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

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

On large scales, the distribution for the angular power spec-
trum cannot be assumed to be a multivariate Gaussian, and the
Galactic contamination is most significant. We use the multi-
frequency temperature maps from LFI and HFI, in the range
30 < � < 353 GHz, to separate Galactic foregrounds. This pro-
cedure uses a Gibbs sampling method to estimate the CMB map
and the probability distribution of its power spectrum, p(C⌥ |d),
for bandpowers at ⌥ < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-⌥’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (⌥ < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
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Cosmological observations: CMB temperature 
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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Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇥CDM model). The power spectrum at low multipoles (⇥ = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50 ⇥ ⇥ ⇥ 2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�⇥ ⇤ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇥CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ⇥ = 50.
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Cosmological observations: CMB polarisation 

Planck E-mode preliminary!! Planck collaboration: CMB power spectra & likelihood
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Figure 31. Planck TE and EE polarisation spectra computed as described in the text, together with the polarisation spectra predicted
from the six-parameter �CDM model, fit only to the Planck temperature data.

where the signal correlations for the temperature component are
explicitly given by

⌥Ti1 Ti2� =
⌃max⇤

⌃=2

2⌃ + 1
4⇤

Ĉ⌃P⌃(�i1i2 ) + Ni1i2 . (23)

Here P⌃ are the Legendre polynomials, and �i1i2 is the
angle between the centres of pixels i1 and i2. Similar ex-
pressions are available for the polarisation correlations (e.g.,
Tegmark & de Oliveira-Costa 2001). The e⇥ect of the (azi-
muthally symmetric) instrumental beam, b⌃, and pixel window
function, w⌃, are encoded in Ĉ⌃ = Cth

⌃ b2
⌃w

2
⌃ .

The main problem with the likelihood expression given in
Eq. 21 is its high computational cost. This is determined by
the matrix inversion and determinant evaluations, both of which
scale as O(N3) with N = nT + 2nP. In practice, this approach is
therefore limited to coarse pixelizations, Nside ⌅ 16, which reli-
ably only supports multipoles below ⌃ � 30. On the other hand,
the Gaussian approximation adopted by the high-⌃ likelihood is
not su⇤ciently accurate for the stringent requirements of Planck
below ⌃ � 50. In the next section, we therefore describe a faster
low-⌃ likelihood estimator, based on Gibbs/MCMC sampling,
which allows us to exploit the full range up to ⌃ ⌅ 50 with
low computational cost, while additionally supporting physic-
ally motivated foreground marginalization.

Page et al. (2007) pointed out that the temperature and po-
larisation parts of the likelihood can be separated and evaluated
independently, under the assumption of negligible noise in tem-
perature and in the temperature-polarisation cross correlations
(i.e., the T Q and TU blocks of the pixel level noise covariance
matrices). Further assuming vanishing primordial B modes and
T B correlations, the T E correlations can be accounted for by
redefining the modified Q and U maps as

Q⇧ Q � 1
2

⌃max⇤

⌃=2

CT E
⌃

CTT
⌃

⌃⇤

m=�⌃
aT
⌃m

�
+2Y⌃m +�2 Y⇥⌃m

⇥
(24)

U ⇧ U � i
2

⌃max⇤

⌃=2

CT E
⌃

CTT
⌃

⌃⇤

m=�⌃
aT
⌃m

�
+2Y⌃m ��2 Y⇥⌃m

⇥
, (25)

where ±2Y⌃m are spin weighted spherical harmonics and aT
⌃m are

the harmonic coe⇤cients of the signal in the temperature map.
One can show by direct substitution that these modified Q and U
maps are free of temperature correlations. The polarisation like-
lihood can be then computed independently from the temperat-
ure likelihood and, possibly, at lower resolution to save compu-
tational expenses. We test this strategy in Sect. 8.2, and adopt it
for the current release of the Planck likelihood.

