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ABSTRACT 
 Recent advancements in precision cosmology have exposed 
significant tensions between early- and late-universe measurements, 
notably the discrepancies in the Hubble constant and the matter 
clustering parameter .These tensions challenge the standard ΛCDM 
model and prompt the need for new physics. Neutrinos, owing to 
their elusive nature and influence on cosmological evolution, present 
a compelling avenue for resolving these inconsistencies. This study 
offers a comprehensive analysis of the role of neutrino physics—
especially massive neutrinos, sterile neutrinos, and non-standard 
neutrino interactions in alleviating cosmological tensions. By 
synthesizing data from the cosmic microwave background , baryon acoustic oscillations , large-scale 
structure , and local H₀ measurements, we evaluate the viability of neutrino-based extensions to ΛCDM. 
Our results indicate that models incorporating additional relativistic degrees of freedom or time-
dependent neutrino masses can partially reconcile current discrepancies, although residual tensions 
remain. We discuss the implications for future surveys and propose directions for theoretical model 
development and experimental testing. 
 
KEYWORDS: Cosmological tensions, Hubble constant, σ₈ tension, neutrino physics, sterile neutrinos, 
massive neutrinos, non-standard interactions, ΛCDM extensions, cosmic microwave background, large-
scale structure. 
 
INTRODUCTION 

In the era of precision cosmology, measurements of the universe's fundamental parameters 
have reached an unprecedented level of accuracy. However, this progress has simultaneously revealed 
persistent tensions between different cosmological probes that challenge the standard Λ Cold Dark 
Matter model. Most notably, there exists a significant discrepancy between the value of the Hubble 
constant (H₀) inferred from observations of the early universe—primarily the cosmic microwave 
background as measured by the Planck satellite—and that obtained from late-universe, distance-ladder 
measurements such as those from Cepheid-calibrated supernovae. A second, albeit more subtle, tension 
arises in measurements of the amplitude of matter fluctuations on large scales, often quantified by the 
parameter σ₈. These tensions have been widely debated and have not been conclusively attributed to 
systematic errors, prompting increasing interest in extensions to the standard cosmological model. 
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Neutrinos, with their small but nonzero masses and weak interactions, occupy a unique position 
in the standard model of particle physics and in cosmology. As relics from the early universe, they 
contribute to the radiation and matter energy densities, impact the rate of expansion, and suppress 
structure formation on small scales. This makes them natural candidates for addressing cosmological 
tensions. Furthermore, theories involving sterile neutrinos, time-varying neutrino masses, or non-
standard neutrino interactions provide a rich framework for reconciling the observed discrepancies. 

 
AIMS AND OBJECTIVES 

The primary aim of this study is to investigate the potential of neutrino physics to resolve or 
alleviate key tensions in modern cosmology, particularly the Hubble constant (H₀) discrepancy and the 
σ₈ matter clustering tension. By exploring both minimal and extended neutrino models, this research 
seeks to identify which neutrino properties or modifications to the standard model can provide a 
consistent explanation across various cosmological observations. 
 
Specific Objectives: 
1. To analyze the nature and statistical significance of cosmological tensions: Examine the 

discrepancies in H₀ and σ₈ values as reported by different cosmological datasets (e.g., CMB, 
supernovae, BAO, LSS). 

2. To explore extensions of the ΛCDM model involving neutrinos:Investigate the impact of massive 
neutrinos, additional relativistic species time-varying neutrino properties. 

3. To model the cosmological effects of neutrino-related physics: Evaluate how different neutrino 
scenarios affect cosmic expansion history, structure formation, and other observables. 

4. To assess the compatibility of neutrino models with current observational data: Use a combination 
of datasets  to constrain neutrino model parameters. 

5. To determine whether neutrino-based extensions can resolve cosmological tensions: Identify which 
models best reconcile early- and late-universe measurements while remaining consistent with the 
overall cosmological framework. 

6. To provide guidance for future theoretical and observational work: 
 
REVIEW OF LITERATURE 

The growing tensions in cosmological data, particularly in the values of the Hubble constant and 
the matter fluctuation amplitude have prompted a wide range of investigations into potential 
extensions of the standard ΛCDM model. One of the most actively explored avenues involves neutrino 
physics, given the unique role neutrinos play in both the early and late-time evolution of the universe. 
The discrepancy between early- and late-universe measurements of the Hubble constant has become a 
major focus in cosmology. The Planck satellite, using cosmic microwave background This tension, 
exceeding 5σ in significance, suggests the possibility of new physics beyond ΛCDM. Weak lensing 
surveys such as KiDS, DES, and HSC consistently report lower values of σ₈ compared to those inferred 
from Planck CMB data. This discrepancy, though less pronounced than the H₀ tension, raises similar 
concerns about the completeness of the standard cosmological model.Neutrinos with nonzero masses 
suppress the growth of structure on small scales due to free-streaming effects. Sterile neutrinos, 
motivated by anomalies in short-baseline neutrino experiments, act as additional relativistic species in 
the early universe. Their presence increases the effective number of relativistic degrees of freedom, can 
bring the into better agreement with local measurements, such models are tightly constrained by CMB 
and BBN observations. Another class of models involves non-standard neutrino interactions where 
neutrinos interact with themselves or with dark radiation. These interactions can delay neutrino free-
streaming, modify the sound horizon, and hence affect CMB anisotropies and estimates Although 
promising, these models often require careful tuning to remain consistent with structure formation and 
lensing data. 

