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Fig. 11. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

lensing potential ⇥(n̂), as well as estimates of its power spectrum
C⇥⇥L . Although noisy, the Planck lensing potential map represents
a projected measurement of all dark matter back to the last scat-
tering surface, with considerable statistical power. In Fig. 7.2 we
plot the Planck lensing map, and in Fig. 7.2 we show an esti-
mate of its signal power spectrum. I have no idea why the fig-
ure numbers come out to be 5.3 no matter what I do... - latex
expert needed

As a tracer of the large scale gravitational potential, the
Planck lensing map is significantly correlated with other tracers
of large scale structure. We show several representative exam-
ples of such correlations in Planck Collaboration XVII (2013),
including the NVSS quasar catalog (Condon et al. 1998), the
MaxBCG cluster catalog (Koester et al. 2007), luminous red
galaxies from SDSS Ross et al. (2011), and a survey of in-
frared sources from the WISE satellite (Wright et al. 2010). The
strength of the correlation between the Planck lensing map and
such tracers provides a fairly direct measure of how they trace
dark matter; from our measurement of the lensing potential, the
Planck maps provide a mass survey of the intermediate redshift
Universe, in addition to a survey of the primary CMB tempera-
ture and polarization anisotropies.

7.3. Likelihood code

7.3.1. CMB likelihood

We follow a hybrid approach to construct the likelihood for the
Planck temperature data, using an exact likelihood approach at
large scales, ⌥ < 50, and a pseudo-C⌥ power spectrum at smaller
scales, 50 < ⌥ < 2500. This follows similar analyses in, e.g.,
Spergel et al. (2007). The likelihood is described more fully in

Galactic North

⇥WF(n̂)

Galactic South

Fig. 14. Wiener-filtered lensing potential estimate reconstruction, in
Galactic coordinates using orthographic projection. The reconstruction
was bandpass filtered to L � [10, 2048]. Note that the lensing recon-
struction, while highly statistically significant, is still noise dominated
for every individual mode, and is at best S/N � 0.7 around L = 30.

(Planck Collaboration XV 2013); here we summarize its main
features.

On large scales, the distribution for the angular power spec-
trum cannot be assumed to be a multivariate Gaussian, and the
Galactic contamination is most significant. We use the multi-
frequency temperature maps from LFI and HFI, in the range
30 < � < 353 GHz, to separate Galactic foregrounds. This pro-
cedure uses a Gibbs sampling method to estimate the CMB map
and the probability distribution of its power spectrum, p(C⌥ |d),
for bandpowers at ⌥ < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-⌥’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (⌥ < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
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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
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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. 3. Frequency-averaged T E and EE spectra (without fitting for T -P leakage). The theoretical T E and EE spectra plotted in the
upper panel of each plot are computed from the Planck TT+lowP best-fit model of Fig. 1. Residuals with respect to this theoretical
model are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the
best-fit temperature-to-polarization leakage model of Eqs. (11a) and (11b), fitted separately to the T E and EE spectra.
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Fig. 11. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

lensing potential ⇥(n̂), as well as estimates of its power spectrum
C⇥⇥L . Although noisy, the Planck lensing potential map represents
a projected measurement of all dark matter back to the last scat-
tering surface, with considerable statistical power. In Fig. 7.2 we
plot the Planck lensing map, and in Fig. 7.2 we show an esti-
mate of its signal power spectrum. I have no idea why the fig-
ure numbers come out to be 5.3 no matter what I do... - latex
expert needed

As a tracer of the large scale gravitational potential, the
Planck lensing map is significantly correlated with other tracers
of large scale structure. We show several representative exam-
ples of such correlations in Planck Collaboration XVII (2013),
including the NVSS quasar catalog (Condon et al. 1998), the
MaxBCG cluster catalog (Koester et al. 2007), luminous red
galaxies from SDSS Ross et al. (2011), and a survey of in-
frared sources from the WISE satellite (Wright et al. 2010). The
strength of the correlation between the Planck lensing map and
such tracers provides a fairly direct measure of how they trace
dark matter; from our measurement of the lensing potential, the
Planck maps provide a mass survey of the intermediate redshift
Universe, in addition to a survey of the primary CMB tempera-
ture and polarization anisotropies.

