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The Context
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(95 % CL, CMB+BAO-DESIY1)∑ mν < 0.073 eV
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Figure 11. Left panel : The marginalized 1D posterior constraints on
P

m⌫ from di↵erent combina-
tions of datasets, in the single parameter extension flat ⇤CDM+

P
m⌫ model. As explained in the

text, here we use a model with 3 degenerate mass eigenstates and with a minimal prior
P

m⌫ > 0 eV.
The minimal masses for the normal or inverted mass ordering scenarios correspond to

P
m⌫ > 0.059

eV and
P

m⌫ > 0.10 eV respectively, shown by the vertical dashed lines and the shaded regions.
Right panel : Joint marginalized 68% and 95% credible intervals on

P
m⌫ and H0 from Planck, CMB

and DESI+CMB data, illustrating the degeneracy between these parameters from the CMB, and how
DESI BAO data contribute to breaking it. The vertical shaded regions indicate the 68% and 95% con-
straints on H0 from DESI BAO data combined with knowledge of ✓⇤ and ⌦bh

2 in the ⇤CDM+
P

m⌫

model. This shows how DESI BAO breaks the primarily geometric degeneracy to place an upper limit
on

P
m⌫ .

behave as radiation in the early universe and as dark matter at late times, so they a↵ect both
the acoustic oscillations in the primordial plasma as well as the background evolution and
structure formation. Cosmological observations are sensitive to both the number of neutrino
species and their total mass (e.g., [69]), making cosmology constraints complementary to
terrestrial neutrino experiments.

7.1 Sum of neutrino masses

The base model we have adopted so far assumes the sum of neutrino masses to be
P

m⌫ =
0.06 eV, with a single massive eigenstate and two massless ones. This is motivated by the
lower bound for

P
m⌫ from neutrino oscillation experiments. In this section, we consider a

single-parameter extension beyond this minimal model in which
P

m⌫ is allowed to freely
vary, in order to explore the constraining power on

P
m⌫ of DESI data. Amongst terrestrial

experiments directly measuring the neutrino mass, KATRIN [231] has produced the tightest
constraints to date, from measuring the endpoint of the tritium �-decay spectrum. This
gives an upper bound on the e↵ective electron-neutrino mass that is independent of the
cosmological model of m� < 0.8 eV (90% CL) [232], equivalent to

P
m⌫ . 2.4 eV (90% CL).

Neutrino oscillation experiments have also shown that at least two of the three active
neutrino masses are non-zero, but the ordering of these masses is not known. In the normal
ordering or normal hierarchy (NH), the two lowest mass neutrino eigenstates have the smallest
mass splitting, implying that the total neutrino mass must be

P
m⌫ � 0.059 eV, while in the

inverted hierarchy (IH), however, the smallest mass splitting occurs between the two highest
mass eigenstates, necessitating a total mass of

P
m⌫ � 0.10 eV [233]. When allowing

P
m⌫

– 35 –
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On April 2024 the DESI collaboration presented the cosmological results 
from their 1st year of observations. The results have key implications for 
the neutrino mass.
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Outline
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Neutrino Masses in Cosmology

Cosmological bounds on the neutrino masses

Cosmological model dependence

Cosmological implications of a neutrino mass

Dependence upon the data sets

Dependence upon statistical procedure used

Hubble tension: Status & Implications for mν

Physical effects
Data sets
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Set Up
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Unlike neutrinos, I do like to interact !

Questions and Comments 
are most welcome, at any 

time!!!!

The plan is to learn and therefore:

(great thanks to those who 
asked questions yesterday!)
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Key Equations from yesterday
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Neutrinos decouple at a temperature of  and this is the 
time at which the Cosmic Neutrino Background forms

T ≃ 2 MeV

The Cosmic Neutrino Background is almost a perfect blackbody 
spectrum with Tν = Tγ /1.4

Key things to remember:

The average energy of a relativistic particle is . A neutrino 
becomes non-relativistic when  which happens at

⟨E⟩ ≃ 3T
mν ≃ 3Tν

znon−rel
ν ≃ 200 mν

0.1 eV
Energy density is simply , which implies at :ρ = ⟨E⟩ × n Tν ≪ mν

Ωνh2 = ρν

ρc/h2 = ∑ mν /(93.14 eV)
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Hot DM:Non-Rel: znon−rel
ν ≃ 200 mν

0.1 eV Ωνh2 = ∑ mν /(93.14 eV)

γ ν

∑ mν = 0.15 eV

Neutrino Evolution

6

Neutrinos are always a relevant species in the Universe’s evolution
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Global Perspective
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Current knowledge:
∑ mν ≲ 0.2 eVNeff = 3.0 ± 0.3 (Planck/BBN)

(Planck+BAO)
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Main players of today
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Planck SDSS DESI

full sky, with 
 to ΔT/T ≃ 2 × 10−6 θ ≃ 0.2∘

1.5M galaxies 5M galaxies
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The Data: CMB
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Planck Collaboration: Cosmological parameters
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

it is not possible to inter-calibrate the spectra to a precision of
better than 1 % without invoking a reference model. The fidu-
cial theoretical spectra CTh

` contained in CTh are derived from
the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:

adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent
estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
cEE

100

⌘
EE fit

= 1.021;
⇣
cEE

143

⌘
EE fit

=

0.966; and
⇣
cEE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,

⇣
cEE

100

⌘
TE fit

= 1.04,
⇣
cEE

143

⌘
TE fit

= 1.0, and
⇣
cEE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM

7
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The Data: Galaxy Clustering
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10 C. Zhao et al.

Figure 5. galaxy–galaxy, galaxy–void, and void–void two-point correlation functions for di�erent samples, with northern and southern galactic caps combined.
Dots indicate measurements from the SDSS data, with error bars being the standard deviation of measurements from 1000 realizations of the corresponding
approximate mocks (Patchy or EZmock). Red dashed lines and orange envelopes show the mean and 1 f dispersions of 2PCFs from these mocks. Cyan regions
denote jackknife error estimations, for # -body simulation galaxy catalogues, including BigMD and OuterRim, which are calibrated with the corresponding
data. In particular, the 2PCF of the OuterRim simulation is shifted by U = 0.942, to account for the di�erence of cosmology models (see Table 2).

the combined correlation function becomes larger when the absolute
value of the weight increase. The combined correlation functions we
mention hereafter, always refer to the results for the combined galaxy
and void samples, unless otherwise stated.

3.4 BAO fitting

In order to measure the BAO peak positions from 2PCFs, we rely
on the template fitting method introduced by Xu et al. (2012), and
adapted for voids by Zhao et al. (2020) and Variu et al. (2021).
Since the clustering measurements of galaxies and voids are strongly
correlated (see Appendix A), it is crucial to use a multi-tracer BAO
fitting scheme that takes into account the cross covariances. To this
end, we introduce two multi-tracer approaches: (a) fit the combined
2PCFs with weights applied to di�erent tracers, as is done in Zhao
et al. (2020), and (b) fit the stacked 2PCFs of multiple tracers, with
all their cross covariances included.