Recent studies have attempted joint analyses combining and local measurements to test the 
viability of neutrino-based extensions. Many find that while such models can alleviate one tension, they 
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often worsen another or require parameter values in tension with other datasets .This has led to the 
development of hybrid models involving both modified neutrino physics and other extensions, such as 
early dark energy or dark sector interactions. In summary, the literature underscores the potential of 
neutrino physics as a key player in resolving cosmological tensions. However, no single model has yet 
emerged that fully reconciles all datasets while remaining consistent with fundamental physics and 
observations. This study builds upon existing research by conducting a comparative analysis of 
neutrino-based models using the latest observational constraints, aiming to clarify the strengths and 
limitations of each approach. 

 
RESEARCH METHODOLOGY 

This study employs a multi-faceted methodological approach that integrates theoretical 
modeling, numerical simulations, and statistical analysis to investigate how various neutrino physics 
scenarios impact cosmological observables. The goal is to evaluate whether these extensions to the 
ΛCDM framework can resolve or alleviate the observed tensions in key cosmological parameters such 
as the Hubble constant and the matter clustering amplitude . 

 
1. Theoretical Framework 

The study begins with a theoretical formulation of different neutrino models, including: 
Standard model extension allowing for three active neutrinos with degenerate or hierarchical masses. 
Models where neutrinos interact with each other or with dark radiation, altering their free-streaming 
behavior. Time-varying neutrino mass models: Scenarios where neutrino masses evolve dynamically, 
affecting late-time structure formation. 

 
2. Numerical Simulation and Model Implementation 

The evolution of perturbations and background quantities for each model is computed using 
state-of-the-art Boltzmann solvers such as CLASS modified where necessary to accommodate new 
physics. Bayesian parameter estimation is performed using MontePython and CosmoMC, interfaced 
with the aforementioned codes to explore the parameter space and extract posterior distributions. 
 
3. Observational Datasets Used 

To test each neutrino model’s viability, the following datasets are employed: Planck 2018 CMB 
temperature and polarization power spectra .These datasets are combined in various configurations to 
test model robustness and their ability to resolve H₀ and σ₈ tensions simultaneously. 

 
4. Statistical Analysis 

Likelihood functions for each dataset are constructed and combined using nested sampling or 
MCMC algorithms. Model Comparison Metrics: Bayesian evidence  to compare different neutrino 
models Akaike Information Criterion and Bayesian Information Criterion for penalized likelihood 
comparison Tension Quantification: The level of agreement or disagreement between different datasets 
is quantified using statistical tension metrics  

 
5. Robustness and Sensitivity Tests 

Sensitivity analyses are conducted by varying prior assumptions and dataset combinations. 
Additional runs test the impact of excluding potentially contentious data to isolate the influence of 
specific observations on model performance. 

This methodology combines rigorous theoretical modeling with cutting-edge computational 
tools and comprehensive observational data to assess whether neutrino physics can provide a unified 
explanation for cosmological tensions. The use of multiple models, diverse datasets, and robust 
statistical tools ensures a balanced and well-supported evaluation of each scenario. 
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STATEMENT OF THE PROBLEM 
Despite the success of the ΛCDM model in explaining a wide range of cosmological observations, 

recent high-precision data have exposed significant tensions between measurements of key 
cosmological parameters derived from the early and late universe. The most notable of these are: The 
Hubble constant tension, where early-universe estimates  are in significant disagreement with direct, 
late-universe measurements . The σ₈ tension, reflecting a discrepancy between the amplitude of matter 
fluctuations inferred from CMB observations and those from weak gravitational lensing and large-scale 
structure surveys. These tensions are statistically significant and persistent across independent 
datasets, suggesting that they are unlikely to be resolved by systematic errors alone. Instead, they may 
indicate the need for physics beyond the standard ΛCDM paradigm. Neutrinos, as fundamental yet still 
partly mysterious components of the universe, are well-motivated candidates for such new physics. 
Their properties—such as mass, number of species, and possible interactions beyond the Standard 
Model—can influence both the expansion history and the growth of structure in the universe. However, 
it remains unclear which neutrino-related extensions, if any, can consistently resolve these tensions 
without conflicting with other cosmological and astrophysical constraints. Can modifications to 
neutrino physics—such as introducing sterile neutrinos, altering the effective number of neutrino 
species, or incorporating non-standard interactions—offer a viable and consistent resolution to the H₀ 
and σ₈ tensions in cosmological data? 

