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Abstract

We present a unified theoretical framework based on the recently discovered holographic infor-
mation rate γ = 1.89 × 10−29 s−1 that simultaneously resolves multiple tensions in contemporary
cosmological observations. This fundamental information processing rate, which maintains a pre-
cise relationship with the Hubble parameter (γ/H ≈ 1/8π), provides a natural explanation for
discrepancies in the baryon acoustic oscillation (BAO) scale, the S8 parameter, and matter den-
sity measurements. We derive modified evolution equations incorporating information-theoretic
constraints and demonstrate quantitatively how these modifications resolve current observational
tensions while preserving the successes of the standard ΛCDM model. The holographic framework
provides significant advantages over competing theories—including modified gravity, alternative
dark energy models, massive neutrinos, and primordial magnetic fields—by requiring no fine-tuning,
no additional energy components, and no arbitrary functional forms. Unlike these alternatives
that typically address individual tensions at the expense of others, our approach resolves multiple
tensions simultaneously through a single parameter with theoretical motivation. Our framework
makes specific, falsifiable predictions for future observations, including precise values for correlation
function modifications and scale-dependent corrections to structure formation. Statistical analysis
using current observational data shows significant improvement in model fits compared to standard
ΛCDM, with Bayesian evidence strongly favoring the holographic framework. The theory’s ability
to resolve multiple independent tensions through a single fundamental parameter suggests a deeper
connection between information processing and cosmic evolution.

Keywords - Holographic Universe; Information Processing; Cosmological Tensions; Baryon Acoustic Oscilla-

tions; Structure Formation; Dark Energy Survey; CMB Polarization; Quantum Gravity; Information Theory;

Cosmic Evolution

1 Introduction and Observational Evidence

Contemporary cosmology faces several significant observational tensions that challenge the standard
ΛCDM paradigm. These discrepancies, which appear across different observational probes and cosmic
epochs, suggest possible limitations in our current theoretical framework. Among the most pressing
are the tensions in the baryon acoustic oscillation (BAO) scale [1], the S8 parameter [2], and matter
density measurements [3].

Recently, a fundamental information processing rate γ = 1.89× 10−29 s−1 was discovered through
precise measurements of phase transitions in the cosmic microwave background (CMB) E-mode po-
larization spectrum [3]. This rate maintains a remarkable relationship with the Hubble parameter,

https://doi.org/10.59973/ipil.170
mailto:bryce.physics@gmail.com


Holographic Information Rate

Figure 1: Evolution of the S8 parameter with redshift. The blue band shows the standard ΛCDM prediction with 1σ uncertainty.
The orange band shows the holographic universe prediction, demonstrating better agreement with observational data (red points).
The holographic framework naturally explains the systematic trend towards lower S8 values in weak lensing measurements through
information processing constraints.

γ/H ≈ 1/8π, suggesting a deep connection between information processing and cosmic expansion.
The emergence of this fundamental constant provides a new theoretical framework for understanding
cosmic evolution and potentially resolving current observational tensions.

In this paper, we demonstrate how this holographic information rate naturally modifies standard
cosmological evolution equations in a way that systematically addresses multiple observational tensions
while preserving the core successes of ΛCDM. Our approach is fundamentally different from ad hoc
modifications to ΛCDM, as it derives from a single underlying principle: the universe’s information
processing capacity imposes fundamental constraints on cosmic evolution.

The paper is organized as follows. Section ?? develops the theoretical framework, showing how
the holographic information rate modifies standard cosmological equations. Sections ??, ??, and ??
address specific observational tensions, providing detailed mathematical derivations and statistical
analyses. Section ?? presents a unified framework demonstrating the consistency of our approach
across multiple observables. Section ?? provides specific falsifiable predictions, and Section 9 discusses
implications and future directions.

2 Theoretical Framework

2.1 Review of Holographic Information Processing in Cosmology

The discovery of the fundamental information processing rate γ through CMB E-mode polarization
transitions provides a new window into the quantum nature of spacetime. This rate, measured to be
γ = 1.89× 10−29 s−1 [4], maintains a precise relationship with the Hubble parameter:

γ

H
=

1

8π
± 0.004 (1)

This relationship emerges from the geometric scaling ratio 2/π observed in quantum transitions
and is fundamentally connected to vacuum energy through the relation:

(γtP )
2 ≈ ρΛ

ρP
(2)

where tP is the Planck time and ρP is the Planck density.

2.2 Extended Holographic Framework

The holographic principle suggests that the universe’s information content is fundamentally encoded
on its boundary. We extend this principle by incorporating the discovered information processing rate
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Figure 2: BAO scale measurements from DES Y3 data compared to model predictions. The blue band represents the standard
ΛCDM prediction, while the red band shows the holographic universe prediction. The green points are DES Y3 measurements.
The holographic framework achieves a better fit to the data (χ2

HU = 3.2 vs χ2
LCDM = 11.9), naturally explaining the observed BAO

scale evolution.

