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Plan

• The Cosmic Neutrino Background (C B) 

• Standard effect of  and mass bounds 

• Models with non-standard neutrino physics inspired by: 

•  tension: self-interacting nu, light majoron 

•  tension: DR interacting with DM, heavy majoron  

• possible oscillation anomaly: secret interactions 

• Data preference for : decaying and mass-varying neutrinos 

• (3.5keV line and small-scale CDM crisis: keV sterile neutrinos)

ν
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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  

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

•  

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

ν

Neff =

Neff ≃ 3

The Cosmic Neutrino Background (C B)ν

(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, Escudero 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 ± 0.001

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 ,  

• 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 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                     Galaxy positions and weak lensing 

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) 

• Probes of background expansion extracted from 
robust geometrical information in LSS spectrum 
(Baryon Acoustic Oscillations) 

• Primordial Deuterium / Helium and theory of BBN

7

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 slow down early 
dark matter clustering

neutrino slow down late 
ordinary/dark matter clustering

neutrino propagation and 
dispersion velocity

Neutrino effects on cosmological observables
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Impact of Σmν

468 26. Neutrinos in Cosmology
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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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Model dependance

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  ( , dominated by one collaboration, SH0ES Riess et al. 2112.04510) ? 
• on  ( , found by many collaborations: KiDS, DES, CHFTLens, etc.) ? 

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…) 

3. Assume that  is “real”, investigate new scenarios accommodating the 
tension, explore neutrino bounds within that framework 

4. Same if  tensions “real” 

5. Same if both tensions are “real”

Λ
H0 5σ
S8 2 − 3σ

Neff, Mν
Λ

H0

S8
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Model dependance

What do we do with cosmological tensions appearing in CDM framework: 
• on  ( , dominated by one collaboration, Riess et al. 2112.04510) ? 
• on  ( , found by many collaborations) ? 

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

Sector…) 

3. Assume that  is “real”, investigate new scenarios accommodating the 
tension, explore neutrino bounds within that framework 

4. Same if  tensions “real” 

5. Same if both tensions are “real”

Λ
H0 5σ
S8 2 − 3σ

Neff, Mν
Λ

H0

S8



Neutrino cosmology - J. Lesgourgues13

Bounds on Σmν
26. Neutrinos in Cosmology 471

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 + RSD �CDM+
q

m‹ < 0.10 [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+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]

26.3.3 Neutrino masses
Table 26.2 shows a list of constraints on

q
m‹ obtained with

several combinations of data sets. The acronyms “Pl18” and
“BAO” have been described in the previous subsection, while
“Pantheon” refers to the supernovae Type Ia compilation of [56],
“RSD” to Redshift Space Distorsions in the eBOSS galaxy sur-
vey [43], and “Lyman-–” to the one-dimensional flux power spec-
trum of eBOSS quasars [44].

Given that most determinations of Ne� are compatible with
the standard prediction, Ne� = 3.044, it is reasonable to adopt
this value as a theoretical prior and to investigate neutrino
mass constraints in the context of a minimal 7-parameter model,
�CDM+

q
m‹ . Under this assumption, the most robust con-

straints come from Planck 2018 temperature and polarization data
alone:

q
m‹ < 0.26 eV (95%CL) [22]. Among the four e�ects of

neutrino masses on the CMB spectra described before, current
bounds are dominated by the first and the third e�ects (modified
late background evolution, and distortions of the temperature and
polarization spectra through weak lensing).

Adding measurements of the BAO scale is crucial, since the
determination of the angular diameter distance at small redshift
allows us to break parameter degeneracies, for instance betweenq

m‹ and h. The combination of Pl18[TT,TE,EE+lowE] with
the most recent BAO measurements, including the eBOSS Data
Release 16 (DR16), gives

q
m‹ < 0.13 eV (95%CL) [43]. The

eBOSS survey also infers the growth rate of structures from Red-
shift Space Distorsions (RSD), which further breaks degeneracies
and tigthens the bound down to

q
m‹ < 0.10 eV (95%CL) [43].

