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• Neutrino expected to be in thermal equilibrium until T~1 MeV, number 
density = 68% of CMB photons for T<0.5 MeV: constitute the Cosmic 
Neutrino background (C B) 

• Indirect proof of C B from BBN+primordial abundances, CMB anisotropies, 
and large scale structure of the universe 

•  

•  in absence of extra relics (light sterile s, axions, dark radiation)

ν

ν

Neff =

Neff ≃ 3 ν

Setting the stage

(energy density of neutrinos + possible other light/massless relics)  

(energy density of one neutrino family in instantaneous decoupling limit)
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• Precise study of neutrino decoupling (flavour effects, QED corrections) 
predict  (Froustey et al. 2020, Bennett et al. 2020) 

• Today,       ,           

• Direct detection very difficult due to low momentum (high energy resolution, 
background events…) 

• Future attempts with PTOLEMY (Tritium -decay stimulated by C B neutrino 
capture)

Neff = 3.044

n0
ν = 339.5cm−3 T0

ν = 1.7 × 10−4eV = 1.9 K

β ν

The Cosmic Neutrino Background (C B)ν
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•  : at least 2 mass eigenstates non-relativistic today 

• Each eigenstate : 

• radiation till non-relativistic transition at ,  

• then, fraction of Dark Matter 

• Today 0.5% of matter components      
(Mangano et al. 2005, updated by Froustey & Pitrou);  

• cosmology probes this combination, i.e.  , not enough sensitivity to 
individual ’s                       (JL, Pastor, Perotto 2004; …; Archidiacono, JL, Hannestad 2020)

Tν < |Δm2 |1/2
sol,atm

zNR ∼ mi /[0.53 meV] − 1

Ων = (Σimi)/[93.12 h2eV] ≥

Mν = Σimi
mi

The Cosmic Neutrino Background (C B)ν
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CMB temperature/polarisation maps        Galaxy distribution and lensed shapes 

CMB temp./polar. spectrum                                 LSS (matter) power spectrum
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Cosmological observables
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• Probes of background expansion:  

• from distance ladder  (luminosity of cepheids, 
supernovae) 

• from robust geometrical information contained 
in LSS spectrum                                        
(scale of BAO = Baryon Acoustic Oscillations) 

• Primordial Deuterium / Helium and theory of BBN

6

Cosmological observables
14

Figure 11. The Hubble diagram for the Pantheon sample. The top panel shows the distance modulus for each SN; the
bottom panel shows residuals to the best fit cosmology. Distance modulus values are shown using G10 scatter model.

Given a vector of binned distance residuals of the SN
sample that may be expressed as �~µ = ~µ � ~µmodel (as
shown in Fig. 11 (bottom)) where ~µmodel is a vector of
distances from a cosmological model, then the �2 of the
model fit is expressed as

�2 = �~µT ·C�1 ·�~µ. (8)

Here we review each step of the analysis of the Pan-
theon sample and their associated systematic uncertain-
ties.

5.1. Calibration

The ‘Supercal’ calibration of all the samples in this
analysis is presented in S15. S15 takes advantage of
the sub-1% relative calibration of PS1 (Schlafly et al.
2012) across 3⇡ steradians of sky to compare photome-
try of tertiary standards from each survey. S15 measures
percent-level discrepancies between the defined calibra-
tion of each survey by determining the measured bright-
ness di↵erences of stars observed by a single survey and
PS1 and comparing this with predicted brightness dif-
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relativistic 
neutrino contribution 

to early expansion 

non-relativistic neutrino 
contribution to late expansion 
rate (acoustic angular scale)

metric fluctuations during non-
relativistic neutrino transition 

(early ISW)

JL & Pastor Pys. Rep. 2016; JL, Mangano, Miele, Pastor “Neutrino Cosmology” CUP; 
Drewes et al. 2016; Gerbino & Lattanzi 2017 ; RPP of PDG: JL & Verde “Neutrinos in Cosmology”;

neutrino free-streaming slows 
down CMB photon clustering

neutrino free streaming slows down late 
ordinary/dark matter clustering

Neutrino effects on cosmological observables
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Cosmological bounds are model dependent!

Global fit of cosmological model to 
data: bound are model-dependent 
(can be relaxed when adding new 
ingredients) 

Model-dependence decreases quickly 
over the years (more types of 
independent observations, smaller 
error bars) 

Figure 10. Marginalized one� or two�� contours and one dimensional posteriors in the
(M⌫ ,!cdm, H0, As, ns, ⌧reio) parameter space, showing the expected sensitivity of various future ex-
periments: CORE only (gray contours), CORE+DESI (blue contours), CORE+Euclid (red contours)
and CORE+Euclid+21cm (green contours). The last independent parameter, !b, is always very well
constrained by CMB data alone.

CMB lensing is rather compensated by playing with parameters to which BAO data
are insensitive16, namely As and ⌧reio.

3. Adding Euclid (lensing + P (k)) data. Most of the discussion on the inclusion of DESI
data still applies here, since Euclid data contains information on the BAO scale at dif-
ferent redshift. However the matter / shear power spectra contain extra information on
cosmological perturbations, and lift or reinforce some parameter degeneracies, consis-
tently with our previous discussion in section 4.2, point 3. The (M⌫ , H0) degeneracies

16As side remarks, note that such compensation cannot be done by playing with ns: as a consequence, both
the (M⌫ , ns) degeneracy and the (As, ns) degeneracy are lifted when BAO data are added; finally, because of
the di↵erent neutrino mass compensation driven by the inclusion of BAO data, the correlations of !cdm and
H0 with respect to As, ns, ⌧reio are lifted, as well.

– 24 –

correlation data, is related to the window function. Indeed, since the window function
(equation 4.2) for each redshift bin is given by the integral over the line of sight, the
C

ij
` ’s of equation 4.1 receive contributions from a larger range of scales. Therefore, being

sensitive to a wider lever arm in k space, cosmic shear will be particularly sensitive to
scale dependent variations of the power spectrum.

Notice that here the tweaking of As is larger than the one we performed at point 3 of
section 2.3. Thus, the corresponding �⌧reio ⇠ 0.5 ln(1.05) ⇠ 0.027 would lead to an
enhancement of the reionization bump even bigger than the one we observed in the blue
dotted line of the CEE

` plot (figure 1, second row, right panel). This already shows that
the degeneracy discussed here can be lifted by combining LSS data with CMB data.
Nevertheless this discussion was important to understand the pulls in parameter space
appearing when all data sets are combined with each other.

Figure 9. Marginalized one- and two- � contours in the plane (!cdm,M⌫) (upper left panel),
(H0,M⌫) (upper right panel), (ns,M⌫) (bottom left panel), (As,M⌫) (bottom right panel). The
black dashed lines show the degeneracies encoded in CMB data, the red and green dashed lines
account for some of the most prominent correlations arising from cosmic shear and galaxy clustering,
respectively.

Figure 9 confirms the points discussed previously, and provides a comprehensive graph-
ical summary of the complementarity between future CMB and LSS data in the context of
neutrino mass measurement.

– 21 –

e.g. Archidiacono et al. 1610.09852

Figure 4. Marginalized one- and two- � contours in the plane (!cdm,M⌫) (left panel) and (H0,M⌫)
(right panel), for CMB-CORE or BAO-DESI mock data. The black dashed lines show the directions
of degeneracy given in equations (3.3), and the blue ones in equations (3.2).

Figure 5. Marginalized one- and two- � contours in the plane (✓s(zdec),M⌫) (left) and
(r(zdrag)/DV (z = 1),M⌫) (right), for CMB-CORE or BAO-DESI mock data. In the CORE contours,
samples are coloured according to the value of H0.

latter option is more relevant when the data are combined with each other. Indeed, we will
see a small correlation between (M⌫ , ⌧reio) in the combined results presented in section 5, one
that was hardly noticeable with CMB alone. Of course, this degeneracy is not perfect, and
extends only up to the point at which ⌧reio becomes too large to be compatible with CMB
polarisation data.

4 E↵ect of neutrino mass on Large Scale Structure observables

4.1 Cosmic shear and galaxy clustering spectrum

The Euclid satellite, whose launch is scheduled for 2020, will provide the most accurate ever
galaxy redshift survey, measuring cosmological observables, such as cosmic shear and galaxy
clustering, with 1% accuracy. Euclid data will certainly lead to a major breakthrough in
precision cosmology thanks to very precise low redshift measurement which will break the
CMB degeneracies among cosmological parameters (see references [7, 10, 13, 14, 23, 29, 30, 38,
54]). Here we use the information extracted from the cosmic shear power spectrum projected

– 14 –
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Model dependance

What do we do with cosmological tensions appearing in CDM framework: 
• on current Hubble rate  ?                                                                          

( , dominated by one collaboration, SH0ES Riess et al. 2112.04510) 
• on matter spectrum amplitude   ?                                                        

( , found by many collaborations: KiDS, DES, CHFTLens, etc.) ? 