7.3. Likelihood code

7.3.1. CMB likelihood

We follow a hybrid approach to construct the likelihood for the
Planck temperature data, using an exact likelihood approach at
large scales, ⌥ < 50, and a pseudo-C⌥ power spectrum at smaller
scales, 50 < ⌥ < 2500. This follows similar analyses in, e.g.,
Spergel et al. (2007). The likelihood is described more fully in

Galactic North

⇥WF(n̂)
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Fig. 14. Wiener-filtered lensing potential estimate reconstruction, in
Galactic coordinates using orthographic projection. The reconstruction
was bandpass filtered to L � [10, 2048]. Note that the lensing recon-
struction, while highly statistically significant, is still noise dominated
for every individual mode, and is at best S/N � 0.7 around L = 30.

(Planck Collaboration XV 2013); here we summarize its main
features.

On large scales, the distribution for the angular power spec-
trum cannot be assumed to be a multivariate Gaussian, and the
Galactic contamination is most significant. We use the multi-
frequency temperature maps from LFI and HFI, in the range
30 < � < 353 GHz, to separate Galactic foregrounds. This pro-
cedure uses a Gibbs sampling method to estimate the CMB map
and the probability distribution of its power spectrum, p(C⌥ |d),
for bandpowers at ⌥ < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-⌥’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (⌥ < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
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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
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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. 3. Frequency-averaged T E and EE spectra (without fitting for T -P leakage). The theoretical T E and EE spectra plotted in the
upper panel of each plot are computed from the Planck TT+lowP best-fit model of Fig. 1. Residuals with respect to this theoretical
model are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the
best-fit temperature-to-polarization leakage model of Eqs. (11a) and (11b), fitted separately to the T E and EE spectra.
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Which observables are we talking about?

Large Scale StructureCosmic Microwave Background

Observables derived from first 
principles 

GR+QED, Integration of linearised Einstein + Boltzmann 

Observables derived from 
modelling of complex phenomena 
non-linear simulations, phenomenological fits & scaling laws

CMB 

temperature/polarisation/
lensing power spectrum 

Large Scale Structure 

BAO                matter power 
scale                      spectrum

Supernovae, Cepheids, 
small-scale structures, 

light element abundances 

Hubble rate, 
acceleration of expansion, 
satellite galaxies count…

Planck Collaboration: The Planck mission

Fig. 11. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

lensing potential ⇥(n̂), as well as estimates of its power spectrum
C⇥⇥L . Although noisy, the Planck lensing potential map represents
a projected measurement of all dark matter back to the last scat-
tering surface, with considerable statistical power. In Fig. 7.2 we
plot the Planck lensing map, and in Fig. 7.2 we show an esti-
mate of its signal power spectrum. I have no idea why the fig-
ure numbers come out to be 5.3 no matter what I do... - latex
expert needed

As a tracer of the large scale gravitational potential, the
Planck lensing map is significantly correlated with other tracers
of large scale structure. We show several representative exam-
ples of such correlations in Planck Collaboration XVII (2013),
including the NVSS quasar catalog (Condon et al. 1998), the
MaxBCG cluster catalog (Koester et al. 2007), luminous red
galaxies from SDSS Ross et al. (2011), and a survey of in-
frared sources from the WISE satellite (Wright et al. 2010). The
strength of the correlation between the Planck lensing map and
such tracers provides a fairly direct measure of how they trace
dark matter; from our measurement of the lensing potential, the
Planck maps provide a mass survey of the intermediate redshift
Universe, in addition to a survey of the primary CMB tempera-
ture and polarization anisotropies.

7.3. Likelihood code

7.3.1. CMB likelihood

We follow a hybrid approach to construct the likelihood for the
Planck temperature data, using an exact likelihood approach at
large scales, ⌥ < 50, and a pseudo-C⌥ power spectrum at smaller
scales, 50 < ⌥ < 2500. This follows similar analyses in, e.g.,
Spergel et al. (2007). The likelihood is described more fully in

Galactic North

⇥WF(n̂)

Galactic South

Fig. 14. Wiener-filtered lensing potential estimate reconstruction, in
Galactic coordinates using orthographic projection. The reconstruction
was bandpass filtered to L � [10, 2048]. Note that the lensing recon-
struction, while highly statistically significant, is still noise dominated
for every individual mode, and is at best S/N � 0.7 around L = 30.

