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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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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.

13

Planck Collaboration: Gravitational lensing by large-scale structures with Planck

�0.5

0

0.5

1

1.5

2

1 10 100 500 1000 2000

[L
(L

+
1)

]2 C
�
�

L
/2

�
[�

10
7 ]

L

Planck (2015)
Planck (2013)

SPT
ACT

Fig. 6 Planck 2015 full-mission MV lensing potential power spectrum measurement, as well as earlier measurements using the
Planck 2013 nominal-mission temperature data (Planck Collaboration XVII 2014), the South Pole Telescope (SPT, van Engelen
et al. 2012), and the Atacama Cosmology Telescope (ACT, Das et al. 2014). The fiducial ⇤CDM theory power spectrum based on
the parameters given in Sect. 2 is plotted as the black solid line.

In addition to the priors above, we adopt the same sampling
priors and methodology as Planck Collaboration XIII (2015),†
using CosmoMC and camb for sampling and theoretical predic-
tions (Lewis & Bridle 2002; Lewis et al. 2000). In the ⇤CDM
model, as well as ⌦bh2 and ns, we sample As, ⌦ch2, and the
(approximate) acoustic-scale parameter ✓MC. Alternatively, we
can think of our lensing-only results as constraining the sub-
space of ⌦m, H0, and �8. Figure 7 shows the corresponding
constraints from CMB lensing, along with tighter constraints
from combining with additional external baryon acoustic oscil-
lation (BAO) data, compared to the constraints from the Planck
CMB power spectra. The contours overlap in a region of accept-
able Hubble constant values, and hence are compatible. To show
the multi-dimensional overlap region more clearly, the red con-
tours show the lensing constraint when restricted to a reduced-
dimensionality space with ✓MC fixed to the value accurately mea-
sured by the CMB power spectra; the intersection of the red and
black contours gives a clearer visual indication of the consis-
tency region in the ⌦m–�8 plane.

The lensing-only constraint defines a band in the ⌦m–�8
plane, with the well-constrained direction corresponding ap-
proximately to the constraint

�8⌦
0.25
m = 0.591 ± 0.021 (lensing only; 68 %). (13)

This parameter combination is measured with approximately
3.5% precision.

The dependence of the lensing potential power spectrum on
the parameters of the ⇤CDM model is discussed in detail in
† For example, we split the neutrino component into approximately

two massless neutrinos and one with
P

m⌫ = 0.06 eV, by default.

Appendix E; see also Pan et al. (2014). Here, we aim to use
simple physical arguments to understand the parameter degen-
eracies of the lensing-only constraints. In the flat ⇤CDM model,
the bulk of the lensing signal comes from high redshift (z > 0.5)
where the Universe is mostly matter-dominated (so potentials are
nearly constant), and from lenses that are still nearly linear. For
fixed CMB (monopole) temperature, baryon density, and ns, in
the ⇤CDM model the broad shape of the matter power spectrum
is determined mostly by one parameter, keq ⌘ aeqHeq / ⌦mh2.
The matter power spectrum also scales with the primordial am-
plitude As; keeping As fixed, but increasing keq, means that the
entire spectrum shifts sideways so that lenses of the same typ-
ical potential depth  lens become smaller. Theoretical ⇤CDM
models that keep `eq ⌘ keq �⇤ fixed will therefore have the same
number (proportional to keq �⇤) of lenses of each depth along
the line of sight, and distant lenses of the same depth will also
maintain the same angular correlation on the sky, so that the
shape of the spectrum remains roughly constant. There is there-
fore a shape and amplitude degeneracy where `eq ⇡ constant,
As ⇡ constant, up to corrections from sub-dominant changes in
the detailed lensing geometry, changes from late-time potential
decay once dark energy becomes important, and nonlinear ef-
fects. In terms of standard ⇤CDM parameters around the best-fit
model, `eq / ⌦0.6

m h, with the power-law dependence on ⌦m only
varying slowly with ⌦m; the constraint `eq / ⌦0.6

m h = constant
defines the main dependence of H0 on ⌦m seen in Fig. 7.

