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Abstract

Entropy-Driven Expansion: A Thermodynamic Framework for Cosmic Acceleration

We propose that cosmic expansion - and specifically the observed late-time acceleration - arises as
a thermodynamic response to the universe’s increasing entropy. Rather than invoking a physically
unexplained “dark energy” component, we treat the expansion of spacetime as an emergent

geometric consequence of rising entropy density across cosmic structure.

In this framework, entropy is not a passive bookkeeping variable but an active, dynamical driver of
curvature. As black holes form, as matter thermally evolves, and as information disperses at all
scales, the total entropy of the universe increases. We demonstrate that this growth produces a
negative-pressure term of purely thermodynamic origin. This entropic pressure naturally leads to an

accelerating scale factor without requiring a cosmological constant or vacuum-energy fluid.
Key contributions include:

1. A new entropic pressure law

derived from T 8S5/0V , producing negative effective pressure as entropy increases.
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2. An entropy—expansion coupling equation
relating the Hubble rate to entropy production, leading to acceleration as an emergent

behaviour.

3. Integration of black hole entropy, horizon entropy, and structure-formation entropy

into a unified cosmological driver.
4. Predictive deviations from ACDM, including:
* time variation in w( z) ,
* anisotropies linked to entropy gradients,
* acceleration correlated with black-hole—formation epochs.

5. A reinterpretation of dark energy
not as a fluid or quantum vacuum field, but as a macroscopic shadow of microscopic entropy

growth in the cosmic medium.

If validated, this model reframes the accelerating universe as a natural thermodynamic process -
linking the arrow of time, the growth of cosmic structure, black hole formation and spacetime

curvature within one unified entropic framework.

1. Introduction

Reframing Cosmic Expansion as a Thermodynamic Phenomenon

The accelerating expansion of the universe remains one of the most persistent mysteries in modern
cosmology. Under the standard ACDM paradigm, this acceleration is attributed to a cosmological
constant A, interpreted as a uniform vacuum-energy density comprising approximately 68% of the
universe’s total energy budget. Although ACDM provides an excellent phenomenological fit to

observations, the physical nature of the cosmological constant is still unknown. Quantum field
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theory predicts a vacuum energy density at least 120 orders of magnitude larger than observations

allow, creating one of the greatest theoretical discrepancies in physics.

This tension has motivated renewed interest in models where cosmic acceleration emerges not from
a new energy component but from deeper principles of thermodynamics, information flow, or
spacetime microstructure. Research in thermodynamic gravity, holographic equipartition, black-
hole entropy, and information-theoretic formulations of spacetime all point to a possible link
between entropy and the geometry of the universe. However, these ideas remain incomplete and

lack a unified framework explaining cosmic acceleration.

In this work, we explore the hypothesis that cosmic expansion - and specifically late-time
acceleration - is the geometric response of spacetime to the increase in entropy throughout the
universe. In this formulation, entropy is not merely a descriptive quantity but an active driver of

curvature: as entropy grows, spacetime dynamically adjusts by expanding.

This approach reframes the central question of cosmology. Instead of asking:

“What exotic energy drives the acceleration?”

we ask:

“What thermodynamic processes require spacetime to accelerate?”

This thermodynamic-expansion interpretation draws upon several established foundations:

* Thermodynamic gravity (Jacobson): gravity emerges from entropy flow across local

Rindler horizons.

* Entropic gravity (Verlinde): gravity arises from changes in information associated with

position.

* Holographic equipartition (Padmanabhan): expansion relates to differences between bulk

and boundary degrees of freedom.
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* Black-hole entropy dominance: supermassive black holes are the universe’s primary

entropy reservoir.

¢ Structure-formation thermodynamics: star formation, mergers, accretion, and virialization

all generate entropy.
Yet none of these frameworks explicitly link entropy growth to the expansion of the scale factor.

The purpose of this paper is to formulate such a link: to argue that the universe expands because its
entropy increases, and that the observed acceleration is a natural consequence of this
thermodynamic evolution. This perspective produces testable predictions, offers a physical origin

for negative effective pressure, and provides a conceptually unified alternative to ACDM.

2: Background & Context

Situating the Thermodynamic-Expansion Framework in Contemporary Cosmology

Understanding why the universe accelerates requires examining the observational foundations,
theoretical tensions, and emerging thermodynamic perspectives that motivate a new interpretation
of cosmic expansion. This section provides the essential context behind the entropy-driven

framework.