(Planck Collaboration XV 2013); here we summarize its main
features.

On large scales, the distribution for the angular power spec-
trum cannot be assumed to be a multivariate Gaussian, and the
Galactic contamination is most significant. We use the multi-
frequency temperature maps from LFI and HFI, in the range
30 < � < 353 GHz, to separate Galactic foregrounds. This pro-
cedure uses a Gibbs sampling method to estimate the CMB map
and the probability distribution of its power spectrum, p(C⌥ |d),
for bandpowers at ⌥ < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-⌥’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (⌥ < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
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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
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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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2000 for cosmic shear. Still this choice comes from a subjective estimate of the accuracy
with which non linear corrections and systematic e↵ects will be modelled in the future, and
di↵erent assumptions would lead to di↵erent parameter sensitivities.

�(M⌫)/[meV] �(⌧reio) �(109As) �(ns) �(!cdm) �(h)
CORE 42 0.0020 0.0084 0.0018 0.00052 0.0052
CORE+DESI 19 0.0020 0.0080 0.0014 0.00026 0.0022
CORE+DESI+Euclid-lensing 16 0.0020 0.0078 0.0014 0.00023 0.0019
CORE+Euclid (lensing+pk) 14 0.0020 0.0079 0.0015 0.00025 0.0017
CORE+Euclid (lensing+pk)+21cm 12 �� 0.0042 0.0014 0.00021 0.0017

Table 1. Expected 1� sensitivity of CORE, CORE + DESI, CORE + DESI + Euclid (lensing),
CORE + Euclid (lensing+pk), CORE + Euclid (lensing+pk) + “21cm-motivated ⌧

reio

prior” to the
parameters {M⌫ , ⌧reio, 109As, ns,!cdm

, h}. We did not combine DESI and Euclid-pk in order to avoid
double counting the information coming from the wiggly part of the spectrum.

In the first four lines of table 1 we report the expected sensitivity of CORE, CORE+DESI,
CORE+DESI+Euclid-lensing and CORE+Euclid (lensing+pk)15 to M⌫ and other cosmolog-
ical parameters playing a crucial role in our analysis of parameter degeneracies: ⌧reio, 109As,
ns, !cdm and h (the last independent parameter, !b, is always very well constrained by CMB
data alone). In figure 10 we plot the one dimensional posteriors and the one- and two-�
marginalized contours for the same parameters.

First of all we notice that the projected 1� errors in table 1 and 1D distributions in
figure 10 reflect the theoretical points we have discussed in the previous sections: both DESI
and Euclid greatly improve the sensitivity to M⌫ , !cdm and h. The uncertainty on M⌫

tightens by more than a factor two for CORE+DESI and a factor three for CORE+Euclid,
compare to the CORE only sensitivity. The error on H0 shrinks by a factor larger than
two for CORE+DESI and a factor three for CORE+Euclid. However once more we want to
stress that in the case of DESI the improved sensitivity arises from reducing the degeneracy
between H0 and M⌫ , while in the case of Euclid the longer lever arm of the shear data is
specifically sensitive to the suppression of power at small scales induced by M⌫ .

The first column of figure 10 shows all the degeneracies with respect to M⌫ . Let us
describe the evolution of those correlations with the addition of the di↵erent datasets:

1. CORE data only. When only CMB data are considered, correlations follow the di-
rections expected from our extensive discussion of section 2.3. Let us just note that
contrarily to ⇤CDM runs without neutrino mass as a free parameter, the mild cor-
relation between As and ns is negative, which is a result of the mild negative (resp.
positive) correlation between M⌫ and ns (resp. As).

2. Adding DESI data. In general, the size of the 2D-distributions shrink by a factor
⇠2. The extended regions defining the positive correlations between (M⌫ , As) and
(M⌫ , ⌧reio) become steeper, since it is not possible anymore to play with H0 or !cdm

to compensate the e↵ect of the summed neutrino mass on the CMB lensing spectrum.
Indeed, as described in section 3, moving along this degeneracy direction would lead to
very di↵erent BAO angular scales. Thus, the e↵ect of the summed neutrino mass on

15Contrarily to an earlier version of this work, to avoid any possible “double counting” of the BAO infor-
mation, we will not combine DESI and Euclid-pk data.