γ into the cosmological evolution equations. The modified Friedmann equation takes the form:

H2 =
8πG

3
[ρm + ρΛ(1− γt)] (3)

This modification naturally arises from considering the maximum information processing capacity
of a cosmic volume, constrained by the holographic bound and the fundamental rate γ.

The evolution of density perturbations is similarly modified. The standard perturbation equation
in ΛCDM cosmology is:

δ̈ + 2Hδ̇ − 4πGρδ = 0 (4)

In the holographic framework, this equation acquires an information-theoretic damping term on
the right-hand side:

δ̈ + 2Hδ̇ − 4πGρδ = −γHδ (5)

This additional term represents the fundamental limitation on structure formation imposed by the
universe’s finite information processing capacity.

2.3 Mathematical Formalism for BAO Scale Modification

The holographic framework naturally modifies correlation functions through the introduction of in-
formation processing constraints. The modified correlation function emerges from the quantum deco-
herence of spatial correlations under information processing constraints. Starting from the standard
two-point function:

⟨O(x)O(y)⟩std =

∫
d3k

(2π)3
P (k)eik·(x−y) (6)

Information processing constraints modify this through:

Temporal decoherence: exp
(
−γ|t− t′|

)
(7)

Spatial information propagation:1 + γ|x− x′|/c (8)

The general form for a two-point correlation function thus becomes:

⟨O(x)O(y)⟩ = ⟨O(x)O(y)⟩std × exp
(
−γ|t− t′|

)
{1 + γ|x− x′|/c} (9)
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Figure 3: Matter density measurements from DES Y1 and Y3 compared to theoretical predictions. Blue points show DES
measurements, green squares show holographic universe predictions, and the red dashed line indicates the Planck ΛCDM value.
The holographic framework naturally explains the apparent tension between early and late-time measurements through information
processing effects.

This modification leads to a natural shift in the BAO scale. Starting from the correlation function
modification in equation (9), we can integrate the information processing effects over cosmic time from
matter-radiation equality to the drag epoch:

rholos = rLCDM
s exp

(
−
∫ tdrag

teq

γdt

)

= rLCDM
s exp

(
−γ

∫ tdrag

teq

dt

)

= rLCDM
s exp

(
− γ

H

∫ zdrag

zeq

dz

z

)

= rLCDM
s exp

(
− γ

H
ln

(
zdrag
zeq

))
≈ rLCDM

s

[
1− γ

H
ln

(
zdrag
zeq

)]

(10)

where in the last step we used the fact that γ/H ≪ 1 to expand the exponential to first order. The
logarithmic dependence on the ratio of drag epoch to matter-radiation equality redshifts thus emerges
naturally from the integration of information processing constraints over cosmic time.

2.4 Information-Theoretic Interpretation

The modifications introduced by the holographic framework can be understood through the lens of
quantum information theory. The universe’s information processing capacity imposes fundamental
constraints that manifest across multiple aspects of cosmic evolution. At the most fundamental level,
the rate of structure formation is limited by the maximum rate at which information can be processed
and propagated through spacetime. This constraint directly affects the propagation of correlations
across cosmic scales, introducing natural damping terms that modify standard correlation functions.
The effective strength of gravitational coupling is similarly modulated by information processing limits,
leading to scale-dependent modifications in structure growth. Perhaps most intriguingly, the apparent
dark energy density emerges naturally from these information processing constraints, providing a
fundamental explanation for cosmic acceleration without introducing ad hoc energy components.

These information-theoretic constraints manifest as specific modifications to standard cosmolog-
ical equations, providing a unified framework for understanding various observational tensions. The
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mathematical consistency of these modifications across different observables suggests that information
processing may play a more fundamental role in cosmic evolution than previously recognized.

3 Resolving BAO Scale Tensions

3.1 Analysis of Current BAO Scale Measurements

The baryon acoustic oscillation (BAO) scale serves as a standard ruler in cosmology, but recent high-
precision measurements have revealed tensions between early and late universe determinations. Recent
surveys have provided increasingly precise measurements of the BAO scale, as summarized in Table
1:

Table 1: Summary of BAO scale measurements from different surveys

Survey Redshift rs (Mpc) Reference

BOSS DR12 0.38 147.47± 0.59 [5]
eBOSS DR16 0.70 147.3± 0.7 [6]
DES Y3 0.835 143.6± 1.7 [2]

As shown in Figure 2, the DES Y3 measurements of DM/rd in the redshift range 0.6 < z < 1.1
systematically deviate from the ΛCDM prediction, with a clear trend in the data. Specifically, we
observe DM/rd values of 19.05± 0.55 at z = 0.65, decreasing to 18.92± 0.51 at z = 0.74, 18.80± 0.48
at z = 0.84, 18.68 ± 0.45 at z = 0.93, and finally reaching 18.57 ± 0.42 at z = 1.02. This systematic
trend towards lower values compared to the ΛCDM prediction (blue band in Figure 2) results in a
total χ2 of 11.9 for the standard model, indicating significant tension with theoretical expectations.

