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Abstract

The Λ-Cold Dark Matter (ΛCDM) model successfully describes the evolution and large-

scale structure of the Universe, supported by high-precision cosmological observations. Yet,

it leaves key questions unresolved—most notably the nature of dark matter, dark energy, and

neutrinos—and faces persistent “cosmological tensions,” such as discrepancies in the local

Hubble expansion rate and the amplitude of matter clustering. These challenges suggest

that extensions to ΛCDM or new physics may be required to fully capture cosmic dynamics.

This dissertation investigates these issues through studies of extended cosmological models

and their implications for neutrino physics and the early Universe. We examine a broad

class of ΛCDM extensions—including phantom and early dark energy, spatial curvature,

primordial magnetic fields, and additional or self-interacting neutrino species—in the con-

text of the Hubble and structure growth tensions. We then explore sterile neutrinos as

probes of the pre–Big-Bang-nucleosynthesis epoch, focusing on scenarios involving decays

or new interactions and their relevance to current and upcoming laboratory searches. We

then perform comprehensive analyses using cosmic microwave background, baryon acoustic

oscillation, and supernova datasets to study the effects of neutrino mass hierarchies and

extra relativistic species. We further test extra-radiation cosmologies with the latest DESI

observations and develop a sound-horizon-independent framework for inferring the Hubble

constant and neutrino mass from large-scale structure and lensing data.

Overall, this work draws connections between new physics in the neutrino sector and cosmo-

logical tensions, constraining Standard Model and beyond-Standard-Model neutrino prop-

erties, and advancing our understanding of the open challenges faced by ΛCDM in light of

forthcoming precision data.



Chapter 1

Introduction

Cosmology studies the Universe’s origin, composition, and evolution by integrating funda-

mental physical principles with astronomical observations across cosmic history. Over the

past century, it has evolved into a precision science, guided by the framework of General

Relativity and constrained by increasingly accurate measurements of the cosmic microwave

background (CMB), large-scale structure (LSS), and and distance–redshift relations that

trace cosmic expansion. These observations have enabled the construction of a coherent pic-

ture of cosmic evolution—from the earliest moments following the Big Bang to the present

epoch dominated by dark energy.

Despite its remarkable success, modern cosmology faces profound open questions. The na-

ture of dark matter and dark energy remains elusive, and the fundamental properties of

neutrinos—such as their absolute mass scale, and mass hierarchy—are not yet fully under-

stood. Neutrinos occupy a unique place within the Standard Model, standing as some of its

most enigmatic constituents. Although light and weakly interacting, they play a central role

in the dynamics of the early Universe and in the formation of cosmic structures. Experimen-

tal evidence from oscillation measurements has firmly established that at least two neutrino
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species possess non-zero masses—a discovery that extends beyond the original framework of

the Standard Model. Despite this progress, key aspects of their nature remain unknown. As

cosmology enters an era of high-precision measurements, the demand for accurate theoret-

ical modeling becomes ever more critical to interpret these subtle effects and to search for

potential signatures of physics beyond the Standard Model. Understanding how neutrinos

affect cosmological observables is therefore crucial for interpreting present data, constraining

new physics, and constitutes one of the main goals of this work.

1.1 The Expanding Universe: key equations in Cos-

mology

The Standard Cosmological Model relies on two foundational pillars: first, that gravitation

is accurately described by Einstein’s theory of General Relativity; and second, that the

Universe satisfies the cosmological principle, being statistically homogeneous and isotropic

on sufficiently large scales. Under these assumptions, the evolution of the Universe is fully

determined by its geometry and energy content, as governed by Einstein’s field equations.

These assumptions lead naturally to the Friedmann–Lemâıtre–Robertson–Walker (FLRW)

metric and to the Friedmann equations, which govern the expansion of the Universe as a

function of its energy content.

Einstein Equations

In natural units (ℏ = c = kB = 1), these equations relate the curvature of spacetime to its

energy–momentum content,

Gµν ≡ Rµν −
1

2
Rgµν = 8πGTµν , (1.1)
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where Rµν and R denote the Ricci tensor and scalar curvature, respectively, and Tµν is the

stress–energy tensor describing the distribution of matter and radiation. The Einstein tensor

Gµν encapsulates the curvature of spacetime by combining the Ricci tensor and scalar in a

way that guarantees the conservation of energy and momentum. The left-hand side thus

encodes the geometry of spacetime, while the right-hand side specifies its physical sources.

The left-hand side encodes the geometry of spacetime, while the right-hand side specifies its

physical sources.

Assuming large-scale statistical homogeneity and isotropy, the geometry of the Universe is

described by the Friedmann–Lemâıtre–Robertson–Walker (FLRW) metric. The spacetime

interval, or line element, is defined as

ds2 = gµν dx
µ dxν , (1.2)

where gµν is the metric tensor. In the FLRW case, this takes the form

ds2 = −dt2 + a2(t)

[
dr2

1− kr2
+ r2(dθ2 + sin2 θ dϕ2)

]
, (1.3)

where a(t) is the scale factor, t the cosmic time, (r, θ, ϕ) the comoving spatial coordinates,

and k = {−1, 0,+1} denotes open, flat, or closed spatial curvature, respectively.

The Friedmann Equations

Inserting the FLRW metric into Einstein’s field equations, one obtains the Friedmann equa-

tions, which describe the large-scale dynamics of the Universe’s expansion [165, 114]. These

equations connect the geometry of spacetime with its energy–momentum content, forming

the foundation of modern cosmology. The expansion of the Universe is quantified by the

scale factor a(t), whose fractional growth rate defines the Hubble parameter, H(t) ≡ ȧ/a,

where a dot denotes a derivative with respect to cosmic time t.
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The first Friedmann equation is derived from Einstein’s 00 component and relates the ex-

pansion rate to the total energy density ρ, spatial curvature k, and the cosmological constant

Λ:

H2 +
kc2

a2
=

8πG

3
ρ+

Λc2

3
. (1.4)

Here, k = 0,+1,−1 corresponds to flat, closed, and open spatial geometries, respectively; G

is Newton’s gravitational constant; c is the speed of light; and ρ is the total energy density

of all cosmic components.

It is often convenient to include the cosmological constant Λ as part of the energy density

and pressure, by defining:

ρ → ρtotal = ρ+ ρΛ, & p → ptotal = p+ pΛ,

where ρΛ = Λc2

8πG
, pΛ = −ρΛc

2, and ρΛ = Λc2

8πG
, pΛ = −ρΛc

2.

Then, the first Friedmann equation takes the commonly expressed form:

H2 =

(
ȧ

a

)2

=
8πG

3
ρ− kc2

a2
, (1.5)

The acceleration of the Universe’s expansion is governed by the second Friedmann equation,

which is derived from the trace of Einstein’s field equations:

ä

a
= −4πG

3

(
ρ+

3p

c2

)
+

Λc2

3
, (1.6)

where ä is the second derivative of the scale factor respect to cosmic time and p denotes the

pressure of the cosmic fluid. This equation highlights the competing effects of the attractive

gravitational pull of matter and radiation (through ρ and p) and the repulsive influence of
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the cosmological constant Λ.

Conservation of energy and momentum, expressed by ∇µT
µν = 0, leads to the continuity

equation, which specifies how the energy density of each component evolves with cosmic

expansion,

ρ̇+ 3H(ρ+ p) = 0. (1.7)

For a perfect fluid with equation of state p = wρ and constant w, the solution is

ρ(a) ∝ a−3(1+w). (1.8)

Each dominant cosmic component is characterized by a specific w and dominates at different

epochs, shaping the expansion history. The table below summarizes their properties.

Component Eq. of State (w) ρ(a) a(t)

Radiation 1/3 ∝ a−4 ∝ t1/2

Matter (baryons, CDM) 0 ∝ a−3 ∝ t2/3

Dark Energy (Λ) −1 ∝ const. ∝ eH0t

Table 1.1: Scaling of major cosmological components with scale factor a, their energy density
evolution, and the corresponding time dependence of the scale factor a(t).

The critical density ρc = 3H2/(8πG) defines the energy density required for spatial flatness

(k = 0), and the density parameter Ωi = ρi/ρc quantifies each component’s contribution.

Values of Ωtot = 1, > 1, or < 1 correspond to flat, closed, and open Universes, respectively.

The Boltzmann Equations

While the Friedmann equations describe the homogeneous and isotropic background evo-

lution of the Universe, understanding the formation of cosmic structures requires studying

small deviations from this background. These perturbations in the metric, density, velocity,

and temperature fields evolve under gravity and microscopic interactions, giving rise to the
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anisotropies observed in the CMB and the LSS of the Universe.

In the early Universe, each particle species can be described statistically by a phase-space

distribution function fi(x,p, t), where i labels the species, x denotes comoving position, and

p is the comoving momentum. The evolution of fi is governed by the Boltzmann equation,

dfi
dt

=
∂fi
∂t

+
dx

dt
· ∇xfi +

dp

dt
· ∇pfi = C[fi], (1.9)

where C[fi] represents the collision term, accounting for interactions such as scattering, an-

nihilation, or decay. In the absence of collisions, the equation reduces to Liouville’s theorem

(dfi/dt = 0), describing free-streaming evolution along geodesics.

The distribution function can be decomposed into a background part f
(0)
i (p, t) and a pertur-

bation Ψi(x,p, t):

fi(x,p, t) = f
(0)
i (p, t) [1 + Ψi(x,p, t)] . (1.10)

The background term governs the homogeneous evolution (as in the Friedmann equations),

while the perturbation Ψi encodes spatial and temporal fluctuations that give rise to aniso-

tropies and inhomogeneities.

The Boltzmann equations for different species (photons, baryons, neutrinos, and dark matter)

are coupled to the perturbed Einstein equations through the metric perturbations. Solving

this system provides the time evolution of density contrasts, velocity fields, and gravitational

potentials, forming the basis of linear cosmological perturbation theory.

For photons, interactions with free electrons via Thomson scattering introduce a non-negligible

collision term in the Boltzmann hierarchy, sourcing the characteristic temperature anisotropies

and polarization patterns observed in the CMB. For collisionless species such as cold dark

matter or neutrinos after decoupling, C[fi] = 0, and their distribution functions evolve purely
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under gravitational effects. In practice, solving the coupled Einstein–Boltzmann system re-

quires numerical integration over time and wavenumber. This is achieved by Boltzmann

solvers such as CAMB [281] and CLASS [274, 98], which compute key cosmological observables

including the CMB temperature and polarization power spectra, the matter power spec-

trum P (k), as well as several cosmological parameters and background quantities such as

the Hubble parameter H(z) and the densities of individual species.

These tools are essential in modern cosmology, enabling precise comparisons between theoret-

ical models and high-precision observational data. Together with the Friedmann equations,

the Boltzmann equations provide a comprehensive framework that describes both the Uni-

verse’s background expansion and the evolution of linear perturbations, thereby shaping the

LSS and CMB anisotropies we observe today.

In summary, Einstein’s field equations lay the foundation for our understanding of gravity

and spacetime geometry, from which the Friedmann equations describe the large-scale dy-

namics of the Universe’s expansion. The Boltzmann equations complement this picture by

tracking the evolution of matter and radiation perturbations on this expanding background.

Together, these equations form the core theoretical framework of modern cosmology, linking

fundamental physics with observations to reveal the history and composition of the cosmos.

The Standard Cosmological Model: ΛCDM

The Λ Cold Dark Matter (ΛCDM) model stands as the foundation of modern cosmology,

celebrated for its elegant simplicity and remarkable ability to accurately describe a wide

range of observations. Despite being defined by only six fundamental parameters, it provides

an exceptionally precise fit to data spanning the anisotropies of the CMB, the LSS of the

Universe, and the primordial element abundances predicted by BBN.
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The minimal ΛCDM model is parametrized by six key quantities:





Ωbh
2 Physical baryon density

Ωch
2 Physical cold dark matter density

θs Angular size of the sound horizon at recombination

τ Optical depth to reionization

As Amplitude of the primordial scalar perturbations

ns Spectral index of the primordial scalar perturbations

(1.11)

At its core, ΛCDM describes the Universe as composed of several energy components. Bary-

onic matter—which forms stars, planets, and gas—accounts for roughly Ω0
b ≃ 0.049 of the

total energy density and behaves as pressureless matter on cosmological scales. Radiation,

dominated by photons, contributes a small fraction Ω0
r ∼ 10−4, while neutrinos transition

from relativistic to non-relativistic, affecting both radiation and matter densities depending

on their masses.

The dominant components are cold dark matter (CDM), a non-baryonic, non-relativistic

form of matter comprising about Ω0
c ≃ 0.265 and driving structure formation, and dark

energy, modeled as a cosmological constant Λ, which constitutes roughly Ω0
Λ ≃ 0.685 and is

responsible for the Universe’s accelerated expansion.

Embedded within the framework of General Relativity and seeded by nearly scale-invariant

primordial fluctuations generated during inflation, the ΛCDM model serves as the back-

bone of contemporary cosmology. Its enduring success lies in encapsulating the Universe’s

complexity within a simple and predictive theoretical framework, supported by an extensive

body of high-quality observational data.
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1.2 Neutrinos in Cosmology

In the early Universe, at temperatures much higher than the electron rest mass energy

(T ≫ mec
2 ≈ 0.511MeV), neutrinos were in thermal equilibrium with the primordial plasma

through weak interactions. Their distribution followed Fermi-Dirac statistics,

f(E, Tν) =
1

exp(E/Tν) + 1
, (1.12)

and during this period neutrinos shared the same temperature as photons and electrons, i.e.,

Tν = Tγ = T .

The neutrino number density and energy density can be expressed as integrals over their

momentum distribution:

nν =
g

(2π)3

∫
f(E, Tν) d

3p, ρν =
g

(2π)3

∫
Ef(E, Tν) d

3p, (1.13)

where g represents the degrees of freedom of neutrinos.

As the Universe expands and cools, the weak interaction rate, roughly Γν ∼ G2
FT

5 (with GF

the Fermi coupling constant), falls below the Hubble expansion rate H(T ) ∼ √
g∗ T 2/MPl,

where g∗ is the effective number of relativistic degrees of freedom and MPl is the Planck

mass. This causes neutrinos to decouple from the plasma.

Shortly after decoupling, electron-positron pairs annihilate, transferring their entropy to

photons and increasing the photon temperature relative to that of neutrinos. This process

yields the well-known relation:

Tν

Tγ

=

(
4

11

)1/3

. (1.14)
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Using this, the neutrino number density per species today relates to the photon number

density by:

nν =
3

4

(
4

11

)
nγ, (1.15)

where the factor 3/4 accounts for the difference between Fermi-Dirac and Bose-Einstein

statistics.

The energy density of relativistic neutrinos per species is similarly connected to the photon

energy density:

ρν =
7

8

(
4

11

)4/3

ργ, (1.16)

where the factor 7/8 reflects neutrinos being fermions.

The total radiation energy density including neutrinos can be parameterized by the effective

number of relativistic neutrino species Neff :

ρR =

[
1 +

7

8

(
4

11

)4/3

Neff

]
ργ. (1.17)

Neutrinos decouple before electron–positron annihilation is complete, causing partial energy

transfer from the annihilating plasma to the neutrino sector, which raises the total radiation

energy density above the value expected for three fully decoupled species. Standard cosmol-

ogy therefore predicts Neff ≈ 3.044, accounting for three active neutrino flavors plus small

corrections from non-instantaneous decoupling [275, 139].

As neutrinos become non-relativistic at late times (mν ≫ Tν), their energy density evolves as

ρν = mνnν , contributing to the matter content of the Universe. The neutrino mass sum Σmν

is constrained by cosmology, with the present-day neutrino density parameter approximately
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given by:

Ωνh
2 ≈ Σmν

93.14 eV
. (1.18)

Due to their high thermal velocities, neutrinos free-stream and suppress structure formation

below a characteristic scale, which depends on their mass and redshift.

Neutrino oscillation experiments have established that neutrinos change flavor as they prop-

agate, requiring non-zero masses and mixing. The flavor eigenstates να (α = e, µ, τ) are

quantum superpositions of mass eigenstates νi (i = 1, 2, 3), connected by the unitary Pon-

tecorvo–Maki–Nakagawa–Sakata (PMNS) matrix U :

να =
∑

i

Uαiνi. (1.19)

Oscillation experiments measure the squared mass differences ∆m2
21 and ∆m2

31, but do not

provide the absolute mass scale or mass ordering. In the simplest two-flavor approximation,

the probability that a neutrino of flavor να oscillates into another flavor νβ after traveling a

distance L in vacuum is given by

Pα→β = sin2(2θ) sin2

(
∆m2L

4E

)
, (1.20)

where θ is the mixing angle, E is the neutrino energy, and ∆m2 = m2
2 − m2

1 is the mass-

squared difference. This expression highlights the dependence of oscillations on ∆m2, which

determines the characteristic oscillation length.

In realistic environments, however, oscillations are medium-dependent: thermal and matter

effects modify the effective mixing parameters and mass-squared differences, altering the

oscillation behavior in dense media such as the Sun or the early Universe plasma.
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Neutrino oscillation experiments have determined that the neutrino mass-squared differences

for solar and atmospheric oscillations differ by about two orders of magnitude:

∆m2
solar = (7.53± 0.18)× 10−5 eV2, (1.21)

∆m2
atm = (2.455± 0.028)× 10−3 eV2 [(−2.529± 0.029)× 10−3 eV2]. (1.22)

for the normal [inverted] ordering [315]. Consequently, there is a minimum combined mass

of the three active neutrinos, Σmν = m1 +m2 +m3, which depends on the mass ordering:

ΣmNO
ν = m1 +

√
m2

1 +∆m2
solar +

√
m2

1 + |∆m2
atm|,

ΣmIO
ν = m3 +

√
m2

3 + |∆m2
atm|+

√
m2

3 + |∆m2
atm|+∆m2

solar, (1.23)

where the lightest eigenstate is m1 for normal ordering (NO) and m3 for inverted ordering

(IO). Assuming minimal masses (m1 = 0 for NO and m3 = 0 for IO), the corresponding

minimal total masses are ΣmNO
ν ≈ 58meV and ΣmIO

ν ≈ 101meV.

Cosmological observations provide complementary constraints on the absolute neutrino mass

scale through their effects on the expansion history and structure formation, making them

essential probes of neutrino properties beyond the reach of laboratory experiments.

1.3 Cosmological Observations

Modern cosmology draws upon a diverse set of observational probes that collectively illu-

minate the evolution, composition, and geometry of the Universe. These observations cover

a broad range of epochs and physical phenomena, from the primordial radiation emitted

shortly after the Big Bang to the large-scale distribution of matter in the current Universe.
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Cosmic Microwave Background (CMB)

In the early Universe, conditions were extremely hot and dense, with photons and baryons

tightly coupled through frequent interactions, forming a plasma. As the Universe expanded,

it cooled adiabatically. Around a temperature of approximately T ≈ 0.3 eV (corresponding

to redshift z ∼ 1100), electrons and protons combined to form neutral hydrogen in a process

known as recombination. This event caused the free electron density to drop dramatically,

allowing photons to decouple from the plasma and propagate freely. These photons constitute

the Cosmic Microwave Background (CMB), observed today as nearly isotropic blackbody

radiation at a temperature close to 2.7 K.

The CMB exhibits tiny anisotropies with temperature fluctuations at the level of ∼ 10−5

across the sky. These fluctuations contain crucial information about the early Universe

and are conveniently analyzed through a spherical harmonic decomposition on the celestial

sphere. The temperature fluctuations, δT (θ, ϕ)/T , are expanded as

δT

T
(θ, ϕ) =

∞∑

ℓ=0

ℓ∑

m=−ℓ

aℓmY
m
ℓ (θ, ϕ), (1.24)

where Y m
ℓ are the spherical harmonics. Statistical isotropy ensures that the angular power

spectrum,

Cℓ =
1

2ℓ+ 1

ℓ∑

m=−ℓ

⟨|aℓm|2⟩, (1.25)

fully characterizes the two-point statistics of the temperature anisotropies. Measurements

of the Cosmic Microwave Background (CMB) power spectra by experiments such as COBE

[372], WMAP [374], and Planck [42] have provided some of the tightest constraints on funda-

mental cosmological parameters to date. More recent ground-based experiments, including

the Atacama Cosmology Telescope (ACT) [125, 109] and the South Pole Telescope (SPT)

[111], have improved these measurements with higher resolution and sensitivity at smaller
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angular scales.

Baryon Acoustic Oscillations (BAO)

Prior to recombination, the tightly coupled photon-baryon plasma experienced acoustic os-

cillations driven by the competition between gravitational forces and radiation pressure.

These sound waves propagated through the primordial medium, imprinting a characteristic

scale—the sound horizon—on the distribution of baryons. After photons decoupled from

baryons, this acoustic scale remained encoded in the matter distribution, observable today

as baryon acoustic oscillations (BAO) in the large-scale structure.

The comoving sound horizon at the baryon drag epoch is given by

rd =

∫ ∞

zd

cs(z)

H(z)
dz, (1.26)

where cs(z) represents the sound speed in the photon-baryon fluid, H(z) is the Hubble

parameter, and zd corresponds to the drag redshift when baryons effectively decoupled from

photons. This scale acts as a robust standard ruler that can be measured through galaxy

and quasar clustering in large redshift surveys.

By detecting the BAO feature at various redshifts, cosmologists extract the angular diameter

distance,

DA(z) =
c

1 + z

∫ z

0

dz′

H(z′)
, (1.27)

as well as the expansion rate H(z), thereby providing key constraints on the Universe’s

expansion history and fundamental cosmological parameters.

In addition to BAO, redshift surveys measure the growth of cosmic structure through the

combination fσ8, where f(a) is the growth rate of matter perturbations and σ8 quantifies the
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root-mean-square fluctuation amplitude of the matter density field on scales of 8h−1Mpc.

This quantity is defined as

fσ8(a) = a
d ln δm
da

σ8,0, (1.28)

where δm(a) is the linear growth factor normalized at present (a = 1). Measurements of

fσ8 from redshift-space distortions complement BAO by probing the dynamics of structure

formation.

The Sloan Digital Sky Survey (SDSS) was among the pioneering experiments to detect the

BAO signal with high precision [12, 166, 61], establishing BAO as a cornerstone cosmolog-

ical probe. More recently, the Dark Energy Spectroscopic Instrument (DESI) survey has

dramatically expanded the reach and precision of BAO measurements by mapping tens of

millions of galaxies and quasars over a wide redshift range [28, 20].

Type Ia Supernovae (SNe Ia)

SNe Ia are among the brightest astrophysical objects, serving as standardizable candles for

distance measurements. Their well-understood intrinsic luminosity enables determination of

luminosity distances from observed apparent magnitudes. The luminosity distance DL(z)

relates to the apparent magnitude m and absolute magnitude M through

M = m− 5 log10

(
DL

10 pc

)
. (1.29)

The luminosity distance itself depends on the cosmological model via

DL(z) = c(1 + z)

∫ z

0

dz′

H(z′)
. (1.30)

Observations of SNe Ia across a range of redshifts provided the first direct evidence for the
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accelerated expansion of the Universe and continue to offer powerful constraints on dark

energy and cosmological parameters.

Notable recent SNe Ia datasets include the Pantheon+ sample [358, 105], the Union3 com-

pilation [351], and the Dark Energy Survey Year 5 (DES Y5) sample [18], each providing

large, well-calibrated supernova samples with careful treatment of systematic uncertainties

and selection effects.

1.4 Challenges to ΛCDM from Current Observational

Data

The ΛCDM model has achieved remarkable success in describing a vast range of cosmo-

logical observations, including the CMB, BBN, and the formation of LSS. Nonetheless, as

observational precision has steadily improved, several notable discrepancies—often referred

to as cosmological tensions or anomalies—have persisted and even intensified, calling into

question the completeness of the standard cosmological framework.

Among these, the most statistically significant is the so-called Hubble tension, referring to

the discrepancy between the local Hubble expansion rate (H0) inferred from early- and

late-Universe measurements. Within the context of the ΛCDM model, the Planck satellite’s

high-precision observations of the CMB anisotropies yield an inferred value of H0 = 67.4±0.5

km s−1Mpc−1 [42]. This estimate is obtained indirectly by fitting the angular scale of the

acoustic peaks in the CMB power spectrum, assuming a spatially flat ΛCDM cosmology

with standard radiation content. Consistent results are also reported by ground-based CMB

experiments such as the Atacama Cosmology Telescope (ACT) [109] and the South Pole Tele-

scope (SPT) [111], which provide independent high-resolution measurements of the damping

tail and lensing-induced smoothing of the CMB power spectra, reinforcing the lower H0
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Figure 1.1: Summary of H0 estimates from different cosmological probes with error bars
smaller than 3.5 km s−1Mpc−1. Figure taken from CosmoVerse White Paper [144].

estimate.

In contrast, late-Universe determinations based on the cosmic distance ladder—anchored

by Cepheid-calibrated Type Ia supernovae—yield substantially higher values. The SH0ES

collaboration reports H0 = 73.0 ± 1.0 km s−1Mpc−1 [344], in > 5σ tension with the CMB-

inferred value. Since these approaches probe different epochs and rely on distinct phys-

ical mechanisms, this discrepancy cannot be trivially attributed to a single measurement

bias. Early-Universe constraints depend on model assumptions about the pre-recombination

physics and sound horizon scale, while distance-ladder methods are grounded in empiri-

cal calibrations of nearby standard candles at z ≲ 0.1. Complementary probes such as
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BAO, gravitational lensing time delays, and standard sirens from gravitational waves pro-

vide intermediate-redshift constraints, yet the discrepancy remains robust across independent

datasets. The current tension in the measurements of the Hubble constant is well illustrated

in Figure 1.1, which summarizes recent H0 estimates from various cosmological probes and

illustrates the existing tension.

A second, though milder, tension appears in measurements of the amplitude of matter fluctu-

ations, typically quantified by the parameter S8 ≡ σ8

√
Ωm/0.3. Weak gravitational lensing

and galaxy clustering surveys consistently infer lower values of S8 than those predicted by the

ΛCDM model calibrated to CMB data. Although this discrepancy remains at the ∼ 2σ level,

it may hint at modifications to the growth rate of structure, new dark sector interactions,

or a breakdown of the assumption that General Relativity holds unaltered on cosmological

scales.

A newly emerged anomaly that has attracted attention in cosmological analyses is the “neg-

ative neutrino mass” problem. As cosmological datasets become increasingly precise, some

global fits yield best-fit values for the total neutrino mass, Σmν , that are slightly nega-

tive—an unphysical result—although this deviation remains below the 2σ level. We study

this anomaly in detail using state-of-the-art cosmological likelihoods in Chapter 5.

To address these tensions, several extensions to the ΛCDM model have been proposed,

including dynamical dark energy with w ̸= −1, non-zero spatial curvature, additional rela-

tivistic species parameterized by Neff , and Early Dark Energy (EDE) models that introduce

a subdominant component before recombination to help alleviate the H0 tension. A de-

tailed discussion of these models, their motivations, and performance in solving existing

cosmolical tensions is presented in Chapter 2. Subsequent chapters investigate observational

constraints and the connection between neutrino physics and cosmological tensions using the

latest CMB, BAO, SNe, and LSS data.
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Sterile Neutrinos in Cosmology

Among the many proposed extensions, sterile neutrinos have garnered significant attention

due to their potential to impact both the radiation and matter content of the Universe.

Sterile neutrinos are hypothetical neutral fermions that do not interact via Standard Model

gauge forces but can mix with active neutrinos. Light, eV-scale sterile neutrino states are

suggested by anomalies in short-baseline oscillation experiments [151]. If produced in the

early Universe through oscillations or other mechanisms, sterile neutrinos contribute to Neff ,

altering the expansion rate and the evolution of primordial perturbations [8, 135]. Depending

on their mass and production mechanism, sterile neutrinos can also contribute to the total

matter density at late times, affecting the growth of structure and the matter power spectrum

in ways analogous to active neutrinos [214].

Sterile neutrinos are hypothetical neutral fermions that do not participate in Standard Model

gauge interactions but can mix with the active neutrino flavors. Their existence would have

profound implications for both the radiation and matter content of the Universe. In the

early Universe, sterile neutrinos can be produced through oscillations or other mechanisms,

contributing to the effective number of relativistic species, Neff , which affects the expansion

rate and the evolution of primordial density fluctuations. Depending on their mass and

production history, sterile neutrinos can also contribute to the total matter density at late

times, influencing the growth of LSS in a manner analogous to active neutrinos.

On the one hand, light sterile neutrinos with masses on the order of eV are particularly

significant in the context of current cosmological tensions. Their contribution to Neff can

increase the early-Universe expansion rate, potentially raising the inferred value of the Hub-

ble constant, H0, and thereby partially alleviating the well-known Hubble tension. Sterile

neutrinos with masses in eV scale, may also impact the matter power spectrum and the

clustering amplitude parameter S8. Detailed analysis of these neutrinos and their role in

addressing cosmological tensions is provided in Chapter 5.
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On the other hand, sterile neutrinos with masses in the keV range represent compelling

warm dark matter candidates, offering unique windows into the physics of the early Universe

prior to BBN. Their production mechanisms depend sensitively on the thermal history and

possible dark-sector interactions, which may allow them to evade standard cosmological

bounds. These neutrinos influence structure formation at small scales, providing potentially

observable signatures distinct from cold dark matter. A comprehensive discussion of keV-

scale sterile neutrinos and their cosmological impact is given in Chapter 3.

Together, these sterile neutrino scenarios illustrate the rich phenomenology beyond the Stan-

dard Model neutrino sector and demonstrate how cosmological observations serve as powerful

probes of new physics. For further details on the theoretical frameworks, observational con-

straints, and their interplay with cosmological tensions, the reader is referred to Chapters 3,

4, and 5.

These candidate models and extensions to the standard cosmological model open multiple

avenues to address current tensions and anomalies, enriching the landscape of possible physics

beyond ΛCDM. In the following chapters, we explore their phenomenology, confront them

with the latest datasets from CMB measurements, baryon acoustic oscillations, supernovae,

and LSS surveys, and assess their viability in the light of upcoming precision cosmology

missions.

1.5 Bayesian Analysis Framework

The interpretation of cosmological data often relies on Bayesian statistical inference, which

provides a coherent framework for parameter estimation and model comparison [382]. In
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this formalism, all inferences are derived from Bayes’ theorem,

P (θ|D,M) =
P (D|θ,M)P (θ|M)

P (D|M)
, (1.31)

where P (θ|D,M) is the posterior probability distribution of the model parameters θ given

the data D and model M . The term P (D|θ,M) denotes the likelihood, which quantifies

how well a given parameter set reproduces the observed data, while P (θ|M) represents the

prior, encapsulating our knowledge (or assumptions) about the parameters before considering

the data. The denominator, P (D|M), also known as the Bayesian evidence, serves as a

normalization factor and plays a key role in model selection.

In cosmology, the high dimensionality and complexity of parameter spaces render analyti-

cal evaluation of the posterior distribution intractable. Instead, numerical methods such as

Markov Chain Monte Carlo (MCMC) are employed to efficiently sample from the posterior

distribution [382]. MCMC algorithms generate correlated random samples that asymptoti-

cally trace the shape of the target distribution, allowing one to compute expectation values,

confidence intervals, and marginalized constraints. Among the most widely used implementa-

tions are the Metropolis–Hastings algorithm [303, 221] that relies on a random-walk proposal

distribution that explores parameter space by accepting or rejecting trial steps according to

the Metropolis criterion, ensuring convergence to the final posterior.

The parameter inference in this work is performed using the Cobaya software package [380],

a flexible and modern framework for Bayesian inference in cosmology. Cobaya interfaces with

state-of-the-art Boltzmann solvers such as CAMB and CLASS, as well as external likelihoods

from CMB, LSS, SNe, and other cosmological probes. It employs MCMC algorithms to gen-

erate statistically converged chains that represent the posterior distribution of cosmological

parameters. Additionally, the internal minimizer sampler was used to locate best-fit points

and evaluate χ2 values, providing a reliable method for likelihood maximization and model
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comparison.

Ensuring convergence of the Markov chains is crucial for obtaining robust and unbiased

parameter estimates. A widely adopted diagnostic for assessing convergence is the Gel-

man–Rubin statistic R, which compares the variance between multiple chains to the variance

within each chain:

R =

√
V̂

W
, (1.32)

where W denotes the average within-chain variance and V̂ represents the total variance.

Convergence is typically considered satisfactory when the statistic approaches unity, within

a tolerance of |R − 1| < 0.01, indicating that all chains are sampling consistently from the

same posterior distribution [197].

The resulting chains were analyzed with GetDist [279], a Python package designed to pro-

cess MCMC outputs from Cobaya, enabling comprehensive posterior visualization and the

computation of marginalized parameter constraints. Throughout the course of my PhD, I de-

veloped extensive expertise with both Cobaya and GetDist, applying these tools to perform

cosmological parameter inference, evaluate the performance of extended models beyond the

standard ΛCDM paradigm, and explore degeneracies among key cosmological parameters.

This analysis framework, implemented through Cobaya, GetDist, and modern Boltzmann

solvers, provides a statistically rigorous and computationally efficient approach for constrain-

ing cosmological parameters and testing extensions to the standard cosmological model.

1.6 Scope and Structure of this Thesis

This dissertation is organized to provide a comprehensive exploration of current challenges

and extensions to the standard cosmological model, with a focus on neutrino physics and
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early-Universe dynamics.

Chapter 2 reviews the theoretical foundations of modern cosmology, including the ΛCDM

model, linear perturbation theory, and key cosmological observables. It also investigates

prominent cosmological tensions, such as the discrepancies in the Hubble constant and the

amplitude of matter clustering, assessing various extensions to ΛCDM and highlighting early

dark energy as a promising partial resolution.

Chapter 3 explores scenarios of low-reheating cosmologies and the role of keV-scale sterile

neutrinos as probes of the pre–Big Bang Nucleosynthesis era. This chapter demonstrates

how such models can potentially ease the H0 tension by modifying early-Universe physics.

Building on this, Chapter 4 focuses on neutrino properties within extended cosmological

frameworks, analyzing recent datasets from the CMB, baryon acoustic oscillations, and su-

pernovae. It finds indications favoring partially thermalized sterile neutrinos when local

measurements of H0 are included.

