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ABSTRACT

Recent advances in cosmological observations have revealed
persistent conflicts between key cosmological parameters derived
from early- and late-universe measurements, notably the Hubble
constant and the amplitude of matter fluctuations. These
discrepancies challenge the standard ACDM model and motivate the
exploration of new physics beyond its framework. Neutrinos, with
their unique properties and elusive nature, play a crucial role in
shaping the evolution of the universe and present a promising avenue
for resolving these tensions. This theoretical investigation
comprehensively examines the influence of neutrino mass, number of
effective species, sterile neutrino candidates, and non-standard neutrino interactions on cosmological
observables. By integrating current observational data and advanced cosmological modeling techniques,
the study evaluates the potential of neutrino physics to reconcile parameter conflicts while maintaining
consistency with other cosmological and particle physics constraints.
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INTRODUCTION

Modern cosmology has achieved remarkable success with the ACDM model, providing a robust
framework that accurately describes the evolution and large-scale structure of the universe. Despite
this, precise measurements from diverse observational probes have uncovered notable conflicts in key
cosmological parameters. Chief among these are the persistent discrepancies in the measured value of
the Hubble constant current expansion rate of the universe and the amplitude of matter density
fluctuations which characterizes the growth of cosmic structures. The tension in Hq values, derived
respectively from early-universe observations such as the cosmic microwave background and late-
universe measurements using local distance ladders, has reached a level that challenges explanations
based solely on systematic errors. Similarly, the og parameter estimated from large-scale structure and
weak lensing surveys exhibits a discrepancy when compared to CMB-based predictions. These
cosmological tensions hint at possible gaps in our understanding of fundamental physics or the
cosmological model itself. Neutrinos, elementary particles with tiny but nonzero masses and a history
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of elusive interactions, are natural candidates to bridge this gap. Their unique properties influence both
the expansion history of the universe and the formation of structures, making them an integral part of
cosmological dynamics.

This theoretical investigation aims to explore the role of neutrino physics in addressing these
cosmological parameter conflicts. By examining modifications to neutrino properties—such as their
masses, the number of effective neutrino species, the presence of sterile neutrinos, and potential non-
standard interactions—this study assesses their impact on cosmological observables. Through rigorous
modeling and comparison with current data, the work seeks to identify whether neutrino physics can
provide a consistent and viable pathway toward resolving these fundamental tensions. The outcomes of
this research will contribute to both the refinement of cosmological models and the broader
understanding of neutrino properties, offering insights that may guide future observational and
experimental efforts in particle physics and cosmology.

AIMS AND OBJECTIVES
Aim

To theoretically investigate how various neutrino properties and interactions influence
cosmological parameters, with the goal of understanding and potentially resolving the existing conflicts
in measurements of the Hubble constant (Hy) and the matter fluctuation amplitude (og).

Objectives

1. Analyze the impact of neutrino mass variations on the evolution of cosmic structures and their
effect.

2. Examine the role of effective neutrino species number and its deviations from the standard value in
modifying the early-universe expansion rate and its consequences for the H, tension.

3. Explore theoretical models incorporating sterile neutrinos, assessing their implications for
cosmological observables and their potential to alleviate parameter conflicts.

4. Investigate the effects of non-standard neutrino interactions on neutrino decoupling, free-
streaming behavior, and the resulting influence on cosmological parameter estimates.

5. Integrate current observational constraints from cosmic microwave background baryon acoustic
oscillations Type Ia supernovae, and large-scale structure data to evaluate the viability of neutrino-
based solutions.

REVIEW OF LITERATURE

The recent emergence of tensions in key cosmological parameters has spurred extensive
research to understand their origins and potential resolutions. Among various proposed avenues,
neutrino physics has attracted significant attention due to the fundamental role neutrinos play in
cosmology and particle physics.

Neutrinos in Cosmology

Neutrinos are the only known particles in the Standard Model with extremely light but nonzero
masses, and their relativistic behavior in the early universe influences both expansion history and
structure formation. provide a foundational overview of neutrino mass effects on cosmology,
highlighting how massive neutrinos suppress the growth of matter perturbations by free-streaming,
which directly impacts the matter fluctuation amplitude.

