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What neutrino effects are we testing?

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. 1602.04816; PDG review: JL & Verde “Neutrinos in Cosmology”; Gerbino & Lattanzi 2017

neutrino slow down early 
dark matter clustering

neutrino slow down late 
ordinary/dark matter clustering

neutrino propagation and 
dispersion velocity
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1. Best current bounds on active neutrino mass, density, asymmetry, light 

sterile neutrinos, with minimalistic assumptions on underlying 

cosmological models

2. How much should we believe these bounds (given model-dependence and 

unexplained anomalies in cosmological data like H0 tension)

3. Robust sensitivity forecasts from future experiments

Plan
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Very specific effects on: 

                 CMB spectrum LSS                    LSS (Large Scale Structure) spectrum 

                                                                     from PDG review on Neutrinos in Cosmology (JL & Verde) 

(angular diameter distance, early ISW dip, CMB lensing, reduction of growth rate)  

Summed mass of active neutrinos

6 1. Neutrinos in Cosmology

Figure 1.2: Ratio of the CMB CTT
ℓ and matter power spectrum P (k) (computed

for each model in units of (h−1Mpc)3) for different values of
∑

mν over those
of a reference model with massless neutrinos. In order to minimize and better
characterise the effect of

∑

mν on the CMB, the parameters that are kept fixed are
ωb, ωc, τ , the angular scale of the sound horizon θs and the primordial spectrum
parameters (solid lines). This implies that we are increasing the Hubble parameter
h as a function of

∑

mν . For the matter power spectrum, in order to single out
the effect of neutrino free-streaming on P (k), the dashed lines show the spectrum
ratio when {ωm,ωb,ΩΛ} are kept fixed. For comparison, the error on P (k) is of the
order of 5% with current observations, and the fractional Cℓ errors are of the order
of 1/

√
ℓ at low ℓ.

late ISW effect due to cosmic variance, we choose in Fig. 1.2 to play with the Hubble
parameter in order to maintain a fixed scale dA(zrec). With such a choice, an increase
in neutrino mass comes together with a decrease in the late ISW effect explaining the
depletion of the CMB spectrum for l ≤ 20. The fact that both

∑

mν and h enter the
expression of dA(zrec) implies that measurements of the neutrino mass from CMB data
are strongly correlated with h. Second, the non-relativistic transition of neutrinos affects
the total pressure-to-density ratio of the universe, and causes a small variation of the
metric fluctuations. If this transition takes place not too long after photon decoupling,
this variation is observable through the early ISW effect [4,13,14]. It is responsible
for the dip seen in Fig. 1.2 for 20 ≤ ℓ ≤ 200. Third, when the neutrino mass is higher,
the CMB spectrum is less affected by the weak lensing effect induced by the large-scale
structure at small redshift. This is due to a decrease in the matter power spectrum
described in the next paragraphs. This reduced lensing effect is responsible for most of
the oscillatory patterns visible in Fig. 1.2 (left plot) for ℓ ≥ 200. Fourth, the neutrinos
with the smallest momenta start to be non-relativistic earlier than the average ones. The
photon perturbations feel this through their gravitational coupling with neutrinos. This
leads to a small enhancement of CTT

l for ℓ ≥ 500, hardly visible on Fig. 1.2 because it is
balanced by the lensing effect.

October 16, 2017 18:17
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Summed mass of active neutrinos

2006 
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CMB only : WMAP, VSA, ACBAR, 
CBI…

CMB + LSS : Lyman-alpha

CMB + LSS : 2dF, SDSS-BAO,  
SDSS-power spectrum

Seljak et al. 2006; Viel et al. 2006 

95%CL upper bounds on Σimi for 7 parameters

… bounds could weaken 
considerably for > 7 parameters
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Summed mass of active neutrinos

2006 

su
m

m
ed

 m
as

s 

CMB only: Planck,  
w/o high-l polarisation and lensing… 

Σimi < 590 to 140 meV (95%CL)