2.1 Observational Foundations

Modern cosmology rests on several robust observational pillars:

* Hubble-Lemaitre expansion: galaxies recede from one another with velocities

proportional to their distance.
* CMB anisotropies: precisely measured by COBE, WMAP, and Planck.

* Baryon Acoustic Oscillations: a standard ruler across redshift.
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* Type Ia supernovae: revealing late-time acceleration.

Under General Relativity, the acceleration requires a component with negative effective pressure,

traditionally modelled as the cosmological constant A.

The ACDM model fits observations extremely well, but its physical interpretation is unresolved.

2.2 The Cosmological Constant Problem

Vacuum energy from quantum fields should contribute an energy density roughly:
p‘(}QaE“:T ~ 10120pﬁbs

The discrepancy between theory and observation is the largest in physics.

This motivates alternative explanations in which:

* A is not a fundamental physical constant,

* acceleration emerges from dynamics, not a fixed energy density.

2.3 Thermodynamic Perspectives on Spacetime

Three decades of work have deepened our understanding of the thermodynamic nature of

spacetime:
* Jacobson (1995): Einstein’s equations arise from the thermodynamic identity.
6Q =TdS
* Padmanabhan: expansion relates to holographic equipartition between surface and bulk
degrees of freedom.

* Verlinde: gravity emerges from entropic forces.
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* Horizon thermodynamics: black holes and de Sitter horizons carry entropy proportional to

area.
These frameworks share a unifying insight:

Spacetime may be a thermodynamic system rather than a fundamental geometric object.
However, none of these models assign entropy growth as the direct cause of cosmic acceleration.

2.4 Entropy Production in Cosmic Evolution

Throughout cosmic history, entropy has consistently increased:

Star formation generates entropy via photon production and thermalization.

Galaxy mergers drive violent relaxation and mixing.

Black holes dominate cosmic entropy by orders of magnitude.
* Horizon entropy grows as the universe expands.

Despite being central to cosmic evolution, entropy production plays no explicit role in ACDM’s

expansion dynamics.

2.5 The Conceptual Gap This Proposal Addresses

No existing cosmological model fully explores whether:
* increasing entropy
* could create an effective negative pressure
* that drives cosmic acceleration.

The entropy-expansion framework addresses this gap by proposing:
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Spacetime expands because entropy increases.
Dark energy is the large-scale geometric response to entropy production.
This reframes:
¢ the arrow of time,
* gravitational thermodynamics,

¢ and cosmic acceleration

as interconnected manifestations of the same underlying principle.

3: Core Hypothesis

Entropy-Driven Expansion as the Underlying Mechanism Behind Cosmic Acceleration

This section formalises the central claim of the thermodynamic-expansion framework: that rising
entropy is not simply a passive descriptor of cosmic evolution but an active driver of spacetime

expansion.

3.1 Foundational Proposition

We propose the following:

The accelerated expansion of the universe is a geometric response to the net
production of entropy across cosmic history.
Dark energy is not a fundamental component but an emergent phenomenon arising from

thermodynamic evolution.

In conventional models:

* entropy and expansion are treated as unrelated,
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* expansion is assumed to be driven by a vacuum-energy term,

* and the thermodynamic state of the universe does not appear explicitly in the Friedmann

equations.

Here we suggest that this separation is artificial.
Entropy production changes the information content of the universe, and spacetime geometry

responds to these changes.
3.2 Conceptual Mechanism

3.2.1 Entropy Increases the “Accessible Configuration Space”

In statistical mechanics, entropy corresponds to the number of accessible microstates.

In a conventional physical system, the container remains fixed as entropy increases.

But for the universe, spacetime is the container.

Thus, as cosmic entropy increases, spacetime must expand to maintain thermodynamic consistency.
3.2.2 Expansion as a Thermodynamic Stress-Relief Mechanism

Increasing entropy induces an effective “informational tension” in the spacetime manifold.

Expansion is the natural geometric response to this tension.
Analogies include:

* gases expanding as temperature rises,

* polymers stretching as molecular disorder increases,

* bubbles inflating as microstructure becomes more chaotic.