… and to a lesser extent: 
•  tension between Lyman-  forest spectrum and CMB 
• Small-scale CMB polarisation anisotropies from ACT versus SPT-3G 
• internal consistency of Planck data (“  anomaly” -> not a concern for me 

(fluctuating unphysical parameter, look-elsewhere effect, decreased to 1.5  
in recent re-analysis of Rosenberg et al. 2022)

Λ
H0

5σ
S8

2 − 3σ

(ns, Ωm) α

AL
σ
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Model dependance

What do we do with cosmological tensions appearing in CDM framework: 

1. Assume they will go away (systematics). Fit neutrino parameters ( ) in: 
1. Minimal CDM 
2. Most obvious extensions (light relics, dynamical DE, curvature, T/S…) 
3. Models with more freedom (beyond-Einstein gravity, non-trivial Dark 

Sector…) 

2. Assume they are “real”, investigate new scenarios accommodating the 
tension, explore neutrino bounds within that framework 

Λ

Neff, Mν
Λ
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Model dependance

What do we do with cosmological tensions appearing in CDM framework: 

1. Assume they will go away (systematics). Fit neutrino parameters ( ) in: 
1. Minimal CDM 
2. Most obvious extensions (light relics, dynamical DE, curvature, T/S…) 
3. Models with more freedom (beyond-Einstein gravity, non-trivial Dark 

Sector…) 

2. Assume they are “real”, investigate new scenarios accommodating the 
tension, explore neutrino bounds within that framework 

Λ

Neff, Mν
Λ

 most of this lecture⇒

 few examples at the end⇒
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Impact of Neff

Measuring  or  with cosmological observables may : 
• Confirms presence of C B 
• Confirm standard thermal history of the universe (reheating, neutrinos 

decoupling, positron annihilation…) 
• Bound non-thermal corrections from e.g. late decays into neutrinos 
• Bound existence of additional light relics (light sterile s, axions, dark 

radiation…) 
• Together with Helium abundance, bound new physics around time of 

Nucleosynthesis

Neff ΔNeff = Neff − 3.044
ν

ν
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Figure 26.1: Ratio of the CMB C
T T
¸ (left, including lensing e�ects) and matter power spectrum P (k) (right, computed for each

model in units of (h≠1Mpc)3) for di�erent values of ∆Ne� © Ne� ≠ 3.044 over those of a reference model with ∆Ne� = 0. In order
to minimize and better characterise the e�ect of Ne� on the CMB, the parameters that are kept fixed are {zeq, z�, Êb, ·} and the
primordial spectrum parameters. Fixing {zeq, z�} is equivalent to fixing the fractional density of total radiation, of total matter and
of cosmological constant {�r, �m, ��} while increasing the Hubble parameter as a function of Ne� . The statistical errors on the C¸

are ≥ 1% for a band power of ∆¸ = 30 at ¸ ≥ 1000. The error on P (k) is estimated to be of the order of 5%.

Figure 26.2: 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 ofq
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 ¸.

and the total neutrino average number density today:
n

0
‹ =339.5 cm≠3. Here h is the Hubble constant in units of 100

km s≠1 Mpc≠1.

26.2 E�ects of neutrino properties on cosmolog-
ical observables

As long as they are relativistic, i.e., until some time deep
inside the matter-dominated regime for neutrinos with a mass
mi π 3.15 T

eq

‹ ≥ 1.5 eV (see Big Bang Cosmology, Chap. 22
in this Review), neutrinos enhance the density of radiation: this
e�ect is parameterised by Ne� and can be discussed separately
from the e�ect of the mass that will be described later in this
section. Increasing Ne� impacts the observable spectra of CMB
anisotropies and matter fluctuations through background and per-
turbation e�ects.

26.2.1 E�ect of Ne� on the CMB
The background e�ects depend on what is kept fixed when in-

creasing Ne� . If the densities of other species are kept fixed, a
higher Ne� implies a smaller redshift of radiation-to-matter equal-
ity, with very strong e�ects on the CMB spectrum: when the
amount of expansion between radiation-to-matter equality and

photon decoupling is larger, the CMB peaks are suppressed. This
e�ect is not truly characteristic of the neutrino density, since it
can be produced by varying several other parameters. Hence, to
characterise the e�ect of Ne� , it is more useful and illuminat-
ing to enhance the density of total radiation, of total matter and
of � by exactly the same amount, in order to keep the redshift
of radiation-to-matter equality zeq and matter-to-� equality z�

fixed [18–20]. The primordial spectrum parameters, the baryon
density Êb © �bh

2 and the optical depth to reionization · can
be kept fixed at the same time, since we can simply vary Ne�

together with the Hubble parameter h with fixed {Êb, �c, ��}.
The impact of such a transformation is shown in Fig. 26.1 for
the CMB temperature spectrum C

T T
¸ (defined in Chap. 29 in

this Review) and for the matter power spectrum P (k) (defined
in Chap. 22 in this Review) for several representative values of
Ne� . These e�ects are within the reach of cosmological observa-
tions given current error bars, as discussed in Section 26.3.1 (for
instance, with the Planck satellite data, the statistical error on
the C¸’s is of the order of one per cent for a band power of ∆¸ =
30 at ¸ ≥ 1000).

With this transformation, the main background e�ect of Ne�

Fixed decreasing                                               

 (from RPP, JL & Verde) 

{zeq, ωb,
ds

dA
(zdec)} ⇒ ωb /ωc
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Measurement of Neff
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Table 26.1: Summary of Ne� constraints.

Model 95%CL Ref.
CMB alone
Pl18[TT,TE,EE+lowE] �CDM+Ne� 2.92+0.36

≠0.37
[22]

CMB + background evolution + LSS
Pl18[TT,TE,EE+lowE+lensing] + BAO �CDM+Ne� 2.99+0.34

≠0.33
[22]

” + BAO + R21 �CDM+Ne� 3.34 ± 0.14 (68%CL) [11]
” ” +5-params. 2.85 ± 0.23 (68%CL) [23]

A few of the neutrino mass e�ects described above –free-
streaming scale, early ISW– depend on individual masses mi,
but most of them depend only on the total mass through f‹ –
suppression of the matter power spectrum, CMB lensing, shift in
angular diameter distance–. Because the latter e�ects are eas-
ier to measure, cosmology is primarily sensitive to the total massq

m‹ [38,39]. The possibility that future data sets might be able
to measure individual masses or the mass hierarchy, despite sys-
tematic errors and parameter degeneracies, has recently become
a subject of investigation [40,41].

26.3 Cosmological Constraints on neutrino
properties

In this review we focus on cosmological constraints on the abun-
dance and mass of ordinary active neutrinos. Several stringent
but model-dependent constraints on non-standard neutrinos (e.g.,
sterile neutrinos, active neutrinos with interactions beyond the
weak force, unstable neutrinos with invisible decay, etc.) can also
be found in the literature.

26.3.1 Neutrino abundance
Table 26.1 shows a list of constraints on Ne� obtained with

several combination of data sets. ‘Pl18’ denotes the Planck
2018 data, composed of a high-¸ temperature+polarization likeli-
hood (TT,TE,EE), low-¸ polarization (low E) and CMB lensing
spectrum likelihood (lensing) based on lensing extraction from
quadratic estimators [22]. ‘BAO’ refers to measurements of the
BAO scale (and hence of the angular diameter distance) from var-
ious recent data sets, described in detail in the references given in
the table. ‘R21’ refers to the distance ladder local measurement
of the Hubble scale from cepheids and supernovae [42].

Within the framework of a 7-parameter cosmological model
(�CDM+Ne�), the constraint on Ne� from the Planck 2018 data
release [TT,TE,EE+lowE] is Ne� = 2.92+0.36

≠0.37
(95%CL). This

number is perfectly compatible with the prediction of the stan-
dard neutrino decoupling model, Ne� = 3.044, and can be viewed
as a proof of self-consistency of the cosmological model.

The bounds can be tightened by adding information on the
low-redshift background expansion from BAOs, or local H0 mea-
surements. Finally, one can also add information on large scale
structure (LSS), i.e., on the growth rate and clustering ampli-
tude of matter as a function of scale. However, LSS data are
not very constraining for the Ne� parameter, and the only LSS
data included in Table 26.1 is the measurement of the CMB lens-
ing spectrum. All combinations of Planck 2018 data with BAO
or CMB lensing constraints return measurements consistent with
the standard expectation.

The situation is di�erent with the inclusion of the low-redshift
measurement of H0 by R21 [42], known to be in tension with
Planck in the �CDM framework. As explained in Section 26.2, the
positive correlation between Ne� and h means that inclusion of the
H0 measurement pushes Ne� to higher values, Ne� = 3.34 ± 0.14
(68%CL, Pl18[TT,TE,EE+lowE+lensing] + BAO + R21) [11],
compatible with the standard expectation at the ≥ 2.1‡ level.
However, the Ne� extension to the �CDM model does not reduce
the tension significantly enough to be an appealing solution. It
remains to be seen whether the > 4.2‡ tension between CMB data
and direct measurements of H0 results from systematics, or from
a departure from the �CDM model [11,46–49].

