XVII International Workshop on Neutrino Telescope
Venezia, 16.03.2017

Cosmology
and
Neutrinos
Julien Lesgourgues
Institut für Theoretische Teilchenphysik und Kosmologie (TTK), RWTH Aachen University
1

Cosmology and neutrinos - J. Lesgourgues

Which observables are we talking about?
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

Cosmic Microwave Background

2

Cosmology and neutrinos - J. Lesgourgues

Large Scale Structure

Which observables are we talking about?
Observables derived from first
principles

Observables derived from
modelling of complex phenomena

GR+QED, Integration of linearised Einstein + Boltzmann

non-linear simulations, phenomenological fits & scaling laws

Supernovae,
Cepheids,
CosmicCMB
Microwave Background
Large Scale Structure
Large Scale
Structure
Preliminary

Planck Collaboration: Cosmological parameters

2014 "MV"

Planck Collaboration: The Planck mission

rad.

Planck Collaboration: Cosmological parameters

100

0.8

80

20
0
4
0
-4

temperature/polarisation/
lensing power spectrum
10

30

500

1000

1500

2000

2500

30

500

1000

1500

2000

Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` 30 we show the maximum likelihood frequency averaged
Fig.other
3. Frequency-averaged
T E and EE spectra (without fitting for T -P leakage). The theoretical T E and EE spectra plotted in the
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and
nuisance parameters determined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `upper
 29, we
plotof
theeach
powerplot
spectrum
panel
are computed from the Planck TT+lowP best-fit model of Fig. 1. Residuals with respect to this theoretical
estimates from the Commander component-separation algorithm computed over 94% of the sky.model
The best-fit
⇤CDM
arebase
shown
in theoretical
the lower panel in each plot. The error bars show ±1 errors. The green lines in the lower panels show the
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
best-fit
temperature-to-polarization
leakage model of Eqs. (11a) and (11b), fitted separately to the T E and EE spectra.
the lower panel. The error bars show ±1 uncertainties.
sults to the likelihood methodology by developing several independent 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 baseline. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission likelihood, 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 instrumental 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 surprising, 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 extended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written independently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on
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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 As e 2⌧ which are sensitive 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 As e 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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As a tracer of the large scale gravitational potential, the
Planck lensing map is significantly correlated with other tracers Galactic North
Galactic South
of large scale structure. We show several representative exam4000
ples of such correlations in Planck Collaboration XVII (2013), Fig. 14. Wiener-filtered lensing potential estimate reconstruction, in
Galactic coordinates using orthographic projection. The reconstruction
including the NVSS quasar catalog (Condon et al. 1998), the was bandpass filtered to L [10, 2048]. Note that the lensing reconMaxBCG cluster catalog (Koester et al. 2007), luminous red struction, while highly statistically significant, is still noise dominated
galaxies3000
from SDSS Ross et al. (2011), and a survey of in- for every individual mode, and is at best S /N 0.7 around L = 30.
frared sources from the WISE satellite (Wright et al. 2010). The
strength of the correlation between the Planck lensing map and
2000provides a fairly direct measure of how they trace (Planck Collaboration XV 2013); here we summarize its main
such tracers
dark matter; from our measurement of the lensing potential, the features.
Planck maps provide a mass survey of the intermediate redshift
On large scales, the distribution for the angular power specUniverse,
in addition to a survey of the primary CMB tempera- trum cannot be assumed to be a multivariate Gaussian, and the
1000
ture and polarization anisotropies.
Galactic contamination is most significant. We use the multifrequency temperature maps from LFI and HFI, in the range
30 < < 353 GHz, to separate Galactic foregrounds. This pro0 code
7.3. Likelihood
cedure uses a Gibbs sampling method to estimate the CMB map
600
60
and the probability distribution of its power spectrum, p(C⌥ |d),
7.3.1. CMB likelihood
for bandpowers at ⌥ < 50, using the cleanest 87 % of the sky. We
300
30
We follow a hybrid approach to construct the likelihood for the supplement this ‘low-⌥’ temperature likelihood with the pixel0
0
Planck temperature
data, using an exact likelihood approach at based polarization likelihood at large-scales (⌥ < 23) from the
to
large scales, ⌥ < 50, and a pseudo-C⌥ power spectrum at smaller WMAP 9-year data release (Bennett et al. 2012). These need-30
-300
scales, 50
< ⌥ < 2500. This follows similar analyses in, e.g., be corrected for the dust contamination, for which we use the
-60
Spergel -600
et al. (2007). The likelihood is described more fully in WMAP procedure. However, we have checked that switching
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Fig. 19. Posterior distributions for ⇥m (assuming a flat cosmology) for the SNe compilations described in the text. The posterior 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.
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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 previous 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

