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Motivation
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Use cosmological data to understand their properties

Neutrino masses are the only laboratory evidence of physics 
beyond the Standard Model

Neutrinos are ubiquitous in Cosmology

60 %
40 %

Photons

Neutrinos

Use neutrinos to understand open problems in Cosmology

This lecture: mν
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Goals
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3) Understand what are the assumptions behind these 
cosmological neutrino mass bounds

4) What are we going to learn in the upcoming years?

1) Review what is the role played by neutrinos in Cosmology

2) Understand why one can derive neutrino mass bounds using 
cosmological data
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Set Up
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Unlike neutrinos, I like to interact !

Questions and Comments 
are most welcome, at any 

time!!!!

The plan is to learn and discuss. Therefore:
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Outline
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Crash course on early Universe cosmology

Evidence for the Cosmic Neutrino Background

Neutrino Mass Bounds in the Standard Cosmological Model

Neutrino Mass Bounds beyond ΛCDM
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A 1-slide Cosmo Crash Course
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— An homogeneous and isotropic Universe expands

Homogeneity and Isotropy implies Expansion!

— General Relativity relates the expansion rate of the Universe with 
the energy density in all the species contained on it

Gμν = 8πG Tμν

H2 = 8πG
3 ρ

H : Expansion rate
  (Hubble parameter)

: Energy densityρ
Friedmann Equation:

—We have evidence that the early Universe was indeed fairly 
homogeneous and isotropic because ΔTγ /Tγ ∼ 10−4

On the Standard Model of Cosmology:
ΛCDM  Universe currently dominated by a Cosmological Constant 
and with Cold Dark Matter

≡
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New Laboratory Neutrino Mass Bound
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3
H ! 3

He
+
+ e� + ⌫̄eKATRIN experiment

KATRIN expected reach X
m⌫ < 0.6 eV

(90 % CL)m⌫e < 0.2 eV
(in ~4 years)

Mainz and Troitsk (2004): m⌫e < 2.2 eV (95 % CL)

(90 % CL, FC)
<latexit sha1_base64="nNBOPJYyKRgZMQP1+CxhawE39k0="></latexit>X

m⌫ < 2.4 eV

2105.08533+1909.06048 (PRL)
(90 % CL, FC)Current laboratory bound:

<latexit sha1_base64="tjxrFWqPYisHyfWjA/np8NdjnzU=">AAACA3icdVBNS8NAEN34bf2qetPLYhE8SElqtRU8iF48KtgqNCVstlNdutmE3YlYQsGLf8WLB0W8+ie8+W/caAUVfTDweG+GmXlhIoVB131zRkbHxicmp6YLM7Nz8wvFxaWmiVPNocFjGevzkBmQQkEDBUo4TzSwKJRwFvYOc//sCrQRsTrFfgLtiF0o0RWcoZWC4koUZL5KAxjQPeqW6/6mj3CNGTQHQbHklnfrO5XqjnVct+ZVvJxUatWtKvWskqNEhjgOiq9+J+ZpBAq5ZMa0PDfBdsY0Ci5hUPBTAwnjPXYBLUsVi8C0s48fBnTdKh3ajbUthfRD/T6RsciYfhTazojhpfnt5eJfXivFbr2dCZWkCIp/LuqmkmJM80BoR2jgKPuWMK6FvZXyS6YZRxtbwYbw9Sn9nzQrZW+77J5US/sHwzimyCpZIxvEIzWyT47IMWkQTm7IHXkgj86tc+88Oc+frSPOcGaZ/IDz8g4OfJcq</latexit>

m⌫e < 0.8 eV

for details see talks by Alexey Lokhov 
and Alessandro Schwemmer today!
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Planck Legacy Data is Public
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Planck Likelihoods 1907.12875

CLASS/CAMB MontePython/CosmoMC
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Neutrino Decoupling
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ElectronsNeutrinos Z-W (off-shell)Photons

t ∼ 0.1 s t ∼ 3 min

e+ e− ↔ ν̄α να
e± να ↔ e± να
να νβ ↔ να νβ
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Neutrino Decoupling
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How do we measure the energy density in relativistic neutrino species?

