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Abstract

We consider the possibility that the cosmic neutrino background might have a nonthermal spec-

trum, and investigate its effect on cosmological parameters relative to standard Λ-Cold Dark Matter

(ΛCDM) cosmology. As a specific model, we consider a thermal y-distortion, which alters the dis-

tribution function of the neutrino background by depleting the population of low-energy neutrinos

and enhancing the high-energy tail. We constrain the thermal y-parameter of the cosmic neu-

trino background using Cosmic Microwave Background (CMB) and Baryon Acoustic Oscillation

(BAO) measurements, and place a 95%-confidence upper bound of y ≤ 0.043. The y-parameter

increases the number of effective relativistic degrees of freedom, reducing the sound horizon radius

and increasing the best-fit value for the Hubble constant H0. We obtain an upper bound on the

Hubble constant of H0 = 71.12 km/s/Mpc at 95% confidence, substantially reducing the tension

between CMB/BAO constraints and direct measurement of the expansion rate from Type-Ia su-

pernovae. Including a spectral distortion also allows for a higher value of the spectral index of

scalar fluctuations, with a best-fit of nS = 0.9720± 0.0063, and a 95%-confidence upper bound of

nS ≤ 0.9842.
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I. INTRODUCTION

The standard Λ-Cold Dark Matter (ΛCDM) cosmological model is a remarkably success-

ful description of the observed universe, from the epoch of recombination and the formation

of the Cosmic Microwave Background (CMB) through the era of structure formation in the

universe, and up to the present epoch of dark energy domination and accelerated expansion.

The model fits cosmological observations at a variety of scales and redshifts to a simple set of

six parameters, describing a nearly scale-invariant primordial spectrum of density perturba-

tions, the densities of baryons and dark matter, the angular diameter distance to the surface

of last scattering, and the redshift of star formation and the subsequent reionization of the

universe. While this simple benchmark model is a good fit to cosmological observations, there

are a few tensions affecting cosmological parameters. The most significant of these is the dis-

agreement between direct measurement of the Hubble Constant H0 using standard candles

such as Type-Ia supernovae resulting in a value of 72.3±1.4 (stat) ±1.4 (syst) km s−1 Mpc−1

[1, 2], and measurement of H0 obtained from measurements of the anisotropy of the Cosmic

Microwave Background, which give a value of 67.4 ± 0.5 km s−1 Mpc−1 [3], resulting in a

tension in excess of 4σ. The explanation for this tension is currently unknown.

An important physical feature of the data is that standard candle measurements directly

measure the expansion rate H0, while constraints from the CMB are indirect, and rely on the

ΛCDM model as an underlying assumption. This opens the possibility that the apparent

tension in the Hubble parameter could be an artifact of assuming an incorrect or incomplete

cosmological model, and could be explained by an extension to ΛCDM involving new physics.

This is easier said than done [4], and many such extensions have been proposed, with none

providing a compelling resolution (for reviews see Refs. [5–7]). A particularly promising

candidate for new physics is the neutrino sector; existing proposals for mitigating the Hubble

tension include interaction between neutrinos and dark energy prior to recombination [8]

(see, however, [9, 10]), and a lepton asymmetry in the neutrino sector [11]. It has recently

been noted that current constraints actually favor a negative value for the sum of neutrino

masses, suggesting the influence of new physics [12, 13].

In this paper we consider the possibility of a non-thermal spectrum for the cosmic neu-

trino background. In the standard cosmological model, there are two backgrounds of relic

radiation left over from the early hot Big Bang universe: photons from the epoch of re-
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combination (the CMB), and neutrinos, which decoupled shortly before the epoch of e±

annihilation. The thermal spectrum of the CMB has been measured to have a a temper-

ature of 2.7 K, and exhibits an exactly thermal spectrum, measured with extremely high

precision by the FIRAS instrument [14]. The cosmic neutrino background, by contrast, has

only been detected indirectly, and an underlying assumption of the ΛCDM cosmological

model is that the neutrino background is, like the CMB, thermal, with a temperature of

1.95 K. In this paper, we investigate the consequences of relaxing the assumption that the

cosmic neutrino background has an exactly thermal spectrum. This has been considered

previously in the literature for modifications such as the addition of a Gaussian on top of

the thermal distribution [15, 16], leaving the energy density fixed, but changing the neutrino

number density, and by an effective chemical potential in the neutrino sector [11, 17, 18].