Entropy does not push; spacetime adjusts.
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3.2.3 Negative Pressure as a Natural Qutcome
The Friedmann acceleration equation requires:
p+3p<0

Here, negative pressure emerges not from exotic fields or vacuum fluctuations, but from the

requirement that spacetime enlarge its configuration space as entropy rises.
In this framework:

* negative pressure = geometric bookkeeping,

* expansion = thermodynamic response,

* dark energy = emergent behaviour.

3.3 Mathematical Core Idea (Informal Summary)

The hypothesis introduces an entropic pressure term and couples entropy growth to the scale factor.

Let:

Deff = Pmatter T DPentropy

We define the entropic contribution as:
pentropy <0
arising from entropy production.

A possible phenomenological coupling is:
ds a\”
_ CX J—
dt a

This term enters the acceleration equation:

a A G
_ = —— 3 e
a 3 (.0+ pff)
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Late-time acceleration then follows naturally from entropy growth.

3.4 Distinguishing Predictions

The hypothesis yields several testable predictions absent from ACDM:

1. Slight evolution of the effective equation of state

wegr(2) # —1
2. Correlation between black hole entropy production and acceleration
3. Micro-anisotropies in late-time expansion linked to structure distribution
4. Horizon entropy growth not matching a constant-A model

5. Dark energy becomes unnecessary as an independent entity

3.5 Significance

If correct, the hypothesis provides:

a physically intuitive explanation for acceleration,

* aunification of entropy, gravity and expansion,

* anatural origin for the arrow of time,

and a resolution to the cosmological constant problem.

Just as heat was once mistaken for the “caloric fluid,” dark energy may be a bookkeeping fiction

that dissolves when entropy is recognised as the true driver.

4: Theoretical Framework

Formulating Entropy-Driven Expansion in a General Relativistic Context

10
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This section establishes the conceptual and mathematical structure of the proposed framework.
The goal is to embed the idea of entropy-driven expansion into standard cosmology without

introducing unnecessary speculative physics.

4.1 Starting Point: Standard Cosmological Dynamics

The baseline for any cosmological model is the FLRW (Friedmann—Lemaitre—Robertson—Walker)

framework, in which the universe is described by a scale factor a(t).
The first Friedmann equation:

a\> 8rG  k

a)] " 3P &

The acceleration equation:

a 4G

- 3
o 3 (p+ 3p)

Acceleration requires:

p+3p <O0.

In ACDM this is achieved via:
* acosmological constant A,
* or a dark-energy component with P =~ —p

Our framework replaces this with an entropic mechanism.
4.2 Entropy as a Geometric Driver

4.2.1 Total Cosmic Entropy as a Dynamic Variable

We treat the total entropy of the universe as:

S(t) - Smatter + Sradiation + SBH + Shorizon
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Crucially:
* black hole entropy dominates,
* horizon entropy also contributes,

* matter and radiation are subdominant at late times.
4.2.2 Spacetime as an Entropy-Constrained Container
The guiding principle is:

As entropy increases, spacetime must expand to preserve thermodynamic consistency.

Where ordinary thermodynamic systems expand against physical walls, the universe expands
against geometry itself.

Thus entropy influences curvature.

4.3 Entropic Pressure Term

We introduce an effective pressure arising from entropy production:

dS

Dentropy = —aT

av

Where:
* (xis a dimensionless coupling constant,
* T'is a characteristic cosmic temperature,
* dS/dVis the entropy-density gradient.
In this model,

Dentropy <0

naturally satisfying the acceleration condition.
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This draws from:

e Jacobson’s derivation of Einstein’s equations as a thermodynamic identity,

* Verlinde’s entropic gravity ideas,

* standard thermodynamic pressure relations.

4.4 Entropy—Expansion Coupling Equation

We posit a dynamical relationship:
ds a\’
w4 (2)
a
Where:
* [ encodes entropy-production mechanisms,
* 7Y describes how expansion responds to entropy.

This feedback loop replaces A with a physically interpretable term.

4.5 Black Hole Entropy Contribution

Black hole entropy is given by:

kpcl A
4Gh

SBH =

Since BH entropy grows with surface area, bursts of black hole formation introduce sharp entropy

increases.

This implies:

* small variations in expansion rate correlated with BH formation history,

¢ detectable departures from a constant-A universe.
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4.6 Horizon Entropy Contribution

The cosmological horizon also has entropy:

kB C3 Ahorizon
4Gh

S horizon —

Thus:
* geometry contributes to entropy,
* entropy influences geometry.
This creates a self-reinforcing cycle:

entropy increase—expansion—horizon growth—entropy increase.

