.20944/preprints202503.0662.v1

3 of 14

observed value.(10)

¢ Anthropic Principle: Based on multiverse theory, this approach suggests that "only universes
with dark energy at current levels can sustain our existence." This relies on observational
selection effects rather than fundamental physical mechanisms, making it controversial.(11)

¢ Dynamical Field Models: Quintessence models explain dark energy through dynamic scalar
field evolution but lack clear physical explanations for why it stabilized at the current value.(12)

To overcome these limitations, I propose that vacuum energy may gradually decay over cosmic
time scales through probabilistic quantum decay processes that occur naturally.

2.2. Quantum Stochastic Decay Model

I propose a Quantum Stochastic Decay Model where vacuum energy gradually decays over
time. The core idea is that the vacuum state is not completely stable but metastable, changing very
slowly through quantum tunneling or probabilistic decay processes.

2.2.1. Mathematical Formulation of Quantum Decay

In quantum mechanics, metastable states (such as a false vacuum state) typically exhibit an
exponential decay behavior, characterized by a survival probability that decreases over time as:

P(t) = e
Where A is the decay constant that quantifies the probability per unit time of transitioning from
the metastable state to the stable state.
Applying this exponential decay law to the vacuum energy density associated with a false
vacuum (metastable vacuum state), the vacuum energy density diminishes exponentially according

to:

p’uac(t) = Pvac,i€ A

Here, Pvac,i explicitly represents the initial vacuum energy density of the false vacuum in the
early universe. Through the passage of cosmic time, this vacuum energy density undergoes a
progressive reduction driven by quantum decay processes. Consequently, the presently observed
minute dark energy density can be naturally explained as the residual vacuum energy after extensive
exponential decay:

Atuniverse

Pvac,obs — Pvac,i€

2.2.2. Physical Significance of the Decay Constant A

The decay constant A can be estimated by considering the current age of the universe

t

constant can be derived as:

universe, [f the initial vacuum energy was 1076 GeV* and the current value is 10+ GeV4, the decay

1 vac,i

universe pﬁac,obs

Through this calculation, an approximate decay constant value of A = 6.57 x 1071 s7! can be
obtained, which is consistent with the order of the universe's age.

2.3. Cosmological Implications of This Model
2.3.1. Resolving the "Identity" Problem of Dark Energy

® According to this model, what we currently observe as dark energy is not a fixed constant but
the result of quantum effects that gradually decrease over time.
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® Therefore, the question "Why does dark energy have a specific value?" connects to the
anthropic principle of "Why are we observing the universe at this particular moment?"

2.3.2. Predictions for Future Cosmic Evolution

® [f vacuum energy continues to decay, dark energy may further decrease in the distant future,
potentially slowing the accelerated expansion of the universe.

® This opens the possibility of the universe returning to a matter-dominated state in the far
future.

2.3.2. Connection with Cosmic Microwave Background (CMB)

® This model may influence CMB anisotropy and could be verified through next-generation
observations.

2.3.4. Comparison with Other Theoretical Approaches

® The proposed quantum decay model offers a distinct perspective compared to existing
theoretical frameworks addressing the cosmological constant problem. Table 1 provides a
comparative analysis of various approaches and how they relate to the quantum decay model
proposed in this paper.

Table 1. Comparison of Theoretical Approaches to the Cosmological Constant Problem and Time.

Addresses
Theoretical Kev Concept Cosmological Explains  Time Relation to Quantum
Approach Y P Constant Dilation Decay Model
Problem
Complementary -
Quintessence  Dynamic scalar field Yes No prov1de§ quantum
. . . . . mechanism for what
(Peebles & with time-varying (dynamic  dark (relies on general quintessence
: lativi
Ratra, 2003) equation of state energy) relativity) describes
phenomenologically
o Yes Compatible - quantum
Mod1.f1ed Modification of Partially (through decay could be the
Gravity . . . . o .
(fR) theories Einstein's field (alternative  to modified underlying cause of
MOND) " equations dark energy) spacetime modified gravitational
geometry) dynamics
Complementary -