3.4.1 BAO models

The theoretical model we use for BAO fitting is based on a template
correlation function bt (B), and (Xu et al. 2012)

bmodel (B) = ⌫2bt (UB) + �(B), (16)

where ⌫ is a normalization factor that controls the overall amplitude
of the model, and �(B) indicates a polynomial that accounts for the
broad-band shape, which consists of three nuisance parameters 00,

01, and 02:

�(B) = 00 B
�2 + 01 B

�1 + 02. (17)

It has been shown that this polynomial term yields unbiased BAO
measurements (e.g. Xu et al. 2012; Vargas-Magaña et al. 2014).
Lastly, U is the BAO dilation parameter, which quantifies the hori-
zontal shift of the model curve, and is essentially the measurement
of the BAO peak position. Since U represents the relative di�erence
between the model and template, it can be converted to a ratio of
distance scales (Xu et al. 2012), i.e.,

U =
⇡V (I)/Ad

⇡V ,fid/Ad,fid
, (18)

where Ad is the sound horizon at the drag epoch, and ⇡V indicates the
volume-averaged angular diameter distance (Eisenstein et al. 2005):

⇡V (I) =
h
I⇡2

M
(I)⇡H (I)

i1/3
=

⇡2

M
(I) cI

� (I)

�1/3
, (19)

with ⇡M (I) and ⇡H (I) being the angular diameter distance and the
Hubble distance respectively. Besides, � (I) is the Hubble parameter.
The subscript ‘fid’ in Eq. (18) indicates parameters of the cosmology
model used for generating the template bt (B).

This template correlation function is actually the Hankel transform
of a template power spectrum %t (:):

bt (B) =
π

:2 d:

2⇡2
%t (:) 90 (:B) e�:

202
, (20)

where 90 is the 0-order spherical Bessel function of the first kind,

MNRAS 000, 1–33 (2021)
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Evidence for Cosmic Neutrinos
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Planck 2018, 1807.06209

Current constraints

Pisanti et al. 2011.11537BBN

Planck+BAO

Implications: 

NBBN
eff = 2.86 ± 0.28

NCMB
eff = 2.99 ± 0.17

2) We can use cosmological data to test neutrino properties

1) Stringent constraint on many BSM settings

Data is in excellent agreement with the Standard Model prediction

This provides strong (albeit indirect) evidence for the 
Cosmic Neutrino Background.

Standard Model prediction: NSM
eff = 3.043(1)

Yesterday! Today!
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Neutrino Properties
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q
�m2

sol

q
�m2

atm

q
�m2

sol ' 0.01 eV

q
�m2

atm ' 0.05 eV

InvertedNormal

Figure from de Salas et al. 1806.11051

X
m⌫ & 0.06 eV

X
m⌫ & 0.10 eV

Mass differences and mixings measured with high precision

What is the neutrino mass scale? i.e. Σm𝛎? i.e. mlightest? 

What is  and what is the mass ordering?δCP Neutrino Oscillations
Are Neutrinos Dirac or Majorana particles? 0ν2β Experiments

KATRIN &
Cosmology
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Neutrino Masses in Cosmology
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1) Massive neutrinos enhance the expansion history H ∝ ρ

Hot DM:Non-Rel: znon−rel
ν ≃ 200 mν

0.1 eV Ωνh2 = ∑ mν /(93.14 eV)
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Neutrino Masses in Cosmology
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2) Massive neutrinos suppress the growth of structure
Taken from a talk by Steen Hannestad Link.

Same DM energy density in the two boxes!

This happens because neutrinos travel very fast and therefore cannot fall in gravitational 
potentials. The effect of this smoothing is proportional to Ων

https://www.youtube.com/watch?v=19crVz1HdGI
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Neutrino Masses in Cosmology
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Cosmic Microwave Background Anisotropies
Neutrinos of  become non-relativistic after recombination. 
That means that their effect on the anisotropies is somewhat small!

mν < 0.5 eV

The most relevant impact is through the effect of gravitational lensing:

Image Credit ESA

The larger the neutrino mass the less is the CMB light lensed!
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Neutrino Masses in Cosmology
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Cosmic Microwave Background Anisotropies

102 103

`

0.96

0.98

1.00

1.02

1.04

C
TT `

/C
TT `

(m
∫

=
0)

Planck Error Bars
P

m∫ = 0.25 eVP
m∫ = 0.50 eVP
m∫ = 0.75 eVP
m∫ = 1.00 eV

fixing !cdm, µs, As, ns, ø

Scales with largest constraining power

X
m⌫ < 0.54 eV

(95 % CL, TT+lowE)

The effect of neutrino masses in the CMB:
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Neutrino Masses in Cosmology
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5 25. Neutrinos in Cosmology

Figure 25.2: Ratio of the CMB C
T T
¸ and matter power spectrum P (k) (computed for each model

in units of (h≠1Mpc)3) for di�erent values of
q

m‹ over those of a reference model with massless
neutrinos. In order to minimize and better characterise the e�ect of

q
m‹ on the CMB, the

parameters that are kept fixed are Êb, Êc, · , the angular scale of the sound horizon ◊s and the
primordial spectrum parameters (solid lines). This implies that we are increasing the Hubble
parameter h as a function of

q
m‹ . For the matter power spectrum, in order to single out the e�ect

of neutrino free-streaming on P (k), the dashed lines show the spectrum ratio when {Êm, Êb, ��}
are kept fixed. For comparison, the error on P (k) is of the order of 5% with current observations,
and the fractional C¸ errors are of the order of 1/

Ô
¸ at low ¸.

25.2.3 E�ect of neutrino masses on the CMB
Neutrino eigenstates with a mass mi π 0.57 eV become non-relativistic after photon decoupling.

They contribute to the non-relativistic matter budget today, but not at the time of equality or
recombination. If we increase the neutrino mass while keeping fixed the density of baryons and
dark matter (Êb and Êc), the early cosmological evolution remains fixed and independent of the
neutrino mass, until the time of the non-relativistic transition. Thus one might expect that the
CMB temperature and polarisation power spectra are left invariant. This is not true for four
reasons.

First, the neutrino density enhances the total non-relativistic density at late times, Êm =
Êb + Êc + Ê‹ , where Ê‹ © �‹h

2 is given as a function of the total mass
q

m‹ by Eq. (25.2).
The late background evolution impacts the CMB spectrum through the relation between scales
on the last scattering surface and angles on the sky, and through the late ISW e�ect (see Cosmic
Microwave Background – Chap. 28 of this Review). These two e�ects depend respectively on the
angular diameter distance to recombination, dA(zrec), and on the redshift of matter-to-» equality.
Increasing

q
m‹ tends to modify these two quantities. By playing with h and ��, it is possible to

keep one of them fixed, but not both at the same time. Since the CMB measures the angular scale of
acoustic oscillations with exquisite precision, and is only loosely sensitive to the late ISW e�ect due
to cosmic variance, we choose in Fig. 25.2 to play with the Hubble parameter in order to maintain
a fixed scale dA(zrec). With such a choice, an increase in neutrino mass comes together with a
decrease in the late ISW e�ect explaining the depletion of the CMB spectrum for l Æ 20. The fact
that both

q
m‹ and h enter the expression of dA(zrec) implies that measurements of the neutrino

mass from CMB data are strongly correlated with h. Second, the non-relativistic transition of
neutrinos a�ects the total pressure-to-density ratio of the universe, and causes a small variation
of the metric fluctuations. If this transition takes place not too long after photon decoupling, this

6th December, 2019 11:49am

Suppression from Ωνh2Galaxy Surveys
Figure taken from the PDG, Lesgourgues & Verde 

P(k) |mν≠0

P(k) ≃ 1 − 8 fν = 1 − 8 Ων

Ωcdm + Ωb + Ων
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Neutrino Masses in Cosmology
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On the Standard Model of Cosmology:
ΛCDM  Universe currently dominated by a Cosmological Constant 
and with Cold Dark Matter

≡

Model parametrized by 6 parameters: Ωcdmh2Ωbh2 As ns τreio θs

Parameter degeneracies with the neutrino mass:
see e.g. Archidiacono et al. [1610.09852]