The error bars on Ne� degrade mildly when the data are anal-
ysed in the context of more extended cosmological scenarios.
Adding only the total neutrino mass as an 8th free parameter

has a negligible impact on the bounds.
The authors of Ref. [23] take a more extreme point of view

and fit a 12-parameter model to Pl18[TT,TE,EE+lowE+lensing]
data; they obtain Ne� = 2.95 ± 0.24 (68% CL), showing that it
is very di�cult with current cosmological data to accommodate
shifts of more than 0.5 from the standard Ne� value, and to ob-
tain good fits with, for instance, a fourth (sterile) thermalized
neutrino. This is interesting since the anomalies in some oscilla-
tion data could be interpreted as evidence for at least one sterile
neutrino with a large mixing angle, which would need to be ther-
malised unless non-standard interactions come into play [5]. In
other words cosmology disfavours the explanation of the oscilla-
tions anomalies in terms of extra neutrinos if they are thermalized.

26.3.2 Are they really neutrinos, as expected?
While a value of Ne� significantly di�erent from zero (at more

than 15‡) and consistent with the expected number 3.044 yields a
powerful indirect confirmation of the C‹B, departures from stan-
dard Ne� could be caused by any ingredient a�ecting the early-
time expansion rate of the Universe. Extra relativistic particles
(either decoupled, self-interacting, or interacting with a dark sec-
tor), a background of gravitational waves, an oscillating scalar
field with quartic potential, departures from Einstein gravity, or
large extra dimensions are some of the possibilities for such in-
gredients. In principle one could even assume that the cosmic
neutrino background never existed or has decayed (like in the
“neutrinoless Universe” model of [50]) while another dark radia-
tion component is responsible for Ne� . At least, cosmological data
allow to narrow the range of possible interpretations of Ne� ƒ 3
to the presence of decoupled relativistic relics like standard neu-
trinos. Indeed, free-streaming particles leave specific signatures in
the CMB and LSS spectra, because their density and pressure per-
turbations, bulk velocities and anisotropic stress also source the
metric perturbations. These signatures can be tested in several
ways.

A first approach consists of introducing a self-interaction term
in the neutrino equations [6, 7]. Ref. [8] finds that current CMB
and BAO data are compatible with no self-interactions. The up-
per limit to the e�ective coupling constant Ge� for a Fermi-like
four-fermions interaction at 95% confidence is log

10
(Ge�MeV2) <

≠0.8 for Pl15+BAO. Note however that neutrino self-interactions
as strong as log

10
(Ge�MeV2) ƒ ≠1.4 could reconcile CMB tem-

perature and BAO data with the direct H0 measurement of
Ref [42], but such interactions seem to be hardly compatible with
BBN, laboratory constraints [10] and CMB polarization [9, 11].

A second approach consists of introducing two phenomenologi-
cal parameters, ce� and cvis (see e.g., [51–53]): c

2

e�
generalizes the

linear relation between isotropic pressure perturbations and den-
sity perturbations, while c

2

vis
modifies the neutrino anisotropic

stress equation. While relativistic free-streaming species have
(c2

e�
, c

2

vis
) = (1/3, 1/3), a perfect relativistic fluid would have

(c2

e�
, c

2

vis
) = (1/3, 0). Other values do not necessarily refer to

a concrete model, but make it possible to interpolate between
these limits. Planck data strongly suggests (c2

e�
, c

2

vis
) = (1/3, 1/3)

[54, 55].
Finally, Ref. [21] (resp. [24]) shows that current data are precise

enough to detect the “neutrino drag” e�ect mentioned in Sec. 26.2
through the measurement of the CMB peak (resp. BAO) scale.
These findings show that current cosmological data are able to
detect not just the average density of some relativistic relics, but
also their anisotropies.

• Compatible with BBN + Helium (+ Deuterium) bounds                                 
(even after LUNA update: see Pisanti et al. 2021, Pitrou et al. 2021)

(from RPP, JL & Verde) 
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Figure 26.1: Ratio of the CMB C
T T
¸ (left, including lensing e�ects) and matter power spectrum

P (k) (right, computed for each model in units of (h≠1Mpc)3) for di�erent values of ∆Ne� ©
Ne� ≠ 3.044 over those of a reference model with ∆Ne� = 0. In order to minimize and better
characterise the e�ect of Ne� on the CMB, the parameters that are kept fixed are {zeq, z�, Êb,
·} and the primordial spectrum parameters. Fixing {zeq, z�} is equivalent to fixing the fractional
density of total radiation, of total matter and of cosmological constant {�r, �m, ��} while increasing
the Hubble parameter as a function of Ne� . The statistical errors on the C¸ are ≥ 1% for a band
power of ∆¸ = 30 at ¸ ≥ 1000. The error on P (k) is estimated to be of the order of 5%.

density parameter Ne� and cannot be mimicked by other parameters; thus Ne� can be accurately
measured from the CMB alone. However, there are correlations between Ne� and other parameters.
In particular, we have seen (Fig. 26.1) that in order to minimise the e�ect of Ne� on the CMB
spectrum, one should vary h at the same time, hence there is a correlation between Ne� and h,
which implies that independent measurements reducing the error bar on h also reduce that on Ne� .
Note that this correlation is not equivalent to a perfect degeneracy, so both parameters can anyway
be constrained with CMB data alone.

Table 26.1: Summary of Ne� constraints.

Model 95%CL Ref.
CMB alone
Pl18[TT,TE,EE+lowE] �CDM+Ne� 2.92+0.36

≠0.37
[22]

CMB + background evolution + LSS
Pl18[TT,TE,EE+lowE+lensing] + BAO �CDM+Ne� 2.99+0.34

≠0.33
[22]

” + BAO + R21 �CDM+Ne� 3.34 ± 0.14 (68%CL) [11]
” ” +5-params. 2.85 ± 0.23 (68%CL) [23]

26.2.2 E�ect of Ne� on the matter spectrum
We have discussed the e�ect of increasing Ne� while keeping zeq and Êb fixed, because the

latter two quantities are very accurately constrained by CMB data. This implies that Êc increases
with Ne� , and that the ratio Êb/Êc = �b/�c decreases. However, the ratio of baryonic-to-dark
matter has a strong impact on the shape of the matter power spectrum, because until the time of
decoupling of the baryons from the photons, CDM experiences gravitational collapse, while baryons
are kept smoothly distributed by photon pressure and a�ected by acoustic oscillations. The decrease
of �b/�c following from the increase of Ne� gives more weight to the most clustered of the two

1st June, 2022
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Table 26.1: Summary of Ne� constraints.

Model 95%CL Ref.
CMB alone
Pl18[TT,TE,EE+lowE] �CDM+Ne� 2.92+0.36

≠0.37
[22]

CMB + background evolution + LSS
Pl18[TT,TE,EE+lowE+lensing] + BAO �CDM+Ne� 2.99+0.34

≠0.33
[22]

” + BAO + R21 �CDM+Ne� 3.34 ± 0.14 (68%CL) [11]
” ” +5-params. 2.85 ± 0.23 (68%CL) [23]

A few of the neutrino mass e�ects described above –free-
streaming scale, early ISW– depend on individual masses mi,
but most of them depend only on the total mass through f‹ –
suppression of the matter power spectrum, CMB lensing, shift in
angular diameter distance–. Because the latter e�ects are eas-
ier to measure, cosmology is primarily sensitive to the total massq

m‹ [38,39]. The possibility that future data sets might be able
to measure individual masses or the mass hierarchy, despite sys-
tematic errors and parameter degeneracies, has recently become
a subject of investigation [40,41].

26.3 Cosmological Constraints on neutrino
properties

In this review we focus on cosmological constraints on the abun-
dance and mass of ordinary active neutrinos. Several stringent
but model-dependent constraints on non-standard neutrinos (e.g.,
sterile neutrinos, active neutrinos with interactions beyond the
weak force, unstable neutrinos with invisible decay, etc.) can also
be found in the literature.

26.3.1 Neutrino abundance
Table 26.1 shows a list of constraints on Ne� obtained with

several combination of data sets. ‘Pl18’ denotes the Planck
2018 data, composed of a high-¸ temperature+polarization likeli-
hood (TT,TE,EE), low-¸ polarization (low E) and CMB lensing
spectrum likelihood (lensing) based on lensing extraction from
quadratic estimators [22]. ‘BAO’ refers to measurements of the
BAO scale (and hence of the angular diameter distance) from var-
ious recent data sets, described in detail in the references given in
the table. ‘R21’ refers to the distance ladder local measurement
of the Hubble scale from cepheids and supernovae [42].

Within the framework of a 7-parameter cosmological model
(�CDM+Ne�), the constraint on Ne� from the Planck 2018 data
release [TT,TE,EE+lowE] is Ne� = 2.92+0.36

≠0.37
(95%CL). This

number is perfectly compatible with the prediction of the stan-
dard neutrino decoupling model, Ne� = 3.044, and can be viewed
as a proof of self-consistency of the cosmological model.

The bounds can be tightened by adding information on the
low-redshift background expansion from BAOs, or local H0 mea-
surements. Finally, one can also add information on large scale
structure (LSS), i.e., on the growth rate and clustering ampli-
tude of matter as a function of scale. However, LSS data are
not very constraining for the Ne� parameter, and the only LSS
data included in Table 26.1 is the measurement of the CMB lens-
ing spectrum. All combinations of Planck 2018 data with BAO
or CMB lensing constraints return measurements consistent with
the standard expectation.