The argument above for the parameter dependence of the
lensing power spectrum ignores the e↵ect of baryon suppres-
sion on the small-scale amplitude of the matter power spectrum
(e.g., Eisenstein & Hu 1998). As discussed in Appendix E, this
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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. 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. 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. 6 Planck 2015 full-mission MV lensing potential power spectrum measurement, as well as earlier measurements using the
Planck 2013 nominal-mission temperature data (Planck Collaboration XVII 2014), the South Pole Telescope (SPT, van Engelen
et al. 2012), and the Atacama Cosmology Telescope (ACT, Das et al. 2014). The fiducial ⇤CDM theory power spectrum based on
the parameters given in Sect. 2 is plotted as the black solid line.

In addition to the priors above, we adopt the same sampling
priors and methodology as Planck Collaboration XIII (2015),†
using CosmoMC and camb for sampling and theoretical predic-
tions (Lewis & Bridle 2002; Lewis et al. 2000). In the ⇤CDM
model, as well as ⌦bh2 and ns, we sample As, ⌦ch2, and the
(approximate) acoustic-scale parameter ✓MC. Alternatively, we
can think of our lensing-only results as constraining the sub-
space of ⌦m, H0, and �8. Figure 7 shows the corresponding
constraints from CMB lensing, along with tighter constraints
from combining with additional external baryon acoustic oscil-
lation (BAO) data, compared to the constraints from the Planck
CMB power spectra. The contours overlap in a region of accept-
able Hubble constant values, and hence are compatible. To show
the multi-dimensional overlap region more clearly, the red con-
tours show the lensing constraint when restricted to a reduced-
dimensionality space with ✓MC fixed to the value accurately mea-
sured by the CMB power spectra; the intersection of the red and
black contours gives a clearer visual indication of the consis-
tency region in the ⌦m–�8 plane.

The lensing-only constraint defines a band in the ⌦m–�8
plane, with the well-constrained direction corresponding ap-
proximately to the constraint

�8⌦
0.25
m = 0.591 ± 0.021 (lensing only; 68 %). (13)

This parameter combination is measured with approximately
3.5% precision.

The dependence of the lensing potential power spectrum on
the parameters of the ⇤CDM model is discussed in detail in
† For example, we split the neutrino component into approximately

two massless neutrinos and one with
P

m⌫ = 0.06 eV, by default.

Appendix E; see also Pan et al. (2014). Here, we aim to use
simple physical arguments to understand the parameter degen-
eracies of the lensing-only constraints. In the flat ⇤CDM model,
the bulk of the lensing signal comes from high redshift (z > 0.5)
where the Universe is mostly matter-dominated (so potentials are
nearly constant), and from lenses that are still nearly linear. For
fixed CMB (monopole) temperature, baryon density, and ns, in
the ⇤CDM model the broad shape of the matter power spectrum
is determined mostly by one parameter, keq ⌘ aeqHeq / ⌦mh2.
The matter power spectrum also scales with the primordial am-
plitude As; keeping As fixed, but increasing keq, means that the
entire spectrum shifts sideways so that lenses of the same typ-
ical potential depth  lens become smaller. Theoretical ⇤CDM
models that keep `eq ⌘ keq �⇤ fixed will therefore have the same
number (proportional to keq �⇤) of lenses of each depth along
the line of sight, and distant lenses of the same depth will also
maintain the same angular correlation on the sky, so that the
shape of the spectrum remains roughly constant. There is there-
fore a shape and amplitude degeneracy where `eq ⇡ constant,
As ⇡ constant, up to corrections from sub-dominant changes in
the detailed lensing geometry, changes from late-time potential
decay once dark energy becomes important, and nonlinear ef-
fects. In terms of standard ⇤CDM parameters around the best-fit
model, `eq / ⌦0.6

m h, with the power-law dependence on ⌦m only
varying slowly with ⌦m; the constraint `eq / ⌦0.6

m h = constant
defines the main dependence of H0 on ⌦m seen in Fig. 7.