Yes
(in principle, but
requires fine- No

Symmetry  between
Supersymmetry fermions and bosons

SUSY may explain
initial vacuum energy

(5USY) cancels vacuum | . value, quantum decay
ener funing after explains its current
&Y SUSY breaking) p
value
Compatible - string
, , landscape  provides
String Theory Multlverse with Yes . Partially (through multiple metastable
different vacuum (anthropic
Landscape . holography) vacua that could
states selection)
undergo quantum
decay
. Gravitational Yes . Compatible - quantum
Hélographlc dynamics encoded on (through UV/IR Partially . decay may be the
Principle . (emergent time) . .
boundary connection) microscopic
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(Susskind, 't mechanism behind
Hooft) holographic
emergence
Partially Yes Compatible - quantum
Emergent . . decay could be the
| Gravity as entropic (through (as
Gravity o . fundamental process
. force modified thermodynamic ) .
(Verlinde) . generating  entropic
dynamics) effect) .
gravity
ble -
Discrete  spacetime Partially Yes Compatible - quantum
Causal Set . . decay could
with Poisson (through (through causal . .
Theory 1 . determine causal link
sprinkling discreteness) structure) .
formation
Unifies quantum
mechanics with
Quantum Time  as Lantum Yes Yes relativistic time effects
Decay d (through gradual (decay rate = time and provides
. decay process . .
(This paper) decay) flow) microscopic

explanation for dark
energy evolution

This comparative analysis demonstrates that the quantum decay model proposed in this paper
is not merely an alternative to existing theories but offers a more fundamental explanation that can
potentially unify several theoretical approaches by providing the underlying quantum mechanism
for both the cosmological constant evolution and relativistic time effects.

2.4. Section Summary and Connection to the Next Section

This section demonstrated that the cosmological constant problem can be addressed through
quantum decay processes, where vacuum energy gradually decreases over cosmic time. I have
mathematically formalized a quantum stochastic decay model in which vacuum energy density
follows an exponential decay pattern, naturally explaining the vast discrepancy between the
theoretically predicted value of 107 GeV* and the observed dark energy value of 10# GeV*. The
calculated decay constant of approximately 6.57 x 10-1¢ s71 aligns with the age of the universe and
provides a physical mechanism for vacuum energy evolution without requiring fine-tuning or
anthropic reasoning. This quantum decay approach offers a fundamental physical explanation that
avoids the limitations of existing solutions such as supersymmetry, inflation theory, and dynamical
field models. The next section will explore how this quantum decay process may be fundamentally
connected to the flow of time itself, and how gravitational fields and relativistic effects influence
decay rates.

3. Quantum Decay and the Flow of Time (Fundamental Reinterpretation of
Time)
3.1. Time Flow in Existing Physics
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The flow of time has been defined in various ways in physics. In thermodynamics, the law of
entropy increase is known to determine the directionality of time; however, it only explains why time
flows in a particular direction rather than fundamentally elucidating why time itself exists.(13)

Relativity theory predicts that time can flow differently depending on gravity and relative
velocity, which has been experimentally verified through atomic clock experiments and observations
of spacetime near black holes.(14) However, existing relativity theory only provides mathematical
predictions for time dilation without explaining the fundamental principles of why gravity and
velocity affect the flow of time.(15)

In this research, I propose a new interpretation that connects the flow of time with quantum
decay processes. That is, the flow of time is the process of quantum decay progression, and I will
demonstrate how gravity and velocity affect this decay rate, explaining time dilation effects.

3.2. Why Time Slows in Strong Gravitational Fields

General relativity theory predicted and experimentally verified that time slows down in stronger
gravitational fields, as observed near black holes and confirmed through precision experiments.(16,
17) In classical general relativity, this is explained geometrically through spacetime curvature.(18) In
this research, I provide a complementary quantum interpretation of gravitational time dilation by
connecting it with quantum decay rates.

3.2.1. Relationship with General Relativity's Geometric Interpretation

In Einstein's general relativity, the metric tensor gumv) describes spacetime curvature, and
gravitational time dilation is expressed by the relationship:

dt/dt=(1 +2®/c?) =(1 - 2GM/rc?)

where T is proper time, t is coordinate time, and @ is the gravitational potential. This geometric
description has been verified with extraordinary precision through experiments such as Pound-
Rebka (1959),(16) Gravity Probe A (1976),(17) and more recently with optical atomic clocks.(19)

Rather than contradicting this geometric interpretation, I propose that the underlying physical
mechanism driving this geometric effect may be the quantum decay process itself. That is, spacetime
curvature and quantum decay rates may be two manifestations of the same fundamental
phenomenon.

