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 Neutrino anomalies 
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Motivation: Neutrino anomalies 
Experiment What do they measure? Estimate of significance 

Nuclear reactors  
(ILL, Bugey, Gösgen...) 

A small deficit in the 
�̅�   flux from 235U, 238U, 
239Pu and 241Pu fission. 

𝟐. 𝟓𝝈 
1101.2755 

Galium detectors  
(SAGE and GALLEX) 

A small deficit in the 𝜈 -
flux from 51Cr and 37Ar 
decay. 

𝟑. 𝟎𝝈 
1006.3244 

Short baseline 
oscillation experiments  
(LSND and MiniBooNE) 

�̅� − �̅�  and 𝜈 − 𝜈  
oscillations. 

𝟑. 𝟖𝝈 + 𝟎𝝈 + 𝟑. 𝟎𝝈 
(1007.1150 + ...) 

Big Bang 
Nucleosynthesis (BBN) 

Amount of radiation at T=1 
MeV 

Consistent with 0 or 1 fully 
thermalised neutrino. 

Cosmic Microwave 
Background (WMAP + 
ACT/SPT + BAO + H0) 

Amount of radiation at 
recombination + other 
effects 

𝟏. 𝟓𝝈 − 𝟐. 𝟓𝝈 
(1009.0866 + ...) 

1309.4146 

Planck & 
BICEP2 

Hamburg University/DESY,     
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3+1 analysis in 
Kopp et al. 2013 
 

Appearance: LSND, MiniBoone, NOMAD, KARMEN, ICARUS, E776 
Disappearance: reactor, Gallium, MiniBoone, CDHS, Minos, KARMEN 



 Light sterile Neutrino production 
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… through active-sterile neutrino oscillations  
 
Large mixing angle leads to same number density as one active neutrino species 
(thermalisation) 
 
Density can be suppressed by: 
 
•  Small mixing angle (then, no explanation of short baseline oscillations) 

•  Resonant oscillations related to lepton asymmetry             Hannestad et al. 1204.5861 
                                                                                                                Mirizzi et al. 1303.5368 
•  Non-standard interactions with dark particles                       Hannestad et al. 1310.5926 

•  Low-temperature reheating (if BICEP) 



 Point of view of cosmological observations 

TWO independent questions: 
•  Is there extra radiation on top of photons and standard neutrinos? 
•  Is part of the radiation content becoming non-relativistic at late times (HDM) ? 
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 Different observables 

•  Is there extra radiation on top of photons and standard neutrinos? 

•  CMB:  
     peak scale relative to diffusion scale,  
     peak amplitude patterns 

 
•  LSS:  
      BAO peak patterns 
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 Different observables 

•  Is part of the radiation content becoming non-relativistic at late times (HDM) ? 

•  LSS 
     less dark matter fluctuations on small scales 
     Probed by: 

•        galaxy correlation 
•        galaxy cosmic shear 
•        cluster abundance 
•        CMB lensing 
•        Lyα forests in quasar spectra 

 
•  Primary CMB 
     depletion from eISW 
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reference 

with hot component 



 First effect… 

… parametrised by Neff :  
 

energy density of radiation, besides photons, in early universe,  
in units of the density of one standard neutrino family (omitting technical details) 

 
Neff  > 3 could be due to: 
 

•  Neutrino-antineutrino asymmetry 
•  Extra production of neutrinos after decoupling (e.g. from decay of exotic particle) 
•  Light sterile neutrinos (not seen by LEP since not weakly coupled) 
•  Any other massless or light relic (thermal axion, gravitinos, dark hidden sector …) 
•  Unusually large background of gravity waves 
•  Effective dark radiation from modified gravity 
•  Etc. 
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 Second effect… 

… parametrised by Mνeff  (eV):  
 

Energy density of matter behaving as “hot” instead of “cold”, in late universe, divided by appropriate 
factor so that Mνeff = physical mass if all hot particles have the number density as standard neutrinos 

 
Mνeff   > 0 could be due to: 
 

•  Neutrino masses, contributing to at least Mνeff > 0.06 eV (NH) or 0.11 eV (IH) 
•  Light sterile neutrinos with masses of O(10-1) eV at least (otherwise, undetectable) 
•  Any other light relic (thermal axion, gravitinos, dark hidden sector …) 
 
Bounds on Mνeff are model-dependent  
(e.g. depends on Neff ;  on different ways to split total mass between species with same number density; 
either more freedom if species have different number densities…) 
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Measuring Neff 

•  Ultimately, constraints driven by CMB damping tail  
•  WMAP+SPT see anomalously low tail: Neff > 3 at 2 sigma 
•  Planck and Planck+BAO well compatible with standard value at 1 sigma 
•  Planck (+BAO) + HST : enforce higher H0, hence also higher Neff  
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CMB alone (Planck+WP+HighL) 
 
Neff = 3.36 ± 0.66   (95%CL) 
 
 

BBN consistency 



Measuring Neff 

•  Ultimately, constraints driven by CMB damping tail  
•  WMAP+SPT see anomalously low tail: Neff > 3 at 2 sigma 
•  Planck and Planck+BAO well compatible with standard value at 1 sigma 
•  Planck (+BAO) + HST : enforce higher H0, hence also higher Neff  

13.06.2014 Planck implications for neutrinos – J. Lesgourgues 11 

Planck Collaboration: Cosmological parameters

which favour higher values. Increasing the neutrino mass will
only make this tension worse and drive us to artificially tight
constraints on

⇧
m⇥. If we relax spatial flatness, the CMB ge-

ometric degeneracy becomes three-dimensional in models with
massive neutrinos and the constraints on

⇧
m⇥ weaken consider-

ably to

⌃
m⇥ <

�⌅⌅⇤
⌅⌅⇥

0.98 eV (95%; Planck+WP+highL)
0.32 eV (95%; Planck+WP+highL+BAO).