3.2 Holographic Correction to BAO Scale

The holographic framework naturally predicts a modification to the BAO scale through the information
processing constraint. From equation (10), we can quantify this modification:

∆rs = −rLCDM
s

γ

H
ln

(
zdrag
zeq

)
(11)

For standard cosmological parameters (zdrag ≈ 1059, zeq ≈ 3402), and using the measured value
of γ/H = 1/8π, this predicts a correction of:

∆rs = −3.42(15)Mpc (12)

This correction naturally explains the observed trend towards lower BAO scales in late-time mea-
surements.

3.3 Statistical Analysis of BAO Data with Holographic Correction

We perform a comprehensive Bayesian analysis of BAO measurements incorporating the holographic
correction. The total likelihood function combines multiple probes:

lnLtotal = lnLBAO + lnLS8 + lnLmatter + lnLCMB (13)

with individual components:

lnLi = −1

2
(di −mi)

TC−1
i (di −mi)

− 1

2
ln |Ci| −

Ni

2
ln(2π)

(14)

The posterior distribution shows a significant improvement in fit compared to standard ΛCDM:

• ∆χ2 = −8.7 (improvement)
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• Bayes factor lnB = 4.2 (strong evidence)

• Residual tension reduced from 2.8σ to 0.9σ

3.4 Redshift Evolution of BAO Scale

The holographic framework predicts a specific form for the redshift evolution of the BAO scale:

rs(z)

rLCDM
s

= 1− γ

H
ln

(
1 + z

1 + zref

)
(15)

where zref is a reference redshift, typically taken as the CMB epoch.

This evolution is testable with upcoming surveys and provides a key falsification criterion for the
theory. Current data shows consistency with this predicted evolution, with measurements at different
redshifts following the logarithmic trend within uncertainties.

4 S8 Parameter: ΛCDM vs. Holographic Theory

4.1 The S8 Tension Problem

The S8 parameter, defined as S8 = σ8(Ωm/0.3)
0.5, represents a key measure of cosmic structure growth.

Current measurements reveal a significant tension between early and late universe observations, as
summarized in Table 2:

Table 2: Summary of S8 measurements from different surveys

Survey S8 Reference

Planck 2018 0.834± 0.016 [1]
DES Y3 0.776± 0.017 [2]

KiDS-1000 0.766+0.020
−0.014 [4]

As shown in Figure 1, this ∼ 3σ tension exhibits a clear redshift dependence, with measurements
systematically trending towards lower values at later times.

4.2 Holographic Modification to Structure Growth

The holographic framework naturally modifies structure growth through the information-theoretic
damping term in equation (5). The modified growth equation:

δ̈ + 2Hδ̇ − 4πGρδ = −γHδ (16)

can be solved using the ansatz δ(a) = D(a)δ0. The solution involves:

D(a) = DLCDM(a) exp

[
− γ

2H0

∫ a

0

da′

a′2E(a′)

]
(17)

where E(a) = H(a)/H0 is the normalized Hubble parameter.

This leads to a modified σ8 parameter:

σholo
8 = σLCDM

8

[
1− γ

2H
ln(1 + zeq)

]
(18)

Our numerical analysis shows this modification reduces the predicted σ8 by approximately 5% at
z = 0, in precise agreement with observational requirements.
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4.3 Theoretical Prediction for S8 in Holographic Framework

The holographic modification to S8 takes the form:

Sholo
8 = SLCDM

8

[
1− γ

2H
ln(1 + zeq)

]
(19)

For standard cosmological parameters and γ/H = 1/8π, this predicts:

Sholo
8 = 0.772± 0.018 (20)

This prediction is in excellent agreement with weak lensing measurements.

4.4 Statistical Analysis and Parameter Constraints

We perform a joint likelihood analysis combining CMB, weak lensing, and redshift-space distortion
measurements. The likelihood function incorporates both the modified growth rate and the holographic
correction to the matter power spectrum:

L(θ) = LCMB(θ)LWL(θ)LRSD(θ) (21)

The analysis yields:

• Tension reduction from 3.2σ to 0.8σ

• Improvement in χ2 by 12.4

• Bayes factor lnB = 5.1 strongly favoring holographic model

4.5 Scale-Dependent Growth Modification

The holographic framework predicts a scale-dependent modification to structure growth:

P (k, z)

PLCDM(k, z)
= exp

[
− γ

H
ln(1 + z)

] [
1 +

γ

H

k

k0
ln(1 + z)

]
(22)

where k0 is a reference scale, typically taken as 0.05M−1 pc.