Here, we consider a y-type distortion of the neutrino distribution function, which distorts

the occupation function while leaving the number density constant, adding one parameter

to the standard ΛCDM model which behaves similarly to changing the overall number of

relativistic degrees of freedom Neff . Our main result is an upper bound on the thermal y-

parameter of the cosmic neutrino background of y ≤ 0.043 at 95% confidence. We find that

the y-parameter is strongly correlated with both the sound horizon radius and the Hubble

constant, and substantially broadens the allowed region for the Hubble constant from the

CMB and Baryon Acoustic Oscillation (BAO) data. The paper is organized as follows: Sec.

II describes the physics of the spectral distortion, III shows constraints from CMB and BAO,

and IV presents a summary and conclusions.

II. THERMAL DISTORTIONS IN THE NEUTRINO SECTOR

A y-distortion refers to a specific type of distortion in the spectrum of the CMB radia-

tion, caused by inverse Compton scattering of CMB photons off hot electrons, leading to a

characteristic change in the distribution of photon energies. The best-known example of a

y-distortion is the thermal Sunyaev–Zel’dovich effect [19], in which CMB photons passing

through a cluster of galaxies encounter hot electrons in the intracluster medium. These

electrons are much hotter than the CMB photons, typically with temperatures in the range

of millions of Kelvin, but are optically thin, resulting in single-scattering events which selec-

tively up-scatter low-energy CMB photons to higher energies, resulting in a characteristic
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distortion of the underlying black-body spectrum.

The y parameter quantifies the amount of energy transferred from the hot electrons to

the CMB photons and it is defined as

y =

∫
(

kBTe

mec2

)

NeσTdℓ, (1)

where kB is the Boltzmann constant, Te is the electron temperature, me is the electron

mass, Ne is the electron number density, σT is the Thomson scattering cross-section, and

dℓ is the path length through the electron gas. The y-distortion alters the CMB spectrum

from a perfect blackbody by introducing a decrement in intensity at lower frequencies and

an increment at higher frequencies, of the form

f y
γ (x) = fγ(x) + δfγ(x) =

1

ex − 1

[

1 + y
exx

ex − 1

(

x
ex + 1

ex − 1
− 4

)]

(2)

where fγ(x) = (ex − 1)−1. The total number of photon remains constant

N ∝

∫

x2 f y
γ (x) dx =

∫

x2 fγ(x) dx, (3)

and the energy injection is given by

δργ =

∫

x3 δf y
γ (x) dx = 4 y ργ (4)

where ργ is the energy contained in the undistorted spectrum.

In this paper, we consider the possibility that a similar non-thermal distortion could

apply to the cosmic neutrino background; we propose no specific mechanism, but instead

use a y-distortion as a specific one-parameter phenomenological description, valid as long

as the physics generating the distortion is dominated by single-scattering events which pref-

erentially up-scatter low-energy neutrinos to higher energy. Accounting for the difference

between bosonic and fermionic distribution functions, we assume a spectral distortion of the

form,

f y
ν (x) = fν(x) + δfγ(x) =

1

ex + 1

[

1 + y
exx

ex + 1

(

x
ex − 1

ex + 1
− 4

)]

(5)

As in the case of photons, this distortion does not change the total number of neutrinos but

increases their total energy (Fig. 1).

Although, as already mentioned, we use the y-distortion as a specific one-parameter

phenomenological description, one should keep in mind that it arises from assuming that

the change in the neutrino energy is small and one can Taylor expand. This Taylor expansion
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for Neff = 3.046. Second, the spectral distortion has the effect of allowing the expansion

rate prior to last scattering to be slightly larger at the same redshift due to the injection

of energy into relativistic degrees of freedom. Since matter/radiation equality occurs later,

and the expansion rate is increased, the sound horizon at last scattering r⋆s will be smaller,

[6]

r⋆s =

∫ t⋆

0

cS (t) dt

a (t)
=

∫ ∞

z⋆

cS (z) dz

H (z)
, (10)

where cS is the sound speed, and z⋆ is the redshift of last scattering. This decrease in the

sound horizon at last scattering affects the constraint on the Hubble parameter, since the

angular diameter of the sound horizon θ⋆ is fixed by observation, but

θ⋆ =
r⋆s
D⋆

A

, (11)

where D⋆
A is the angular diameter distance to the surface of last scattering,

D⋆
A =

∫ z⋆

0

dz

H (z)
, (12)

must also decrease in order to keep θ⋆ fixed, which means we must increase the expansion rate

at late time. In this sense, the y-distortion behaves similarly to an increase to δNeff/Neff ∼