(73)

6.3.2. Constraints on Ne⇤

As discussed in Sect. 2, the density of radiation in the Universe
(besides photons) is usually parameterized by the e⇤ective neu-
trino number Ne⇤ . This parameter specifies the energy density
when the species are relativistic in terms of the neutrino tem-
perature assuming exactly three flavours and instantaneous de-
coupling. In the Standard Model, Ne⇤ = 3.046, due to non-
instantaneous decoupling corrections (Mangano et al. 2005).

However, there has been some mild preference for
Ne⇤ > 3.046 from recent CMB anisotropy measurements
(Komatsu et al. 2011; Dunkley et al. 2011; Keisler et al. 2011;
Archidiacono et al. 2011; Hinshaw et al. 2012; Hou et al. 2012).
This is potentially interesting, since an excess could be caused
by a neutrino/anti-neutrino asymmetry, sterile neutrinos, and/or
any other light relics in the Universe. In this subsection we dis-
cuss the constraints on Ne⇤ from Planck in scenarios where the
extra relativistic degrees of freedom are e⇤ectively massless.

The physics of how Ne⇤ is constrained by CMB anisotropies
is explained in Bashinsky & Seljak (2004), Hou et al. (2011)
and Lesgourgues et al. (2013). The main e⇤ect is that increasing
the radiation density at fixed �⇥ (to preserve the angular scales of
the acoustic peaks) and fixed zeq (to preserve the early-ISW ef-
fect and so first-peak height) increases the expansion rate before
recombination and reduces the age of the Universe at recombi-
nation. Since the di⇤usion length scales approximately as the
square root of the age, while the sound horizon varies propor-
tionately with the age, the angular scale of the photon di⇤usion
length, �D, increases, thereby reducing power in the damping tail
at a given multipole. Combining Planck, WMAP polarization and
the high-⌦ experiments gives

Ne⇤ = 3.36+0.68
�0.64 (95%; Planck+WP+highL). (74)

The marginalized posterior distribution is given in Fig. 27 (black
curve).

Increasing Ne⇤ at fixed �⇥ and zeq necessarily raises the ex-
pansion rate at low redshifts too. Combining CMB with distance
measurements can therefore improve constraints (see Fig. 27) al-
though for the BAO observable rdrag/DV(z) the reduction in both
rdrag and DV(z) with increasing Ne⇤ partly cancel. With the BAO
data of Sect. 5.2, the Ne⇤ constraint is tightened to

Ne⇤ = 3.30+0.54
�0.51 (95%; Planck+WP+highL+BAO). (75)

Our constraints from CMB alone and CMB+BAO are compati-
ble with the standard value Ne⇤ = 3.046 at the 1⇤ level, giving
no evidence for extra relativistic degrees of freedom.

Since Ne⇤ is positively correlated with H0, the tension be-
tween the Planck data and direct measurements of H0 in the base
⇥CDM model (Sect. 5.3) can be reduced at the expense of high
Ne⇤ . The marginalized constraint is

Ne⇤ = 3.62+0.50
�0.48 (95%; Planck+WP+highL+H0). (76)
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Fig. 27. Marginalized posterior distribution of Ne⇤ for
Planck+WP+highL (black) and additionally BAO (blue),
the H0 measurement (red), and both BAO and H0 (green).

For this data combination, the ⌅2 for the best-fitting model al-
lowing Ne⇤ to vary is lower by 5.0 than for the base Ne⇤ = 3.046
model. The H0 fit is much better, with �⌅2 = �4.0, but there
is no strong preference either way from the CMB. The low-⌦
temperature power spectrum does mildly favour the high Ne⇤
model (�⌅2 = �1.6) since Ne⇤ is positively correlated with ns
(see Fig. 24) and increasing ns reduces power on large scales.
The rest of the Planck power spectrum is agnostic (�⌅2 = �0.5),
while the high-⌦ experiments mildly disfavour high Ne⇤ in our
fits (�⌅2 = 1.3). Further including the BAO data pulls the cen-
tral value downwards by around 0.5⇤ (see Fig. 27):

Ne⇤ = 3.52+0.48
�0.45 (95%; Planck+WP+highL+H0+BAO). (77)

The ⌅2 at the best-fit for this data combination (Ne⇤ = 3.37)
is lower by 3.6 than the best-fitting Ne⇤ = 3.046 model. While
the high Ne⇤ best-fit is preferred by Planck+WP (�⌅2 = �3.3)
and the H0 data (�⌅2 = �2.8 giving an acceptable ⌅2 = 2.4
for this data point), it is disfavoured by the high-⌦ CMB data
(�⌅2 = 2.0) and slightly by BAO (�⌅2 = 0.4). We conclude
that the tension between direct H0 measurements and the CMB
and BAO data in the base ⇥CDM can be relieved at the cost of
additional neutrino-like physics, but there is no strong preference
for this extension from the CMB damping tail.

Throughout this subsection, we have assumed that all the
relativistic components parameterized by Ne⇤ consist of ordi-
nary free-streaming relativistic particles. Extra radiation com-
ponents with a di⇤erent sound speed or viscosity parame-
ter (Hu 1998) can provide a good fit to pre-Planck CMB
data (Archidiacono et al. 2013), but are not investigated in this
paper.