3.2.2. Quantum Decay Stabilization and Spatial Density

One factor determining decay probability in the vacuum state is the frequency of quantum
fluctuation interactions. Quantum decay can proceed faster when quantum particles interact
sufficiently with each other. Conversely, in environments where quantum particles are excessively
dense, decay may be delayed as individual particle movements are suppressed.

To explain this phenomenon intuitively, we can compare a box filled with basketballs and one
with sparsely placed basketballs.
¢ When basketballs are sparsely placed, individual balls can move freely and exchange energy

through collisions.

o This means quantum fluctuations are active, and quantum decay can proceed rapidly.

¢  When basketballs are very densely packed, individual balls cannot move freely and maintain a
stable state.

o This means quantum decay is suppressed, resulting in a time-slowing effect.

In strong gravitational fields, space itself transforms into a state with higher energy density,
causing quantum particles to experience strong gravitational suppression, preventing free decay.
Therefore, stronger gravity reduces quantum decay rates, slowing down time.

3.2.3. Mathematical Formulation and Correspondence with General Relativity

I propose that the decay constant A in a gravitational potential ® is modified as follows:
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Aeff = Ag V(1 + 2D/c?)

where A represents the decay rate in an ideal vacuum state without gravity. Since ® is negative
in gravitational fields (e.g., @ = -GM/r for spherical mass), this equation shows that A.ff decreases in
strong gravitational environments.

Remarkably, this equation establishes a direct correspondence with general relativity's time
dilation formula. If we define the relationship between decay rate and time flow as:

dr/dt = Aff/A,

Then our quantum decay model precisely reproduces general relativity's prediction:

dt/dt="(1 +20/c?)

This correspondence suggests that the geometric description of spacetime in general relativity
may emerge from the more fundamental quantum decay processes occurring at smaller scales.

3.3. Why Time Slows at Higher Velocities

Special relativity theory predicts that time slows down at higher velocities,(20) which has been
confirmed through numerous experiments including muon decay measurements, atomic clock
experiments on aircraft and satellites, and particle accelerators.(14, 21) In special relativity, this time
dilation is mathematically described by the Lorentz transformation.(22) In this research, I propose
that this relativistic time dilation phenomenon can be fundamentally interpreted as a relativistic
decrease in quantum decay rate A.

3.3.1. Relationship with Special Relativity's Lorentz Transformations

In Einstein's special relativity, time dilation is expressed by the relationship:

2
Ar=Atf1-2
C

where A7 is the proper time in the moving frame, and At is the time measured in the
stationary frame. This effect has been verified to extraordinary precision, most notably in particle
accelerators where the lifetimes of unstable particles increase with velocity exactly as predicted by
this equation.(21)

I propose that the Lorentz transformation, rather than being merely a mathematical description,
emerges from a more fundamental quantum process - specifically, the change in quantum decay rates
at relativistic speeds.

3.3.2. Rapid Motion and Quantum Decay Suppression

As velocity increases, the relative effect of quantum fluctuations within a system changes.
Particularly, in systems moving at high velocities, individual quantum particles may move in the
same direction, reaching a state where they cannot interfere with each other effectively.

This can be explained using the basketball analogy:

e Stationary basketballs can move freely, collide, bounce, and exchange energy.

o Quantum decay occurs actively, and time flows normally.

e  When basketballs move at ultra-high speeds in parallel, individual balls continue without
colliding with each other.

o Quantum decay occurs less frequently, resulting in a time-slowing effect.

3.3.3. Mathematical Formulation and Correspondence with Special Relativity

I propose that the decay rate at relativistic velocity v is expressed as:

V2
ﬂ“eff = 2'0\/1_?

This equation demonstrates that as velocity approaches the speed of light c, Aeit decreases,
approaching zero at v=c.
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If we accept the premise that the flow of time is directly proportional to the quantum decay rate,
then:

dr/dt = Aeff/A0 = (1 - v?/c?)

This precisely reproduces the time dilation formula from special relativity. This correspondence
suggests that Lorentz transformations, rather than being merely mathematical constructs, may
emerge from the underlying quantum nature of spacetime.

This interpretation also provides a physical explanation for why unstable particles live longer at
higher velocities - their internal quantum decay processes literally slow down, a fact that has been
verified in numerous experiments with muons and other particles.

3.4. Why Speeds Faster Than Light Are Impossible

Special relativity theory predicts that speeds exceeding the speed of light are physically
impossible.(20) The conventional explanation was that "infinite energy is required to exceed the speed
of light."(23) However, in this research, I interpret the reason why the speed of light is an absolute
velocity limit in terms of quantum decay rate limitations.