This already challenges the inverted hierarchy mass scheme, which
predicts

q
m‹ Ø 0.11 eV. Supernovae data are less constraining

than BAO and RSD data for the neutrino mass determination.
Because the parameter correlation between

q
m‹ and H0 is

negative, the inclusion of distance ladder data provides stronger
bounds on neutrinos masses, down to

q
m‹ < 0.097 eV (95%

CL) when including Pl18[TT,TE,EE+lowE]+R18 [22], where R18
refers to the 2018 estimate of the Hubble rate by [57]. However,
such bounds are subject to caution, since they come from a com-
bination of discrepant data sets (at the > 3‡ level).

It is interesting to add LSS data sets, sensitive to the small-scale
suppression of the matter power spectrum due to neutrino free-
streaming. The inclusion of CMB lensing data from Planck 18
improves the CMB-only bound, but hardly a�ects the latest joint
CMB+BAO+RSD bounds [58]. The most recent Ly– forest data
from eBOSS combined with Pl18[TT,TE,EE+lowE+lensing]
and BAO data provides the strongest bound to date,q

m‹ < 0.087 eV (95% CL). It should however be noticed
that the full DES 3-year data prefer a lower ‡8 value than the
Planck best fit, relaxing the bound to

q
m‹ < 0.13 eV (95%CL,

Pl18[TT,TE,EE+lowE+lensing]+BAO+RSD+Pantheon+DES) [45].
Upper bounds on neutrino masses become weaker when the data

are analysed in the context of extended cosmological models, but
only by a small amount. Floating Ne� instead of fixing it to 3.044
has no significant impact on the neutrino mass bounds reported
in the previous paragraphs. Even in the extreme case considered

by Ref. [23], with 12 free cosmological parameters, one can see in
Table 26.2 that the bound from Planck 2018 (without lensing) +
BAO increases from 0.13 eV to 0.52 eV (95% CL) only. This shows
that current cosmological data are precise enough to disentangle
the e�ect of several extended cosmological parameters, and that
neutrino mass bounds are becoming increasingly robust.

26.4 Future prospects and outlook
The cosmic neutrino background has been detected indirectly

at very high statistical significance. Direct detection experiments
are now being planned, e.g., at the Princeton Tritium Observatory
for Light, Early Universe, Massive-neutrino Yield (PTOLEMY)
[59]. The detection prospects crucially depend on the exact value
of neutrino masses and on the enhancement of their density at
the location of the Earth through gravitational clustering in the
Milky Way and its sub-halos – an e�ect however expected to be
small [60–62].

Over the past few years the upper limit on the sum of neutrino
masses has become increasingly stringent, first indicating that the
mass ordering is hierarchical and recently putting the inverted hi-
erarchy under pressure and favouring the normal hierarchy (al-
though quantitative estimates of how disfavoured the inverted hi-
erarchy is vary depending on assumptions, see e.g. [63–65]) which
has consequences for planning future double beta decay experi-
ments.

Neutrino mass and density bounds are expected to keep im-
proving significantly over the next years, thanks to new LSS ex-
periments like DESI [66], Euclid [67], LSST [68], SPHEREx [69]
and SKA [70], in combinations with new CMB experiments like
Simons Observatory [71], CMB-S4 [72] or LiteBird [73]. If the
�CDM model is confirmed, and if neutrinos have standard prop-
erties, the total neutrino mass should be detected at the level of
at least 3–4‡ even at the minimum level allowed by oscillations.
This is the conclusion reached by several independent studies,
using di�erent dataset combinations (see e.g., [37, 74–79]). One
should note that at the minimum level allowed by oscillationsq

m‹ ≥ 0.06, neutrinos constitute ≥ 0.5% of the Universe mat-
ter density, and their e�ects on the matter power spectrum is only
at the 5% level, implying that exquisite control of systematic er-
rors will be crucial to achieve the required accuracy. At this level,
the information coming from the power spectrum shape is more
powerful than that coming from geometrical measurements (e.g.,
BAO). But exploiting the shape information requires improved
understanding of the non-linear regime, and of galaxy bias for
galaxy surveys. The fact that di�erent surveys and di�erent data
set combinations have enough statistical power to reach this level,
o�ers a much needed redundancy and the possibility to perform
consistency checks which in turns helps immensely with the con-
trol of systematic errors and in making the measurement robust.
Using the entire Universe as a particle detector, the on-going and
future observational e�orts hold the exciting prospect to provide
a measurement of the sum of neutrino masses and possibly indi-
cation of their mass hierarchy.