6.3.3. Simultaneous constraints on Ne⇤ and either
⇧

m⇥ or
me⇤
⇥, sterile

It is interesting to investigate simultaneous contraints on Ne⇤ and⇧
m⇥, since extra relics could coexist with neutrinos of size-

able mass, or could themselves have a mass in the eV range.
Joint constraints on Ne⇤ and

⇧
m⇥ have been explored sev-

eral times in the literature. These two parameters are known

43

CMB alone (Planck+WP+HighL) 
 
Neff = 3.36 ± 0.66   (95%CL) 
 
With lensing and BAO: 
 
Neff = 3.30 ± 0.52   (95%CL) 
 
With H0: 
 
Neff = 3.63 ± 0.49   (95%CL) 



Measuring Neff 

•  Ultimately, constraints driven by CMB damping tail  
•  WMAP+SPT see anomalously low tail: Neff > 3 at 2 sigma 
•  Planck and Planck+BAO well compatible with standard value at 1 sigma 
•  Planck (+BAO) + HST : enforce higher H0, hence also higher Neff 

•  Planck + BICEP2 : to decrease r tension, also higher Neff 
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CMB alone (Planck+WP+HighL+BICEP2) 
 
Neff = 4.00 ± 0.41   (68%CL) 
 

15

FIG. 4: Left panel: the red contours show the 68% and 95% CL allowed regions from the combination of CMB data, BOSS
DR11 BAO measurements and WiggleZ full shape power spectrum measurements in the (

P
m⌫ (eV), Ne↵) plane. The blue

contours depict the constraints after a prior on the Hubble constant from HST and the remaining BAO data are added in the
analysis. Right panel: as in the left panel but in the (

P
m⌫ (eV), me↵

s (eV)) plane.

FIG. 5: Left panel: Constraints in the Neff vs r plane from Planck+WP and Planck+WP+BICEP2 data. Notice how the
inclusion of the BICEP2 constraint shifts the contours towards Ne↵ > 3. Right panel: constraints on the ⌃m⌫ vs r plane from
Planck+WP and Planck+WP+BICEP2 data. In this case there is no indication for neutrino masses from the combination of
CMB data.

Planck+WP limit of r < 0.11 at 95% c.l. and the re-
cent BICEP2 result. This tension appears as less evident
when extra relativistic particles are included. We imag-
ine a further preference for N

e↵

> 3 if the HST data is
included. The BICEP2 result does not a↵ect the current

constraints on neutrino masses as we can see from the
right side of figure Fig. 5.

Giusarma et al. 1403.4852 
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Measuring Mνeff 

CMB: 

•  Not observed by Planck (within error bars)! 

•  Planck + WP alone: Mν < 0.66 eV   (95% CL) 

•  adding BAO: Mν < 0.23 eV                                      Planck XVI paper, 2013 

CMB + LSS: 

•  Contradictions: compatible with Mν < 0.23 eV or pointing at ~0.3-0.4 eV 
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Measuring Mνeff 

       Most probably issue with systematics… Planck Collaboration: Cosmological parameters
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Fig. 19. Posterior distributions for ⇥m (assuming a flat cosmol-
ogy) for the SNe compilations described in the text. The poste-
rior distribution for ⇥m from the Planck+WP+highL fits to the
base �CDM model is shown by the solid green line.

combining CMB and SNe data should therefore be treated with
caution.

5.5. Additional data

In this subsection we review a number of other astrophysical data
sets that have sometimes been combined with CMB data. These
data sets are not used with Planck in this paper, either because
they are statistically less powerful than the data reviewed in pre-
vious subsections and/or they involve complex physics (such as
the intra-cluster gas in rich clusters of galaxies) which is not yet
well understood.

5.5.1. Shape information on the galaxy/matter power
spectrum

Reid et al. (2010) present an estimate of the dark matter
halo power spectrum, Phalo(k), derived from 110,756 lumi-
nous red galaxies (LRGs) from the SDSS 7th data release
(Abazajian et al. 2009). The sample extends to redshifts z ⌅ 0.5,
and is processed to identify LRGs occupying the same dark
matter halo, reducing the impact of redshift-space distortions
and recovering an approximation to the halo density field. The
power spectrum Phalo(k) is reported in 45 bands, covering the
wavenumber range 0.02 h Mpc�1 < k < 0.2 h Mpc�1. The win-
dow functions, covariance matrix and CosmoMC likelihood mod-
ule are available on the NASA LAMBDA web site25.

The halo power spectrum is plotted in Fig. 20. The blue line
shows the predicted halo power spectrum from our best-fit base
�CDM parameters convolved with the Reid et al. (2010) win-
dow functions. Here we show the predicted halo power spec-
trum for the best-fit values of the “nuisance” parameters b0
(halo bias), a1, and a2 (defined in equation 15 of Reid et al.
2010) which relate the halo power spectrum to the dark mat-
ter power spectrum (computed using camb). The Planck model
gives ⇥2

LRG = 46.9 for 42 degrees of freedom and is an ac-
ceptable, though marginally worse, fit than the best-fit model

25http://lambda.gsfc.nasa.gov/toolbox/lrgdr.

Fig. 20. Band-power estimates of the halo power spectrum,
Phalo(k), from Reid et al. (2010) together with 1� errors. (Note
that these data points are strongly correlated.) The line shows
the predicted spectrum for the best-fit Planck+WP+highL base
�CDM parameters.

of Reid et al. (2010), which has ⇥2
LRG = 40.0. Interestingly, the

main di⇤erences between the two models are at wavenumbers
k >⇤ 0.1 h Mpc�1, where the nonlinear corrections to the matter
power spectrum become important.