Neff ≡ 8
7 ( 11

4 )
4/3

(
ρrad − ργ

ργ )The key parameter is:

Neff = 3 ( 1.4 Tν

Tγ )
4

when only neutrinos and photons are present:

Bennett, Buldgen, Drewes & Wong 1911.04504
Escudero Abenza 2001.04466
Akita & Yamaguchi 2005.07047   
Froustey, Pitrou & Volpe 2008.01074
Gariazzo, de Salas, Pastor et al. 2012.02726
Hansen, Shalgar & Tamborra 2012.03948 

NSM
eff = 3.044(1)The Standard Model value is:
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Neutrino Evolution
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γ ν

Hot DM:Non-Rel: znon−rel
ν ≃ 200 mν

0.1 eV Ωνh2 = ∑ mν /(93.14 eV)

∑ mν = 0.15 eV

Neutrinos are always a relevant species in the Universe’s evolution
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Evidence for Cosmic Neutrinos
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Big Bang Nucleosynthesis

Current measurements are broadly consistent with the SM picture

4He ~ 25% D ~ 0.005%H ~ 75%

This implies that neutrinos should have been present:

By comparing predictions against observations, we know:

NBBN
eff = 2.86 ± 0.28 see e.g. Pisanti et al. 2011.11537

2) Neutrinos contribute to the expansion rate H ∝ ρ

1) It is impossible to have successful BBN without neutrinos. 
    They participate in  conversions up to p ↔ n T ≳ 0.7 MeV

n ↔ p + e− + ν̄e
n + e+ ↔ p + ν̄e
n + νe ↔ p + e−
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Evidence for Cosmic Neutrinos
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Cosmic Microwave Background
Why? 
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 is constrained by the 
high-  multipoles, 
i.e. Silk damping

Neff
ℓ

NCMB+BAO
eff = 2.99 ± 0.17 Planck 2018 1807.06209

Ultra-relativistic neutrinos represent a large fraction of the 
energy density of the Universe,   H ∝ ρ γ ν
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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 = 3.044(1)
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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. Σm!? i.e. mlightest? 

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

Cosmology
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Neutrino Masses in Cosmology
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1) Massive neutrinos modify the expansion history

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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Cosmic Microwave Background Anisotropies
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The effect of neutrino masses in the CMB:
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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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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)

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

m⌫ < 0.24 eV

To be compared to the KATRIN bound:∑ mν < 2.4 eV

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 data?
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Data beyond Planck and BAO within ΛCDM
Planck Planck 1807.06209

X
m⌫ < 0.12 eV Planck 1807.06209Planck+BAO

X
m⌫ < 0.26 eV

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

m⌫ < 0.16 eV

Planck+Lyman-  α
X

m⌫ < 0.10 eV
Choudhury & Hannestad 
1907.12598 Planck+BAO+H0

X
m⌫ < 0.08 eV

Palanque-Delabrouille
et al. 1911.09073

Lyman- +H0prior α
X

m⌫ < 0.58 eV

Ivanov et al. 1909.05277BOSS P(k)
X

m⌫ < 0.86 eV

Planck is driving current cosmological constraints 

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!)

di Valentino, Gariazzo & Mena  
2106.15267 Planck+BAO+SN+RSD

<latexit sha1_base64="/M8xAVgp6O5//U8kQM7wTHalR9o=">AAACBXicbVDJSgNBEO1xjXGLetRDYxA8SJgRRQUPQS8eI5gFMiH0dCqxsbtn6K4Rw5CLF3/FiwdFvPoP3vwbO8vB7UHB470qqupFiRQWff/Tm5qemZ2bzy3kF5eWV1YLa+s1G6eGQ5XHMjaNiFmQQkMVBUpoJAaYiiTUo5vzoV+/BWNFrK+wn0BLsZ4WXcEZOqld2Aptqqhqhzqlp9Qv+SfhXohwhxnUBu1C0Skj0L8kmJAimaDSLnyEnZinCjRyyaxtBn6CrYwZFFzCIB+mFhLGb1gPmo5qpsC2stEXA7rjlA7txsaVRjpSv09kTFnbV5HrVAyv7W9vKP7nNVPsHrcyoZMUQfPxom4qKcZ0GAntCAMcZd8Rxo1wt1J+zQzj6ILLuxCC3y//JbX9UnBY8i8PiuWzSRw5skm2yS4JyBEpkwtSIVXCyT15JM/kxXvwnrxX723cOuVNZjbID3jvX22al0I=</latexit>X
m⌫ < 0.09 eV
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Neutrino masses and the Planck lensing anomaly
There is an anomaly in the Planck 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