∑ mν is strongly correlated with  and H0 Ωm

1) The amount of lensing is strongly correlated with the dark matter abundance too

2) The angular diameter distance to recombination is also constrained by these two 
parameters

because:

BAO data can break precisely these degeneracies!
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Neutrino Masses from Cosmology
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Planck 2018 for ΛCDM (1807.06209)X
m⌫ < 0.54 eV

X
m⌫ < 0.26 eV

X
m⌫ < 0.12 eV

(95 % CL, TT+lowE)

(95 % CL, TTTEEE+lowE)

(95 % CL, TTTEEE+lowE+lensing+BAO-SDSS)

(95 % CL, TTTEEE+lowE+lensing)
X

m⌫ < 0.24 eV

To be compared to the KATRIN bound:∑ mν < 1.5 eV

(95 % CL, CMB+BAO-DESIY1)∑ mν < 0.073 eV
DESI (2404.03002)

But also with the minimal possible value!
X

m⌫ & 0.06 eV
X

m⌫ & 0.10 eV
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Neutrino Masses from Cosmology

20

Very robust bounds from linear Cosmology ΔT/T ∼ 10−5

What about other non-linear cosmological data?

And, all cosmological bounds are cosmological model dependent

What is the dependence upon the assumed Cosmological Model?

What about possible systematics in the Planck CMB and BAO data?

What is the dependence upon the assumed statistical procedure?

(95 % CL CMB+BAO-DESIY1)∑ mν < 0.073 eV
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Neutrino Masses from Cosmology
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Data beyond Planck within ΛCDM
Planck Planck 1807.06209

X
m⌫ < 0.12 eV Planck 1807.06209Planck+SDSS-BAO

X
m⌫ < 0.26 eV

Ivanov et al. 1912.08208Planck+SDSS P(k)
X

m⌫ < 0.16 eV

Planck+Lyman-  α
X

m⌫ < 0.10 eV

Jiang et al. 2407.18047 Planck+DESI+H0∑ mν < 0.048 eV

Palanque-Delabrouille
et al. 1911.09073

Lyman- +H0prior α
X

m⌫ < 0.58 eV

Ivanov et al. 1909.05277SDSS P(k)
X

m⌫ < 0.86 eV

Planck+BAO drive current cosmological constraints [compare DESI and SDSS]

Non-linear or mildly non-linear data sets break degeneracies in the fit

The larger H0 is, the stronger the constraint on              is
X

m⌫
(However, this comes from combining 
two data sets in strong tension!)

Jiang et al. 2407.18047 Planck+DESI+SN∑ mν < 0.081 eV

∑ mν < 0.073 eV DESI 2404.03002CMB+DESI-BAO
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Not only the bounds are stringent but there is no sign for a non-
zero neutrino mass!

7

⇤CDM+
P

m⌫ NPDDE+
P

m⌫

Dataset combination
P

m⌫ (eV) BNO,IO

P
m⌫ [eV] BNO,IO

baseline (CMB + DESI) < 0.072 8.1 < 0.064 12.3

baseline + SNeIa < 0.081 7.0 < 0.068 7.9

baseline + CC < 0.073 7.3 < 0.067 8.0

baseline + SDSS < 0.083 6.8 < 0.070 10.6

baseline + SH0ES < 0.048 47.8 < 0.047 54.6

baseline + XSZ < 0.050 46.5 < 0.044 39.6

baseline + GRB < 0.072 8.7 < 0.066 15.4

aggressive combination (baseline + SH0ES + XSZ) < 0.042 eV 72.6 < 0.041 eV 109.2

CMB (with ACT “extended” likelihood)+DESI < 0.072 8.0 < 0.065 12.8

CMB+DESI (with 2020 HMCode) < 0.074 7.5 < 0.065 10.8

CMB (with v1.2 ACT likelihood)+DESI < 0.082 7.4 < 0.072 6.3

TABLE II. 95% C.L. upper limits on the sum of the neutrino masses
P

m⌫ (in eV) and Bayes factor for normal ordering versus
inverted ordering, BNO,IO (with values of BNO,IO > 1 indicating a preference for the normal ordering) in light of di↵erent dataset
combinations as listed in the leftmost column, and within two di↵erent cosmological models: the 7-parameter ⇤CDM+

P
m⌫

model (two intermediate columns), and the 9-parameter NPDDE+
P

m⌫ model where the dark energy equation of state is
modeled as in Eq. (1) and required to satisfy w(z) � �1 (two rightmost columns).

FIG. 1. Posterior distributions for the sum of the neu-
trino masses

P
m⌫ (in eV) obtained within the 7-parameter

⇤CDM+
P

m⌫ model in light of di↵erent dataset combina-
tions, as per the color coding.

measurements. From now on, all upper limits on
P

m⌫

are at 95% C.L. unless otherwise stated. A summary of
our upper limits on

P
m⌫ and the Bayes factors for the

NO versus the IO when adopting various dataset combi-
nations is provided in Tab. II.

For the sake of comparison with previous works in
the literature, we begin by reporting the results ob-
tained within the ⇤CDM+

P
m⌫ model, analyzing the

impact of likelihood settings. Posterior distributions
for

P
m⌫ in light of di↵erent dataset combinations are

shown in Fig. 1. For our baseline dataset combination of

FIG. 2. 2D joint posterior distribution for the sum of
the neutrino masses

P
m⌫ (in eV) and the Hubble con-

stant H0 (in km/s/Mpc) obtained within the 7-parameter
⇤CDM+

P
m⌫ model, and in light of the baseline dataset

combination (red contours), and the combination of the lat-
ter with the SH0ES prior (blue contours). We clearly see
the anti-correlation between the two parameters, which ex-
plains why adding the SH0ES prior tightens the upper limits
on

P
m⌫ . The grey band indicates the SH0ES measurement

H0 = (73.04± 1.04) km/s/Mpc reported in Ref. [187].

CMB data with the DESI BAO measurements, we findP
m⌫ < 0.072 eV, in perfect agreement with the limit

obtained by the DESI collaboration [83]. In this case,
the code used to treat non-linearities is the 2016 version
of HMCode, whereas we use the v1.1 version of the ACT

Jiang et al. [2407.18047] Naredo-Tuero et al. [2407.13831]
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Neutrino masses and the Planck lensing anomaly
There is an anomaly in the Planck 2018 data at high multipoles which could 
potentially have relevant implications for the neutrino mass constraints
This tension ( ) is parametrized in terms of the AL parameter, which is an 
unphysical parameter modifying the amplitude of the lensing spectrum! 