Figure 20 shows that the Planck parameters provide a good
match to the shape of the halo power spectrum. However, we do
not use these data (in this form) in conjunction with Planck. The
BAO scale derived from these and other data is used with Planck,
as summarized in Sect. 5.2. As discussed by Reid et al. (2010,
see their figure 5) there is very little additional information on
cosmology once the BAO features are filtered from the spec-
trum, and hence little to be gained by adding this information to
Planck. The corrections for nonlinear evolution, though small in
the wavenumber range 0.1–0.2 h Mpc�1, add to the complexity
of using shape information from the halo power spectrum.

5.5.2. Cosmic shear

Another key cosmological observable is the distortion of distant
galaxy images by the gravitational lensing of large-scale struc-
ture, often called cosmic shear. The shear probes the (nonlinear)
matter density projected along the line of sight with a broad ker-
nel. It is thus sensitive to the geometry of the Universe and the
growth of large-scale structure, with a strong sensitivity to the
amplitude of the matter power spectrum.

The most recent, and largest, cosmic shear data sets are
provided by the CFHTLenS survey (Heymans et al. 2012;
Erben et al. 2012), which covers26 154 deg2 in five optical
bands with accurate shear measurements and photometric
redshifts. The CFHTLenS team has released several cosmic
shear results which are relevant to this paper. Benjamin et al.
(2012) present results from a two-bin tomographic analysis,
Heymans et al. (2013) from a finely binned tomographic anal-
ysis, and Kitching et al. (2013) from a 3D analysis.

Heymans et al. (2013) estimate shear correlation func-
tions associated with six redshift bins. Assuming a flat,
�CDM model, from the weak lensing data alone they find
�8 (⇥m/0.27)0.46±0.02 = 0.774 ± 0.04 (68% errors) which is con-

26Approximately 61% of the survey is fit for cosmic shear science.

34

ΛCDM best-fit of CMB 



13.06.2014 Planck implications for neutrinos – J. Lesgourgues 15 

Measuring Mνeff 
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Fig. 19. Posterior distributions for ⇥m (assuming a flat cosmol-
ogy) for the SNe compilations described in the text. The poste-
rior distribution for ⇥m from the Planck+WP+highL fits to the
base �CDM model is shown by the solid green line.

combining CMB and SNe data should therefore be treated with
caution.

5.5. Additional data

In this subsection we review a number of other astrophysical data
sets that have sometimes been combined with CMB data. These
data sets are not used with Planck in this paper, either because
they are statistically less powerful than the data reviewed in pre-
vious subsections and/or they involve complex physics (such as
the intra-cluster gas in rich clusters of galaxies) which is not yet
well understood.

5.5.1. Shape information on the galaxy/matter power
spectrum

Reid et al. (2010) present an estimate of the dark matter
halo power spectrum, Phalo(k), derived from 110,756 lumi-
nous red galaxies (LRGs) from the SDSS 7th data release
(Abazajian et al. 2009). The sample extends to redshifts z ⌅ 0.5,
and is processed to identify LRGs occupying the same dark
matter halo, reducing the impact of redshift-space distortions
and recovering an approximation to the halo density field. The
power spectrum Phalo(k) is reported in 45 bands, covering the
wavenumber range 0.02 h Mpc�1 < k < 0.2 h Mpc�1. The win-
dow functions, covariance matrix and CosmoMC likelihood mod-
ule are available on the NASA LAMBDA web site25.

The halo power spectrum is plotted in Fig. 20. The blue line
shows the predicted halo power spectrum from our best-fit base
�CDM parameters convolved with the Reid et al. (2010) win-
dow functions. Here we show the predicted halo power spec-
trum for the best-fit values of the “nuisance” parameters b0
(halo bias), a1, and a2 (defined in equation 15 of Reid et al.
2010) which relate the halo power spectrum to the dark mat-
ter power spectrum (computed using camb). The Planck model
gives ⇥2

LRG = 46.9 for 42 degrees of freedom and is an ac-
ceptable, though marginally worse, fit than the best-fit model

25http://lambda.gsfc.nasa.gov/toolbox/lrgdr.

Fig. 20. Band-power estimates of the halo power spectrum,
Phalo(k), from Reid et al. (2010) together with 1� errors. (Note
that these data points are strongly correlated.) The line shows
the predicted spectrum for the best-fit Planck+WP+highL base
�CDM parameters.

of Reid et al. (2010), which has ⇥2
LRG = 40.0. Interestingly, the

main di⇤erences between the two models are at wavenumbers
k >⇤ 0.1 h Mpc�1, where the nonlinear corrections to the matter
power spectrum become important.

Figure 20 shows that the Planck parameters provide a good
match to the shape of the halo power spectrum. However, we do
not use these data (in this form) in conjunction with Planck. The
BAO scale derived from these and other data is used with Planck,
as summarized in Sect. 5.2. As discussed by Reid et al. (2010,
see their figure 5) there is very little additional information on
cosmology once the BAO features are filtered from the spec-
trum, and hence little to be gained by adding this information to
Planck. The corrections for nonlinear evolution, though small in
the wavenumber range 0.1–0.2 h Mpc�1, add to the complexity
of using shape information from the halo power spectrum.

5.5.2. Cosmic shear

Another key cosmological observable is the distortion of distant
galaxy images by the gravitational lensing of large-scale struc-
ture, often called cosmic shear. The shear probes the (nonlinear)
matter density projected along the line of sight with a broad ker-
nel. It is thus sensitive to the geometry of the Universe and the
growth of large-scale structure, with a strong sensitivity to the
amplitude of the matter power spectrum.