3

Reid et al. (2010) present an estimate of the dark matter
halo power spectrum, Phalo (k), derived from 110,756 luminous 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 window functions, covariance matrix and CosmoMC likelihood module 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-

matter power
spectrum

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 ⇥2LRG = 40.0. Interestingly, the
main di⇤erences between the two models are at wavenumbers
1
k >
⇤ 0.1 h Mpc , 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 spectrum, 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 structure, often called cosmic shear. The shear probes the (nonlinear)
matter density projected along the line of sight with a broad kernel. 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.
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` 30 we show the maximum likelihood frequency averaged
Fig.other
3. Frequency-averaged
T E and EE spectra (without fitting for T -P leakage). The theoretical T E and EE spectra plotted in the
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and
nuisance parameters determined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `upper
 29, we
plotof
theeach
powerplot
spectrum
panel
are computed from the Planck TT+lowP best-fit model of Fig. 1. Residuals with respect to this theoretical
estimates from the Commander component-separation algorithm computed over 94% of the sky.model
The best-fit
⇤CDM
arebase
shown
in theoretical
the lower panel in each plot. The error bars show ±1 errors. The green lines in the lower panels show the
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
best-fit
temperature-to-polarization
leakage model of Eqs. (11a) and (11b), fitted separately to the T E and EE spectra.
the lower panel. The error bars show ±1 uncertainties.
sults to the likelihood methodology by developing several independent 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 baseline. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission likelihood, 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 instrumental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

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 As e 2⌧ which are sensitive 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 As e 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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As a tracer of the large scale gravitational potential, the
Planck lensing map is significantly correlated with other tracers Galactic North
Galactic South
of large scale structure. We show several representative exam4000
ples of such correlations in Planck Collaboration XVII (2013), Fig. 14. Wiener-filtered lensing potential estimate reconstruction, in
Galactic coordinates using orthographic projection. The reconstruction
including the NVSS quasar catalog (Condon et al. 1998), the was bandpass filtered to L [10, 2048]. Note that the lensing reconMaxBCG cluster catalog (Koester et al. 2007), luminous red struction, while highly statistically significant, is still noise dominated
galaxies3000
from SDSS Ross et al. (2011), and a survey of in- for every individual mode, and is at best S /N 0.7 around L = 30.
frared sources from the WISE satellite (Wright et al. 2010). The
strength of the correlation between the Planck lensing map and
2000provides a fairly direct measure of how they trace (Planck Collaboration XV 2013); here we summarize its main
such tracers
dark matter; from our measurement of the lensing potential, the features.
Planck maps provide a mass survey of the intermediate redshift
On large scales, the distribution for the angular power specUniverse,
in addition to a survey of the primary CMB tempera- trum cannot be assumed to be a multivariate Gaussian, and the
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Galactic contamination is most significant. We use the multifrequency temperature maps from LFI and HFI, in the range
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7.3. Likelihood
cedure uses a Gibbs sampling method to estimate the CMB map
600
60
and the probability distribution of its power spectrum, p(C⌥ |d),
7.3.1. CMB likelihood
for bandpowers at ⌥ < 50, using the cleanest 87 % of the sky. We
300
30
We follow a hybrid approach to construct the likelihood for the supplement this ‘low-⌥’ temperature likelihood with the pixel0
0
Planck temperature
data, using an exact likelihood approach at based polarization likelihood at large-scales (⌥ < 23) from the
to
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Fig. 19. Posterior distributions for ⇥m (assuming a flat cosmology) for the SNe compilations described in the text. The posterior 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.

~1500 (Planck) + ~10 independent data points

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 surprising, 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 extended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written independently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on
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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 previous subsections and/or they involve complex physics (such as
the intra-cluster gas in rich clusters of galaxies) which is not yet
well understood.