3σ

Importantly, the Planck collaboration claims that the most likely origin of this 
tension is a statistical fluctuation:Astronomy & Astrophysics manuscript no. ms © ESO 2021

August 10, 2021
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ABSTRACT
We present cosmological parameter results from the final full-mission Planck measurements of the cosmic microwave background (CMB) an-
isotropies, combining information from the temperature and polarization maps and the lensing reconstruction. Compared to the 2015 results,
improved measurements of large-scale polarization allow the reionization optical depth to be measured with higher precision, leading to signifi-
cant gains in the precision of other correlated parameters. Improved modelling of the small-scale polarization leads to more robust constraints on
many parameters, with residual modelling uncertainties estimated to a↵ect them only at the 0.5� level. We find good consistency with the standard
spatially-flat 6-parameter ⇤CDM cosmology having a power-law spectrum of adiabatic scalar perturbations (denoted “base⇤CDM” in this paper),
from polarization, temperature, and lensing, separately and in combination. A combined analysis gives dark matter density ⌦ch2 = 0.120 ± 0.001,
baryon density ⌦bh2 = 0.0224 ± 0.0001, scalar spectral index ns = 0.965 ± 0.004, and optical depth ⌧ = 0.054 ± 0.007 (in this abstract we quote
68 % confidence regions on measured parameters and 95 % on upper limits). The angular acoustic scale is measured to 0.03 % precision, with
100✓⇤ = 1.0411± 0.0003. These results are only weakly dependent on the cosmological model and remain stable, with somewhat increased errors,
in many commonly considered extensions. Assuming the base-⇤CDM cosmology, the inferred (model-dependent) late-Universe parameters are:
Hubble constant H0 = (67.4±0.5) km s�1Mpc�1; matter density parameter⌦m = 0.315±0.007; and matter fluctuation amplitude�8 = 0.811±0.006.
We find no compelling evidence for extensions to the base-⇤CDM model. Combining with baryon acoustic oscillation (BAO) measurements (and
considering single-parameter extensions) we constrain the e↵ective extra relativistic degrees of freedom to be Ne↵ = 2.99±0.17, in agreement with
the Standard Model prediction Ne↵ = 3.046, and find that the neutrino mass is tightly constrained to

P
m⌫ < 0.12 eV. The CMB spectra continue

to prefer higher lensing amplitudes than predicted in base ⇤CDM at over 2�, which pulls some parameters that a↵ect the lensing amplitude away
from the ⇤CDM model; however, this is not supported by the lensing reconstruction or (in models that also change the background geometry)
BAO data. The joint constraint with BAO measurements on spatial curvature is consistent with a flat universe,⌦K = 0.001±0.002. Also combining
with Type Ia supernovae (SNe), the dark-energy equation of state parameter is measured to be w0 = �1.03 ± 0.03, consistent with a cosmological
constant. We find no evidence for deviations from a purely power-law primordial spectrum, and combining with data from BAO, BICEP2, and
Keck Array data, we place a limit on the tensor-to-scalar ratio r0.002 < 0.06. Standard big-bang nucleosynthesis predictions for the helium and
deuterium abundances for the base-⇤CDM cosmology are in excellent agreement with observations. The Planck base-⇤CDM results are in good
agreement with BAO, SNe, and some galaxy lensing observations, but in slight tension with the Dark Energy Survey’s combined-probe results
including galaxy clustering (which prefers lower fluctuation amplitudes or matter density parameters), and in significant, 3.6�, tension with local
measurements of the Hubble constant (which prefer a higher value). Simple model extensions that can partially resolve these tensions are not
favoured by the Planck data.

Key words. Cosmology: observations – Cosmology: theory – Cosmic background radiation – cosmological parameters
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see Rosenberg, Gratton & Efstathiou 2205.10869

In addition, more recent analyses of the 
Planck data do point in that direction:

see Tristan et al 2309.10034
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Neutrino masses and the Planck lensing anomaly

Naredo-Tuero et al. [2407.13831]

Sig
(A L

≠
1)

=
1.7

σ

Sig
(A L

≠ 1)
= 0.7

σ

Sig
(A L

≠
1)

=
2.8

σ

The neutrino mass bound weakens in Planck implementations not featuring the 
lensing anomaly
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Neutrino masses and the Planck lensing anomaly

Naredo-Tuero et al. [2407.13831]

Sig(AL ≠ 1) = 1.7σ
Sig(AL ≠ 1) = 0.7σ

Sig(AL ≠ 1) = 2.8σ

The shift is not so significant when adding BAO data but still can vary within 30%!
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Neutrino masses and DESI BAO data
DESI BAO data is overall in  
tension with Planck predictions

2σ
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Figure 1. Top row: DESI measurements of the BAO distance scales at di↵erent redshifts,
parametrized as (left) the ratio of the angle-averaged distance DV ⌘ (zD

2

M
DH)1/3 to the sound

horizon at the baryon drag epoch, rd, and (right) the ratio of transverse and line-of-sight comoving
distances FAP ⌘ DM/DH, from all tracers and redshift bins as labeled. For visual clarity and to
compress the dynamic range of the plot, an arbitrary scaling of z

�2/3 has been applied on the left,
and z

�1 on the right. The solid and dashed grey lines show model predictions from, respectively, the
flat ⇤CDM model that best fits this data, and from a ⇤CDM model with parameters matching the
Planck best-fit cosmology. The BGS and QSO data points appear only in the left panel and not the
right one because the signal-to-noise ratio of the data is not yet su�cient to measure both parameters
for these tracers. Bottom row: The same data points and models as in the top row, but now shown
as the ratio relative to the predictions for the best-fit flat ⇤CDM model.

in the left panel, and DM/DH (similarly arbitrarily scaled by z
�1) in the right panel. The

solid and dashed grey lines in each panel indicate the corresponding model predictions for
the ⇤CDM model that best fit the DESI data (Section 4.1), and the Planck best-fit ⇤CDM
model, respectively. The lower panel shows the same data again but now as the ratio of the
DV/rd and FAP ⌘ DM/DH values to those for the best-fit ⇤CDM model to DESI data. The
solid and dashed grey lines in these panels therefore represent the same two models as in the
top row.

3.2 Internal consistency of DESI results

Figure 1 shows visually that the flat ⇤CDM model provides a good fit to the DESI BAO
results: quantitatively, the �

2 value for this fit is 12.66 for 10 degrees of freedom (dof),
as we have 12 data points and 2 free parameters, namely ⌦m and H0rd (Table 2). These
two parameters have a direct relationship to the BAO data points shown in Figure 1, since
in the flat ⇤CDM model ⌦m fully determines FAP(z) and fixes the shape of DV/rd as a
function of redshift, while H0rd sets a redshift-independent constant normalization term for

– 17 –

DESI [2404.03002] Naredo-Tuero et al. [2407.13831]

The bound is relaxed by ~30% if the 
z=0.7 bin is not used in the analysis
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Neutrino masses and statistical procedure use
Cosmological analyses are typically performed using Bayesian statistics. 
That means one needs to impose a prior for all the parameters including the 
neutrino mass . This adds some level of arbitrariness in the resulting 
bound.

Σmν

Cosmological analyses are typically performed using Bayesian statistics. 

10

IV.3. Planck + DESI + SN: Impact of the Dark
Energy equation of state

So far, we have explored constraints to
P

m⌫ assum-
ing a flat ⇤CDM background, and showed how BAO data
can help strengthen the bound by breaking the degener-
acy with ⌦m. However, in models with more parameters
controlling the late-time expansion history, it is expected
that additional degeneracies with the neutrino masses
will appear. Chief amongst those is the well-known de-
generacy with the equation of state of dark energy, w (see
e.g. [82].) Given the tentative evidence for a time-varying
equation of state of dark energy from DESI when com-
bined with SN data [1], it is relevant to explore how it
can impact the bound on the neutrino masses. Following
[1], we model the equation of state of dark energy to vary
according to the Chevalier-Polarski-Linder parametriza-
tion w(a) = w0 + (1� a)wa [83, 84], where a is the scale
factor, and vary w0 2 [�3, 2] and wa 2 [�3, 1].

In Fig. 6 we show the likelihood profile of
P

m⌫ built
from the combination of Planck, DESI-Y1 BAO and the
SN Pantheon sample, in ⇤CDM (in black) and in the
w0waCDM cosmology (in green). One can see that when
the equation of state of dark energy is allowed to vary the
bound on the neutrino mass is relaxed, in good agreement
with [1]. We find, however, that the 95% bound can
be roughly 30% weaker for HiLLiPoP than with Plik or
CamSpec. Interestingly we also note that the potential
evidence for a negative neutrino mass vanishes.