The most recent, and largest, cosmic shear data sets are
provided by the CFHTLenS survey (Heymans et al. 2012;
Erben et al. 2012), which covers26 154 deg2 in five optical
bands with accurate shear measurements and photometric
redshifts. The CFHTLenS team has released several cosmic
shear results which are relevant to this paper. Benjamin et al.
(2012) present results from a two-bin tomographic analysis,
Heymans et al. (2013) from a finely binned tomographic anal-
ysis, and Kitching et al. (2013) from a 3D analysis.

Heymans et al. (2013) estimate shear correlation func-
tions associated with six redshift bins. Assuming a flat,
�CDM model, from the weak lensing data alone they find
�8 (⇥m/0.27)0.46±0.02 = 0.774 ± 0.04 (68% errors) which is con-

26Approximately 61% of the survey is fit for cosmic shear science.

34

ΛCDM best-fit of CMB 

effect of Mν 



13.06.2014 Planck implications for neutrinos – J. Lesgourgues 16 

Measuring Mνeff 

       Most probably issue with systematics… Planck Collaboration: Cosmological parameters

0.1 0.2 0.3 0.4
�m

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

P
/P

m
ax

Planck+WP+highL

SNLS combined

SNLS SiFTO

SNLS SALT2

Union 2.1

Fig. 19. Posterior distributions for ⇥m (assuming a flat cosmol-
ogy) for the SNe compilations described in the text. The poste-
rior distribution for ⇥m from the Planck+WP+highL fits to the
base �CDM model is shown by the solid green line.

combining CMB and SNe data should therefore be treated with
caution.

5.5. Additional data

In this subsection we review a number of other astrophysical data
sets that have sometimes been combined with CMB data. These
data sets are not used with Planck in this paper, either because
they are statistically less powerful than the data reviewed in pre-
vious subsections and/or they involve complex physics (such as
the intra-cluster gas in rich clusters of galaxies) which is not yet
well understood.

5.5.1. Shape information on the galaxy/matter power
spectrum

Reid et al. (2010) present an estimate of the dark matter
halo power spectrum, Phalo(k), derived from 110,756 lumi-
nous red galaxies (LRGs) from the SDSS 7th data release
(Abazajian et al. 2009). The sample extends to redshifts z ⌅ 0.5,
and is processed to identify LRGs occupying the same dark
matter halo, reducing the impact of redshift-space distortions
and recovering an approximation to the halo density field. The
power spectrum Phalo(k) is reported in 45 bands, covering the
wavenumber range 0.02 h Mpc�1 < k < 0.2 h Mpc�1. The win-
dow functions, covariance matrix and CosmoMC likelihood mod-
ule are available on the NASA LAMBDA web site25.

The halo power spectrum is plotted in Fig. 20. The blue line
shows the predicted halo power spectrum from our best-fit base
�CDM parameters convolved with the Reid et al. (2010) win-
dow functions. Here we show the predicted halo power spec-
trum for the best-fit values of the “nuisance” parameters b0
(halo bias), a1, and a2 (defined in equation 15 of Reid et al.
2010) which relate the halo power spectrum to the dark mat-
ter power spectrum (computed using camb). The Planck model
gives ⇥2

LRG = 46.9 for 42 degrees of freedom and is an ac-
ceptable, though marginally worse, fit than the best-fit model

25http://lambda.gsfc.nasa.gov/toolbox/lrgdr.

Fig. 20. Band-power estimates of the halo power spectrum,
Phalo(k), from Reid et al. (2010) together with 1� errors. (Note
that these data points are strongly correlated.) The line shows
the predicted spectrum for the best-fit Planck+WP+highL base
�CDM parameters.

of Reid et al. (2010), which has ⇥2
LRG = 40.0. Interestingly, the

main di⇤erences between the two models are at wavenumbers
k >⇤ 0.1 h Mpc�1, where the nonlinear corrections to the matter
power spectrum become important.

Figure 20 shows that the Planck parameters provide a good
match to the shape of the halo power spectrum. However, we do
not use these data (in this form) in conjunction with Planck. The
BAO scale derived from these and other data is used with Planck,
as summarized in Sect. 5.2. As discussed by Reid et al. (2010,
see their figure 5) there is very little additional information on
cosmology once the BAO features are filtered from the spec-
trum, and hence little to be gained by adding this information to
Planck. The corrections for nonlinear evolution, though small in
the wavenumber range 0.1–0.2 h Mpc�1, add to the complexity
of using shape information from the halo power spectrum.

5.5.2. Cosmic shear

Another key cosmological observable is the distortion of distant
galaxy images by the gravitational lensing of large-scale struc-
ture, often called cosmic shear. The shear probes the (nonlinear)
matter density projected along the line of sight with a broad ker-
nel. It is thus sensitive to the geometry of the Universe and the
growth of large-scale structure, with a strong sensitivity to the
amplitude of the matter power spectrum.

The most recent, and largest, cosmic shear data sets are
provided by the CFHTLenS survey (Heymans et al. 2012;
Erben et al. 2012), which covers26 154 deg2 in five optical
bands with accurate shear measurements and photometric
redshifts. The CFHTLenS team has released several cosmic
shear results which are relevant to this paper. Benjamin et al.
(2012) present results from a two-bin tomographic analysis,
Heymans et al. (2013) from a finely binned tomographic anal-
ysis, and Kitching et al. (2013) from a 3D analysis.