The argument above for the parameter dependence of the
lensing power spectrum ignores the e↵ect of baryon suppres-
sion on the small-scale amplitude of the matter power spectrum
(e.g., Eisenstein & Hu 1998). As discussed in Appendix E, this
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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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Neutrino masses
Current status: 

• Very conservative:  

Planck 2015 high-l TT + new 2016 low-l TT,TE,EE: 
Mν < 590 meV (95%CL) 

[Planck col.] 1605.02985 

• More aggressive:  

Planck 2015 high-l TT,TE,EE + new 2016 low-l TT,TE,EE + lensing: 
Mν < 140 meV (95%CL) 

[Planck col.] 1605.02985 
  

Planck 2013 + Lyman-α from BOSS: 
Mν < 120 meV (95%CL) 

Palanque-Delabrouille et al. 1506.05976 

These bounds assume minimal ΛCDM+Mν , but bounds for extended models hardly weaker
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Future prospects:

New CMB data

•  Ground based (ongoing ! CMB-S4)
•  Satellite? COrE+ [M5 proposal to 
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New measurements of Baryon 
Acoustic Oscillation (BAO) scale

 
DES, eBOSS, LSST, DESI, Euclid, 

WFIRST…

New measurements of matter 
power spectrum shape

•  Cosmic shear of galaxies
•  Clustering of Galaxies and cluster

DES, eBOSS, LSST, DESI, Euclid, WFIRST…

21cm Hydrogen-line surveys

•  Reionisation history
•  Matter clustering in Dark Ages
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correlation data, is related to the window function. Indeed, since the window function
(equation 4.2) for each redshift bin is given by the integral over the line of sight, the
Cij
` ’s of equation 4.1 receive contributions from a larger range of scales. Therefore, being

sensitive to a wider lever arm in k space, cosmic shear will be particularly sensitive to
scale dependent variations of the power spectrum.

Notice that here the tweaking of As is larger than the one we performed at point 3 of
section 2.3. Thus, the corresponding �⌧reio ⇠ 0.5 ln(1.05) ⇠ 0.027 would lead to an
enhancement of the reionization bump even bigger than the one we observed in the blue
dotted line of the CEE

` plot (figure 1, second row, right panel). This already shows that
the degeneracy discussed here can be lifted by combining LSS data with CMB data.
Nevertheless this discussion was important to understand the pulls in parameter space
appearing when all data sets are combined with each other.

Figure 9. Marginalized one- and two- � contours in the plane (!
cdm

,M⌫) (upper left panel),
(H

0

,M⌫) (upper right panel), (ns,M⌫) (bottom left panel), (As,M⌫) (bottom right panel). The
black dashed lines show the degeneracies encoded in CMB data, the red and green dashed lines
account for some of the most prominent correlations arising from cosmic shear and galaxy clustering,
respectively.

Figure 9 confirms the points discussed previously, and provides a comprehensive graph-
ical summary of the complementarity between future CMB and LSS data in the context of
neutrino mass measurement.

– 21 –

Figure 4. Marginalized one- and two- � contours in the plane (!
cdm

,M⌫) (left panel) and (H
0

,M⌫)
(right panel), for CMB-CORE or BAO-DESI mock data. The black dashed lines show the directions
of degeneracy given in equations (3.3), and the blue ones in equations (3.2).

Figure 5. Marginalized one- and two- � contours in the plane (✓s(zdec),M⌫) (left) and
(r(z

drag

)/DV (z = 1),M⌫) (right), for CMB-CORE or BAO-DESI mock data. In the CORE contours,
samples are coloured according to the value of H

0

.

latter option is more relevant when the data are combined with each other. Indeed, we will
see a small correlation between (M⌫ , ⌧reio) in the combined results presented in section 5, one
that was hardly noticeable with CMB alone. Of course, this degeneracy is not perfect, and
extends only up to the point at which ⌧reio becomes too large to be compatible with CMB
polarisation data.