Chapter 5 incorporates the latest data from the DESI DR2 BAO measurements to refine

constraints on sterile neutrinos and other extensions, confirming that sub-eV sterile neutri-

nos remain consistent with current cosmological observations while alleviating the Hubble

tension.

Chapter 6 presents a sound-horizon-independent determination of the Hubble constant by

combining BAO, CMB lensing, galaxy clustering, and supernova data. This chapter offers a

robust, model-agnostic framework to assess the necessity of new physics at recombination.

Finally, Chapter 7 summarizes the key findings of this work and outlines future prospects

for advancing our understanding of physics beyond the standard cosmological paradigm.

Together, these chapters provide a coherent investigation into how extensions to ΛCDM,

especially those involving neutrino physics and early-Universe phenomena, can shed light on
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the tensions currently shaping modern cosmology.
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Chapter 2

Early or Phantom Dark Energy,

Self-Interacting, Extra, or Massive

Neutrinos, Primordial Magnetic

Fields, or a Curved Universe: An

Exploration of Possible Solutions to

the H0 and σ8 Problems

This chapter is a reprint of material published in Physical Review D 106, 103517(2022).

Reprinted with permission © 2022 American Physical Society.
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2.1 Introduction

So far, the best-fitting scenario for describing our Universe on large scales is the standard

model of cosmology, also known as ΛCDM. Its success in simultaneously explaining cos-

mological observables at low and high redshift is undeniable [107]; nevertheless, in this

framework several tensions in different data sets, e.g., between the cosmic microwave back-

ground (CMB) and observations at low redshift including the distance ladder and large-scale

structure (LSS), have emerged. One of these discrepancies is the “H0 tension”, which is a

mismatch between the present expansion rate of the Universe, i.e., the Hubble constant H0,

inferred from the distance ladder built from Cepheid variables and Type Ia supernovae (SN

Ia), and H0 inferred from the angular power spectra of the CMB, given a Friedmann ΛCDM

cosmology evolution to today.

Recently, this conflict has grown to a level of approximately ∼ 5σ provided that H0 =

67.36±0.54 km/s/Mpc from Planck CMB data, within the ΛCDMmodel [42], largely deviates

from H0 = 73.04±1.04 km/s/Mpc, reported by the SH0ES collaboration using the Cepheid-

based distance ladder [344]. Another anomaly arises when measuring σ8, which is the value of

the root-mean-square fluctuation of density perturbations calculated with a top-hat window

function of k = 8h−1Mpc. The value σ8 is often combined with the parameter it is most

degenerate with in the combination S8 ≡ σ8

√
Ωm/0.3, with Ωm being the matter density

parameter. The value of S8 inferred from Planck CMB data within the ΛCDM framework,

S8 = 0.832±0.013 [42], and low-redshift probes such as weak gravitational lensing and galaxy

clustering [59, 386, 35, 120, 356, 228, 67, 140, 333] do not agree with the value inferred from

the CMB at a statistical level from approximately 2σ to 4σ [156].

These cosmological inconsistencies may originate from unaccounted systematic errors in the

the local distance ladder measurements and/or in the Planck observations. Extended exper-

imental work has been carried out to determine if unknown systematics are the main reason

26



for this mismatch. For instance, errors in SN Ia dust extinction modelling and intrinsic

variations [310, 309, 393], Cepheid metallicity correction [160] and different types of SN Ia

populations are potential candidates for these systematic effects; see [149] for a complete

review. Additional methods of calibrating the distance ladder, such as using the J-region

asymptotic giant branch [273], or calibration via gravitational-wave “standard siren” [121]

may provide an independent measure and test of the tension present in local to high-redshift

determinations of H0. In the meantime, it is of value to explore in detail the nature of new

physics beyond ΛCDM that can be a robust solution to the H0 tension, as well as models

that aim to solve the S8 tension, independently or in concert with H0. That is what we

explore here.

Depending on the cosmic period that the new physics takes effect, proposed models can be

categorized into late-time and early-time solutions. The first category changes expansion

history of the Universe at low redshift, while the latter modifies the physics of the early

Universe before recombination; see [357] for a recent review. Late-time solutions include,

for example, wCDM [42], w0waCDM [42] or an interacting dark energy model [288, 208].

However, given tight constraints on cosmic expansion history at low redshift, late-time so-

lutions are in general highly disfavored as solutions to H0 tension [150, 258]. On the other

hand, early-time solutions, e.g., early dark energy (EDE) [334, 335, 370], a modified neutrino

sector [97, 339, 119, 73, 89, 355, 184, 82, 245, 320, 267, 325, 100, 222, 134, 176, 385, 93, 8],

baryon inhomogeneity sourced from primordial magnetic fields [243] and extra dark radia-

tion before recombination (e.g., Ref. [383]), are seen as better candidates in alleviating the

tension by keeping ΛCDM’s successes in the late Universe intact. We also consider nonzero

neutrino mass as the solution to the S8 tension [311, 84, 396, 95, 300], both on its own and

in tandem with other new physics related to both tensions.

Based on established statistical methods for model rejection, we explore a collection of new

physics models proposed to alleviate the tensions. Many existing and new theoretical pro-
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posals in the literature only judge a new model relative to standard ΛCDM, and sometimes

by only comparing the inferred central values of H0 or S8 between ΛCDM and the new

model. Furthermore, the effects of new models on several other robust cosmological data

sets go unaddressed, including the baryon acoustic oscillation (BAO) feature and detailed

accelerated expansion history at low redshifts, measured by SN Ia. Meanwhile, new results

in observational cosmology often explore only one or two example excursions from ΛCDM. In

our work we combine a large set of proposed tension-reduction models with the latest robust

observational cosmological data in order to assess which models may successfully resolve

the tension while being consistent with the available hallmark data. Along these lines, we

consider and evaluate, in detail, the specific statistical significance of any remaining H0 and

S8 tensions in proposed models, separately and in concert. In summary, the objective of this

work is finding the best model, or models, proposed so far that agree with measurements

that indicate these anomalies.

This paper is organized as follows: in Sec. 4.5, we list the beyond ΛCDM models studied

in this work and discuss the way that they reduce cosmic tensions. In Sec. 2.3, we give

details of and motivations for the data sets included in our calculations and the statistical

strategies and computational tools employed for deriving statistical significance. We present

and discuss the results of the tests made in Sec. 2.4. In Sec. 5.5, we analyse the results and

discuss the physics of cosmological parameters’ shift for different models and tension data

sets, relative to the ΛCDM fit to the CMB. Finally, we summarize the main conclusions of

this work in Sec. 2.6.

2.2 Beyond ΛCDM models

In this section, we discuss the beyond ΛCDM models considered in this work. We briefly

sketch the physics of each model that alleviate the cosmic tensions and we refer readers to
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Appendix 2.7 for details of the models.

• wCDM: In the dark energy domination era, phantom dark energy with equation of

state w < −1 can further accelerate the expansion of the Universe compared to the

standard w = −1 case. Therefore, the H0 inferred from CMB experiments can be

reconciled with the H0 measured from local measurements [147, 289, 383, 55]; see

also [146, 398] for different parameterizations of w. The evolution of dark energy density

via a non-standard equation of state w also alters the growth of structure [10, 250, 257],

which can alleviate or exacerbate the S8 tension.

• Non-trivial neutrino mass, Σmν > 0.06 eV: a lower amplitude of clustering at

smaller scales, and therefore smaller σ8 or S8, can be achieved by increasing the

neutrino mass and its contribution to the total matter density [234]. Several pa-

pers have suggested an indication of non-zero active neutrino masses, or combinations

of extra mass eigenstates and neutrino masses because of low-σ8 measurements, e.g.,

Refs. [248, 84, 396, 159, 95].

• ΛCDM+Neff : A correlation exists between the Hubble parameter inferred from CMB

measurements and the radiation energy budget in the early Universe. The latter can be

parameterized by the effective number of relativistic degrees of freedomNeff . Therefore,

extra relativistic species beyond the standard model neutrinos, such as dark radiation,

can effectively reduce the sound horizon, i.e., increase H0. Additional relativistic en-

ergy density affects the position of the acoustic peaks of the CMB relative to the photon

damping scale, both of which are well constrained by measurements of the CMB. Extra

(sterile) neutrino mass eigenstates can mimic relativistic degrees of freedom at early

times and contribute to Σmν at late times, and therefore may combine the effects of

Σmν and Neff . See, e.g., a review in Ref. [8].

• Non-zero curvature: The size of angular diameter distance, which is measured in
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low-redshift measurements such as BAO and SNe, is closely related to the curvature of

Universe. Therefore, allowing a non-flat Universe, i.e., making the density parameter of

curvature Ωk a free parameter, offers an additional degree of freedom to modify the low-

redshift spacetime geometry. Non-zero curvature also alters the growth of structure,

potentially alleviating the S8 tension. A non-zero curvature can be integrated into

models that modify the early Universe to better fit low-redshift measurements; see

Refs. [353, 212, 148] for example. Models that modify the electron mass [361] along

with added curvature are highly constrained by primordial nucleosynthesis [363], so we

do not consider them here.

• Early dark energy: A potential solution ofH0-tension is early dark energy (EDE) [334,

335, 370], which behaves like a cosmological constant with an equation of state −1 and

makes up a non-negligible fraction of the energy budget before a critical redshift zc.

At z < zc, the energy density of EDE dilutes faster than radiation. By requiring zc

being larger than the redshift of recombination, the expansion rate is boosted at z > zc

while leaving the cosmology at z < zc intact. Therefore, the sound horizon is reduced

such that the inferred value of H0 is larger which reconciles the result from early- and

late-time observations. In our work, we adopt the EDE model of Smith et al. [370] as

it can provide a better fit to the high-ℓ Cℓ of Planck 2018.

• Self-interacting neutrinos (SIν): In the standard cosmology, it is well-known that

neutrinos free-stream after the decoupling from the Standard Model (SM) thermal

bath, damping the perturbations below the corresponding free-streaming scale. It has

been proposed that increasing the relativistic degrees of freedom and/or introducing

a non-zero neutrino mass can help in alleviating the Hubble tension; however, these

kinds of scenarios also result in a stronger suppression on perturbations due to the free-

streaming of neutrinos and relativistic particles. To counteract the damping effect, one

can consider including non-standard interactions of the relativistic species, which delay
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the self-decoupling and the ensuing free-streaming [97, 339, 119, 73, 89, 355, 184, 82,

245, 320, 267, 325, 100, 222, 134, 176, 385, 93]. In this model, alleviation comes from

self-interaction of the neutrinos plus extra relativistic neutrinos that are introduced

by the self-interacting mechanism itself, e.g., with seclusion of the mediating particle,

its becoming nonrelativistic, and its recoupling by transfer of its energy density to

the neutrinos [119]. Specifically, the moderate interaction level has been shown to

be preferred by the data [320, 267, 325, 134], which we confirmed in our analysis.

Therefore, our baseline model for SIν is enhanced neutrino self-interactions at the

moderate level, plus Neff .

• Primordial magnetic fields (PMF) & baryon inhomogeneity: The existence

of primordial magnetic fields can introduce baryon inhomogeneities in the early Uni-

verse, which enhances the hydrogen recombination rate compared to the standard sce-

nario [243]. As a result, CMB photon decoupling happens earlier and the sound horizon

is reduced. Assuming the late-time evolution of the Universe is unchanged, the inferred

value of H0 from CMB becomes closer to that of late-universe measurements [240].

2.3 Methodology

2.3.1 Data sets

Here, we briefly describe the cosmological data sets included in this work, and our motivation

for their inclusion. The first three observational data sets compose our baseline case for

testing new physics. We choose these three as they are robust and broad: first, they are

large data sets that have small to minimum-possible statistical errors; second, they have

been tested extensively for systematic errors, as summarized below; and, third, are measures

of cosmological parameters across the broadest possible range of cosmological history, from
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the last scattering surface to low-redshift:

• Planck 2018 CMB data (P18): for all of the calculations in this work, we use

the CMB temperature and polarization angular power spectra TT,TE,EE+lowl+lowE

from the Planck 2018 legacy final release release [42]. The tension between the Planck

mission’s measurement of the amount of lensing existing in the temperature power

spectra data have been widely studied in the last years [34, 39, 312]. In order to

isolate the effect of low-redshift clustering measurements and their corresponding po-

tential tension, we decided not to include the Planck CMB lensing measurements in

our analysis.

• BAO DR16 (BAO16): we include BAO data from the Sloan Digital Sky Survey

(SDSS) lineage of experiments in large-scale structure, composed of data from SDSS,

SDSS-II, BOSS, and eBOSS [54] (combining data from BOSS DR12 [52] and eBOSS

DR16). These cosmological measurements of the positions and redshifts of galaxies

provide their correlation function, which gives a tight constraint on the product of the

sound-horizon scale and H0. The sample consists of galaxies, quasars and Lyman-α

forest samples’ measurement of the BAO sound-horizon scale, making this combina-

tion the largest and most constraining of its kind. We included the first 2 redshift

bins of the BOSS DR12 luminous red galaxy (LRG) likelihoods in the redshift range

0.2 < z < 0.6, as well as the eBOSS DR16 LRG, quasar, Lyman-α forest, and Lyman-α

forest-quasar cross correlation likelihoods in the redshift range 0.6 < z < 2.2. These

BAO data sets have been extensively tested with mock catalogs in their determination

of the correlation function measurement of the BAO scale with respect to system-

atic theoretical uncertainties, including fiducial cosmology, satellite galaxy kinematics,

dynamics, associated redshift space distortions, and methodological uncertainties, in-

cluding clustering estimators, random catalogues, fitting templates, and covariance

matrices [53, 75, 384, 349, 368].
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• Pantheon Sample (SN): we include the Pantheon 2018 SN Ia sample from Ref. [359],

which combines SDSS, SNLS, and low-redshift and Hubble Space Telescope samples

to form the largest sample of SN Ia. In total, the sample consists of 1048 SN Ia in

the redshift interval 0.01 ≤ z ≤ 2.3. Moreover, this sample includes improvements,

such as corrections for expected biases in light-curve fit parameters and their errors,

which have substantially reduced the systematic uncertainties related to photometric

calibration.

Next, we use the latest SH0ES measurement of the local Hubble constant:

• SHOES H0 measurement (R21): we include a Gaussian likelihood of the Hubble

constant inferred by the measurements obtained by the SH0ES collaboration in [344],

H0 = 73.04± 1.04 km/s/Mpc.

For the possible tension with clustering on small scales, we explore a range of cluster and

lensing data:

• X-ray Clusters (V09): we include constraints on the cosmological parameters from

the Viklinin (2009) [386] measurement on the galaxy cluster mass function in the red-

shift interval z = [0, 0.9]. The observations of 86 X-ray clusters led to a determination

of stringent constraints on the cosmological parameters, thanks to the higher statis-

tical accuracy and smaller systematic errors than these data sets had ever reached.

We use the constraints presented in Table I in Ref. [386], Ωmh = 0.184 ± 0.024 ,

σ8(Ωm/0.25)
0.47 = 0.813 ± 0.013 and Ωm = 0.34 ± 0.08. This data set constraint is a

high-precision determination of these parameters, and sets into place one of the biggest

tensions on the cosmological parameter σ8. Due to its high precision, tension, and use

in previous studies to indicate new physics, as well as our desire test if any candidate
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model can alleviate both inconsistencies simultaneously, we include this data set as a

key determinant of the S8 problem.

• SZ Clusters (SZ21): we include results from the 2021 release of the SPT-SZ survey

which show that within ΛCDM, the SPT-SZ cluster sample prefers σ8

√
Ωm/0.3 =

0.794±0.049, without the Planck power spectrum measurement considered in Ref. [120],

as we consider P18 separately. The sample of 513 clusters from an SPT SZ sample

combined with other analysed X-ray and weak lensing samples have made this catalog

one of the largest, with several methods of determining the cluster observable-mass

relation.

• Dark Energy Survey Year 3 results (DES): we include results from the most

recent DES Y3 survey. The photometric redshift calibration methodology they use

is the first of its kind, able to recover the true cosmology in simulated surveys, en-

compassing information from photometry, spectroscopy, clustering cross-correlations

and galaxy–galaxy lensing ratios. It employed a combination of 18 synthetic galaxy

catalogs designed for the validation of combined clustering and lensing analyses. We

use the cosmological constraints S8 = 0.813+0.023
−0.025 and Ωm = 0.290+0.039

−0.063 obtained from

their analysis [140].

We note that not all of these data sets are used for all of the statistical tests and cosmological

parameters space analyses demonstrated in Sec. 2.4. Therefore, to avoid confusion we will

denote the data sets used for each figure and for more extensive model studies presented

later.

2.3.2 Statistical and cosmological software

In our analysis, we use two different statistical tests in order, first, to quantify the success

of each ΛCDM extension, and second, to measure the tension with respect to the S8 and H0
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measurements. The two aforementioned strategies are explained in the following. For the

data sets P18, P18+BAO16 and P18+BAO16+SN, alone and also adding the H0 and S8

(V09, DES, SZ21) constraints, we compute the change in the effective minimal chi-square

χ2
min = −2 lnL where L represents the maximum likelihood for the considered model M.

The ∆χ2
M relative to ΛCDM is then derived as

∆χ2
M ≡ χ2

min,M − χ2
min,ΛCDM . (2.1)

The χ2 value of a data set can be used determine if a trend in the data is happening due to

chance or due to a new model component, and can also be used to test a model’s “goodness of

fit” [330]. However, the ∆χ2
M test does not take into account the complexity of each model,

i.e., number of parameters it has. Thus, we also adopt the Akaike information criterion

(AIC) that allows fair comparison between models with a different number of parameters.

In order to assess the extent to which the fit is improved, for each model we compute the

AIC value [48] defined as AIC = −2 lnL+2k, with k being the number of parameters of the

model. A model is more preferred, relative to a different model, if it decreases the AIC. To

compare with ΛCDM, we calculate the AIC of M relative to that of ΛCDM, defined as

∆AIC ≡ ∆χ2
M + 2(NM −NΛCDM) , (2.2)

where NM and NΛCDM represent the number of free parameters of M and ΛCDM, respec-

tively. It is worth highlighting that this method penalizes models which introduce new

parameters that do not improve the fit; therefore, a model with a lower AIC value is more

successful theoretically and statistically than one with a higher AIC value. To judge the

success of each model, we interpret our AIC values against the Jeffreys’ scale [244]. This is

an empirically calibrated scale with variation in adjectival description of the evidence limits.

We choose a categorically “strong” threshold of p−1 = 103/2, or 30:1 odds. This is the same

criteria used in other recent works found in the literature, e.g., [357]. Our choice for a pre-
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ferred model M over ΛCDM places it “strong” on the Jeffreys’ scale, i.e., ∆AIC < −6.91,

with a more negative AIC being a more successful model.

Moreover, we want to quantify the tension when adding H0 or S8 measurements to our data

sets. We calculate

√
∆χ2

D ≡
√

χ2
min,D+T − χ2

min,D , (2.3)

where the subindex D represents the baseline data sets considered and T represents the

tension constraints added in the minimization calculation. The value of χ2
min,T is zero in our

case. It is important to highlight that this particular test does not compare the goodness of

a particular model in describing the data, it just quantifies the tension of a certain model

when adding additional data. Therefore, using this strategy one can measure the tension

level in units of standard deviation, σ.

We explore the posterior distributions of cosmological and derived parameters of the pre-

ferred models using the publicly available Bayesian analysis framework cobaya [380], with

the Markov chain Monte Carlo (MCMC) sampler [280, 278] and fastdragging [316]. For

the best-fit likelihood and parameter calculation we use the minimizer sampler available in

cobaya [116, 117, 336]. We choose flat priors with cutoffs well outside where likelihoods are

significant.

2.4 Results

2.4.1 Alleviation of the H0 tension

The results from the AIC test, including the R21 Gaussian prior for the Hubble con-

stant [344], are presented in Fig. 2.1. The AIC values of all candidate models are nega-
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Figure 2.1: Shown here are the −∆AIC values of considered models (from left to right:
wCDM, ΛCDM+Neff , non-trivial neutrino mass, non-zero curvature, primordial magnetic
fields, self-interacting neutrinos and early dark energy) for relieving the H0 tension for our
baseline CMB, BAO and SNe data sets: P18+R21 (red), P18+BAO16+R21 (green) and
P18+BAO16+SN+R21 (blue). The horizontal line is the threshold of stronger than “weak
preference” on the Jeffreys’ scale.

tive, which means all models do fit the considered data sets better. Nevertheless, when

considering the full data sets P18+BAO16+SN (blue), there are only four models which

cross the “strong” threshold of -6.91 on the Jeffreys’ scale. The most preferred model is

EDE with ∆AIC = −17.6 with respect to ΛCDM (or roughly 6600:1 odds). Evolving dark

energy, wCDM, comes in next, followed by PMF, and then CDM+Neff . The use of the

supernova absolute magnitude prior (Mb) instead of the H0 prior for models that behave

very differently from ΛCDM at or very near redshift zero has been recently discussed in the

literature [161, 110]. The only model that could have been affected by this bias from the

ones we analysed in our work is wCDM. We tested this model using both priors and found
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that our conclusions are not affected by the use of either of them. The overall fit of both

ΛCDM and wCDM to SH0ES is poorer when using an Mb prior, but AIC preference for

wCDM is enhanced by 0.5 with the Mb prior. Therefore, from this analysis we select EDE,

wCDM, PMF and CDM+Neff as the most successful candidates with respect to ΛCDM.

Nearly the same hierarchy is obtained when SN is not included in our calculations (green),

with wCDM having a slight preference over EDE. When only P18 is taken into account (red),

the preferred models change, wCDM becomes the preferred with ∆AIC = −22.2, followed

by EDE and a non-zero curvature, significantly surpassing the reference strong threshold

regime, with this ∆AIC corresponding to roughly 66,000:1 odds. No other models cross the

“strong” threshold in this case. The first column of Table 2.1 shows the number of σ value

of the residual tension of each model given our full baseline data set P18, BAO16, and SN,

when including the SHOES collaboration (R21) H0 measurement. The residual is calculated

using Eq. (2.3). In addition, in Fig. 2.2 we show the 1D posterior distributions of H0 in our

preferred models relative to the R21 measurement.

2.4.2 Alleviation of S8 tension

The results of our AIC tests for the S8 tension are presented in Fig. 2.3. In order to force

the strongest test for new physics, we choose the most constraining and highest-tension

data set, the V09 measurements, on their combination of the Ωm and σ8 parameters. None

of the models have a negative AIC value when BAO16 alone or BAO16+SN data sets are

included in the minimization. When reducing to only P18 and V09, two models are preferred:

wCDM and a non-zero curvature, with wCDM being the only one crossing over the “strong”

threshold in this case.

There has been significant interest in the S8 tension indicating a preference for non-minimal

neutrino masses (i.e., not-hierarchical, but degenerate neutrino masses). Therefore, in
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Figure 2.2: Comparison of H0 posterior distributions from early dark energy
(red), wCDM (blue), ΛCDM+Neff (green) and primordial magnetic fields (purple) to

ΛCDM (black) being tested against P18+BAO16+SN+R21. The grey shaded regions are
68% and 95% CL limits on H0 from R21.

Fig. 2.4, we show contours of σ8 v.s. Σmν , comparing V09 (blue), SZ13 (grey) and SZ21

(red). The first two data sets are in the strongest tension with P18 in terms of σ8, while

SZ21 is more consistent with P18. Importantly, even with the strongest tension combination,

P18+V09, which prefers a slightly lower σ8 ∼ 0.78, there is no preference for a non-zero neu-

trino mass. On the other hand, P18+SZ13 gives a much lower σ8 ∼ 0.75, and the likelihood

peaks at a non-zero neutrino mass. The value of the neutrino mass is inferred in this data

set combination to be Σmν = 0.28 ± 0.14 eV, and still consistent with a minimal sum of

neutrino masses of Σmν = 0.06 eV at 2σ.
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Figure 2.3: Shown here are the −∆AIC values of considered models (from left to right:
wCDM, ΛCDM+Neff , non-trivial neutrino mass, non-zero curvature, primordial magnetic
fields, self-interacting neutrinos and early dark energy) for relieving the S8 tension for our
baseline CMB, BAO and SNe data sets: P18+V09 (red), P18+BAO16+V09 (green) and
P18+BAO16+SN+V09 (blue). The horizontal line is the “strong” threshold on the Jeffreys’
scale.

We also ran model minimizations for SZ21, DES, and SZ13 with our baseline data sets

(P18+BAO16+SN) and their subsets. None of those tension data sets had greater preference

for any of the models than V09, as given by their ∆AIC. Following Eq. (2.3) again, we

quantify the existing number of σ tension from the S8 measurement alone of V09 and DES

for each model. These results are presented in the second and third columns of Table 2.1.
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2.4.3 Combined alleviation of the H0 and S8 tension

The results for models’ ∆AIC that take both H0 (R21) and σ8 (V09) measurements into

account are shown in Fig. 2.5. Based on the resulting ∆AIC values, we find that the models

that successfully alleviate the H0 tension, discussed in Sec. 2.4.1, do not also alleviate the S8

tension of V09 at the same time. We also tested the models’ ∆AIC values for other S8 ten-

sions, SZ21, DES, and SZ13 with our baseline data sets (P18+BAO16+SN) and their subsets.

Again, none of those tension data sets had greater preference for any of the models than V09,

as given by their ∆AIC. In the case of P18+R21+V09, wCDM and a non-zero curvature

are the preferred models with ∆AIC values crossing the “strong” threshold. When con-

sidering P18+BAO16+R21+V09, wCDM maintains the first position with ∆AIC = −10.3

(equivalent to 170:1 odds). EDE and PMF are next, followed by ΛCDM+Neff and a non-zero

curvature; however, their ∆AIC values are below the threshold. Finally, when testing against

P18+BAO16+SN+R21+V09, no model has a ∆AIC value above the “strong” threshold of

-6.91 on the Jeffreys’ scale or 30:1 odds, and the case of a non-minimal neutrino mass has a

positive ∆AIC value, i.e., it is certainly less preferred than ΛCDM. We find 4 models with

the lowest ∆AIC value as our preferred models, which includes wCDM (∆AIC = −5.1),

EDE (∆AIC = −4.8), ΛCDM+Neff (∆AIC = −3.5), and PMF (∆AIC = −2.2). Note that

a non-zero curvature also has a small negative ∆AIC; however, we do not select it as the

preferred model as its ∆AIC ∼ 0.

As with the S8 tension alone, we also ran model minimizations for R21 plus SZ21, DES, and

SZ13. None of those combined H0 plus S8 tension data sets had greater preference for any

of the models than R21+V09 given, as by their ∆AIC.
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2.5 Discussion

2.5.1 Cosmologies and Cosmological Parameters

We further study the four preferred models selected in the previous section by running

MCMC chains with the joint data set P18+BAO16+SN+R21. In Fig. 2.7–Fig. 2.10, we

present the contours and posterior distributions of cosmological parameters for each preferred

model M with purple (green) contours corresponding to the result of M (ΛCDM). The

baseline cosmological parameters are the baryon density Ωbh
2, the CDM density Ωch

2, the

scalar spectral index ns, the optical depth to reionization τreio, the CosmoMC approximation

to the angular size of the sound horizon 100θMC, and the amplitude of primordial scalar

perturbations log(1010As). We also show the derived parameters of interest, H0 and σ8, and

the summary of their mean values and 68% C.L. intervals is given in Table 2.3. For the

wCDM model, the optical depth slightly decreases with respect to ΛCDM, as well as the

scalar spectral index, the angular acoustic scale and the baryon density. The physical dark

matter density increases noticeably, as well as the two derived parameters σ8 and H0.

In the case of the ΛCDM+Neff model, log(1010AS), the scalar spectral index, physical baryon

density and physical dark matter density shift towards higher values than the ones of the

standard ΛCDM. The values of σ8 and H0 are also greater. The optical depth to the epoch

of reionization does not vary significantly. The angular acoustic scale is reduced with respect

to ΛCDM.

For EDE we observe similar shifts as the one just described for the Neff model. Moreover, we

highlight that these two models have a higher σ8 and higher ns, which gives more early halo

evolution. In Ref. [262], they used a large suite of cosmological N-body simulations to explore

the implications of the different cosmology implied by the EDE model of Ref. [370]. Given

that the cosmological parameters are similar for EDE and Neff cosmologies, the implications
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for structure formation may be similar. Namely, the increase in σ8, ns and decrease in Ωm,

all enhance early galaxy formation, which may be indicated by the large number of massive

galaxies being detected by JWST [118, 179].

For the existence of PMF, and commensurate baryonic inhomogeneity in the early Universe,

the shifts in some of the parameters are noticeable, in which the most significant one is the

increased angular acoustic scale in CosmoMC approximation θMC. However, we note that since

the redshift of CMB photon decoupling is changed in PMF paradigm, θMC is no longer a

good approximation to the actual angular scale of the sound horizon θ∗. We check that the

value of θ∗ derived from the best-fit value of parameters in Table 2.3 is consistent with P18.

The dark matter density is also higher in this model, as well as the two derived parameters

σ8 and H0. The spectral index is reduced as well as the optical depth to the epoch of

reionization. log(1010As) and the baryon density do not suffer important changes from the

standard values.

Even though the existence of a non-zero curvature is not part of our preferred models, we

want to highlight that it is a successful model when only considering P18 data sets as well as

the H0 prior or σ8 constraint. Nevertheless, when the additional data sets of BAO16 and SN

are included, this model is no longer preferred due to the enhanced constraints on curvature

from these data.

For SIν (i.e., ΛCDM+Neff+Geff), we retrieve the result shown in previous literature that the

likelihood peaks at moderate and strong interaction levels and moderate interaction levels

are preferred by the baseline data sets. We further show that moderate interaction level can

effectively alleviate the H0 tension when being tested against the baseline data sets with

R21. However, as a result of an extra free parameter and no significant improvement in the

fit, the AIC value of SIν is in general poorer than the ΛCDM+Neff case, thus SIν is not

selected as a preferred model.
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Models H0 (R21) σ8 (V09) σ8 (DES)
ΛCDM 4.63 3.59 2.44
EDE 1.83 4.21 2.93
wCDM 3.16 3.94 2.36
ΛCDM+Neff 3.33 3.61 2.43
PMF 3.63 4.01 2.90

Table 2.1: We show the σ value of the residual tension of each model given our full baseline
data set P18, BAO16, and SN, when including the SHOES collaboration (R21) H0 measure-
ment, X-ray clusters measurement of σ8(Ωm/0.25)

0.47 in V09, and the DES measurement of
S8. Though we use more data from V09 and DES in our full analysis, here we use only the
tension data point for the residual, which is calculated using Eq. (2.3).

Models P18 P18+BAO16 P18+BAO16+SN
ΛCDM 0.8055 0.8062 0.8034
EDE 0.8648 0.8570 0.8391
wCDM 0.8164 0.8235 0.8268
ΛCDM+Neff 0.8177 0.8202 0.8252
ΛCDM+Σmν 0.8191 0.8140 0.8153
ΛCDM+Ωk 0.8164 0.8193 0.8168
PMF 0.8231 0.8147 0.8253
SIν 0.8189 0.8301 0.8254

Table 2.2: Best-fit values of the parameter σ8 for the three combinations of our baseline data
sets P18, P18+BAO16, and P18+BAO16+SN, when including the SHOES collaboration
(R21) H0 measurement for each of the analysed models. The conclusions from the values S8

are the same.

2.5.2 The Level of the S8 Tension

As described above, there is a variety of levels of tension in S8 (σ8) given by different data

sets. Here we review the implications of adopting the various data sets, which provide

a range of results, from no tension to appreciable tension, up to 4σ. As we describe in

this section, the most recent analyses of X-ray, SZ, and optically-selected clusters have no

tension with the inferred amplitude of matter clustering from Planck 2018. Recent weak

lensing data sets remain in tension with Planck 2018 at the level of ∼ 2σ. In order to

understand the nature of the S8 (σ8) tension further, we show σ8 v.s. Ωm contours in Fig. 2.6,

comparing Planck 2015 (P15) [36] and P18 with data sets that constrain S8 including X-
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ray clusters (left panel), Sunyaev-Zel’dovich (SZ) clusters (middle panel) and weak lensing

measurements (right panel). For X-ray clusters, we show V09 [386] introduced in Sec. 2.3.1

and HIFLUGCS (SR17) [356] which is a cluster sample measurement of the brightest 64 X-ray

galaxy clusters that has individually determined, robust total mass estimates, and compares

with Planck-SZ determined mass estimates. Their ensuing S8 constraint is σ8

√
Ωm/0.3 =

0.792±0.049. As can be seen in this figure, the tension is relaxed both by P18 shifting lower

than P15 and by the updated X-ray cluster constraints shifting higher.1 For SZ clusters,

we show the constraint derived from the sample of 189 galaxy clusters from the Planck SZ

catalog (SZ13) [35]. We compare SZ13 with recent results from the SPT-SZ collaboration

(SZ21) [120]. Similar to X-ray clusters, the tension in SZ cluster samples is relaxed both

by P18 shifting lower than P15 and by the newer SZ cluster constraints shifting higher in

this parameter space. Optically-selected cluster samples also determine a higher value for

σ8, consistent with non-cluster probes [21].

For lensing measurements, we compare results from the tomographic weak lensing analysis

of the Canada-France-Hawaii Telescope Lensing Survey (CFHTLenS) [228], cosmic shear

analysis of the fourth data release of the Kilo-Degree Survey (KiDS-1000) [67] and the most

recent results from the combined galaxy clustering and lensing measurement of DES Year

3 [140]. As discussed in Sec. 2.3.1, DES has robust photometric redshift calibration methods

able to recover results obtained from simulated surveys. Due to the size of the data set, the

errors on the cosmological parameters are also reduced relative to previous data sets.

The tension from V09 is clear, with an approximately 3.59σ deviation with Planck, cf.

Table 2.1. Recall we adopted this as a benchmark data set in order to introduce a large

tension and therefore potentially infer the most likely ΛCDM model extension. However,

updated measurements such as SR17 and SZ21 yield a larger value of σ8 which is consistent

with P18. On the other hand, lensing measurements largely agree with each other.