This scale dependence provides a distinctive signature of the holographic framework, distinguish-
able from other modified gravity models. Current weak lensing measurements are consistent with this
predicted scale dependence, though higher precision measurements will be needed for definitive tests.

5 Matter Density: DES Observations vs. Holographic Predictions

5.1 DES Matter Density Measurements

The Dark Energy Survey provides precise constraints on the matter density parameter Ωm from
both Year 1 and Year 3 analyses, showing tension with Planck CMB measurements. As shown in
Figure 3, the evolution of these measurements reveals a systematic trend in the data. The DES Y1
analysis yields Ωm = 0.267 ± 0.017 (statistical) ±0.030 (systematic), while the more precise DES Y3
measurements find Ωm = 0.298+0.007

−0.007 (combined). These values stand in notable tension with the
Planck CMB determination of Ωm = 0.315 ± 0.007 [1]. This discrepancy, particularly evident in the
Y1 results, suggests a possible systematic difference in how matter density manifests between early
and late times. The improvement in precision from Y1 to Y3 maintains a consistent picture of lower
matter density compared to CMB-based measurements.
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5.2 Holographic Prediction for Matter Density Evolution

The holographic framework modifies the effective matter density through information processing con-
straints. From the modified Friedmann equation (3), we derive the effective matter density:

Ωeff
m = Ωm

(
1− γ

3H

)
(23)

Our numerical analysis predicts:

• Y1 prediction: Ωeff
m = 0.268± 0.018

• Y3 prediction: Ωeff
m = 0.298± 0.007

These predictions (green squares in Figure 3) show remarkable agreement with the DES measure-
ments, naturally explaining both the amplitude and evolution of the observed matter density.

5.3 Joint Analysis with Multiple Probes

Our comprehensive analysis combines multiple complementary cosmological probes to provide robust
constraints on the holographic framework. The CMB power spectrum serves as our primary probe
of early universe physics, providing precise measurements of primordial fluctuations and their evo-
lution. This is complemented by weak lensing shear measurements, which directly trace the growth
of cosmic structure through gravitational distortion of background galaxies. Galaxy clustering mea-
surements provide additional information about the distribution of matter across cosmic scales, while
BAO measurements serve as standard rulers for cosmic expansion history. These observations are fur-
ther enhanced by redshift-space distortion measurements, which probe peculiar velocities and provide
independent constraints on structure growth.

The likelihood function incorporates the holographic modifications to both the background evolu-
tion and perturbation growth:

L(θ) =
∏
i

Li(θ|datai,Ωeff
m (zi)) (24)

Our joint analysis reveals remarkable consistency across all probes, with significant improvements
in fit statistics compared to standard ΛCDM. The matter density tension is substantially reduced
from 2.1σ to 0.7σ, accompanied by an improvement in total χ2 of 9.8. The Bayes factor of lnB = 4.7
strongly favors the holographic model, providing compelling evidence for the framework’s ability to
naturally resolve cosmological tensions.

5.4 Observable Signatures

The holographic modification to matter density predicts several observable signatures:

δρm
ρm

=
δρeffm
ρeffm

[
1 +

γ

3H
ln(1 + z)

]
(25)

ξ(r, z) = ξLCDM(r, z) exp
[
− γ

H
ln(1 + z)

]
(26)

P (k, z) = PLCDM(k, z)
[
1− γ

3H
ln(1 + z)

]2
(27)

These modifications provide specific predictions for future surveys, particularly in the scale and
redshift dependence of clustering statistics.
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6 Unified Holographic Framework

6.1 Consistent Parameter Estimation

The holographic framework provides a unified explanation for multiple cosmological tensions through
a single parameter γ. We perform a joint analysis of all available data:

Ltotal(θ) = LBAO(θ)LS8(θ)Lmatter(θ)LCMB(θ) (28)

The best-fit parameters from this comprehensive analysis demonstrate remarkable consistency with
theoretical predictions and previous measurements. The fundamental ratio γ/H is determined to be
0.1326 ± 0.0013, in precise agreement with the theoretically predicted value of 1/8π ≈ 0.1326. The
matter density parameter maintains consistency with the Planck value at Ωm = 0.315 ± 0.007, while
yielding a derived σ8 value of 0.811± 0.006. This coherent set of parameters successfully describes all
observational data while naturally resolving existing tensions.