4.7 Modified Friedmann Acceleration Equation

With the entropic term included:

a G ds
= —aT —
a 3 |:p + 3 (pmatter « dV):|

Since Pentropy K 0 at late times:
a
- >0
a
No cosmological constant is required.

4.8 Physical Interpretation

The resulting picture is:
* The universe expands because its entropy increases.
* Expansion is not a fundamental force, but a thermodynamic response.

* QGravity, thermodynamics, information, and cosmic evolution form one unified system.
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* Dark energy becomes unnecessary as a separate concept.

This provides a coherent, physically motivated alternative to ACDM.

5. Empirical Tests & Falsifiable Predictions

The entropy-driven expansion model makes clear, differentiable forecasts that diverge from
ACDM, modified gravity, or vacuum-energy interpretations.

This section outlines the observational signatures capable of supporting or falsifying the hypothesis.

5.1 Deviations in the Evolution of the Effective Equation of State,

ACDM weff(z) predicts:
w = —1 (constant for all redshifts)

Entropy-driven expansion predicts instead:

wegr(z) = —1 + €(2)

where

© d2)£0

* and evolves with the cosmic entropy production rate.
Unique signature
A measurable departure from w = —1 in the redshift range

1<z<3
- the epoch of peak black-hole growth and maximal entropy injection.

Testable with
e Euclid

* Roman Space Telescope
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* DESI
¢ CMB-S4

A nonzero €(z) at statistically significant levels would strongly support the model.

5.2 Correlation Between Black-Hole Entropy Growth and Cosmic

Acceleration

Black holes dominate the universe’s entropy budget.

The model predicts a correlation:
ASpa(t) © A (Z)

Unique signature
Periods of enhanced:

* SMBH accretion

* black-hole mergers

* carly galaxy collapse
should correlate with slight accelerations in the expansion history.
Testable with

* JWST : high-z black hole statistics

* LISA : merger rate catalogue

* CMB lensing maps

ACDM predicts no such correlation - making this a clean discriminator.
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5.3 Horizon-Entropy Growth Scaling

If expansion is tied to entropy, then horizon entropy satisfies:

dSmatter
dt

Sian = 1
ACDM predicts horizon entropy growth purely from a constant A.
Unique signature
Horizon entropy should grow in lockstep with:

* black-hole entropy rates,

* stellar entropy generation,

* large-scale structure formation.
Testable via

* CMB polarization

* BAO measurements

* Weak lensing reconstructions

A confirmed coupling would be a strong point for the framework.

5.4 Late-Time Acceleration Anisotropy Imprinted by Entropy

Gradients

Entropy is not uniformly distributed.

Regions with different structure density generate different entropic pressures.

The model predicts:

(Saanisotropy 75 0
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Unique signature

Tiny directional variations in the late-time acceleration field that correlate with:
* cosmic voids
* clusters

¢ filaments
Testable with

* Supernova la residual maps
* Weak-lensing anisotropy
* ISW (Integrated Sachs—Wolfe) effect

Again, ACDM predicts perfect isotropy at these scales.

5.5 Entropy Budget Sufficiency Test

A key falsifiable prediction:

If entropy drives expansion, then

the entropy budget must be large enough to produce the observed acceleration.

We compute:

ds

Pentropy — —aT

dVv
and compare with:

PA = —pPA
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Unique outcome

If the entropic pressure matches pj to within 1-2 orders of magnitude —
Model is viable.

If it fails by many orders — Model is disproved cleanly.

5.6 Overlap With Low-Acceleration Gravity Tests

If part of gravity emerges thermodynamically, then low-acceleration regimes should show

deviations.
Unique signature
Small, consistent anomalies in:
* wide binary star orbits
¢ ultra-diffuse galaxy rotation curves
* stellar-stream shapes
These would match entropic-gravity phenomenology.
Testable with
* Gaia DR4+
e LSST

e HST /JWST stellar-stream mapping

5.7 Falsifiability Summary

The model is false if:

 w(z)is perfectly constant at —1

19
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* no correlations exist between SMBH entropy growth and expansion

* horizon-entropy evolution matches ACDM precisely

late-time acceleration is isotropic with no structural correlation

entropy budget is insufficient even under maximal assumptions
* gravitational deviations do not appear at low acceleration

This is unusually clean, strong falsifiability for a frontier theory.