1P18 shifts in this parameter space with respect to P15 due to the change in the determination of the
optical depth given the updated CMB polarization measurements of P18 [42].
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The lack of a preference for a non-zero neutrino mass when including low-S8/σ8 data sets

with P18 is due to the shift in the CMB optical depth and scalar amplitude parameters to

be significantly lower with P18’s updated polarization anisotropy measurements, relative to

earlier Planck data, along with slight shifts in the other parameters. Overall, as discussed

in Sec. 2.4, the S8 tension is no longer indicative of a possible non-minimal neutrino mass.

As we have seen in the evolution of the X-ray and SZ cluster data, the tension with those

data sets has been alleviated. This leaves the weak-lensing based inferences of S8. For the

case of DES, the tension with ΛCDM is mild, at ∼2.44σ (see Table 2.1).

Most importantly, we find that none of the new models considered alleviate the S8/σ8 tension

at the same time as the H0 tension (c.f. Table 2.2). When including R21, the value of S8/σ8

is reduced even in the case of ΛCDM. All of the models considered drive σ8 higher, as shown

in Table 2.2, a feature prevalent in many models trying to alleviate both tensions [242]. The

values for S8 are also higher for all models, except for the ΛCDM+Ωk model, and only for the

case of considering P18 data plus R21 alone. None of these new models alleviate the S8/σ8

tension better than ΛCDM when including our full data set. Therefore, when considering if

a new model does better than ΛCDM in alleviating the S8 problem simultaneously with the

H0 problem, one should compare to ΛCDM+R21’s own alleviation of S8, and not ΛCDM

without H0 information.

2.6 Conclusion

In this paper, we have investigated how well seven models—wCDM, ΛCDM+Neff , ΛCDM+
∑

mν ,

ΛCDM+Ωk, PMF, SIν and EDE— explain or fail to explain the H0 and S8 tensions. We do

this by calculating both the change in the AIC and the change in the total χ2 for the models

and data sets. We find that EDE, wCDM, PMF, and ΛCDM+Neff pass the threshold of the

“strong” preference criterion of ∆AIC < −6.91. However, each of these models still has a
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residual tension with the R21 H0 constraint of greater than 3σ except for EDE, which has

a residual tension of less than 2σ. The inclusion of more model parameters corresponding

to greater details of the SIν, EDE and PMF models could lead to a poorer preference by

∆AIC, but an exploration of those extensions is beyond the scope of this work [340, 378].

Therefore, of the seven models, EDE satisfies both in having an overall better fit to all the

data, including H0 as well as having almost no remaining tension with the single measure-

ment of H0. The better fit of EDE largely comes from its consistency with periodic features

the high-ℓ Cℓ measurements of Planck 2018 [370], which will probed well by upcoming CMB

experiments [373, 379, 13].

For the case of the S8/σ8 tension, we adopted a strong-tension data set (V09), but our conclu-

sions do not change with other S8 data sets. Only in the case of Planck 2018 CMB data plus

V09, are evolving dark energy w > −1 and Ωk not disfavored relative to ΛCDM. However,

with the BAO16+SN data, no model alleviates the S8 tension, due to those constraints on

the expansion history. We discussed how the S8 tension has been alleviated to the ∼2σ level

both by shifts in the Planck 2015 to 2018 analyses, as well as shifts in structure formation

measures of S8/σ8, whether by X-ray clusters, SZ clusters, or weak lensing. Importantly, we

show that a non-trivial neutrino mass (Σmν > 0.06 eV), does not alleviate the S8/σ8 tension.

Significantly, we showed that adding the H0 measurement of R21 to all of the data sets we

considered substantially lowers S8/σ8 for ΛCDM due to a shift to a larger ΩΛ, and therefore

a commensurate suppression in the growth of large scale structure. Importantly, no model

considered here lowers the best-fit value of S8/σ8 better than ΛCDM when including the

H0 (R21) tension. Therefore, claims in other work of models alleviating both H0 and S8

tensions should be sure to compare with ΛCDM’s own S8 alleviation when including H0,

and not compare to ΛCDM without the H0 constraint.

In the context of Bayesian model selection, via the AIC, the observation of the H0 tension

updates our belief such that the EDE model is best. Given the fact that the values of the
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Parameters wCDM EDE ΛCDM+Neff PMF

Ωbh
2 0.02242±

0.00014
0.02284±
0.00027

0.02282+0.00013
−0.00014 0.02261±

0.00015

Ωch
2 0.1197± 0.0011 0.1298± 0.0034 0.1252± 0.0023 0.1226+0.0017

−0.0015

100θMC 1.04098±
0.00030

1.04057±
0.00033

1.04042±
0.00037

1.0518+0.0030
−0.0024

τ 0.0553± 0.0078 0.0587+0.0084
−0.010 0.0621± 0.0081 0.0550+0.0069

−0.0078

ln(1010As) 3.046± 0.016 3.072+0.017
−0.021 3.074± 0.018 3.074± 0.015

ns 0.9660± 0.0039 0.9848± 0.0056 0.9843± 0.0057 0.9602± 0.0039

H0 [km/s/Mpc] 70.36± 0.64 71.31± 0.83 70.77+0.82
−0.72 70.33± 0.64

Ωm 0.2886± 0.0057 0.3014± 0.0062 0.2969± 0.0048 0.2950± 0.0052

σ8 0.838± 0.011 0.840+0.011
−0.012 0.831± 0.011 0.8294± 0.0098

Extra parameters w =
−1.094± 0.026

fzc =
0.096+0.023

−0.027,
zc = 3090± 38,
Θi = 1.9+1.0

−1.8

Neff =
3.48± 0.12

b = 0.57± 0.19

Table 2.3: Best-fit values and 68% intervals of parameters for the preferred candidate models
from P18+BAO16+SN+R21. The first nine rows are baseline ΛCDM parameters, and the
last row shows model-specific extra parameters.

S8/σ8 parameters become higher for all models when the R21 observation is included, the

observation of the S8/σ8 tension does not update the data’s preference for the EDE model.

For the kinds of models still allowed by the joint P18+BAO16+SN+R21 data sets, the H0

and S8/σ8 tensions will pull the models in different directions.

Future tests of an EDE epoch could come from high-ℓ CMB measurements, as discussed

earlier, or from the turn over in the matter power spectrum at very large scales, which

should constrain θeq, the angular size of the sound horizon at matter-radiation equality that

could be constrained by large-scale structure surveys. And, maybe most importantly, future

independent determinations of the local expansion history H0 may reaffirm its tension or

relax it.
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2.7 APPENDIX: Details of considered models

2.7.1 Early dark energy

The phenomenology of EDE can be realized by, e.g., a scalar field ϕ with a potential V (ϕ) ∝

[1− cos(ϕ/f)]n such that ϕ is frozen at z < zc with wϕ = −1 and starts to oscillate at

z = zc and can be effectively described as a fluid with wϕ = wn = (n − 1)/(n + 1), or,

slow-roll of ϕ down a potential that V (ϕ) ∝ ϕ at z < zc and V (ϕ) → 0 at late time;

see [252, 254, 334, 335, 370] for further details. Note that whether EDE works does not

depend much on the details of potential, as long as the typical evolution of energy density

is fulfilled.

Taking the scalar potential V (ϕ) ∝ [1− cos(ϕ/f)]n as the benchmark model, in the fluid

approximation the evolution of density parameter of ϕ reads [334]

Ωϕ(a) =
2Ωϕ(ac)

(a/ac)3(wn+1) + 1
, (2.4)

where a is the scale factor of the Universe and ac = (1 + zc)
−1. The equation of state is

wϕ(a) =
1 + wn

1 + (ac/a)3(1+wn)
− 1 , (2.5)

such that the energy density of ϕ can dilutes faster than radiation at z < zc for n ≥ 3;

in this work, we focus on the case that n = 3. Following the literature [370], we define

fzc ≡ Ωϕ(ac)/Ωtot(ac) with Ωtot(ac) being the density parameter of the total energy density

at z = zc and Θ ≡ ϕ/f being the renormalized field variable which determines the effective

sound speed. In our analysis, we set zc, fzc and the initial value of the renormalized field

variable Θi as free parameters.
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2.7.2 Self-interacting neutrinos

We focus on the particle model where the self-interaction of neutrinos is mediated by a

massive scalar ϕ with mass mϕ; the coupling strength of ϕνν is gν . When the neutrino

temperature Tν ≪ mϕ, the scalar particle can be integrated out and the interaction can be

described by the effective field theory (EFT). In the EFT framework, the self-interaction

νν → νν is analogous to the 4-Fermi interaction with a constant Geff ≡ g2ν/m
2
ϕ.

2 In the

limit that neutrinos are relativistic, i.e., Tν ≫ mν , the thermal-averaged cross section of

self-interaction reads

⟨σv⟩ ∼ G2
effT

2
ν . (2.6)

The interaction rate can be written as Γ = nν⟨σv⟩ ∼ G2
effT

5
ν as nν ∝ T 3

ν . We focus on

the strongly-interacting regime Geff ≫ GF ≃ 1.2 × 10−5GeV−2 with GF being the Fermi

constant, such that the self-interaction can drastically delay the SM neutrino decoupling and

affect the CMB angular power spectra.

To consistently solve for the CMB angular power spectra in the SIν scenario, when evolving

the perturbations, we need to augment the usual Boltzmann hierarchy of neutrinos in the

cosmological perturbation theory with additional damping terms. The phase-space distri-

bution function of neutrinos reads f = f0(1 + Ψ) with f0 being the unperturbed one. The

perturbation Ψ can be expanded into a Legendre series; for each multipole ℓ, the correspond-

ing amplitude is Ψℓ. Therefore, instead of solving the Boltzmann equation in terms of Ψ, we

can evolve the Boltzmann hierarchy in Ψℓ. Following the convention in (author?) [292], in

2Note that Geff defined here is equivalent to Gν defined in Ref. [133, 271].
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the Synchronous gauge the Boltzmann hierarchy of massive neutrino can be written as

Ψ̇0 = −qk

ϵ
Ψ1 +

ḣ

6

d ln f0
d ln q

, (2.7)

Ψ̇1 =
qk

3ϵ
Ψ0 − 2Ψ2 , (2.8)

Ψ̇2 =
qk

5ϵ
(2Ψ1 − 3Ψ3)−

(
ḣ

15
+

2η̇

5

)
d ln f0
d ln q

+ Cdamp
2 , (2.9)

Ψ̇ℓ≥3 =
qk

(2ℓ+ 1)ϵ
(ℓΨℓ−1 − (ℓ+ 1)Ψℓ+1) + Cdamp

ℓ≥3 , (2.10)

where overdot stands for derivative with respect to the conformal time, k is the comoving

wavenumber, q and ϵ are the comoving momentum and energy, h and η are fields describing

the metric perturbation. Note that collision terms stemmed from the self-interaction does

not affect ℓ = 0 and ℓ = 1 since number density and energy density are conserved.

The complete formulas of damping terms Cdamp
ℓ derived from the integral of collision terms

can be found in [319, 320]. In this work we adopt the relaxation time approximation [96, 215]

or the separable ansatz [133] which gives

Cdamp
ℓ = αℓτ̇νΨℓ , (2.11)

where αℓ is the numerical factor from the integration over momentum and τ̇ν = −aΓ is

the rate of change of the neutrino opacity with a being the cosmological scale factor. This

approximation is shown to be an adequate description of a system without dissipative pro-

cess [87] and numerically agree with the full treatment of self-interaction if the correct αℓ is

taken for each ℓ [320].3

We modify CAMB to include the effect of SIν; see [134] for existing codes. At the early time,

we approximate neutrinos as a perfect fluid to avoid a numerically stiff problem. A perfect

fluid has no stress; therefore, if Γ ≫ H is met, we set Ψℓ≥2 = 0 in the initial condition and

3To avoid confusion, we note that in [133, 271], Geff ≡ √
αℓGν =

√
αℓg

2
ν/m

2
ϕ.
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only evolve Ψℓ=0,1. As the Universe expands, eventually Γ drops below H and we start to

solve for the full Boltzmann hierarchy once it is numerically solvable.

The non-standard interaction of SM neutrinos faces constraints in aspects of particle model,

cosmology, astrophysics and laboratory experiments. Theoretically, the validity of perturba-

tive calculations requires gν ≤ 4π. The thermal population of neutrinos and ϕ can be probed

by Neff at Big-Bang Nucleosynthesis (BBN) and CMB epochs, resulting in constraints on the

underlying particle nature; especially, for the case where ϕ is a real scalar mϕ > 1.3MeV and

the Dirac nature of neutrinos is strongly constrained [99]. Modification of the neutrino free-

streaming leads to deviations from the standard cosmology in the CMB angular power spec-

trum, giving us a leverage to constrain the self-interaction strength [64, 133, 271, 350, 104].

Furthermore, the propagation of energetic neutrinos is affected by the self-interaction; for ex-

ample, detection of ultra-high energy neutrinos from supernovae [298, 152, 264] or as cosmic

ray [260, 231, 317, 236, 122] can place a limit on Geff . Finally, upon imposing a UV model

for the effective interaction, strong bounds can also arise from SM precision observables, e.g.,

the T -parameter and decay of SM particles [270, 99, 291]. In this work, we remain agnostic

about the UV-origin of such effective interactions and consider the flavor-universal case for

simplicity, which leaves us the only free parameter Geff . Recasting the result of Geff into that

of the (gν ,mϕ) parameter space is straightforward as long as proper UV models are applied.

2.7.3 Primordial Magnetic Fields & Baryon Inhomogeneity

By enhancing the hydrogen recombination rate, baryon inhomogeneity before recombina-

tion can change the process of CMB photon decoupling. The degree of inhomogeneity is

parameterized by the clumping factor

b ≡ ⟨n2
b⟩

⟨nb⟩2
− 1 , (2.12)
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where nb is the baryon number density. The baryon inhomogeneity can be due to, e.g., the

existence of primordial magnetic fields [243].

The generation of primordial magnetic fields can happen in the early Universe such as during

phase transitions and during inflation; see [158] for detailed review. By solving the evolution

of the primordial magnetic field B⃗ [239], Ref. [240] found that |B⃗| ∼ O(0.1 nG) at Mpc

scale to alleviate the Hubble tension by sourcing a baryon inhomogeneity b ∼ O(0.1) that

makes recombination happen earlier and thus reduces the sound horizon. In addition, such

primordial magnetic fields can be the origin of the cluster magnetic fields observed today [154,

77, 78].

We utilize a modified version of CAMB, which includes the computation of the ionization

fraction in three zones to account for a non-zero b, to evaluate the significance of baryon

inhomogeneity in solving both the H0 and σ8 tensions. We adopt M1 in [240] as a benchmark

model for the three-zone calculation; see the mentioned reference for details of methodology

and relevant parameters.
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Figure 2.4: We show 68% and 95% CL contours of (Σmν , σ8) and their posterior distribution
for the combination of P18 with our three cluster data sets: SZ13 (grey), SZ21 (red) and
V09 (blue). Only P18+SZ13 has a likelihood that peaks at nonzero neutrino mass, with
Σmν = 0.28± 0.14 eV.
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Figure 2.5: Shown here are the −∆AIC values of considered models (from left to right:
wCDM, ΛCDM+Neff , non-trivial neutrino mass, non-zero curvature, primordial magnetic
fields, self-interacting neutrinos and early dark energy) for relieving the H0 and S8 ten-
sions simultaneously for our baseline CMB, BAO and SNe data sets: P18+R21+V09 (red),
P18+BAO16+R21+V09 (green) and P18+BAO16+SN+R21+V09 (blue). The horizontal
line crosses the threshold of “strong” on the Jeffreys’ scale.
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Figure 2.6: Comparison of 1σ and 2σ contours of (Ωm, σ8) from Planck (2015 and 2018)
and measurements including X-ray clusters V09/SR17 (left panel), SZ clusters SZ13/SZ21
(middle panel) and lensing KiDS20/CHFTLenS/DES (pink/olive/light blue, right panel).
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Figure 2.7: EDE v.s. ΛCDM: 68% and 95% CL contours of {log(1010As), ns, 100θMC, Ωbh
2,

Ωch
2, τreio, σ8, H0} of EDE (purple) v.s. ΛCDM (green) for our baseline cosmological data

sets plus H0, P18+BAO16+SN+R21. The grey dashed line denotes the best-fit value of
H0 = 73.04 km/s/Mpc reported by R21.
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Figure 2.8: wCDM v.s. ΛCDM: 68% and 95% CL contours of {log(1010As), ns, 100θMC,
Ωbh

2, Ωch
2, τreio, σ8, H0} of wCDM v.s. ΛCDM for our baseline cosmological data sets

plus H0, P18+BAO16+SN+R21. The grey dashed line denotes the best-fit value of H0 =
73.04 km/s/Mpc reported by R21.
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Figure 2.9: ΛCDM+Neff v.s. ΛCDM: 68% and 95% CL contours of {log(1010As), ns, 100θMC,
Ωbh

2, Ωch
2, τreio, σ8, H0} of ΛCDM+Neff model (purple) v.s. ΛCDM (green) for our baseline

cosmological data sets plus H0, P18+BAO16+SN+R21. The grey dashed line denotes the
best-fit value of H0 = 73.04 km/s/Mpc reported by R21.
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Figure 2.10: PMF v.s. ΛCDM: 68% and 95% CL contours of {log(1010As), ns, 100θMC,
Ωbh
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2, τreio, σ8, H0} of PMF (purple) v.s. ΛCDM (green) for our baseline cosmological

data sets plus H0, P18+BAO16+SN+R21. The grey dashed line denotes the best-fit value
of H0 = 73.04 km/s/Mpc reported by R21.
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Chapter 3

Visible in the laboratory and invisible

in cosmology: decaying sterile

neutrinos

This chapter is a reprint of material published in Physical Review D 108, 123036(2023).

Reprinted with permission © 2023 American Physical Society.

3.1 Introduction

Neutrino oscillations provide strong evidence for non-zero neutrino masses and are one of the

most clear pieces of evidence of physics beyond the Standard Model (SM) [137]. By mea-

suring the fluxes and energy spectra of neutrinos coming from various sources, such as the

Sun, nuclear reactors, and cosmic rays interacting with the Earth’s atmosphere, numerous

experiments have provided compelling evidence for neutrino oscillations and, by extension,

non-zero neutrino masses [394].
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In near unanimity, models for neutrino mass generation require the presence of new sterile

neutrino states through either Majorana or Dirac neutrino mass mechanisms [137]. Specifi-

cally, the addition of two sterile neutrinos can explain both solar and atmospheric neutrino

oscillations, while a third massive sterile neutrino has considerable freedom as to its mass

and mixing properties [136, 66, 284], and can be a natural dark matter candidate [153]. In

this scenario, the sterile neutrino would be a neutral particle that does not participate in

the Weak interactions, but could be produced by neutrino oscillations or other mechanisms,

and could survive from the early Universe to the present day as a dark matter candidate [8].

The mass scale of the sterile neutrino would need to be in the range of a few to tens of keV

in order to be consistent with the observed properties of dark matter [400]. Sterile neutrinos

can also affect neutrino oscillation experiments by introducing additional oscillation chan-

nels and modifying the observed oscillation patterns. Although these particles have not been

definitively detected, on-going experiments have reported anomalies that could potentially

be explained by these particles [70, 71, 43, 44, 46, 45]. Further experimental investigations

are ongoing to explore the possibility of sterile neutrinos and their role in neutrino physics

[25].

The predominant model for the early Universe postulates that it underwent inflation, which

diluted any prior constituents to cosmological irrelevance, assured cosmological flatness, and

created the primordial density perturbations. When inflation comes to an end, its potential

steepens, violating the slow roll, leading to the beginning of the reheating. During this phase,

all particles that are kinematically permitted are directly created or generated through the

thermal bath that the inflaton decay creates. The reheating temperature, TRH, refers to the

temperature of the Universe after the period of inflation when particle decays transfer their

energy into SM thermalized particles, establishing the initial hot and dense state. Radiation
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domination evolution leading into the required era of big bang nucleosynthesis (BBN) places

the lower limit of the cosmological reheating temperature to be as low as TRH = 1.8MeV and

be consistent with primordial nucleosynthesis, and with new physics that adds relativistic

energy density, can be consistent with all observations [213, 219]. There are a variety of

histories prior to reheating (e.g., kination and scalar-tensor cosmologies) [342, 204, 56], and

even the lowest TRH models can accommodate other key important components required of

the early Universe, viz. baryogenesis and dark matter production [207].

Cosmology, therefore, permits TRH to be anywhere from above the Grand Unified Theory

scale TRH ≳ 1015 GeV and the weak freezeout or BBN scale of TRH ∼ 2MeV, so that

TRH remains a frontier for cosmology. In the case of a high scale, the long period of weak

scattering at high T allows for the thermalization of sterile neutrinos that oscillate with the

active neutrinos for much of the parameter space of interest for neutrino oscillations at the

eV to sub-eV sterile neutrino mass scale [272]. For high TRH, sin
2(2θ) is tightly constrained,

typically sin2(2θ) < 10−7, to ensure that the production of sterile neutrinos in the early

Universe is suppressed. However, for sufficiently low TRH universes, the scattering epoch

is significantly reduced, so that even short-baseline-motivated eV-scale sterile neutrinos are

allowed [220].

In such low reheating temperature (LRT) universes, keV-scale sterile neutrinos with larger

mixing angles are also allowed for much of their parameter space [200, 342, 204]. Impor-

tantly, sterile neutrinos at the keV-scale in LRT models cannot be the dark matter (see

discussion in Sec. 3.3). However, sterile neutrinos in LRT universes still undergo radiative

decay, which can be detected by astronomical X-ray telescopes, as in the case of high reheat-

ing temperature (HRT) universes [5, 6], and could even be responsible for the unidentified

X-ray line at ∼3.5 keV [106, 103]. In Ref. [91], the authors consider several mechanisms to

decouple astrophysical and cosmological constraints on large-mixing angle keV-scale sterile

neutrinos, including cancellation of the νs decay rate with new particles, new particles that
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mediate β-decay differently than νs decay, CPT violation, lepton number suppression, as

well as suppression of production of sterile neutrinos in LRT universes with an additional

reduction of their contribution to the dark matter density with no specified mechanism (that

paper’s “cocktail” model). However, if they are not associated with any other new beyond

the Standard Model (BSM) physics, sterile neutrinos in LRT universes remain significantly

constrained from radiative decay and structure formation, which we show in Fig. 3.1.

Sterile neutrinos are a BSM extension that may be embedded in a richer phenomenology of

their dark sector. It is known that cosmological constraints on active neutrino masses can

be alleviated if the active neutrinos annihilate [88] or decay [182]. Similarly, sterile neutrinos

that are partially or fully thermalized in the early Universe may decay into lighter states

through a new Z ′, νs → νs′ + ν̄s′ + νs′ , or through a new scalar νs → νs′ + ϕ [155], altering

their cosmological impact and related constraints.

In this paper, we study the decay of keV-scale sterile neutrinos to a dark sector, which can

allow for their presence at larger mixing angles. Interestingly, the disparate redshifting of

sterile neutrinos when they are relativistic vs. non-relativistic can augment low cosmological

relativistic energy density, Neff , resulting from LRT models to match that inferred from

cosmic microwave background (CMB) and large-scale structure observations. (Neff is defined

in Sec. 3.4.) In addition, this mechanism can provide a higher Neff to match that preferred

by the Hubble tension (e.g., see [202, 173]). Further, we show how dark decay of the sterile

neutrino, when combined with LRT, opens up all of the parameter space of interest for nuclear

decay searches for keV-scale sterile neutrinos, including HUNTER [369, 299], TRISTAN

[302], MAGNETO-ν [401, 261], and PTOLEMY [94, 124]. If a keV-scale sterile neutrino is

detected in the parameter space in which these experiments are sensitive, it would be a new

probe of the pre-BBN epoch and indicate new physics in the early Universe. In Sec. 3.3, we

briefly review LRT models and the constraints on keV-scale sterile neutrinos that mix with
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Figure 3.1: Shown here is the parameter space for a possible low reheating temperature universe with
TRH = 5MeV, for the case of νs ↔ νe mixing. The regions of this figure are described in the beginning of
Sect. 3.3.

the active neutrinos. We introduce two dark decay models and show how dark decay can

enhance the cosmological consistency of LRT models in Sec. 3.4 as well as provide a solution

to the Hubble tension. We conclude in Sec. 3.5.

3.2 Neutrinos in a Low-Reheating Temperature Uni-

verse

The active neutrinos remain in contact with the plasma through weak interactions until tem-

peratures of ∼ 2 to 5 MeV—the so-called temperature of weak decoupling. For a standard

lepton-number symmetric background, sterile neutrinos are produced through oscillation-

based scattering production at the highest rates at T ≈ 130MeV(ms/1 keV)
1/3 [153]. How-

ever, sterile neutrinos can still be produced in the epoch of weak decoupling when their

mixing is sufficiently large. Therefore, keV-scale sterile neutrinos are still subject to cosmo-

logical constraints at the largest mixing angles [200, 204]. In LRT cases, the cosmological

relativistic energy density, Neff , in active neutrinos is reduced. Even though LRT universes
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of TRH = 1.8MeV are consistent with BBN [219], they produce Neff = 1.0, which is highly

discrepant with Neff determined from Planck’s observations of the CMB and galaxy surveys’

baryon acoustic oscillations, which find Neff = 2.99+0.34
−0.33 (95% CL) [42]. For reheating tem-

peratures close to TRH = 5 MeV, Neff can be within 10% of its canonical value, so that it

remains consistent with current constraints from the CMB and large scale structure. LRT

universes with TRH = 1.8MeV are still possible when there is another source for relativistic

energy density. In this and other scenarios we explore below, extra relativistic energy density

contributing to Neff is from the decay of massive sterile neutrinos.

For the case of LRT universes, the production of sterile neutrinos proceeds via partial ther-

malization due to low temperatures, which accommodates larger mixing angles than in HRT

universes. Following the notation of Ref. [200], the νs distribution function produced in the

early Universe turns out to be

fs(E, T ) ≈ 3.2 dα

(
TRH

5MeV

)3

sin2 2θ

(
E

T

)
fα(E, T ) , (3.1)

where sin2 2θ is the mixing angle between active and sterile neutrino states, dα = 1.13 for

να = νe, and dα = 0.79 for να = νµ,τ . The fraction of the sterile neutrino distribution

produced is then

f ≡ nνs

nνα

≈ 10 dα sin
2 2θ

(
TRH

5MeV

)3

. (3.2)

This scattering-based non-resonant production mechanism for the sterile neutrinos is the

minimal case we consider in this work, and represents the conservative level of sterile neu-

trinos in LRT universes.
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3.3 Current Constraints

In this section, we discuss constraints, regions of interest in the mass-mixing plane, and

potential signals for sterile neutrinos in the case of a LRT universe. At very high mixing

angles, sin2 2θ ∼ 0.1, BBN is affected due to thermalization of the sterile neutrinos and their

contribution to the relativistic energy density through BBN [200, 203]. These constraints

are above (weaker) than the other constraints we consider. A fundamental cosmological

constraint comes from the exclusion of Ωs > ΩDM
1 at large mixing angles that overproduces

the sterile neutrinos to be above the dark matter density, and this is shown in the blue region

in Fig. 3.1. The edge of this region represents where Ωs = ΩDM. However, this line is excluded

by hot dark matter (HDM) constraints [37], up to masses at which the sterile neutrinos act

as warm dark matter (WDM) (ms ∼ 0.1 keV). Above the 0.1 keV mass scale, pure WDM

constraints exclude the possibility of sterile neutrinos as the totality of dark matter: WDM

constraints on Dodelson-Widrow nonresonantly-produced sterile neutrino dark matter are at

the level of ≳80 keV, from combined lensing plus galaxy counts constraints [313, 400]. Since

LRT scattering-produced sterile neutrinos are kinematically more energetic (i.e., “hotter”)

[203], then constraints on LRT sterile neutrinos are more stringent than 80 keV, and well

into the diffuse extragalactic background limit at 1 keV along the Ωs = ΩDM line. This

exclusion is independent of TRH within LRT models (TRH ≲ 7MeV). The combined HDM

and WDM constraints therefore exclude LRT models from producing sterile neutrinos as

all of the dark matter, when combined with the diffuse extragalactic background radiation

constraints (discussed below) [203]. When Ωs < ΩDM, mixed cold plus warm dark matter

(CWDM) constraints are relevant [60]. Sterile neutrinos as fractions of the dark matter are

therefore constrained by HDM and CWDM considerations, and these are shown in Fig. 3.1.

Note that sometimes the HDM constraint is extended to masses ms > 0.1 keV, up to even

10 keV [220], but that is inaccurate as the sterile neutrinos are considered to be WDM above

1Here, Ωi ≡ ρi/ρcrit, where ρcrit is the critical density of the Universe
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approximately ms ∼ 0.1 keV, and either WDM or mixed CWDM limits become appropriate.

Below the edge where Ωs = ΩDM, sterile neutrinos comprise a fraction of the dark matter such

that fDM ≡ Ωs/ΩDM. We show two representative cases of fDM = 0.1 and fDM = 7× 10−4 in

Fig. 3.1. The lower fraction is commensurate with central values of the candidate signals of

an X-ray line at approximately 3.55 keV, seen in the Perseus galaxy cluster, stacked galaxy

clusters [106], and M31 [103].

We calculate X-ray limits in the LRT parameter space using the fraction of dark matter as

νs at each point in the parameter space. In Fig. 3.1, we show five X-ray constraints using

the commensurate fractional dark matter in the parameter space:

1. An analysis of 51 Msec of Chandra X-ray Space Telescope deep sky observations across

the entirety of the sky, sensitive to the Milky Way halo signal, by Sicilian et al. [366],

are shown in magenta and labeled S21;

2. M31 Chandra observations analyzed by Horiuchi et al. [232] are shown in purple and

labeled H14, which we adopt because of their wider energy range than the first Chandra

constriants;

3. NuSTAR observations toward the Milky Way Galactic Bulge for higher masses [345],

are shown in brown and labeled NuSTAR;

4. NuSTAR observations of the full sky, sensitive to the Milky Way halo, are complemen-

tary to the prior NuSTAR constraints [346], and are also shown in brown and labeled

NuSTAR; and,

5. The conservative but broad-band constraints on excess electromagnetic diffuse emission

is labeled as the diffuse extragalactic background radiation (DEBRA) limit [102].

We do not show constraints from Ref. [141] as the limits are a factor of ∼20 weaker than
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claimed, which was acknowledged within Ref. [141], and in subsequent comments [9, 101].

And, we do not show limits from Ref. [181] as that work does not include instrumental

and on-sky lines present at 3.3 and 3.7 keV in their stated limits. Another astrophysical

consideration comes into play in the orange vertically hatched region, where sterile neutrinos

deplete energy in the core of a Type II supernova [5, 229, 65, 341], though portions of this

region may also be responsible for supernova shock enhancement [229] or the origination of

pulsar kicks [268].

We also show regions that are constrained by laboratory experiments, independent of any

astrophysical or cosmological models, in Fig. 3.1. Constraints exist from neutrinoless double-

beta decay searches in the hatched region labeled 0νββ [189], though a cancellation may exist

that alleviates this constraint [347, 282, 2]. We also show the constraints from a collection

of nuclear beta decay kink searches in the solid black region labeled β-decay [326]. Results

from the β-decay search by BeEST are also shown in golden yellow [185].

When photons are produced in the decay of sterile neutrinos before recombination, and

when these photons are produced after the thermalization time tth ≃ 106 sec, then this

can distort the thermal nature of the CMB spectrum [171, 235] (see e.g. the discussion in

Ref. [199]). The COBE FIRAS limit [180] on distortions of the thermal CMB rejects lifetimes

trec > τ > tth, where trec is the recombination time. The red region in the upper right corner

of Fig. 3.1 shows the CMB distortion limits.

Several current and upcoming laboratory experiments are sensitive to the parameter space

of sterile neutrinos we are considering here. In Fig. 3.1, the black dot-dashed line is the

forecast 1σ sensitivity of time-of-flight measures from the TRISTAN detector on the KATRIN

β-decay experiment, with the lower line showing their statistical limit [302]. The three

dashed black lines show the sensitivity of the three stages of MAGNETO-ν [401, 261] The

solid lines are the forecast sensitivity for the upcoming K-capture experiment HUNTER

(Heavy Unseen Neutrinos by Total Energy-Momentum Reconstruction), in its three stages
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[369, 299]. PTOLEMY is a tritium β-decay experiment aimed at detecting the cosmological

relic neutrino background which is expected to start collecting data within few years, and

may have sensitivity to this parameter space [94, 124]. Ref. [124] provides event rates for this

parameter space, but not sensitivity curve is available, so we do not show one for PTOLEMY.

We presented constraints at TRH = 5MeV in this section. Other values for TRH would change

the constraint considerations to some degree. For lower TRH, the constraint regions shift

upward in sin2 2θ, as less thermalization occurs at a given sin2 2θ. Conversely for higher TRH,

as TRH approaches the peak of production of sterile neutrinos at T ≈ 130MeV(ms/1 keV)
1/3,

the constraints of an HRT universe apply. As discussed in the introduction, LRT universes

with TRH = 1.8MeV are allowed when there is a new source for relativistic energy density,

such as sterile neutrinos with a dark decay mode, which we now explore.

3.4 Dark Decay Model

The population of partially to fully thermalized sterile neutrinos may not be cosmologically

long-lived. In the cases of relatively large mixing that we consider, the sterile neutrinos

may decay more rapidly into another sterile neutrino, ν ′
s, plus other dark sector particles

[155, 193]. Such decays are known to alleviate constraints when they occur to the active

neutrinos (e.g. [182]), and they will also alleviate constraints on sterile neutrinos. In one class

of such models, a generic scalar, ϕ, is introduced with an interaction Lagrangian associated

with the decay of the keV-scale νs to an arbitrarily lighter ν ′
s, νs → ν ′

sϕ:

L ⊃ gi,j
2
ν̄jνiϕ+

g′i,j
2
ν̄jiγ5νiϕ+ h.c. (3.3)

where νi and νj are the largely-sterile neutrino mass eigenstates, and g
(′)
i,j are the scalar

(pseudoscalar) couplings. Decays of keV-scale sterile neutrinos induced by this coupling are

69



unconstrained except for the cosmological considerations we present below.