4 E↵ect of neutrino mass on Large Scale Structure observables

4.1 Cosmic shear and galaxy clustering spectrum

The Euclid satellite, whose launch is scheduled for 2020, will provide the most accurate ever
galaxy redshift survey, measuring cosmological observables, such as cosmic shear and galaxy
clustering, with 1% accuracy. Euclid data will certainly lead to a major breakthrough in
precision cosmology thanks to very precise low redshift measurement which will break the
CMB degeneracies among cosmological parameters (see references [7, 10, 13, 14, 23, 29, 30, 38,
54]). Here we use the information extracted from the cosmic shear power spectrum projected

– 14 –
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galaxy redshift survey, measuring cosmological observables, such as cosmic shear and galaxy
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Mν effect on matter power spectrum:  
• with fixed params including ωdm : usual step-like suppression 
• with CMB peak scale : nearly constant 
• with As readjusted : nearly degenerate

Figure 7. Relative error on the non linear matter power spectrum P
m

(k
ref

, z) perpendicular to the
line of sight (µ = 0) at redshift z = 0.5 (left panel) and z = 2 (right panel). The light pink shaded
area refers to the observational error, including cosmic variance. The light green shaded area shows
our model for the theoretical uncertainty. Here the redshift range is 0.5 < z < 2 and is divided in 16
redshift bins. Green solid and red dashed lines are the same as in figure 1, i.e. higher M⌫ with fixed h
(green solid line) and higher M⌫ with fixed ✓s and varying h (red dashed line). The blue dotted line,
besides the higher M⌫ , implies a smaller value of h (�h ⇠ �4�!⌫) and an increase of As by 5%.

the redshift range of interest, 0 < z < 2.5, the free streaming wavenumber spans the
range [0.0077�0.0041]hMpc�1 (respectively, [0.0192�0.0103]hMpc�1) forM⌫ = 0.06 eV
(respectively, M⌫ = 0.15 eV)10. The suppression in power makes both the Cij

` and the
P (k) directly sensitive to the neutrino mass sum, while this was not the case for the
purely geometrical information encoded in BAO measurements.

This sensitivity is reinforced by non-linear e↵ects which are well visible on figures 6
and 7. In the shear spectrum of figure 6, in absence of non-linear corrections, the
green curve would be almost constant for ` > 100. Non-linear gravitational clustering
produces a characteristic “spoon shape” or dip [17]. The minimum of the dip is seen
at ` ⇠ 40 in the first redshift bin and ` ⇠ 1000 in the last one. In figure 7, non-linear
e↵ects are responsible for the further decrease of the green curve for k � 0.1h/Mpc.

2. Neutrino mass e↵ects with h varied to keep the CMB angular scales fixed: why does
LSS data lifts the (M⌫ , h) degeneracy?

The second part of the discussion consists in increasing M⌫ by the same amount, while
varying h like in section 2.3, in such way as to keep a constant angular diameter distance
to recombination, constant sound horizon angular scale, and constant damping angular
scale (red dashed line). As we have seen in Section 2.3 this procedure leads to the well
known (M⌫ , h) CMB degeneracy.

We showed that this degeneracy is broken by BAO data, because the lower value of h
increases the angular diameter distance at low redshift (see Section 3). This conclusion
is valid also for galaxy P (k) and shear Cij

` , since the red dashed residuals in figures 6,
7 are well outside the observational and theoretical error bars. For clarity, we should
explain the shape of these red dashed lines, which is slightly counter-intuitive.

10The free streaming length depends on the mass of each neutrino rather than on the sum. Here we have
assumed three massive degenerate neutrinos.

– 18 –
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• at least 4σ detection 
• valid in ΛCDM and most of its extensions 
• possible dangerous degeneracies: with wDE

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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Complementarity of future CMB, BAO, LSS

Neutrino masses
Complementarity of future CMB, BAO, LSS:                  Archidiacono et al. 1610.09852 

 

 

• future 21cm like HERA, SKA may achieve independently Δ(τ)=0.001 (x9 better than Planck) 
and lead to possible 5σ detection even in minimal hierarchy: F
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CDM density        Hubble parameter    primordial amplitude      primordial index           optical depth

Figure 10. Marginalized one� or two�� contours and one dimensional posteriors in the
(M⌫ ,!cdm

, H
0

, As, ns, ⌧reio) parameter space, showing the expected sensitivity of various future ex-
periments: CORE only (gray contours), CORE+DESI (blue contours), CORE+Euclid (red contours)
and CORE+Euclid+21cm (green contours). The last independent parameter, !

b

, is always very well
constrained by CMB data alone.