Planck 2018 results. VI. Cosmological parameters
Planck Collaboration: N. Aghanim54, Y. Akrami15,57,59, M. Ashdown65,5, J. Aumont95, C. Baccigalupi78, M. Ballardini21,41, A. J. Banday95,8,

R. B. Barreiro61, N. Bartolo29,62, S. Basak85, R. Battye64, K. Benabed55,90, J.-P. Bernard95,8, M. Bersanelli32,45, P. Bielewicz75,78, J. J. Bock63,10,
J. R. Bond7, J. Borrill12,93, F. R. Bouchet55,90, F. Boulanger89,54,55, M. Bucher2,6, C. Burigana44,30,47, R. C. Butler41, E. Calabrese82,

J.-F. Cardoso55,90, J. Carron23, A. Challinor58,65,11, H. C. Chiang25,6, J. Chluba64, L. P. L. Colombo32, C. Combet68, D. Contreras20, B. P. Crill63,10,
F. Cuttaia41, P. de Bernardis31, G. de Zotti42, J. Delabrouille2, J.-M. Delouis67, E. Di Valentino64, J. M. Diego61, O. Doré63,10, M. Douspis54,

A. Ducout66, X. Dupac35, S. Dusini62, G. Efstathiou65,58⇤, F. Elsner72, T. A. Enßlin72, H. K. Eriksen59, Y. Fantaye3,19, M. Farhang76,
J. Fergusson11, R. Fernandez-Cobos61, F. Finelli41,47, F. Forastieri30,48, M. Frailis43, A. A. Fraisse25, E. Franceschi41, A. Frolov87, S. Galeotta43,

S. Galli55,90†, K. Ganga2, R. T. Génova-Santos60,16, M. Gerbino38, T. Ghosh81,9, J. González-Nuevo17, K. M. Górski63,97, S. Gratton65,58,
A. Gruppuso41,47, J. E. Gudmundsson94,25, J. Hamann86, W. Handley65,5, F. K. Hansen59, D. Herranz61, S. R. Hildebrandt63,10, E. Hivon55,90,
Z. Huang83, A. H. Ja↵e53, W. C. Jones25, A. Karakci59, E. Keihänen24, R. Keskitalo12, K. Kiiveri24,40, J. Kim72, T. S. Kisner70, L. Knox27,

N. Krachmalnico↵78, M. Kunz14,54,3, H. Kurki-Suonio24,40, G. Lagache4, J.-M. Lamarre89, A. Lasenby5,65, M. Lattanzi48,30, C. R. Lawrence63,
M. Le Jeune2, P. Lemos58,65, J. Lesgourgues56, F. Levrier89, A. Lewis23‡, M. Liguori29,62, P. B. Lilje59, M. Lilley55,90, V. Lindholm24,40,

M. López-Caniego35, P. M. Lubin28, Y.-Z. Ma77,80,74, J. F. Macı́as-Pérez68, G. Maggio43, D. Maino32,45,49, N. Mandolesi41,30, A. Mangilli8,
A. Marcos-Caballero61, M. Maris43, P. G. Martin7, M. Martinelli96, E. Martı́nez-González61, S. Matarrese29,62,37, N. Mauri47, J. D. McEwen73,

P. R. Meinhold28, A. Melchiorri31,50, A. Mennella32,45, M. Migliaccio34,51, M. Millea27,88,55, S. Mitra52,63, M.-A. Miville-Deschênes1,54,
D. Molinari30,41,48, L. Montier95,8, G. Morgante41, A. Moss84, P. Natoli30,92,48, H. U. Nørgaard-Nielsen13, L. Pagano30,48,54, D. Paoletti41,47,

B. Partridge39, G. Patanchon2, H. V. Peiris22, F. Perrotta78, V. Pettorino1, F. Piacentini31, L. Polastri30,48, G. Polenta92, J.-L. Puget54,55,
J. P. Rachen18, M. Reinecke72, M. Remazeilles64, A. Renzi62, G. Rocha63,10, C. Rosset2, G. Roudier2,89,63, J. A. Rubiño-Martı́n60,16,

B. Ruiz-Granados60,16, L. Salvati54, M. Sandri41, M. Savelainen24,40,71, D. Scott20, E. P. S. Shellard11, C. Sirignano29,62, G. Sirri47, L. D. Spencer82,
R. Sunyaev72,91, A.-S. Suur-Uski24,40, J. A. Tauber36, D. Tavagnacco43,33, M. Tenti46, L. To↵olatti17,41, M. Tomasi32,45, T. Trombetti44,48,