(from RPP, JL & Verde) 
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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 + more agressive LSS 
information (Lya from BOSS): 

Σimi < 87 meV (95%CL)  

Inverted hierarchy is disfavoured!
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Bounds on Σmν
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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 + RSD �CDM+
q

m‹ < 0.10 [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+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]

26.3.3 Neutrino masses
Table 26.2 shows a list of constraints on

q
m‹ obtained with

several combinations of data sets. The acronyms “Pl18” and
“BAO” have been described in the previous subsection, while
“Pantheon” refers to the supernovae Type Ia compilation of [56],
“RSD” to Redshift Space Distorsions in the eBOSS galaxy sur-
vey [43], and “Lyman-–” to the one-dimensional flux power spec-
trum of eBOSS quasars [44].

Given that most determinations of Ne� are compatible with
the standard prediction, Ne� = 3.044, it is reasonable to adopt
this value as a theoretical prior and to investigate neutrino
mass constraints in the context of a minimal 7-parameter model,
�CDM+

q
m‹ . Under this assumption, the most robust con-

straints come from Planck 2018 temperature and polarization data
alone:

q
m‹ < 0.26 eV (95%CL) [22]. Among the four e�ects of

neutrino masses on the CMB spectra described before, current
bounds are dominated by the first and the third e�ects (modified
late background evolution, and distortions of the temperature and
polarization spectra through weak lensing).

Adding measurements of the BAO scale is crucial, since the
determination of the angular diameter distance at small redshift
allows us to break parameter degeneracies, for instance betweenq

m‹ and h. The combination of Pl18[TT,TE,EE+lowE] with
the most recent BAO measurements, including the eBOSS Data
Release 16 (DR16), gives

q
m‹ < 0.13 eV (95%CL) [43]. The

eBOSS survey also infers the growth rate of structures from Red-
shift Space Distorsions (RSD), which further breaks degeneracies
and tigthens the bound down to

q
m‹ < 0.10 eV (95%CL) [43].

This already challenges the inverted hierarchy mass scheme, which
predicts

q
m‹ Ø 0.11 eV. Supernovae data are less constraining

than BAO and RSD data for the neutrino mass determination.
Because the parameter correlation between

q
m‹ and H0 is

negative, the inclusion of distance ladder data provides stronger
bounds on neutrinos masses, down to

q
m‹ < 0.097 eV (95%

CL) when including Pl18[TT,TE,EE+lowE]+R18 [22], where R18
refers to the 2018 estimate of the Hubble rate by [57]. However,
such bounds are subject to caution, since they come from a com-
bination of discrepant data sets (at the > 3‡ level).

It is interesting to add LSS data sets, sensitive to the small-scale
suppression of the matter power spectrum due to neutrino free-
streaming. The inclusion of CMB lensing data from Planck 18
improves the CMB-only bound, but hardly a�ects the latest joint
CMB+BAO+RSD bounds [58]. The most recent Ly– forest data
from eBOSS combined with Pl18[TT,TE,EE+lowE+lensing]
and BAO data provides the strongest bound to date,q

m‹ < 0.087 eV (95% CL). It should however be noticed
that the full DES 3-year data prefer a lower ‡8 value than the
Planck best fit, relaxing the bound to

q
m‹ < 0.13 eV (95%CL,

Pl18[TT,TE,EE+lowE+lensing]+BAO+RSD+Pantheon+DES) [45].
Upper bounds on neutrino masses become weaker when the data

are analysed in the context of extended cosmological models, but
only by a small amount. Floating Ne� instead of fixing it to 3.044
has no significant impact on the neutrino mass bounds reported
in the previous paragraphs. Even in the extreme case considered

by Ref. [23], with 12 free cosmological parameters, one can see in
Table 26.2 that the bound from Planck 2018 (without lensing) +
BAO increases from 0.13 eV to 0.52 eV (95% CL) only. This shows
that current cosmological data are precise enough to disentangle
the e�ect of several extended cosmological parameters, and that
neutrino mass bounds are becoming increasingly robust.