– 23 –

• 5σ detection of Mν possible even if Mν = 60 meV, Mν  = safest discovery opportunity 
for cosmologists 

• Error forecasts include non-minimal cosmological assumptions 

• More sensitive than β- and double-β- decay (KATRIN, GERDA, …), works for Dirac 
and Majorana, but complementary to β-decay which contains independent 
information (on phases, angles, Dirac/Majorana…) 

• No direct significant test of NH versus IH like PINGU or ORCA; but if measured 
mass is close to 60 meV, IH could be excluded at 2σ (Planck+Euclid, ~2022, see e.g. 
Hannestad and Schwetz 2016) and later up to 4 to 5σ… 

• Non-detection would require major change of paradigm on the late time behaviour 
of the cosmological model ( new physics to describe structure formation) or on 
neutrino physics (cosmological neutrinos decay, mass from coupling with varying 
scalar, etc.)
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2000 for cosmic shear. Still this choice comes from a subjective estimate of the accuracy
with which non linear corrections and systematic e↵ects will be modelled in the future, and
di↵erent assumptions would lead to di↵erent parameter sensitivities.

�(M⌫)/[meV] �(⌧reio) �(109As) �(ns) �(!cdm) �(h)
CORE 42 0.0020 0.0084 0.0018 0.00052 0.0052
CORE+DESI 19 0.0020 0.0080 0.0014 0.00026 0.0022
CORE+DESI+Euclid-lensing 16 0.0020 0.0078 0.0014 0.00023 0.0019
CORE+Euclid (lensing+pk) 14 0.0020 0.0079 0.0015 0.00025 0.0017
CORE+Euclid (lensing+pk)+21cm 12 �� 0.0042 0.0014 0.00021 0.0017

Table 1. Expected 1� sensitivity of CORE, CORE + DESI, CORE + DESI + Euclid (lensing),
CORE + Euclid (lensing+pk), CORE + Euclid (lensing+pk) + “21cm-motivated ⌧

reio

prior” to the
parameters {M⌫ , ⌧reio, 109As, ns,!cdm

, h}. We did not combine DESI and Euclid-pk in order to avoid
double counting the information coming from the wiggly part of the spectrum.

In the first four lines of table 1 we report the expected sensitivity of CORE, CORE+DESI,
CORE+DESI+Euclid-lensing and CORE+Euclid (lensing+pk)15 to M⌫ and other cosmolog-
ical parameters playing a crucial role in our analysis of parameter degeneracies: ⌧reio, 109As,
ns, !cdm and h (the last independent parameter, !b, is always very well constrained by CMB
data alone). In figure 10 we plot the one dimensional posteriors and the one- and two-�
marginalized contours for the same parameters.

First of all we notice that the projected 1� errors in table 1 and 1D distributions in
figure 10 reflect the theoretical points we have discussed in the previous sections: both DESI
and Euclid greatly improve the sensitivity to M⌫ , !cdm and h. The uncertainty on M⌫

tightens by more than a factor two for CORE+DESI and a factor three for CORE+Euclid,
compare to the CORE only sensitivity. The error on H0 shrinks by a factor larger than
two for CORE+DESI and a factor three for CORE+Euclid. However once more we want to
stress that in the case of DESI the improved sensitivity arises from reducing the degeneracy
between H0 and M⌫ , while in the case of Euclid the longer lever arm of the shear data is
specifically sensitive to the suppression of power at small scales induced by M⌫ .

The first column of figure 10 shows all the degeneracies with respect to M⌫ . Let us
describe the evolution of those correlations with the addition of the di↵erent datasets:

1. CORE data only. When only CMB data are considered, correlations follow the di-
rections expected from our extensive discussion of section 2.3. Let us just note that
contrarily to ⇤CDM runs without neutrino mass as a free parameter, the mild cor-
relation between As and ns is negative, which is a result of the mild negative (resp.
positive) correlation between M⌫ and ns (resp. As).