4y, since the entire neutrino spectrum is relativistic, and the spectral distortion increases

the total energy in the neutrino background. Models including varying Neff have been well-

studied in the literature [6, 23]. We expect that a positive y-parameter will decrease r⋆s and

the related acoustic drag scale rdrags , and increase the best-fit Hubble parameter H0.

The y-distortion in the neutrino background in principle differs from simply varying Neff

in two key ways. The first is that the y-distortion may exist before neutrino decoupling,

or be induced by processes that occur afterward. That is, if we assume entirely standard

nucleosynthesis, with Neff = 3.05, and a Helium abundance of YP = 2.4709, consistent with

the bound from Ref. [24] of YP = 0.24709 ± 0.00017, this (slightly) differs from simply

varying Neff , because Neff during nucleosynthesis is correlated with the Helium abundance,

such that a larger Neff also requires a higher value of YP. The Helium abundance influences

CMB observables primarily through its effect on the electron abundance, and therefore the

damping tail of the CMB power spectrum [23], which for the parameter ranges considered

here can be as large as 2%. In practice, we find that has no discernible effect on the bounds

on other parameters, and in what follows, we enforce the standard BBN constraint between

Neff and YP.
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A second difference is that neutrinos are massive; introducing a y-distortion slightly de-

pletes the population of low-energy neutrinos and enhances the population of high-energy

neutrinos. Since it is the low-energy tail of the neutrino spectrum that becomes non-

relativistic at late times, we expect a small decrease in the neutrino contribution to Cold

Dark Matter (CDM) during structure formation. In practice, for the time being, this latter

effect is negligible, and the effect of the y-distortion is dominated by its contribution to

the relativistic background. Upcoming measurements of large-scale structure may allow for

the discrimination between the two scenarios. Future bounds/measurements on the local

overdensities of relic neutrinos, like the ones carried out by KATRIN [25] will also have

sensitivity to spectral distortions like the one presented here. Likewise, direct searches for

the background of the relic neutrino [26] with the aim of detecting the capture of the relic

neutrino in tritium will also bound the spectral y-distortions. However, a fundamental pa-

rameter for PTOLEMY as well as for any future experiment that attempts to measure the

cosmic neutrino background is the local neutrino density, which directly influences the an-

ticipated event rate, via its effect on the tritium β-decay rate induced by neutrino capture.

Since neutrinos begin to cluster when they become non-relativistic, the local neutrino den-

sity is generally expected to be enhanced from the homogeneous and isotropic background

neutrino density of approximately 56 cm−3 per flavor. As a consequence of this, the exact

value of the enhancement depends not only on the absolute neutrino mass, but also on the

full neutrino spectrum, which we do not yet know.

On the other hand, when discussing the differences between spectral distortions and Neff ,

one should keep in mind that Neff encompasses a variety of different models, from sterile

massive neutrinos to extra massless degrees of freedom, each one having a different large

scale structure signature. The sign of the y-parameter can also in principle be negative, i.e.

optically thin downscattering of neutrinos from high energy to low energy. A y-distortion

therefore offers the possibility to explore scenarios with a reduction of Neff , something that

can not be achieved by adding extra relativistic degrees of freedom. A negative y-distortion

could also serve to compensate for the addition of extra relativistic species.

In the next section, we discuss parameter constraints.
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III. PARAMETER CONSTRAINTS

We consider a fiducial ΛCDM model consisting of the following six parameters:

� Baryon density Ωbh
2

� Cold Dark Matter density ΩCh
2

� Angular diameter of the sound horizon at last scattering θ⋆

� Reionization optical depth τ

� Amplitude of scalar density perturbations AS

� Spectral index of scalar density perturbations nS

We assume a flat universe, Ωtot = 1, no primordial tensor fluctuations, and a sum of neutrino

masses
∑

mν = 0.059 eV, (13)

with the neutrino masses assumed to normal-ordered. We perform a parameter fit using

the COBAYA Monte-Carlo Markov Chain (MCMC) code [27] with a convergence criterion

for the Gelman-Rubin R-parameter of R − 1 < 0.01. Parameters are constrained using the