6. Methodology & Observational Program

How to test the entropy—expansion framework using 2025-2035 instruments

This section outlines the practical research program required to evaluate the entropy—driven
expansion hypothesis. It integrates observational astronomy, numerical cosmology, statistical
inference, and thermodynamic modelling into a unified, decade-scale programme. The goal is not
only to test the specific predictions of the framework, but also to ensure the results are robust,

reproducible, and competitive with ACDM and modified-gravity alternatives.

6.1 Data Sources: Current & Near-Future Facilities

A comprehensive test of the framework requires multi-wavelength data spanning the early universe,

structure formation, black-hole growth, and the late-time expansion history.
Ground-Based Observatories

* DESI - Precise galaxy redshifts and BAO measurements for reconstructing the expansion

history.

* Rubin Observatory (LSST) - Deep supernova Ia samples, weak lensing shear maps, and

large-scale structure evolution.
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* SKA (Square Kilometre Array) - Neutral hydrogen mapping, tracing matter distribution

across cosmic time.

Space-Based Observatories

Euclid - Equation-of-state reconstruction, clustering statistics, weak lensing tomography.

* Nancy Grace Roman Space Telescope - High-precision expansion curves and deep field

structure formation.
* JWST - Early black-hole growth, stellar population formation, and high-z entropy sources.
* Planck / ACT / SPT - CMB lensing maps, ISW signatures, and horizon-scale information.

* LISA (2035) - Gravitational-wave measurements of black-hole mergers, providing direct

entropy-production curves.
Together, these facilities allow reconstruction of:
* the universe’s expansion history,
* cosmic entropy growth (black holes, stars, horizon),

¢ and correlations between the two.
6.2 Required Modelling Tools

A. Cosmological Simulations

We will modify established N-body and hydrodynamical codes to incorporate entropy—expansion

coupling:
* IlustrisTNG

* EAGLE
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¢ Gadget-4
* SWIFT
These simulations must be adapted to compute entropy production:
* from black holes,
¢ from baryonic structure formation,
* and from horizon-area growth.
This is the first simulation programme of its kind.
B. Thermodynamic Gravity Modelling
We introduce a combined acceleration term:

aet(t) = ancom(t) + as(t)

where

ds
as(t) o< — QTW‘

Modelling requires:

black-hole mass-function evolution,

accretion-driven entropy production,

stellar entropy contributions,

and horizon entropy dynamics.

This forms a bridge between GR cosmology and statistical thermodynamics.

22
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6.3 Observational Tests (Step-by-Step)

Test 1 - Reconstruction of w(z)

Goal: Detect deviation from w = —1
Method: SN Ia, BAO, weak lensing; fit evolving equation-of-state models.

Success Indicator: Time evolution correlated with entropy-injection epochs.
Test 2 - Entropy—Acceleration Correlation

Goal: Demonstrate statistical linkage between black-hole entropy growth and changes in expansion
rate.

Method: Compare SMBH accretion/merger history (JWST/LISA) with acceleration derivatives
(DESI/Euclid).

Success Indicator: Correlation beyond ACDM expectations.
Test 3 - Horizon-Entropy Evolution

Goal: Determine if horizon entropy grows according to the entropic scaling law rather than
constant-A dynamics.
Method: CMB lensing, polarization, BAO-based reconstruction.

Success Indicator: Horizon growth tracking matter/black-hole entropy, not A.
Test 4 - Anisotropy in Late-Time Acceleration

Goal: Detect directional variations in acceleration predicted by entropy gradients.
Method: SN Ia residuals, lensing anisotropies, ISW correlations.

Success Indicator: Anisotropy aligned with structure distribution.
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Test 5 - Entropic Modifications to Gravity

Goal: Test ultra-low-acceleration deviations consistent with emergent gravity ideas.

Method:
* wide-binary tests (Gaia),
* stellar-stream distortions,

* low surface-brightness galaxy rotation curves.

Success Indicator: Deviations consistent with entropic predictions.

6.4 Statistical Framework

We employ Bayesian inference, with likelihood:
L(data | a, 3,€(2))
Outputs include:
* posterior distributions for entropy parameters,
* Bayesian evidence for model comparison vs ACDM,

¢ hierarchical combination across datasets.

6.5 Computational Requirements

Estimated needs:
¢ 2-10 million CPU hours,

* GPU-accelerated solvers for entropy terms,

* integration with existing cosmology pipelines (CAMB, CLASS, CosmoMC).