CMB lensing is rather compensated by playing with parameters to which BAO data
are insensitive16, namely As and ⌧reio.

3. Adding Euclid (lensing + P (k)) data. Most of the discussion on the inclusion of DESI
data still applies here, since Euclid data contains information on the BAO scale at dif-
ferent redshift. However the matter / shear power spectra contain extra information on
cosmological perturbations, and lift or reinforce some parameter degeneracies, consis-
tently with our previous discussion in section 4.2, point 3. The (M⌫ , H0) degeneracies

16As side remarks, note that such compensation cannot be done by playing with ns: as a consequence, both
the (M⌫ , ns) degeneracy and the (As, ns) degeneracy are lifted when BAO data are added; finally, because of
the di↵erent neutrino mass compensation driven by the inclusion of BAO data, the correlations of !

cdm

and
H

0

with respect to As, ns, ⌧reio are lifted, as well.
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(no degeneracy with baryon density)

ΛCDM parameters:

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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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.
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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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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 

• Error forecasts robust even for non-minimal cosmological assumptions 

• More sensitive than β- and double-β- decay (KATRIN, GERDA, …), works for Dirac 
and Majorana 

• Complementary to β-decay which contains independent information (on phases, 
angles, Dirac/Majorana…) 

• No direct test of NH versus IH like PINGU or ORCA, but if measured mass is close 
to 60 meV, IH could be excluded at 4 to 5σ…
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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 beats 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.
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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, 
neutrino NSI (non-standard 
interactions…)  

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
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+ 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

CO
RE et al. 1612.00021
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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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DM annihilation cross-section (WIMPs, etc.)

Current an future bounds from CMB only (due to heating, ionization and 
excitation of thermal plasma [Slatyer et al. 2012-2016] )

 

Effective 
annihilation 
parameter

Planck 2015 
(TT,TE,EE  

+ lowP+ lensing)

CORE 
CORE collab.  
[1612.00021]

pann = <σv>/mDM 
x {branching-

ratio-dependent 
factor} 

[cm3/s/GeV]

< 3.4 10-28 

 (95%CL)
< 1.4 10-28  
(95%CL)

mDM assuming 
thermal WIMP 

cross-section,  and 
≠ branching ratios, 

from ττ to ee

> 10 to 50 
GeV (95%CL)

> 25 to 120 
GeV (95%CL)

Planck Collaboration: Cosmological parameters
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pann [10�27cm3 s�1 GeV�1]
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1.000
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n s

Planck TT,TE,EE+lowP

Planck TE+lowP

Planck EE+lowP

Planck TT+lowP

WMAP9

Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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f e
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Planck TT,TE,EE+lowP
WMAP9
CVL
Possible interpretations for:
AMS-02/Fermi/Pamela
Fermi GC

Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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DM lifetime (gravitational effects)

Current and future bounds on lifetime from CMB only (DM decaying into 
neutrinos or extra relativistic relics; non trivial CMB effects, especially on 
CMB lensing and late Integrated Sachs Wolfe effect, etc.)

 

Planck 2015 
(TT,TE,EE  

+ lowP+ lensing) 
Poulin et al. 1606.02073

CORE alone 
CORE collab.  
[1612.00021]

100% of CDM = 
decaying particles

> 160 Gyr 

 (95%CL)
> 330 Gyr  
(95%CL)

fraction f of CDM 
= decaying 

particles

• long-lived: same / f 

• short-lived: 4.2% of CDM may 
decay completely between 
photon decoupling and today 
(even more may decay earlier) 0.01 0.0523 0.0946 0.137 0.179 0.221 0.264

f
dcdm

Figure 5. Constraints as in Fig. 4, but for the short-lived dcdm regime. We also show how the
distribution of the initial cdm density evolves when the decay rate and dcdm fraction increase.