2. Adding DESI data. In general, the size of the 2D-distributions shrink by a factor
⇠2. The extended regions defining the positive correlations between (M⌫ , As) and
(M⌫ , ⌧reio) become steeper, since it is not possible anymore to play with H0 or !cdm

to compensate the e↵ect of the summed neutrino mass on the CMB lensing spectrum.
Indeed, as described in section 3, moving along this degeneracy direction would lead to
very di↵erent BAO angular scales. Thus, the e↵ect of the summed neutrino mass on

15Contrarily to an earlier version of this work, to avoid any possible “double counting” of the BAO infor-
mation, we will not combine DESI and Euclid-pk data.

– 23 –

• 5σ detection of Mν possible even if Mν = 60 meV, Mν  = safest discovery opportunity 
for cosmologists 

• Error forecasts include non-minimal cosmological assumptions 

• More sensitive than many β- and double-β- decay (KATRIN, GERDA, …), works for 
Dirac and Majorana, but complementary to β-decay which contains independent 
information (on phases, angles, Dirac/Majorana…) 

• No direct significant test of NH versus IH like PINGU, ORCA, JUNO; but if measured 
mass is close to 60 meV, IH could be excluded at 2σ (Planck+Euclid, ~2022) and 
later up to 4 to 5σ… (see e.g. Hannestad and Schwetz 2016; Simpson et al. 2017) 

• Non-detection would require major change of paradigm on the late time behaviour 
of the cosmological model ( new physics to describe structure formation) or on 
neutrino physics (cosmological neutrinos decay, mass from coupling with varying 
scalar, etc.)
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2000 for cosmic shear. Still this choice comes from a subjective estimate of the accuracy
with which non linear corrections and systematic e↵ects will be modelled in the future, and
di↵erent assumptions would lead to di↵erent parameter sensitivities.

�(M⌫)/[meV] �(⌧reio) �(109As) �(ns) �(!cdm) �(h)
CORE 42 0.0020 0.0084 0.0018 0.00052 0.0052
CORE+DESI 19 0.0020 0.0080 0.0014 0.00026 0.0022
CORE+DESI+Euclid-lensing 16 0.0020 0.0078 0.0014 0.00023 0.0019
CORE+Euclid (lensing+pk) 14 0.0020 0.0079 0.0015 0.00025 0.0017
CORE+Euclid (lensing+pk)+21cm 12 �� 0.0042 0.0014 0.00021 0.0017

Table 1. Expected 1� sensitivity of CORE, CORE + DESI, CORE + DESI + Euclid (lensing),
CORE + Euclid (lensing+pk), CORE + Euclid (lensing+pk) + “21cm-motivated ⌧

reio

prior” to the
parameters {M⌫ , ⌧reio, 109As, ns,!cdm

, h}. We did not combine DESI and Euclid-pk in order to avoid
double counting the information coming from the wiggly part of the spectrum.

In the first four lines of table 1 we report the expected sensitivity of CORE, CORE+DESI,
CORE+DESI+Euclid-lensing and CORE+Euclid (lensing+pk)15 to M⌫ and other cosmolog-
ical parameters playing a crucial role in our analysis of parameter degeneracies: ⌧reio, 109As,
ns, !cdm and h (the last independent parameter, !b, is always very well constrained by CMB
data alone). In figure 10 we plot the one dimensional posteriors and the one- and two-�
marginalized contours for the same parameters.

First of all we notice that the projected 1� errors in table 1 and 1D distributions in
figure 10 reflect the theoretical points we have discussed in the previous sections: both DESI
and Euclid greatly improve the sensitivity to M⌫ , !cdm and h. The uncertainty on M⌫

tightens by more than a factor two for CORE+DESI and a factor three for CORE+Euclid,
compare to the CORE only sensitivity. The error on H0 shrinks by a factor larger than
two for CORE+DESI and a factor three for CORE+Euclid. However once more we want to
stress that in the case of DESI the improved sensitivity arises from reducing the degeneracy
between H0 and M⌫ , while in the case of Euclid the longer lever arm of the shear data is
specifically sensitive to the suppression of power at small scales induced by M⌫ .