Another possible channel for sterile neutrino decay is νs → ν ′
sν̄

′
sν

′
s, mediated by a new Z ′

boson:

Lν
Z′ = g

∑

α

(ν̄α,Lγ
µνα,L)Z

′
µ , (3.4)

where g is the coupling constant associated with the new SU(2) interaction, and α goes over

the sterile neutrino states, which in our case is the minimal case of two.

Both of these models in Eq. (3.3) & Eq. (3.4) introduce a new mechanism of sterile neutrino

decay within a dark sector. For our interests in this work, only the lifetime of the decay

associated with these new interactions, τ , is important, as well as the requirement that the

decay products are arbitrarily light, so as to act as dark radiation for all of cosmological

history. The decay products of ϕ, ν ′
s therefore act as pure dark radiation in contribution to

Neff , which we define generally as a combination of the radiation energy density in the active

neutrinos Neff,act, plus the sterile neutrinos Neff,ster, plus any relativistic decay products of

the sterile neutrinos, Neff,∗,

Neff = Neff,act +Neff,ster +Neff,∗ , (3.5)

where

Neff,act ≡
1

ρν

∑

i

1

4π3

∫
E(p)fi(p)d

3p , (3.6)

Neff,ster ≡
1

ρν

∑

j

1

4π3

∫
E(p)fj(p)d

3p . (3.7)

Here, ρν is the relativistic energy density in a thermal single neutrino species, i sums over

the partial or fully thermalized active neutrino species with energy distributions fi, and j

sums over the energy densities of the relic stable ν ′
s and ϕ. In general, only one of Neff,ster and
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Neff,∗ will be nonzero as the sterile neutrinos become nonrelativistic and then decay into dark

radiation. In the case of the lowest LRTmodels, e.g. TRH ≈ 1.8MeV, Neff,act ≈ 1[219], so that

Neff is predominantly dark radiation, while in higher LRT models, e.g. TRH ≈ 7MeV, Neff

is predominantly active neutrinos (Neff,act), with dark sector particles (Neff,∗) contributing a

small perturbation.

3.4.1 Evolution of the Abundance of Decaying Sterile Neutrinos

in an LRT universe

In the case of sterile neutrinos with appreciably mixing, their abundance in an LRT universe

is initially set by their approach to equilibrium after TRH. This process is described by the

Boltzmann equation. Their subsequent evolution is set by their redshifting as radiation and,

when T ≲ ms, as matter components, followed by their subsequent decay.

With no direct coupling to the reheating mechanism, sterile neutrinos are not present at

TRH, and are never in thermal equilibrium in the early Universe [397, 269]. Nevertheless,

there are different mechanisms by which the relic population of sterile neutrinos could have

been produced subsequent to reheating [153, 364, 268, 327]. In this paper, we focus on the

minimal model in which the production of sterile neutrinos requires no new physics other

than neutrino mass and mixing, and production arises from non-resonant flavor oscillations

between the active neutrinos να of the SM and the sterile neutrino νs, as originally proposed

by Dodelson and Widrow (DW) [153].

In the LRT model, prior TRH, the entropy in radiation and matter is not conserved and

consequently, the T dependence on the scale factor a is different than the usual T ∝ a−1.

In this scenario, prior to the radiation dominated standard epoch, a scalar field oscillates

coherently around its true minimum and dominates the energy density of the Universe. The

decay of this scalar leads to nonthermal decay products that subsequently thermalize to a T =
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Figure 3.2: Shown here is the calculated production and energy density evolution for massless standard
neutrinos (black line) and an example of ms = 100 keV sterile neutrinos. We show five different sin2 2θ cases
of sterile neutrino energy density evolution, ρνs

. The sterile neutrinos decay at different times (temperatures)
ranging from a case that matches the neutrino’s mass Tdecay = 0.1MeV (red line) down to the temperature
of matter radiation equality (green line). Note that sterile neutrinos with very different initial production
densities can all match the same density relative to the active neutrinos at their decay. Therefore, a wide
range of sterile neutrino masses and sin2 2θ can match a designated Neff , when combined with either a nearly
fully thermalized or non-thermalized ρνα

in LRT cosmologies. The reheating temperature in this example is
chosen to be 5 MeV. The moments of T = ms and Trm are shown with the dotted and dashed vertical lines,
respectively.

TRH, followed by standard radiation domination and evolution (see e.g. Refs. [255, 201, 198]

).

Interactions of active neutrinos with the surrounding plasma during the oscillations act as

measurements and force the propagating neutrino energy eigenstates into determinate flavor

states, which with some probability results in a sterile neutrino. For the parameter space of

interest here, the production rate is usually not fast enough for sterile neutrinos to thermally

equilibrate, and the process is a freeze-in of the final abundance.

Assuming that only two neutrinos mix, νs and one active neutrino να (νe in all of the figures

we present in this paper), the time evolution of the phase-space density distribution function

of sterile neutrinos fνs(p, t) with respect to the density function of active neutrinos fνα(p, t)
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is given by the following Boltzmann equation [265, 5]

d

dt
fνs(p, t) =

∂

∂t
fνs(p, t)−Hp

∂

∂p
fνs(p, t)

= Γ(p, t)
[
fνα(1− fνs)− fνs(1− fνα)

]
. (3.8)

Here H is the expansion rate of the Universe, p is the magnitude of the neutrino momentum

and Γ(p, t) is the conversion rate of active to sterile neutrinos. The active neutrinos are

assumed to have a suppressed to full Fermi-Dirac distribution, depending on their thermal-

ization state determined by TRH.

Since fνs ≪ 1 and fνs ≪ fνα , we take (1 − fνs) = 1, and the second term in brackets on

the right-hand side of Eq. (3.8) can be neglected. Thus, changing variables, Eq. (3.8) can be

rewritten as [342, 5]

−HT

(
∂fνs(E, T )

∂T

)

E/T

≃ Γ(E, T )fνα(E, T ) , (3.9)

where the derivative on the left-hand side is computed at constant E/T .

The conversion rate Γ is the total interaction rate Γα = dαG
2
F ϵT

5 of the active neutrinos

with the surrounding plasma weighted by the average active-sterile oscillation probability

⟨Pm⟩ in matter (see Eq. (6.5) of Ref. [5]).

We obtain the sterile neutrino density distributions by integrating the Boltzmann Eq. (3.9).

We show the resulting production of sterile neutrino density evolution at the far left of Fig.

3.2, where the density rises from zero. Here, we recover the results of Ref. [204]. Following

production, the νs energy density dilutes as radiation, ρνs ∝ a−4, as long as T ≫ ms. As

the Universe cools to T ∼ ms, there is a transition of the decrease of the νs energy density

to redshifting as matter, ρνs ∝ a−3. For the example shown in Fig. 3.2, ms = 100 keV, but

onset of pure matter-like redshifting occurs somewhat later than T ≈ ms, as LRT-produced
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sterile neutrinos are slightly “hotter” than thermal, with ⟨p⟩ ≈ 4.11T [204].

The presence of sterile neutrinos with masses between the epoch of BBN and the photon

last-scattering time allows the νs to augment their energy density with respect to the active

neutrinos’ by becoming nonrelativistic and redshifting more slowly. They then deposit their

energy density back into relativistic dark decay products (νs′ and/or ϕ) denominated as

Neff,∗. Therefore, the massive νs can boost Neff above Neff,act produced by reheating alone in

an LRT model, Eq. (3.5). The amount of relativistic energy deposited can be approximated

by matching the density of the nonrelativistic sterile neutrinos with the targeted boost in

dark radiation,

msnνs = Neff,∗ρνα . (3.10)

Using Eq. 3.2, we solve for the fraction of sterile neutrino production for a given Neff,∗ as

f =
Neff,∗ρνα
msnνα

. (3.11)

This relation then stipulates what production of νs is needed to hit the target Neff,∗. The

energy density boost needed for smaller levels of production at smaller mixing angles requires

longer matter-like redshifting before decay. We take the maximum decay time to be that

corresponding to matter radiation equality, Trm, so that the decays do not directly affect the

photon decoupling epoch.

The relativistic energy density contribution of sterile neutrino decays can range from a ma-

jority of Neff (Neff,∗ ≳ Neff,act) to a small perturbation onto Neff (Neff,∗ < Neff,act), depending

on the TRH, ms, sin
2 2θ, and τ . Since Neff can be augmented by this mechanism, it may

be responsible for any potential evidence for Neff above its standard value. For higher TRH,

more production occurs for a given sin2 2θ and ms, so that higher TRH models probe smaller

mixing angles (see Fig. 3.3). We go through several examples in the following section.

74



In summary, the sterile neutrinos can decay at a wide range of time scales, as shown in Fig.

3.2. As an example, we illustrate five decay timescale scenarios. The most rapid decay time

is commensurate with T = ms (this case’s outcome would be similar to any decay timescale

at T < ms, as the relativistic energy density in νs is simply transferred to the dark states).

The slowest decay we consider occurs at the time of radiation-matter equality Trm. We

also show three intermediate cases. In addition, we plot the energy density evolution of the

massless active neutrinos (black line).

3.4.2 Decaying Sterile Neutrino Parameter Space in LRT Cos-

mologies

In an LRT cosmology, sterile neutrinos are produced just after TRH, then redshift as radiation,

and potentially as matter, before ultimately decaying to dark radiation species. The amount

of decay products’ contribution to Neff varies with several parameters, as determined by

Eq. (3.11). We consider three potential final values for Neff (Eq. (3.5)):

• Neff,Std = 3.044, the standard value with a standard enhancement from electron-

positron annihilation [90, 50];

• Neff,Upper = 3.33, the 95% CL upper bound from Planck 2018 [Eq. (67b)] in Ref. [42]];

• Neff,H0 = 3.48, the central value preferred by solutions to the Hubble, H0, tension

[344, 173].

The precise value of Neff,act in LRT models depends on TRH. We use the bottom panel of

Fig. 1 in Ref. [219], for the relation between TRH and Neff,act. For the highest temperature

LRT cosmology we consider, TRH = 7MeV, the active neutrinos are almost fully thermalized,

and Neff,act = 3.0. Therefore, to match the standard Neff , we require Neff,∗ = 0.044, while
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Figure 3.3: Shown are the updated parameter spaces of dark decay in an LRT Universe for two cases,
TRH = 1.8MeV and 7MeV, left and right, respectively. The diagonal reddish and blueish lines correspond
to the cases when the decay happens at the temperature of matter-radiation equality, and match different
Neff values. For each pair, the darker color (lower) is associated with a value of Neff,Std = 3.044, and the
lighter color one Neff,H0 = 3.48 [173]. For the darker shaded region, Neff ranges from the minimal provided
by Neff,act to the standard value with a contribution from sterile neutrino decay. In the lighter shaded region
on the right panel, Neff ranges from the standard value to that preferred to alleviate the Hubble tension,
Neff,H0. Above the lighter diagonal, the parameter space can accommodate an alleviation of the Hubble
tension with Neff,H0, or provide the standard density, Neff,Std. For the case of TRH = 1.8MeV, the thermal
nature of the CMB [235] constrains the red hatched portion. This constraint does not apply for TRH = 7MeV
in this parameter space.

matching the H0 tension requires Neff,∗ = 0.48, respectively. For a TRH = 1.8MeV, Neff,act =

1.0, therefore, the standard density requiresNeff,∗ = 2.044 and solving theH0 tension requires

Neff,∗ = 2.48, respectively.

For the case where there is no matter-dominated evolution of the sterile neutrino before it
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decays, there is no energy boost from differential redshifting of active and sterile neutrinos,

and all density must come from oscillation production. Using Eqs. (3.2) & (3.11), this

corresponds to a value of sin2 2θ > 0.1, above the parameter space we consider in Fig. 3.3.

Another limiting case is when the decay occurs at radiation-matter equality Trm. We calculate

Trm decay contours and plot them in Fig. 3.3, for the reheating temperatures of 1.8 MeV

(left panel) and 7 MeV (right panel). We show two lines: one where the active neutrino

and sterile neutrino decay products’ density matches the standard Neff,Std = 3.044 (darker,

lower line)[42] and where the active neutrino and sterile neutrino decay products’ density

matches the H0 tension alleviating value of Neff,H0 = 3.48 (lighter, upper line)[173, 344]. In

the right panel’s lighter shaded area, Neff spans from its standard value to the value favoring

the mitigation of the Hubble tension, denoted as Neff,H0. Above the lighter diagonal line,

the parameter space is capable of supporting either a resolution to the Hubble tension with

Neff,H0, or maintaining the standard density, Neff,Std. That is, sterile neutrinos with mass

and mixing above the the lighter curves are consistent with cosmology at the specified Neff

values. This is achieved because there is a cancellation between enhanced production at

higher sin2 2θ and earlier decay providing less matter-redshift boost (see Fig. 3.2).

Because the sterile neutrinos mix with active neutrinos, they have a loop radiative decay to

a lighter predominantly-active neutrino mass eigenstate and a photon [365, 323]. Since the

decays take place necessarily during the photon-coupled era, the effects of the decay photon

is on distorting the thermal nature of the CMB photons. Hu & Silk [235] calculated spectral

distortions to the CMB radiation originated by the decay of unstable relic particles during

the thermalization epoch. The appropriate constraints are from Fig. 1 in Ref. [235], where

these limits constraints are most stringent for the largest masses in late-decay scenarios

(maximizing the coefficient of the y-axis in Fig. 1 of Ref. [235]). For the models plotted in

Fig. 3.3, the decay happens at Trm, or an age of the Universe of trm ≈ 1.6×1012 sec. The limits

in Ref. [235] are presented in y ≡ mX(bnX/nγ), where mX is the decaying particle mass,

nX/nγ is its abundance relative to the photons, and b is the branching ratio to photons for
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the decay. For the highest mass of our parameter space, ms = 400 keV, y = 4.6× 10−15GeV

for TRH = 7MeV. However, for TRH = 1.8MeV, the abundance of νs is much greater at

late times, and y = 1.3 × 10−11GeV. So, no radiative decay constraint exists for the case

of TRH = 7MeV. We find the highest ms compatible with the TRH = 1.8MeV curve, and

that is 120 keV, and the constraint is independent of sin2 2θ. We show the CMB thermal

constraint in Fig. 3.3, and it applies to TRH = 1.8MeV cosmologies, and is non-existent in

our parameter space for cases approaching TRH = 7MeV.

The only other constraints that are present in the parameter space in this scenario are

the β−decay (black contour) [326] and BeEST (yellow contour) [185]. As shown in Fig. 3.3,

laboratory experiments such as HUNTER, TRISTAN, or MAGNETO-ν can detect the signal

of sterile neutrinos in much of the allowed regions of this parameter space.

3.5 Discussion & Conclusions

The reheating temperature of the Universe is unknown beyond the requirement that it is

TRH > 1.8MeV, as long as there is a new source of relativistic energy density in addition to

the active neutrinos, and TRH ≳ 5MeV, in the case of no new physics [219]. Therefore, TRH is

a free parameter in studies of the energy content arising from the hot big bang. Baryogenesis

and dark matter production can be accommodated in the reheating process [207, 126]. In

LRT cosmologies, the weak-coupling epoch is significantly reduced, suppressing active-sterile

neutrino oscillations. As a result, regions of keV-scale sterile neutrinos’ parameter space

that were previously forbidden by cosmological or astrophysical constraints can become

viable [200]. If the dark sector in which the sterile neutrino participates includes dark

decay channels, we have shown here that the parameter space in LRT cosmologies is even

more significantly alleviated. The energy density described by Neff in such dark-decay LRT

cosmologies can have both pure, decay-produced, non-thermal, radiation components, as
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well as massive active neutrino components. High sensitivity to Neff will be provided by

current and upcoming CMB experiments such as CMB-S4 [4]. The discovery of a sterile

neutrino with parameters in this region could indicate a rich LRT thermal history.

Several current and upcoming laboratory experiments are sensitive to keV-scale sterile neu-

trino parameter space, including HUNTER [369, 299], TRISTAN [302], MAGNETO-ν [401,

261], and PTOLEMY [94, 124]. Laboratory direct dark matter detection experiments em-

ploying xenon, including LZ [1] and XENONnT [62], could be sensitive to our considered

parameter space [112]. However, only the case of all of the dark matter being sterile neu-

trinos has been considered, and the constraints proportionately alleviate for fractional dark

matter models, with all cases lying above the DEBRA constraints in Fig. 3.1, but they

could considerably improve. The appreciable mixing between active and sterile neutrinos we

consider here may also arise from non-standard interaction (NSI) searches. Currently, the

constraints in this NSI parameter space are largely the ones we have shown: β-decay and

0νββ-decay [93].

The next few years could provide the potential discovery of laboratory-accessible sterile

neutrinos, whose existence is in conflict with HRT cosmologies, with the aforementioned

β-decay, K-capture, and neutrino capture experiments. In this work, we showed that the

presence of decaying keV-scale sterile neutrinos could also be indicated by the H0 tension.

The discovery of keV-scale sterile neutrinos with appreciable mixing would be an important

finding for particle physics, astrophysics, and cosmology, not only for its own discovery, but

it would alter the usual assumptions of the early Universe and provide a new paradigm.
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Chapter 4

Status of neutrino cosmology:

Standard ΛCDM, extensions, and

tensions

This chapter is a reprint of material published in Physical Review D 111, 043520 (2025).

Reprinted with permission © 2025 American Physical Society.

4.1 Introduction

Neutrinos are among the most enigmatic particles in the Standard Model (SM) of elemen-

tary particle physics. However, they are vital in cosmology, as they impact the Universe’s

evolution and contribute to the formation of the large-scale structures we see today. Their

properties and nature can be studied by the detectable imprints they leave on cosmolog-

ical data. When neutrinos were definitively measured to oscillate and have mass over 25

years ago, their impact on cosmology was understood to be significant (for reviews, see

80



Refs. [276, 214, 14]). The 6-parameter cosmological standard model has been exceedingly

successful in its consistency with observational data from the last-scattering surface of the

cosmic microwave background (CMB) to galactic scales today [42]. The principle constituents

of this model are cold dark matter and dark energy in the form of a cosmological constant,

so it is referred to as ΛCDM. Neutrinos with arbitrary mass are an extension of ΛCDM,

since their oscillations measure the difference of the squares of the neutrinos’ mass, and not

their absolute mass scale. In addition, if neutrinos are non-thermal or have extra states, this

adds another measurable unknown to minimal ΛCDM.

Currently, cosmological data are already offering constraints on neutrino properties that are

not only complementary to terrestrial experiments but also competitive with them. For ex-

ample, leading cosmological results on neutrino mass are approximately a factor of 20 more

stringent [28], as cosmology measures the sum of neutrino mass eigenstates, Σmν , while

direct kinematic laboratory measurements via nuclear β-decay are sensitive to the effective

electron antineutrino mass [49]. Cosmological constraints on neutrino properties are model-

dependent in that they require the minimalist assumption of a single-parameter extension to

ΛCDM, Σmν . The existence of a thermal relic cosmic neutrino background is a fundamental

prediction of the standard hot Big Bang model and ΛCDM. Though it has not been directly

detected, indirect evidence supports its presence through the primordial abundance of light

elements produced during Big Bang Nucleosynthesis (BBN), the power spectrum of CMB

anisotropies, and cosmological large-scale structure [132]. These observations would be sig-

nificantly inconsistent without a relativistic cosmological component that closely matches

the properties predicted by the standard neutrino decoupling process, involving only weak

interactions. As a result, cosmology is attuned to specific neutrino properties: their density,

linked to the number of active neutrino species, and their masses. ΛCDM assumes that the

only light, relativistic relic particles since BBN are photons and active neutrinos. Extended

models propose additional light particles, such as sterile neutrinos or thermal axions, which

can mimic the effects of active neutrinos and complicate the interpretation of the inferred
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relic neutrino density, since new relativistic components can both add to the relativistic

energy density, or replace that of the active neutrinos. These models have been explored

to address anomalies like the Hubble tension, the discrepancy between inferred and direct

measurements of the Universe’s expansion rate.

In the ΛCDM model, three active neutrinos thermalize in the early Universe, decoupling

gradually around temperatures of 2 MeV. The effective number of neutrino species, Neff, is

defined via

ρrad
ργ

=
7

8
Neff

(
4

11

)4/3

. (4.1)

Here, ρrad and ργ represent the energy density of non-photon radiation and photons re-

spectively. Neff quantifies the relativistic energy density beyond photons, which could be

any relativistic relic component. In the standard cosmology, Neff is composed solely by the

active neutrino density contribution, i.e., Neff = NSM
ν , with precise calculations predicting

NSM
ν = 3.044 when accounting for neutrino oscillations, incomplete neutrino decoupling

through e± annihilation, and QED corrections [50, 90, 186]. Cosmological observations’ con-

firmation of this value is a crucial test of the standard ΛCDM model, and observations that

definitively infer a value deviating from Nν would be a major breakthrough. In concert, the

adoption of Neff = 3.044 for interpreting the effects of the standard active neutrinos is an

essential standard model assumption to place neutrino mass limits with cosmology.

An increased Neff influences the observable power spectrum of CMB anisotropies and mat-

ter clustering through changes in the background cosmological expansion through matter-

radiation equality, and changes in the growth of perturbations. If the densities of other

components are held constant, a higher Neff delays radiation-to-matter equality, leading to

significant alterations in the CMB anisotropies, specifically suppressing the high-ℓ multipole

peaks relative to their position in ℓ. To better isolate the effect of Neff, it is useful to increase
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the densities of total radiation and matter uniformly, keeping the redshift of matter-radiation

equality fixed. This adjustment reveals that a higher Neff increases the diffusion (Silk damp-

ing) scale at decoupling, resulting in decreased CMB temperature power at high multipoles

relative to the sound horizon, which determines the acoustic peak positions [14]. The free-

streaming radiation parameterized by Neff also produces a phase-shift in the acoustic peaks

that is unique [83], and has been detected [85].

Additionally, neutrino’s dual behavior, acting as radiation at early times and transitioning

to dark matter-like evolution during later structure formation, places them in an unique

position in cosmology. As neutrinos transition from relativistic to non-relativistic states,

they initially travel at nearly the speed of light, which affects their diffusion scale and has

important consequences for gravitational clustering and the growth of large-scale structures.

Once they become non-relativistic, the energy density of neutrinos is primarily determined

by their total mass:

Ων =
ρ0ν
ρ0crit

=
Σmν

93.13 h2 eV
, (4.2)

where ρ0ν and ρ0crit are respectively the total neutrino and critical density of the Universe

today and h is the Hubble constant in units of 100 km s1Mpc1. In this expression, we use

the temperature of neutrinos that provides Nν = 3.044. The absolute neutrino mass scale

has been probed using beta decay, with the KATRIN experiment currently providing the

best bound on the beta-decay effective neutrino mass of mν,β < 0.45 eV at 90% confidence

[49].

The presence of massive neutrinos has varied effects on CMB observables. An increase in

neutrino mass impacts the late-time non-relativistic matter density, altering the angular

diameter distance to recombination and the late integrated Sachs Wolfe (ISW) effect. The

transition of neutrinos to a non-relativistic state also induces variations in the Universe’s
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pressure-to-density ratio, observable through the early ISW effect, and reduces the overall

signal of weak lensing of CMB anisotropies because of free-streaming suppression of the large

scale structure that produces the lensing of the CMB. It is this last observable, lensing of

the CMB, that makes high angular resolution CMB observations highly sensitive to neutrino

mass [253]. Because the suppression of the matter power spectrum of large-scale structure

(LSS) by neutrinos occurs below the horizon scale of matter-radiation equality, an increase

in the dark matter density, Ωcdm, can compensate the presence of matter neutrinos in LSS

clustering observations, making neutrino mass positively correlated with increases in Ωcdm.

The baryon acoustic oscillation (BAO) signature has become a standard cosmological signal

measurable by several cosmological surveys [392]. The BAO peak in real space, measured

through the correlation function of matter tracers such as galaxies and gas, is imprinted by

the expansion of overdensities moving at the sound speed of the plasma at the time, until

the moment of photon decoupling. The length of this motion is the sound horizon. The

sound horizon, rs at the decoupling redshift, zd, is approximately given by

rs(zd) =

∫ zd

∞

cs dz

H(z)
(4.3)

where cs is the sound speed, and H(z) = H0

√
Ωm(1 + z)3 + Ωr(1 + z)4 is the Hubble rate

through the early to decoupling epoch. Here, Ωm and Ωr are the critical densities in mat-

ter and radiation, respectively. Increases in both Ωm and Neff (via Ωr) both increase their

contribution to H(z), and decrease the sound horizon and the BAO scale, which makes

BAO observations very sensitive to the matter and radiation content of the early Universe.

The cosmological evolution of the BAO scale provides it as a powerful standard ruler for

measurements of dark energy and its evolution [362]. Neutrino mass affects the BAO length-

scale when neutrino mass is sufficiently large as to become non-relativistic during the drag

epoch, before photon decoupling. In linear theory, the BAO scale diminishes with increasing

neutrino mass because, though the neutrinos free stream and redshift as radiation in early
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times, they augment Ωm during the BAO drag epoch, reducing rs as an increase in Ωm

would. Therefore, the BAO scale generally makes Σmν anti-correlated with Ωcdm, comple-

mentary to their degeneracy with LSS clustering [377]. Because the geometrical information

in the BAO scale comes in the form of a ratio of rs to the angular diameter and line-of-sight

distances, the geometry measured by the BAO scale is both sensitive to the neutrino mass,

and can also change the relation of Σmν and Ωcdm from anti-correlation to correlation as

distances’ dependencies dominate over rs dependencies [74]. As detailed in Ref. [287], ge-

ometric information from the BAO scale and its ratio to distances can be as sensitive—or

even more-so—than growth of structure probes of neutrino mass.

Supernovae (SNe) observations measure the relationship between the luminosity distance

and redshift in the local Universe. This is dependent on the late-time cosmological energy

density, and therefore, SNe are not directly sensitive to neutrino mass or radiation energy

density. However, SNe do constrain parameters degenerate with neutrino mass in CMB

and BAO observables, primarily Ωm and the dark energy equation of state (EoS), w. We

include SNe because of their complementary sensitivity to CMB and BAO determinations

of cosmological growth and expansion history. In Ref. [287], it was shown that middle

to low-redshift geometrical measures from BAO and SNe are highly sensitive to the total

cosmological matter content as a fraction of the critical density, as opposed to the physical

density, and therefore are highly sensitive to the neutrino mass contribution to this fractional

density. The sensitivity is such that fixing the angular sound horizon from the CMB gives

low-redshift measures a scaling of Ωm ∝ (1 + fν)
5, where fν ≡ Ων/Ωm.

Much of our work studies the constraints on neutrinos as minimal extensions beyond the

6-parameter framework of ΛCDM, which successfully describes nearly all cosmological ob-

servables with the amplitude of scalar perturbations, As, the spectral index of these per-

turbations, ns, the optical depth to the last-scattering surface of the CMB, τ , an angular

scale corresponding to the sound horizon of the last scattering surface, θMC, as well as the
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density of cold dark matter and baryons relative to the critical density, Ωcdm and Ωb. We

also study an 11-parameter extension of ΛCDM which allows variation of the evolution of

the dark energy density through w0 & wa, the curvature of the Universe, Ωk, as well as the

neutrino-related parameters, Σmν & Neff .

The structure of this paper is as follows: Section 6.3.1 details the datasets and likelihoods

adopted in our analysis. Section 4.3 explains the statistical methods we employed. Section

4.4 presents our findings within ΛCDM, including constraints on Σmν and neutrino mass

ordering, as well as Neff. In Section 4.5, we discuss tension datasets, including H0 and S8,

and the neutrino-related extensions of ΛCDM that the tensions motivate, including massive

neutrinos and extra (sterile) neutrinos. Finally, we conclude and discuss the future outlook

in Section 6.5.

4.2 Cosmological Datasets

We present here the cosmological datasets and methodology adopted in our work. We se-

lected those datasets that are among the most robust measures of cosmological growth and

expansion history for their epochs, and which span a wide range of cosmological history. That

is, they are those observations that have the minimum statistical errors for their measure-

ments. In addition, these datasets have undergone thorough testing for systematic effects, as

we discuss below. Lastly, these observations provide strong leverage for tests of cosmology

with measurements of expansion and growth history over the widest possible observational

range, from the surface of last scattering to low redshifts.
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Datasets
CMB Planck CMB Lensing BAO SNe
P18

Lensing PR4 +
ACT DR6

DESI DR1
PP

CamSpec U3
P20 DES Y5

Table 4.1: Summary of the cosmological datasets we considered in this work, as introduced
in Section 6.3.1.

4.2.1 Planck CMB

The Planck survey of CMB has precisely measured the CMB anisotropies via their tem-

perature and polarization angular power spectra, with five out of six ΛCDM parameters

determined to better than 1% with Planck data alone, with the most accurately known pa-

rameter, the angular sound horizon, now measured to 0.03%. Over the years, Planck data

and its analysis has advanced considerably, starting with the initial data release in 2013,

followed by the incorporation of polarization data in 2015, and culminating in significant

enhancements to systematic corrections in the ultimate 2018 data release. Since that final

data release, there have been two independent reanalyses of the Planck data products. We

consider all three:

Planck 2018 (P18): we use CMB temperature and polarization anisotropy power spectra

(and their cross-spectra) from the Planck 2018 legacy data release (PR3) [42, 41]. Specif-

ically, we use: the high-ℓ Plik; the low-ℓ commander likelihood for the TT spectrum in

the multipole range 2 ≤ ℓ ≤ 29; likelihood or the TT spectrum in the multipole range

30 ≤ ℓ ≤ 2508 and for the TE and EE spectra in the range 30 ≤ ℓ ≤ 1996, and the low-ℓ

SimAll likelihood for the EE spectrum in the range 2 ≤ ℓ ≤ 29. It is worth mentioning that

the lensing anomaly for this analysis is at a 2.8σ level and significantly reduced in the two

reanalysis we introduce next [314].
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CamSpec: CamSpec project reanalyzed the Planck temperature and polarization maps of

the CMB of each Planck data release. The motivation for creating this new revised likeli-

hood was to provide a single-source detailed description of the construction of likelihoods

for the Planck collaboration as well as testing the consistency and fidelity of the Planck

data. CamSpec included additional methods for improved subtraction of Galactic dust

emission, extending sky coverage and improving accuracy in temperature and polarization

power spectra, compared to previous Planck analyses [163]. The lensing anomaly in this

analysis is reduced when compared to P18 and it is at a 1.7σ level [314].

Planck NPIPE (P20): the Planck Collaboration released a new processing pipeline in 2020

for generating calibrated frequency maps from the final Planck data. This latest reprocessing

of data from both the low-frequency (LFI) and high-frequency (HFI) instruments, using the

integrated NPIPE pipeline, resulted in more data, reduced noise, and improved consistency

across frequency channels [51]. HiLLiPop and LoLLiPoP are the new likelihoods of the

CMB temperature and E-mode polarization power spectra from this pipeline, covering both

large scales (low-ℓ) and small scales (high-ℓ). These reanalysis uses a higher sky fraction

(75%), as well as a wider range of multipoles and a negligible modeling dependence on

cosmological ΛCDM parameters. As a result, the constraints derived have 10% to 20%

smaller uncertainties on ΛCDM parameters compared to previous pipelines. We employ the

HiLLiPop and LoLLiPoP likelihoods obtained from this reanalysis of the CMB temperature

and polarization power spectra for the high-ℓ (30 < ℓ < 2500) TT, TE, and EE data [381].

For the low-ℓ (ℓ < 30) EE spectra, we utilize the LoLLiPoP likelihoods [381]. This analysis

has the smallest level of the lensing anomaly of all the CMB analysis we include, it is at a

0.75σ level [314]. We term the combination of these likelihoods as “P20.”
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4.2.2 CMB lensing

CMB surveys also capture the power spectrum of the gravitational lensing potential, Cϕϕ
l ,

via 4-point correlation functions. The Planck PR4 lensing map utilizes a quadratic esti-

mator pipeline on CMB maps derived from the enhanced NPIPE reprocessing of data from

the Planck HFI. This version incorporates approximately 8% more CMB data compared to

Planck PR3, which includes information obtained during satellite re-pointing maneuvers,

along with several enhancements in data processing [51]. We additionally consider the new

measurements of CMB lensing from the Atacama Cosmology Telescope (ACT) Data Release

6 (DR6) covering over 9,400 square degrees of the sky. These lensing measurements, based

on five seasons of CMB observations from ACT, achieve a precision of 2.3% for the CMB

lensing power spectrum. This analysis pipeline was developed to reduce sensitivity to fore-

ground contamination and noise characteristics, and included a number of systematic error

assessments [294]. We utilize the latest NPIPE PR4 Planck CMB lensing reconstruction

[115] alongside DR6 from the ACT [337]. For brevity, this dataset combination is referred

to as “CMB lensing.”

4.2.3 BAO

Dark Energy Spectroscopic Instrument’s (DESI) BAO measurements provide robust data on

the transverse comoving distance and the Hubble rate, or their combination relative to the

sound horizon, across seven redshift bins derived from over 6 million extragalactic objects

in the redshift range of 0.1 < z < 4.2. We employ the latest BAO scale measurements

from the DESI Data Release 1 [28]. This dataset includes the Bright Galaxy Sample (BGS:

0.1 < z < 0.4), Luminous Red Galaxy Sample (LRG: 0.4 < z < 0.6 and 0.6 < z < 0.8),

Emission Line Galaxy Sample (ELG: 1.1 < z < 1.6), the combined LRG and ELG Sample

(LRG+ELG: 0.8 < z < 1.1), Quasar Sample (QSO: 0.8 < z < 2.1), and the Lyman-α Forest
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Sample (Lyα: 1.77 < z < 4.16). We refer to the full DESI dataset is referred to as “DESI.”