Cosmological Tensions

The Hubble tension discrepancy between the locally measured and that inferred from the
Planck CMB data—is currently one of the most significant puzzles in cosmology . Similarly, the og
tension refers to the mismatch between the amplitude of matter fluctuations derived from CMB and
large-scale structure surveys Many studies have investigated whether neutrino physics can resolve
these tensions. For example, Archidiacono explore sterile neutrinos as a mechanism to raise Neff and
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thus increase Hy. While such models can partially ease the Hubble tension, they often worsen the og
tension due to increased structure growth.

Non-Standard Neutrino Interactions

Recently, models introducing non-standard neutrino interactions have gained traction. These
interactions, which may occur via new mediators coupling neutrinos to themselves or to dark radiation,
can modify neutrino free-streaming and impact cosmological observables . Such models offer novel
ways to alleviate both Hy and og tensions but require new physics beyond the Standard Model, posing
theoretical and experimental challenges.

Methodologies and Data Integration

Despite substantial progress, no neutrino-based model has yet fully resolved both Hy and og
tensions simultaneously without tension with other observational or particle physics constraints. The
literature indicates that hybrid models combining neutrino physics with other new physics may offer
better prospects. There remains a critical need for further theoretical refinement and for upcoming data
from next-generation cosmological and neutrino experiments to test these models more stringently.

RESEARCH METHODOLOGY

This study employs a theoretical and computational approach to investigate the influence of
neutrino physics on cosmological parameter tensions, particularly focusing on the Hubble constant and
the matter fluctuation amplitude . The methodology integrates advanced cosmological modeling with
statistical analysis of current observational data.

1. Model Development

¢ Neutrino Property Variations: The study considers several modifications to standard neutrino
parameters, including:

Total neutrino mass (Zmv\Sigma m_\nuZmv)

Effective number of neutrino species (NeffN_{\mathrm{eff}}Neff)

Inclusion of sterile neutrino species with varying masses and mixing parameters

Non-standard neutrino interactions (NSI) affecting neutrino decoupling and free-streaming
Cosmological Framework: All models are developed within the extended ACDM framework,
incorporating the above neutrino modifications while keeping other cosmological parameters
consistent with current observations.

e O © O O

2. Computational Tools

The cosmic microwave background anisotropies and matter power spectra are computed using
state-of-the-art Boltzmann solvers such which have been modified as needed to include non-standard
neutrino physics. Bayesian inference techniques are employed for cosmological parameter estimation.
Markov Chain Monte Carlo simulations are performed using packages such as CosmoMC or
MontePython to sample the parameter space and obtain posterior distributions.

3. Data Sets

Temperature and polarization anisotropy data from the Planck 2018 release serve as the
primary early-universe constraint. Measurements from galaxy surveys such as BOSS and eBOSS are
used to constrain the expansion history. Distance measurements from compilations like the Pantheon
dataset help constrain late-time cosmology. Weak lensing and galaxy clustering data from surveys like
DES and KiDS provide information on matter clustering and og.
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4. Analysis Strategy

The ACDM model with standard neutrino parameters is first analyzed to establish baseline fits
and quantify existing tensions. Each neutrino extension is introduced separately and in combination,
and their impact on the posterior distributions of Hy, 0g, and related parameters is examined.

5. Validation and Robustness Checks

Model comparison is performed using statistical tools including: Bayesian evidence and Bayes
factors to assess model preference. Information criteria such as Akaike Information Criterion (AIC) and
Bayesian Information Criterion (BIC) to evaluate model complexity versus goodness-of-fit.The study
investigates degeneracies between neutrino parameters and other cosmological parameters, assessing
the robustness of constraints.

Sensitivity tests are conducted to evaluate the effect of dataset selection and prior assumptions.
Cross-validation with independent datasets and consistency checks ensure reliability of conclusions.