26.4 Future prospects and outlook
The cosmic neutrino background has been detected indirectly

at very high statistical significance. Direct detection experiments
are now being planned, e.g., at the Princeton Tritium Observatory
for Light, Early Universe, Massive-neutrino Yield (PTOLEMY)
[59]. The detection prospects crucially depend on the exact value
of neutrino masses and on the enhancement of their density at
the location of the Earth through gravitational clustering in the
Milky Way and its sub-halos – an e�ect however expected to be
small [60–62].

Over the past few years the upper limit on the sum of neutrino
masses has become increasingly stringent, first indicating that the
mass ordering is hierarchical and recently putting the inverted hi-
erarchy under pressure and favouring the normal hierarchy (al-
though quantitative estimates of how disfavoured the inverted hi-
erarchy is vary depending on assumptions, see e.g. [63–65]) which
has consequences for planning future double beta decay experi-
ments.

Neutrino mass and density bounds are expected to keep im-
proving significantly over the next years, thanks to new LSS ex-
periments like DESI [66], Euclid [67], LSST [68], SPHEREx [69]
and SKA [70], in combinations with new CMB experiments like
Simons Observatory [71], CMB-S4 [72] or LiteBird [73]. If the
�CDM model is confirmed, and if neutrinos have standard prop-
erties, the total neutrino mass should be detected at the level of
at least 3–4‡ even at the minimum level allowed by oscillations.
This is the conclusion reached by several independent studies,
using di�erent dataset combinations (see e.g., [37, 74–79]). One
should note that at the minimum level allowed by oscillationsq

m‹ ≥ 0.06, neutrinos constitute ≥ 0.5% of the Universe mat-
ter density, and their e�ects on the matter power spectrum is only
at the 5% level, implying that exquisite control of systematic er-
rors will be crucial to achieve the required accuracy. At this level,
the information coming from the power spectrum shape is more
powerful than that coming from geometrical measurements (e.g.,
BAO). But exploiting the shape information requires improved
understanding of the non-linear regime, and of galaxy bias for
galaxy surveys. The fact that di�erent surveys and di�erent data
set combinations have enough statistical power to reach this level,
o�ers a much needed redundancy and the possibility to perform
consistency checks which in turns helps immensely with the con-
trol of systematic errors and in making the measurement robust.
Using the entire Universe as a particle detector, the on-going and
future observational e�orts hold the exciting prospect to provide
a measurement of the sum of neutrino masses and possibly indi-
cation of their mass hierarchy.

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

(from RPP, JL & Verde) 



/ 20                      Neutrino mass from Cosmology - J. Lesgourgues

Three avenues: 
1. Change in late cosmological evolution (DE, decaying DM, beyond-Einstein gravity effects 

showing up at late times)feature between z~0-0.1 (SH0ES) and z~0.1-1.3 (BAO/high-z SNIa) 
• Difficulty: simultaneous compatibility with all observables 

2. Increase  to change sound horizon  and make sound angular scale  compatible 
with larger  
• Difficulty: other ingredients must counteract other effects of increasing : enhanced 

Silk damping, acoustic peak shift from neutrino drag…  new interactions in dark sector and/
or neutrino sector  

• Self-interacting DR, potentially also interacting with DM: Buen-Abad et al. 1505.03542, 
1708.09406; JL et al. 1507.04351 

• self-interacting neutrinos: Lancaster et al. [1704.06657], Oldengott et al. [1706.02123], 
Kreisch et al. [1902.00534]… 

• Neutrinos coupled to Majoron: Escudero & Witte 1909.04044, 2004.01470, 2103.03249 

3. Other changes in early cosmological evolution, still leading to shift in sound horizon : early DE, 
early MG, inhomogeneous recombination from primordial magnetic fields, running of fundamental 
constants… 
• Less constrained but more ad hoc?

Neff rs θs = rs /dA
H0

(Neff, H0)
⇒

rs

16

H0 tension and neutrinos



Lancaster et al. [1704.06657], Oldengott et al. [1706.02123], Di Valentino et al. [1710.02559], 
Kreisch et al. [1902.00534], Park et al. [1904.02625] 

• Neutrinos cluster more than free-streaming ones: reduced the “bad 
effects” of increasing Neff (e.g. neutrino drag) and of increasing Mν.  