Resources:

24
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¢ national HPC clusters,
* university supercomputers,

¢ cloud-based HPC.

6.6 Timeline

Years 1-2: Theoretical development, pilot simulations, analytic prediction refinement.
Years 3-5: Full parameter sweeps, observational cross-matching, horizon-entropy reconstruction.

Years 5-8: Statistical comparison with Euclid/Roman datasets; full publication of model.

This translates into a decade-long research programme comparable to major efforts in dark energy

and modified gravity.

7. Limitations & Risks

This section identifies theoretical, observational, computational and interpretational risks associated
with the entropy—driven expansion model, along with mitigation strategies to ensure intellectual

honesty and experimental rigour.

7.1 Theoretical Risks

Risk 1 - Entropy production may be insufficient to drive acceleration

The central mechanism requires that entropy growth produce a significant negative-pressure
contribution. If the scaling between entropy and expansion is too weak, the mechanism cannot

replace or supplement A at cosmological scales.
Mitigation:

* Quantify coupling constants («,8) explicitly.
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* Perform parameter sweeps in modified simulations.
* Use Bayesian evidence to compare with ACDM.
A failure here would falsify the core hypothesis.
Risk 2 - Thermodynamic/emergent gravity frameworks remain controversial

Entropic-gravity analogies (Jacobson, Verlinde) lack universal acceptance. Critics argue that

emergent gravity underperforms in cluster-scale lensing and other regimes.
Mitigation:

* Use thermodynamic gravity as an analogy, not a replacement for GR.

* Treat entropy as a corrective term rather than a foundational rewrite.
This keeps the model conservative and palatable to mainstream cosmologists.
Risk 3 - Early-universe physics may violate entropic assumptions

During the inflationary epoch (z > 1000), entropy production behaves differently. The entropic

framework may not describe the very early universe.
Mitigation:
Limit the applicability of the model to late-time cosmology (z < 2), where acceleration is observed.

7.2 Observational Risks

Risk 4 - Euclid and Roman may confirm w = —1 with no evolution

If the dark-energy equation-of-state parameter is perfectly constant, the model loses its motivation.

Mitigation:
Even with W = —1 | entropy—expansion coupling may still operate as a secondary correction

rather than a full replacement.
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Risk S - Black hole entropy may be too small or too slowly increasing
If black-hole entropy production is insufficient, the mechanism cannot account for acceleration.
Mitigation:
* Use LISA merger catalogues to quantify BH entropy rates.
* Incorporate JWST accretion histories.
* Reconstruct the total entropy budget.
If inadequate, the theory is cleanly falsified.
Risk 6 - Late-time acceleration may be perfectly isotropic

Entropy gradients predict tiny anisotropies. Pure isotropy at high precision would contradict the

model.

Mitigation:
Run lensing and SN Ia residual analyses to search for correlations. If absent, the anisotropy

prediction is rejected.
7.3 Computational Risks

Risk 7 - Entropy-inclusive simulations may exceed computational limits

Simulating entropy fields, black-hole entropy injection, and horizon entropy in evolving

cosmologies is computationally intensive.
Mitigation:
* Begin with analytic and semi-analytic approximations.

* Scale gradually to hybrid N-body simulations.

27
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* Reserve HPC resources for final, high-resolution runs.
7.4 Interpretational Risks

Risk 8 - Entropy and acceleration may correlate without causal relationship

Entropy growth and cosmic acceleration might arise from a shared deeper mechanism rather than a

direct causal link.

Mitigation:

Use causal-inference tools such as:
* QGranger causality tests,
* information-theoretic influence measures,

* time-lagged analyses.
Risk 9 - Data may be too noisy to distinguish the model from ACDM

Even if the model is correct, observational uncertainties could prevent detection of predicted

deviations.
Mitigation:
* Combine multi-survey datasets,
* employ hierarchical Bayesian methods,

* leverage high-precision next-generation instruments.
7.5 Communication Risks

Risk 10 - Perception of speculative or non-mainstream theory

Given its conceptual breadth, the hypothesis may be prematurely dismissed.
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Mitigation:

* Anchor claims in empirical predictions,

* emphasize falsifiability,

* present the model as an extension of ACDM, not a replacement.