Heymans et al. (2013) estimate shear correlation func-
tions associated with six redshift bins. Assuming a flat,
�CDM model, from the weak lensing data alone they find
�8 (⇥m/0.27)0.46±0.02 = 0.774 ± 0.04 (68% errors) which is con-

26Approximately 61% of the survey is fit for cosmic shear science.
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Fig. 19. Posterior distributions for ⇥m (assuming a flat cosmol-
ogy) for the SNe compilations described in the text. The poste-
rior distribution for ⇥m from the Planck+WP+highL fits to the
base �CDM model is shown by the solid green line.

combining CMB and SNe data should therefore be treated with
caution.

5.5. Additional data

In this subsection we review a number of other astrophysical data
sets that have sometimes been combined with CMB data. These
data sets are not used with Planck in this paper, either because
they are statistically less powerful than the data reviewed in pre-
vious subsections and/or they involve complex physics (such as
the intra-cluster gas in rich clusters of galaxies) which is not yet
well understood.

5.5.1. Shape information on the galaxy/matter power
spectrum

Reid et al. (2010) present an estimate of the dark matter
halo power spectrum, Phalo(k), derived from 110,756 lumi-
nous red galaxies (LRGs) from the SDSS 7th data release
(Abazajian et al. 2009). The sample extends to redshifts z ⌅ 0.5,
and is processed to identify LRGs occupying the same dark
matter halo, reducing the impact of redshift-space distortions
and recovering an approximation to the halo density field. The
power spectrum Phalo(k) is reported in 45 bands, covering the
wavenumber range 0.02 h Mpc�1 < k < 0.2 h Mpc�1. The win-
dow functions, covariance matrix and CosmoMC likelihood mod-
ule are available on the NASA LAMBDA web site25.

The halo power spectrum is plotted in Fig. 20. The blue line
shows the predicted halo power spectrum from our best-fit base
�CDM parameters convolved with the Reid et al. (2010) win-
dow functions. Here we show the predicted halo power spec-
trum for the best-fit values of the “nuisance” parameters b0
(halo bias), a1, and a2 (defined in equation 15 of Reid et al.
2010) which relate the halo power spectrum to the dark mat-
ter power spectrum (computed using camb). The Planck model
gives ⇥2

LRG = 46.9 for 42 degrees of freedom and is an ac-
ceptable, though marginally worse, fit than the best-fit model

25http://lambda.gsfc.nasa.gov/toolbox/lrgdr.

Fig. 20. Band-power estimates of the halo power spectrum,
Phalo(k), from Reid et al. (2010) together with 1� errors. (Note
that these data points are strongly correlated.) The line shows
the predicted spectrum for the best-fit Planck+WP+highL base
�CDM parameters.

of Reid et al. (2010), which has ⇥2
LRG = 40.0. Interestingly, the

main di⇤erences between the two models are at wavenumbers
k >⇤ 0.1 h Mpc�1, where the nonlinear corrections to the matter
power spectrum become important.

Figure 20 shows that the Planck parameters provide a good
match to the shape of the halo power spectrum. However, we do
not use these data (in this form) in conjunction with Planck. The
BAO scale derived from these and other data is used with Planck,
as summarized in Sect. 5.2. As discussed by Reid et al. (2010,
see their figure 5) there is very little additional information on
cosmology once the BAO features are filtered from the spec-
trum, and hence little to be gained by adding this information to
Planck. The corrections for nonlinear evolution, though small in
the wavenumber range 0.1–0.2 h Mpc�1, add to the complexity
of using shape information from the halo power spectrum.

5.5.2. Cosmic shear

Another key cosmological observable is the distortion of distant
galaxy images by the gravitational lensing of large-scale struc-
ture, often called cosmic shear. The shear probes the (nonlinear)
matter density projected along the line of sight with a broad ker-
nel. It is thus sensitive to the geometry of the Universe and the
growth of large-scale structure, with a strong sensitivity to the
amplitude of the matter power spectrum.

The most recent, and largest, cosmic shear data sets are
provided by the CFHTLenS survey (Heymans et al. 2012;
Erben et al. 2012), which covers26 154 deg2 in five optical
bands with accurate shear measurements and photometric
redshifts. The CFHTLenS team has released several cosmic
shear results which are relevant to this paper. Benjamin et al.
(2012) present results from a two-bin tomographic analysis,
Heymans et al. (2013) from a finely binned tomographic anal-
ysis, and Kitching et al. (2013) from a 3D analysis.

Heymans et al. (2013) estimate shear correlation func-
tions associated with six redshift bins. Assuming a flat,
�CDM model, from the weak lensing data alone they find
�8 (⇥m/0.27)0.46±0.02 = 0.774 ± 0.04 (68% errors) which is con-

26Approximately 61% of the survey is fit for cosmic shear science.
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Fig. 19. Posterior distributions for ⇥m (assuming a flat cosmol-
ogy) for the SNe compilations described in the text. The poste-
rior distribution for ⇥m from the Planck+WP+highL fits to the
base �CDM model is shown by the solid green line.

combining CMB and SNe data should therefore be treated with
caution.

5.5. Additional data

In this subsection we review a number of other astrophysical data
sets that have sometimes been combined with CMB data. These
data sets are not used with Planck in this paper, either because
they are statistically less powerful than the data reviewed in pre-
vious subsections and/or they involve complex physics (such as
the intra-cluster gas in rich clusters of galaxies) which is not yet
well understood.

5.5.1. Shape information on the galaxy/matter power
spectrum

Reid et al. (2010) present an estimate of the dark matter
halo power spectrum, Phalo(k), derived from 110,756 lumi-
nous red galaxies (LRGs) from the SDSS 7th data release
(Abazajian et al. 2009). The sample extends to redshifts z ⌅ 0.5,
and is processed to identify LRGs occupying the same dark
matter halo, reducing the impact of redshift-space distortions
and recovering an approximation to the halo density field. The
power spectrum Phalo(k) is reported in 45 bands, covering the
wavenumber range 0.02 h Mpc�1 < k < 0.2 h Mpc�1. The win-
dow functions, covariance matrix and CosmoMC likelihood mod-
ule are available on the NASA LAMBDA web site25.