minimal 6-parameter model: excellent fit
for binned TT data, χ2/dof=1.004 for 731 d.o.f.
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5.5.1. Shape information on the galaxy/matter power
spectrum
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Reid et al. (2010) present an estimate of the dark matter
halo power spectrum, Phalo (k), derived from 110,756 luminous 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 window functions, covariance matrix and CosmoMC likelihood module 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-

matter power
spectrum

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 ⇥2LRG = 40.0. Interestingly, the
main di⇤erences between the two models are at wavenumbers
1
k >
⇤ 0.1 h Mpc , 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 spectrum, 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 structure, often called cosmic shear. The shear probes the (nonlinear)
matter density projected along the line of sight with a broad kernel. 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.
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sults to the likelihood methodology by developing several independent 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 baseline. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission likelihood, 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 instrumental 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 surprising, 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 extended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written independently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on
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its power
spectrum Cosmological
⇥WF (n̂)
C L⇥⇥ . Although noisy, the Planck lensing potential map represents
a projected measurement of all dark matter back to the last scattering surface, with considerable statistical power. In Fig. 7.2 we
plot the6000
Planck lensing map, and in Fig. 7.2 we show an estimate of its signal power spectrum. I have no idea why the figure numbers come out to be 5.3 no matter what I do... - latex
expert needed
5000
As a tracer of the large scale gravitational potential, the
Planck lensing map is significantly correlated with other tracers Galactic North
Galactic South
of large scale structure. We show several representative exam4000
ples of such correlations in Planck Collaboration XVII (2013), Fig. 14. Wiener-filtered lensing potential estimate reconstruction, in
Galactic coordinates using orthographic projection. The reconstruction
including the NVSS quasar catalog (Condon et al. 1998), the was bandpass filtered to L [10, 2048]. Note that the lensing reconMaxBCG cluster catalog (Koester et al. 2007), luminous red struction, while highly statistically significant, is still noise dominated
galaxies3000
from SDSS Ross et al. (2011), and a survey of in- for every individual mode, and is at best S /N 0.7 around L = 30.
frared sources from the WISE satellite (Wright et al. 2010). The
strength of the correlation between the Planck lensing map and
2000provides a fairly direct measure of how they trace (Planck Collaboration XV 2013); here we summarize its main
such tracers
dark matter; from our measurement of the lensing potential, the features.
Planck maps provide a mass survey of the intermediate redshift
On large scales, the distribution for the angular power specUniverse,
in addition to a survey of the primary CMB tempera- trum cannot be assumed to be a multivariate Gaussian, and the
1000
ture and polarization anisotropies.
Galactic contamination is most significant. We use the multifrequency temperature maps from LFI and HFI, in the range
30 < < 353 GHz, to separate Galactic foregrounds. This pro0 code
7.3. Likelihood
cedure uses a Gibbs sampling method to estimate the CMB map
600
60
and the probability distribution of its power spectrum, p(C⌥ |d),
7.3.1. CMB likelihood
for bandpowers at ⌥ < 50, using the cleanest 87 % of the sky. We
300
30
We follow a hybrid approach to construct the likelihood for the supplement this ‘low-⌥’ temperature likelihood with the pixel0
0
Planck temperature
data, using an exact likelihood approach at based polarization likelihood at large-scales (⌥ < 23) from the
to
large scales, ⌥ < 50, and a pseudo-C⌥ power spectrum at smaller WMAP 9-year data release (Bennett et al. 2012). These need-30
-300
scales, 50
< ⌥ < 2500. This follows similar analyses in, e.g., be corrected for the dust contamination, for which we use the
-60
Spergel -600
et al. (2007). The likelihood is described more fully in WMAP procedure. However, we have checked that switching

0.4

Fig. 11. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).
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small-scale structures,
light element abundances

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 As e 2⌧ which are sensitive 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 As e 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

0.1

0.2

0.3
m

Hubble rate,
Active neutrino nonmatter power
standard
interactionsacceleration of expansion,

0.4

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

scale

combining CMB and SNe data should therefore be treated with
caution.
13

5.5. Additional data

Light (eV-ish) sterile
neutrino mass/abundance

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 previous 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

10

Reid et al. (2010) present an estimate of the dark matter
halo power spectrum, Phalo (k), derived from 110,756 luminous 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 window functions, covariance matrix and CosmoMC likelihood module 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-

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.

spectrum

of Reid et al. (2010), which has ⇥2LRG = 40.0. Interestingly, the
main di⇤erences between the two models are at wavenumbers
1
k >
⇤ 0.1 h Mpc , 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 spectrum, 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 structure, often called cosmic shear. The shear probes the (nonlinear)
matter density projected along the line of sight with a broad kernel. 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.
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95%CL upper bounds on Σimi
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Neutrino mass bounds depend on number of new
ingredients in cosmological model beyond minimal (6param) model
people report bounds on 7-param model and on
extended model
increasing amount of data with smaller errors
and better complementarity: bounds get
stronger, but also less model-dependent
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Summed mass of active neutrinos
95%CL upper bounds on Σimi
2006

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

summed mass
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CMB only : WMAP, VSA, ACBAR,
CBI…