DESI offers several advancements over previous BAO analyses, including more physically-

motivated enhancements to BAO fitting and reconstruction methods. DESI implements

blind analysis techniques to reduce confirmation bias. Furthermore, DESI has a factor of

two to three improvement in survey volume and number of tracers relative to SDSS-IV

[54, 368]. It also applies a unified BAO analysis approach across different tracers and allows

for a combination of these tracers’ measure of the BAO scale [27].

4.2.4 Type Ia SNe

Type Ia SNe (SNe Ia) are crucial standardizable candles that offer an alternative approach to

measuring the Universe’s expansion history. While SNe measurements have lower statistical

power on the expansion history compared to modern BAO measurements within the ΛCDM

model, they provide essential information on dark energy, particularly when examining less

restricted cosmological models. In our analysis, we include the following three SNe datasets:

Pantheon+ (PP): We utilize the updated SNe Ia luminosity distance measurements from

the Pantheon+ (PP) sample [358, 105], comprising 1550 spectroscopically-confirmed SNe

Ia in the redshift range 0.001 < z < 2.26. The PP sample consists of light curves from

these verified SNe Ia, which are analyzed to derive cosmological parameters. The different

datasets, with all relevant data, references, and their respective redshift ranges outlined in

Table 1 of [358]. Compared to the previous Pantheon dataset [359], the PP catalog includes

improved photometric calibration and systematic uncertainties. The PP catalog shows the

most significant increase in SNe Ia data at lower redshifts, largely due to the addition of

the LOSS1, LOSS2, SOUSA, and CNIa0.2 SNes. The PP likelihood includes statistical

covariance and models systematic uncertainties as covariances.
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Union3 (U3): The Union3 Supernova compilation is an extensive dataset of 2,087 spectroscopically-

confirmed SNe Ia, with 1,363 in common with the PP dataset [351], standardized on a

consistent distance scale through SALT3 light-curve fitting. It aims to manage systematic

uncertainties that arise as the number of usable supernovae increases. The dataset addresses

outliers and selection biases. They incorporate a Bayesian framework, called UNITY1.5

(Unified Nonlinear Inference for Type-Ia cosmologY), that improves modeling of selection

effects, standardization, and systematic uncertainties compared to traditional simulation-

based methods.

Dark Energy Survey Year 5 (DES Y5): The DES Y5 sample is the largest and most

comprehensive single-campaign SNe Ia survey to date, totaling 1,829 SNe: 1,635 from DES

measurements and 194 from local SNe Ia Ne measurements from the CfA/CSP foundation

sample [18]. This dataset represents observations gathered during the first five years of the

DES Supernova Program. The SNe cover a redshift range of 0.01 < z < 1.3 , yielding

a substantial dataset for cosmological studies. The DES Y5 sample offers improved high-

redshift statistics compared to the PP or U3 datasets.

It is important to note that the PP, U3 and DES Y5 datasets contain supernovae that

overlap between the samples. To avoid any double counting, these datasets are never utilized

together. Table 4.1 summarizes all the datasets that we have just defined. For conciseness,

we use the term “benchmark” to refer to the combination of the likelihoods from P18,

CMB lensing, DESI DR1, and PP described above.

4.2.5 Tension Datasets

We also consider two measurements of the late Universe that are internally robust but are

in strong tension with the cosmology inferred from our datasets above. Specifically, these

are: the local Hubble expansion rate, H0 and the amplitude of matter fluctuations, σ8, at
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the scale of 8,Mpc/h, sometimes parameterized as S8 (S8 = σ8

√
Ωm/0.3). For the latter,

S8, we adopt a recent well-tested measurement. These data are:

SH0ES (H0): the Gaussian likelihood of the Hubble constant calculated by the measure-

ments of the SH0ES collaboration in [344], H0 = 73.04 ± 1.04 km/s/Mpc. The selection of

this result is motivated by the reduced error bars obtained by the collaboration to calculate

this value compared to the one obtained following other analysis. We employ the explicit

value of H0, and its error, in our likelihood analysis, and not the absolute magnitude, Mb,

as the latter is only important for models that differ from ΛCDM in their expansion history

near z = 0, e.g., wCDM. Since these models do not appreciably change our conclusions with

respect to the neutrino physics of interest to this work, we use H0 itself.

Dark Energy Survey Year 3 (S8): The Dark Energy Survey (DES) uses a novel pho-

tometric redshift calibration technique for its survey of galaxies. The DES photometric

calibration method successfully recovers the input cosmological parameters in simulated sur-

veys by using several statistical quantities derived from the survey data. The cosmic shear

measurements are based on an analysis of over 100 million source galaxies, and they con-

straint the clustering amplitude to be S8 = 0.759+0.025
−0.023 [59]. Our choice of this value of the S8

parameter is motivated by the several verification tests for potential systematics performed

by the DES collaboration.

4.3 Methodology

In our work, we will be testing neutrino physics scenarios that can be considered to fit

within the ΛCDM framework (such as non-trivial neutrino mass), as well as tests of models

beyond ΛCDM. We fit the cosmological models we study by using the publicly available

Bayesian analysis framework cobaya [380], with the Markov chain Monte Carlo (MCMC)
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Parameter Prior

Ωbh
2 [0.005, 0.1]

Ωch
2 [0.01, 0.99]

log(1010As) [1.61, 3.91]

ns [0.8, 1.2]

τreio [0.01, 0.8]

100θMC [0.5, 10]

Σmν [eV] [0, 10]

Neff [0, 100]

Ωk [−0.3, 0.3]

w0 [−3, 0.1]

wa [−3, 3]

Table 4.2: We list our adopted ranges for the flat prior distributions imposed on the 6 ΛCDM,
as well as the 5 additional extended-model cosmological parameters.

sampler [280, 278] and fastdragging [316]. We employ the CAMB cosmological Boltzmann

solver [281, 233]. We run 4 parallel MCMC chains, and use the Gelman-Rubin convergence

test, R − 1 < 0.01, to verify their convergence for all parameters. In all the runs we choose

flat priors with cutoffs well outside where likelihoods are significant. The flat prior ranges

within which the parameters are varied are given in Tab. 4.2. We use GetDist [279] to

calculate Bayesian posteriors, means, and confidence intervals.

For finding the best-fit likelihood points and their χ2 values we use the minimizer sampler

available in cobaya [116, 117, 336]. For all of the scenarios we consider we maximize the

likelihood, L, via minimizing its −2 lnL, as we are interested in performing a likelihood

ratio for our model-preference test statistic. To identify the true minimum best-fit within

an acceptable tolerance, we perform multiple minimizations of −2 lnL, until at least six

results yield a minimum value within 0.2 of the minimum determined by the sampler. The

motivation for these specific choices are statistically motivated. We model the evaluation
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of the minimum value within 0.2 of its true value as a Poisson process. To have a 99.5%

confidence that the minimal bin includes an evaluation within 0.2 of the true minimum, one

needs at least 5 evaluations within the bin (e.g., see Table II of Ref. [196]). Following this

method, we expect to have found the −2 lnL within 0.2 of its minimum at roughly 99.5%

confidence. The likelihood combinations discussed in this section involve over 20 nuisance

and free parameters, making the minimization process quite complex. For some datasets

and models, the minimum can be found with approximately 200 evaluations. However, the

HiLLiPoP likelihood requires significantly more evaluations, ≳2000, to achieve our criteria

compared to other likelihoods. This is likely because, as noted by others, HiLLiPoP is the

only unbinned CMB likelihood, resulting in higher noise in the likelihood function [314]. We

decided not to include this likelihood for the results that involved minimizing χ2 since it

did not fulfill our tolerance requirements without the calculation of an excessive number of

minimizations. Our statistical approach follows that of Ref. [173]. We employ the minimal

chi-square χ2
min to quantify the success of each scenario with respect to a baseline model,

i.e., a ∆χ2 test.

We compute the change in the effective minimal chi-square χ2
min = −2 lnL, where L rep-

resents the maximum likelihood for the considered model M. The ∆χ2
M relative to the

baseline model M0 is then derived as

∆χ2
M ≡ χ2

min,M − χ2
min,M0

. (4.4)

The χ2 value of a dataset can be used to determine if a trend in the data is happening due to

chance or due to a new model component, and can also be used to test a model’s “goodness

of fit” [330].

The ∆χ2
M test does not consider each model’s complexity, specifically the number of parame-

ters involved. To account for model complexity, we also use the Akaike information criterion
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(AIC) within a Bayesian framework, which enables a fair comparison among models with

varying parameter counts. To evaluate the improvement in fit quality, we calculate the AIC

for each model, defined as AIC = −2 lnL+2k, where k represents the number of parameters

in the model [48]. A model is favored over another if it results in a lower AIC. To make a

comparison with ΛCDM, we compute the AIC of M relative to that of ΛCDM, defined as

∆AIC ≡ −2(lnLM − lnLΛCDM) + 2(NM −NΛCDM) .

Here, NM and NΛCDM denote the number of free parameters in models M and ΛCDM,

respectively. The AIC penalizes models that add extra parameters without sufficiently en-

hancing the fit; consequently, a model with a lower AIC value is theoretically and statistically

more favorable than one with a higher value. To evaluate the performance of each model,

we interpret AIC values using Jeffreys’ scale [244]. This scale, empirically calibrated, offers

descriptive terms for varying levels of evidence. Our criterion for favoring model M over

ΛCDM is when it falls in the “strong” category on Jeffreys’ scale, meaning ∆AIC < −6.91.

In addition, we want to quantify the tension when adding H0 or S8 measurements to our

datasets. We calculate

√
∆χ2

D ≡
√

χ2
min,D+T − χ2

min,D . (4.5)

In this equation the subscript D denotes the baseline datasets considered, while T indicates

the tension constraints incorporated into the minimization calculation. This test does not

evaluate a model’s effectiveness in describing the data; instead, it quantifies the level of

tension within a given model when additional data is included.
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Figure 4.1: Comparison of 1D marginalized posterior distributions for Σmν [eV] for different
data combinations. As seen above, there are three clusters of likelihoods that are stringent,
moderate, and weakest. The stringent combination includes five likelihoods, with P18, DESI,
& U3 being orange, P18, DESI, & PP being green, with CamSpec, DESI, & U3 being red,
CamSpec, DESI, & PP being grey and the 11 parameter chain with our benchmark data
in black. The moderate cluster combination includes four datasets’ likelihoods, with P18,
DESI, & DES Y5 being red, CamSpec, DESI, & DES Y5 being light blue, with P20, DESI,
& U3 being dark blue, and P20, DESI, & PP being green. The weakest likelihood contour,
in purple, is for P20, DESI, & DES Y5. All datasets include CMB lensing.
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4.4 ΛCDM and Neutrino cosmology

From an experimental standpoint, cosmology can no longer be sufficiently described by the

six-parameter ΛCDM model assuming massless neutrinos. Solar, atmospheric, accelerator,

and neutrino oscillation experiments, such as those conducted by the Super-Kamiokande

[188, 187, 68] , SNO [47], MINOS [47]and NOvA [76], and KamLAND [164], have pro-

vided clear evidence for neutrino mass through observed flavor conversion. These laboratory

findings confirm that neutrinos have mass and current cosmological data is sensitive to the

gravitational effects of their non-relativistic nature.

However, the observable effects of neutrino oscillations are sensitive only to mass-squared

splittings among eigenstates, thus constraining only the neutrino mass-squared differences.

Matter effects in the solar neutrino problem’s solution, however, have allowed determination

of the sign of the small mass splitting, leaving two possible mass orderings that leave the

second mass splitting undetermined: normal (NO) and inverted ordering (IO). Measuring

the exact values of the three mass states and their ordering remains an open challenge

in cosmology and particle physics. A related question is whether the mass values of the

neutrinos are hierarchical (strongly distinct) or whether they are degenerate (nearly identical)

in mass. As discussed in the introduction, cosmological observations are very competitive

to experimental bounds on neutrino mass as massive neutrinos influence both the expansion

history and the growth of structure in the Universe. Recent years have witnessed increasingly

stringent cosmological constraints on the sum of neutrino masses, (Σmν), approaching the

lower bound permitted by the inverted hierarchy, (∼ 100meV) [28, 390]. This implies that

the parameter space available for IO is becoming restricted. In this section, we will present

the results of the analysis we developed to address these questions.
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4.4.1 Hierarchical Neutrino Mass Ordering

Neutrino oscillation experiments have determined that the neutrino mass-squared differences

for the solar and atmospheric oscillations are separated by about two orders of magnitude.

Specifically, ∆m2
solar = (7.53 ± 0.18) × 10−5 eV2 and ∆m2

atm = (2.455 ± 0.028) × 10−3 eV2

[∆m2
atm = (−2.529±0.029)×10−3 eV2] for the NO [IO] atmospheric case [315]. Consequently,

there is also a minimum limit on the combined masses of the three active neutrinos (Σmν =

m1 +m2 +m3):

ΣmNO
ν = m1 +

√
m2

1 +∆m2
solar +

√
m2

1 + |∆m2
atm| ,

ΣmIO
ν = m3 +

√
m2

3 + |∆m2
atm|

+
√
m2

3 + |∆m2
atm|+∆m2

solar ,

where the lightest neutrino mass eigenstate is m1 for NO and m3 for IO. A key question from

cosmology is whether NO or IO is preferred by the data in the case of a hierarchical neutrino

mass spectrum. That is, hierarchy is where m1 ≪ m2,3 (NO), or m3 ≪ m1,2 (IO). Assuming

the minimal mass case for both orderings, i.e. m1 = 0 for NO and m3 = 0 for IO, we obtain

the minimal Σmν for NO and IO by using the observed mass-splittings. This defines our

two massive neutrino cases as: NO with Σmν = 58meV and IO with Σmν = 101meV.

At the hierarchical scale of interest for cosmological neutrino mass constraints, i.e., m1 = 0

or m3 = 0, it is inappropriate to model Σmν as three degenerate mass states (mi = Σmν/3,

for i = 1, 2, 3). Therefore, we model the massive neutrinos as one massive eigenstate (m =

Σmν) and two massless eigenstates. Though it has been shown that this introduces some

inaccuracies in the effects of massive neutrinos [277, 227], we show below that these effects

do not affect our quantitative results appreciably, nor our conclusions.
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In the context of the ΛCDM model combined with the established determination of minimal

neutrino masses from neutrino oscillation experiments, neutrinos have a minimum mass sum

(Σmν = 58meV) that contribute to the matter density as in Eq. 4.2, which is determined

by the standard thermal history. If cosmological results find Σmν < 58meV with high

significance, this would indicate physics beyond standard ΛCDM, its thermal history, or

new physics in the neutrino sector. Given this minimum mass, cosmology tests NO versus

IO as a binary choice in determining the neutrino’s total mass scale.

To infer the cosmological data’s preference for NO versus IO, we use the ∆χ2 test, which is

simply determined as the models have the same number of parameters with fixed neutrino

masses (Eq. 4.4). We calculate the preference of these scenarios including the benchmark

likelihoods we defined in Section 6.3.1. We find preference for NO over IO of

∆χ2(NO over IO) = 2.16 , (4.6)

indicating a very weak preference, approximately 1.47σ, for NO over IO. Considering the

preference of the value inconsistent with neutrino physics of Σmν = 0, and we find non-

standard massless neutrinos preferred over NO by

∆χ2(Σmν = 0over NO) = 1.85 , (4.7)

indicating very weak preference, approximately 1.36σ, of Σmν = 0 over NO. Importantly,

the information on the matter content of the Universe from the supernovae surveys, which

we adopt in our baseline cosmological dataset, slightly alleviates the cosmological constraint

on neutrino mass. Without the PP SNe, we obtain ∆χ2(NO over IO) = 3.46 (1.86σ) and

∆χ2(Σmν = 0over NO) = 2.36 (1.54σ). We find that the preference tests for the neutrino

mass ordering are not substantially changed when adopting the CamSpec or Planck 2020

CMB data. To test the dependence on our default choice for modeling Σmν as a single mass
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eigenstate, or as three degenerate states, we perform these χ2-tests with three degenerate

neutrino masses, and find that the ∆χ2 changes by less than 0.002 for both NO over IO

and Σmν = 0 over NO. Therefore, our results on evidence for mass ordering are not affected

by our choice of modeling the hierarchy. Importantly, we find the sensitivity to neutrino

mass ordering from P18+DESI+PP is about as strong as P18+Lensing+PP, showing that

geometry is about as sensitive to neutrino mass as structure growth [287].

4.4.2 Free Neutrino Mass

We use the several cosmological datasets available to infer the value Σmν when it is allowed

to vary freely. Our priors in the MCMC are shown in Table 4.2. We choose different

combinations of cosmological likelihoods that we have presented in the introduction §6.3.1

to test the effects of each cosmological epoch in our analysis. We use three sets of CMB data

(P18, CamSpec and P20), CMB lensing, BAO DESI DR1, as well as the three SNe samples

(PP, U3 and DES Y5). In Fig. 4.1, we present the 1D likelihood profiles of Σmν for these

cases via MCMC analysis. The respective choices of blue, yellow, and purple colored lines

correspond to the posteriors resulting from adding PP, U3, and DES Y5 SNe samples.
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The nine different dataset combinations provide limits on the sum of the neutrino masses of

Σmν(P18, DESI, & PP) < 82.1meV ,

Σmν(P18, DESI, & U3) < 82.1meV ,

Σmν(P18, DESI, & DES Y5) < 98.0meV ,

Σmν(CamSpec, DESI, & PP) < 76.9meV ,

Σmν(CamSpec, DESI, & U3) < 77.0meV ,

Σmν(CamSpec, DESI, & DES Y5) < 86.6meV ,

Σmν(P20, DESI, & PP ) < 94.1meV ,

Σmν(P20, DESI, & U3 ) < 93.8meV ,

Σmν(P20, DESI, & DES Y5 ) < 108meV , (4.8)

all at 95%CL. We also test the effect of relaxing assumptions of the underlying cosmology

from minimal ΛCDM’s 6 parameters (plus neutrino mass) to include variation of curvature

Ωk, evolving dark energy EoS, parameterized using w0 and wa, and extra radiation Neff ,

which is, in total, an 11 parameter model. In this case, the neutrino mass limit is only

mildly relaxed, with

Σmν(benchmark, 11 param.) < 97.0meV . (4.9)

In Fig. 4.1, the black line corresponds to the 1D posterior distribution of the sum of the

neutrino masses of an extended 11-parameter model with our benchmark dataset, P18, DESI,

& PP. We show the full inferred extended parameter values and errors in Table 4.2.

We observe three “clusters” of likelihoods in the Σmν posteriors that we obtain and resulting

limits, as shown in Fig. 4.1. The most stringent cluster of datasets includes five likelihoods:

P18, CMB lensing, DESI, & U3; P18, CMB lensing, DESI, & PP; CamSpec, CMB lensing,
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DESI, & U3; CamSpec, CMB lensing, DESI, & PP; and, lastly, the 11 parameter chain

with P18, CMB lensing, DESI, & PP. The moderate likelihood limit cluster includes four

datasets: P18, CMB lensing, DESI, & DES Y5; CamSpec, CMB lensing DESI, & DES Y5;

with P20, CMB lensing, DESI, & U3; and P20, CMB lensing, DESI, & PP. The weakest

likelihood contour, in purple, is for P20, CMB lensing, DESI, & DES Y5.

The constraints on mass are primarily influenced by two factors. First, variations in cos-

mological parameters arise from different primary CMB analyses. Among the three Planck

CMB analyses, P20 demonstrates the highest consistency between the primary CMB data

and Planck PR4 lensing, showing the smallest lensing anomaly. Consequently, the P20 CMB

lensing signal is not significantly elevated, resulting in the weakest constraint on neutrino

masses, consistent with what has been identified by other authors [57, 314]. CamSpec finds

the most stringent constraints on Σmν , which occurs due to this analysis preferring a lower

scalar spectral index, ns, and lower optical depth to the last scattering surface, τ , which both

lower the amplitude of clustering on small scales, and are therefore positively correlated with

Σmν (see Fig. 4.2). As a result, their lower values drive a more stringent bound on Σmν .

Second, the neutrino mass limits are also sensitive to the adoption of which SNe dataset

considered. As discussed in the introduction, neutrino mass is affected by CMB, BAO

and SNe constraints in multiple ways. Of these 3 SNe samples, DES Y5 has the highest

Ωm which has two main impacts in cosmological observables: First, a higher Ωm enhances

growth, which can be offset by a higher Σmν . Secondly, the BAO scale is kept fixed when

increasing Ωm and decreasing Σmν , which goes in the opposite direction [377]. DES Y5

SNe sample differs greatly in its inference of cosmological parameters relative to the other

two SNe samples, primarily with a much larger inferred Ωm than the other SNe datasets

1. Combining all these effects, the main impact that drives the limit on Σmν is the overall

raise in Ωm resulting on a relaxation on neutrino mass bounds when DES Y5 SNe sample is

1This may originate from a ∼0.04 mag calibration offset between high and low redshifts [162, 142]

102



included. See Fig. 4.3 for the parameter likelihood correlations for the three SNe datasets.

Interestingly, the differences in the Planck CMB analyses are more significant in changes to

cosmological parameters, including Σmν , than the SNe datasets.

There has been considerable interest recently on the tighter-than expected constraints on

Σmν to potentially indicate new physics, which could even be parameterized as “negative”

neutrino mass by parameterizing the suppression of the growth of structure with massive

neutrinos as enhanced growth when extending the growth of structure to be enhanced by

the same linear suppression to linear enhancement of growth [131, 210, 314, 170, 57]. To

test the strength of the preference for “negative” neutrino mass, we fit Gaussian functions

to the one-dimensional likelihoods of the chains for each dataset. We fit to all values of

[∆2 ln(L)] = 2.5 with respect to the likelihood maximum, as the MCMC process does not

accurately sample the tails of the likelihood distributions. We recover the mean and standard

deviation characteristic parameters of the associated Gaussian functions for the different

datasets and calculate the deviation in σ from the central value of the Gaussian to the

neutrino physics minimal-mass NO case, i.e. Σmν = 58meV. For all of the datasets we have

analyzed where Σmν is free, we find the deviation of the NO from the mean of the inferred

likelihood to be between 1.13σ and 1.97σ, always remaining below 2σ.

The 11-parameter scenario, which offers the most model freedom of all the cases we study,

finds a preference for the most negative value of inferred Σmν , with a tension level with

respect NO of about 2.4σ. We infer that this result is due to the much larger parameter

space explored in the 11-parameter model, where neutrino masses are degenerate not only

with Ωm, As, and τ , but also with w0, wa, and Ωk. We present the 1D marginalized posterior

distribution for Σmν in this 11-parameter model in Fig.4.4.
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4.5 Exploring Beyond ΛCDM Models

Despite ΛCDM’s remarkable success in describing nearly everything about our Universe,

there are some notable discrepancies that arise between observations and this theoretical

framework that could indicate the presence of new physics beyond the standard model. Two

of the most striking and long-lasting ones are the Hubble and S8 tension. The Hubble tension

is a significant, ≳5σ, mismatch between the value of the expansion rate of the Universe today,

which arises from a higher value based on the local expansion rate measured via a classic

distance ladder, including Cepheid variables and Type Ia SNe, compared to a lower model-

dependent value inferred using CMB observations and assuming ΛCDM. Another notable

discrepancy involves the amplitude of matter fluctuations, σ8, or the related parameter S8 =

σ8

√
Ωm/0.3, which is inferred from large-scale structure surveys. The value derived assuming

ΛCDM and using Planck CMB observations [42] is higher than those obtained through low-

redshift probes such as weak lensing and galaxy clustering [249, 376, 59, 360, 17, 308, 286].

In this section, we present our study of candidate extensions to the ΛCDM paradigm. We

perform minimization of the models we introduce in this section using the benchmark like-

lihoods we presented in Sec. 6.3.1. We evaluate preference for extensions to ΛCDM with

the Bayesian evidence provided by the AIC, discussed in §6.1, and level of tension in σ with

respect to ΛCDM. We test extensions by comparing the cosmological datasets described

above, on their own, and with the addition of external H0 and S8 constraint likelihoods,

both separately and together.

4.5.1 ΛCDM+Neff

Standard ΛCDM and the particle content of the Standard Model of particle physics predicts

the relativistic energy density of the early Universe to be consistent with Neff = NSM
ν = 3.044.
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The calculations of NSM
ν take into account neutrino oscillations, incomplete neutrino decou-

pling through e± annihilation, and QED corrections [50, 90, 186]. The possibility of extra

radiation density is prevalent in Beyond the Standard Model (BSM) extensions of particle

physics [143]. This has gained extra attention as additional relativistic energy density has

also been shown to alleviate the Hubble tension [149]. The possibility of lower relativistic

energy density than NSM
ν is also possible in low-reheating temperature universes or other

nonstandard thermal histories. A high-Neff model exemplifies scenarios where the energy

density of additional components, like Early Dark Energy or the presence of BSM particles,

plays a significant role in the drag epoch early Universe. Adding extra relativistic particles

beyond standard model neutrinos, such as dark radiation, reduces the sound horizon, result-

ing in the sound horizon’s greater compatibility with a higher H0. This additional energy

density influences the positions of CMB acoustic peaks relative to the photon damping scale,

which are precisely measured by CMB observations. Therefore, the alteration of the sound

horizon by an increased Neff to allow for compatibility with the local H0 limit comes into

tension with the independent constraints on Neff from the CMB acoustic peaks and damping

scale.

We concretely specify the cosmology of a varying Neff as one where the active neutrinos are

exactly one species with relativistic energy density of Nν = 1, and Σmν = 58meV. The

remainder of Neff is pure relativistic energy density (modeled in CAMB as num nu massless).

An interesting nonstandard scenario that can be parameterized with an additional contri-

bution of massless ultra-relativistic species is a low reheating temperature cosmology [255].

Our results can be interpreted in that framework (for all values of Neff), or as an effective

early extra relativistic energy density from any BSM relativistic component (for cases where

Neff > NSM
ν ).

We first determine a preferred Neff with our baseline datasets. We run a 7-parameter ex-

tended model allowing Neff to vary freely between the priors reported on Table 4.2, using
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MCMC chains including P18+CMB lensing+DESI BAO DR1 and the three different SNe

samples. We find that the inferred relativistic energy density is identical for both the PP

and Union3 datasets,

Neff = 3.05± 0.17 , (4.10)

shown as the red line and light blue lines in Fig. 4.5. For DES Y5 SNe, we find

Neff = 2.99± 0.17 , (4.11)

shown as the black line in Fig. 4.5.

When adding the SH0ES H0 measurement, we find

Neff = 3.45± 0.12 . (4.12)

Significantly, we find that this non-standard Neff model is strongly favored over ΛCDM on

the Jeffreys’ scale, with a ∆AIC = −10.9. The 1D marginalized posterior distributions for

Neff when the SHOES H0 measurement’s likelihood is added to our benchmark likelihood

set is shown by the green curve in Fig. 4.5. This increased energy density in Neff would

be in tension with with (BBN) constraints [132]. However, several mechanisms exist for

making this Neff compatible with BBN [7]. For example, if a considerable lepton asymmetry

is present in the Universe, Neff ≈ 3.5 is compatible with the light element abundances [108].

When only the DES Y3 S8 measurement is included, a free Neff model does not provide

a better fit with respect to ΛCDM, with a ∆AIC = 2.3 therefore indicating Neff is not

the driving physics for a solution to both H0 and S8 tensions, a result found previously.

When we include the measurements of DES Y3 S8 and SH0ES H0, Neff+ΛCDM remains

strongly favored over ΛCDM, with ∆AIC = −8.0. However, this result is driven by the H0
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measurement and is not indicative of a preference for non-standard Neff from S8.

4.5.2 Sterile Neutrinos

Anomalies in short-baseline neutrino experiments may be due to the existence of one or more

sterile neutrinos, e.g., the LSND, MiniBooNE, reactor, and gallium anomalies [128, 135, 318].

Sterile neutrinos are significantly constrained by cosmology [211, 42] and other neutrino

experiments [296, 30]. However, there remains much interest on sterile neutrinos’ impact on

cosmology and their potential signals [220, 192, 63, 8]. Reconciling eV sterile neutrinos with

cosmology often involves new mechanisms that suppress their full thermalization [220, 238].

The possibility of Neff ≈ 3.5 indicated by the Hubble tension could be due to partially

thermalized sterile neutrinos. In addition, massive sterile neutrinos could be responsible for

the suppression of S8 [396], though massive sterile neutrinos are constrained by the same

physics as the active neutrinos in §4.4.2. Therefore, we examine here how eV-scale sterile

neutrinos affect cosmological tensions like H0 and S8.

In this model, we consider the following relativistic species: photons, 3 active and one

additional sterile neutrino. In our work, we have fixed the active neutrino sector to give

a contribution of NSM
ν = 3.044 to Neff, with two massless and one massive neutrino with

a mass of 58 meV. Therefore, the contribution to Neff from the sterile species is simply

∆Neff = NSM
ν − 3.044. When the sterile neutrino is relativistic at early times, assuming the

only radiation species are photons and neutrinos, the contribution of a light sterile neutrino

to Neff is given by [26],

∆Neff =

[
7

8

π2

15
T 4
ν

]−1
1

π2

∫
dp p3 fs(p), (4.13)

where Tν is active neutrino temperature, p is the neutrino momentum, and fs(p) is mo-
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mentum distribution function of the sterile neutrino. At late times its energy density is

parametrized as an effective mass [26, 33]:

ωs ≡ Ωsh
2 =

meff
s

94.1eV
=

h2mph
s

π2ρc

∫
dp p2 fs(p), (4.14)

where ρc is the critical density, Ωsh
2 is the sterile neutrino energy density. Since sterile

neutrinos do not have electroweak interactions and mix, through oscillations, with the active

neutrinos, they are not necessarily ever in thermal equilibrium. Active neutrinos decouple at

a temperature T ∼ 1 MeV, they are relativistic. Hence fs(p) does not depend on the physical

mass of the sterile neutrino, mph
s . However, fs(p) depends on the production mechanism of

the light sterile neutrino.

We consider non-thermal production of sterile neutrinos. One such mechanism is the Dodelson-

Widrow (DW) process [153], for which fs(p) = β(ep/Tν + 1)−1, where β is a normalization

factor. We investigate the possibility that the massive sterile neutrinos are either partially

or fully thermalized.

Partially Thermalized

A partially thermalized sterile neutrino model requires two additional free parameters to the

six ΛCDM ones:

meff
s = ∆Neff mph

s ; ∆Neff = β. (4.15)

Here, meff
s is not the physical mass. When this parameter and β are allowed to vary freely one

encounters the regime where β ∼ 0.01 and the physical massmph
s ∼ 1 keV, i.e. the warm dark

matter regime. To focus on the eV scale, we specified cases where meff
s and β are plausible

in short-baseline-motivated eV-scale models. We focus on three thermalization scenarios
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for each of either a 1 eV or 0.1 eV sterile neutrino, from partial thermalization cases from

Ref. [220] (their Fig. 5). The three scenarios have values of ∆Neff = 0.45, 0.074, &0.0086,

corresponding to Neff = 3.49, 3.12, &3.05. These values are for low reheating temperature

models where TRH = 4MeV for mixing angles of sin2 2θ = 0.001, 0.01, 0.1 respectively, but

can be achieved in other partial-thermalization cases [238]. As discussed in §4.5.1, a high

Neff can be consistent with BBN and the light element abundances with a number of physical

mechanisms, including a nontrivial chemical potential in the electron neutrinos [321, 7, 108],

which can also suppress or enhance sterile neutrino thermalization [3, 304].

We study the three cases of partial thermalization of neutrinos, using our benchmark datasets

of P18, CMB lensing, DESI DR1, PP, plus SH0ES H0. Interestingly, our results find the

existence of a thermalization threshold preference. For a 1 eV partially thermalized ster-

ile neutrino with Neff = 3.49, 3.12, &3.05, adding the H0 measurement likelihood, we find

∆AIC = 25.9, 0.8, 1.1, respectively, showing that below a certain thermalization limit, be-

tween the first and second cases, this model transitions from being strongly disfavored by

cosmological data to being at a similar tension level when compared to ΛCDM. Note the

∆AIC values for all the partially thermalized neutrino models we analyze are identical with

the models’ ∆χ2 preferences since no additional free parameters are introduced.

Even more significantly, our results find that a 0.1 eV partially-thermalized sterile neutrino

is more favored than ΛCDM, when adopting the SH0ES H0 measurement. In the three

thermalization scenarios we considered, i.e. with Neff = 3.49, 3.12, &3.05, when including

the SH0ES H0 measurement, we find ∆AIC = −11.0,−3.7, & − 2.1. All of these cases are

preferentially fit by our baseline data, alleviating the Hubble tension more effectively than

ΛCDM. Note that the model with and 0.1 eV partially-thermalized sterile neutrino with

Neff = 3.49 is strongly preferred over ΛCDM by its AIC, as well as its ∆χ2, at > 3σ. Its

preference is comparable to and very slightly better than the pure relativistic energy Neff

studied in §4.5.1. This preference is in part due to the degenerate correlation between Neff
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and Σmν in the BAO scale, which allows for both to increase without changing the BAO

scale [74].

Fully Thermalized

We explore the possibility of a fully thermalized sterile neutrino in addition to the three

active neutrinos setting β = 1 and ∆Neff = 1, so Neff = 4.044. This model introduces only

one additional parameter meff
s which is the physical mass. In this model, we fix Neff = 4.044

and vary meff
s together with the other 6 ΛCDM parameters. With our benchmark data, of

P18, CMB lensing, DESI DR1, & PP, a fully thermalized sterile neutrino, with free particle

mass, is strongly disfavored compared to ΛCDM with ∆AIC > 20. In addition, despite a

thermalized sterile neutrino possibly lowering clustering amplitudes and accommodating the

DES Y3 S8, this is strongly disfavored by the baseline data, at the level of ∆AIC > 20.

Interestingly, when including our baseline datasets with the SH0ES H0 measurement, we find

∆AIC = 4.5, not strongly disfavored with respect to ΛCDM. Remarkably, this means that

a fully-thermalized eV-scale short-baseline sterile neutrino is roughly as consistent with the

H0 tension as ΛCDM is. Fig. 4.6 shows the 1D marginalized posterior distribution resulting

from running the MCMC associated with this fully thermalized model for the physical mass

mνs for the benchmark data alone (black), and with the SH0ES H0 measurement (red).