Something important to highlight is that, while al-
lowing for the equation of state of dark energy to vary
relaxes the bound on the neutrino mass, the best fit for
the equation of state di↵ers significantly from the cos-
mological constant value and in particular suggests that
w0 & �1 today. Thus, while the bound may be relaxed,
large neutrino masses would require dark energy to be-
have very di↵erently than a cosmological constant. We
note that if one restricts the analysis to constant equa-
tion of state, namely w(a) = w0 where only w0 is allowed
to vary, the bound on the neutrino mass remains very
similar to that in ⇤CDM, see [1].

Lastly, we investigate whether varying the Alens pa-
rameter may remove the preference for negative neutrino
masses, despite the inclusion of DESI-Y1 BAO and SN
data data. Our results are shown in Fig. 6 in blue. One
can notice that this shifts the best fit to the positive
regime and that the bound becomes again a factor of
⇠ 2 weaker than when compared to the standard case
where Alens = 1. This suggests that, regardless of the
behavior of DESI data, it is the lensing anomaly that
dominates the preference for negative neutrino masses.
Note though, that removing (most of) the constraining
power from lensing by including Alens does not remove all
the sensitivity to neutrino masses altogether. While the
constraints relax, they remain significantly stronger than
laboratory ones when BAO and SNIa data are included,
in the ball park of

P
m⌫ . 0.2 � 0.3 eV depending on

which CMB likelihood is used.

IV.4. Frequentists vs Bayesian Limits: The impact
of statistical choices on the neutrino mass bound

Until now, we have focused our attention on profile
likelihoods, as these allowed us to investigate the pref-
erence for negative neutrino masses. It remains to be
seen however, how the confidence intervals built from the
profile likelihood compares with the Bayesian credible in-
tervals built from the posteriors, in order to understand
how important is the choice of statistical procedure and
to quantify the role of prior e↵ect in the bound given
by Eq. (1). We refer to Appendix C for the posterior
distributions.

Our results are summarized in Table II for analyses
that combine Planck+BAO data, and in Table III for
those that also include SN data from the Pantheon sam-
ple. These tables include three estimates of the bound
to neutrino masses: the Bayesian limit at 95% CL, those
derived using Feldman-Cousins procedure (F.C.), as well
as those using the naive bounded maximum likelihood
(B.L.) (��

2 = 3.84), all at the same confidence level.
Firstly, we generally notice a very good agreement be-
tween the two frequentists approaches, with di↵erences
between them at the . 5% level only. This suggests that
the fact that the minimum lie beyond the physical re-
gion does not significantly a↵ect the bounds to neutrino
masses. Secondly, and interestingly, we also notice a very
good agreement between the frequentists and Bayesian
limits. In fact, we find, that the frequentists limits are
in many cases ⇠ 10% stronger than the Bayesian ones.
For example, considering the data set combination of
Plik+DESI, we find at 95% CL:

X
m⌫ < 0.084 eV [Bayesian] , (5a)

X
m⌫ < 0.074 eV [Bounded�Likelihood] , (5b)

X
m⌫ < 0.071 eV [Feldman�Cousins] . (5c)

One clearly sees that the three are very similar, with the
frequentist ones being slightly more stringent. While the
two approaches need not necessarily agree, this could be
due to two e↵ects. First, it is possible that there are mild
prior e↵ects in the Bayesian analysis, that go in the direc-
tion of relaxing the bound. Second, it can be di�cult to
find the absolute minimum of the �

2 for each simulated
value of

P
m⌫ for such a large parameter space. If the

simulated annealing methods fails to cool to the absolute
minimum, the slightly larger values of the �

2 would lead
to slightly tighter frequentist constraints. Nevertheless
and regardless of its origin, this e↵ect is only around the
10% level, and we thus conclude that the constraints are
robust to the choice of statistical method up to that level
of di↵erence. Let us additionally note that the Bayesian
constraint we derive here is slightly di↵erent than Eq. (1).

Naredo-Tuero et al. [2407.13831]

Σmν ∈ [0 − 3 eV] Overall good 
agreement 
between the two 
(10%). Although 
they address 
different 
questions!

Σmν ∈ [0.1 − 3 eV]
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FIG. 6. Neutrino mass profile likelihoods for Planck+DESI-Y1+Pantheon+ data set combinations. We show ⇤CDM in black,
varying the equation of state of dark energy in green, and allowing for Alens to vary in blue. In the left panel we show the
results for plik, in the middle for CamSpec and in the right panel for Hillipop. We clearly see a similar behaviour for all of
them and the potential preference for a negative best fit to dissapear when the equation of state of dark energy is allowed to
vary.

This is because the DESI collaboration used more con-
straining CMB lensing data, combining Planck lensing
PR4 with ACT lensing, rather than Planck lensing PR3
as we do here. Nevertheless, we do not expect that using
this lensing data would change the overall trend.

So far we have included in our analyses value for neu-
trino masses down to the massless limit,

P
m⌫ = 0,

but we know from the laboratory that there are phys-
ical boundaries at either

P
m⌫ = 0.06 eV for NO or atP

m⌫ = 0.10 eV for IO. To gauge the impact of those
experimental lower limits on the cosmological neutrino
mass bound, we run dedicated Bayesian analyses restrict-
ing the prior to

P
m⌫ following either the NO or IO con-

straints. For the frequentist limit, it is su�cient to con-
sider these boundaries as lower limits in our ��

2 curves.
This procedure yields:

X
m⌫ < 0.121 eV [NO�Bayesian] , (6a)

X
m⌫ < 0.106 eV [NO�Bounded�Likelihood] , (6b)

X
m⌫ < 0.096 eV [NO�Feldman�Cousins] , (6c)

and for the inverted ordering case:
X

m⌫ < 0.152 eV [IO�Bayesian] , (7a)
X

m⌫ < 0.138 eV [IO�Bounded�Likelihood] , (7b)
X

m⌫ < 0.127 eV [IO�Feldman�Cousins] . (7c)

Since in these scenarios the physical boundary is further
away from the best fit of the ��

2, the Feldman-Cousins
correction becomes more relevant and we observe a larger
di↵erence compared to the naive bound one would derive
simply assuming the applicability of Wilk’s theorem, al-
though it is still within 10%. The di↵erence between the
frequentist and Bayesian constraints also increases, with
up to 20% di↵erence between the Feldman-Cousins result
and the Bayesian posterior. Let us stress that, for this

particular dataset, the inverted ordering assumption has
a p�value of only 1%.

Importantly, we have highlighted before that there
are two e↵ects that significantly pull the bound on
the neutrino mass in Eq. (1): i) the lensing anomaly
present in some of the Planck likelihoods, and ii)
the outliers in DESI-Y1 at z = 0.7. In this con-
text, to be maximally conservative, one can consider
the combination of HiLLiPoP+DESIY1no07 for which
there is no lensing anomaly in the Planck likelihood
and where the outliers in DESI-Y1 data have been re-
moved. The relevant Bayesian and frequentist limits from
HiLLiPoP+DESIY1no07 read:

X
m⌫ < 0.125 eV [Bayesian] , (8a)

X
m⌫ < 0.114 eV [Bounded�Likelihood] , (8b)

X
m⌫ < 0.114 eV [Feldman�Cousins] . (8c)

Here we can see again a ⇠ 10% agreement between
Bayesian and frequentist approaches.