The first column of figure 10 shows all the degeneracies with respect to M⌫ . Let us
describe the evolution of those correlations with the addition of the di↵erent datasets:

1. CORE data only. When only CMB data are considered, correlations follow the di-
rections expected from our extensive discussion of section 2.3. Let us just note that
contrarily to ⇤CDM runs without neutrino mass as a free parameter, the mild cor-
relation between As and ns is negative, which is a result of the mild negative (resp.
positive) correlation between M⌫ and ns (resp. As).

2. Adding DESI data. In general, the size of the 2D-distributions shrink by a factor
⇠2. The extended regions defining the positive correlations between (M⌫ , As) and
(M⌫ , ⌧reio) become steeper, since it is not possible anymore to play with H0 or !cdm

to compensate the e↵ect of the summed neutrino mass on the CMB lensing spectrum.
Indeed, as described in section 3, moving along this degeneracy direction would lead to
very di↵erent BAO angular scales. Thus, the e↵ect of the summed neutrino mass on

15Contrarily to an earlier version of this work, to avoid any possible “double counting” of the BAO infor-
mation, we will not combine DESI and Euclid-pk data.
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• 5σ detection of Mν possible even if Mν = 60 meV, Mν  = safest discovery opportunity 
for cosmologists 

• Error forecasts include non-minimal cosmological assumptions 

• More sensitive than many β- and double-β- decay (KATRIN, GERDA, …), works for 
Dirac and Majorana, but complementary to β-decay which contains independent 
information (on phases, angles, Dirac/Majorana…) 

• No direct significant test of NH versus IH like PINGU, ORCA, JUNO; but if measured 
mass is close to 60 meV, IH could be excluded at 2σ (Planck+Euclid, ~2022) and 
later up to 4 to 5σ… (see e.g. Hannestad and Schwetz 2016; Simpson et al. 2017) 

• Non-detection would require major change of paradigm on the late time behaviour 
of the cosmological model (new physics to describe structure formation: MG, non-
standard particle interactions) or on neutrino physics (cosmological neutrinos decay, 
mass from coupling with varying scalar, etc.)
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Extra relics (massless case)

Current an future bounds on 
density of relativistic relics 
beyond photons (standard 
model: Neff = 3.046) 

CORE / S-IV would resolve 
degeneracy with H0 (redshift of 
equality) and is limited by 
determination of peak scale 
angle (neutrino drag effect)

 

Planck 2015 
(TT,TE,EE + lowP + 

lensing)  

CORE alone 
CORE collaboration  

[1612.00021] 

Neff  = 3.04 ± 0.18 
(68%CL)

σ(Neff ) = 0.041  
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Figure 6. Parameter degeneracy between N
e↵

and H
0

or ✓s, assuming the extended model
“DEG+Neff”, with three experimental settings for CORE or with a fake Planck likelihood mimicking
the sensitivity of the real experiment (always using all CMB information from TT,TE,EE + lensing
extraction). The correlations observed in the Planck case are explained in the text. The degeneracy
with H

0

is almost entirely resolved by CORE, while that with ✓s is limited to a much smaller range.

BAOs would measure H0 with 1.2% uncertainty, and !cdm with 2% uncertainty. Figure 6 (left
plot) shows that CORE-M5 would almost completely resolve the (Ne↵ , H0) degeneracy, such
that CORE + DESI BAOs would pinpoint both H0 and !cdm with 0.5% uncertainty. This
would have repercussions on several other parameters, and would allow to fully exploit the
synergy between different types of cosmological data. Also, the determination of Ne↵ based
on the observation of the CMB damping tails would reduce the uncertainty on the sound
horizon angular scale, from �(✓s) = 0.00046 for Planck to �(✓s) = 0.00011 for CORE: hence
the calibration of the sound horizon scale in future BAO data would be much more accurate,
and the scientific impact of these observations (for instance, on Dark Energy models) would
be enhanced.