CMB + LSS : Lyman-alpha
Seljak et al. 2006; Viel et al. 2006
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Summed mass of active neutrinos
95%CL upper bounds on Σimi

summed mass

2006
CMB only: Planck,
w/o polarisation and lensing…
Σimi < 590 to 140 meV (95%CL)

2016

[Planck col.] 1605.02985

CMB + LSS :
•
•
•

with galaxies:
Σimi < 130 meV (95%CL)
with Lyman-α: Σimi < 120 meV (95%CL)
with BAOs:
Σimi < 118 meV (95%CL)

Cuesta et al. 1511.05983; PalanqueDelabrouille et al. 1506.05976; Vagnozzy et
al. 1701.08172
NH already favoured by cosmo. + labo.
bounds (Simpson et al. 1703.03425; Capozzi et
al. 1703.04471)
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Summed mass of active neutrinos
95%CL upper bounds / 1σ forecast errors on Σimi

summed mass

2006

2016
Planck + next generation LSS :
DES, DESI, Euclid, LSST, wFIRST, SKA
40 -> 12 meV (7 params + …)
σ~
60 -> 30 meV (complicated DE)
60 -> 40 meV (complicated MG)

{

e.g. Font-Ribera et al. 1308.4164

… with conservative use of SKA; 21cm?
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Summed mass of active neutrinos
95%CL upper bounds / 1σ forecast errors on Σimi

summed mass

2006

17

2016
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DES

2013-2018

Ground

eBOSS

2014-2020

Ground

DESI

2018-2022

Ground

Euclid

2019-…

Space

wFIRST

2020-…

Space

LSST

2023

Ground

SKA

1:2018-2023
2:2023-2030

Ground

Summed mass of active neutrinos
95%CL upper bounds / 1σ forecast errors on Σimi

summed mass

2006

2016

CMB-Stage III, IV : no better numbers
but gain in robustness
(e.g. σ ~ 15meV from S-IV+DESI only)
Need large angles…
CORE + next generation LSS :
DES, DESI, Euclid, LSST, wFIRST, SKA
40 -> 10 meV (7 params + …)
σ~
60 -> 20 meV (complicated DE)
….
(complicated MG)

{

e.g. Brinckmann et al. 1612.00021
… with conservative use of SKA; 21cm?
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Neutrino masses
Conclusions:
•

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…

•
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Extra relics (massless case)

Neff = 3.04 ± 0.18
(68%CL)
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Neff

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

CORE alone
CORE collaboration
[1612.00021]

H0

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

Planck 2015
(TT,TE,EE + lowP +
lensing)
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Planck+lensing
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COrE+
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Figure 6. Parameter degeneracy between Ne↵ and H0 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 H0 is almost entirely resolved by CORE, while that with ✓s is limited to a much smaller range.
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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
Lesgourgues
would have repercussions on several other parameters, and would allow to fully exploit the

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
d e c o u p l e d t h e r m a l re l i c s
(Axion-Like Particles, …), lowtemperature reheating models,
neutrino non-standard
interactions, light sterile
neutrinos

Planck 2015
(TT,TE,EE + lowP +
lensing)

CORE alone
CORE collaboration
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Figure 1. Contribution of a single thermally-decoupled Goldstone boson to the e↵ective number o
neutrinos, Ne↵ , as a function of the freeze-out temperature TF . Shown are also the current 2 sensitivit
satellite [1] and an (optimistic) estimate of the sensitivity of a future CMB-S4 mission [3]
neutrinosof -the
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Light sterile neutrinos

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)

excl. by Milky Way
excl. by Lyman-alpha
X-ray upper limit
Schneider 1601.07553

•

As a fraction of DM only: future improvement on both sides (X-ray 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 redCosmology
symbol.
and neutrinos - J. Lesgourgues

despite Hitomi failure- , Lyman-alpha)
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What neutrino effects are we testing?
Lesgourgues
& Pastor Pys. Rep. 2016; Lesgourgues et al. “Neutrino Cosmology” CUP;
Drewes et al. 1602.04816
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time

neutrino perturbations suppressed
• cdm perturbations too (different
impact on LSS (matter power spectrum, galaxy lensing)
balance gravity/expansion)
• evolution of metric perturbation
and
relativistic
metric
duringmodified
nonnon-relativistic
CMB (integrated Sachs-Wolfe,
CMB fluctuations
lensing)
•

neutrino contribution
to early expansion

neutrino slow down early
dark matter clustering
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relativistic neutrino transition
(early ISW)

neutrino propagation and
dispersion velocity
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neutrino
contribution to late expansion
rate (acoustic angular scale)

neutrino slow down late
ordinary/dark matter clustering