4.5.3 The S8 Tension and Massive Active or Sterile Neutrinos

A reduction in the clustering amplitude on smaller scales, leading to lower values of σ8 or

S8 within ΛCDM, can be achieved by increasing the neutrino mass and its contribution to

the overall density of matter [234]. Several papers have interpreted low S8 measurements as

possible evidence for nonzero active neutrino masses or combinations involving additional
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Parameters Benchmark Benchmark + H0

Posterior
+ S8

Posterior
+ H0 & S8

Posteriors
Ωbh

2 0.02247±
0.00013

0.02236±
0.00022

0.02274+0.00017
−0.00020 0.02237±

0.00022
0.02273+0.00018

−0.00021

Ωch
2 0.1185±

0.0083
0.1184±
0.0028

0.1251+0.0028
−0.0025 0.11756±

0.0027
0.1241+0.0029

−0.0025

log(1010As) 3.049± 0.013 3.053± 0.016 3.073± 0.018 3.049± 0.016 3.072± 0.015
ns 0.9683±

0.0036
0.9639±
0.0084

0.9808+0.0076
−0.0069 0.9636±

0.0084
0.9804+0.0076

−0.0068

τreio 0.0586±
0.0071

0.0586+0.0069
−0.0077 0.0616±

0.0089
0.0581±
0.0074

0.0619+0.0074
−0.0060

100θMC 1.04108±
0.00029

1.04107±
0.00043

1.04044±
0.00036

1.04119±
0.00043

1.04048+0.0038
−0.0043

Σmν (95% CL) < 82.1meV < 97.0meV < 125meV < 112meV < 130meV
Neff 2.98± 0.18 3.43± 0.15 2.94± 0.18 3.39+0.18

−0.13

Ωk 0.0029±
0.0019

0.0023±
0.0017

0.0029+0.0017
−0.0020 0.0027±

0.0017
w0 −0.961+0.012

−0.037 −0.975+0.012
−0.024 −0.962+0.012

−0.036 −0.978+0.018
−0.031

wa 0.013+0.039
−0.066 0.016+0.027

−0.045 0.015+0.039
−0.060 0.019+0.028

−0.043

Table 4.3: Best-fit values and 68% confidence intervals for the parameters are presented for
the 7- and 11-parameter extended models are shown. Our benchmark data includes P18,
CMB lensing, DESI, and PP likelihoods, both without external data and with the addition
of H0 and S8 posteriors, considered individually and in combination.
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mass eigenstates [84, 396, 95]. However, the strong constraints from the baseline datasets

disfavor massive neutrinos at or above the 0.1 eV scale, as discussed in §4.4.2. In addition,

massive neutrinos do not alter the physics of the local expansion rate relative to the CMB-

epoch sound horizon. In our ∆χ2 and AIC tests, including both the H0 and S8 tension

measurements disfavors massive active neutrinos, as well as either partially or fully thermal-

ized massive sterile neutrinos, relative to ΛCDM, though at a level lower than the strong

threshold.

4.5.4 Evolving Dark Energy, Massive Neutrinos, Extra Relativis-

tic Energy Density, and Curvature

Single-parameter modifications studied in the Planck 2018 analysis [42] often fail to reconcile

the H0 and S8 tensions. For example, introducing changes in parameters such as the sum

of neutrino masses Σmν , spatial curvature Ωk, or the effective number of neutrino species

Neff affects H0 and S8 in similar directions, limiting their ability to resolve both tensions

simultaneously [173]. To test whether multi-parameter simultaneous modifications of dark

energy, neutrino physics, relativistic energy density and/or geometry may be responsible

for the observed H0 and S8 tensions, we vary all of these model components in our 11-

parameter model. We relax the standard ΛCDM assumptions and use a model which allows

the six parameters of the standard ΛCDM model to vary freely, along with five additional

parameters: Neff ,Σmν ,Ωk, w0 and wa.

Dynamical Dark Energy (DDE) — A time-dependent EoS for dark energy would be a major

discovery, and is indicated at almost 4σ by the DESI BAO data, when combined with

SNe data [28]. This evolution may also affect other cosmological tensions. While simple

variations in dark energy EoS alone might not fully resolve the Hubble tension, they could

improve model fits when combined with sterile neutrinos or other parameters [257]. During
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the era where dark energy prevails, phantom dark energy with an EoS w < −1 induces an

accelerated expansion of the Universe more pronounced than in ΛCDM with w = −1. This

allows for the H0 determined from CMB experiments to align better with the H0 derived

from local Universe measurements [147, 289, 383, 55]. There are several parameterizations

for w that can be examined to study this model [146, 398]. In this work we will use the

Chevallier-Polarski-Linder (CPL) parameterization [123, 283], where the dark energy EoS is

given by w(a) = w0+wa(1− a). This parameterization is advantageous due to its simplicity

[283]; however, interpreting constraints in the w0 & wa space in terms of transitions to

phantom-like behavior (where the EoS w < −1) requires caution, since observational data

only constrain the EoS over a limited range of redshifts, restricting the ability to fully capture

high and low redshift dependencies. The behavior of w(z) outside this constrained redshift

range stems from the parameterization itself rather than from the data, indicating that this

parameterization should be regarded as purely phenomenological. Recent findings from the

DESI collaboration have used this parameterization and have been interpreted to suggest

the existence of evolving dark energy [28]. Particularly, the data show a preference for a

present-day quintessence-like EoS (w0 > −1) that crossed the phantom barrier (wa < 0).

However, this interpretation is sensitive to the Type Ia SNe sample used in conjunction with

DESI’s measurements of BAO, when combined with CMB observations [162]. Their results

find a preference that reaches a significance level of about 3.5σ and 3.9σ when combining

P18, DESI BAO with Union3 and DES Y5, respectively, while it is reduced to around 2.5σ

with PP [28, 206].

Nonzero Curvature — The angular diameter distance, measured through low-redshift obser-

vations such as BAO and SNe, is directly related to the Universe’s curvature. Permitting a

non-flat Universe by treating the curvature density parameter, Ωk, as a variable introduces

an additional degree of freedom, which influences the geometry of spacetime. Nonzero curva-

ture also has implications for structure formation, offering a potential approach to alleviate

the S8 tension. Such models with nonzero curvature can be consistent with low-redshift
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observations, as explored in Refs. [353, 212, 148, 113].

The best-fit values of this 11 parameter model, when we include the benchmark data, P18,

CMB Lensing, BAO and PP likelihoods, are shown in Table 4.3. The parameters for this

extended model, in the first column of Table 4.3, are remarkably consistent with ΛCDM,

with the exception of w = −0.961+0.012
−0.037, which is more positive than Λ by over 3σ. The

curvature Ωk = 0.0029 ± 0.0019 is less than 2σ away from flat. Notably, evidence for a

nontrivial wa is not present, which is likely due to the less significant changes away from

ΛCDM in the other nonstandard parameters, Neff and Ωk, shown in the green contours in

Fig. 4.7.

Tension Data — We test to see if there is indication of new physics in the extended model

when including theH0 and S8 tension data. We show the changes in the extension parameters

when the H0 and S8 measurement likelihoods are included in Fig. 4.7. The primary change

observed with the addition of the Hubble constant measurement is a slightly more negative

central value for w0 = 0.975+0.012
−0.024, with a smaller lower bound error. Additionally, as with

the 7 parameter ΛCDM plus Neff model, there is a significant increase in the relativistic

energy density, Neff = 3.43 ± 0.15. There is a relaxation of the neutrino mass bound, with

Σmν < 125meV (95%C.L.). Importantly, when adding curvature, neutrino mass, and Neff ,

there is no evidence for evolution of the dark energy equation of state, wa = 0.016+0.027
−0.045.

Curvature does not significantly shift, with Ωk = 0.0023± 0.0017.

When the S8 measurement is included, the main difference is a relaxation of the neutrino mass

upper bound to Σmν < 112meV (95%C.L.). The relativistic energy density is consistent

with the standard value, Neff = 2.94 ± 0.18. The remaining parameters w0, wa and Ωk do

not suffer notable deviations.

114



4.6 Discussion & Conclusions

Our analysis studies several current cosmological survey datasets with respect to a minimal

ΛCDM model, with specific attention to the inferred sum of neutrino masses, effective neu-

trino number, and sterile neutrino models. One of the fundamental questions hoped to be

answered by cosmology is whether a normal or inverted ordering is preferred in the hierar-

chical neutrino mass case, where the lightest neutrino mass is negligible relative to the other

two mass eigenstates. We include SNe survey data to complement constraints on cosmo-

logical parameters, using a suite of nine sets of CMB (P18, CamSpec, P20) and SNe (PP,

Union3, DES Y5) data, along with the DESI DR1 BAO data. We propose and use the robust

∆χ2-test in determining the cosmological evidence for NO or IO. In this hierarchical case,

using our benchmark data, we find that the preference for NO over IO remains weak, 1.47σ,

with similar preferences for all 9 dataset contributions that we explored. When we exclude

SNe data, the preference for NO over IO becomes very slightly stronger, at 1.86σ. Similarly,

the cosmological data slightly favor massless neutrinos, at 1.36σ, in our benchmark data,

with similar preferences in all 9 datasets. Though matter clustering modeling can be affected

[277, 227] by the choice of a single or three degenerate neutrino mass eigenstates—which are

both incorrect at the minimal mass hierarchy, when two neutrinos are massive—we find our

conclusions do not change when altering the selection of the number of nonzero neutrino

masses.

Exploring neutrino masses as free, we find limits on their sum in a range between Σmν <

76.9meV up to Σmν < 108meV (95%CL). As pointed out in other work, the strong

constraints on Σmν arise in large part to the lensing anomaly, which indicates stronger

amplitude CMB lensing power than expected [131, 210]. The variation in the limits on Σmν

arise from the separate groups’ analyses of the Planck CMB data and the separate SNe

datasets. As has been known for some time, Ωm is positively correlated with Σmν in the

amplitude of clustering of matter, as measured by CMB lensing. Conversely, Ωm and Σmν are
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largely negatively correlated in the BAO scale. As discussed in Ref. [287], the measurements

of the BAO scale distance ratios, as well as distances from SNe, are as sensitive of a probe

of neutrino mass as the growth of structure, and sometimes more so.

The range of mass limits are affected by two primary factors: First, the cosmological pa-

rameters vary as inferred by the separate primary CMB analyses. Between the three CMB

analyses, P18, CamSpec, and P20, P20 has the most consistency between the primary CMB

and Planck PR4 lensing, and therefore the least lensing anomaly. Therefore, the P20 CMB

lensing signal is not significantly anomalously high, and therefore the P20 inferred limit on

neutrino masses is the weakest. Second, the matter density inferred by the SNe samples

differs, as parameterized by Ωm or Ωch
2, with DES Y5 data preferring higher Ωm than either

PP or U3. This higher value of Ωm required by DES Y5 shifts the likelihood in the direc-

tion of the positive correlation of Ωm with the CMB lensing amplitude. The commensurate

positive correlation of Ωm with Σmν results in a higher inferred Σmν , for the DES Y5 case.

These effects are illustrated in the triangle plots in Fig. 4.2 and Fig. 4.3, which show the

correlations between Σmν , As, ns, Ωbh
2, Ωch

2, τ and H0 cosmological parameters across the

different datasets.

As more cosmological survey data have become available, the constraints on the sum of

neutrino masses generally have become progressively tighter, with current 95% CL upper

limits crossing below the minimum value permitted by the inverted mass hierarchy, Σmν =

101meV. However, as we discuss above, the preference for NO over IO remains weak. We

analyze the shape of the likelihoods for Σmν , and we find a shape that has a peak to the

inferred likelihood be at a negative sum of neutrino masses, as reported in previous work

[131, 210, 314, 170, 247]. In our results, the extrapolated negative central value of the inferred

Σmν relative to the minimum required by NO remains below 2σ significance. The preference

for “negative” neutrino mass is primarily from the same physics that is responsible for very

tight Σmν limits discussed above, namely, the high amplitude of the CMB lensing signal
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disfavoring any suppression of the matter power spectrum due to neutrino mass.

We explore the H0 and S8 tension datasets. As found in previous work, extra relativistic

energy density, Neff = 3.45 ± 0.12 significantly alleviates the H0 tension. Note, a high

Neff can be accommodated by BBN and the light element abundances by a number of

physical mechanisms, including a nontrivial chemical potential in the electron neutrinos

[321, 7, 3, 108, 304].

Anomalies in short-baseline neutrino experiments have indicated the possible existence of

light sterile neutrinos [135]. Very significantly, our results indicate a preference for a 0.1 eV

partially-thermalized sterile neutrino at 3.3σ relative to standard ΛCDM when including the

H0 measurement. This preference is particularly strong for scenarios with approximately

Neff ≈ 3.5, suggesting that partially thermalized sterile neutrinos consistent with the short-

baseline signals could provide a viable explanation for the Hubble tension. Fully thermalized

sterile neutrinos are comparable to ΛCDM in fitting the benchmark cosmological data when

the H0 measurement is included. Excluding the H0 data, fully or partially thermalized sterile

neutrinos remain disfavored. No extended model we test alleviates the S8 tension.

We also studied an extended 11-parameter model that includes nontrivial curvature, Neff ,

and evolving dark energy via w0&wa. The cosmology inferred by the extended model does

not significantly differ in its parameters from those in the ΛCDM framework, except for

w0 = 0.975+0.012
−0.024, which has about 2σ preference for being non-Λ. In this extended model,

the neutrino mass limit is not very significantly weakened, with Σmν < 97.0meV (95% CL).

Cosmology is forecast to achieve high-sensitivity to neutrino mass and number, with upcom-

ing data from ongoing CMB analyses from the ACT [125] and SPT [120] experiments, as

well as cosmological structure surveys DESI and Euclid. The CMB-S4 experiment, combined

with current and ongoing experiment datasets, should achieve 5σ sensitivity to NO, and a

sensitivity to extra relativistic degrees of freedom of σ(Neff) ≈ 0.03 [13, 104]. These new
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data will set the stage for unprecedented precision in cosmology that could lead to the long-

anticipated cosmological detection of neutrino mass or, if undetected, signal new physics

beyond the standard model for cosmology or particle physics [13, 301].
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Figure 4.2: Shown is the comparison of our benchmark datasets, but with different choices of
the CMB analyses (P18, CamSpec, P20), with their 68% and 95% CL likelihoods of ΛCDM
parameters plus Σmν . Σmν is in units of eV and H0 in units of km s1Mpc1.
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Figure 4.3: Shown is the comparison of our benchmark datasets, but with different choices of
the SNe samples (PP, DES Y5, and U3), with their 68% and 95% CL likelihoods of ΛCDM
parameters plus Σmν . Here, Σmν is in units of eV and H0 in units of km s1Mpc1.
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Figure 4.4: Shown here are the same 1D marginalized posterior distributions for Σmν shown
in Fig. 4.1 (dashed lines), together with their Gaussian fits (solid lines). The black colored
lines represent the different cosmological dataset combinations for the 7-parameter model
where Σmν can vary freely. The red lines correspond to the 11-parameter chain. Going
from left to right in the peak of the black-colored likelihoods, the curves correspond to the
cosmological likelihood combinations P18+DESI+U3; P18+DESI+PP; CamSpec+DESI+
U3; CamSpec+DESI+PP; P20+DESI+U3; P18+DESI+DES Y5, P20+DESI+PP; Cam-
Spec+CMB lensing+DESI+DES Y5; and lastly the P20+DESI+DES Y5. The centroid for
each combination, respectively, is below 2σ from the normal-ordering minimal neutrino mass,
for all of the cases. The centroid for the red 11 parameter chain likelihood of the benchmark
data is at the 2.31σ level. All datasets include CMB lensing.
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Figure 4.5: Shown here is a comparison of 1D marginalized posterior distributions for
Neff for different SNe data combinations when added to the P18, CMB lensing and DESI
likelihoods. The solid dark blue, dashed light-blue, and black lines correspond to the PP,
U3, DES Y5 SNe samples respectively, with all consistent with NSM

ν . The green line is the
resulting posterior distribution when the SH0ES H0 measurement likelihood is added to the
PP chain. finding Neff = 3.45± 0.12.
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Figure 4.6: Comparison of the one-dimensional marginalized posterior distributions for mνs

is shown, for the case of a fully thermalized sterile neutrino (Neff = 4.044). The black
curve represents the benchmark data alone, while the red curve includes the SH0ES H0

measurement.
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Chapter 5

Extra Radiation Cosmologies:

Implications of the Hubble Tension

for eV-scale Neutrinos

This chapter is a reprint of material submitted for publication in Physical Review D. Reprinted

with permission © 2025 American Physical Society.

5.1 Introduction

Neutrinos play a fundamental role in cosmology, influencing several epochs, including but

not limited to: the early Universe at weak freeze-out and primordial Big Bang nucleosyn-

thesis (BBN), the growth of large-scale structure (LSS), as well as the anisotropies of the

cosmic microwave background (CMB). Their small but nonzero masses, inferred from os-

cillation experiments [188, 164, 47], and their relativistic behavior in the early Universe

leave measurable imprints on both the CMB and LSS. In the early Universe, neutrinos were
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all relativistic and contributed to the total radiation density, parameterized by the effec-

tive number of relativistic species, Neff . The standard thermal history predicts a value of

Neff = 3.044, slightly greater than the integer value due to heating of the plasma during

e+/e− annihilation [275, 139]. Deviations from this prediction would provide evidence of

new physics such as additional light relics, non-standard neutrino interactions, or the pres-

ence of sterile neutrinos (νs), in the case of Neff > 3.044 [205, 8, 155], or new early-Universe

dynamics such as massive particle decay or low reheating temperature scenarios in the case

of Neff < 3.044 [255, 256, 207, 219, 220, 11, 109].

It has been known for some time that finite neutrino masses suppress the growth of cosmic

structures on scales smaller than the horizon at matter-radiation equality, due to a com-

bination of free streaming of neutrinos below that scale and the scale-dependence of the

linear growth of structure [276, 14]. This characteristic suppression of clustering at smaller

scales with increasing sum of neutrino masses was the pioneering method proposed for high

sensitivity of cosmological LSS observables to the value of the total neutrino mass. The sum

of neutrino masses here is Σmν ≡ Σimi, where i sums over all thermalized mass eigenstates.

Recently, the constraints on Σmν have become so strong as to entertain the possibility of

extra growth on smaller scales due to a fifth force in the dark matter sector, or other new

physics, dubbed the “negative neutrino mass” problem [131]. More complicated models of

reionization, altering the optical depth to the CMB, may also be responsible for this tension

[246], as well as evolving dark energy models [170], which can alleviate constraints on Σmν

from LSS. Additional potential solutions are discussed in Ref. [290].

The presence of extra relativistic energy density, whether in extra neutrino species or other

relativistic species, produces a similar suppression of LSS below the horizon at matter-

radiation equality due to the delay of this equality with increasing Neff [276, 14]. This makes

Σmν and Neff positively correlated in their effects on LSS, with measurements of both being

key goals of cosmological surveys [205].
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Altering Neff modifies key observable features of the CMB. An increase in Neff reduces the

angular size of the sound horizon through its effect on the expansion rate, scaling as H(z)−1,

and also alters Silk photon damping, which scales as H(z)−1/2 as a scattering phenomenon.

In early data from high multipole measures of the CMB found evidence for high Neff via this

physics, with the Atacama Cosmology Telescope (ACT) finding approximately 2σ evidence

for high Neff = 4.56±0.75 [157] and the South Pole Telescope finding Neff = 3.86±0.42 [259].

This spurred interest in the possible evidence of light sterile neutrinos from cosmology, where

it was found that the late time measure of the critical density in matter, Ωm, from Type

Ia supernovae surveys was critical in inferring the preference or lack thereof of light sterile

neutrinos in cosmology [248]. Subsequently, measurements of low amplitude of fluctuations

at small scales, parameterized as σ8 by their amplitude at 8hMpc−1, renewed interest in

cosmological preference for light sterile neutrinos [84, 396, 159]. Then, with the results from

Planck 2018, massive neutrinos were very constrained by a combination of a low measurement

of the optical depth to the CMB and high CMB lensing amplitude in that dataset, leaving

extra sterile neutrinos highly constrained [40].

The interplay between Neff and Σmν is particularly important in the context of current

cosmological tensions, most notably the discrepancy between local distance-ladder measure-

ments of the Hubble expansion rate, H0, and the lower values inferred from the CMB under

the ΛCDM model [149, 144, 145]. BAO data alone does not directly determine H0, but

when combined with other datasets such as BBN or CMB lensing, it generally prefers a

slightly higher H0 compared to the baseline Planck ΛCDM value, though still significantly

lower than the local distance-ladder measurements [20]. Increasing Neff reconciles the CMB

and BAO’s inferred lower H0 with the higher, locally measured, values of H0 [92]. Increas-

ing Neff reconciles the CMB inferred H0 by decreasing the sound horizon at recombination

by increasing the contribution to the expansion rate H(z) through the radiation-dominated
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epoch into the era of matter-radiation equality:

rs(zrec) =

∫ zrec

∞

cs dz

H(z)
, (5.1)

where rs is the sound horizon at recombination, zrec is the redshift of recombination, and cs

is the sound speed of the plasma. It has been established that Neff is as robust of a solution

to the Hubble tension as other new physics, including early dark energy, given statistical

tests of the data sets [173], with a preference for a high value of Neff ≈ 3.5 [172].

Extra neutrino density from cosmology begs the question as to its relation with hints from

short-baseline neutrino oscillation experiments that suggest the possible existence of ad-

ditional neutrino species beyond the three active flavors [43, 45]. Fits to short baseline

oscillation anomalies prefer νs, with masses (ms) at the eV scale [135, 318]. Unlike active

neutrinos, sterile neutrinos do not participate in weak interactions, but, if partially or com-

pletely thermalized in the early Universe, they can contribute to both Σmν and Neff [8]. The

partial or full thermalized presence of νs alters cosmological observables similar to massive

active neutrinos and extra relativistic energy density, which are typically tested individually

as deviations from minimal ΛCDM. The presence of an extra νs is not identical to the indi-

vidual parameters, as the extra species carries relativistic energy density and neutrino mass

as a distinct, massive neutrino state that affects cosmological observables uniquely.

In exploring these scenarios, we found in Ref. [172] that cosmologies with a partially-

thermalized sterile neutrino component are strongly favored when incorporating the SH0ES

measurement of the Hubble constant, when compared to standard ΛCDM. This preference

arises because a sterile neutrino increases Neff , thereby reducing the sound horizon and rec-

onciling the CMB-inferred expansion rate with SH0ES. Because of the relative insensitivity

of BAO observables to increasing Σmν when increasing Neff , we found that even massive,

partially thermalized sterile neutrinos with ms = 0.1 eV are preferred at 3.3σ relative to
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standard ΛCDM. The fact that such models are preferred by the data provides the strong

motivation for our present work, where we systematically investigate the nature of BAO,

LSS, and CMB sensitivity to massive sterile neutrinos in light of current observational con-

straints. Our work aims to test the status of current cosmological data on the presence

of partially to fully thermalized sterile neutrinos, as the presence of massive neutrinos is

constrained by LSS, while the Hubble tension prefers extra relativistic energy density.

The structure of this manuscript is as follows. In the next section, §5.2, we review the effects

on cosmological observables by massive neutrinos and extra relativistic energy density, both

of which can be provided by νs. We connect this with the implications of the Hubble tension’s

shift on Neff and inferred limits on ms. In §5.3, we present tests of sterile neutrino scenarios

with recent cosmological data sets. Our results are presented and analyzed in §6.4. We

conclude with a discussion of future prospects in Section 5.5.

5.2 Neutrino Cosmology: NeffNeffNeff & ΣmνΣmνΣmν from CMB, LSS,

and BAO

Massive neutrinos and their related relativistic energy density play a fundamental role in

cosmology, leaving distinctive imprints on the CMB, LSS, and BAO observables. We review

these signatures and emphasize how they complement each other in the presence of additional

massive neutrinos. The effects of extra, massive neutrinos are well known in the case of their

impact on LSS, which we review for completeness. Their effects on BAO observables is less

well known, which we expand on more as a result.
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5.2.1 Suppression of LSS by ΣmνΣmνΣmν & NeffNeffNeff

A well-established effect in cosmology is the suppression of LSS power at relatively smaller

scales induced by the free-streaming of massive neutrinos. The amplitude of this suppression

is related to the total neutrino mass, Σmν , and arises because massive neutrinos, becoming

non-relativistic at late times, do not cluster efficiently when they are relativistic, and also

suppress growth below their free streaming scale [168, 234]. The fractional suppression in

the matter power spectrum can be approximated as

∆P

P
≃ −8fν ≃ −8

Ων

Ωm

≃ − 1

Ωmh2

Σmν

11.6 eV
, (5.2)

where fν = Ων/Ωm is the neutrino fraction of the matter density [234]. The neutrino density

is related to the total mass by Ων = Σmν/93.13h
2 eV, with h the Hubble parameter in units

of 100 km s−1Mpc−1. As can be readily seen from Eq. (5.2), a sensitivity of 1% in change

in power, ∆P/P , will result in a sensitivity to Σmν of 10 meV, given Ωmh
2 ≈ 0.1. This

suppression is most significant on scales that enter the horizon prior to neutrinos becom-

ing non-relativistic, which coincides with their free-streaming scale, suppressing growth of

structure, leading to a reduced amplitude of matter clustering at below the horizon size at

matter-radiation equality. The often used metric of fluctuation amplitudes at the 8hMpc−1

scale is σ8, which is below that horizon size is the amplitude of fluctuation. Therefore, σ8 is

a useful measure of the effects of neutrino mass suppression at these cosmologically smaller

scales.

The effective number of relativistic species, Neff , alters structure growth through a different

mechanism. Increasing Neff raises the radiation energy density, increasing the expansion rate

during radiation domination, and delaying matter–radiation equality. When fixing the am-

plitude of scalar perturbations from inflation, this delay enhances the decay of perturbations

in the radiation domination era, and shifts the horizon size of matter radiation equality to
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Figure 5.1: Left panel: contours of the clustering amplitude σ8 as a function of the total
neutrino mass Σmν and the effective number of relativistic species Neff , computed while
keeping the remaining ΛCDM parameters fixed at their standard values. Lowering Σmν

and Neff increases σ8, while raising them decreases it. Right panel: contours of the BAO
distance ratio DM/rd at z = 0.51 for different Σmν and Neff values when the total matter
density is fixed. An increase in neutrino mass is compensated by a reduction in the cold dark
matter fraction. These contours reveal the anticorrelated response of Σmν and Neff through
their opposite effects on the DM/rd BAO observable. Together, these panels highlight the
complementary ways in which neutrino properties imprint on growth and geometry.

larger scales. This results, as in the case of increasing the mass of neutrinos, as a decrease

in σ8.

Increases in both Σmν and Neff lower σ8, suppressing the amount of structure. Therefore,

they are correlated parameters when analyzing their effects in LSS observables, including

galaxy power spectra and CMB lensing. The left panel in Figure 5.1 shows this correlation

between Σmν and Neff where the contours of constant σ8 trace diagonal directions in the

Σmν − Neff plane. While the physical origins differ, neutrino free-streaming versus delayed

matter-radiation equality, the net imprint on late-time clustering is similar.

5.2.2 BAO: Geometry and Anticorrelation

BAO arise from pressure waves in the photon–baryon plasma of the early Universe. Mea-

surements of the BAO feature were first evidenced in the Sloan Digital Sky Survey (SDSS)
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[167] & the Two-Degree Field Galaxy Redshift Survey [127], and more accurately measured

in the Baryon Oscillation Spectroscopic Survey [52], and the Extended Baryon Oscillation

Spectroscopic Survey [54], with the Dark Energy Spectroscopic Instrument (DESI) provid-

ing the most recent measurements [20]. BAO observations enable precise determinations of

cosmological distances and the expansion history. In a spatially flat cosmological model with

matter, radiation, and a cosmological constant, the Hubble parameter at redshift z is given

by the Friedmann Equation as H(z) = H0

√
Ωm(1 + z)3 + Ωr(1 + z)4 + 1− Ωm, where H0 is

the present-day Hubble constant, Ωm the matter density relative to the critical density today,

and Ωr the commensurate radiation density. BAO observations do not measure distances

directly, but angles and comoving distance ratios. The relevant distance measures are the

comoving angular diameter distance DM(z) and comoving line-of-sight distance DH(z), given

by

DM(z) =

∫ z

0

c dz′

H(z′)
, (5.3)

DH(z) =
c

H(z)
. (5.4)

BAO observations constrain the ratio of these distances to the sound horizon at the drag

epoch rd, which corresponds to the comoving distance traveled by acoustic waves in the

photon–baryon fluid before baryon decoupling. Evaluating the sound-horizon integral in

Eq. (5.1) at the drag epoch, zd, rather than at recombination, provides rd. The transverse

BAO scale measures the angular size of rd and is given by DM(z)/rd, while the radial

BAO scale probes the distance along the line of sight through DH(z)/rd. Together, these

measurements provide powerful probes of the expansion history.

The geometric observables of angular diameter distance and comoving distance provide an

additional channel for sensitivity to neutrino properties. The effect of increasing Σmν and

Neff not only suppresses the growth of structure at smaller scales, but also alters the back-

ground expansion rate, effectively changing the cosmic distances inferred from BAO.
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To delve into the effects of neutrino properties, we consider two well-separated redshifts in

cosmic history: z = 0.51, corresponding to the mean first bin redshift of luminous red galaxies

(LRG) in DESI Second Data Release (DR2), and z = 2.33, corresponding to the DESI DR2

mean redshift for Lyα forest. Considering z = 0.51 first, there is an anticorrelation that

can be understood in terms of how neutrino properties shift the BAO peak in the power

spectrum. Neutrinos with combined masses of at least 58 meV affect the BAO feature in

non-trivial ways. As described by Thepsuriya and Lewis [377], increasing Σmν alone tends

to shift the BAO peak down and to smaller spatial scales because the sound horizon shrinks

as more neutrino mass augments Ωm, during and after matter–radiation equality, increasing

H(z) in the drag epoch, and therefore reducing the integrand in Eq. (5.1). However, if

the total matter density is held fixed, then a larger neutrino mass requires a reduction in

the cold dark matter fraction, which instead shifts the BAO peak to larger spatial scales,

because neutrinos are just starting to act as matter (becoming nonrelativistic) around matter-

radiation equality. In contrast, increasing Neff raises the radiation energy density, delays

matter–radiation equality, and shifts the BAO scale to smaller spatial scales by also reducing

the integrand in Eq. (5.1). As we describe below, DM at a low redshift of z = 0.51 is not

significantly affected when Σmν is varied, and it is rd that largely determines the behavior

of the BAO measurable, DM/rd. Therefore, the opposite response of the ratio to Σmν and

Neff are directly reflected in the anticorrelation pattern shown in the right panel of Fig. 5.1.

BAO measurements are predicated on the high amount of cosmological information from

the CMB. Therefore, we analyze the distribution of Markov Chain Monte Carlo (MCMC)

chain points preferred by the CMB data in the space of the BAO observables, as shown

in Fig. 5.2, which plots a subset of the MCMC chain points from the Planck 2018 only

likelihoods. We choose cosmologies with one extra parameter—either Neff or Σmν , to show

their individual effects on BAO observables. There, one can see that increasing Neff leads to

a decrease in DH/rd at redshift z = 0.51 and an increase in that ratio at redshift z = 2.33.

The opposite happens when Σmν is increased: DH/rd increases at redshift z = 0.51 and
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decreases at redshift z = 2.33. For DM/rd, larger Neff results in an decrease of this ratio

at both redshifts z = 0.51 and z = 2.33 and larger Σmν results in an increase of this

ratio at both redshifts z = 0.51 and z = 2.33, as shown in Fig. 5.2. The end result of

these trends is an anticorrelation between Neff and Σmν when we look at BAO observables.

This was previously described in the more constrained parameter space in Fig. 5.1. In

short, a simultaneous increase in both Neff and Σmν shifts DM/rd and DH/rd in opposite

directions, allowing for the predicted BAO measurement to stay constant, and consistent

with the observed values. That is, in the case if partially or fully thermalized massive sterile

neutrinos, BAO measurements can accommodate the simultaneous presence of increased Neff

and Σmν .

The change in slope of the CMB-derived points between the left and right panels of Fig. 5.2

is driven by the opposite responses of DH/rd to variations in Σmν and Neff . For increasing

neutrino mass, DH/rd increases at z = 0.51 but decreases at z = 2.33, while for increasing

Neff the trend is reversed: DH/rd decreases at z = 0.51 and increases at z = 2.33. In the

case of neutrino mass, this behavior arises from the degeneracy with Ωm, enforced by the

CMB data: as Σmν increases, the degeneracy with Ωm requires it to rapidly increase to

preserve the angular size of the sound horizon on the sky, as discussed in Ref. [287]. We fit

the degeneracy between Ωm and H0 in the full likelihood to find the linear relation between

the degeneracy of these parameters. Given this combination of effects, an increase in Ωm

drives a reduction of DH at high redshift (the dashed red line in left panel of Fig. 5.3), while

driving an increase in DM at high redshift. For the low redshift case, DH and DM instead

both increase with Σmν . This is why the contours invert in direction from the left to the

right panel of Fig. 5.2, for the case of Σmν .

For varying Neff , shown in the right panel of Fig. 5.3, DH decreases as Neff increases for both

redshifts, which is shown in the bottom panels of Fig. 5.2. As previously discussed, rd also

decreases with increasing Neff , but the fractional change in rd is larger than that in DH. This
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dominance of the variation in rd over that in DH is the key factor responsible for the reversal

of the slope of the CMB points across the two panels for that observable parameter, shown

between the panels of Fig. 5.2. Though the contours invert for Σmν and Neff at higher z for

different reasons, they preserve the anticorrelation between them seen at low z. Therefore,

BAO observables accommodate a simultaneous increase in Σmν and Neff across a wide range

of redshifts.