Finally, we can compare our Bayesian bounds with
other recent studies. In particular, our limit for the
PlanckPR3+DESI+Pantheon perfectly agrees with the
one reported in [9]. Ref. [10] also presented analy-
ses including various versions of the new Planck like-
lihoods. For the data combination Plik+DESI and
HiLLiPoP+DESI (with or without SN), we find bounds
that are ⇠ 10 � 20% looser that those reported in [10].
However, for the case HiLLiPoP+SDSS/DESI we find
the same limit as [10]. Given that we agree with Ref. [9]
when the very same data is considered, but also with
Ref. [10] when a subset of the DESI data set is consid-
ered, we conjecture that the di↵erences in the limits may
stem from a di↵erent implementation of the full DESI
likelihood. Our implementation matches the one in the
Cobaya public repository [85].

11

FIG. 6. Neutrino mass profile likelihoods for Planck+DESI-Y1+Pantheon+ data set combinations. We show ⇤CDM in black,
varying the equation of state of dark energy in green, and allowing for Alens to vary in blue. In the left panel we show the
results for plik, in the middle for CamSpec and in the right panel for Hillipop. We clearly see a similar behaviour for all of
them and the potential preference for a negative best fit to dissapear when the equation of state of dark energy is allowed to
vary.

This is because the DESI collaboration used more con-
straining CMB lensing data, combining Planck lensing
PR4 with ACT lensing, rather than Planck lensing PR3
as we do here. Nevertheless, we do not expect that using
this lensing data would change the overall trend.

So far we have included in our analyses value for neu-
trino masses down to the massless limit,

P
m⌫ = 0,

but we know from the laboratory that there are phys-
ical boundaries at either

P
m⌫ = 0.06 eV for NO or atP

m⌫ = 0.10 eV for IO. To gauge the impact of those
experimental lower limits on the cosmological neutrino
mass bound, we run dedicated Bayesian analyses restrict-
ing the prior to

P
m⌫ following either the NO or IO con-

straints. For the frequentist limit, it is su�cient to con-
sider these boundaries as lower limits in our ��

2 curves.
This procedure yields:

X
m⌫ < 0.121 eV [NO�Bayesian] , (6a)

X
m⌫ < 0.106 eV [NO�Bounded�Likelihood] , (6b)

X
m⌫ < 0.096 eV [NO�Feldman�Cousins] , (6c)

and for the inverted ordering case:
X

m⌫ < 0.152 eV [IO�Bayesian] , (7a)
X

m⌫ < 0.138 eV [IO�Bounded�Likelihood] , (7b)
X

m⌫ < 0.127 eV [IO�Feldman�Cousins] . (7c)

Since in these scenarios the physical boundary is further
away from the best fit of the ��

2, the Feldman-Cousins
correction becomes more relevant and we observe a larger
di↵erence compared to the naive bound one would derive
simply assuming the applicability of Wilk’s theorem, al-
though it is still within 10%. The di↵erence between the
frequentist and Bayesian constraints also increases, with
up to 20% di↵erence between the Feldman-Cousins result
and the Bayesian posterior. Let us stress that, for this

particular dataset, the inverted ordering assumption has
a p�value of only 1%.

Importantly, we have highlighted before that there
are two e↵ects that significantly pull the bound on
the neutrino mass in Eq. (1): i) the lensing anomaly
present in some of the Planck likelihoods, and ii)
the outliers in DESI-Y1 at z = 0.7. In this con-
text, to be maximally conservative, one can consider
the combination of HiLLiPoP+DESIY1no07 for which
there is no lensing anomaly in the Planck likelihood
and where the outliers in DESI-Y1 data have been re-
moved. The relevant Bayesian and frequentist limits from
HiLLiPoP+DESIY1no07 read:

X
m⌫ < 0.125 eV [Bayesian] , (8a)

X
m⌫ < 0.114 eV [Bounded�Likelihood] , (8b)

X
m⌫ < 0.114 eV [Feldman�Cousins] . (8c)

Here we can see again a ⇠ 10% agreement between
Bayesian and frequentist approaches.

Finally, we can compare our Bayesian bounds with
other recent studies. In particular, our limit for the
PlanckPR3+DESI+Pantheon perfectly agrees with the
one reported in [9]. Ref. [10] also presented analy-
ses including various versions of the new Planck like-
lihoods. For the data combination Plik+DESI and
HiLLiPoP+DESI (with or without SN), we find bounds
that are ⇠ 10 � 20% looser that those reported in [10].
However, for the case HiLLiPoP+SDSS/DESI we find
the same limit as [10]. Given that we agree with Ref. [9]
when the very same data is considered, but also with
Ref. [10] when a subset of the DESI data set is consid-
ered, we conjecture that the di↵erences in the limits may
stem from a di↵erent implementation of the full DESI
likelihood. Our implementation matches the one in the
Cobaya public repository [85].

Σmν ∈ [0.06 − 3 eV]
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Cosmological Model Dependence
Planck+SDSS and 3 degenerate neutrinos

Choudhury & Hannestad 19'
CDM+mν+ωa+ω

X
m⌫ < 0.25 eV Dark Energy dynamics

Varying Curvature
X

m⌫ < 0.15 eV ΛCDM+mν+Ωk 
Choudhury & Hannestad 19'

Varying Neff ΛCDM+mν+Neff
Planck 1807.06209

<latexit sha1_base64="Ry79wBaNXwgc3ftoupEhtmQejUY=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GwkHDnB1pYiDaWCiYGciHsbSbJkt29Y3dODEcaG/+KjYUitv4HO/+Nm5hCEx8MPN6bYWZelEhh0fe/vKnpmdm5+dxCfnFpeWW1sLZesXFqOJR5LGNTjZgFKTSUUaCEamKAqUjCbdS9GPi3d2CsiPUN9hKoK9bWoiU4Qyc1CluhTRVVjVCn9JT6peAg3AsR7jGDSr9RKPolfwg6SYIRKZIRrhqFz7AZ81SBRi6ZtbXAT7CeMYOCS+jnw9RCwniXtaHmqGYKbD0bftGnO05p0lZsXGmkQ/X3RMaUtT0VuU7FsGPHvYH4n1dLsXVSz4ROUgTNfxa1UkkxpoNIaFMY4Ch7jjBuhLuV8g4zjKMLLu9CCMZfniSV/VJwVPKvD4tn56M4cmSTbJNdEpBjckYuyRUpE04eyBN5Ia/eo/fsvXnvP61T3mhmg/yB9/ENZdCXPQ==</latexit>X
m⌫ < 0.13 eV

X
m⌫ < 0.12 eV ΛCDM+mν

Planck 1807.06209
Standard Case 

Varying Neff+ω+αs+mν
di Valentino et al. 1908.01391

X
m⌫ < 0.17 eV CDM+mν+Neff+ω+αs+mν

Constraints are robust upon standard modifications of ΛCDM
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Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Bounds can be significantly relaxed in some extensions of ΛCDM. 
They require modifications to the neutrino sector.

Non-standard 
Neutrino Populations

Tν < TSM
ν + DR

Escudero, Schwetz & Terol-Calvo 2211.01729

Oldengott et al. 1901.04352
∑ mν < 3 eV

∑ mν < 3 eV
Farzan & Hannestad 1510.02201

Alvey, Escudero & Sabti 2111.12726

<pν > > 3.15 TSM
ν

But Why? and How?