Note that with such a bound, we are also covering the region of parameter space for
which the decay happens before the onset of matter domination. One can see a very
interesting behaviour in that regime: the bound on f

dcdm

starts to relax, accompanied
by an increase in the initial total dark matter density. In principle, cosmologies with
a large initial cold DM abundance are acceptable, provided that the decaying DM, in
excess with respect to Planck ⇤CDM best fit value for !dm, had time to decay before
recombination. In practice, we see two different regimes, responsible for non-monotonic
features in the contours of Fig. 5 in the {f

dcdm

, log

10

(�

dcdm

)} plane. The first regime,
for which the constraints relax more slowly, corresponds to decay happening mostly in
between matter-radiation equality and recombination. The second regime corresponds
to decay happening mostly before matter-radiation equality. The difference in the slope
of the relaxation of the constraints is therefore mostly due to the fact that, in the first
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Figure 5. Constraints as in Fig. 4, but for the short-lived dcdm regime. We also show how the
distribution of the initial cdm density evolves when the decay rate and dcdm fraction increase.

Note that with such a bound, we are also covering the region of parameter space for
which the decay happens before the onset of matter domination. One can see a very
interesting behaviour in that regime: the bound on f

dcdm

starts to relax, accompanied
by an increase in the initial total dark matter density. In principle, cosmologies with
a large initial cold DM abundance are acceptable, provided that the decaying DM, in
excess with respect to Planck ⇤CDM best fit value for !dm, had time to decay before
recombination. In practice, we see two different regimes, responsible for non-monotonic
features in the contours of Fig. 5 in the {f

dcdm

, log

10

(�

dcdm

)} plane. The first regime,
for which the constraints relax more slowly, corresponds to decay happening mostly in
between matter-radiation equality and recombination. The second regime corresponds
to decay happening mostly before matter-radiation equality. The difference in the slope
of the relaxation of the constraints is therefore mostly due to the fact that, in the first
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DM lifetime (electromagnetic effects)

Current and future bounds on decay rate from CMB only (DM decaying 
into SM particles other than neutrinos, heating/ionization/excitation of 
thermal plasma  [Slatyer et al. 2012-2016] ) 
• If 100% of CDM is of decaying nature and all decay energy ends up in 
γ,e+,e- :
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Figure 3. Comparison of the on-the-spot and beyond on-the-spot treatment on the lensed temper-
ature and E-mode polarization power spectra, as well as their residuals. The decaying DM models
are � ! e+e�, m� = 100 MeV, 100 GeV with lifetimes �

�1
= 10

20 s (top panels) and 1015 s (bottom
panels).

instantaneous (“camb-like”) reionization6, or the redshift-asymmetric parametrization of [32]
given by 7

xe(z) = f ⇥
(

1�Qp

(1+zp)3�1

�
(1 + zp)

3 � (1 + z)

3
�

+ Qp for z < zp

Qp exp

� � �(z � zp)
�

for z � zp.
(3.1)

The parameters of the second model have been estimated to be close to zp = 6.1, Qp ⌘
QHII(zp) = 0.99986 and � = 0.73 by direct observations of the ionized hydrogen fraction
QHII(z). Similarly to Ref. [26], we fix zp and Qp to their best-fit values, and we let the

6In the instantaneous reionization, the free electron fraction is given at low-z by xe(z) =
f
2

⇥
1+tanh( y�yre

�y )
⇤

with f = 1+nHe/nH, y = (1+z)3/2 and �y = 3(1+z)1/2�z. The reionization is therefore redshift-symmetric,
centered around the key parameter zre with a width given by �z.

7Like the authors of Ref. [26], we replaced the argument of the exponent by ��

(z�zp)
3

(z�zp)2+0.2
in order to

improve the smoothness of the transition.
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DM lifetime (electromagnetic effects)

Current and future bounds on decay rate from CMB only (DM decaying 
into SM particles other than neutrinos, heating/ionization/excitation of 
thermal plasma) 
• If fraction Ξ of CDM is of decaying nature and ends up in γ, e+, e- :  

complementarity:  
with BBN  
with CMB spectral distorsions 
(also with cosmic rays at large τ) 

maximum CMB sensitivity when 
lifetime ~ z=300
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On-the-spot with CORE-like experiment

BBN constraints
Planck constraints
�Tb = +5 to 10 mK at z' [20, 25]

On-the-spot with CORE-like experiment

Figure 10. A comparaison between current constraints on e.m. decaying exotic particles and a
forecast using the sensitivity of SKA on the global differential brightness temperature �Tb in the
redshift range [20, 25], PiXiE sensitivity on µ and y distortions, as well as a CORE-like experiment.
The blue shaded area, labeled as Planck constraints, now regroups e± and � results.

account the actual photon spectrum leading to photo-hadronic dissociation of light elements,
rather than the approximate “universal spectrum” limit.