According to previous results, as velocity approaches the speed of light, quantum decay rate
progressively decreases, completely stopping at v=c:

Aeff = A0 V(1 - v2/c?)

This means quantum decay stops at the speed of light, equivalent to time stopping. This implies
that if speed exceeds the speed of light, "since the flow of time does not exist," physical changes
themselves cannot occur. Consequently, the reason speeds faster than light are impossible can be
interpreted as the existence of a critical point where quantum decay rate becomes zero.

3.5. Section Summary
In this research, I have shown that by interpreting the flow of time as a result of quantum decay,
gravitational time dilation and relativistic time dilation can be explained as a single physical process.

1. Stronger gravity reduces quantum decay rates, slowing down time.
2. Higher velocity reduces quantum decay rates, slowing down time.

3. Quantum decay stops at the speed of light, explaining why speeds faster than light are
impossible.

This may provide an important physical foundation for connecting relativity theory and
quantum mechanics, presenting a new paradigm.

4. Experimental Validation Possibilities and Observational Predictions

This section discusses how the theory proposing that time flow is related to quantum decay rates
can be experimentally verified. First, I analyze how this theory can be differentiated from existing
cosmological models, examining the possibility of comparison with the ACDM model through
observable cosmological signatures. Then, I present experimental verification methods using ultra-
precise atomic clock experiments and GPS satellite systems and discuss additional experimental
testing possibilities through observations around black holes.

4.1. Cosmological Validation (Cosmological Tests)

The Time-Dependent Quantum Decay Model proposed in this research suggests that the
cosmological constant A may not be a fixed value but a dynamically decreasing value. This creates
observable differences from the standard ACDM (Lambda Cold Dark Matter) model, potentially
allowing experimental verification through several cosmological observations.

4.1.1. Supernova Luminosity Distances and Dark Energy Evolution

Type la supernovae (SN Ia) luminosity distances serve as a primary observational tool for
measuring the accelerated expansion of the universe. While the ACDM model assumes the
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cosmological constant maintains a fixed value, this research considers the possibility that
cosmological constant A may slowly decrease according to the quantum decay law.

If this hypothesis is correct, dark energy may have played a stronger role in the past universe.
Therefore, measurable deviations should appear in the luminosity distance-redshift relationship of
SN Ia.

dL(z) = [c(1+2)/HO] [0z [dz'N(Qm(1+z') + QA(z))]

where (Q)A(z) represents the dark energy density changing over time, which in this model takes
the form:

QA(z) = QA0 exp(At(z))

where t(Z) is the cosmic time as a function of redshift. Using the standard relation between

cosmic time and redshift in an expanding universe, this can be rewritten as:

/1.[2 dz’
QA (Z) _ QA oe 0 (1+z")H(Z')

Numerical Analysis and Predictions

I have performed numerical simulations to quantify the observable differences between the
standard ACDM model and the quantum decay model proposed here:
1. Standard ACDM model with constant A

2. Quantum decay model with A =5 x 10717 s
3. Quantum decay model with A =1 x 10716 s

The numerical analysis reveals that for A = 6.57 x 10716 s7! (the value estimated based on the
universe's age), there should be approximately a 2-5% deviation in luminosity distances at redshift z
= 1.5 compared to the standard ACDM model. This deviation is within the detection capability of
next-generation surveys like the Vera C. Rubin Observatory's Legacy Survey of Space and Time
(LSST) and the Nancy Grace Roman Space Telescope, which are expected to achieve precision better
than 1% in luminosity distance measurements.

Current data from the Pantheon+ sample of Type Ia supernovae already shows some tension
with the standard ACDM model at higher redshifts, which could potentially be explained by the
quantum decay model proposed here.(24, 25)

4.1.2. Cosmic Microwave Background (CMB) Anisotropy Analysis

The CMB reflects density fluctuations from the early universe. While the ACDM model assumes
dark energy maintains a constant value, if the model proposed in this research is correct, there might
be subtle changes in the early universe's dark energy density.

By analyzing the CMB temperature fluctuation spectrum C;, we can identify differences between
models where dark energy is constant and models where it decays over time.

Gracfdx Pk, x) Ok, x)

where P(k, x) is the power spectrum of initial density fluctuations, which can be modified to
reflect the time dependence of A in this model.