• High-interaction case accommodates Neff~2.8-4.5 and Mv~0.05-0.55 eV 
(95%CL)! Mν bounds released by factor 4.5 

• Now ruled out with better CMB data (Planck polarisation spectra) 
(Schöneberg et al. 2021) and direct laboratory bounds (ββ and meson 
decay) Blinov et al. [1905.02727]) 

• Limits on non-standard neutrino self-interactions (Schöneberg et al. 2021): 
log10(GeffMeV2) < − 0.8

17

Non-standard neutrino self-interactions (+extra relics)
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H0 tension and neutrinos
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FIG. 1. Cosmological timeline illustrating the connection between low-scale leptogenesis and the majoron solution to the Hubble
tension. At early times (high temperatures), a global U(1)L symmetry is spontaneously broken, generating sterile neutrino
masses and giving rise to a pseudo-Goldstone boson: the majoron (�). Sterile neutrinos start to be sizeably produced (but
do not equilibrate) at T ⇠ 106 GeV. Then, at T ⇠ [106 � 104] GeV the CP violating oscillations of these sterile neutrinos
generate a net primordial lepton asymmetry in the Standard Model. Soon after the electroweak phase transition (at T ⇠ 130
GeV) sphalerons freeze-out and yield a final baryon asymmetry from the initial lepton asymmetry. After sphaleron freeze-out,
sterile neutrinos and majorons thermalize with the plasma, and later decouple when sterile neutrinos decay. In particular, for
⇠ GeV scale sterile neutrinos this occurs at temperatures below the QCD phase transition T . 100MeV. Finally, right before
recombination, majorons with m� ⇠ 1 eV re-thermalize with active neutrinos (⌫̄⌫ ! �) before decaying (� ! ⌫̄⌫), generating
a larger inferred cosmological value of H0.

neutrino-majoron couplings � ⇠ 10�13 [54, 55]1. This
coupling, when interpreted in the context of the type-I
seesaw favors a lepton symmetry breaking scale slightly
above the electroweak scale (vL ⇠ 1 TeV). Arguably, the
only unmotivated aspect of this proposed solution is the
apparent ad hoc contribution of �Ne↵ , preferring values
⇠ 0.5, which are in mild tension with BBN [73, 74].

Primordial Majorons from Leptogenesis. In this
work we attempt to source the additional dark radia-
tion required to resolve the H0 tension from a primordial
population of majorons. We show explicitly that these
particles can be produced from the decays of GeV-scale
sterile neutrinos in the early Universe. Coincidentally,

1 The model discussed here has, on occasion, been confused
with that of the strongly interaction neutrino solution proposed
in [44, 45]. In light of this, we take the opportunity here to
highlight the many di↵erences. First, the solution of [44, 45] re-
quires a neutrino self-interaction cross section 10 orders of mag-
nitude larger than that present in the Standard Model. This,
in turn, requires a new MeV-scale neutrinophilic boson with or-
der one couplings. These values are not motivated in neutrino
mass models, and are robustly excluded by experimental data
unless the boson interacts only with ⌧ neutrinos [70–72]. Next,
the solution requires an additional contribution of �Ne↵ ⇠ 1, a
value robustly excluded by BBN [73, 74] – see also [75, 76] for
a recent assessment of the BBN bounds and [77, 78] for models
trying to evade these constraints. Finally, the observed shift in
H0 only occurs when polarization data is not included in the
fit [44, 79–81], while the results for the majoron model discussed
here are robust to the inclusion of this dataset. Thus, while the
proposed models both involve neutrinophilic bosons, they are in
fact remarkably di↵erent.

sterile neutrinos at the GeV scale are precisely those re-
quired for a successful implementation of low-scale lep-
togenesis via sterile neutrino oscillations, i.e. ARS lepto-
genesis [82] (see also [83–85]). We verify explicitly that
symmetry breaking scales vL ⇠ (0.01 � 1) TeV required
to resolve the Hubble tension can be made fully consis-
tent with conventional ARS leptogenesis, so long as the
Higgs mixing is small enough so as to avoid thermaliz-
ing the scalar responsible for breaking lepton number,
and that the lepton number phase transition occurs at
T > 104

� 106 GeV. The scenario proposed here thus
o↵ers an intriguing connection between the H0 tension,
the neutrino mass mechanism, and the generation of the
baryon asymmetry of the Universe. Fig. 1 shows a sketch
of the thermal history, highlighting the main ingredients
of our proposal.