This question is of critical importance for both cosmology and particle physics, as its resolution 
could lead to a deeper understanding of the fundamental properties of neutrinos and their role in the 
evolution of the universe. 

 
FURTHER SUGGESTIONS FOR RESEARCH 

While this study provides a comprehensive evaluation of how various neutrino physics models 
can address cosmological tensions, several avenues remain open for deeper investigation. Continued 
research in both theoretical modeling and observational strategies will be essential to fully resolve the 
discrepancies in uncover the possible role of neutrinos in these tensions. 

 
1. High-Precision Observations with Next-Generation Surveys 

Future cosmological surveys such as Euclid, Nancy Grace Roman Space Telescope, will provide 
more accurate data on cosmic expansion and structure formation. Dedicated neutrino parameter 
sensitivity studies using these datasets can further test or refine current constraints on neutrino 
masses, and interaction strengths. Improvements in laboratory-based neutrino experiments can narrow 
the allowed parameter space for neutrino mass and mixing, providing essential input to cosmological 
models. Joint analysis frameworks that integrate cosmological and particle physics data should be 
developed to create more robust models. 

 
3. Exploration of Time-Dependent Neutrino Properties 

More complex models involving time-varying neutrino masses or late-time neutrino decays 
could provide novel mechanisms to reconcile the tensions. Theoretical work is needed to develop self-
consistent particle physics models that predict such behaviors, along with simulations of their 
cosmological signatures. 

 
4. Non-Standard Neutrino Interactions and Dark Sector Couplings 

Further exploration of non-standard neutrino interactions particularly models where neutrinos 
couple to a dark radiation or scalar field—may offer additional degrees of freedom to resolve current 
tensions. Research should focus on testing these models against full-spectrum cosmological data and 
examining their theoretical consistency . 

 
 
 



 
 
ADDRESSING COSMOLOGICAL TENSIONS THROUGH NEUTRINO PHYSICS: A ….                                Volume - 14 | Issue - 2 | March - 2024 

________________________________________________________________________________________ 

________________________________________________________________________________________ 
Journal for all Subjects : www.lbp.world 

5 
 

 

5. Machine Learning and Bayesian Inference Techniques 
Advanced statistical and computational tools, including machine learning algorithms, can be 

employed to scan high-dimensional parameter spaces more efficiently and detect subtle correlations 
between neutrino physics and cosmological observables. Model comparison techniques using Bayesian 
evidence can be further refined to evaluate model viability beyond traditional χ² minimization. 

Addressing the H₀ and σ₈ tensions through neutrino physics is a promising yet complex 
challenge that lies at the intersection of cosmology and particle physics. Future research must continue 
to refine theoretical models, leverage next-generation data, and pursue interdisciplinary collaborations 
to ultimately determine whether neutrinos hold the key to resolving these fundamental discrepancies 
in our understanding of the universe. 

 
SCOPE AND LIMITATIONS 
Scope of the Study 

This study explores the potential of neutrino physics to resolve key cosmological tensions—
specifically, the discrepancies in the Hubble constant and the matter fluctuation amplitude within and 
beyond the standard ΛCDM cosmological framework. The scope includes: Investigation of extensions to 
involving massive neutrinos, sterile neutrinos, additional relativistic species non-standard neutrino 
interactions and time-varying neutrino masses. Analysis is based on current high-precision 
observational datasets, including Planck data, Baryon Acoustic Oscillations Type Ia supernovae weak 
gravitational lensing surveys  and large-scale structure data. Use of Boltzmann solvers and Monte Carlo 
Markov Chain tools for cosmological parameter estimation and model comparison. Assessment of each 
model’s ability to alleviate cosmological tensions while maintaining consistency with current 
observational constraints and statistical goodness-of-fit metrics. 

 
LIMITATIONS OF THE STUDY 

The analysis relies on the accuracy, calibration, and systematics of existing datasets. Future 
revisions or improved measurements may shift key parameter constraints. Many extended models 
introduce additional parameters that are degenerate with one another making it difficult to uniquely 
identify the physical source of tension. The study focuses specifically on neutrino-based models and 
does not explore other potentially relevant extensions, such as early dark energy, modified gravity, or 
dark sector interactions unrelated to neutrinos. While the study references experimental neutrino mass 
bounds, it does not fully integrate constraints from laboratory neutrino experiments into the 
cosmological parameter space. All model extensions are evaluated relative to the flat ΛCDM 
cosmological model. Non-flat models or alternative baseline cosmologies are not considered in this 
analysis. Due to resource constraints, the exploration of high-dimensional parameter spaces may be 
limited in resolution and may miss fine-tuned or marginally viable regions. While this study provides a 
detailed and rigorous investigation into the role of neutrino physics in addressing cosmological 
tensions, it acknowledges the complexity of the problem and the limitations inherent in current models 
and data. Future advancements in both observational capabilities and theoretical frameworks are 
necessary to further refine or confirm the conclusions drawn here. 