In particular, subtle differences may appear in the CMB's low-frequency region (Low-1 modes),
which could be verified through Planck (26) and future CMB observation projects.(27)

4.1.3. Large-Scale Structure Formation and Dark Energy Evolution

Dark energy evolution also plays an important role in large-scale structure (LSS) formation
processes.(28) Since this research proposes a model where dark energy is not a constant value but
slowly decays, the growth rate f(z) of large-scale structure may differ from the standard model.

f(z)=dInd/dIna

where 0 is the density fluctuation ratio, and in a model where dark energy decreases, growth
rates may be larger than in the existing ACDM model. This can be verified through weak lensing and
galaxy clustering observations.(29, 30)
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4.2. Ground and Space-Based Experiments (Terrestrial & Space-Based Tests)

The core concept of this research is that the flow of time may be directly connected to quantum
decay rates. To experimentally verify this, I propose testing methods using ultra-precise atomic clock
experiments and GPS satellites.

4.2.1. Ultra-Precise Atomic Clock Experiments (Atomic Clock Comparisons)

If quantum decay rates change depending on gravitational fields or velocity, subtle time changes
in Earth's gravitational field should be experimentally detectable.

To verify this, we can perform atomic clock comparisons between Earth's surface and satellites.
Current atomic clock precision has reached 10-1 levels, potentially sufficient sensitivity to detect the
subtle time delay effects predicted by this research.

At = Agh/c?

where g is gravitational acceleration and h is the height difference between clocks. If this model
is correct, in addition to existing relativistic time delay effects, an additional time difference due to
changes in quantum decay rates could be measured.(19)

4.2.2. Detecting Quantum Decay Near Black Holes

Near black holes, gravity becomes extremely strong, potentially causing dramatic changes in
quantum decay rates as proposed in this research. Theoretically, this suggests the possibility of
regions near black holes where quantum decay rates almost stop.

To verify this, we can perform spectral analysis of the accretion disk emitted near black holes.(31)
If time slowing is not simply a spacetime effect but due to changes in quantum decay rates, this could
appear as a new signature in X-ray spectra. Recent advances in black hole imaging, such as those
from the Event Horizon Telescope Collaboration,(32) may provide unprecedented opportunities to
observe these effects.

4.3. Future Research and Next-Generation Technology Application Possibilities

While some experimental verification is possible with current technology, more precise
measurements require next-generation observation equipment and experimental technologies.
®  Next-generation space telescopes (33)— Verify dark energy evolution through CMB and large-
scale structure analysis

®  Precision atomic clock experiments — Verify gravitational field dependence of quantum decay
rates

® (Cravitational wave detectors (34)— Analyze time flow changes around black holes

4.4. Section Summary of Experimental Validation

The Time-Dependent Quantum Decay Model proposed in this research provides predictions
differentiated from the existing ACDM model, which can be verified through supernova luminosity
distances, CMB analysis, large-scale structure formation, and atomic clock experiments.

If future experimental verification occurs, this could provide a new paradigm for understanding
the nature of time and gravity.

5. Conclusions and Future Research Directions

This research has presented a new theory interpreting the flow of time as changes in quantum
decay rates. That is, the flow of time is the process of quantum decay progression, and gravity and
relativistic velocity affect this decay rate. Through this, I have demonstrated that gravitational time
dilation, relativistic time dilation, and the cosmic speed limit can be explained through a unified
principle.

5.1. Major Contributions of This Research

5.1.1. Connecting Time Flow and Quantum Decay
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In existing physics, time flow existed simply as a given background variable, with its
directionality typically explained by thermodynamic entropy increase. However, this research
proposes that the flow of time may be equivalent to the progression of quantum decay. This suggests
that time may not be an independent entity but possibly the result of a physical process (quantum
decay).

5.1.2. Quantum Interpretation of Time Changes Due to Gravity and Velocity

¢ Time slows in stronger gravitational fields because quantum decay rates decrease.
e Time slows at higher velocities because rapid motion suppresses quantum decay.

¢ Quantum decay stops at the speed of light, potentially explaining why speeds faster than light
are impossible.

Thus, the effects of gravity and relativistic velocity changes on time can be explained not simply
as geometric changes in spacetime but as changes in quantum decay processes. This approach
provides a potential bridge between relativity theory and quantum mechanics,(35) addressing one of
the fundamental challenges in contemporary theoretical physics.