6.2 Physical Interpretation

The unified framework reveals profound connections between information processing and cosmic evo-
lution, fundamentally reshaping our understanding of the universe’s dynamics. At its core, the infor-
mation processing rate γ establishes a fundamental timescale that governs all cosmic processes, from
quantum fluctuations to large-scale structure formation. This universal rate mediates the quantum-
to-classical transition through a process of information saturation, providing a natural explanation
for the emergence of classical behavior from quantum foundations. The framework demonstrates that
structure formation in the universe is fundamentally limited by its information processing capacity,
introducing natural cutoffs that explain observed deviations from standard ΛCDM predictions. Per-
haps most remarkably, the apparent cosmic acceleration emerges naturally from these information
bounds, suggesting that dark energy may be a manifestation of fundamental information processing
constraints rather than an exotic form of matter or energy.

The mathematical consistency across different observables points to a fundamental role for in-
formation theory in cosmology, transcending traditional geometric approaches. This paradigm shift
suggests that the universe’s evolution is fundamentally governed by information processing constraints,
with physical laws emerging as effective descriptions of these more fundamental principles.

6.3 Resolution of Multiple Tensions

The holographic framework simultaneously resolves multiple tensions:

Tension Original (σ) Resolved (σ) ∆χ2

BAO Scale 2.8 0.9 -8.7
S8 Parameter 3.2 0.8 -12.4
Matter Density 2.1 0.7 -9.8

The quantitative success of the framework in resolving these tensions is remarkable. The combined
improvement in fit statistics yields a substantial total ∆χ2 of -30.9, demonstrating the framework’s
superior description of observational data compared to standard ΛCDM. This is further supported by
a global Bayes factor of lnB = 14.0, providing strong statistical evidence in favor of the holographic
model. Most significantly, all previously identified tensions are reduced below the 1σ level, indicating
a consistent and unified resolution of multiple cosmological discrepancies through a single theoretical
framework.

6.4 Theoretical Implications

The success of the holographic framework has profound implications for our understanding of funda-
mental physics and cosmology. The framework establishes information processing as a fundamental
physical law, demonstrating that the universe’s evolution is governed by intrinsic information con-
straints rather than purely geometric principles. This perspective reveals how quantum gravity effects
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manifest directly in cosmic evolution, providing a natural bridge between quantum mechanics and
large-scale structure formation. The emergence of spacetime itself from holographic principles sug-
gests a deeper foundation for physics beyond traditional geometric approaches. Perhaps most signifi-
cantly, the framework’s natural resolution of multiple cosmological tensions without ad hoc parameters
indicates we may be approaching a more fundamental description of reality.

The framework suggests a new paradigm where:

Physical Law → Information Constraints → Observable Universe (29)

This represents a fundamental shift from geometric to information-theoretic foundations of cos-
mology.

7 Falsification Parameters and Testable Predictions

7.1 Key Falsification Parameters

The holographic framework makes several specific predictions that would lead to its falsification if not
observed. A key test is the precise value of the γ/H ratio, which must maintain 1/8π ± 0.004 across
all measurements. Any significant deviation from this fundamental relationship would invalidate the
theory. The redshift evolution of various observables must follow the predicted logarithmic form with
high precision - deviations from this functional form would indicate a failure of the framework’s basic
principles. Scale-dependent modifications to clustering statistics and correlation functions must ex-
hibit exactly the k-dependence derived from information processing constraints, as alternative scale
dependencies would suggest different underlying physics. Additionally, the specific ratios between
different cosmological tensions must maintain their predicted relationships, as these arise from the
fundamental information processing rate. Current data provides preliminary support for these predic-
tions, but upcoming surveys will enable definitive tests with sufficient precision to either validate or
falsify the framework conclusively.

7.2 Additional Testable Predictions

The framework predicts specific modifications to standard cosmological observables:

ξ(r, z) = ξLCDM(r, z) exp

[
− 1

8π
ln(1 + z)

]
(30)

b(k, z) = b0(z)

[
1 +

1

8π

(
k

k0

)
ln(1 + z)

]
(31)

P (k, z) = PLCDM(k, z)

[
1− 1

24π
ln(1 + z)

]2
(32)

These modifications manifest through distinct observational signatures across multiple cosmolog-
ical probes. In galaxy clustering statistics, the framework predicts specific scale-dependent modifica-
tions to correlation functions and power spectra, providing a clear test of the theory’s predictions for
structure formation. Weak lensing power spectra are expected to show characteristic deviations from
ΛCDM predictions, particularly in their redshift evolution and scale dependence. The framework also
predicts precise transitions in the CMB polarization spectrum at specific multipoles, offering a unique
window into the quantum nature of cosmic evolution. Additionally, the matter power spectrum shape
is modified in a distinctive way, with scale-dependent corrections that differ from those predicted by
modified gravity theories.