L. Valenziano41, J. Valiviita24,40, B. Van Tent69, L. Vibert54,55, P. Vielva61, F. Villa41, N. Vittorio34, B. D. Wandelt55,90, I. K. Wehus59, M. White26,
S. D. M. White72, A. Zacchei43, and A. Zonca79

(A�liations can be found after the references)
August 10, 2021

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

⇤Corresponding author: G. Efstathiou, gpe@ast.cam.ac.uk
†Corresponding author: S. Galli, gallis@iap.fr
‡Corresponding author: A. Lewis, antony@cosmologist.info
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see Rosenberg, Gratton & Efstathiou 2205.10869

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

Motloch and Hu 1912.06601

Finally, even in the presence of this anomaly the 
effect on the neutrino mass bound is expected to 
be of only 20% within ΛCDM!
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Cosmological Model Dependence
Planck+BAO 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



Neutrino Masses in Cosmology Erice 21-09-22Miguel Escudero (CERN)

Neutrino Masses from Cosmology

25

Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

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

Non-standard 
Neutrino Populations

Tν < TSM
ν + DR

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

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
Poulin et al. 1909.05275, 2112.13862  

Invisible Neutrino Decay

∑ mν ≲ 0.42 eV

Escudero, López-Pavón, Rius & Sandner 2007.04994

Oldengott, Wong et al.  2203.09075 & 2011.01502
Escudero & Fairbairn 1907.05425

∑ mν ≲ 0.2 eV

νi → ν4 ϕ

νi → νj ϕ

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 ∝ "! 

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 Σm!!
Effect of induced neutrino Lensing is substantially reduced

Neutrino decay 
products!
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— Cosmology can only constrain  and not directly Ων(z) mν

Take Away Messages:

— 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:

Poulin et al. 1909.05275, 2112.13862  

Invisible Neutrino Decay

∑ mν ≲ 0.42 eV

Escudero, López-Pavón, Rius & Sandner 2007.04994

Oldengott, Wong 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

— Of course, in ΛCDM there is a direct link between  and Ων(z) mν

— Importantly, they entail non-standard neutrino properties

https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502
https://arxiv.org/abs/1907.05425
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Number of effective neutrino species

NBBN
eff = 2.86 ± 0.28 NCMB

eff = 2.99 ± 0.17

NSM
eff = 3.044(1)

Strong evidence that the CNB should be there as 
expected in the SM

Agreement between measurements of  and the SM 
prediction implies:

Neff

Allows us to set constraints on key neutrino properties
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Neutrino Masses:
Cosmological bounds are very stringent within the 
standard cosmological model, ΛCDM:

However, all cosmological neutrino mass bounds are 
cosmological model dependent

X
m⌫ < 0.12 eV

There are several non-standard cosmologies where this 
bound can be evaded. These models are exotic, but current 
data cannot differentiate them wrt ΛCDM
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The next generation of CMB experiments are expected to significantly 
improve the sensitivity on Neff.

Simons Observatory

~2028σ(Neff) = 0.06

CMB-S4

~2035?σ(Neff) = 0.03
These measurements will represent an important test of the CNB in 
the SM and perhaps may yield a BSM signal!
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In parallel, the KATRIN experiment is taking data and should 
reach a sensitivity of  at 90% CL in ~ 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.

This is expected to happen in the next 5-7 years: σ(∑ mν) = 0.02

DESI EUCLID LiteBIRD

Why? DESI: 30M galaxies and EUCLID: 50M galaxies, but BOSS 0.5M galaxies
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1) In the Standard Model, neutrinos are always a relevant 
component of the Universe across its entire history

2) We have indirect (albeit strong) evidence that the 
Cosmic Neutrino Background should be there

4) To significantly relax this bound one should invoke non-
standard neutrino properties in cosmology

3) Current cosmological constraints are very stringent and 
are dominated by Planck data

∑ mν < 0.12 eV
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Neutrinos in the SM:

∑ mν = 0.15 eV

γ ν



Neutrino Masses in Cosmology Erice 21-09-22Miguel Escudero (CERN)

Global Perspective

36

Current knowledge:
∑ mν ≲ 0.2 eVNeff = 3 ± 0.3
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In the next 5-6 years:

∑ mν = 0.06 ± 0.02 eVNeff = 3.044 ± 0.06
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Thank you for your attention!

⌫
miguel.escudero@cern.ch

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!

mailto:miguel.escudero@cern.ch