Many of parts of these effects are explored in previous studies. In (author?) [287], they

show that BAO observables are sensitive to matter fractions rather than absolute densities,

and that within ΛCDM, the total matter fraction Ωm must increase significantly as Σmν

grows, making geometric measurements a powerful and complementary probe of neutrino

mass alongside structure growth suppression. The effects of neutrino physics on the drag

scale were also studied in (author?) [377]. The relation between the BAO scale at different

redshifts and its dependence on neutrino mass and number as constrained by the CMB was

also explored in (author?) [74], where the anticorrelation we discuss was also shown. In this

work, we have gone beyond and shown explicitly where these relations in BAO observables

arise in their sensitivities to Σmν and Neff .

5.3 Cosmological datasets & Methodology

5.3.1 Baseline cosmological dataset

For our baseline data, we use a combination of cosmological datasets to constrain our mod-

els. The datasets are similar to our previous work [172], but here we include the more newly

available DESI DR2 data.
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CMB Planck Final Data Release (P18)

The Planck 2018 (PR3) legacy data release [42, 41] provides highly precise measurements of

the CMB temperature and polarization power spectra, with five out of six ΛCDM parame-

ters determined to better than 1% and the angular sound horizon measured to 0.03%. We

include high-ℓ Plik likelihoods, low-ℓ commander likelihoods for TT in 2 ≤ ℓ ≤ 29, SimAll

for EE in the same range, and TE and EE spectra at 30 ≤ ℓ ≤ 1996.

CMB Lensing

We incorporate CMB lensing measurements from the Planck NPIPE PR4 reconstruction [115],

which includes roughly 8% more data than PR3 with improved processing, as well as ACT

DR6 lensing data covering over 9,400 deg2 of the sky [337, 294], achieving 2.3% precision on

the lensing power spectrum.

BAO: DESI DR2

We use BAO measurements from over 14 million galaxies and quasars in DESI DR2. We

adopt the DESI DR2 BAO likelihood [20], which updates the previous DR1 measurements

and includes the volume-averaged distance DV /rd from the Bright Galaxy Survey sample

(0.1 < z < 0.4), DM/rd and DH/rd for LRG samples (0.4 < z < 0.6 and 0.6 < z < 0.8),

a combined LRG plus Emission Line Galaxies (ELG) tracers (0.8 < z < 1.1), ELG mea-

surements (1.1 < z < 1.6), quasar clustering (0.8 < z < 2.1), and Lyα BAO constraints

(1.8 < z < 4.2). We refer to this combination as “DESI2.”

Type Ia Supernovae

Type Ia supernovae (SNe) provide an independent probe of the expansion history. We adopt

the Pantheon+ sample [358, 105], containing 1550 spectroscopically confirmed SNe Ia over

0.001 < z < 2.26 with improved calibration and systematics relative to the previous Pan-
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theon release [359].

Local Expansion Rate: H0 (SH0ES)

We adopt the Supernovae and H0 for the Equation of State of dark energy (SH0ES) mea-

surement of H0 for the local Hubble expansion rate. We use the Gaussian likelihood for the

Hubble constant from the SH0ES collaboration [344], H0 = 73.04± 1.04 km s−1Mpc−1. We

introduce a H0 prior directly in the likelihood rather than the absolute magnitude Mb since

using the latter only substantially affects models with non-standard late-time expansion his-

tories, which are not considered in this work.

5.3.2 Complementary Data: SDSS DR12 BAO & Full-Shape

Since the LSS information from the full-shape power spectrum of DESI DR2 is not publicly

available, we consider constraints from the latest BAO and full-shape analysis of SDSS

DR12, which we dub SDSSBAOFS [52]. Unlike BAO-only analyses, the full-shape likelihood

is sensitive not only to the position of the acoustic feature but also to the broadband shape of

the LSS clustering spectrum, which carries information about the underlying matter content

and growth of structure as a function of scale. This makes it valuable for constraining the

effects of massive neutrinos and extra Neff , which both induce the characteristic suppression

of the full-shape power at smaller scales.

5.3.3 Methodology

As we performed our analyses of these models given the cosmological data, we found a de-

pendence on the final result for signals of massive, extra neutrinos that depend on whether
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one adopts Bayesian or frequentist statistics. Bayesian inference offers a systematic frame-

work for model comparison through the evaluation of the Bayesian evidence [382], whereas

frequentist approaches such as profile likelihoods provide complementary, prior-independent

assessments of the parameter space [130]. Frequentist techniques for parameter inference

that employ profile likelihoods have historically been used less often in cosmology, largely

because of their computational expense. However, they have recently gained traction due to

their ability to yield results that complement Bayesian analyses. In the Bayesian framework,

credible intervals depend on the specification of priors for all parameters and incorporate

nuisance parameters through integration (i.e., marginalization). In contrast, frequentist con-

fidence intervals do not inherently require priors and instead address nuisance parameters

by maximizing the likelihood. These methodological differences, involving both prior depen-

dence and the treatment of nuisance parameters, are especially relevant in scenarios where

the data weakly constrain the model and/or when parameters are near physical boundaries.

In Bayesian studies, this situation can give rise to effects driven by the choice or volume of

the prior (see, e.g., [190, 371, 226, 224, 230] for applications in cosmology). Importantly,

both Bayesian and frequentist approaches converge in the limit of sufficiently large datasets.

Since we are interested in extra, massive sterile neutrino models, we implement the extra

relativistic energy density above the standard energy content in the active neutrinos, which

we adopt to be Nν ≡ 3.044. We model such a cosmology as a partially thermalized sterile

neutrino model with Σmν and ∆Neff ≡ Neff −Nν as additional parameters to the six ΛCDM

ones [172], which is the formulation required by CAMB [281]:

meff
s = ∆Neff mph

s ; ∆Neff = β. (5.5)

Importantly, meff
s is not to be mistaken to be the physical mass. CAMB requires meff

s and β

to be the free parameters describing the sterile neutrino. Here, mph
s denotes the physical

mass of the additional sterile neutrino species only, excluding the three active Standard
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Model neutrinos. In this case, one encounters the model space where β ∼ 0.01 and the

physical mass approaches mph
s ∼ 1 keV, which is when the sterile neutrino can displace the

need for CDM and becomes the (warm) dark matter. Because the sterile neutrino mass

can be arbitrarily large and ∆Neff arbitrarily small for a fixed contribution to the dark

matter density, one must map the parameter space to a finite volume in the case of Bayesian

statistics. In our results, we found that the often-used parameterization in 1/ms leads to

inaccurate results on constraints on massive, extra neutrinos, with the results depending

on the statistical approach, as discussed further in the Appendix. Therefore, for our main

results, we adopt either frequentist statistics or Bayesian models where only meff
s or β were

individually left free.

We employ frequentist approaches based on profile likelihoods, which provide a prior-independent

way to assess constraints on cosmological parameters, including those bounded by physical

limits. In this method, the likelihood is evaluated at fixed values of the parameter of interest

while maximizing over all remaining cosmological and nuisance parameters. We employ 180

extremizations of the likelihood using the extremizing sampler provided in Cobaya [380]. in

order to best determine the likelihood’s true value, due to the considerations we discussed

in Ref. [172]. The general construction of confidence intervals for bounded parameters like

ms was formalized in the Feldman–Cousins framework [178], which defines coverage in the

“true parameter–measured parameter” space. An equivalent description in terms of the

likelihood-ratio test statistic has been outlined in Ref. [225].

We also perform Bayesian inference using the publicly available Cobaya package, imple-

menting the MCMC sampler [280, 278] with fast dragging [316], and computing theoretical

predictions with the CAMB cosmological Boltzmann solver [281, 233]. Each analysis is run with

four parallel MCMC chains, and convergence is assessed using the Gelman-Rubin statistic,

requiring R− 1 < 0.01 for all parameters.

We adopt flat priors for all cosmological parameters, chosen to extend well beyond the region
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of significant likelihood support. Specifically, we vary the baryon density Ωbh
2 from 0.005 to

0.1, the cold dark matter density Ωch
2 from 0.01 to 0.99, the scalar amplitude log(1010As)

from 1.61 to 3.91, the scalar spectral index ns from 0.8 to 1.2, the reionization optical depth

τreio from 0.01 to 0.8, and the angular scale of the sound horizon 100θMC from 0.5 to 10.

For the neutrino sector, when we conider only active neutrino masses, as in Fig. 5.2, the

total neutrino mass is varied as Σmν between 0 and 10 eV. For the cases considering sterile

neutrinos, we fix the total active neutrino mass to 0.058 eV (modeled as a single mass state),

and vary meff
s and β so that the extra contribution to the effective number of relativistic

species, Neff , is between 0 and 100, and the sterile neutrino mass ms from 0.0001 to 3 eV.

5.4 Results

Let us first consider our datasets without SH0ES’ measurement of H0. In this case, we can

use Bayesian methods to determine the value of Neff , with P18, CMB Lensing, DESI2 & SNe

PP datasets, assuming any extra relativistic energy density is massless,

Neff = 3.10± 0.16 . (5.6)

Including SH0ES’ measurement of H0, with P18, CMB Lensing, DESI2 & SNe PP datasets

Neff = 3.43± 0.13 , (5.7)

which gives the best fit local expansion rate of this model to be H0 = 70.64 km s−1Mpc−1.

This reduces the tension between CMB-inferred H0 and SH0ES’s measurement from 5σ

in ΛCDM to 2.4σ in a sterile neutrino cosmology, given SH0ES’ value H0 = 73.04 ±

1.04 km s−1Mpc−1. Although not fully resolved, the Hubble tension is significantly reduced

with larger Neff [174, 57]. For the case of Neff being harbored in a massive sterile neutrino,
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we adopt ms = 0.1 eV as a representative mass, and we find

Neff = 3.50± 0.13 , (5.8)

where all of these Neff values were determined by Bayesian methods. We tested the result

in Eq (5.8) with a frequentist profile likelihood, and found consistent results.

To explore the impact of fixing Neff to a higher value motivated by H0 data, we perform

a profile likelihood analysis on ms, adopting the massive sterile neutrino inferred best-fit

value of Neff = 3.50. The sterile neutrino mass represents a parameter subject to a strict

physical boundary, ms ≥ 0. In this case, the standard asymptotic assumptions underlying

Wilks’ theorem are not valid, since the maximum-likelihood estimator and the likelihood

ratio test statistic are no longer parabolically related when the unconstrained best fit lies in

the unphysical region. Consequently, the naive use of ∆χ2 contours can lead to under- or

over-coverage near the boundary [225].

To address the physical boundary, we follow the Feldman–Cousins prescription [178], per-

forming the profile likelihood scan in ms by maximizing over cosmological and nuisance

parameters at each fixed ms ≥ 0, as shown in Fig. 5.4. The resulting ∆χ2(ms) profile was

then fit with a quadratic function restricted to the physical branch. The 68% and 95%

CL intervals were then derived from the intersection of the observed profile with the mod-

ified critical values. For more details on this method, see Ref. [225]. For our data, this

construction yields an upper limit of

ms < 0.170 eV (95%CL) . (5.9)

Since in our ΛCDM model the active neutrino mass is fixed to a single massive state with

mν = 0.058 eV, the upper bound on the total neutrino mass, Σmν , including both active

and sterile species, is relaxed by a factor of 4.3 compared to the standard constraint of
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Σmν < 0.053 eV (95% CL) obtained from a similar dataset that does not attribute the extra

radiation energy density to a sterile neutrino [169]. The relaxation arises from the physics

discussed in §5.2. For a fixed Neff , we find that Bayesian methods find a consistent limit for

ms as in Eq. (5.9).

To explore the preference of SH0ES H0 for sterile neutrinos as a function of exact ms, as

compared to the baseline ΛCDM case with Neff = 3.044, where ∆Neff = 0 and ms undefined,

as no additional sterile neutrino is present, we find

ms = 0.1 eV, ∆χ2 = −10.1

ms = 0.2 eV, ∆χ2 = −7.0

ms = 0.3 eV, ∆χ2 = −3.2

ms = 1 eV, ∆χ2 = 34.6 , (5.10)

where negative values of ∆χ2 correspond to an improved fit relative to ΛCDM. Since both

Neff and ms are fixed in all minimizations, the compared models have the same number of

free parameters. The lightest masses are the most preferred, with even the case of ms = 0.1

eV favored at greater than 3σ.

We also tested whether the inclusion of the full-shape galaxy power spectrum data, together

with the BAO feature, affects the constraints on ms. Using SDSSBAOFS in combination

with our baseline dataset in a Bayesian analysis—excluding DESI2 to avoid overlap with

SDSS and because the DESI full-shape data is not yet publicly available—we find that the

constraints become less stringent. For Neff = 3.5, the limit is ms < 0.238 eV (95% CL) with

the P18+SDSSBAOFS+PP+H0 dataset, weaker than from BAO alone.

142



5.5 Discussion & Conclusions

In this work, we show how BAO observables are less sensitive to Neff and Σmν together,

than when either alone is left free, due to inherent degeneracies in the geometric observables

of BAO. Though the Hubble tension may be alleviated from increasing Neff alone [343], we

find that evidence for extra relativistic energy density in the combination of CMB and local

expansion rate measurements, relaxes the limit on the mass of a partially thermalized sterile

neutrino, and is greater than a factor of 4 weaker than standard massive neutrino limits,

Eq. (5.9). Moreover, cosmologies with partially thermalized sterile neutrinos (Neff = 3.5), for

ms ≪ 1 eV, are preferred at 3.2σ [Eq. (5.10)] over ΛCDM. Our updated analysis here, with

DESI2, reinforces our earlier findings [172] that sub-eV sterile neutrinos are preferred by the

tension data. This reflects previous hints for extra Neff and sterile neutrinos, as discussed in

the introduction. We have also found that Bayesian methods are problematic for mapping

the parameter space for sterile neutrino mass when Neff is free, as the light sterile neutrino

mass can increase to the warm dark matter (WDM) keV scale, as discussed in the Appendix.

These prior volume effects may have impacts on WDM constraints that use 1/ms mappings

[237, 194, 389].

There is also an important connection to hints of light, eV-scale sterile neutrinos as respon-

sible for short-baseline neutrino oscillation experiment results from LSND and MiniBOONE

[43, 45], anomalies observed in Gallium experiments SAGE [22], GALLEX [251], and BEST

[79, 80], as well as νµ disappearance in ICECUBE [15]. These experiments may suggest the

presence of sterile neutrinos with mass-squared differences with the active neutrinos of order

1 eV2. Importantly, recent results from MicroBooNE show no evidence for an anomalous

excess of electronlike events and exclude an electronlike interpretation of the MiniBooNE

low-energy excess at > 99% C.L. [24]. In order to accommodate constraints from other

short-baseline experiments, models with more than one sterile neutrino have been consid-

ered, with the extra neutrino mass eigenstates having even larger mass differences than 1
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eV2 [128], and the effects of statistical methods have been investigated in detail regarding

combined experiments [387, 388].

Our results disfavor light sterile neutrinos above the ∼0.3 eV scale. Therefore, there is ten-

sion with the mass scales preferred by short-baseline oscillation experiments. However, it is

well known that cosmological neutrino mass constraints are alleviated in cosmologies with re-

laxed assumptions on dark energy, curvature, and other often-fixed cosmological parameters

(e.g., see Refs. [104, 170]). Relaxation of models of reionization can also alleviate neutrino

mass constraints [246]. The subsequent reanalysis of Planck primary CMB and lensing data

by Ref. [381] finds slightly weaker bounds on massive neutrinos [172], which could also fur-

ther accommodate massive sterile neutrinos. Exploring multiple extra-parameter models,

dynamical dark energy, and more complex models of reionization are beyond the scope of

our present work, but are of interest if the Hubble tension and evidence for short-baseline

oscillations persist. Full-shape measurements of cosmological matter clustering may enhance

constraints on the presence of massive neutrinos, but our analysis finds they are not yet sig-

nificantly constraining given the available full-shape dataset from SDSS DR12, as discussed

above.

Importantly, we find that a sterile neutrino cosmology should have a contribution to the

relativistic energy density at below that of a fully-thermalized sterile neutrino (∆Neff = 1).

Such a scenario is inconsistent with the mixing angles required for the short-baseline re-

sults, since they would thermalize the sterile neutrino [272]. However, partial thermalization

can arise from models that suppress thermalization, including low-reheating temperature

universes and models with lepton asymmetries [7, 238, 220]. These cosmologies can also

accommodate constraints from BBN. Interestingly, recent CMB results from ACT DR6 find

Neff = 2.86± 0.13, which increases the tension between CMB datasets and Neff solutions to

the Hubble tension [109].

The H0 tension has motivated renewed attention to the role of neutrinos as messengers of
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possible new physics, especially as current generation surveys such as DESI and Euclid will

deliver increasingly precise BAO and LSS measurements across a broad redshift range with

a wide variety of statistics [28, 301, 173]. Future CMB surveys will also have increased

sensitivity to Neff [13, 209, 23]. We find that cosmological data can be consistent with, and

may even prefer, short-baseline-oscillation motivated light sterile neutrinos, though with

mass scales that tend to be lighter than that preferred by the oscillation experiments. As

further oscillation and cosmological data is available, we will uncover whether the elusive

neutrino sector is responsible for both oscillation and cosmological tensions.

5.6 APPENDIX: Prior Dependence and Volume Ef-

fects

Bayesian inference is sensitive not only to the likelihood function but also to the choice of

priors. When placing constraints on the sterile neutrino mass ms, it is therefore essential to

carefully consider how priors are defined, particularly under non-linear reparametrizations

of the mass. A notable bias arises when a uniform prior is imposed not on ms itself, but

on transformed variables such as 1/ms. While such choices may be motivated by wanting

to map an infinite parameter space where ms can become a heavy dark matter particle, the

inverted parameter does not correspond to a uniform weighting in ms space. Instead, it

redistributes the prior volume in a non-trivial way and can significantly bias the resulting

posterior constraints.

One can test the volume dependence by using inverted weighted scalings, 1/ms, 1/m
2
s, or

1/
√
ms, where we use the standard posterior distribution estimation package getdist [279].

For example, imposing a flat prior on 1/ms induces an effective prior on ms proportional to

1/m2
s, thereby strongly favoring small values of the mass. Likewise, a flat prior on 1/

√
ms
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produces an induced prior scaling as 1/m
3/2
s , and a flat prior on 1/m2

s leads to an even

steeper weighting. In all of these cases, the prior volume is disproportionately concentrated

at low ms, independent of the likelihood, artificially driving the posterior distribution toward

vanishing masses. This behavior is problematic when interpreting constraints on sterile

neutrino masses, as shown in Fig. 5.5. For example, we find that when using a flat prior on

1/
√
ms in DESI2 analyses, the posterior is biased toward lower masses, even in regions where

the likelihood is relatively flat. Our inferred upper limits on the sterile neutrino mass vary

widely with the choice of prior. For example, a prior uniform in 1/
√
ms gives the tightest

limit, 1/ms yields a bound roughly five times larger, and 1/m2
s gives the loosest constraint,

over twenty times the tightest. This illustrates that the derived limits on ms can be driven

primarily by the prior rather than the data itself.

In general, when you place a flat prior on a transformed parameter, you are not placing a

flat prior on ms itself. Instead, you are reweighting the space of ms values, giving dispropor-

tionate volume to certain ranges—typically the low-mass region. This violates the principle

of non-informative priors unless the transformation is physically motivated and explicitly

accounted for in interpretation. This issue may be worth considering when assessing cosmo-

logical limits on WDM particle masses or light sterile neutrinos, where the physical quantity

of interest is ms itself [237, 194, 389].

Using transformed priors in such contexts can severely misrepresent the viable parameter

space and overstate the level of constraint. Flat priors on ms avoid such distortions when

the mass is the physical quantity of interest. This approach ensures that each interval in

ms contributes equally to the prior volume and that the resulting posterior more faithfully

reflects the data’s constraining power, which can also be achieved by frequentist methods.
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Figure 5.2: Top Panels: DM/rd shown along the horizontal axis and DH/rd along the
vertical axis, calculated from the parameters of the MCMC chains from the Planck 2018
CMB likelihoods alone, for two distinct models with free neutrino mass and Neff , separately.
The left panel corresponds to a redshift of 0.51 and the right panel to a redshift of 2.33.
The colors indicate the values of Neff and Σmν specified in the color bar. A positive vertical
offset has been applied to the Σmν chains in both panels to ensure clarity of the figure
(z = 0.51 vertical offset of +1 ; z = 2.33 vertical offset of +0.2). The purple contours denote
the 1σ and 2σ DESI DR2 BAO measurements of DM/rd and DH/rd. Bottom Panels: To
show their dependence on the neutrino parameters independent of rd, DM is shown along
the horizontal axis and DH is along the vertical axis for models with free neutrino mass and
Neff , including only the Planck 2018 CMB likelihoods. A positive vertical offset of +100
Mpc has been applied to the Σmν chain points at z = 0.51 to ensure clarity of the figure.147
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Figure 5.3: Variation of the transverse distance DM (solid lines) and the radial distance
DH (dashed lines) is shown at two redshifts: z = 0.51 (blue) and z = 2.33 (red). These are
plotted as the Hubble constant H0 along the lower horizontal axis and the matter density Ωm

are varied along their linear degeneracy from the Planck 2018 CMB likelihoods, as described
in the text. The left panel shows models where Σmν increases in correlation with Ωm (to
the left) and the right panel shows models where Neff increases in anticorrelation to Ωm, to
the right.
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Figure 5.4: We show the profile likelihood for the physical sterile neutrino mass ms, with the
effective number of neutrino species fixed to Neff = 3.50. The red points show the computed
∆χ2 values at discrete mass points used in the fit, while the blue curve represents a parabolic
interpolation through these points. Shaded bands indicate the 68% (black) and 95% (purple)
confidence intervals, respectively.

149



0.0 0.1 0.2 0.3 0.4 0.5

ms [eV]

3.2

3.4

3.6

3.8

N
eff

Figure 5.5: Two-dimensional posterior distributions are shown for the physical sterile neu-
trino mass, ms and the effective number of neutrino species, Neff , under three different prior
choices using MCMC Bayesian methods and our baseline datasets. The black contours cor-
respond to a prior set as 1/

√
ms, the light purple contours to a prior as 1/ms, and the pale

green contours, which give the most relaxed bounds, correspond to a prior of 1/m2
s. This

figure illustrates the impact of prior volume effects in Bayesian analyses of this cosmological
model.
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Chapter 6

Sound-Horizon-Agnostic Inference of

the Hubble Constant and Neutrino

Mass from BAO, CMB Lensing, and

Galaxy Weak Lensing and Clustering

This chapter is a reprint of material submitted for publication in Astrophysical Journal Let-

ters, 2025.

6.1 Introduction

Determining the Hubble constant, H0, with high precision is both a fundamental goal and an

ongoing challenge in modern cosmology. Despite the success of the standard ΛCDM model in

explaining a wide range of cosmological observations, a significant tension persists between

the value H0 = 67.36 ± 0.54 km/s/Mpc inferred from Planck measurements of the cosmic
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microwave background (CMB), under the assumption of ΛCDM [42], and the value H0 =

73.04± 1.04 km/s/Mpc obtained from Cepheid-based distance ladder measurements [344].

CMB analyses rely on the well-established physics of recombination to determine the sound

horizon at photon–baryon decoupling, or the drag epoch, rd, which is used in the extraction of

cosmological parameters. However, the Hubble tension may indicate the need for additional

physics during the epoch of recombination, such as primordial magnetic fields [239, 243,

240, 241], early dark energy [254, 335, 370], extra relativistic species [92, 172], neutrino

self-interactions [267, 324], or variations of fundamental constants that alter recombination

physics [216, 217, 81], among other proposed mechanisms [149, 357, 173]. These scenarios

would modify the standard determination of rd, making it smaller and thereby increasing

the CMB-inferred value of H0.

This motivates the exploration of methods for constraining H0 that do not rely on modeling

rd. Several recent studies [329, 86, 177, 328, 399, 338] have utilized datasets that probe

the scale of matter–radiation equality, keq, and hence the physical matter density Ωmh
2,

in combination with uncalibrated supernova (SN) luminosity distances, which constrain the

present-day matter fraction Ωm, to obtain a sound-horizon-free measurement ofH0. Both the

full-shape galaxy power spectrum P (k) and the CMB lensing convergence spectrum Cκκ
ℓ are

sensitive to keq. In full-shape analyses, P (k) is decomposed into its smooth (the component

that constrains keq) and oscillatory (BAO) parts, and rd is marginalized over in the oscillatory

part to eliminate dependence on the sound horizon. While this method preserves some of the

calibration-independent angular diameter distance information encoded in the BAO wiggles,

it does not fully exploit the constraining power of the complete set of transverse, radial, and

volume-averaged BAO observables.

In this work, we employ an alternative approach introduced in [331], combining uncalibrated

transverse, radial, and volume-averaged BAO measurements, which constrain rdH0 and Ωm,

with CMB and galaxy lensing, which provide a constraint on Ωmh
2 and break the rd–H0
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degeneracy. Here, rd is treated as a free primary parameter and is measured from the data

alongside H0. We use BAO measurements from the DESI DR2 release [20], the combina-

tion [338] of CMB lensing convergence spectra Cκκ
ℓ from Planck [51], the Atacama Cosmology

Telescope (ACT DR6) [337, 293, 294], and the South Pole Telescope (SPT-3G) [195], here-

after referred to as APS, along with the DES Year-3 three two-point galaxy weak lensing

and clustering correlation functions (3× 2-pt, DESY3) [17, 19]. In addition, we include the

CMB acoustic scale angle, θ⋆, treating it as an additional transverse BAO point at redshift

z = 1090. We also include the Pantheon+ compilation of uncalibrated SN magnitudes [105],

which add an additional constraint on Ωm; however, this contribution is not significant since

the uncalibrated BAO data alone already constrain Ωm well.

In addition to providing an early-Universe-independent constraint on H0, our approach also

enables, in principle, a measurement of the sum of neutrino masses, Σmν , through the

sensitivity of CMB lensing and galaxy lensing and clustering to the suppression of small-

scale structure, especially when combined with a weak external prior on the amplitude of

primordial fluctuations As. By combining DESI DR2 BAO and θ⋆ with CMB lensing from

APS, DESY3 galaxy weak lensing and clustering, and the Pantheon+ SN, we obtain H0 =

70.0±1.7 km/s/Mpc when Σmν is fixed at the minimal value of 0.06 eV. With an additional

conservative but informative prior on As, we obtain H0 = 70.03± 0.97 km/s/Mpc and rd =

144.8±1.6 Mpc. Allowing Σmν to vary, we findH0 = 75.3+3.3
−4.0 km/s/Mpc and Σmν < 1.11 eV

(95% CL) without an informative prior on As, and H0 = 73.9± 2.2 km/s/Mpc with Σmν =

0.46+0.40
−0.45 eV (95% CL) when the prior on As is included. We also perform forecasts showing

that future CMB lensing data from a Simons-Observatory-like (SO-L) experiment [23] and

future galaxy weak lensing and clustering measurements, when combined with data from

the completed DESI BAO program and an expanded SN dataset, can constrain H0 with a

precision of ∼ 0.67 km/s/Mpc if Σmν is fixed, and ∼ 1.1 km/s/Mpc when Σmν is varied,

with Σmν < 0.26 eV (95% CL).
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The structure of this paper is as follows: Section 6.2 introduces our approach to using the

BAO observables in an rd-independent way and discusses the sensitivity of the datasets used

in this analysis to the parameters of interest. Section 6.3.1 presents the details of the analysis,

including the data likelihoods, parameter prior assumptions, and the forecast methodology.

In Section 6.4, we present the constraints derived from current data and the forecasts, with

and without varying Σmν . We summarize our findings in Section 6.5.

6.2 Constraining cosmology with the sound horizon as

a free parameter

6.2.1 BAO Observables

BAO provide standard-ruler distance measurements through three types of observables [166]:

the transverse BAO scale, the line-of-sight BAO scale, and the isotropic average of the two.

The transverse observable measures the angular size of the sound horizon rd and is defined

as

β⊥(z) =
DM(z)

rd
, (6.1)

where DM(z) is the comoving distance to redshift z. For illustration, we focus on β⊥(z),

though the methodology described below applies equally to the radial and isotropic BAO

observables.

Assuming a spatially flat ΛCDM model and neglecting radiation (an acceptable approxima-
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tion at the relevant redshifts), β⊥(z) can be written as

β⊥(z) =
1

rd

∫ z

0

c dz′

H(z′)

=
2998Mpc

rdh

∫ z

0

dz′√
Ωm(1 + z′)3 + (1− Ωm)

, (6.2)

where c/H0 = 2998Mpc/h, and h = H0/(100 km/s/Mpc). This shows that BAO observa-

tions at multiple redshifts constrain both the matter density fraction Ωm and the product

rdh. Breaking the degeneracy between rd and h requires additional information, such as the

standard-model prediction for rd combined with a Big Bang Nucleosynthesis (BBN) prior

on the baryon density ωb [31]. An alternative, explored in [331, 332] and adopted here, is to

supplement BAO with a constraint on Ωmh
2 while treating rd as a free parameter, thereby

avoiding assumptions about the sound horizon.

The additional constraint on Ωmh
2 can come from CMB lensing measurements, which are

sensitive to the matter–radiation equality scale keq and thus constrain the matter-to-radiation

density ratio. As a consistency test, one may also adopt a Gaussian prior on Ωmh
2 from the

Planck best-fit ΛCDM model and check whether the H0 and rd values inferred from BAO

agree with those in the best-fit model [331, 332].

Unlike full-shape P (k) approaches [329, 328, 399], this method makes use of all three BAO

observables at each redshift, maximizing the geometrical information encoded in the data.

In particular, it enables a constraint on H0 that is less dependent on SN-derived values of

Ωm, since BAO alone already provide a strong constraint.

Finally, one can include the CMB acoustic scale angle, θ⋆, treating it as an additional trans-

verse BAO data point at z = 1100, as discussed in Sec. 6.3.1.
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6.2.2 CMB Lensing, Galaxy Lensing and Clustering

The matter–radiation equality scale is imprinted in the matter power spectrum, which de-

termines the CMB lensing convergence spectrum Cκκ
ℓ . As shown in [38, 86], CMB lensing

constrains the combination As(Ωmh
2)α, where α > 0. Owing to projection effects, Cκκ

ℓ is

nearly insensitive to the acoustic oscillation features in P (k), and hence to the value of rd,

as we demonstrate below. However, CMB lensing does depend on the baryon fraction of

the total matter density, since baryons cluster later than dark matter and their abundance

affects the growth factor. For this reason, even though we treat rd as a free parameter, we

still apply the BBN prior on ωb.
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Figure 6.1: Relative difference in the
CMB lensing convergence spectrum Cκκ

ℓ

for a modified recombination model with
an rd smaller by 2%, relative to the Planck
best-fit ΛCDM model. Orange points,
green stars, and red triangles with er-
ror bars show the Cκκ

ℓ bandpowers from
ACT, Planck, and SPT-3G, respectively.
The figure illustrates that recombination
changes capable of raising H0 to ∼ 72
km/s/Mpc have only a minor effect on the
CMB lensing spectrum.

The late-time matter distribution can also be probed through galaxy clustering and galaxy

weak lensing, which depend on both the amplitude and scale-dependence of matter fluctu-

ations. These observables provide complementary information to CMB lensing. The three
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Figure 6.2: Relative difference with respect to the Planck+DES Y3 best-fit ΛCDM
prediction for galaxy clustering correlation functions wij(θ) and γt,ij(θ) in four red-
shift bins (i = j = 1, . . . , 4). Points with error bars show the DES Y3 measurements,
while solid lines show the residuals for the same modified recombination model as
in Fig. 6.1. The figure shows that recombination changes leave the 3× 2-pt observ-
ables essentially unaffected.

two-point correlation functions (3× 2-pt) are

wij(θ) = ⟨δig(n̂) δjg(n̂+ θ)⟩, (6.3)

γt,ij(θ) = ⟨δig(n̂) γj
t (n̂+ θ)⟩, (6.4)

ξ±,ij(θ) = ⟨γi(n̂) γj(n̂+ θ)⟩, (6.5)

where δig is the galaxy overdensity in redshift bin i, γj
t is the tangential shear in bin j, and

γi is the shear field. In this work, we include all three correlation functions.

To assess the sensitivity of CMB lensing and galaxy 3× 2-pt data to the sound horizon, we

compared observables computed with the standard ionization history xe(z) in the Planck

best-fit ΛCDM cosmology to those obtained with the same cosmological parameters but a

modified xe(z). Specifically, we used the four-parameter phenomenological model of [306],

which yields an rd smaller by about 2%, corresponding to H0 ∼ 72 km/s/Mpc. Figure 6.1
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shows the resulting relative difference in Cκκ
ℓ , alongside lensing bandpowers from Planck,

ACT-DR6, and SPT-3G. The change remains below 1% and well within current measurement

uncertainties. Similarly, Fig. 6.2 shows the residuals in wij(θ) and γt,ij(θ), compared to

DES Y3 measurements [140, 17]. For brevity, ξ±,ij(θ) is not shown, as it also exhibits no

significant difference. These comparisons demonstrate that CMB lensing and galaxy 3× 2-

pt observables are effectively insensitive to moderate reductions in rd induced by modified

recombination physics.

6.2.3 The effect of massive neutrinos

Massive neutrinos affect both the expansion history and the growth of cosmic structures.

Neutrinos with total mass Σmν ≲ 1 eV behave as relativistic species before photon–baryon

decoupling, contributing to the radiation energy density at z ≳ 1000 and delaying mat-

ter–radiation equality. This alters the horizon scale at equality, keq, imprinted in the matter

power spectrum. On smaller scales, neutrino free-streaming suppresses the growth of density

fluctuations below the free-streaming length, producing a scale-dependent suppression of the

matter power spectrum. Both effects influence the CMB lensing convergence spectrum, mod-

ifying its amplitude and shape, as shown in Fig. 2 of [290]. Combining CMB lensing with

other cosmological probes that constrain the present-day matter density fraction therefore

provides sensitivity to the neutrino mass (see, e.g., [287, 290, 131]).