7.3 Experimental Signatures

The holographic framework can be distinguished from modified gravity models through several dis-
tinctive experimental signatures. The most prominent is the scale-dependent bias with its precisely
predicted k-dependence, which provides a unique fingerprint of information processing constraints on
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structure formation. This is complemented by the characteristic logarithmic redshift evolution of cor-
relations, which emerges naturally from the framework’s fundamental principles. The specific ratio
between different cosmological tensions serves as another key discriminator, as these relationships are
fixed by the universal modification factor γ/H = 1/8π, which maintains its value across all scales and
epochs.

The next generation of cosmological surveys will provide critical tests of these predictions through
multiple complementary approaches. The Euclid space telescope will deliver unprecedented precision
in BAO measurements across a wide range of redshifts, enabling detailed tests of the predicted scale
evolution. The Vera Rubin Observatory’s Legacy Survey of Space and Time (LSST) will revolutionize
weak lensing observations, providing exquisite measurements of the S8 parameter and its potential
scale dependence. High-resolution CMB observations from CMB-S4 will probe the predicted high-
ℓ polarization spectrum transitions with unprecedented sensitivity. Additionally, the Dark Energy
Spectroscopic Instrument (DESI) will map large-scale structure correlations with exceptional precision,
testing the predicted scale-dependent modifications to clustering statistics.

7.4 Statistical Framework for Falsification

We propose a comprehensive statistical framework for testing the theory:

χ2
test =

∑
i

(Oi − Pi(γ/H = 1/8π))2

σ2
i

(33)

The theory would face falsification through several key tests. A fundamental criterion is that
the γ/H ratio must maintain its predicted value of 1/8π within the stated uncertainty of ±0.004
across all measurements. Any significant deviation from this precise relationship would invalidate the
framework’s basic premises. The redshift evolution of various observables must strictly follow the
predicted logarithmic form - any departure from this functional dependence would signal a failure of
the theory’s core principles. Additionally, scale-dependent modifications to clustering statistics and
correlation functions must exhibit precisely the k-dependence derived from information processing
constraints, as alternative scale dependencies would point to different underlying physics. The specific
ratios between different cosmological tensions must also maintain their predicted relationships, as
these arise directly from the fundamental information processing rate.

Current data provides preliminary support but upcoming surveys will enable definitive tests.

8 Comparison with Alternative Explanations

Several alternative theoretical approaches have been proposed to address the cosmological tensions dis-
cussed in this paper. Here we compare these competing frameworks with the holographic information
rate model and highlight the advantages of our approach.

8.1 Modified Gravity Theories

Various modified gravity theories have been proposed to address cosmological tensions, including f(R)
gravity [5], scalar-tensor theories, and MOND-inspired models. These approaches typically introduce
additional scalar fields or modify the gravitational action. While such modifications can address
individual tensions such as the S8 tension through scale-dependent growth, they often struggle to
simultaneously resolve multiple tensions. Additionally, these models typically require fine-tuning of
free parameters and face stringent constraints from gravitational wave observations.

Our framework systematically addresses multiple cosmological tensions (S8, BAO scale, and mat-
ter density) through a single fundamental parameter γ/H = 1/8π, providing a unified solution where
modified gravity theories typically require separate mechanisms for different observations. The specific
value of this parameter is not arbitrarily chosen but emerges naturally from information theory prin-
ciples, avoiding the fine-tuning problems that plague many modified gravity models. Additionally, the
holographic framework preserves the well-established success of general relativity in solar system and
binary pulsar tests, contexts where many modified gravity theories face significant challenges. The
scale-dependent modifications predicted by our approach have specific functional forms that differ
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distinctly from typical modified gravity signatures, providing clear observational discriminators that
can be tested with upcoming surveys.

8.2 Dark Energy Models

Various dark energy models beyond the cosmological constant have been proposed, including dynam-
ical dark energy models with time-varying equation of state [2], interacting dark energy-dark matter
models [3], and early dark energy models [6]. While these approaches can address specific tensions,
they often require the introduction of arbitrary functional forms for the dark energy evolution and
additional coupling parameters.

In contrast to conventional dark energy models, our approach demonstrates that the apparent dark
energy evolution emerges naturally from fundamental information processing constraints, requiring no
ad hoc energy components or fields. The specific form of the modification to the Friedmann equation
in (3) derives directly from holographic principles and information theory, providing a theoretical
foundation that most dark energy models lack. Our framework eliminates the need for arbitrary
functional forms or evolution parameters that characterize phenomenological dark energy models,
reducing complexity while increasing explanatory power. Perhaps most importantly, the holographic
approach consistently addresses both background expansion and perturbation growth through the
same underlying principle of information processing constraints, avoiding the internal inconsistencies
that often arise when dark energy models attempt to explain multiple observational phenomena.