– 23 –
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Extra relics (massless case)

Current an future bounds on 
density of relativistic relics 
beyond photons (standard 
model: Neff = 3.046) 

Test of non-thermal or early 
decoupled thermal re l ics 
(Axion-Like Particles, …), low-
temperature reheating models, 
n e u t r i n o n o n - s t a n d a r d 
interactions, l ight steri le 
neutrinos

 

Planck 2015 
(TT,TE,EE + lowP + 

lensing)  

CORE alone 
CORE collaboration  

[1612.00021] 

Neff  = 3.04 ± 0.18 
(68%CL)

σ(Neff ) = 0.041  
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Figure 1. Contribution of a single thermally-decoupled Goldstone boson to the e↵ective number of
neutrinos, �Ne↵ , as a function of the freeze-out temperature TF . Shown are also the current 2� sensitivity
of the Planck satellite [1] and an (optimistic) estimate of the sensitivity of a future CMB-S4 mission [3].

particles to be more weakly coupled than neutrinos. Given the Moore’s law-like improvements

in CMB detector sensitivity [19, 20], cosmology will push the sensitivity to new light particles

beyond the strength of weak scale interactions and has the potential to explore a fundamentally

new territory of physics beyond the SM.

The total energy density in relativistic species is often defined as

⇢r =

"
1 +

7

8

✓
4

11

◆4/3

Ne↵

#
⇢� , (1.2)

where ⇢� is the energy density of photons and the parameter Ne↵ is often called the e↵ective

number of neutrinos, although there may be contributions to Ne↵ that have nothing to do with

neutrinos (see e.g. [21]). The SM predicts Ne↵ = 3.046 from neutrinos [22] and the current

constraint from the Planck satellite is Ne↵ = 3.04±0.18 [1]. Figure 1 shows the extra contribution

to the radiation density of a thermally-decoupled Goldstone boson as a function of its freeze-out

temperature TF . We see that particles that decoupled after the QCD phase transition are ruled

out (or at least are highly constrained) by the observations of the Planck satellite [17]. On the

other hand, the e↵ect of particles that decoupled before the QCD phase transition is suppressed

by an order of magnitude, 0.05 � �Ne↵ � 0.027. Although Planck is blind to these particles,

this regime is within reach of future experiments. In particular, the planned CMB Stage IV

(CMB-S4) experiments have the potential to constrain (or detect) extra relativistic species at the

level of �(Ne↵) ⇠ 0.01 [3, 19, 20].

The fact that the minimal thermal contribution may be detectable has interesting conse-

quences. First, the level �Ne↵ = 0.027 provides a natural observational target (see e.g. [17, 23–25]

2

Standard model of particle physics  
+ one light (thermal) relic

CORE

Bauman et al. 1604.08614
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Extra relics (small mass case)

Current an future bounds on one early-decoupled or non-thermalized 
extra light species (e.g. 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
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Extra relics (small mass case)

Current an future bounds on one early-decoupled or non-thermalized 
extra light species (e.g. sterile neutrino)
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(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
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Extra relics (small mass case)
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Figure 14. Results for the extended model ⇤CDM + M⌫ + one light and non-thermalised sterile
neutrino with effective mass me↵

s , contributing to the effective neutrino number as Ns.

7.4 Light sterile neutrinos

Right-handed or sterile neutrinos are present in several well-motivated extensions of the stan-
dard model of particle physics [44, 130]. If their mass is of the order of a few keV or bigger,
they can play the role of warm or cold dark matter, and they are constrained mainly by X-ray
and Lyman-alpha observations [130]. If their mass is of the order of the meV or smaller, they
will simply behave as extra relativistic relics contributing to Ne↵ . There is another interesting
range deserving a specific study: that of light sterile neutrinos with a mass in the meV to
eV range. Such particles have been extensively discussed over the past years, for the reason
that the oscillations between such sterile neutrinos and active neutrinos (or more precisely,
between the mass eigenstates formed of active and sterile neutrinos) could explain a number
of possible anomalies in short-baseline neutrino oscillation data (see e.g. [132]).