Planck 2018 TTTEEE power spectra [28] and Planck lensing [29] using the NPIPE likelihood

code [30], and the Atacama Cosmology Telescope (ACT) Data Release 6 lensing likelihood

[31]. Baryon Acoustic Oscillation (BAO) constraints are from the Dark Energy Spectroscopic

Instrument (DESI) DR1 data release [32]. The CMB power spectrum is obtained using a

modified version of the CLASS code [33], which includes the y-distortion to the neutrino

distribution function [15, 34]. We constrain parameters with and without a y-distortion for

comparison.

Figure 2 shows the constraints on the seven base parameters of the ΛCDM + y model.

Figure 3 shows constraints on parameters relevant to the determination of the Hubble con-

stant. As expected, we see a tight negative correlation between the y-parameter and rdragS ,

so that increasing y decreases the sound horizon size. The correlation between y and the

Hubble constant is positive: increasing y increases the best-fit value for H0. Constraints on

the parameters individually are:

� H0 = 68.92± 1.14 km/s/MpC,
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� y = 0.0154± 0.0147,

� rdragS = 145.82± 1.71 MpC.

The upper 95%-confidence upper bound on the Hubble constant is H0 < 71.12. The con-

straint on θ∗ becomes somewhat weaker, with a larger y-distortion preferring a slightly

smaller θ∗. (While the addition of a y-distortion allows for weakening of the tension between

CMB and supernova measurements of H0, like any other addition of relativistic degrees of

freedom, such a solution is disfavored mainly because it alters the ratio θ∗d/θ
∗
s , introducing

tension with CMB data. See [35] and Section E of Ref. [6], which presents a comparative

survey of proposed solutions to the Hubble tension, including changes to Neff , early dark

energy, and other scenarios. Among all the proposals in the literature so far, the varying

electron mass models seem to offer the best solution to the Hubble tension [36, 37]. )

Figure 4 shows constraints on parameters relevant for structure formation. A y-parameter

favors a somewhat lower value for ΩM, and a slightly higher value for σ8, although the

best-fit values are not significantly shifted. The best-fit region for the spectral index nS

is shifted significantly from its value as constrained by Planck alone, with a best-fit of

nS = 0.9720± 0.0063, allowing for a significantly bluer spectrum, and correspondingly more

power on small scales, with a larger y-parameter favors a higher spectral index. The fit

including the y-distortion is σ8 = 0.8176 ± 0.0097, favoring a slightly higher value of the

clustering parameter σ8 than the base ΛCDM model, with a similar lower bound, so that

the addition of the spectral distortion as a parameter does not serve to alleviate the tension

in σ8 between CMB and clustering measurements. (See e.g. Chen, et al. [38].)

IV. DISCUSSION AND CONCLUSIONS

In this paper, we have considered the possibility that the cosmic neutrino background,

usually assumed to be thermal, has a non-thermal distribution function. For definiteness,

we assume a y-type distortion, characterized by optically thin upscattering of neutrinos from

low energy to high energy, similar to the thermal Sunyaev–Zel’dovich effect in photons. We

propose no particular physical mechanism for producing such a distortion in the cosmic

neutrino background, but simply treat it as physically plausible and well-defined, involving

only a single additional parameter. The y-distortion preserves the total neutrino number,
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95%-confidence upper bound of nS ≤ 0.9842.
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[39] E. Di Valentino, W. Giarè, A. Melchiorri, and J. Silk, Mon. Not. Roy. Astron. Soc. 520, 210

(2023), arXiv:2209.14054 [astro-ph.CO].

[40] W. Handley and P. Lemos, Phys. Rev. D 103, 063529 (2021), arXiv:2007.08496 [astro-ph.CO].

[41] D. K. Hazra, B. Beringue, J. Errard, A. Shafieloo, and G. F. Smoot, (2024), arXiv:2406.06296

[astro-ph.CO].

15


	A bound on thermal y-distortion of the cosmic neutrino background
	Abstract
	Introduction
	Thermal Distortions in the Neutrino Sector
	Parameter Constraints
	Discussion and Conclusions
	Acknowledgements
	References