2016 - mid 2018 [Planck col.] 1605.02985 

95%CL upper bounds on Σimi for 7 parameters

… harder to avoid bounds with simple 
cosmological model extensions

CMB + conservative LSS :   
• Planck 2016 {TT+SIMLow+lensing} + BAO: 

Σimi < 170 meV (95%CL) 
• Planck 2016 {TTTEEE+SIMLow} + BAO: 

Σimi < 120 meV (95%CL)

[Planck col.] 1605.02985; Cuesta et al. 2016;
Palanque-Delabrouille et al. 1506.05976;

 Vagnozzi et al.  1701.08172;
PDG “Neutrino Cosmology” [JL & Verde] 

• Planck 2015 + Lyman-α:  
Σimi < 120 meV (95%CL)
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Neff = density of active neutrinos + any other light relics (<few eV) before any of them 
becomes non-relativistic (typically at z~105), in units of one active neutrino in the 

“instantaneous decoupling limit”. Should be 3.045 in minimal model (de Salas et al. 2017)

Planck:                                                                                                          (68%) 

Unique “phase shift effect” seen in Planck and SDSS spectra (Baumann et al. 2018) 

Can be translated into constraint on asymmetry (Oldengott & Schwarz 2017) 

But in that case, still better constraints from BBN and primordial Helium measurements, 
with full simulation of neutrino oscillations in early universe and current knowledge of 
mixing angles (Castorina et al. 2012) 

Neutrino density

Planck Collaboration: Cosmological parameters

Fig. 31. Samples from Planck TT+lowP chains in the Ne↵–H0
plane, colour-coded by �8. The grey bands show the constraint
H0 = (70.6 ± 3.3) km s�1Mpc�1 of Eq. (30). Note that higher
Ne↵ brings H0 into better consistency with direct measurements,
but increases �8. Solid black contours show the constraints from
Planck TT,TE,EE+lowP+BAO. Models with Ne↵ < 3.046 (left
of the solid vertical line) require photon heating after neutrino
decoupling or incomplete thermalization. Dashed vertical lines
correspond to specific fully-thermalized particle models, for ex-
ample one additional massless boson that decoupled around the
same time as the neutrinos (�Ne↵ ⇡ 0.57), or before muon
annihilation (�Ne↵ ⇡ 0.39), or an additional sterile neutrino
that decoupled around the same time as the active neutrinos
(�Ne↵ ⇡ 1).

A larger range of neutrino masses was found by Beutler et al.
(2014) using a combination of RSD, BAO, and weak lens-
ing information. The tension between the RSD results and
base ⇤CDM was subsequently reduced following the analysis
of Samushia et al. (2014), as shown in Fig. 17. Galaxy weak
lensing and some cluster constraints remain in tension with base
⇤CDM, and we discuss possible neutrino resolutions of these
problems in Sect. 6.4.4.

Another way of potentially improving neutrino mass con-
straints is to use measurements of the Ly↵ flux power spectrum
of high-redshift quasars. Palanque-Delabrouille et al. (2014)
have recently reported an analysis of a large sample of quasar
spectra from the SDSSIII/BOSS survey. When combining their
results with 2013 Planck data, these authors find a bound

P
m⌫ <

0.15 eV (95 % CL), compatible with the results presented in this
section.

An exciting future prospect is the possible direct detection
of non-relativistic cosmic neutrinos by capture on tritium, for
example with the PTOLEMY experiment (Cocco et al. 2007;
Betts et al. 2013; Long et al. 2014). Unfortunately, for the mass
range

P
m⌫ < 0.23 eV preferred by Planck, detection with the

first generation experiment will be di�cult.