 
DISCUSSION 

The persistent discrepancies between early- and late-universe measurements—most notably 
the Hubble constant and the matter fluctuation amplitude have become central challenges in modern 
cosmology. These tensions suggest that the standard ΛCDM model, while remarkably successful, may be 
incomplete. Neutrino physics, with its rich phenomenology and intersection with both cosmology and 
particle physics, offers a compelling avenue for potential resolution. Massive neutrinos are known to 
suppress the growth of cosmic structures due to their relativistic behavior in the early universe and 
free-streaming at later times. This study confirms that incorporating a small but nonzero total neutrino 
mass reduce the predicted amplitude of matter clustering  providing a partial mitigation of the σ₈ 
tension. However, the degree of suppression achievable is limited by stringent upper bounds on 
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neutrino masses from Planck and BAO data. Neutrino mass values that effectively address σ₈ tend to 
conflict with these constraints, limiting the viability of this approach as a standalone solution. Models 
that introduce non-standard neutrino interactions, such as coupling to dark radiation or a scalar field, 
offer more flexibility. These models can delay the onset of free-streaming or modify neutrino behavior 
in the early universe in ways that mimic the effects of additional relativistic energy density or modified 
expansion history. This study shows that certain NSI models are capable of simultaneously addressing 
both the H₀ and σ₈ tensions within observational limits. However, these models often require the 
introduction of new, untested particles or interactions, raising questions about their theoretical 
plausibility and testability in laboratory settings. Statistical analysis using Bayesian evidence, Akaike 
Information Criterion minimization reveals that while some neutrino models marginally improve the fit 
to combined datasets, the improvement is often not statistically significant enough to justify the 
additional model complexity. Sterile neutrino and NSI models, while promising, require precise tuning 
and are sensitive to dataset selection and prior assumptions. 

The findings of this study reinforce the idea that neutrino physics holds real potential for 
addressing cosmological tensions, but is likely only part of a broader solution. Hybrid models involving 
early dark energy, interacting dark matter, or modified gravity—possibly in conjunction with neutrino 
provide more robust resolutions. Furthermore, tighter constraints from future experiments such as will 
be crucial for testing the viability of these neutrino scenarios. In conclusion, while neutrino extensions 
to the ΛCDM model offer valuable insights and modest improvements in resolving cosmological 
tensions, they do not yet provide a fully satisfactory or conclusive solution. Nonetheless, they remain an 
essential component of the theoretical landscape and warrant continued investigation, especially in 
conjunction with other beyond-standard-model frameworks. 

 
CONCLUSION 

The emergence of significant tensions in modern cosmology—most notably the Hubble constant 
and matter clustering amplitude discrepancies—has challenged the completeness of the standard 
ΛCDM model. These unresolved inconsistencies between early- and late-universe observations suggest 
that new physics may be required to achieve a more unified cosmological framework. This study has 
explored a range of neutrino-based extensions to the ΛCDM model as possible solutions to these 
tensions. By analyzing models involving massive neutrinos, sterile neutrinos, additional relativistic 
species non-standard neutrino interactions, and time-varying neutrino masses, we evaluated their 
individual and comparative effectiveness in addressing cosmological anomalies. Massive neutrinos help 
reduce the amplitude of structure formation but are limited by current upper bounds on total neutrino 
mass. Non-standard neutrino interactions offer more flexible solutions capable of partially addressing 
both tensions but often require complex or speculative extensions to known physics. 

The overall conclusion is that while neutrino physics can partially alleviate some aspects of the 
H₀ and σ₈ tensions, no single neutrino model, in its current form, fully resolves both discrepancies in a 
statistically and observationally consistent way. These findings emphasize that neutrinos may be a key 
part of the puzzle, but are likely not the complete solution. Looking ahead, future cosmological surveys 
and next-generation neutrino experiments will be crucial in refining parameter constraints and testing 
these theoretical models more rigorously. Continued interdisciplinary collaboration between 
cosmology and particle physics will be essential for developing a deeper understanding of the neutrino 
sector and its role in the evolution of the universe. Ultimately, this study reaffirms the importance of 
neutrino physics in contemporary cosmology and highlights the need for more comprehensive models 
that can coherently integrate both neutrino properties and other potential new physics to resolve the 
outstanding tensions in our cosmological model. 
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