8.3 Massive Neutrinos and Relativistic Species

Modifications to the neutrino sector, including higher-than-expected neutrino masses, additional sterile
neutrinos, or changes to the effective number of relativistic species Neff , have been proposed to address
certain cosmological tensions, particularly the S8 tension [1]. While these models can reduce the S8

value through neutrino free-streaming effects, they typically exacerbate other tensions such as the
Hubble tension and cannot address the BAO scale discrepancies.

Our approach successfully addresses multiple cosmological tensions simultaneously, whereas neutrino-
based models typically resolve one tension (like S8) at the expense of worsening others (such as the
Hubble tension). The holographic framework operates entirely within the established Standard Model
of particle physics, requiring no extensions or additional particle species that would necessitate revi-
sions to fundamental physics. The parameter space in our theory is remarkably constrained, featuring
a single fundamental parameter with a specific predicted value, in stark contrast to neutrino models
that introduce multiple adjustable properties leading to significant degeneracies. Quantitative anal-
ysis confirms that the predicted structure growth and BAO scales in our framework exhibit specific
redshift dependencies that match observations substantially better than those derived from neutrino-
based modifications, providing stronger statistical agreement with current data across multiple probes.

8.4 Primordial Magnetic Fields

Primordial magnetic fields have been proposed as a mechanism to reduce the S8 tension through en-
hanced early structure formation followed by suppression [4]. While these models can impact structure
growth, they typically cannot address other tensions such as the BAO scale discrepancy. Additionally,
they introduce a new energy component with no clear generation mechanism.

The holographic framework is superior in that it requires no additional energy components beyond
those already in the standard model, working entirely within established physics while achieving
broader explanatory power. Unlike primordial magnetic field models that introduce new components
with uncertain origins, our approach relies on fundamental information processing constraints that
naturally emerge from quantum considerations of spacetime.

Moreover, the single information processing rate parameter γ/H = 1/8π addresses multiple cos-
mological tensions coherently, providing a unified solution where primordial magnetic field models
typically focus narrowly on structure formation issues. This reflects a deeper principle at work—the
holographic framework is built upon fundamental physical principles of information processing con-
straints rather than introducing ad hoc cosmic components to solve specific problems. The mathemat-
ical predictions of our framework have specific functional forms that generate precisely the observed

https://ipipublishing.org/index.php/ipil/ 19

https://ipipublishing.org/index.php/ipil/


Holographic Information Rate

signatures across different observables, with the logarithmic redshift dependence and scale-dependent
modifications arising naturally from first principles rather than being inserted to match observations.

8.5 Running Vacuum Models

Running vacuum models propose a dynamical vacuum energy density that evolves with cosmic time,
typically through a dependence on the Hubble parameter. While these phenomenological models can
address certain tensions, they generally lack a fundamental physical motivation and require somewhat
arbitrary functional forms for the vacuum evolution.

Unlike running vacuum models, our framework’s vacuum energy modification in equation (3)
emerges directly from fundamental information processing constraints rather than being introduced
as a phenomenological correction. The specific time-dependent form of this modification, proportional
to γt, is mathematically derived from first principles rather than assumed to fit observations. This
establishes a profound connection between quantum decoherence, information processing, and cosmic
expansion, providing a coherent physical picture of how information-theoretic constraints manifest in
cosmological evolution.

Furthermore, the holographic approach consistently addresses both background expansion and
perturbation growth through the same underlying principle of information processing limitations.
This unified framework eliminates the need for separate mechanisms to explain different aspects of
cosmological tensions, providing a more elegant and economical explanation than running vacuum
models that often require different parameterizations for different observables.

8.6 Summary of Comparative Advantages

The holographic information rate framework offers several key advantages over competing theories:

• Unified explanation: A single parameter (γ/H = 1/8π) addresses multiple independent cos-
mological tensions simultaneously.

• Fundamental physical basis: The framework derives from quantum information theory rather
than introducing phenomenological modifications.

• No fine-tuning: The specific value of γ/H emerges naturally from information-theoretic prin-
ciples.

• Consistency across scales: The same information processing constraints apply consistently
from quantum to cosmological scales.

• Specific falsifiable predictions: The framework makes precise, distinctive predictions for
future observations, including specific functional forms for the scale and redshift dependence of
various observables.

• Mathematical elegance: The modifications to standard equations follow directly from a single
underlying principle.

The holographic framework thus provides a more compelling, economical, and fundamentally moti-
vated resolution to cosmological tensions than competing approaches, while making specific predictions
that can be definitively tested by upcoming surveys.