STATEMENT OF THE PROBLEM

Despite the tremendous success of the standard ACDM cosmological model in describing the
universe’s evolution, significant and persistent conflicts remain between key cosmological parameters
measured through different observational methods. The most prominent of these are the discrepancies
in the Hubble constant with values derived from early-universe observations such as the cosmic
microwave background differing notably from those obtained via late-universe local distance
measurements and the tension in the amplitude of matter density fluctuations derived from large-scale
structure surveys compared to CMB-based predictions. These tensions suggest either unknown
systematic errors or, more intriguingly, the existence of new physics beyond the standard cosmological
and particle physics models. Neutrinos, as light, abundant, and weakly interacting particles, have a well-
established impact on cosmological processes, particularly in influencing the expansion history and
growth of cosmic structures.

However, current neutrino properties as incorporated in the ACDM model are insufficient to
fully reconcile these parameter conflicts. There is a critical need to explore whether modifications in
neutrino physics—such as altered masses, additional sterile species, changes in the effective number of
neutrino species, or non-standard interactions—can provide a consistent and comprehensive
explanation for the observed tensions. The problem addressed by this study, therefore, is to
theoretically investigate the extent to which neutrino physics can resolve these cosmological parameter
conflicts, evaluating the viability and limitations of various neutrino-based models within the broader
cosmological context.

FURTHER SUGGESTIONS FOR RESEARCH
1. Exploration of Hybrid Models

Future research could focus on combining neutrino physics with other extensions to the
standard cosmological model, such as early dark energy, modified gravity, or interactions within the
dark sector. Such hybrid models may offer more comprehensive solutions to the Hubble and og tensions
than neutrino physics alone.

2. Refined Neutrino Interaction Models

Theoretical development of non-standard neutrino interaction (NSI) frameworks with detailed
particle physics motivations and experimental testability would strengthen the link between cosmology
and laboratory neutrino experiments.

3. Improved Neutrino Mass Measurements

Enhanced constraints on the absolute neutrino mass scale from terrestrial experiments (e.g.,
KATRIN) and cosmological surveys will help tighten parameter space and improve the predictive power
of neutrino cosmological models.
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4. Incorporation of Next-Generation Observational Data

Upcoming surveys such as the Euclid mission, the Vera Rubin Observatory (LSST), CMB-S4, and
neutrino observatories like DUNE and Hyper-Kamiokande will provide higher precision data.
Integrating these datasets into cosmological analyses will refine constraints and test neutrino-based
solutions more rigorously.

5. Investigation of Sterile Neutrino Properties and Mixing

Further theoretical and phenomenological studies on sterile neutrinos, including their mass
spectra, mixing angles, and potential decay channels, are essential to understand their cosmological
implications and resolve tensions without conflicting with particle physics limits.

SCOPE AND LIMITATIONS
Scope
1. Theoretical Focus:

This study primarily investigates theoretical models of neutrino physics and their implications
for cosmological parameter tensions. It emphasizes the role of neutrino mass, effective number of
neutrino species, sterile neutrinos, and non-standard neutrino interactions within the extended ACDM
framework.

2. Cosmological Parameters:

The research concentrates on resolving the key parameter conflicts related to the Hubble
constant (Hy) and the amplitude of matter fluctuations (og), which are among the most significant and
widely discussed tensions in current cosmology.

3. Data Integration:

The study uses publicly available cosmological datasets, including cosmic microwave
background (CMB) measurements, baryon acoustic oscillations (BAO), Type Ia supernovae, and large-
scale structure (LSS) observations, to constrain theoretical models.

4. Computational Modeling:
Advanced cosmological simulation tools and statistical inference methods such as Boltzmann
solvers and Markov Chain Monte Carlo (MCMC) techniques form the core of the analysis.

5. Parameter Space Exploration:
Various neutrino parameter spaces, including mass sums, species counts, and interaction
strengths, are systematically explored to evaluate their effects on cosmological observables.