6.4.2. Constraints on Ne↵

Dark radiation density in the early Universe is usually parame-
terized by Ne↵ , defined so that the total relativistic energy density
in neutrinos and any other dark radiation is given in terms of the

photon density ⇢� at T ⌧ 1 MeV by

⇢ = Ne↵
7
8

 
4

11

!4/3

⇢�. (59)

The numerical factors in this equation are included so that
Ne↵ = 3 for three standard model neutrinos that were thermal-
ized in the early Universe and decoupled well before electron-
positron annihilation. The standard cosmological prediction is
actually Ne↵ = 3.046, since neutrinos are not completely de-
coupled at electron-positron annihilation and are subsequently
slightly heated (Mangano et al. 2002).

In this section we focus on additional density from mass-
less particles. In addition to massless sterile neutrinos, a variety
of other particles could contribute to Ne↵ . We assume that the
additional massless particles are produced well before recombi-
nation, and neither interact nor decay, so that their energy den-
sity scales with the expansion exactly like massless neutrinos.
An additional �Ne↵ = 1 could correspond to a fully thermal-
ized sterile neutrino that decoupled at T <⇠ 100 MeV; for ex-
ample any sterile neutrino with mixing angles large enough to
provide a potential resolution to short-baseline reactor neutrino
oscillation anomalies would most likely thermalize rapidly in the
early Universe. However, this solution to the neutrino oscillation
anomalies requires approximately 1 eV sterile neutrinos, rather
than the massless case considered in this section; exploration of
the two parameters Ne↵ and

P
m⌫ is reported in Sect. 6.4.3. For

a review of sterile neutrinos see Abazajian et al. (2012).
More generally the additional radiation does not need to be

fully thermalized, for example there are many possible models
of non-thermal radiation production via particle decays (see e.g.,
Hasenkamp & Kersten 2013; Conlon & Marsh 2013). The radi-
ation could also be produced at temperatures T > 100 MeV,
in which case typically �Ne↵ < 1 for each additional species,
since heating by photon production at muon annihilation (at
T ⇡ 100 MeV) decreases the fractional importance of the ad-
ditional component at the later times relevant for the CMB. For
particles produced at T � 100 MeV the density would be di-
luted even more by numerous phase transitions and particle anni-
hilations, and give �Ne↵ ⌧ 1. Furthermore, if the particle is not
fermionic, the factors entering the entropy conservation equation
are di↵erent, and even thermalized particles could give specific
fractional values of �Ne↵ . For example Weinberg (2013) consid-
ers the case of a thermalized massless boson, which contributes
�Ne↵ = 4/7 ⇡ 0.57 if it decouples in the range 0.5 MeV < T <
100 MeV like the neutrinos, or �Ne↵ ⇡ 0.39 if it decouples at
T > 100 MeV (before the photon production at muon annihila-
tion, hence undergoing fractional dilution).

In this paper we follow the usual phenomenological ap-
proach where we constrain Ne↵ as a free parameter with a wide
flat prior, though we comment on a few discrete cases separately
below. Values of Ne↵ < 3.046 are less well motivated, since they
would require the standard neutrinos to be incompletely thermal-
ized or additional photon production after neutrino decoupling,
but we include this range for completeness.

Figure 31 shows that Planck is entirely consistent with the
standard value Ne↵ = 3.046. However, a significant density of
additional radiation is still allowed, with the (68 %) constraints

Ne↵ = 3.13 ± 0.32 Planck TT+lowP ; (60a)
Ne↵ = 3.15 ± 0.23 Planck TT+lowP+BAO ; (60b)
Ne↵ = 2.99 ± 0.20 Planck TT,TE,EE+lowP ; (60c)
Ne↵ = 3.04 ± 0.18 Planck TT,TE,EE+lowP+BAO . (60d)

42
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Planck Collaboration: Cosmological parameters

Fig. 31. Samples from Planck TT+lowP chains in the Ne↵–H0
plane, colour-coded by �8. The grey bands show the constraint
H0 = (70.6 ± 3.3) km s�1Mpc�1 of Eq. (30). Note that higher
Ne↵ brings H0 into better consistency with direct measurements,
but increases �8. Solid black contours show the constraints from
Planck TT,TE,EE+lowP+BAO. Models with Ne↵ < 3.046 (left
of the solid vertical line) require photon heating after neutrino
decoupling or incomplete thermalization. Dashed vertical lines
correspond to specific fully-thermalized particle models, for ex-
ample one additional massless boson that decoupled around the
same time as the neutrinos (�Ne↵ ⇡ 0.57), or before muon
annihilation (�Ne↵ ⇡ 0.39), or an additional sterile neutrino
that decoupled around the same time as the active neutrinos
(�Ne↵ ⇡ 1).