One of the major novelties of our article is the throughout description of the physical
effects leading to the CMB bounds, notably for the case of particles whose lifetime is much
shorter than the age of the universe. In particular, CMB is sensitive to particles decaying
around the time of recombination, a phenomenon that can lead to peculiar modifications
of the power spectra. Based on our results, we also proposed a physical criterion for an
approximate “on-the-spot” treatment of the problem. This approximation can be used to
derive order-of-magnitude estimates of upper bounds, but should be considered with caution
if an actual signal was discovered, since it may lead to significant errors with respect to a full
calculation of the free electron fraction and CMB power spectra.

The results we obtained can be applied to numerous models, of which we provided a
few examples: We computed the constraints on evaporating low-mass PBHs, whose strength
happens to be comparable or stronger than the ones following from extragalactic gamma-ray
background limits for masses a couple of orders of magnitude around 10

15 g. Our results
provide for instance an independent cosmological argument excluding that the totality of
DM can be made of PBHs lighter than ⇠ 10

17 g. We have also applied our results to sterile
neutrinos: while the past literature has been focusing on masses of a few keV typically invoked
for sterile neutrino DM, we have shown that cosmological bounds are also relevant for heavier
and more weakly coupled relics, which are usually overlooked. Finally, we have studied some
perspectives for future improvements over the current cosmological constraints. In particular,
we sketched why we expect forthcoming 21 cm surveys to have some discovery potential,

– 25 –
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DM lifetime (electromagnetic effects)

Current and future bounds on decay rate from CMB only (DM decaying 
into SM particles other than neutrinos, heating/ionization/excitation of 
thermal plasma) 
• Application to Primordial Black Holes of mass 1014-1018g = fraction of DM 

complementary to 
CMB spectral distorsions 

and γ-ray background 

( Hawking evaporation  
in different channels,  
depending on TBH ~ M-1 )  

Poulin et al. 1610.10051

Figure 7. Constraints on the abundance of PBH normalized to the DM one as a function of the
PBH mass with the full treatment (shaded blue area) and its approximate version (blue, dashed).
Limits from extragalactic �-ray background (solid, red) and CMB anisotropies (pink shaded area)
from Ref. [3] are also shown.

to the case of low-mass PBH in Ref. [3] via a simple estimate/prescription. Our constraints
turn out to be very competitive with �-ray background one in the range 10

15 to 10

17g and to
dominate in the range 3 ⇥ 10

13 to 2.5 ⇥ 10

14g. We do not extend the study to lower masses
since the on-the-spot approximation is known to fail. We expect however the constraints to
rapidly degrade at lower masses. Note that the constraint in the low mass range, while very
strong, is not simply the prolongation of the high-mass one: the “shoulder” below 10

15 g is
due to the combined effect of new channels (like muon pairs) opening up, and on the slightly
less efficient energy deposition in the energy range. Also note that the similarity of the
constraints with those derived in Ref. [3] is accidental: the data available almost a decade ago
where significantly less constraining, but the treatment in [3] overestimated the constraining
power due to a number of approximations: for instance they did not follow the proper time-
evolution of the mass; they did not estimate the efficiency of the energy deposition (they
implicitly worked with fe↵ = 1) which overestimates the energy deposition by a factor 2
to 3 depending on the PBH mass. Finally, our constraints are not nearly as good as �-ray
background one in the range 2.5⇥10

14�10

15g. That said, there is still room for improvement
with respect to our treatment, notably for masses below 10

15g, a task we postpone to future
work.