This manuscript is organized as follows. We begin by
introducing the well-known singlet majoron model in Sec-
tion II. In Section III we first discuss the requirements in
order to successfully produce the baryon asymmetry of
the Universe via the ARS leptogenesis mechanism, and
then compute the thermal evolution and subsequent de-
cays of the sterile neutrinos responsible for sourcing the
primordial majoron abundance. Section IV describes the
cosmological evolution of the majoron-neutrino system,
and presents the results of a MCMC performed using
Planck2018 + BAO data. We present a summary and
our conclusions in Section V. We finish in Section VI by
discussing some interesting avenues for future work, and
we refer the reader to the Appendices for various techni-
cal details.

(light) Majoron scenario of Escudero & Witte 1909.04044, 2004.01470, 2103.03249: 

• O(eV)-mass Majoron  = pseudo-Goldstone of spontaneously broken  
• small Yukawa-like couplings to active neutrinos 

•  : interactions between majoron and active neutrinos (inverse neutrino decay):  

• Majoron thermalize and contribute to  ,  
• active neutrinos do not free-stream 

•  : Majoron decays into active neutrinos, which free-stream 

ϕ U(1)L

T ∼ ϕ
Neff

T < ϕ
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S8 tension and neutrinos

Does not work: 
• Standard neutrino mass   (  close to  -> early ISW; not enough CMB lensing) 
• Most decaying DM models (decay between z~1000 and z~1 into electromagnetic components: 

strong energy injection bounds; into neutrinos / dark radiation -> late ISW) (Chudaykin et al. 
1602.08121, Poulin et al. 1606.02073, DES 2011.04606, …) 

Works well: 
• Many Modified Gravity (MG) models (e.g. f(R)) 
• Feebly interacting DM (with relativistic particles: photons or DR; collisional damping) (Becker et al. 

2010.04074) 
• Cold + Warm DM (small fraction of ~keV DM) (Boyarsky et al. 0812.0010) 
• Long-lived CDM decaying into massless+massive but lighter particle; possibly (heavier) Majoron 

decaying into active + sterile neutrinos; possible connection with (heavier) Majoron and with 
Xenon-1T (Abellan et al. 2008.09615); not a solution to Hubble tension 

• Cannibal DM (inelastic scattering 3->2 causing slow transition from radiation-like to matter-like 
(Heimersheim et al. 2008.08486) 

• Connection with small-scale CDM crisis…

∑ mν zNR zdec
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Neutrino oscillation anomalies

 

Planck Collaboration: Cosmological parameters

Note the significantly tighter constraint with the inclusion of
Planck high-` polarization, with �Ne↵ < 1 at over 4� from
Planck alone. This constraint is not very stable between like-
lihoods, with the CamSpec likelihood giving a roughly 0.8�
lower value of Ne↵ . However, the strong limit from polarization
is also consistent with the joint Planck TT+lowP+BAO result,
so Eq. (60b) leads to the robust conclusion that �Ne↵ < 1 at over
3�. The addition of Planck lensing has very little e↵ect on this
constraint.

For Ne↵ > 3, the Planck data favour higher values of the
Hubble parameter than the Planck base ⇤CDM value, which as
discussed in Sect. 5.4 may be in better agreement with some
direct measurements of H0 . This is because Planck accurately
measures the acoustic scale r⇤/DA; increasing Ne↵ means (via
the Friedmann equation) that the early Universe expands faster,
so the sound horizon at recombination, r⇤, is smaller and hence
recombination has to be closer (larger H0 and hence smaller
DA) for it to subtend the same angular size observed by Planck.
However, models with Ne↵ > 3 and a higher Hubble constant
also have higher values of the fluctuation amplitude�8, as shown
by the coloured samples in Fig. 31. Thus, these models increase
the tensions between the CMB measurements and astrophysical
measurements of �8 discussed in Sect. 5.6. It therefore seems
unlikely that additional radiation alone can help to resolve ten-
sions with large-scale structure data.