The halo power spectrum is plotted in Fig. 20. The blue line
shows the predicted halo power spectrum from our best-fit base
�CDM parameters convolved with the Reid et al. (2010) win-
dow functions. Here we show the predicted halo power spec-
trum for the best-fit values of the “nuisance” parameters b0
(halo bias), a1, and a2 (defined in equation 15 of Reid et al.
2010) which relate the halo power spectrum to the dark mat-
ter power spectrum (computed using camb). The Planck model
gives ⇥2

LRG = 46.9 for 42 degrees of freedom and is an ac-
ceptable, though marginally worse, fit than the best-fit model

25http://lambda.gsfc.nasa.gov/toolbox/lrgdr.

Fig. 20. Band-power estimates of the halo power spectrum,
Phalo(k), from Reid et al. (2010) together with 1� errors. (Note
that these data points are strongly correlated.) The line shows
the predicted spectrum for the best-fit Planck+WP+highL base
�CDM parameters.

of Reid et al. (2010), which has ⇥2
LRG = 40.0. Interestingly, the

main di⇤erences between the two models are at wavenumbers
k >⇤ 0.1 h Mpc�1, where the nonlinear corrections to the matter
power spectrum become important.

Figure 20 shows that the Planck parameters provide a good
match to the shape of the halo power spectrum. However, we do
not use these data (in this form) in conjunction with Planck. The
BAO scale derived from these and other data is used with Planck,
as summarized in Sect. 5.2. As discussed by Reid et al. (2010,
see their figure 5) there is very little additional information on
cosmology once the BAO features are filtered from the spec-
trum, and hence little to be gained by adding this information to
Planck. The corrections for nonlinear evolution, though small in
the wavenumber range 0.1–0.2 h Mpc�1, add to the complexity
of using shape information from the halo power spectrum.

5.5.2. Cosmic shear

Another key cosmological observable is the distortion of distant
galaxy images by the gravitational lensing of large-scale struc-
ture, often called cosmic shear. The shear probes the (nonlinear)
matter density projected along the line of sight with a broad ker-
nel. It is thus sensitive to the geometry of the Universe and the
growth of large-scale structure, with a strong sensitivity to the
amplitude of the matter power spectrum.

The most recent, and largest, cosmic shear data sets are
provided by the CFHTLenS survey (Heymans et al. 2012;
Erben et al. 2012), which covers26 154 deg2 in five optical
bands with accurate shear measurements and photometric
redshifts. The CFHTLenS team has released several cosmic
shear results which are relevant to this paper. Benjamin et al.
(2012) present results from a two-bin tomographic analysis,
Heymans et al. (2013) from a finely binned tomographic anal-
ysis, and Kitching et al. (2013) from a 3D analysis.

Heymans et al. (2013) estimate shear correlation func-
tions associated with six redshift bins. Assuming a flat,
�CDM model, from the weak lensing data alone they find
�8 (⇥m/0.27)0.46±0.02 = 0.774 ± 0.04 (68% errors) which is con-

26Approximately 61% of the survey is fit for cosmic shear science.
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Fig. 28. Left: 2D joint posterior distribution between Ne⇤ and
�

m� (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Ne⇤–me⇤

�, sterile plane, colour-coded by ⇥ch2, in models with one massive
sterile neutrino family, with e⇤ective mass me⇤

�, sterile, and the three active neutrinos as in the base �CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

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

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P ⇤ 4nHe/nb for helium-4 and yBBN
DP ⇤ 105nD/nH

for deuterium, where ni is the number density of species i) can
be predicted as a function of the baryon density ⌅b, the number
of relativistic degrees of freedom parameterized by Ne⇤ , and of
the lepton asymmetry in the electron neutrino sector. Throughout
this subsection, we assume for simplicity that lepton asymmetry
is too small to play a role at BBN. This is a reasonable assump-
tion, since Planck data cannot improve existing constraints on
the asymmetry34. We also assume that there is no significant en-

34A primordial lepton asymmetry could modify the outcome of BBN
only if it were very large (of the order of 10�3 or bigger). Such a large
asymmetry is not motivated by particle physics, and is strongly con-
strained by BBN. Indeed, by taking into account neutrino oscillations
in the early Universe, which tend to equalize the distribution function
of three neutrino species, Mangano et al. (2012) derived strong bounds
on the lepton asymmetry. CMB data cannot improve these bounds, as
shown by Castorina et al. (2012); an exquisite sensitivity to Ne⇤ would
be required. Note that the results of Mangano et al. (2012) assume that
Ne⇤ departs from the standard value only due to the lepton asymmetry.
A model with both a large lepton asymmetry and extra relativistic relics
could be constrained by CMB data. However, we will not consider such
a contrived scenario in this paper.

tropy increase between BBN and the present day, so that our
CMB constraints on the baryon-to-photon ratio can be used to
compute primordial abundances.