Sterile neutrinos with large mixing angles would normally acquire a thermal distribution
through oscillations with active neutrinos, and their mass would then be very constrained
(essentially, as much as that of active neutrinos). However, the explanation of short baseline
anomalies requires an O(1) eV mass in tension with cosmological data. To avoid these bounds,
people have discussed several ways to prevent sterile neutrino thermalisation (see e.g. [44, 45,
131]). In that case, the bounds on the sterile neutrino mass become model-dependent, but
a wide category of models can be parametrised in good approximation with two numbers
(Ns, me↵

s ), related to the asymptotic density at early times, given by �Ne↵ = Ns, and the
asymptotic density at late times, given by the effective mass me↵

s = 94.1!s eV [11, 12], where
!s is the sterile neutrino density. This covers both the case of light early-decoupled thermal
relics, and that of Dodelson-Widrow (i.e. non-resonantly produced) sterile neutrinos. For the
later case, the physical mass of the sterile neutrino is given by ms = me↵

s /Ns.
To investigate the sensitivity of CORE to a non-thermal sterile neutrino, we stick to the

same fiducial model as in the last subsections (total mass M⌫ = 60 meV and Ne↵ = 3.046),
but we now fit it with an extended model with 9 free parameters, including the summed mass
of active neutrinos Mactive

⌫ , as well as Ns and me↵
s . We impose in our forecasts a top-hat prior

me↵
s /Ns < 5 eV, designed to eliminate models such that the extra species has a large mass, a

very small number density, and behaves like extra cold dark matter.
Our results for the parameters (Mactive

⌫ , Ns, me↵
s ) are given in Table 14, and the prob-

ability contours for (Ns, me↵
s ) are shown in Figure 14. For CORE-M5, the bounds on the
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KeV sterile neutrino

 

• Non-resonantly produced (leptonic asymmetry << 10-6): ``pure Warm 
Dark Matter’’: EXCLUDED 

• Resonantly produced (leptonic asymmetry ~ 10-6): ``Cold+Warm Dark 
Matter’’: PROBABLY EXCLUDED              (effect of TIGM(z) ? Garzilli et al.2015) 

• As a fraction of DM only: future improvement on both sides (X-ray - 
despite Hitomi failure- , Lyman-alpha)

Figure 4: Constraints from structure formation on the sterile neutrino parameter space.
The areas in green and yellow are excluded by Lyman-↵ bounds (based on the V13 and
B15 reference models, see Sec. 4.1). The brown area is excluded by Milky-Way satellite
counts (see Sec. 4.2). The parameter space is delimited by an upper and lower thin
line corresponding to zero (non resonant production) and maximum lepton asymmetry.
The thick line illustrates the X-ray constraints from Suzaku [36, 37], the dashed line an
independent X-ray limit from Refs. [16, 38]. The tentative line signal [39, 40] at 7.1 keV
is shown by the red symbol.

disfavours the sterile neutrino interpretation of the suggested X-ray line signal.

In summary, the bounds presented in Fig. 4 show for the first time that it is possible

to not only rule out the non-resonant sterile neutrino scenario with structure formation,

but to put strong pressure on the resonant production mechanism. However, before

drawing final conclusions, it is important to note that the observational data used here

could be subject to systematics which might somewhat reduce these limits. For example,

the authors of Ref. [91] point out that the Lyman-↵ bounds of V13 could be relaxed to

m
WDM

' 2.1 keV, provided no specific temperature evolution of the intergalactic medium

is assumed. This would shrink the green area to a size comparable to the brown area

from satellite counts. On the other hand, B15 stress in their paper that the arguments

of Ref. [91] do not a↵ect their limits on the sterile neutrino particle mass (i.e the yellow

area would not be reduced). The analysis of B15 could, however, su↵er from systematics

15

excl. by Milky Way 

excl. by Lyman-alpha 

X-ray upper limit

Schneider 1601.07553  
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END
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What neutrino effects are we testing?

relativistic 
neutrino contribution 

to early expansion 

neutrino slow down early 
dark matter clustering

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

metric fluctuations during non-
relativistic neutrino transition 

(early ISW)

neutrino propagation and 
dispersion velocity

Lesgourgues & Pastor Pys. Rep. 2016; Lesgourgues et al. “Neutrino Cosmology” CUP; Drewes et al. 1602.04816 wavenumber

time

non-relativistic 
transition

Hubble scale crossing

free-streaming

clustering
• neutrino perturbations suppressed 
• cdm perturbations too (different 

balance gravity/expansion) 
• evolution of metric perturbation 

modified

impact on LSS (matter power spectrum, galaxy lensing) 

and 

CMB (integrated Sachs-Wolfe, CMB lensing)

wavelength

neutrino slow down late 
ordinary/dark matter clustering