The energy density in the early Universe can also be probed
by the predictions of big bang nucleosynthesis (BBN). In partic-
ular �Ne↵ > 0 increases the primordial expansion rate, leading
to earlier freeze-out with a higher neutron density, and hence a
greater abundance of helium and deuterium after BBN has com-
pleted. A detailed discussion of the implications of Planck for
BBN is given in Sect. 6.5. Observations of both the primordial
helium and deuterium abundance are compatible with the predic-
tions of standard BBN with the Planck base ⇤CDM value of the
baryon density. The Planck+BBN constraints on Ne↵ (Eqs. 75
and 76) are compatible, and slightly tighter than Eq. (60b).

Although there is a large continuous range of plausible Ne↵
values, it is worth mentioning briefly a few of the discrete values
from fully thermalized models. This serves as an indication of
how strongly Planck prefers base ⇤CDM, and also how the in-
ferred values of other cosmological parameters might be a↵ected
by this particular extension to base ⇤CDM. As discussed above,
one fully thermalized neutrino (�Ne↵ ⇡ 1) is ruled out at over
3�, and is disfavoured by ��2

⇡ 8 compared to base ⇤CDM
by Planck TT+lowP, and much more strongly in combination
with Planck high-` polarization or BAO. The thermalized boson
models that give �Ne↵ = 0.39 or �Ne↵ = 0.57 are disfavoured
by ��2

⇡ 1.5 and ��2
⇡ 3, respectively, and are therefore not

strongly excluded. We focus on the former since it is also consis-
tent with the Planck TT+lowP+BAO constraint at 2�. As shown
in Fig. 31, larger Ne↵ corresponds to a region of parameter space
with significantly higher Hubble parameter,

H0 = 70.6±1.0 (68%,Planck TT+lowP; �Ne↵ = 0.39). (61)
This can be compared to the direct measurements of H0 dis-
cussed in Sect. 5.4. Evidently, Eq. (61) is consistent with the
H0 prior adopted in this paper (Eq. 30), but this example shows
that an accurate direct measurement of H0 can potentially pro-
vide evidence for new physics beyond that probed by Planck. As
shown in Fig. 31, the �Ne↵ = 0.39 cosmology also has a signif-
icantly higher small-scale fluctuation amplitude and the spectral
index ns is also bluer, with
�8 = 0.850 ± 0.015
ns = 0.983 ± 0.006

)
Planck TT+lowP; �Ne↵ = 0.39. (62)
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Fig. 32. Samples from Planck TT+lowP in the Ne↵–me↵
⌫, sterile

plane, colour-coded by �8, in models with one massive sterile
neutrino family, with e↵ective mass me↵

⌫, sterile, and the three ac-
tive neutrinos as in the base ⇤CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is con-
stant along the grey dashed lines, with the indicated mass in
eV; the grey region shows the region excluded by our prior
mthermal

sterile < 10 eV, which excludes most of the area where the
neutrinos behave nearly like dark matter. The physical mass in
the Dodelson-Widrow scenario, mDW

sterile, is constant along the dot-
ted lines (with the value indicated on the adjacent dashed lines).

The �8 range in this model is higher than preferred by the
Planck lensing likelihood in base ⇤CDM. However, the fit to
the Planck lensing likelihood is model dependent and the lens-
ing degeneracy direction also associates high H0 and low ⌦m
values with higher �8. The joint Planck TT+lowP+lensing con-
straint does pull �8 down slightly to �8 = 0.84 ± 0.01 and pro-
vides an acceptable fit to the Planck data. Note that for Planck
TT+lowP+lensing, the di↵erence in �2 between the best fit base
⇤CDM model and the extension with �Ne↵ = 0.39 is only
��2

CMB ⇡ 2. The higher spectral index with �Ne↵ = 0.39 gives a
decrease in large-scale power, fitting the low ` < 30 Planck TT
spectrum better by ��2

⇡ 1, but the high-` data prefer �Ne↵ ⇡ 0.
Correlations with other cosmological parameters can be seen
in Fig. 20. Clearly, a very e↵ective way of testing these mod-
els would be to obtain reliable, accurate, astrophysical measure-
ments of H0 and �8.

In summary, models with �Ne↵ = 1 are disfavoured by
Planck combined with BAO data at about the 3� level. Models
with fractional changes of �Ne↵ ⇡ 0.39 are mildly disfavoured
by Planck, but require higher H0 and �8 compared to base
⇤CDM.