The situation is di�erent with the inclusion of the low-redshift
measurement of H0 by R21 [42], known to be in tension with
Planck in the �CDM framework. As explained in Section 26.2, the
positive correlation between Ne� and h means that inclusion of the
H0 measurement pushes Ne� to higher values, Ne� = 3.34 ± 0.14
(68%CL, Pl18[TT,TE,EE+lowE+lensing] + BAO + R21) [11],
compatible with the standard expectation at the ≥ 2.1‡ level.
However, the Ne� extension to the �CDM model does not reduce
the tension significantly enough to be an appealing solution. It
remains to be seen whether the > 4.2‡ tension between CMB data
and direct measurements of H0 results from systematics, or from
a departure from the �CDM model [11,46–49].

The error bars on Ne� degrade mildly when the data are anal-
ysed in the context of more extended cosmological scenarios.
Adding only the total neutrino mass as an 8th free parameter

has a negligible impact on the bounds.
The authors of Ref. [23] take a more extreme point of view

and fit a 12-parameter model to Pl18[TT,TE,EE+lowE+lensing]
data; they obtain Ne� = 2.95 ± 0.24 (68% CL), showing that it
is very di�cult with current cosmological data to accommodate
shifts of more than 0.5 from the standard Ne� value, and to ob-
tain good fits with, for instance, a fourth (sterile) thermalized
neutrino. This is interesting since the anomalies in some oscilla-
tion data could be interpreted as evidence for at least one sterile
neutrino with a large mixing angle, which would need to be ther-
malised unless non-standard interactions come into play [5]. In
other words cosmology disfavours the explanation of the oscilla-
tions anomalies in terms of extra neutrinos if they are thermalized.

26.3.2 Are they really neutrinos, as expected?
While a value of Ne� significantly di�erent from zero (at more

than 15‡) and consistent with the expected number 3.044 yields a
powerful indirect confirmation of the C‹B, departures from stan-
dard Ne� could be caused by any ingredient a�ecting the early-
time expansion rate of the Universe. Extra relativistic particles
(either decoupled, self-interacting, or interacting with a dark sec-
tor), a background of gravitational waves, an oscillating scalar
field with quartic potential, departures from Einstein gravity, or
large extra dimensions are some of the possibilities for such in-
gredients. In principle one could even assume that the cosmic
neutrino background never existed or has decayed (like in the
“neutrinoless Universe” model of [50]) while another dark radia-
tion component is responsible for Ne� . At least, cosmological data
allow to narrow the range of possible interpretations of Ne� ƒ 3
to the presence of decoupled relativistic relics like standard neu-
trinos. Indeed, free-streaming particles leave specific signatures in
the CMB and LSS spectra, because their density and pressure per-
turbations, bulk velocities and anisotropic stress also source the
metric perturbations. These signatures can be tested in several
ways.

A first approach consists of introducing a self-interaction term
in the neutrino equations [6, 7]. Ref. [8] finds that current CMB
and BAO data are compatible with no self-interactions. The up-
per limit to the e�ective coupling constant Ge� for a Fermi-like
four-fermions interaction at 95% confidence is log

10
(Ge�MeV2) <

≠0.8 for Pl15+BAO. Note however that neutrino self-interactions
as strong as log

10
(Ge�MeV2) ƒ ≠1.4 could reconcile CMB tem-

perature and BAO data with the direct H0 measurement of
Ref [42], but such interactions seem to be hardly compatible with
BBN, laboratory constraints [10] and CMB polarization [9, 11].

A second approach consists of introducing two phenomenologi-
cal parameters, ce� and cvis (see e.g., [51–53]): c

2

e�
generalizes the

linear relation between isotropic pressure perturbations and den-
sity perturbations, while c

2

vis
modifies the neutrino anisotropic

stress equation. While relativistic free-streaming species have
(c2

e�
, c

2

vis
) = (1/3, 1/3), a perfect relativistic fluid would have

(c2

e�
, c

2

vis
) = (1/3, 0). Other values do not necessarily refer to

a concrete model, but make it possible to interpolate between
these limits. Planck data strongly suggests (c2

e�
, c

2

vis
) = (1/3, 1/3)

[54, 55].
Finally, Ref. [21] (resp. [24]) shows that current data are precise

enough to detect the “neutrino drag” e�ect mentioned in Sec. 26.2
through the measurement of the CMB peak (resp. BAO) scale.
These findings show that current cosmological data are able to
detect not just the average density of some relativistic relics, but
also their anisotropies.

• Provides bounds on neutrino asymmetry 

• BBN / Helium more sensitive through beta decay and oscillations
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Figure 26.1: Ratio of the CMB C
T T
¸ (left, including lensing e�ects) and matter power spectrum

P (k) (right, computed for each model in units of (h≠1Mpc)3) for di�erent values of ∆Ne� ©
Ne� ≠ 3.044 over those of a reference model with ∆Ne� = 0. In order to minimize and better
characterise the e�ect of Ne� on the CMB, the parameters that are kept fixed are {zeq, z�, Êb,
·} and the primordial spectrum parameters. Fixing {zeq, z�} is equivalent to fixing the fractional
density of total radiation, of total matter and of cosmological constant {�r, �m, ��} while increasing
the Hubble parameter as a function of Ne� . The statistical errors on the C¸ are ≥ 1% for a band
power of ∆¸ = 30 at ¸ ≥ 1000. The error on P (k) is estimated to be of the order of 5%.

density parameter Ne� and cannot be mimicked by other parameters; thus Ne� can be accurately
measured from the CMB alone. However, there are correlations between Ne� and other parameters.
In particular, we have seen (Fig. 26.1) that in order to minimise the e�ect of Ne� on the CMB
spectrum, one should vary h at the same time, hence there is a correlation between Ne� and h,
which implies that independent measurements reducing the error bar on h also reduce that on Ne� .
Note that this correlation is not equivalent to a perfect degeneracy, so both parameters can anyway
be constrained with CMB data alone.

Table 26.1: Summary of Ne� constraints.

Model 95%CL Ref.
CMB alone
Pl18[TT,TE,EE+lowE] �CDM+Ne� 2.92+0.36

≠0.37
[22]

CMB + background evolution + LSS
Pl18[TT,TE,EE+lowE+lensing] + BAO �CDM+Ne� 2.99+0.34

≠0.33
[22]

” + BAO + R21 �CDM+Ne� 3.34 ± 0.14 (68%CL) [11]
” ” +5-params. 2.85 ± 0.23 (68%CL) [23]

26.2.2 E�ect of Ne� on the matter spectrum
We have discussed the e�ect of increasing Ne� while keeping zeq and Êb fixed, because the

latter two quantities are very accurately constrained by CMB data. This implies that Êc increases
with Ne� , and that the ratio Êb/Êc = �b/�c decreases. However, the ratio of baryonic-to-dark
matter has a strong impact on the shape of the matter power spectrum, because until the time of
decoupling of the baryons from the photons, CDM experiences gravitational collapse, while baryons
are kept smoothly distributed by photon pressure and a�ected by acoustic oscillations. The decrease
of �b/�c following from the increase of Ne� gives more weight to the most clustered of the two
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Table 26.1: Summary of Ne� constraints.

Model 95%CL Ref.
CMB alone
Pl18[TT,TE,EE+lowE] �CDM+Ne� 2.92+0.36

≠0.37
[22]

CMB + background evolution + LSS
Pl18[TT,TE,EE+lowE+lensing] + BAO �CDM+Ne� 2.99+0.34

≠0.33
[22]

” + BAO + R21 �CDM+Ne� 3.34 ± 0.14 (68%CL) [11]
” ” +5-params. 2.85 ± 0.23 (68%CL) [23]

A few of the neutrino mass e�ects described above –free-
streaming scale, early ISW– depend on individual masses mi,
but most of them depend only on the total mass through f‹ –
suppression of the matter power spectrum, CMB lensing, shift in
angular diameter distance–. Because the latter e�ects are eas-
ier to measure, cosmology is primarily sensitive to the total massq

m‹ [38,39]. The possibility that future data sets might be able
to measure individual masses or the mass hierarchy, despite sys-
tematic errors and parameter degeneracies, has recently become
a subject of investigation [40,41].

26.3 Cosmological Constraints on neutrino
properties

In this review we focus on cosmological constraints on the abun-
dance and mass of ordinary active neutrinos. Several stringent
but model-dependent constraints on non-standard neutrinos (e.g.,
sterile neutrinos, active neutrinos with interactions beyond the
weak force, unstable neutrinos with invisible decay, etc.) can also
be found in the literature.

26.3.1 Neutrino abundance
Table 26.1 shows a list of constraints on Ne� obtained with

several combination of data sets. ‘Pl18’ denotes the Planck
2018 data, composed of a high-¸ temperature+polarization likeli-
hood (TT,TE,EE), low-¸ polarization (low E) and CMB lensing
spectrum likelihood (lensing) based on lensing extraction from
quadratic estimators [22]. ‘BAO’ refers to measurements of the
BAO scale (and hence of the angular diameter distance) from var-
ious recent data sets, described in detail in the references given in
the table. ‘R21’ refers to the distance ladder local measurement
of the Hubble scale from cepheids and supernovae [42].