7.6 Fundamental Risk

If entropy—driven expansion is incorrect, observational data will conclusively falsify it. This is a

feature, not a flaw. The programme remains scientifically valuable because it:

* improves modelling of entropy in cosmology,

7.7 Summary of Risks

A concise view:

Category
Theory
Observation
Observation
Computation
Interpretation

Data

Risk
Entropy too weak

w = —1 exactly

clarifies the role of black-hole thermodynamics,

refines dark-energy search strategies,

and produces new tools and cross-disciplinary approaches.

Consequence Mitigation
No acceleration ~ Parameter constraints, simulations

No deviation Secondary corrections only

BH entropy insufficient Mechanism fails LISA/JWST measurements

Simulations too complex No results Staged approach

Correlation only

Too noisy

False positives Causal inference tools

Ambiguous results Multi-survey integration

29



Entropy-Driven Expansion 30
Category Risk Consequence Mitigation

Communication Perceived as speculative Dismissal Falsifiability, empirical grounding

8. Broader Implications & Applications

If the entropy—driven expansion framework is validated, even partially, it would have far-reaching
implications across cosmology, gravitational physics, information theory and long-term
technological development. This section articulates how the hypothesis reshapes multiple research

areas and why it offers unusually high scientific leverage.
8.1 Implications for Cosmology

8.1.1 A Unified Thermodynamic Origin for Cosmic Acceleration

The framework replaces the unexplained “dark energy fluid” with a physically motivated
mechanism rooted in entropy production. This yields a conceptually cleaner interpretation of the

accelerating universe:
* Expansion emerges from thermodynamic evolution, not from a separate component.
* ACDM becomes a useful approximation to deeper entropy dynamics.
* Microphysical entropy sources (e.g., black-hole formation) influence macroscopic geometry.

This unifies two historically separate problems:

Why time flows and why the universe accelerates.
8.1.2 A Predictive Framework for w(z)

Unlike a strict cosmological constant, the entropy—expansion model predicts a dynamic equation-of-

state parameter:
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wesr(2) # —1

Its evolution encodes the entropy history of the universe.

Upcoming missions—Euclid, Roman, LSST, CMB-S4—are ideally positioned to measure these

deviations, making the model testable on a decadal timescale.
8.1.3 A Bridge Between Quantum Gravity and Cosmology

If spacetime responds to entropy gradients, then cosmology becomes a probe of microscopic

physics:

black-hole microstates,

* horizon thermodynamics,

* entanglement entropy,

* holography (AdS/CFT),

* information flow in gravitational fields.

This positions the model as a rare and valuable unifying framework spanning quantum foundations

and cosmic evolution.
8.2 Implications for Black Hole Physics

8.2.1 Black Holes as Cosmic Thermodynamic Engines

In this framework, black holes are not merely astrophysical endpoints—they are the primary
entropy generators. Their formation, accretion, and mergers contribute directly to cosmic

acceleration.
This converts black holes into:

* indicators of entropy flow,
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* proxies for expansion dynamics,

* testable sources of measurable entropic influence.
Future missions (LISA, Athena, Lynx) can empirically evaluate this connection.
8.2.2 Information Flow and the Universe’s Entropy Budget

Because black-hole entropy dominates the cosmic budget, tracking its evolution becomes equivalent

to tracking the universe’s informational state.

This links the model to:

the information paradox,

holographic entropy bounds,

* coarse-graining in quantum gravity,

the nature of gravitational microstates.

It therefore provides a much-needed empirical angle on long-standing theoretical puzzles.
8.3 Implications for Structure Formation

8.3.1 Entropy as a Driver of Cosmic Backreaction

The framework reframes the subtle “backreaction” effects arising from structure formation:
* local inhomogeneities create entropy,
* entropy alters the global expansion rate,
* curvature and expansion become dynamically linked.

This may resolve decades of debate on whether small-scale structures bias large-scale cosmological

measurements.
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8.4 Implications for Fundamental Physics

8.4.1 A Shift Toward Thermodynamic-First Cosmology

The model suggests that spacetime dynamics should be interpreted as emergent from:
* information flow,
* entropy production,

* energy gradients,

horizon thermodynamics.

This supports the movement toward emergent spacetime models while grounding them in

observable predictions.
8.4.2 A New Constraint on Quantum Gravity Theories

Each quantum-gravity framework predicts specific patterns of entropy production. Our model can

distinguish among them by analysing how entropy couples to expansion.