Let us finish this section with a quick comparison with Ref. [54]. In this work, an
estimate of the impact of PBH within the mass range 10

16 �10

17 g was made. They assumed
an effective “on-the-spot” approximation, working out the value of the absorption efficiency
(which would roughly correspond to our fe↵) under some simplified assumptions for the

– 19 –
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DM lifetime (electromagnetic effects)

Current and future bounds on decay rate from CMB only (DM decaying 
into SM particles other than neutrinos, heating/ionization/excitation of 
thermal plasma) 
• Application to sterile neutrinos decaying in 3νa , νa+γ , νa+e+e- : 
   thanks to latter channels Ξ is function of mass and mixing angle 

• M = 10 keV  (DM candidate):  
   weaker than X-ray  

• competitive with X-ray for  
   large M, small mixing, small  
   relic density (e.g. 200 MeV) 

• BBN complementarity  
 

Poulin et al. 1610.10051

Figure 8. Cosmological constraints on the abundance of sterile neutrinos (including antineutrinos)
normalized to the total active neutrino density, with no prior on their production mechanism. We
consider a sterile neutrino mass of 10 keV, the typical scale for sterile neutrinos being DM candidates,
as well as the heavier scale of 200 MeV for much weaker couplings, a parameter space usually ignored.

experiment should allow detection capability up to z ' 27 [65]. Such a sensitivity would
be sufficient to open a yet unexplored window in the history of the universe. But is it
useful to probe non-standard processes as well? For the most widely studied signals of DM
annihilation, earlier results were rather encouraging about the discovery perspectives [66–68].
The authors of the recent paper [5] have reinvestigated these forecasts with the most up-to-
date tools, unfortunately finding them to be very challenging. In particular, due to the large
uncertainties in the reionization modeling, it appears hard to unambiguously isolate an exotic
DM annihilation signal.

However, the situation may be significantly better for energy injection processes con-
centrated at an earlier epoch, as for instance associated to a fraction of DM decaying in the
so-called “Cosmic Dawn” period 15 . z . 30. The astrophysical processes are expected to be
relatively mild at that epoch. In fact, observationally we know that they should not perturb
too much the medium, e.g. triggering a too early ionization epoch, in order to be in agree-
ment with the optical depth measurement by Planck. In addition, all modern parametric
studies of astrophysical effects at this epoch indicate that they should be unable to reheat
the gas above the CMB temperature, i.e. the 21 cm should be seen “in absorption” with
respect to the CMB (see for instance [69], Fig. 1). This is also the case for exotic signals such
as annihilating DM in halos [5] above redshift z ' 20. Here, we wish to briefly assess the
possibility that models where a fraction of DM decays via e.m. channels, not yet excluded by

CMB or other probes, can be uniquely tested via 21 cm observations at the Cosmic Dawn.
While we certainly expect peculiar signatures in the power-spectrum (and possibly higher
order statistics) of the 21 cm signal, for this preliminary study we will content ourselves with
showing that a smoking gun signal is potentially present already at the level of the average
differential brightness temperature �Tb(⌫). This quantity is obtained by comparing lines of
sight through a neutral hydrogen cloud to patches of the sky with clear view of the CMB.
Following a textbook calculation (see e.g. Ref. [70]), one can easily compute the theoretical
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DM  interactions

Not treated here, but well studied for many (although not all) cases 

• DM self-interactions 

• DM scattering on SM particles 

• DM scattering on possible Dark Radiation / other Dark Sector particles 

May alter structure formation at early or late time, leave imprint on matter power 
spectrum, solve tensions with H0 or σ8… 

Cosmological bounds complementary to direct detection experiments (goes 
beyond scattering on quarks, applies to very wide range of dark matter masses) 

Wilkinson et al. 1309.7588, 1401.7597; Dvorkin et al. 1311.2937; Cyr-Racine et al. 
1310.3278; Buen-Abad et al. 1505.03542; Cyr-Racine et al. 1512.05344; …       
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Conclusions

• After Planck: still a very bright future for cosmology with strong 
connections to particle physics 

• Many of previous experiments already on-going or approved (Euclid, 
LSST, SKA…) 

• Cross fingers for the other proposals (COrE+, LiteBird, PIXIE…)
 