5.1.3. New Approach to the Cosmological Constant Problem

This research suggests that cosmological constant A may not be a fixed value but a dynamically
decaying value. This provides a natural explanation for why the cosmological constant has an
extremely small value,(1) presenting a new physical framework that avoids the extreme fine-tuning
problem required in existing ACDM models.(8)

5.2. Significance and Physical Implications of This Research

This research does not contradict existing physics but rather provides a new perspective that
naturally connects quantum mechanics and relativity theory, potentially addressing some of the most
fundamental open questions in theoretical physics.

v Connection with Relativity Theory:

e Gravitational time dilation and relativistic time dilation can be interpreted as changes in
quantum decay rates, offering a microscopic mechanism for what general relativity describes
geometrically.

¢ The mathematical correspondence demonstrated in Sections 3.2 and 3.3 shows that the
quantum decay model precisely reproduces both special and general relativistic time dilation
formulas when we identify proper time with decay rate.

e This framework potentially provides a path toward quantum gravity by suggesting that
spacetime geometry emerges from underlying quantum processes, similar to approaches
suggested by Verlinde (36) and Padmanabhan (37), but through a different mechanism.

v Connection with Quantum Mechanics:
¢ In existing quantum mechanics, time is treated as an independent parameter, creating
fundamental tensions with relativity where time is dynamic and observer-dependent.

e This research provides a new approach to understanding the nature of time by suggesting that
quantum decay rates themselves determine the flow of time, potentially resolving the "problem
of time" in quantum gravity approaches.

e The model connects with foundational quantum mechanical concepts like measurement and
wave function collapse, suggesting these phenomena might be manifestations of the same
quantum decay process that governs time itself.

v Connection with Cosmology:
¢ By analyzing how quantum decay rates change as the universe expands, this model provides a
physical mechanism connecting the extremely high vacuum energy of the early universe with
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the currently observed dark energy value, without requiring anthropic reasoning or extreme
fine-tuning.

¢ The model predicts specific observable deviations from ACDM in supernova data, CMB, and
large-scale structure formation, as quantified in Section 4.1.

e This approach aligns with recent theoretical developments suggesting that dark energy may be
dynamical rather than constant, but provides a fundamental quantum mechanism for this
evolution.(38, 39)

v Relationship to Other Approaches:
¢ Unlike quintessence models that introduce additional scalar fields, this approach requires no
new fields beyond standard quantum field theory, just a reinterpretation of vacuum energy
dynamics.

¢ In contrast to modified gravity approaches (MOND, f(R) gravity), this model maintains
Einstein's equations while providing a quantum interpretation of their origin.

¢ The model shares conceptual elements with holographic approaches in suggesting that
spacetime properties emerge from more fundamental quantum processes.(40, 41)

These results complement existing physical theories and may present a new paradigm that
naturally combines relativity theory and quantum mechanics, potentially offering a path toward
resolving some of physics' most persistent theoretical challenges.

5.3. Future Research Directions

This research has theoretically presented the possibility that quantum decay and time flow may
be connected and experimentally verifying this will be an important task for future research.
v Direct Experimental Verification of Quantum Decay Rates and Time Changes
e  Ultra-precise atomic clocks should be used to confirm whether quantum decay rates change
depending on gravitational fields or relativistic velocities.(42)

e Additionally, further research on the relationship between time changes and quantum decay
rates around black holes is needed.

v Comparative Analysis with Cosmological Data
e Comparative work between this model and the standard ACDM model through supernova
luminosity distances, CMB analysis, and large-scale structure formation data is necessary.

¢ Observational signatures that could detect changes in dark energy over time should be
analyzed.

v Exploring Possible Connections with Quantum Gravity Theory
e Itisnecessary to examine how the concepts in this research could connect with quantum
gravity theory.(43)

e In particular, research exploring connections with Hawking Radiation and the Black Hole
Information Paradox is needed.(44)

5.4. Conclusion

This research has presented the possibility that the flow of time may be directly connected to
quantum decay rates. Through this, it has proposed that gravitational time dilation, relativistic time
dilation, cosmic speed limits, and the cosmological constant problem can be understood through a
unified concept.

If this research is experimentally verified, it will provide not just a theoretical hypothesis but a
new paradigm for understanding the nature of time and gravity.
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Through future research and precise experiments, if this model is verified, this theory may
become an important turning point in physics, connecting quantum mechanics and relativity theory.
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