6.4.3. Simultaneous constraints on Ne↵ and neutrino mass

As discussed in the previous sections, neither a higher neu-
trino mass nor additional radiation density alone can resolve
all of the tensions between Planck and other astrophysi-
cal data. However, the presence of additional massive parti-
cles, such as massive sterile neutrinos, could potentially im-
prove the situation by introducing enough freedom to allow
higher values of the Hubble constant and lower values of

43
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Neutrino oscillation anomalies

How to suppress the ν4 density in both relativistic and non-relativistic regimes? 

• Low-temperature reheating                                         Gelmini et al. 2014, de Salas et al. 2015 
                                                                                        Gelmini et al. 2014, de Salas et al. 2015 

• Leptonic asymmetry and resonant oscillations…    issues with BBN (μe) 
Di Bari et al. 2001; …; Hannestad, Tambora & Tram 2012; Mirizzi et al. 2012; Saviano et al. 2013  

• Non Standard Interaction (passing bounds on fifth force and SN energy loss…)  
• ν4 interacts with (dark) gauge boson               

Dasgupta, Kopp 2015 ; Saviano et al. 2014; Mirizzi et al. 2014; Chu, Dasgupta, Kopp 2015 
• ν4 interacts with (dark) pseudoscalar  

Hannestad et al. 2013; Saviano et al. 2014; Archidiacono et al. 2016, 2020, 2021 
• ν4 production is suppressed, φ-νs recouple —> neutrinos as relativistic fluid, ν4 annihilate 

into φ at late times… solves also H0 tension, but bad fit to recent CMB data (Planck 
high-l temperature and polarisation)
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Absence of preliminary evidence for neutrino mass

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

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

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

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

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

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

verted mass hierarchy (which requires
P

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

7.5.2. Effective number of relativistic species

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

⇢rad = Ne↵
7
8

 
4

11

!4/3

⇢�. (64)

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

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

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

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

�Ne↵ = g
"
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4 gs

#4/3

⇥

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

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

⇠
T <
⇠

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

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

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

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

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

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

38For most of the thermal history gs ⇡ g⇤, where g⇤ is the e↵ective
degrees of freedom for density, but they can di↵er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .
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Could be statistical fluke, but isn’t the data trending towards  ?Mν < 0.06 eV

Planck 2018
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Absence of preliminary evidence for neutrino mass

• Invisible neutrino decay into: 

• lighter neutrino ( ) + scalar (Majoron again!) Barenboim et al. 2011.01502. Joint 
bounds on decaying neutrino lifetime and mass (which could be arbitrarily large).  

• Same in the framework of see-saw (more constrained). Escudero et al. 2007.04994. 

 still possible. 

• Dark Radiation. Chacko et al. 2002.08401: could be probed by Euclid if decay takes place 

late enough. 

• Mass-varying neutrinos coupled to scalar field (Fardon et al. astro-ph/0309800). Mass varies 

with time and location. Instability problems (small-scale neutrino lumps, Wetterich et al.). 

• Neutrino mass generated at late times (phase transition after recombination, Dvali and Funcke 

1602.03191). Lorenz et al. 1811.01991, 2102.13618. No significant evidence for the model, but 

bound relaxed to . Solves  tension (no impact on ). 

≪ 0.1 eV

Mν ∼ 1 eV

Mν ≤ 1.4 eV S8 H0
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keV-mass sterile neutrinos

Review in Drewes et al. 1807.07938   

• Sterile neutrino = elegant candidate for DM 

• WDM: potential solution to CDM small-scale crisis 

• Lyman-alpha bounds partially evaded by resonant production (more like mixed C+WDM than 

usual thermal WDM) 

• 3.5keV line in X-ray data potentially explained by radiative decay  of 7keV sterile 
neutrinos  

• Controversy: high-resolution Lyman-alpha bounds and bounds from Milky Way satellite tend to 

exclude 7keV sterile neutrinos even with resonant production; are these analyses robust?

N ⟶ ν + γ

https://arxiv.org/abs/1807.07938


Neutrino cosmology - J. Lesgourgues

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 and better LSS data 

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

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

• Possible shift of paradigm could reshuffle conclusions…

σ

σ

σ