To calculate the dependence of YBBN
P and yBBN

DP on the
parameters ⌅b and Ne⇤ , we use the accurate public code
PArthENoPE (Pisanti et al. 2008), which incorporates values
of nuclear reaction rates, particle masses and fundamental
constants, and an updated estimate of the neutron lifetime
(⇤n = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (⌅b,Ne⇤) and yBBN
DP (⌅b,Ne⇤). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

⇥(YBBN
P ) = 0.0003. For deuterium, the error is dominated by

uncertainties in several nuclear rates, and is estimated to be
⇥(yBBN

DP ) = 0.04 (Serpico et al. 2004).
These predictions for the light elements can be confronted

with measurements of their abundances, and also with CMB data
(which is sensitive to ⌅b, Ne⇤ , and YP). We shall see below that
for the base cosmological model with Ne⇤ = 3.046 (or even for
an extended scenario with free Ne⇤) the CMB data predict the
primordial abundances, under the assumption of standard BBN,
with smaller uncertainties than those estimated for the measured
abundances. Furthermore, the CMB predictions are consistent
with direct abundance measurements.

6.4.1. Observational data on primordial abundances

The observational constraint on the primordial helium-4 frac-
tion used in this paper is YBBN

P = 0.2534 ± 0.0083 (68% CL)
from the recent data compilation of Aver et al. (2012), based
on spectroscopic observations of the chemical abundances in
metal-poor H ii regions. The error on this measurement is domi-
nated by systematic e⇤ects that will be di⌅cult to resolve in the
near future. It is reassuring that the independent and conserva-

35Serpico et al. (2004) quotes ⇥(YBBN
P ) = 0.0002, but since that

work, the uncertainty on the neutron lifetime has been re-evaluated,
from ⇥(⇤n) = 0.8 s to ⇥(⇤n) = 1.1 s Beringer et al. (2012).
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Fig. 28. Left: 2D joint posterior distribution between Ne⇤ and
�

m� (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Ne⇤–me⇤

�, sterile plane, colour-coded by ⇥ch2, in models with one massive
sterile neutrino family, with e⇤ective mass me⇤

�, sterile, and the three active neutrinos as in the base �CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

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

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P ⇤ 4nHe/nb for helium-4 and yBBN
DP ⇤ 105nD/nH

for deuterium, where ni is the number density of species i) can
be predicted as a function of the baryon density ⌅b, the number
of relativistic degrees of freedom parameterized by Ne⇤ , and of
the lepton asymmetry in the electron neutrino sector. Throughout
this subsection, we assume for simplicity that lepton asymmetry
is too small to play a role at BBN. This is a reasonable assump-
tion, since Planck data cannot improve existing constraints on
the asymmetry34. We also assume that there is no significant en-

34A primordial lepton asymmetry could modify the outcome of BBN
only if it were very large (of the order of 10�3 or bigger). Such a large
asymmetry is not motivated by particle physics, and is strongly con-
strained by BBN. Indeed, by taking into account neutrino oscillations
in the early Universe, which tend to equalize the distribution function
of three neutrino species, Mangano et al. (2012) derived strong bounds
on the lepton asymmetry. CMB data cannot improve these bounds, as
shown by Castorina et al. (2012); an exquisite sensitivity to Ne⇤ would
be required. Note that the results of Mangano et al. (2012) assume that
Ne⇤ departs from the standard value only due to the lepton asymmetry.
A model with both a large lepton asymmetry and extra relativistic relics
could be constrained by CMB data. However, we will not consider such
a contrived scenario in this paper.

tropy increase between BBN and the present day, so that our
CMB constraints on the baryon-to-photon ratio can be used to
compute primordial abundances.

To calculate the dependence of YBBN
P and yBBN

DP on the
parameters ⌅b and Ne⇤ , we use the accurate public code
PArthENoPE (Pisanti et al. 2008), which incorporates values
of nuclear reaction rates, particle masses and fundamental
constants, and an updated estimate of the neutron lifetime
(⇤n = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (⌅b,Ne⇤) and yBBN
DP (⌅b,Ne⇤). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

⇥(YBBN
P ) = 0.0003. For deuterium, the error is dominated by

uncertainties in several nuclear rates, and is estimated to be
⇥(yBBN

DP ) = 0.04 (Serpico et al. 2004).
These predictions for the light elements can be confronted

with measurements of their abundances, and also with CMB data
(which is sensitive to ⌅b, Ne⇤ , and YP). We shall see below that
for the base cosmological model with Ne⇤ = 3.046 (or even for
an extended scenario with free Ne⇤) the CMB data predict the
primordial abundances, under the assumption of standard BBN,
with smaller uncertainties than those estimated for the measured
abundances. Furthermore, the CMB predictions are consistent
with direct abundance measurements.

6.4.1. Observational data on primordial abundances

The observational constraint on the primordial helium-4 frac-
tion used in this paper is YBBN

P = 0.2534 ± 0.0083 (68% CL)
from the recent data compilation of Aver et al. (2012), based
on spectroscopic observations of the chemical abundances in
metal-poor H ii regions. The error on this measurement is domi-
nated by systematic e⇤ects that will be di⌅cult to resolve in the
near future. It is reassuring that the independent and conserva-

35Serpico et al. (2004) quotes ⇥(YBBN
P ) = 0.0002, but since that

work, the uncertainty on the neutron lifetime has been re-evaluated,
from ⇥(⇤n) = 0.8 s to ⇥(⇤n) = 1.1 s Beringer et al. (2012).
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Conclusions 

•  No conclusive evidence yet for hot dark matter component or enhanced radiation 
density, although a few tensions need to be understood: H0 measurements, lensing 
spectrum, SZ cluster count 

•  Full Planck: statement on BICEP2, σ(Neff)~ 0.3, full BOSS BAO measurements 

•  precise answer expected from cosmic shear surveys: DES, LSST, Euclid… 
•  Safest output of these experiments 
•  Importance of tomography 

•  … not talking of next CMB satellite, 21cm surveys, … 
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