Within the framework of a 7-parameter cosmological model
(�CDM+Ne�), the constraint on Ne� from the Planck 2018 data
release [TT,TE,EE+lowE] is Ne� = 2.92+0.36

≠0.37
(95%CL). This

number is perfectly compatible with the prediction of the stan-
dard neutrino decoupling model, Ne� = 3.044, and can be viewed
as a proof of self-consistency of the cosmological model.

The bounds can be tightened by adding information on the
low-redshift background expansion from BAOs, or local H0 mea-
surements. Finally, one can also add information on large scale
structure (LSS), i.e., on the growth rate and clustering ampli-
tude of matter as a function of scale. However, LSS data are
not very constraining for the Ne� parameter, and the only LSS
data included in Table 26.1 is the measurement of the CMB lens-
ing spectrum. All combinations of Planck 2018 data with BAO
or CMB lensing constraints return measurements consistent with
the standard expectation.

The situation is di�erent with the inclusion of the low-redshift
measurement of H0 by R21 [42], known to be in tension with
Planck in the �CDM framework. As explained in Section 26.2, the
positive correlation between Ne� and h means that inclusion of the
H0 measurement pushes Ne� to higher values, Ne� = 3.34 ± 0.14
(68%CL, Pl18[TT,TE,EE+lowE+lensing] + BAO + R21) [11],
compatible with the standard expectation at the ≥ 2.1‡ level.
However, the Ne� extension to the �CDM model does not reduce
the tension significantly enough to be an appealing solution. It
remains to be seen whether the > 4.2‡ tension between CMB data
and direct measurements of H0 results from systematics, or from
a departure from the �CDM model [11,46–49].

The error bars on Ne� degrade mildly when the data are anal-
ysed in the context of more extended cosmological scenarios.
Adding only the total neutrino mass as an 8th free parameter

has a negligible impact on the bounds.
The authors of Ref. [23] take a more extreme point of view

and fit a 12-parameter model to Pl18[TT,TE,EE+lowE+lensing]
data; they obtain Ne� = 2.95 ± 0.24 (68% CL), showing that it
is very di�cult with current cosmological data to accommodate
shifts of more than 0.5 from the standard Ne� value, and to ob-
tain good fits with, for instance, a fourth (sterile) thermalized
neutrino. This is interesting since the anomalies in some oscilla-
tion data could be interpreted as evidence for at least one sterile
neutrino with a large mixing angle, which would need to be ther-
malised unless non-standard interactions come into play [5]. In
other words cosmology disfavours the explanation of the oscilla-
tions anomalies in terms of extra neutrinos if they are thermalized.

26.3.2 Are they really neutrinos, as expected?
While a value of Ne� significantly di�erent from zero (at more

than 15‡) and consistent with the expected number 3.044 yields a
powerful indirect confirmation of the C‹B, departures from stan-
dard Ne� could be caused by any ingredient a�ecting the early-
time expansion rate of the Universe. Extra relativistic particles
(either decoupled, self-interacting, or interacting with a dark sec-
tor), a background of gravitational waves, an oscillating scalar
field with quartic potential, departures from Einstein gravity, or
large extra dimensions are some of the possibilities for such in-
gredients. In principle one could even assume that the cosmic
neutrino background never existed or has decayed (like in the
“neutrinoless Universe” model of [50]) while another dark radia-
tion component is responsible for Ne� . At least, cosmological data
allow to narrow the range of possible interpretations of Ne� ƒ 3
to the presence of decoupled relativistic relics like standard neu-
trinos. Indeed, free-streaming particles leave specific signatures in
the CMB and LSS spectra, because their density and pressure per-
turbations, bulk velocities and anisotropic stress also source the
metric perturbations. These signatures can be tested in several
ways.

A first approach consists of introducing a self-interaction term
in the neutrino equations [6, 7]. Ref. [8] finds that current CMB
and BAO data are compatible with no self-interactions. The up-
per limit to the e�ective coupling constant Ge� for a Fermi-like
four-fermions interaction at 95% confidence is log

10
(Ge�MeV2) <

≠0.8 for Pl15+BAO. Note however that neutrino self-interactions
as strong as log

10
(Ge�MeV2) ƒ ≠1.4 could reconcile CMB tem-

perature and BAO data with the direct H0 measurement of
Ref [42], but such interactions seem to be hardly compatible with
BBN, laboratory constraints [10] and CMB polarization [9, 11].

A second approach consists of introducing two phenomenologi-
cal parameters, ce� and cvis (see e.g., [51–53]): c

2

e�
generalizes the

linear relation between isotropic pressure perturbations and den-
sity perturbations, while c

2

vis
modifies the neutrino anisotropic

stress equation. While relativistic free-streaming species have
(c2

e�
, c

2

vis
) = (1/3, 1/3), a perfect relativistic fluid would have

(c2

e�
, c

2

vis
) = (1/3, 0). Other values do not necessarily refer to

a concrete model, but make it possible to interpolate between
these limits. Planck data strongly suggests (c2

e�
, c

2

vis
) = (1/3, 1/3)

[54, 55].
Finally, Ref. [21] (resp. [24]) shows that current data are precise

enough to detect the “neutrino drag” e�ect mentioned in Sec. 26.2
through the measurement of the CMB peak (resp. BAO) scale.
These findings show that current cosmological data are able to
detect not just the average density of some relativistic relics, but
also their anisotropies.

• Global fit, in principle model-dependent, in practise not so much for simple 
extensions of CDM 

• Internal cracks: growing tensions in cosmological data (4.2  “Hubble 
tension”) 

• Discussions about  as a solution. Currently disfavoured. 

Λ

σ

Neff > 3

(from RPP, JL & Verde) 

(De Valentino et al. 2020)
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Figure 26.1: Ratio of the CMB C
T T
¸ (left, including lensing e�ects) and matter power spectrum

P (k) (right, computed for each model in units of (h≠1Mpc)3) for di�erent values of ∆Ne� ©
Ne� ≠ 3.044 over those of a reference model with ∆Ne� = 0. In order to minimize and better
characterise the e�ect of Ne� on the CMB, the parameters that are kept fixed are {zeq, z�, Êb,
·} and the primordial spectrum parameters. Fixing {zeq, z�} is equivalent to fixing the fractional
density of total radiation, of total matter and of cosmological constant {�r, �m, ��} while increasing
the Hubble parameter as a function of Ne� . The statistical errors on the C¸ are ≥ 1% for a band
power of ∆¸ = 30 at ¸ ≥ 1000. The error on P (k) is estimated to be of the order of 5%.

density parameter Ne� and cannot be mimicked by other parameters; thus Ne� can be accurately
measured from the CMB alone. However, there are correlations between Ne� and other parameters.
In particular, we have seen (Fig. 26.1) that in order to minimise the e�ect of Ne� on the CMB
spectrum, one should vary h at the same time, hence there is a correlation between Ne� and h,
which implies that independent measurements reducing the error bar on h also reduce that on Ne� .
Note that this correlation is not equivalent to a perfect degeneracy, so both parameters can anyway
be constrained with CMB data alone.

Table 26.1: Summary of Ne� constraints.

Model 95%CL Ref.
CMB alone
Pl18[TT,TE,EE+lowE] �CDM+Ne� 2.92+0.36

≠0.37
[22]

CMB + background evolution + LSS
Pl18[TT,TE,EE+lowE+lensing] + BAO �CDM+Ne� 2.99+0.34

≠0.33
[22]

” + BAO + R21 �CDM+Ne� 3.34 ± 0.14 (68%CL) [11]
” ” +5-params. 2.85 ± 0.23 (68%CL) [23]

26.2.2 E�ect of Ne� on the matter spectrum
We have discussed the e�ect of increasing Ne� while keeping zeq and Êb fixed, because the

latter two quantities are very accurately constrained by CMB data. This implies that Êc increases
with Ne� , and that the ratio Êb/Êc = �b/�c decreases. However, the ratio of baryonic-to-dark
matter has a strong impact on the shape of the matter power spectrum, because until the time of
decoupling of the baryons from the photons, CDM experiences gravitational collapse, while baryons
are kept smoothly distributed by photon pressure and a�ected by acoustic oscillations. The decrease
of �b/�c following from the increase of Ne� gives more weight to the most clustered of the two
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Table 26.1: Summary of Ne� constraints.

Model 95%CL Ref.
CMB alone
Pl18[TT,TE,EE+lowE] �CDM+Ne� 2.92+0.36

≠0.37
[22]

CMB + background evolution + LSS
Pl18[TT,TE,EE+lowE+lensing] + BAO �CDM+Ne� 2.99+0.34

≠0.33
[22]

” + BAO + R21 �CDM+Ne� 3.34 ± 0.14 (68%CL) [11]
” ” +5-params. 2.85 ± 0.23 (68%CL) [23]

A few of the neutrino mass e�ects described above –free-
streaming scale, early ISW– depend on individual masses mi,
but most of them depend only on the total mass through f‹ –
suppression of the matter power spectrum, CMB lensing, shift in
angular diameter distance–. Because the latter e�ects are eas-
ier to measure, cosmology is primarily sensitive to the total massq

m‹ [38,39]. The possibility that future data sets might be able
to measure individual masses or the mass hierarchy, despite sys-
tematic errors and parameter degeneracies, has recently become
a subject of investigation [40,41].