A larger range of neutrino masses was found by Beutler et al.
(2014) using a combination of RSD, BAO, and weak lens-
ing information. The tension between the RSD results and
base ⇤CDM was subsequently reduced following the analysis
of Samushia et al. (2014), as shown in Fig. 17. Galaxy weak
lensing and some cluster constraints remain in tension with base
⇤CDM, and we discuss possible neutrino resolutions of these
problems in Sect. 6.4.4.
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have recently reported an analysis of a large sample of quasar
spectra from the SDSSIII/BOSS survey. When combining their
results with 2013 Planck data, these authors find a bound

P
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0.15 eV (95 % CL), compatible with the results presented in this
section.
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example with the PTOLEMY experiment (Cocco et al. 2007;
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range

P
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Ne↵ = 3 for three standard model neutrinos that were thermal-
ized in the early Universe and decoupled well before electron-
positron annihilation. The standard cosmological prediction is
actually Ne↵ = 3.046, since neutrinos are not completely de-
coupled at electron-positron annihilation and are subsequently
slightly heated (Mangano et al. 2002).

In this section we focus on additional density from mass-
less particles. In addition to massless sterile neutrinos, a variety
of other particles could contribute to Ne↵ . We assume that the
additional massless particles are produced well before recombi-
nation, and neither interact nor decay, so that their energy den-
sity scales with the expansion exactly like massless neutrinos.
An additional �Ne↵ = 1 could correspond to a fully thermal-
ized sterile neutrino that decoupled at T <⇠ 100 MeV; for ex-
ample any sterile neutrino with mixing angles large enough to
provide a potential resolution to short-baseline reactor neutrino
oscillation anomalies would most likely thermalize rapidly in the
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anomalies requires approximately 1 eV sterile neutrinos, rather
than the massless case considered in this section; exploration of
the two parameters Ne↵ and
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m⌫ is reported in Sect. 6.4.3. For
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More generally the additional radiation does not need to be

fully thermalized, for example there are many possible models
of non-thermal radiation production via particle decays (see e.g.,
Hasenkamp & Kersten 2013; Conlon & Marsh 2013). The radi-
ation could also be produced at temperatures T > 100 MeV,
in which case typically �Ne↵ < 1 for each additional species,
since heating by photon production at muon annihilation (at
T ⇡ 100 MeV) decreases the fractional importance of the ad-
ditional component at the later times relevant for the CMB. For
particles produced at T � 100 MeV the density would be di-
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hilations, and give �Ne↵ ⌧ 1. Furthermore, if the particle is not
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In this paper we follow the usual phenomenological ap-
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flat prior, though we comment on a few discrete cases separately
below. Values of Ne↵ < 3.046 are less well motivated, since they
would require the standard neutrinos to be incompletely thermal-
ized or additional photon production after neutrino decoupling,
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Figure 31 shows that Planck is entirely consistent with the
standard value Ne↵ = 3.046. However, a significant density of
additional radiation is still allowed, with the (68 %) constraints

Ne↵ = 3.13 ± 0.32 Planck TT+lowP ; (60a)
Ne↵ = 3.15 ± 0.23 Planck TT+lowP+BAO ; (60b)
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Extra relics (small mass case)

Current bounds on one early-decoupled or non-thermalized extra light 
species (e.g. ν4 of 3+1 scenario, abusively called “sterile neutrino”)

 

Effective density 
parameters

Planck 2015 
(TT+lowP+lensing) 