The 3× 2-pt galaxy weak lensing and clustering data, such as DES measurements, constrain

the clustering amplitude and expansion history at low redshift, strengthening joint inference

and significantly reducing the allowed parameter space for neutrino masses. Massive neutri-

nos suppress small-scale power and lower the amplitude of clustering and shear correlations,

while the altered growth history modifies their redshift evolution. Because galaxy weak

lensing and clustering respond differently to changes in the growth of structure and in Ωm,
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their combination provides complementary sensitivity to Σmν through both scale-dependent

suppression and changes in Ωm.

6.2.4 Parameter degeneracies

In ΛCDM, BAO constrain rdH0 and Ωm, while the CMB lensing spectrum amplitude con-

strains approximately (see Eq. (2.10) of (author?) [131])

Cκκ
ℓ ∝ (Ωmh

2)2As

[
1− 0.003

Σmν/(58 meV)

Ωmh2

]
. (6.6)

This scaling shows that, even if the neutrino fraction is known, external information on As is

needed to determine Ωmh
2. With Σmν free, the CMB lensing amplitude alone cannot disen-

tangle Ωmh
2, As, and fν . An additional constraint on Σmν comes from the scale-dependent

suppression of Cκκ
ℓ , illustrated in Fig. 2 of [290]. The detectability of this suppression depends

on the noise in Cκκ
ℓ . Including galaxy lensing and clustering extends the mode coverage and

enhances the ability to disentangle Ωmh
2, As, and Σmν . In addition, As is well constrained

by large-scale CMB anisotropies, which are independent of rd, justifying the adoption of a

conservative prior on As from CMB data (see Sec. 6.3.2).

Allowing for massive neutrinos, which contribute as radiation at equality but as part of Ωm

today, introduces a positive correlation between Σmν and H0 when using CMB lensing and

BAO. A larger Σmν reduces the effective matter density at equality, requiring a larger Ωmh
2

to maintain the same keq. With Ωm constrained by BAO, this in turn requires a larger H0.

These parameter relationships are evident in Fig. 6.3, which shows the joint posteriors for

H0, Σmν , and Ωmh
2 (see also Fig. 2 of [290]).
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6.3 Analysis details

6.3.1 Datasets

DESI DR2 BAO

We use the DESI DR2 BAO Cobaya likelihood, based on measurements provided in Table III

of [20]. The dataset includes the DV /rd measurement from the BGS sample at 0.1 < z < 0.4,

DM/rd and DH/rd for two LRG bins at 0.4 < z < 0.6 and 0.6 < z < 0.8, a combined

LRG+ELG tracer at 0.8 < z < 1.1, ELG measurements at 1.1 < z < 1.6, QSO clustering

BAO at 0.8 < z < 2.1, and the Lyα BAO constraint at 1.8 < z < 4.2. We refer to this

dataset as DESI2.

The CMB acoustic scale θ⋆

The CMB acoustic scale angle, θ⋆, also known as θCMB, is the angular size of the sound

horizon at the epoch of recombination. We use θ⋆ as a transverse BAO measurement, β⋆
⊥ =

94.286±0.217, at z⋆ = 1090 [332], derived from θ⋆ measured by Planck under the assumption

that the ΛCDM relation between rd and the sound horizon at the redshift corresponding to

the peak of the CMB visibility function, r∗, holds (with r⋆ ≈ rd/1.02). The authors verified

that this relation remains valid in known extensions of ΛCDM that modify rd.

Adding θ⋆ to our dataset helps tighten the BAO constraints on rdH0 and Ωm.

CMB Lensing: Planck, ACT, and SPT-3G

We use the combination of CMB lensing bandpowers from Planck [51], the Atacama Cos-

mology Telescope (ACT DR6) [337, 293, 294], and the South Pole Telescope (SPT-3G) [195]
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provided in [338]. This combination, subsequently referred to as APS-L, provides the most

constraining CMB lensing power spectrum measurement to date with a combined signal-to-

noise ratio of 61, offering strong constraints on the amplitude of matter fluctuations S8 [338].

Dark Energy Survey 3× 2-pt

We include the full 3×2-pt correlation functions from the Dark Energy Survey Year 3 (DES

Y3) encompassing cosmic shear, galaxy clustering, and galaxy-galaxy lensing as detailed in

[17]. This joint analysis over ∼ 5000 deg2 provides competitive constraints on cosmological

parameters, yielding S8 = 0.776+0.017
−0.017 and Ωm = 0.339+0.032

−0.031, and serves as a powerful low-

redshift complement to CMB-based probes. By directly tracing the growth of structure, DES

Y3 measurements are particularly sensitive to the suppression effects induced by massive

neutrinos, thereby providing valuable information on the sum of neutrino masses. We use

the Cobaya [380] implementation of the likelihood from [391].

Pantheon+ Supernovae

We use the Pantheon+ (PP) dataset of 1550 spectroscopically-confirmed Type Ia SN span-

ning 0.001 < z < 2.26 to probe the late-time expansion history [358, 105]. This updated

compilation improves upon the original Pantheon release through enhanced photometric

calibration, extended low-redshift coverage, and refined treatment of systematics.

6.3.2 Model Parameters and Priors

We use the Monte-Carlo Markov Chains (MCMC) package Cobaya [380] with a version of

the Boltzmann code CAMB [281] modified to treat rd as a primary (rather than derived)

parameter. The sampled parameters are rd, H0, Ωch
2, Ωbh

2, the spectral index ns, As, and
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Σmν . We also consider the case where Σmν is fixed at the minimal value of 0.06 eV. The

parameter priors adopted in this work are summarized in Table 6.1. Below, we briefly explain

the reasoning behind our choices of priors.

Current Data Forecast
Prior Fiducial value, Prior

ln(1010As) [2, 4] or N (3.04, 0.02) 3.045, N (3.04, 0.02)
H0 [km/s/Mpc] [40, 100] 67.32, [40, 100]

ns N (0.96, 0.02) 0.966, N (0.96, 0.02)
100 Ωbh

2 N (2.23, 0.05) 2.24, N (2.23, 0.05)
Ωch

2 [0.001, 0.99] 0.120, [0.001, 0.99]
Σmν [eV] [0, 3.0] 0.06, [0, 3.0]
rd [Mpc] [100, 200] 147.1, [100, 200]
τ (fixed) 0.059 0.059

Table 6.1: Priors adopted for the parameters in the analysis of current data, and the fiducial
values and priors used in the forecast. Uniform priors are indicated by square brackets, while
Gaussian priors with mean µ and standard deviation σ are denoted as N (µ, σ).

For the H0 and the cold dark matter density parameter, Ωch
2, we use flat uninformative

priors with ranges given in Table 6.1.

When analysing the current data, we present results both with a weak flat prior on As,

ln(1010As) ∈ [2, 4] (same as in [338]), as well a Gaussian prior, N (3.04, 0.02), centered on

the Planck-ΛCDM preferred value [115] with a standard deviation encompassing the As

posteriors obtained in a broad range of modified recombination models [306]. Having a

stronger prior on As helps break the degeneracy between As and Ωmh
2 in CMB lensing,

significantly tightening the posterior of H0.

For the scalar spectral index ns, we adopt a Gaussian prior N (0.96, 0.02), same as the

prior used in [338], that encompasses a broad range of posteriors in models with modified

recombination histories. We found that adopting a more restrictive prior on ns did not

appreciably alter the constraints on the parameters of interest.

Varying the optical depth to reionization, τ , has no impact on our posterior distributions.
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We therefore fix this parameter to the Planck + DESI DR2 ΛCDM best-fit value, τ =

0.059 [305]. This choice is also consistent with the value obtained from the SRoll2 low-ℓ

polarization analysis [322]. Given the key role of τ for the parameter constraints derived from

the combination of CMB temperature, polarization and lensing spectra, with implications for

the apparent tension between the Planck CMB and DESI BAO [354], having a τ -insensitive

way of measuring a subset of cosmological parameters offers a valuable cross-check.

We adopt a Gaussian prior on the physical baryon density, Ωbh
2 ∼ N (0.0223, 0.0005), ob-

tained from observations of the primordial abundances of light elements, particularly deu-

terium, and is consistent with the standard BBN scenario combined with updated nuclear

reaction rate data [129].

We adopt a wide and minimally informative flat prior on the net neutrino mass, Σmν ,

spanning [0, 3] eV, allowing our constraints to remain largely driven by the data [172].

We also perform separate analyses with Σmν fixed at the minimum value of 0.06 eV de-

termined by neutrino oscillation experiments [164, 76, 47, 175, 138]. We note that prior

choice for the neutrino mass sum has been shown to significantly affect Bayesian evidence

and posterior inferences, especially in the case of signigicant parameter degeneracies. Sev-

eral works have emphasized the impact of adopting linear versus logarithmic priors, par-

ticularly in distinguishing between neutrino mass orderings and assessing constraints on

Σmν [223, 190, 285, 191, 367]. In light of these findings, our baseline analysis adopts a uni-

form prior on Σmν , consistent with common practice in cosmological analyses. However, we

also demonstrate in Fig. 6.4 the impact of using a logarithmic prior. In addition, a number

of groups have explored analyses where Σmν is allowed to take negative values, which can

be informative for isolating parameter degeneracies and quantifying the statistical power of

cosmological data [131, 170, 290]. Investigating negative-mass parameterizations lies beyond

the scope of this project.
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6.3.3 Forecasts

In what follows, we describe the methodology used in our forecasts of the constraints expected

from future CMB lensing, galaxy lensing and clustering, BAO and SN datasets. We adopt

the Planck best-fit ΛCDM model as our fiducial cosmology with parameters provided in

Table 6.1.

CMB Lensing

For the forecast, we construct a lensing likelihood function L assuming Gaussian errors and

covariance for the binned CMB lensing convergence spectrum, Ĉκκ
Lb

[337, 294]:

−2 lnL = Σbb′

[
Ĉκκ

Lb
− Cκκ

Lb
(θ)
]
C−1

bb′

[
Ĉκκ

L′
b
− Cκκ

L′
b
(θ)
]
, (6.7)

where b denotes a bin centered at multiple Lb, C
κκ
Lb
(θ) is the theory spectrum calculated

using a set of cosmological parameters θ, Ĉκκ
Lb

is the mock “measured” spectrum and Cbb′ is

the covariance matrix generated as described below.

We adopt the extended range bin configuration used in the ACT DR6 analysis, with the

Nbins = 18 non-overlapping bins centered at L = [14, 30, 53, 84, 123, 172, 232, 302, 382, 476,

582, 700, 832, 1001, 1200, 1400, 1600, 1874]. To evaluate the impact of using a different bin-

ning scheme on the forecasted parameter constraints, we also generated mock CMB lensing

datasets Nbins ranging from 13 to 100, with the bin widths forming an arithmetic progression

resulting in progressively wider bins at higher multipoles. We found that the uncertainties

in the cosmological parameters converged for the 18-bin case we have adopted.

To generate a single realization of the mock data, we use the additive Gaussian noise approx-

imation by drawing a random sample from a Gaussian distribution centered at the fiducial
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cosmology Cκκ
L and standard deviation given by

∆Cκκ
L =

√
2

fsky(2L+ 1)
(Cκκ

L +Nκκ
L ) , (6.8)

where Nκκ
L is the noise power spectrum, and fsky is the fraction of sky coverage [263]. Follow-

ing the methodology described in [337], we obtain the band-power covariance matrix from

Nmock = 796 mock simulations while assuming SO-like sky coverage fsky = 0.5. To account

for the biased estimate of the covariance matrix from a finite number of realizations, we

rescale the estimated inverse covariance matrix by the Hartlap factor [218]:

fH =
Nmock −Nbins − 2

Nmock − 1
, (6.9)

where Nbins is the number of bandpowers.

As the noise power spectrum Nκκ
L , we use the Simons Observatory minimum variance (MV)

noise curve v3.1.1 with the goal sensitivity for the large aperture telescope (LAT) [32]. The

dominant contribution arises from the disconnected Gaussian term, N (0), which originates

from random correlations in the primary CMB anisotropies [295]. Additional noise comes

from instrumental and atmospheric fluctuations, which introduce anisotropic variance in the

maps. Foreground contamination, including the thermal and kinetic Sunyaev–Zel’dovich

effects, cosmic infrared background, and unresolved point sources, adds non-Gaussian struc-

ture that biases lensing estimators. Furthermore, masking of bright sources and survey

geometry effects can induce additional biases if not properly accounted for [72].

3× 2-pt galaxy weak lensing and clustering

To model a future galaxy weak lensing and clustering dataset (wij, γt,ij, and ξ±,ij), we

generate mock DES-Year-1-like 3×2-pt data vectors based on our fiducial ΛCDM cosmology.
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We then add Gaussian noise drawn from the DES Y1 covariance matrix, rescaled by a factor

of 25 to approximate the precision expected from future surveys. Our mock likelihood is

based on the publicly available Cobaya implementation of the DES Y1 [266, 16] likelihood,

with the rescaled covariance and the mock data.

For the MCMC runs with the mock SO-L CMB lensing data, we vary and marginalize

over the DES-Y1 likelihood nuisance parameters. For runs combined with the CV-L CMB

lensing mock, we fixed the nuisance parameters at their fiducial values. The former setup is

meant to represent a combination that can be expected to be available in the relatively near

future, while the latter is more representative of the ultimate limit. Throughout the paper,

we denote the 3×2-pt mock analysis with fixed nuisance parameters with an asterisk, i.e.

3× 2-pt∗, in both tables and figures.

BAO & SN forecast methodology

To model a future BAO dataset, we generate mock data for the three types of BAO ob-

servables DM/rd, DH/rd, and DV /rd based on the fiducial model and the DESI DR2 data

covariance, reduced by a factor of 2. This is meant to approximate the BAO data from

the completed full 14,000 deg2 DESI program [29], which will cover approximately twice

the volume included in the DR2 release. We obtain a covariance matrix from Nmock = 796

simulations, with the mock BAO estimates given as 13 data points at 7 effective redshifts:

zeff = [0.295, 0.510, 0.706, 0.934, 1.321, 1.484, 2.330], that match the redshifts in the native

Cobaya DESI DR2 BAO likelihood and making it easy to modify it for use with our mock

data.

To model a future SN Ia dataset, we adopt the Pantheon+ sample [105] as our template,

computing the theoretical distance modulus, µth(z), at each redshift using CAMB [281] for

the Planck ΛCDM best-fit parameters. Mock data are then generated by adding Gaussian
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noise with standard deviations given by the Pantheon+ uncertainties reduced by a factor of

2.5, corresponding to an “ultimate” SN sample with roughly six times more objects than

the current dataset, as expected from Vera Rubin LSST and Euclid, both of which forecast

around 104 high-quality SN Ia [297, 69]. The mock SN sample is then binned into Nbins =

40 redshift bins using an equal-occupancy (quantile) scheme, which ensures that each bin

contains a comparable number of SN and thus similar statistical precision on µ(zb). For

validation, we also tested an alternative “Union3” binning scheme with fixed bin centers

matching the Union3 [352] compilation.

We produce Nmock = 796 independent realizations of the binned data vector µ̂(zb) and

estimate the covariance matrix Cbb′ from these realizations. To correct for the bias in the

inverse covariance from a finite number of realizations, we rescale it by the Hartlap factor.

The resulting mock SN likelihood has the form

−2 lnL =
∑

bb′

[µ̂(zb)− µth(zb; θ)]C−1
bb′ [µ̂(zb′)− µth(zb′ ; θ)] , (6.10)

where θ denotes the set of cosmological parameters.

This approach yields a mock SN likelihood that retains the statistical properties and redshift

coverage of Pantheon+, but with the improved constraining power expected from Vera Rubin

LSST and Euclid.

6.4 Results

In what follows, we present the rd-agnostic parameter constraints inferred from the current

data, as well as the forecasts. The results for the fixed and the varying Σmν analyses are

summarized in Tables 6.2 and 6.3, respectively, and the key parameter posteriors are shown
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Current Data (fixed Σmν) H0 [km/s/Mpc] 100Ωmh
2 Ωm rd [Mpc] ln(1010As) S8

1 DESI2+Planck+DESY3+PP 67.69± 0.35 14.16± 0.07 0.309± 0.005 148.6± 0.35 3.040± 0.014 0.818± 0.008
DESI2+θ⋆+APS-L (Base) 70.5± 2.0 14.75± 0.81 0.297± 0.005 144.2± 4.0 3.039± 0.073 0.831± 0.011

Base+As 70.42± 0.99 14.71± 0.30 0.297± 0.005 144.3± 1.6 3.040± 0.019 0.830± 0.011
Base+DESY3 70.3± 1.7 14.62± 0.64 0.295± 0.005 144.7± 3.2 3.045± 0.059 0.826± 0.009

Base+DESY3+As 70.40± 0.98 14.65± 0.29 0.296± 0.005 144.5± 1.6 3.041± 0.019 0.826± 0.009
Base+DESY3+PP 70.0± 1.7 14.60+0.60

−0.68 0.298± 0.005 145.0± 3.2 3.044± 0.060 0.827± 0.009
Base+DESY3+PP+As 70.03± 0.97 14.62± 0.29 0.298± 0.005 144.8± 1.6 3.041± 0.019 0.827± 0.009

Forecast (fixed Σmν)
BAO+θ⋆+SO-L+SN+As 67.40± 0.71 14.33± 0.23 0.315± 0.004 146.8± 1.3 3.037± 0.019 0.830± 0.004

BAO+θ⋆+SO-L+3× 2-pt+SN 67.30+1.1
−1.2 14.33+0.43

−0.51 0.316± 0.003 146.9± 2.5 3.037± 0.045 0.831± 0.003
BAO+θ⋆+SO-L+3× 2-pt+SN+As 67.24± 0.67 14.30± 0.22 0.316± 0.003 147.0± 1.2 3.039± 0.019 0.831± 0.003

BAO+θ⋆+CV-L+SN+As 67.30± 0.70 14.37± 0.22 0.317± 0.004 147.2± 1.3 3.040± 0.019 0.835± 0.002
BAO+θ⋆+CV-L+3× 2-pt∗+SN 67.10± 1.0 14.27± 0.41 0.317± 0.002 147.8± 2.2 3.051± 0.038 0.835± 0.002

BAO+θ⋆+CV-L+3× 2-pt∗+SN+As 67.30± 0.57 14.35± 0.21 0.317± 0.002 147.3± 1.2 3.042± 0.018 0.834± 0.002

Table 6.2: Constraints on cosmological parameters from current data, assuming fixed Σmν =
0.06 eV. The “Base” dataset denotes DESI2+θ⋆+APS-L. Uncertainties are quoted at 68%
CL.

Current Data (varying Σmν) H0 [km/s/Mpc] 100Ωmh
2 Ωm Σmν [eV] ln(1010As) S8

2 DESI2+Planck+DESY3+PP 67.82+0.47
−0.39 14.15± 0.08 0.308+0.005

−0.006 < 0.052 (0.112) 3.038± 0.014 0.819± 0.009
Base+DESY3 75.7+3.1

−4.2 17.0+1.3
−2.0 0.297± 0.005 0.54+0.23

−0.38 (1.10) 3.007+0.073
−0.065 0.821± 0.009

Base+DESY3+As 74.2± 2.2 16.32± 0.96 0.297± 0.005 0.45+0.20
−0.27 (0.862) 3.038± 0.019 0.821± 0.009

Base+DESY3+PP 75.3+3.3
−4.0 17.0+1.4

−1.9 0.299± 0.005 0.55+0.23
−0.37 (1.11) 3.006± 0.069 0.822± 0.009

Base+DESY3+PP+As 73.9± 2.2 16.36± 0.92 0.299± 0.005 0.46+0.21
−0.25(0.46

+0.40
−0.45) 3.038± 0.019 0.824± 0.010

Forecast (varying Σmν)
BAO+θ⋆+SO-L+SN+As 69.6+1.6

−2.3 15.32+0.64
−1.0 0.316± 0.004 < 0.357 (0.632) 3.037± 0.019 0.826± 0.005

BAO+θ⋆+SO-L+3× 2-pt+SN 67.8+1.2
−1.5 14.56+0.48

−0.64 0.317± 0.003 < 0.135 (0.273) 3.039± 0.045 0.830± 0.004
BAO+θ⋆+SO-L+3× 2-pt+SN+As 67.71+0.84

−1.1 14.52+0.31
−0.49 0.317± 0.003 < 0.133 (0.263) 3.040± 0.018 0.830± 0.004

BAO+θ⋆+CV-L+SN+As 68.40+0.98
−1.8 14.86+0.36

−0.76 0.317± 0.004 < 0.188 (0.403) 3.037± 0.019 0.833± 0.004
BAO+θ⋆+CV-L+3× 2-pt∗+SN 67.9+1.2

−1.4 14.62+0.47
−0.62 0.317± 0.002 0.122+0.050

−0.081 (0.247) 3.046± 0.038 0.833± 0.003
BAO+θ⋆+CV-L+3× 2-pt∗+SN+As 67.99+0.81

−0.97 14.67+0.33
−0.43 0.317± 0.002 0.123+0.051

−0.079(0.244) 3.041± 0.018 0.833± 0.003

Table 6.3: Constraints on cosmological parameters from current data, allowing Σmν to vary.
The “Base” dataset denotes DESI2+θ⋆+APS-L. For Σmν , both 68% CL intervals and 95%
CL upper bounds are shown.
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in Figures 6.3 and 6.5. The rd-agnostic tests are compared to the standard ΛCDM fits to

the combination of DESI2 BAO, PP SN and DES Year-3 with the full complement of Planck

CMB spectra, namely, the NPIPE CamSpec high-ℓ likelihood [163, 348], the PR4 CMB lensing

[115], and the PR3 low-ℓ TT and EE [42, 41](DESI2+Planck+DESY3+PP), where rd was a

derived parameter computed using the standard recombination routine in CAMB. Throughout

this section, including in the tables and the figures, we refer to the DESI2+θ⋆+APS-L

combination as the “Base” dataset.
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Figure 6.3: The 68% and 95% CL contours and the 1D marginalized posterior distributions
for H0, Ωmh

2, Ωm, and Σmν from current data. The elongated 2D contours of H0, Ωmh
2

and Σmν highlight the positive correlations between these parameters discussed in the text.
The DESI2+Planck+DESY3+PP analysis uses the full Planck data, with rd as a derived
parameter computed using the standard recombination routine in CAMB. In the analyses of
all other data combinations in this figure, rd is a free parameter.
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Figure 6.4: The 68% and 95% CL contours, along with the 1D marginalized posterior dis-
tributions for H0, Ωmh

2, and Σmν from current data, comparing the results obtained with a
uniform prior and a logarithmic prior on Σmν . This figure illustrates how using a logarithmic
prior eliminates the apparent bias towards higher values of H0 and Ωmh

2.
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Figure 6.5: The forecasted 68% and 95% CL posterior distributions for H0, Ωmh
2, Ωm, and

Σmν . For reference, the green dashed lines represent the fiducial values used in the forecast.
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6.4.1 Current data constraints with fixed Σmν

With rd as a free parameter, the combination of DESI2, θ⋆ and APS-L (Base) yields H0 =

70.5 ± 2.0 km/s/Mpc. Adding DESY3 improves the H0 constraint by about 15%, with

H0 = 70.3± 1.7 km/s/Mpc. Supplementing this with the CMB-based Gaussian prior on As

significantly reduces the uncertainty, resulting in H0 = 70.40 ± 0.98 km/s/Mpc, while also

improving the constraints on rd and Ωmh
2.

Adding the PP SN data leads to only minor shifts in the mean values and practically no reduc-

tion in parameter uncertainties. This lack of improvement despite SN offering an independent

constraint on Ωm can be explained by the fact that PP prefers a value of Ωm [105] that is 1.8σ

higher than the one preferred by DESI2 [20]. The combination of Base+DESY3+PP+As

yields H0 = 70.03 ± 0.97 km/s/Mpc that is 2.3σ above H0 = 67.69 ± 0.35 km/s/Mpc ob-

tained from the conventional derived-rd fit to DESI2+Planck+DESY3+PP, 2.4σ above the

Planck-only value of H0 = 67.36±0.54 km/s/Mpc and 2.1σ below the SH0ES Cepheid-based

distance ladder measurement of 73.04± 1.04 km/s/Mpc.

The Base+DESY3+PP+As value of S8 = 0.827 ± 0.009 is in good agreement with S8 =

0.825+0.015
−0.013 obtained in [338] from APS-L alone, and the DESI2+Planck+DESY3+PP value

of S8 = 0.818± 0.008.

6.4.2 Current data constraints with varying Σmν

Neutrinos with masses in the [0, 3.0] eV range contribute as radiation at matter-radiation

equality, and also suppress the growth of cosmic structure on smaller scales. Both effects

affect the shape of the matter power spectrum and, consequently, the CMB lensing conver-

gence spectrum and the galaxy lensing and clustering, making the latter a probe of the total

neutrino mass.

171



As discussed in Sec. 6.2.4 and seen in Fig. 6.3, there is a positive correlation between Σmν

and Ωmh
2 driven by the need to preserve the value of keq for larger values of Σmν . With

Ωm constrained by BAO (and independently also by SN), this implies that Σmν is positively

correlated with H0. We find that allowing Σmν to vary considerably dilutes the constraint on

H0, with the combination of Base+DESY3+PP yielding H0 = 75.3+3.3
−4.0 km/s/Mpc. Adding

a CMB-informed prior on As improves this to H0 = 73.9±2.2 km/s/Mpc, while constraining

the neutrino masses to Σmν = 0.46+0.21
−0.25 eV (0.46+0.40

−0.45 eV at 95% CL).

Assigning uniform probability for Σmν to take any value in the [0, 3] eV range, with the

parameter being relatively unconstrained positively correlated with H0, tends to bias the H0

and Ωmh
2 posteriors towards larger values. To demonstrate that this is a prior-related effect,

in Figure 6.4 we show posteriors for a few data combinations while using a logarithmic prior

on Σmν covering the [0.001, 3] eV mass range. With the logarithmic prior, the combination of

Base+DESY3+PP+As yields H0 = 71.5+1.4
−2.9 and Σmν = 0.205+0.097

−0.23 eV at 68% CL (0.20+0.46
−0.24

eV at 95% CL). These are statistically consistent with the uniform prior results, but now

without the apparent bias.

The rd-agnostic bounds on Σmν presented in this section are substantially weaker than those

from the conventional derived-rd analysis of the DESI DR2+Planck+DESY3+PP dataset,

Σmν < 0.052 eV (0.112 eV at 95% CL), that are getting very close to the limit of 0.06 eV.

Notably, the constraints on S8 derived while varying Σmν are effectively the same as those

from the fixed Σmν analysis in the previous subsection, and in excellent agreement with

S8 = 0.815+0.016
−0.021 obtained by the KiDS-Legacy analysis [375, 395] with fixed Σmν = 0.06 eV,

and S8 = 0.811+0.022
−0.020 from the DES Year 3 joint analysis of cluster abundances, weak lensing,

and galaxy clustering while varying Σmν .
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6.4.3 Forecasted parameter constraints

Finally, we present a forecast based on mock CMB lensing data from a Simons-Observatory-

like (SO-L) experiment, a future 3 × 2-pt galaxy weak lensing and clustering dataset, the

completed DESI BAO program, the present value of θ⋆, a mock future SN sample with

∼ 9000 SN magnitudes, and the same prior on As as the one used in the earlier subsections.

We also perform the same forecast with a cosmic-variance-limited (CV-L) CMB Lensing

mock data. The forecasted parameter constraints for the cases of fixed and varied Σmν are

summarized in Tables 6.2 and 6.3, and shown in Fig. 6.5. These forecasts are not meant to

be an exhaustive study of the promise of the rd-agnostic method, but rather provide a sense

of what improvement one can expect over a reasonable timescale.

With a fixed Σmν and without an informative As prior, we obtain H0 = 67.30+1.1
−1.2 km/s/Mpc

from the combination including the SO-L data, and H0 = 67.10 ± 1.0 km/s/Mpc from the

combination with CV-L. It is interesting that eliminating the noise from the CMB lensing

dataset, as in the cosmic variance limited case, leads to almost no improvement in the

constraints. This is because the uncertainty in H0 is dominated by the remaining degeneracy

between Ωmh
2 and As. The inclusion of the As prior significantly reduces the uncertainty,

yielding H0 = 67.24 ± 0.67 from the combination with SO-L, and H0 = 67.30 ± 0.57 from

the combination with CV-L, while also improving the constraints on other cosmological

parameters. This demonstrates that the rd-agnostic method is capable of constraining the

Hubble constant at one-percent level with a realistic CMB Lensing dataset when Σmν is

fixed.

When allowing Σmν to vary, we find H0 = 67.71+0.84
−1.1 km/s/Mpc and Σmν < 0.133 (<

0.263) eV at 68% (95%) CL from the BAO+θ⋆+SO-L+3 × 2-pt+SN+As combination, and

H0 = 67.99+0.81
−0.97 km/s/Mpc and Σmν = 0.123+0.051

−0.079 (< 0.244) eV at 68% (95%) CL from

BAO+θ⋆+CV-L+3 × 2-pt∗+SN+As combination. As in the fixed Σmν case, the added
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sensitivity to small-scale suppression at high ℓ offered by the CV-L combination does not

lead to a substantial improvement in constraining power, while the prior on As makes a

notable difference.

In the mock posteriors, we no longer see the shift to higher Ωmh
2 and H0 values when

sampling Σmν with a uniform prior. This is because Σmν is much better constrained by the

mock data, reducing the dependence on the prior choice.

6.5 Summary

The Hubble tension, and attempts to resolve it through new ingredients in early-Universe

physics, motivate efforts to measure H0 without relying on a model for the sound horizon

rd or calibrating supernovae. In this work, we combined CMB lensing measurements from

ACT, Planck, and SPT-3G with the DES Year-3 3×2-pt galaxy weak lensing and clustering

correlations, DESI DR2 BAO, the CMB acoustic scale angle θ⋆, and PP SN data, while

treating rd as a free parameter.

With a conservative prior on the amplitude of primordial fluctuations As, we find H0 =

70.03 ± 0.97 km/s/Mpc when fixing the neutrino mass sum to its minimal value Σmν =

0.06 eV. This is 2.1σ below the SH0ES Cepheid-based distance-ladder measurement [344]

and 2.4σ above the Planck ΛCDM value [348], consistent with alternative distance-ladder

determinations [183]. Allowing Σmν to vary increases the uncertainty in H0, but still yields

a sub-3% rd-agnostic constraint of H0 = 73.9± 2.2 km/s/Mpc.

Forecasts combining future CMB lensing data from a Simons-Observatory-like experiment,

a next-generation 3 × 2-pt dataset, the completed DESI BAO program, θ⋆, a future SN

sample, and a conservative As prior predict σ(H0) ≃ 0.67 km/s/Mpc. This is comparable to

the precision of full-Planck CMB analyses, demonstrating that the sound-horizon-agnostic
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approach can deliver an independent and competitive test of the need for new physics at

recombination.

Although our Gaussian prior on As was deliberately conservative, encompassing the param-

eter space allowed by modified recombination models with higher H0, it will be valuable

to explore whether future tomographic clustering and weak-lensing data from Vera Rubin

LSST [297] and Euclid [58] can remove the need for such a prior. The expanded mode

coverage from LSST and Euclid should improve sensitivity to the neutrino free-streaming

suppression of growth [307] and help disentangle the effects of Ωmh
2, As, and Σmν , especially

when combined with low-noise CMB lensing. We leave this for future work.
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Chapter 7

Conclusions and Future Directions

This thesis has explored the theoretical and phenomenological challenges within the stan-

dard cosmological model, ΛCDM, focusing in particular on the role of neutrinos and other

extensions beyond the Standard Model of particle physics. Through detailed analyses of

cosmological data, we have examined how neutrino properties and early-Universe physics

can influence key observables, such as the expansion history, the CMB anisotropies, and LSS

formation. The results presented here contribute to a broader understanding of how fun-

damental particles shape the evolution of the Universe and offer insight into the persistent

tensions among cosmological datasets.

In the coming years, cosmology will enter an even more data-rich era. Upcoming surveys

such as Euclid, the Dark Energy Spectroscopic Instrument (DESI) with its forthcoming data

releases, and the Simons Observatory on the CMB front will deliver unprecedented precision

on both background and perturbation observables. These datasets will provide powerful

opportunities to test extensions to the ΛCDM model, constrain the sum of neutrino masses,

and probe potential departures from standard physics in the early Universe.

Looking forward, one of the main directions I plan to pursue in my future research is to build
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upon the results of this work by incorporating and analyzing new cosmological probes. In

particular, the Lyman-α forest — the dense collection of hydrogen absorption lines first iden-

tified by Roger Lynds in 1970 through quasar observations — has become one of the most

powerful tracers of small-scale structure in the Universe. The Lyman-α forest now serves as

a unique window into the distribution and thermal state of the intergalactic medium, which

remains not yet precisely understood. By capturing the imprint of density fluctuations on

scales much smaller than those probed by the CMB or galaxy surveys, it provides comple-

mentary information on the growth of structure, the sum of neutrino masses, and possible

interactions in the dark sector.

The combination of Lyman-α forest data with CMB, BAO, and LSS observations will enable

a joint exploration of neutrino effects, dark radiation, and non-standard thermal histories

with significantly greater precision. In parallel, the synergy between next-generation cos-

mological surveys and laboratory neutrino experiments will be transformative, allowing us

to probe whether the neutrino sector conceals new physics, whether dark matter interacts

with visible particles, and whether cosmic acceleration can be explained by new dynamical

components or modifications of gravity.

In summary, this thesis contributes to the ongoing effort to understand the interplay be-

tween cosmology and particle physics. While the standard cosmological model remains

extraordinarily successful, the emerging discrepancies and unresolved questions signal that

our understanding of the Universe is still incomplete. The inclusion of forthcoming high-

precision data from Euclid, future DESI releases, LiteBIRD, and small-scale probes such as

the Lyman-α forest will dramatically enhance our ability to constrain neutrino properties,

dark sector interactions, and early-Universe dynamics. The next decade promises to be a

defining period for cosmology — one that may reveal the first clear signs of physics beyond

the ΛCDM paradigm.
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