26.3 Cosmological Constraints on neutrino
properties

In this review we focus on cosmological constraints on the abun-
dance and mass of ordinary active neutrinos. Several stringent
but model-dependent constraints on non-standard neutrinos (e.g.,
sterile neutrinos, active neutrinos with interactions beyond the
weak force, unstable neutrinos with invisible decay, etc.) can also
be found in the literature.

26.3.1 Neutrino abundance
Table 26.1 shows a list of constraints on Ne� obtained with

several combination of data sets. ‘Pl18’ denotes the Planck
2018 data, composed of a high-¸ temperature+polarization likeli-
hood (TT,TE,EE), low-¸ polarization (low E) and CMB lensing
spectrum likelihood (lensing) based on lensing extraction from
quadratic estimators [22]. ‘BAO’ refers to measurements of the
BAO scale (and hence of the angular diameter distance) from var-
ious recent data sets, described in detail in the references given in
the table. ‘R21’ refers to the distance ladder local measurement
of the Hubble scale from cepheids and supernovae [42].

Within the framework of a 7-parameter cosmological model
(�CDM+Ne�), the constraint on Ne� from the Planck 2018 data
release [TT,TE,EE+lowE] is Ne� = 2.92+0.36

≠0.37
(95%CL). This

number is perfectly compatible with the prediction of the stan-
dard neutrino decoupling model, Ne� = 3.044, and can be viewed
as a proof of self-consistency of the cosmological model.

The bounds can be tightened by adding information on the
low-redshift background expansion from BAOs, or local H0 mea-
surements. Finally, one can also add information on large scale
structure (LSS), i.e., on the growth rate and clustering ampli-
tude of matter as a function of scale. However, LSS data are
not very constraining for the Ne� parameter, and the only LSS
data included in Table 26.1 is the measurement of the CMB lens-
ing spectrum. All combinations of Planck 2018 data with BAO
or CMB lensing constraints return measurements consistent with
the standard expectation.

The situation is di�erent with the inclusion of the low-redshift
measurement of H0 by R21 [42], known to be in tension with
Planck in the �CDM framework. As explained in Section 26.2, the
positive correlation between Ne� and h means that inclusion of the
H0 measurement pushes Ne� to higher values, Ne� = 3.34 ± 0.14
(68%CL, Pl18[TT,TE,EE+lowE+lensing] + BAO + R21) [11],
compatible with the standard expectation at the ≥ 2.1‡ level.
However, the Ne� extension to the �CDM model does not reduce
the tension significantly enough to be an appealing solution. It
remains to be seen whether the > 4.2‡ tension between CMB data
and direct measurements of H0 results from systematics, or from
a departure from the �CDM model [11,46–49].

The error bars on Ne� degrade mildly when the data are anal-
ysed in the context of more extended cosmological scenarios.
Adding only the total neutrino mass as an 8th free parameter

has a negligible impact on the bounds.
The authors of Ref. [23] take a more extreme point of view

and fit a 12-parameter model to Pl18[TT,TE,EE+lowE+lensing]
data; they obtain Ne� = 2.95 ± 0.24 (68% CL), showing that it
is very di�cult with current cosmological data to accommodate
shifts of more than 0.5 from the standard Ne� value, and to ob-
tain good fits with, for instance, a fourth (sterile) thermalized
neutrino. This is interesting since the anomalies in some oscilla-
tion data could be interpreted as evidence for at least one sterile
neutrino with a large mixing angle, which would need to be ther-
malised unless non-standard interactions come into play [5]. In
other words cosmology disfavours the explanation of the oscilla-
tions anomalies in terms of extra neutrinos if they are thermalized.

26.3.2 Are they really neutrinos, as expected?
While a value of Ne� significantly di�erent from zero (at more

than 15‡) and consistent with the expected number 3.044 yields a
powerful indirect confirmation of the C‹B, departures from stan-
dard Ne� could be caused by any ingredient a�ecting the early-
time expansion rate of the Universe. Extra relativistic particles
(either decoupled, self-interacting, or interacting with a dark sec-
tor), a background of gravitational waves, an oscillating scalar
field with quartic potential, departures from Einstein gravity, or
large extra dimensions are some of the possibilities for such in-
gredients. In principle one could even assume that the cosmic
neutrino background never existed or has decayed (like in the
“neutrinoless Universe” model of [50]) while another dark radia-
tion component is responsible for Ne� . At least, cosmological data
allow to narrow the range of possible interpretations of Ne� ƒ 3
to the presence of decoupled relativistic relics like standard neu-
trinos. Indeed, free-streaming particles leave specific signatures in
the CMB and LSS spectra, because their density and pressure per-
turbations, bulk velocities and anisotropic stress also source the
metric perturbations. These signatures can be tested in several
ways.

A first approach consists of introducing a self-interaction term
in the neutrino equations [6, 7]. Ref. [8] finds that current CMB
and BAO data are compatible with no self-interactions. The up-
per limit to the e�ective coupling constant Ge� for a Fermi-like
four-fermions interaction at 95% confidence is log

10
(Ge�MeV2) <

≠0.8 for Pl15+BAO. Note however that neutrino self-interactions
as strong as log

10
(Ge�MeV2) ƒ ≠1.4 could reconcile CMB tem-

perature and BAO data with the direct H0 measurement of
Ref [42], but such interactions seem to be hardly compatible with
BBN, laboratory constraints [10] and CMB polarization [9, 11].

A second approach consists of introducing two phenomenologi-
cal parameters, ce� and cvis (see e.g., [51–53]): c

2

e�
generalizes the

linear relation between isotropic pressure perturbations and den-
sity perturbations, while c

2

vis
modifies the neutrino anisotropic

stress equation. While relativistic free-streaming species have
(c2

e�
, c

2

vis
) = (1/3, 1/3), a perfect relativistic fluid would have

(c2

e�
, c

2

vis
) = (1/3, 0). Other values do not necessarily refer to

a concrete model, but make it possible to interpolate between
these limits. Planck data strongly suggests (c2

e�
, c

2

vis
) = (1/3, 1/3)

[54, 55].
Finally, Ref. [21] (resp. [24]) shows that current data are precise

enough to detect the “neutrino drag” e�ect mentioned in Sec. 26.2
through the measurement of the CMB peak (resp. BAO) scale.
These findings show that current cosmological data are able to
detect not just the average density of some relativistic relics, but
also their anisotropies.

• Global fit, in principle model-dependent, in practise not so much for simple 
extensions of CDM 

• Hubble tension ?… positive  correlation. Discussions about 
 as a solution. Currently disfavoured. 

Λ

H0 − Neff
Neff > 3

(from RPP, JL & Verde) 

(De Valentino et al. 2020)
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Probes of C Bν

• measured  compatible with prediction 3.044 (although…  tension) 

• details of acoustic oscillations in CMB and LSS spectra probe neutrino drag 
effect : indicate free streaming ultra-relativistic species. C B detected at 
level of its background and perturbations 

(Bashinky & Seljak 2004 , Audren et al. 2015, Baumann et al. 2019, …) 

• Limits on non-standard neutrino self-interactions: 
(Park et al. 2019)

Neff H0

ν

log10(GeffMeV2) < − 0.8
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Figure 26.1: Ratio of the CMB C
T T
¸ (left, including lensing e�ects) and matter power spectrum P (k) (right, computed for each

model in units of (h≠1Mpc)3) for di�erent values of ∆Ne� © Ne� ≠ 3.044 over those of a reference model with ∆Ne� = 0. In order
to minimize and better characterise the e�ect of Ne� on the CMB, the parameters that are kept fixed are {zeq, z�, Êb, ·} and the
primordial spectrum parameters. Fixing {zeq, z�} is equivalent to fixing the fractional density of total radiation, of total matter and
of cosmological constant {�r, �m, ��} while increasing the Hubble parameter as a function of Ne� . The statistical errors on the C¸

are ≥ 1% for a band power of ∆¸ = 30 at ¸ ≥ 1000. The error on P (k) is estimated to be of the order of 5%.

Figure 26.2: 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 ofq
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 ¸.

and the total neutrino average number density today:
n

0
‹ =339.5 cm≠3. Here h is the Hubble constant in units of 100

km s≠1 Mpc≠1.

26.2 E�ects of neutrino properties on cosmolog-
ical observables

As long as they are relativistic, i.e., until some time deep
inside the matter-dominated regime for neutrinos with a mass
mi π 3.15 T

eq

‹ ≥ 1.5 eV (see Big Bang Cosmology, Chap. 22
in this Review), neutrinos enhance the density of radiation: this
e�ect is parameterised by Ne� and can be discussed separately
from the e�ect of the mass that will be described later in this
section. Increasing Ne� impacts the observable spectra of CMB
anisotropies and matter fluctuations through background and per-
turbation e�ects.