Limitations
1. Model Assumptions:

The study assumes the validity of the ACDM framework as a baseline, extending it only through
neutrino physics. Other potential new physics scenarios (e.g., modifications to dark energy or gravity)
are not the primary focus and thus not extensively explored.

2. Data Constraints:
Analysis is limited by the current precision and systematics of available cosmological datasets.
Future data releases or new observational techniques may alter the conclusions.

3. Complexity of Neutrino Interactions:

Non-standard neutrino interactions are modeled within simplified frameworks due to the
theoretical and computational challenges involved, potentially missing subtleties of more complex
particle physics processes.
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4. Parameter Degeneracies:
Intrinsic degeneracies between neutrino parameters and other cosmological parameters may
limit the ability to uniquely constrain or isolate neutrino effects.

5. Exclusion of Laboratory Data Integration:
While terrestrial neutrino experiments provide complementary constraints, this study does not
incorporate direct experimental data beyond the cosmological observations.

DISCUSSION

The persistent tensions in key cosmological parameters, particularly the Hubble constant and
the matter fluctuation amplitude pose significant challenges to the prevailing ACDM model. This study’s
theoretical exploration into neutrino physics offers valuable insights into the potential of neutrinos to
mitigate these conflicts. Our analysis confirms that modifications in neutrino properties, such as
increased total neutrino mass or variations in the effective number of neutrino species have measurable
effects on cosmological observables. For instance, increasing the sum of neutrino masses tends to
suppress structure formation, effectively lowering og, which aligns with observations from large-scale
structure surveys. However, this comes at the cost of reducing the Hubble constant inferred from CMB
data, thereby exacerbating the H, tension. This trade-off highlights an inherent difficulty in
simultaneously resolving both tensions solely through standard neutrino mass adjustments. Non-
standard neutrino interactions (NSI) emerge as promising candidates that can modify neutrino free-
streaming behavior and alter the radiation density in a more nuanced way. Theoretical models
incorporating NSI demonstrate potential to ease both Hy and og tensions, though they rely on new
physics beyond the Standard Model and must be carefully constrained to avoid conflict with laboratory
neutrino experiments and other cosmological data.

Our results emphasize the importance of integrating multiple datasets, including CMB, BAO,
supernovae, and large-scale structure measurements, to robustly constrain neutrino parameters. The
interplay between different observational probes helps break degeneracies and refine our
understanding of neutrino impacts on cosmology. Nonetheless, the study also reveals inherent
limitations. Neutrino physics alone, within the explored parameter spaces and model assumptions,
cannot fully reconcile the cosmological tensions without introducing tensions elsewhere or requiring
fine-tuning. This suggests that neutrinos may be part of a broader spectrum of new physics needed to
address these fundamental challenges. In summary, neutrino physics remains a critical and fertile
ground for theoretical investigation in cosmology.

CONCLUSION

This study has explored the theoretical implications of neutrino physics on the persistent
tensions in key cosmological parameters, notably the Hubble constant and the matter fluctuation
amplitude . Through detailed modeling and analysis of variations in neutrino mass, effective number of
neutrino species, sterile neutrinos, and non-standard neutrino interactions, the investigation highlights
the complex but significant role neutrinos play in shaping cosmological observables. While adjustments
in neutrino properties can partially alleviate either the H, or og tension individually, the results indicate
that neutrino physics alone is unlikely to fully resolve both conflicts simultaneously within current
model constraints. The interplay of neutrino mass suppression of structure growth and sterile neutrino-
induced changes to early-universe expansion presents trade-offs that complicate straightforward
solutions. The findings underscore the necessity of considering neutrino physics as part of a broader
framework potentially involving other new physics beyond the standard cosmological model.
Continued theoretical development, combined with integration of future high-precision cosmological
data and advancements in neutrino experiments, will be critical for unraveling these fundamental
cosmological puzzles. In conclusion, neutrinos remain a promising avenue for addressing cosmological
parameter conflicts, but comprehensive resolution will require multifaceted approaches that extend
beyond neutrino physics alone.
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