Dvali & Funcke 1602.03191 

Time Dependent 
Neutrino Masses

∑ mν < 1.4 eV

Esteban & Salvadó 2101.05804

∑ mν < 3 eV

Late phase transition

Ultralight scalar field screening

Lorenz et al. 1811.01991 & 2102.13618

Wetterich et al. 1009.2461
Abellán, Poulin et al. 1909.05275, 2112.13862  

Invisible Neutrino Decay

∑ mν ≲ 0.42 eV

Escudero, López-Pavón, Rius & Sandner 2007.04994

Oldengott et al.  2203.09075 & 2011.01502
Escudero & Fairbairn 1907.05425

∑ mν ≲ 0.2 eV

νi → ν4 ϕ

νi → νj ϕ

at least:

https://arxiv.org/abs/2211.01729
https://arxiv.org/abs/2111.12726
https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502
https://arxiv.org/abs/1907.05425
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✓s ⌘ rs/DM (z?)

rs =

Z 1

z?

cs

H(z0)
dz

0

DM (z) =

Z z

0

1

H(z0)
dz

0

Comoving sound horizon

Comoving angular diameter distance

CMB peaks fix:
(Early Universe)

(Late Universe)Massive neutrinos
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Massive neutrinos also affect CMB lensing ∝ 𝛀𝛎 

Not only a background effect:
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Neutrinos decaying with                         do not impact DM(zCMB)⌧⌫ . tU/10

<latexit sha1_base64="7lHgO1RcWCoxQd27trsvcT3cDUc=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInmoiBfVW9OKxgmkLTQib7aZdutmE3YlQSr34V7x4UMSr/8Kb/8Ztm4O2Phh4vDfDzLwoE1yD43xbS8srq2vrpY3y5tb2zq69t9/Uaa4o82gqUtWOiGaCS+YBB8HamWIkiQRrRYObid96YErzVN7DMGNBQnqSx5wSMFJoH/pA8tCXOfYF01rzBEPonblOaFecqjMFXiRuQSqoQCO0v/xuSvOESaCCaN1xnQyCEVHAqWDjsp9rlhE6ID3WMVSShOlgNP1gjE+M0sVxqkxJwFP198SIJFoPk8h0JgT6et6biP95nRziy2DEZZYDk3S2KM4FhhRP4sBdrhgFMTSEUMXNrZj2iSIUTGhlE4I7//IiaZ5X3Vr16q5WqV8XcZTQETpGp8hFF6iOblEDeYiiR/SMXtGb9WS9WO/Wx6x1ySpmDtAfWJ8/cT2WPw==</latexit>

Unstable Neutrinos can relax the bounds on Σm𝛎!
Effect of induced neutrino Lensing is substantially reduced

Neutrino decay 
products!
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Cosmological Model Dependence

Cosmology can only constrain  and not directly Ων(z) mν

Take Away Message:

All these models reduce  with respect to the one in ΛCDM 
and are in excellent agreement with all known cosmological data

Ων(z)

Non-standard Neutrino Cosmologies:

Abellán, Poulin et al. 1909.05275, 2112.13862  

Invisible Neutrino Decay

∑ mν ≲ 0.42 eV

Escudero, López-Pavón, Rius & Sandner 2007.04994

Oldengott et al. 2203.09075 & 2011.01502
Escudero & Fairbairn 1907.05425

Non-standard 
Neutrino Populations

Tν < TSM
ν

Renk et al. 2009.03286

Oldengott et al. 1901.04352
∑ mν < 3 eV

∑ mν < 3 eV
Farzan & Hannestad 1510.02201

Alvey, Escudero & Sabti 2111.14870

<pν > > 3.15 TSM
ν

Dvali & Funcke 1602.03191 

Time Dependent 
Neutrino Masses

∑ mν < 1.4 eV

Esteban & Salvadó 2101.05804

∑ mν < 3 eV

Late phase transition

Ultralight scalar field screening

Lorenz et al. 1811.01991 & 2102.13618

Esteban, Mena & Salvadó 2202.04656

∑ mν < 0.2 eV

νi → ν4 ϕ

νi → νj ϕ

at least:

https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502
https://arxiv.org/abs/1907.05425
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Very robust bounds from linear Cosmology ΔT/T ∼ 10−5

What is the dependence upon the assumed Cosmological Model?

What about possible systematics in the Planck or other data?

What is the dependence upon the assumed statistical procedure?

Current cosmological neutrino mass bounds are dominated by Planck 
in combination with BAO data

(95 % CL, CMB+BAO-DESIY1)∑ mν < 0.073 eVDESI (2404.03002)

DESI first year data release has yielded key results:

New Planck likelihood implementations can lead to a 30% relaxation of the bound
The DESI outliers at  pull significantly the bound (30%). It would be 
interesting to see if the trend continues in the data

z = 0.7

The frequentisist limits agree within 10% with the Bayesian approach using 
flat priors. This means that the likelihoods seem rather Gaussian.

Bounds are rather robust upon standard modifications of ΛCDM
Bounds can however be relaxed in non-standard neutrino cosmologies
These models are exotic, but if we do not detect  they may become a realitymν
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In parallel, the KATRIN experiment is taking data and should reach a sensitivity 
of  at 90% CL in ~ 3-4 years.mν̄e

≲ 0.2 eV

The next generation of galaxy surveys in combination with CMB data 
are expected to measure the neutrino mass if the Universe is 
governed by a ΛCDM cosmology

DESI EUCLID

Why? DESI: 30M galaxies and EUCLID: 50M galaxies, but SDSS 1.5M galaxies

1611.00036 1110.3193

We expect the next results from DESI in less than one year! The full power of these 
data sets will come in the next 4-5 years! σ(∑ mν) = 0.02 eV
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H0

5σ tension 
within ΛCDM! Planck 2018 1807.06209

Riess et al. 2112.04510 

ΛCDM Prediction

Local Measurements H0 = 73.04 ± 1.04 km/s/Mpc

H0 = 67.4 ± 0.5 km/s/Mpc
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v = H0 dHubble (1929):The Universe is expanding!

s

s
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v = H0 dHubble law (1929):
https://lweb.cfa.harvard.edu/~dfabricant/huchra/hubble/
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PlanckWMAP
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The Hubble Tension:

A pattern has clearly emerged:
di Valentino 2011.00246

Cepheids+Type-Ia SN are by far the 
most precise and they point to 

The results have been recently 
confirmed by JWST

H0 ∼ (73 ± 1) km/s/Mpc

4-6 σ tension depending upon the 
datasets included
see Verde, Treu & Riess 1907.10625 for a review

Baryon Acoustic Oscillations 
point to small H0

5σ tension within ΛCDM! 

Planck 2018 1807.06209

Riess et al. 2112.04510H0 = 73.04 ± 1.04 km/s/Mpc
H0 = 67.4 ± 0.5 km/s/Mpc

Some direct measurements do point 
to smaller values, Freedman et al. 20’ 
and Birrer et al. 20’
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Possible resolutions:

1) Systematics in the CMB data very unlikely

2) Systematics in local measurements none so far

1) Late Universe Modifications very unlikely

2) Early Universe Modifications hard but doable

3) New feature of ΛCDM

Possibilities beyond ΛCDM: See 2103.01183 by di Valentino et al. for a review 
(over 1000 references …)

4) Drastic change to the cosmological paradigm
— Can we be living in a large void?  
This can be tested and data suggests that no: Riess et al. 1901.08681

— Is the Universe isotropic? 
Some suggest that no: Sarkar et al. 2206.05624. However, these findings appear to be in 
disagreement with other studies, see Trotta et al. 2108.12497. In addition, it seems somewhat 
complicated to arrange theoretically explain it in light of CMB data, see 2207.01569 by Sarkar et al. 

https://arxiv.org/abs/2206.05624
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1) Late Universe Modifications

2) Early Universe Modifications

Latest results highlight that a combination of the two would be 
needed:

Poulin et al. 2407.18292+
Pedrotti et al. 2408.04530

Theoretically this is not very appealing

Phenomenologically this could work because SN and BAO are then 
unrelated
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How large would  need to be to solve the tension?ΔNeff

Planck 2018

Problem 2) Within the framework of ΛCDM Planck is compatible with Neff ≃ 3
NCMB+BAO

eff = 2.99 ± 0.17
☹

H0 ≃ [67.4 + 6.2 ΔNeff] km/s/Mpc Vagnozzi 1907.07569

 would yield the value of  reported by RiessΔNeff ≃ 1 H0!