26.2.1 E�ect of Ne� on the CMB
The background e�ects depend on what is kept fixed when in-

creasing Ne� . If the densities of other species are kept fixed, a
higher Ne� implies a smaller redshift of radiation-to-matter equal-
ity, with very strong e�ects on the CMB spectrum: when the
amount of expansion between radiation-to-matter equality and

photon decoupling is larger, the CMB peaks are suppressed. This
e�ect is not truly characteristic of the neutrino density, since it
can be produced by varying several other parameters. Hence, to
characterise the e�ect of Ne� , it is more useful and illuminat-
ing to enhance the density of total radiation, of total matter and
of � by exactly the same amount, in order to keep the redshift
of radiation-to-matter equality zeq and matter-to-� equality z�

fixed [18–20]. The primordial spectrum parameters, the baryon
density Êb © �bh

2 and the optical depth to reionization · can
be kept fixed at the same time, since we can simply vary Ne�

together with the Hubble parameter h with fixed {Êb, �c, ��}.
The impact of such a transformation is shown in Fig. 26.1 for
the CMB temperature spectrum C

T T
¸ (defined in Chap. 29 in

this Review) and for the matter power spectrum P (k) (defined
in Chap. 22 in this Review) for several representative values of
Ne� . These e�ects are within the reach of cosmological observa-
tions given current error bars, as discussed in Section 26.3.1 (for
instance, with the Planck satellite data, the statistical error on
the C¸’s is of the order of one per cent for a band power of ∆¸ =
30 at ¸ ≥ 1000).

With this transformation, the main background e�ect of Ne�

Fixed                                                                                         (from RPP, JL & Verde) {ωb, ωc, τ, θs}
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A few of the neutrino mass e�ects described above –free-streaming scale, early ISW– depend
on individual masses mi, but most of them depend only on the total mass through f‹ –suppression
of the matter power spectrum, CMB lensing, shift in angular diameter distance–. Because the
latter e�ects are easier to measure, cosmology is primarily sensitive to the total mass

q
m‹ [38,39].

The possibility that future data sets might be able to measure individual masses or the mass
hierarchy, despite systematic errors and parameter degeneracies, has recently become a subject of
investigation [40,41].

26.3 Cosmological Constraints on neutrino properties
In this review we focus on cosmological constraints on the abundance and mass of ordinary

active neutrinos. Several stringent but model-dependent constraints on non-standard neutrinos
(e.g., sterile neutrinos, active neutrinos with interactions beyond the weak force, unstable neutrinos
with invisible decay, etc.) can also be found in the literature.
26.3.1 Neutrino abundance

Table 26.1 shows a list of constraints on Ne� obtained with several combination of data sets.
‘Pl18’ denotes the Planck 2018 data, composed of a high-¸ temperature+polarization likelihood
(TT,TE,EE), low-¸ polarization (low E) and CMB lensing spectrum likelihood (lensing) based on
lensing extraction from quadratic estimators [22]. ‘BAO’ refers to measurements of the BAO scale
(and hence of the angular diameter distance) from various recent data sets, described in detail
in the references given in the table. ‘R21’ refers to the distance ladder local measurement of the
Hubble scale from cepheids and supernovae [42].

Table 26.2: Summary of
q

m‹ constraints.

Model 95% CL (eV) Ref.
CMB alone
Pl18[TT+lowE] �CDM+

q
m‹ < 0.54 [22]

Pl18[TT,TE,EE+lowE] �CDM+
q

m‹ < 0.26 [22]
CMB + probes of background evolution
Pl18[TT+lowE] + BAO �CDM+

q
m‹ < 0.13 [43]

Pl18[TT,TE,EE+lowE]+BAO �CDM+
q

m‹+5 params. < 0.515 [23]
CMB + LSS
Pl18[TT+lowE+lensing] �CDM+

q
m‹ < 0.44 [22]

Pl18[TT,TE,EE+lowE+lensing] �CDM+
q

m‹ < 0.24 [22]
CMB + probes of background evolution + LSS
Pl18[TT,TE,EE+lowE] + BAO + RSD �CDM+

q
m‹ < 0.10 [43]

Pl18[TT+lowE+lensing] + BAO + Lyman-– �CDM+
q

m‹ < 0.087 [44]
Pl18[TT,TE,EE+lowE] + BAO + RSD + Pantheon + DES �CDM+

q
m‹ < 0.13 [45]

Within the framework of a 7-parameter cosmological model (�CDM+Ne�), the constraint on
Ne� from the Planck 2018 data release [TT,TE,EE+lowE] is Ne� = 2.92+0.36

≠0.37
(95%CL). This number

is perfectly compatible with the prediction of the standard neutrino decoupling model, Ne� = 3.044,
and can be viewed as a proof of self-consistency of the cosmological model.

The bounds can be tightened by adding information on the low-redshift background expansion
from BAOs, or local H0 measurements. Finally, one can also add information on large scale
structure (LSS), i.e., on the growth rate and clustering amplitude of matter as a function of scale.
However, LSS data are not very constraining for the Ne� parameter, and the only LSS data included
in Table 26.1 is the measurement of the CMB lensing spectrum. All combinations of Planck 2018
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Within the framework of a 7-parameter cosmological model (�CDM+Ne�), the constraint on
Ne� from the Planck 2018 data release [TT,TE,EE+lowE] is Ne� = 2.92+0.36

≠0.37
(95%CL). This number

is perfectly compatible with the prediction of the standard neutrino decoupling model, Ne� = 3.044,
and can be viewed as a proof of self-consistency of the cosmological model.

The bounds can be tightened by adding information on the low-redshift background expansion
from BAOs, or local H0 measurements. Finally, one can also add information on large scale
structure (LSS), i.e., on the growth rate and clustering amplitude of matter as a function of scale.
However, LSS data are not very constraining for the Ne� parameter, and the only LSS data included
in Table 26.1 is the measurement of the CMB lensing spectrum. All combinations of Planck 2018

1st June, 2022

2021: new eBOSS 
and DES data



Neutrinos in cosmology - J. Lesgourgues21

Bounds on Σmν

su
m

m
ed

 m
as

s 

CMB temperature and polarisation 
from Planck 

Σimi < 260 meV (95%CL)

[Planck col.] 1605.02985 

95%CL upper bounds on Σimi for 7 parameters

CMB + conservative LSS information 
(BAO + RSD from BOSS): 
Σimi < 100 meV (95%CL)  

CMB + BAO + more agressive LSS: 
either: + Ly-  from BOSS                       

or: + lensing + RSD + SNIa) 
Σimi < 87 meV (95%CL)  

α

Inverted hierarchy is disfavoured! Palanque-Delabrouille et al. 2020 
Di Valentino et al. 2021

Normal HierarchyInverted Hierarchy
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Model dependance

Shall we be concerned about posterior peaking in zero?: 
•  reducing to ~0.05 eV, and still no hint of a posterior peaking 

anywhere above 0 eV 

• May be the consequence of only the randomness of instrumental errors + 
underlying theory (cosmic variance), with still acceptable level of probability 

• Or, like tensions, sign of systematics or using wrong model…

σ(Σmν)

Cosmology from eBOSS 27

TABLE 8
Constraints on neutrino masses and relative probabilities of neutrino models with ⌫⇤CDM and ⌫wCDM cosmological models. The 95%

upper limits are derived assuming a
P

m⌫ > 0 prior.

Data 95% upper limit [eV] Pinv/Pnorm Punphy Gaussian fit [eV]
Planck 0.252 0.64 0.43
Planck + BAO 0.129 0.36 0.64 �0.026 ± 0.074
Planck + BAO + RSD 0.102 0.24 0.76 �0.026 ± 0.060
Planck + SN 0.170 0.49 0.56 �0.076 ± 0.106
Planck + BAO + RSD + SN 0.099 0.22 0.78 �0.024 ± 0.057
Planck + BAO + RSD + SN + DES 0.111 0.27 0.71 �0.014 ± 0.061
Planck + BAO + RSD + SN (⌫wCDM) 0.139 0.40 0.61 �0.033 ± 0.082
Planck + BAO + RSD + SN + DES (⌫wCDM) 0.161 0.48 0.56 �0.048 ± 0.097

of the new data in the next decade.
In Table 8 we also show several integrated probabilities

defined as

Pnorm =

Z 1

0.0588 eV

p(m⌫)dm⌫ , (26)

Pinv =

Z 1

0.0995 eV

p(m⌫)dm⌫ , (27)

Punphy =

Z
0.0588 eV

0

p(m⌫)dm⌫ . (28)

Note that these are not Bayesian evidences, because we
do not account for the prior volume. Nevertheless, the
ratio of Pinv/Pnorm is the relative probability of the true
mass lying in the range allowed by the inverted/normal
hierarchy and is equivalent to an evidence ratio when the
priors are very wide. The quantity Punphy is the probabil-
ity of the summed neutrino mass lying in the unphysical
region, with a mass lower than allowed by the normal hi-
erarchy. We see that these probabilities are always incon-
clusive; there is no strong evidence from cosmology on a
preference for a normal hierarchy, an inverted hierarchy,
or a model where the neutrino mass is anomalously low
(with or without allowing extrapolation into the negativeP

m⌫). We also note that a 95% upper limit of less than
0.0995 eV would not constitute a 2� detection of normal
hierarchy, because much of that posterior volume belongs
to the unphysically low neutrino mass.