+ BAO  

CORE + DESI + 
Euclid 

CORE collaboration  
[1612.00021] 

ΔNeff (extra 
contribution to 
density before 
NR transition)

<0.7 (95%CL) 2σ ~ 0.10 

meff (extra 
contribution to 
density after NR 

transition) 
 

< 400 meV 
(95%CL) 2σ ~ 66 meV

For Dodelson-Widrow neutrinos, physical mass m = meff/ΔNeff

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

ΔNeff

meff (eV)

1.2

0.9

0.6

0.3

0

ΔNeff=1

m4=
1e
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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
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Current bounds on one early-decoupled or non-thermalized extra light 
species (e.g. ν4 of 3+1 scenario, abusively called “sterile neutrino”)

Extra relics (small mass case)

 

Effective density 
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+ BAO  
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<0.7 (95%CL) 2σ ~ 0.10 
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contribution to 
density after NR 

transition) 
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For Dodelson-Widrow neutrinos, physical mass m = meff/ΔNeff

Planck Collaboration: Cosmological parameters
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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
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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
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New physics in
 ν s

ector ?

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  

• NSI (need to pass 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 
• ν4 production is suppressed, φ-νs recouple —> neutrinos as relativistic fluid (maybe 

testable with future CMB data), ν4 annihilate into φ at late times…
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1. Best current bounds on active neutrino mass, density, chemical potential, 

light sterile neutrinos, etc., with minimal assumptions on underlying 

cosmological models

2. How much should we believe these bounds (given model-dependence and 

unexplained anomalies in cosmological data like H0 tension)

1. Do neutrino bounds relax with simple extensions of LCDM?

2. De we need a change of paradigm to explain cosmo. data anomalies?

3. Robust sensitivity forecasts from future experiments

Plan
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Robustness of mass bounds against 
cosmological model extensions
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95%CL upper bounds on Σimi beyond 7 parameters
Usual suspects: 
• extra massless relics 
• extra light relics 
• spatial curvature 
• simplest dynamical DE 
• primordial GWs 
• primordial tilt running 

Even more freedom in: 
• modified Einstein Gravity 
• interactions in DM sector 
• primordial perturbations
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• primordial GWs 
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Even more freedom in: 
• modified Einstein Gravity 
• interactions in DM sector 
• primordial perturbations

with very conservative 2015 dataset 
Planck 2015 {TT+lowl+lensing} + BAO 

MG, interactions… 
difficult to quantity, 

 but no known example  
giving weaker bounds 

9 to 12 params < 600 meV 
8 params < 370 meV 
7 params < 250 meV
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Robustness of mass bounds against 
cosmological model extensions
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Robustness of mass bounds against measured 
CMB spectrum

• Neutrino bounds dominated by CMB spectrum (mainly through lensing effect) thanks to tiny 
error bars: 

• Could result on neutrino mass be biased by residual systematics or statistical fluctuations?  
• Possibly yes: possible hint from so-called “AL tension”

Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is

8

Tiny effects: ~0.1% Tiny errors: ~0.1%
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• AL tension: AL not a physical parameter; just way to say that a cosmological model predicting 
more contrasted oscillations in some l range (1100-2000) could be a slightly better fit, and that 
CMB χ2 could decrease by ~6 with such hypothetical model; looks like additional CMB lensing, 
but cannot be CMB lensing (probed directly by lensing extraction). 

• Interesting however, since neutrino mass mainly probed by CMB lensing!! High neutrino mass 
=> less CMB lensing, while data => “effectively” more lensing effect! 
➡ If comes from missing theoretical ingredient or residual systematic: after solving this, new 

observed spectrum would be compatible with higher masses (estimate: 60% weaker 
bound) 

➡ If statistical fluke: unluckily, our single observation of the CMB map could give posterior 
peaking below the true value of the parameter, which could then easily be 0.12 or a bit 
more 

• Should be resolved with future precision LSS data!