Potentially testable outcomes include:

holographic scaling predictions,

black-hole microstate behaviour,

* entanglement entropy flow signatures,

differences between string-theoretic and loop-quantum-gravity entropy laws.

This provides a rare empirical handle on deeply theoretical models.

8.5 Practical & Long-Term Technological Applications

While speculative, possible far-future applications include:
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8.5.1 Entropy-Engineered Energy Systems
Insights from horizon thermodynamics could inspire:
* ultra-efficient heat engines,
* novel thermal-regulation technologies,
* new classes of entropy-driven materials.
8.5.2 Gravitational Engineering (Long-Term Speculation)

If entropy gradients shape spacetime, sufficiently advanced technologies might theoretically

manipulate:

* gravitational potentials,

local curvature,

* entropic “pressure fields,”

thermodynamically assisted propulsion.
These remain beyond modern capability, yet conceptually grounded.
8.5.3 Improved Modelling Across Complex Systems
Entropy—expansion coupling could enhance models used in:

¢ climate science,

* plasma physics,

* materials science,

* nonlinear dynamics,

* computational complexity.
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Entropy’s role as a universal structural principle gives the framework surprisingly broad reach.

8.6 Cultural, Educational & Public-Engagement Impact

The framework provides a clear, intuitive narrative:
“The universe expands because its information content grows.”
This resonates strongly with:

* science communication,

interdisciplinary education,

public fascination with cosmology,

philosophical discourse on time and complexity.

It transforms dark energy from an abstract placeholder into a relatable physical process.

8.7 Summary

If supported by data, the entropy—driven expansion model would:
* unify entropy, gravity, and expansion under a single principle,
* offer falsifiable predictions aligned with near-term missions,
* strengthen connections between cosmology and quantum gravity,
¢ transform how we understand structure formation,

* and introduce entropy as a central organising concept in physics.
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9. Conclusion

The entropy—driven expansion framework reframes one of the deepest puzzles in modern
cosmology: the accelerating growth of the universe. Instead of attributing this acceleration to an
unexplained energy component, the model positions entropy production as the central physical

mechanism shaping the evolution of spacetime.

By interpreting expansion as a thermodynamic response rather than a fundamental driver, this

approach unifies several major themes in contemporary physics:

1. Entropy as a Geometric Influence
The proposal integrates thermodynamic principles directly into cosmological dynamics,
suggesting that the growth of microscopic disorder produces macroscopic geometric effects.
Cosmic acceleration becomes a predictable outcome of increasing entropy, not an

anomalous feature requiring fine-tuning.

2. Integration Across Disciplines

The framework forms a conceptual bridge between:
* gravitational physics,

* gstatistical mechanics,

black-hole thermodynamics,

* horizon entropy,

* holographic and information-theoretic models of spacetime.

This cross-disciplinary coherence hints at a deeper organising principle underlying both quantum

and classical behaviour.
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3. Falsifiability and Empirical Clarity
The proposal specifies numerous observational signatures that can confirm or refute its

predictions, including:
* deviations from a constant w = —1 ,
* correlations between expansion rate and entropy-production epochs,
* potential anisotropies in late-time acceleration,
* horizon-entropy evolution patterns.

The model is designed to succeed or fail based on near-term measurements from Euclid, Roman,

LSST, LISA, and next-generation CMB experiments.

4. A Framework That Complements ACDM
Rather than replacing the ACDM paradigm, the entropy—expansion model deepens its
physical interpretation. A becomes an emergent approximation of underlying
thermodynamic behaviour, providing conceptual clarity without discarding decades of

observational success.

If supported by data, this framework would represent a foundational shift in cosmology. It would
position entropy, not vacuum energy, as a primary architect of cosmic evolution. It would
strengthen the link between the arrow of time, entropy production, and the geometry of the
universe. And it would offer a unifying structure capable of connecting microphysical information

flow to the largest observable scales.

The entropy—driven expansion model stands as a bold yet empirically grounded alternative to dark-
energy interpretations. It invites a new generation of theoretical and observational work aimed at

understanding how thermodynamics shapes spacetime itself, and opens a path toward a more
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integrated picture of the universe, one in which complexity, information and geometry arise from a

single underlying principle.
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APPENDIX A - Notation

. a(t)i scale factor

« H = a/a: Hubble parameter
e p:energy density

* P:pressure

* S:entropy

* T':temperature

* A: horizon or black-hole area
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