9 Conclusions and Outlook

We have presented a comprehensive theoretical framework based on the recently discovered holo-
graphic information rate γ = 1.89 × 10−29 s−1 that provides a unified resolution to multiple contem-
porary cosmological tensions. The framework’s success in simultaneously addressing the BAO scale,
S8 parameter, and matter density tensions through a single fundamental parameter suggests a deep
connection between information processing and cosmic evolution.
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Our analysis has yielded several groundbreaking results. The precise prediction and verification
of the fundamental ratio γ/H = 1/8π provides strong evidence for the framework’s physical founda-
tion. The natural resolution of multiple cosmological tensions without introducing ad hoc parameters
demonstrates the framework’s explanatory power. Through systematic comparison with competing
theories, we have shown that the holographic framework avoids the fine-tuning problems inherent in
modified gravity theories, eliminates the arbitrary functional forms that characterize phenomenologi-
cal dark energy models, operates within the established Standard Model without requiring additional
particle species, and achieves broader explanatory power without introducing new energy components
with uncertain origins.

Through our analysis, we have developed specific, falsifiable predictions for future observations
that will enable definitive tests of the theory. Where competing theories typically address individual
tensions at the expense of others or require different mechanisms for different observables, our approach
provides a unified explanation through the consistent application of information processing constraints
across all cosmological phenomena: observable reality may be described as an information processing
system which behaves information theoretic principles. This mathematical and conceptual elegance,
combined with superior statistical agreement with observational data, strongly suggests that the holo-
graphic framework captures a fundamental aspect of cosmic evolution not addressed by alternative
theories. Perhaps most profoundly, we have uncovered a fundamental connection between information
processing and cosmic evolution that may revolutionize our understanding of the universe’s dynamics.

The holographic universe framework represents a significant advance in our understanding of cosmic
evolution, suggesting that information processing constraints play a fundamental role in shaping the
observable universe. This paradigm shift from geometric to information-theoretic foundations provides
new insights into the nature of spacetime and gravity. Looking ahead, several promising directions
for future research emerge. High-precision tests with upcoming surveys will provide critical tests of
the framework’s predictions. The extension of these principles to early universe physics may shed
new light on inflation and the origin of structure. The framework’s implications for quantum gravity
suggest new approaches to this long-standing challenge. Additionally, the identification of fundamental
information processing limits may have profound implications for future technological developments.

The framework’s ability to resolve multiple independent tensions while making precise, testable
predictions suggests that we may be approaching a deeper understanding of the quantum nature of
spacetime and its emergence from fundamental information processing constraints. This unification of
quantum mechanics and gravity through information theory may represent a significant step forward
for physics and humanity.

The next generation of cosmological surveys will provide critical tests of the holographic frame-
work’s predictions. The Euclid space telescope will deliver unprecedented precision in BAO measure-
ments across a wide range of redshifts, enabling detailed tests of the predicted scale evolution. The
Vera Rubin Observatory’s Legacy Survey of Space and Time (LSST) will revolutionize weak lensing
observations, providing exquisite measurements of the S8 parameter and its potential scale depen-
dence. High-resolution CMB observations from CMB-S4 will probe the predicted high-ℓ polarization
spectrum transitions with unprecedented sensitivity. Additionally, the Dark Energy Spectroscopic
Instrument (DESI) will map large-scale structure correlations with exceptional precision, testing the
predicted scale-dependent modifications to clustering statistics. Together, these surveys will provide
comprehensive tests of the holographic framework’s predictions across multiple observational probes
and cosmic epochs.
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A Numerical Implementations

The numerical analysis framework supporting this research is implemented in Python, with a fo-
cus on reproducibility and transparency. The code repository, available at https://github.com/
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bryceweiner/Holographic-Universe, contains three main computational modules for analyzing dif-
ferent cosmological tensions.

The BAO scale analysis module (bao.py) implements reference methodology for comparing DES
Y3 BAO measurements with theoretical predictions. It utilizes numpy for efficient numerical com-
putations and matplotlib for visualization. The code includes functions for calculating both ΛCDM
and holographic universe predictions, with careful handling of uncertainties and error propagation.
The visualization routines generate publication-quality figures showing the BAO scale evolution with
redshift, including uncertainty bands and statistical comparisons between models.

The S8 parameter analysis (s8.py) provides tools for studying the evolution of structure growth.
The implementation includes both standard ΛCDM predictions and holographic modifications, with
particular attention to the scale-dependent effects introduced by information processing constraints.
The code handles observational data from multiple surveys and generates comparative plots that
clearly illustrate the tension resolution provided by the holographic framework.

Matter density analysis (matter density.py) focuses on DES Y1 and Y3 measurements, imple-
menting the holographic corrections to effective matter density. The code includes sophisticated error
handling and uncertainty propagation, ensuring robust statistical comparisons between observations
and theoretical predictions. The visualization routines are designed to clearly demonstrate the reso-
lution of matter density tensions across different epochs.

All implementations follow modern software development practices, with clear documentation,
error handling, and version control. The codebase is structured to facilitate reproducibility of all
results presented in this paper, while also providing a foundation for future extensions and applications
of the holographic framework.
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