Robustness of mass bounds against measured 
CMB spectrum
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Robustness of mass bounds against (small) 
change of paradigm

• Amazing consistency of minimal LCDM Planck best-fit with BAO, redshift-space distortions, 
BBN and primordial elements, supernovae, etc.  

• H0 tension: between direct model-independent measurement from astrophysical sources, using 
phenomenological fits of complex astrophysical processes, and indirect model-dependent 
measurement from CMB, using simple calculations from first principles (linear cosmological 
perturbation theory). Fluctuates in 3-4 sigma range! (Riess et al. 1804.10655) 

• σ8 tension: between direct measurement of current variance of cosmological fluctuation on 
intergalactic scales using complicated non-linear modelling, and indirect model-dependent 
measurements from CMB, using simple calculations from first principles (linear cosmological 
perturbation theory). With CFHTLens, DES, KIDs, clusters (e.g. PlanckSZ), fluctuates in 2-3 
sigma range 

• EDGES anomaly: hint of energy being injected into photons or pumped from baryons, maybe 
due to new particle physics; potential connection with evolution of perturbations
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measurements from CMB, using simple calculations from first principles (linear cosmological 
perturbation theory). With CFHTLens, DES, KIDs, clusters (e.g. PlanckSZ), fluctuates in 2-3 
sigma range 

• EDGES anomaly: hint of energy being injected into photons or pumped from baryons, maybe 
due to new particle physics; potential connection with evolution of perturbations
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Robustness of mass bounds against (small) 
change of paradigm

• H0 tension 
• σ8 tension 
• EDGES anomaly… 

➡ do not suggest consistent picture … connected to background, perturbations, 
thermodynamical evolution 

➡ very difficult to explain by modifying something without conflicting CMB! 
➡ H0 tension could be solved with increase of all densities including radiation 

(ΔNeff~3.5) but then other problems pop-up: need subtle cancellations of other 
effects in CMB 

➡ could point at modifications of late cosmology only (background density and 
growth rate) normally excluded by CMB (angular diameter to zdec, late ISW, CMB 
lensing potential…)
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Robustness of mass bounds against (small) 
change of paradigm

• H0 tension 
• σ8 tension 
• EDGES anomaly… 

➡ some non-trivial models may work, e.g. non-standard interactions between light 
sterile neutrinos and a pseudoscalar (Archidiacono et al. 2016) also solving 
SBL anomaly and compatible with 5th force and supernovae; non-standard 
Dark Matter - Dark Relic Radiation (JL, Marques-Tavares, Schmaltz 2016) 

➡ All these are small deviations from ΛCDM inducing at most 10% effects 
➡ Normally not expected to relax neutrino mass bounds: large H0 goes against 

large Mν at level of angular diameter distance; extra ingredient leading to small 
σ8 gives less room for neutrino free-streaming effects
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1. Best current bounds on active neutrino mass, density, chemical potential, 

light sterile neutrinos, etc., with minimal assumptions on underlying 

cosmological models

2. How much should we believe these bounds (given model-dependence and 

unexplained anomalies in cosmological data like H0 tension)

3. Robust sensitivity forecasts from future experiments

Plan
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Sensitivity forecast to neutrino mass

• Audren et al. 2015; Sprenger et al. 2018; Brinckmann, Hooper et al. 2018 in 
prep: production of robust forecasts (MCMC analysis of mock spectra, 
marginalisation over systematic and theoretical errors accounting for non-linear 
modelling uncertainties) 

• Still ideal in the sense that ΛCDM + Mν =0.06eV  assumed to be correct fiducial 
model and that data has no anomalies or tensions
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Sensitivity forecast to neutrino mass
Brinckmann, Hooper et al. 1806.xxxxx

>3σ
>5σ

>3σ
>5σ

>3σ
>5σ

• Y-axis: Mν sensitivity 
• Panels: different CMB 
• X-axis/colors: different LSS 
• Point styles: different cosmology 

Critical progress: CMB S4 + Euclid
eV