# Pisanti et al. 2011.11537Problem 1) BBN constraints indicate that:         ΔNBBN
eff < 0.5

Constraints are dominated by Helium measurements (that could suffer from systematics)
In many models ΔNCMB

eff ≠ ΔNBBN
eff
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Dark Radiation

Light Neutrinophilic Scalar + Dark Radiation Escudero & Witte 1909.04044

⌫̄

⌫

� mϕ ∼ 1 eV
vL ∼ 300 GeV

Strong Neutrino Scattering + Dark Radiation Kreisch, Cyr-Racine, Doré 1902.00543

⌫

⌫

⌫

⌫

G′ ∼ 109GF

Early Dark Energy sourced by neutrinos Sakstein & Trodden 1911.11760

Dark Matter-Neutrino Interactions Ghosh, Khatri & Roy 1908.09843 

An eV-scale Sterile Neutrino interacting with a pseudoscalar 

None of these models can substantially resolve the H0 tension
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1) Will alter our 
inferences about 
neutrinos

2) If true, can neutrinos or 
particles related to them 
be at its origin?

Planck Collaboration: Cosmological parameters
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Fig. 34. Samples from Planck TT,TE,EE+lowE chains in theP
m⌫–H0 plane, colour-coded by �8. Solid black contours

show the constraints from Planck TT,TE,EE+lowE+lensing,
while dashed blue lines show the joint constraint from Planck
TT,TE,EE+lowE+lensing+BAO, and the dashed green lines ad-
ditionally marginalize over Ne↵ . The grey band on the left shows
the region with

P
m⌫ < 0.056 eV ruled out by neutrino oscilla-

tion experiments. Mass splittings observed in neutrino oscilla-
tion experiments also imply that the region left of the dotted ver-
tical line can only be a normal hierarchy (NH), while the region
to the right could be either the normal hierarchy or an inverted
hierarchy (IH).

scales where the suppression caused by neutrinos is expected
to be significant) the measurements are substantially more dif-
ficult to model and interpret than the CMB and BAO data. Our
95 % limit of

P
m⌫ < 0.12 eV starts to put pressure on the in-

verted mass hierarchy (which requires
P

m⌫ >⇠ 0.1 eV) indepen-
dently of Ly↵ data. This is consistent with constraints from neu-
trino laboratory experiments which also slightly prefer the nor-
mal hierarchy at 2–3� (Adamson et al. 2017; Abe et al. 2018;
Capozzi et al. 2018; de Salas et al. 2018a,b).

7.5.2. Effective number of relativistic species

New light particles appear in many extensions of the Standard
Model of particle physics. Additional dark relativistic degrees
of freedom are usually parameterized by Ne↵ , defined so that
the total relativistic energy density well after electron-positron
annihilation is given by

⇢rad = Ne↵
7
8

 
4

11

!4/3

⇢�. (64)

The standard cosmological model has Ne↵ ⇡ 3.046,
slightly larger than 3 since the three standard model neu-
trinos were not completely decoupled at electron-positron
annihilation (Gnedin & Gnedin 1998; Mangano et al. 2005;
de Salas & Pastor 2016).

We can treat any additional massless particles produced well
before recombination (that neither interact nor decay) as simply
an additional contribution to Ne↵ . Any species that was initially
in thermal equilibrium with the Standard Model particles pro-
duces a �Ne↵ (⌘ Ne↵ � 3.046) that depends only on the number
of degrees of freedom and decoupling temperature. Using con-

Fig. 35. Samples from Planck TT,TE,EE+lowE chains in
the Ne↵–H0 plane, colour-coded by �8. The grey bands
show the local Hubble parameter measurement H0 =
(73.45 ± 1.66) km s�1Mpc�1 from Riess et al. (2018a). Solid
black contours show the constraints from Planck TT,TE,EE
+lowE+lensing+BAO, while dashed lines the joint constraint
also including Riess et al. (2018a). Models with Ne↵ < 3.046
(left of the solid vertical line) require photon heating after neu-
trino decoupling or incomplete thermalization.

servation of entropy, fully thermalized relics with g degrees of
freedom contribute

�Ne↵ = g
"

43
4 gs

#4/3

⇥

(
4/7 boson,
1/2 fermion, (65)

where gs is the e↵ective degrees of freedom for the entropy of
the other thermalized relativistic species that are present when
they decouple.38 Examples range from a fully thermalized ster-
ile neutrino decoupling at 1 <

⇠
T <
⇠

100 MeV, which produces
�Ne↵ = 1, to a thermalized boson decoupling before top quark
freeze-out, which produces �Ne↵ ⇡ 0.027.

Additional radiation does not need to be fully thermalized, in
which case �Ne↵ must be computed on a model-by-model basis.
We follow a phenomenological approach in which we treat Ne↵
as a free parameter. We allow Ne↵ < 3.046 for completeness,
corresponding to standard neutrinos having a lower temperature
than expected, even though such models are less well motivated
theoretically.

The 2018 Planck data are still entirely consistent with Ne↵ ⇡
3.046, with the new low-` polarization constraint lowering the
2015 central value slightly and with a corresponding 10 % re-
duction in the error bar, giving

Ne↵ = 3.00+0.57
�0.53 (95 %, Planck TT+lowE), (66a)

Ne↵ = 2.92+0.36
�0.37 (95 %, Planck TT,TE,EE+lowE), (66b)

with similar results including lensing. Modifying the relativis-
tic energy density before recombination changes the sound hori-
zon, which is partly degenerate with changes in the late-time ge-
ometry. Although the physical acoustic scale measured by BAO

38For most of the thermal history gs ⇡ g⇤, where g⇤ is the e↵ective
degrees of freedom for density, but they can di↵er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .

49

Planck 2018: 1807.06209
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Neutrinos are always a relevant species in the Universe’s evolution

t ∼ 1 s t ∼ 3 min t ∼ 400.000 yr t ≃ 13.8 Gyr

γ ν
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Current knowledge:
∑ mν ≲ 0.2 eVNeff = 3.0 ± 0.3 (Planck/BBN)

(Planck+BAO)
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In the next 5-6 years:

∑ mν = 0.06 ± 0.02 eVNeff = 3.043 ± 0.06 (Simons Observatory)

(DESI/Euclid + Planck)
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I think we are living exciting times in Cosmology

In particular in Neutrino Cosmology: 
We expect to detect the neutrino mass in 5-6 years!

If that were not to happen, then we need to reconsider 
the standard cosmological model

At the same time, in the background, there is the Hubble 
tension. Despite strong efforts both theoretically and and 
observationally it is still an open issue. It can affect our 
inferences of neutrino properties.
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⌫
End of Lecture II

Thank you for your attention!
miguel.escudero@cern.ch

mailto:miguel.escudero@cern.ch