Evaluating the 95% upper limits, the strongest con-
straint excluding lensing data is

P
m⌫ < 0.099 eV, which

degrades to
P

m⌫ < 0.114 eV upon addition of lensing
data. This reflects the shift toward a relatively low am-
plitude of �8 in the lensing data with the larger values of
⌦m preferred by the other probes.

Finally, we see that allowing the dark energy equation
of state parameter (w) to be free degrades the neutrino
mass constraint by a factor of 1.4 to 1.6. This e↵ect
is due to a known degeneracy direction in the neutrino
mass (Hannestad 2005). Nevertheless, the e↵ect is not
as dramatic as it used to be and with further data it will
become negligible.

7. CONCLUSION

The eight distinct samples of SDSS BAO measure-
ments fill a unique niche in their ability to indepen-
dently characterize dark energy and curvature in one-
parameter extensions to ⇤CDM. When combined with
Planck temperature and polarization data, the BAO
measurements allow an order of magnitude improvement
on curvature constraints when compared to Planck data
alone. The BAO data provide strong evidence for a
nearly flat geometry and allow constraints on curvature

Fig. 13.— Posterior for sum of neutrino masses for selected com-
binations of data with a ⌫⇤CDM cosmology. Dashed curves show
the implied Gaussian fits. Shaded regions correspond to lower lim-
its on normal and inverted hiearchies. Likelihood curves are nor-
malized to have the same area under the curve for

P
m⌫ > 0.

that are now roughly one order of magnitude within the
detectable limit of �(⌦k) ⇠ 0.0001 (Vardanyan et al.
2009). The SDSS BAO measurements demonstrate that
the observed cosmic acceleration is best described by a
dark energy equation of state that is consistent with a
cosmological constant to better than 6% precision when
combined with the Planck temperature and polarization
data. Finally, the SDSS BAO measurements allow robust
estimates of the current expansion rate, demonstrating
H0 < 70 km s�1Mpc�1 at 95% confidence under stan-
dard assumptions of pre-recombination physics, regard-
less of cosmological model. These H0 results remain con-
sistent, even without the Planck CMB data, as long as
the ⇤CDM model is assumed.

Beyond the distance-redshift relation, we have also
demonstrated the complementary role of the six inde-
pendent SDSS RSD measurements to DES and Planck

lensing measurements. The SDSS RSD measurements
tighten Planck temperature and polarization constraints
on the dark energy equation of state by more than a
factor of two; the DES WL measurements tighten con-
straints on curvature by more than a factor of three.
Independent of any BAO or SNe Ia information on the
expansion history, the CMB, RSD, and WL measure-
ments present a history of structure growth that is best
described by a standard ⇤CDM cosmology and a GR
model for gravity.

The tightest constraints on the cosmological model are
found when combining current measurements of the ex-

From Alam et al. 2020 (eBOSS)
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Bounds on Σmν

• Crucial role of CMB (WMAP+SPT: similar bounds, WMAP+ACT: twice weaker bounds)           
(Di Valentino & Melchiorri 2021) 

• Robustness against simple LCDM extensions    (De Valentino et al. 2020) 

• Negative  correlation: Inclusion of direct Hubble measurement from SH0ES makes 
bounds even stronger but subject to caution

Mν − H0

(from RPP, JL & Verde) (from RPP, JL & Verde) 
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A few of the neutrino mass e�ects described above –free-streaming scale, early ISW– depend
on individual masses mi, but most of them depend only on the total mass through f‹ –suppression
of the matter power spectrum, CMB lensing, shift in angular diameter distance–. Because the
latter e�ects are easier to measure, cosmology is primarily sensitive to the total mass

q
m‹ [38,39].

The possibility that future data sets might be able to measure individual masses or the mass
hierarchy, despite systematic errors and parameter degeneracies, has recently become a subject of
investigation [40,41].

26.3 Cosmological Constraints on neutrino properties
In this review we focus on cosmological constraints on the abundance and mass of ordinary

active neutrinos. Several stringent but model-dependent constraints on non-standard neutrinos
(e.g., sterile neutrinos, active neutrinos with interactions beyond the weak force, unstable neutrinos
with invisible decay, etc.) can also be found in the literature.
26.3.1 Neutrino abundance

Table 26.1 shows a list of constraints on Ne� obtained with several combination of data sets.
‘Pl18’ denotes the Planck 2018 data, composed of a high-¸ temperature+polarization likelihood
(TT,TE,EE), low-¸ polarization (low E) and CMB lensing spectrum likelihood (lensing) based on
lensing extraction from quadratic estimators [22]. ‘BAO’ refers to measurements of the BAO scale
(and hence of the angular diameter distance) from various recent data sets, described in detail
in the references given in the table. ‘R21’ refers to the distance ladder local measurement of the
Hubble scale from cepheids and supernovae [42].

Table 26.2: Summary of
q

m‹ constraints.

Model 95% CL (eV) Ref.
CMB alone
Pl18[TT+lowE] �CDM+

q
m‹ < 0.54 [22]

Pl18[TT,TE,EE+lowE] �CDM+
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m‹ < 0.26 [22]
CMB + probes of background evolution
Pl18[TT+lowE] + BAO �CDM+
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Pl18[TT+lowE+lensing] + BAO + Lyman-– �CDM+
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m‹ < 0.087 [44]
Pl18[TT,TE,EE+lowE] + BAO + RSD + Pantheon + DES �CDM+

q
m‹ < 0.13 [45]

Within the framework of a 7-parameter cosmological model (�CDM+Ne�), the constraint on
Ne� from the Planck 2018 data release [TT,TE,EE+lowE] is Ne� = 2.92+0.36

≠0.37
(95%CL). This number

is perfectly compatible with the prediction of the standard neutrino decoupling model, Ne� = 3.044,
and can be viewed as a proof of self-consistency of the cosmological model.

The bounds can be tightened by adding information on the low-redshift background expansion
from BAOs, or local H0 measurements. Finally, one can also add information on large scale
structure (LSS), i.e., on the growth rate and clustering amplitude of matter as a function of scale.
However, LSS data are not very constraining for the Ne� parameter, and the only LSS data included
in Table 26.1 is the measurement of the CMB lensing spectrum. All combinations of Planck 2018
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1st June, 2022
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Is inverted hierarchy excluded ?

Calculation of Bayesian evidence using laboratory (oscillations, KATRIN)+ 
cosmological data: 

• Decisive evidence for NH according to Jimenez et al. 2022 - driven by 
cosmology 

• Only moderate evidence for NH according to Gariazzo et al. 2022 - driven 
by oscillation data 

Main issue = Bayesian prior dependence of the results (discussed by both 
groups). Second group ensures that prior alone gives 1:1 odds  for NH/IH. 

My take: two many self-consistency issues in cosmological data / standard 
model for including current bounds in such detailed statistical analyses.
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If  tension is “real”, but not  tensionS8 H0

• Naive explanation: ~0.6eV… ruled out by CMB in all simple CDM 
extensions 

• List of alternative mechanisms reducing growth of matter fluctuations on 
small scales and compatible with CMB, BAO, Weak Lensing, Lyman- …  

• Modified gravity (e.g. f(R)), cold+warm DM, (self-)interacting DM, DM with 2-
body decay…                (Boyarsky et al. 0812.0010; Buen-Abad et al. 1708.09406; 
Becker et al. 2010.04074; Heimersheim et al. 2008.08486; Abellan et al. 2008.09615; …) 

Neutrino mass bounds depend on each case, but usually CMB+BAO sets 
barrier around 0.13 eV, unlikely to be challenged by these models which have 
minimal impact on CMB… 

Mν Λ

α
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If  tension is “real”H0

• Naive explanation in terms of  ruled out by both CMB and BBN 

• No very simple alternative compatible with CMB, BAO, Pantheon (= high-z 
supernovae)… Price to pay is high (Schöneberg et al. 2021): 

1. Shifted recombination (variation of particle masses (Hart & Chluba 2020) ? 
Inhomogeneous recombination (Jedamzik & Pogosian 2020) ?);  

2. Non-minimal Dark Radiation: self-interactions, density increasing after BBN 
(possible precise scenarios: Majoron (Escudero & Witte 2021), Wess-Zumino 
(Aloni et al. 2011), …);  

3. Early Dark Energy; Modified gravity …  

• Neutrino mass bounds depend on each case, could be significantly released 
(e.g. like for self-interacting neutrinos of Cyr-Racine et al.), more work needed…  

• Same if both tensions are ``real’’…

Neff ∼ 5
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Prospects on mass measurement

• Future LSS surveys: DESI, Euclid, LSST, SPHEREx, SKA… 

• Future CMB observations: Simons Observatory, CMB-Stage4, LiteBird 

• Planck+Euclid: at least ~ 2  

• Should grow to 3-4  with new CMB data (SO, CMB-S4) and better LSS data 

• Could reach 5  after better measurements of reionization and 21cm 
fluctuations (radioastronomy: SKA, …) 

• Null detection would be revolutionary (NSI, neutrino decay…) 

• Possible shift of paradigm could reshuffle conclusions…
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