8.1. Low-⌃ temperature likelihood

As discussed above, we do not implement the likelihood ex-
pression given in Eq. 21 directly, due to its high computational
cost and limited flexibility with respect to foreground modelling.
Instead, we adopt the Gibbs sampling approach (Eriksen et al.
2004; Jewell et al. 2004; Wandelt et al. 2004), as implemented
by the Commander code (Eriksen et al. 2008), which allows
both for physically motivated component separation and accur-
ate likelihood estimation. A similar Gibbs sampling method was
used to estimate the low-⌃ temperature likelihood for WMAP
(Dunkley et al. 2009; Larson et al. 2011), although not simultan-
eously accounting for component separation.

8.1.1. Methodology

We start by generalizing the above data model to include both
multi-frequency observations and a set of foreground signal
terms,

d⇥ = s +
⇤

i

fi
⇥ + n⇥. (26)

Here d⇥ denotes the observed sky map at frequency ⇥, and fi
⇥

denotes a specific foreground signal component. As above, the
CMB field is assumed to be a Gaussian random field with power
spectrum C⌃, and the noise is assumed Gaussian with covari-
ance N⇥. The foreground model can be adjusted as needed for
a given data set, and a full description of the model relevant for
Planck is presented in Planck Collaboration XII (2013). In short,
this consists of a single low-frequency foreground component
(i.e., the sum of synchrotron, anomalous microwave emission,

28
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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-⇤CDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
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Pursuing this formally, we use simulations of both ex-
periments observing a common sky to construct a com-
bined likelihood function for bandpowers 1–5 of the BI-
CEP2 auto, BICEP1100 auto, and their cross spectrum using
the Hamimeche & Lewis (2008) approximation; see B14 for
implementation details. We use this likelihood function to
fit a six-parameter model parametrized by the five 150 GHz
bandpowers and a single common spectral index, �. Without
loss of generality we take this spectral index to be the power
law exponent of the signal’s antenna temperature as a function
of frequency. We marginalize this six-parameter model over
the bandpowers to obtain a one-parameter likelihood function
over the spectral index.

Figure 8 shows the resulting estimate of the spectral in-
dex, with approximate 1� uncertainty range. We evaluate the
consistency with specific values of � using a likelihood ratio
test. The data are consistent with the spectrum of the CMB
(� = -0.7 for these bands and conventions), with a CMB-to-
peak likelihood ratio of L = 0.68. Following Wilks (1938)
we take �2 ⇡ -2logL and evaluate the probability to exceed
this value of �2 (for a single degree of freedom). A syn-
chrotron spectrum with � = -3 is disfavored (L = 0.076, PTE
0.023, 2.3�), as is the preferred whole-sky dust spectrum from
Planck Collaboration et al. (2013a), which corresponds under
these conventions to � ⇡ +1.75 (L = 0.091, PTE 0.028, 2.2�).
We have also conducted a series of simulations applying this
procedure to simulated data sets with CMB and dust spectral
indexes. These simulations indicate that the observed likeli-
hood ratios are typical of a CMB spectral index but atypical
of dust.

10.3. Additional Cross Spectra
Having seen that the BICEP2 auto spectrum is com-

patible with both the BICEP2⇥BICEP1100 and the
BICEP2⇥BICEP1150 cross spectra we proceed to com-
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FIG. 8.— The constraint on the spectral index of the BB signal
based on joint consideration of the BICEP2 auto, BICEP1100 auto, and
BICEP2⇥BICEP1100 cross spectra. The curve shows the marginalized likeli-
hood as a function of assumed spectral index. The vertical solid and dashed
lines indicate the maximum likelihood and the ±1� interval. The blue verti-
cal lines indicate the equivalent spectral indices under these conventions for
the CMB, synchrotron, and dust. The observed signal is consistent with a
CMB spectrum, while synchrotron and dust are both disfavored by & 2�.

bine the latter36. Figure 9 compares the result to the BICEP2
auto spectrum from Figure 2. Taking the difference of these
spectra and comparing to the differences of the lensed-
⇤CDM+noise+r = 0.2 simulations the bandpower 1–5 �2 and
� PTEs are mid-range indicating compatibility.

Comparing the BICEP2⇥BICEP1comb spectrum to the
lensed-⇤CDM expectation the �2 and � values have PTE of
0.005 and 0.002 respectively corresponding to ⇡ 3� evidence
of excess power. The compatibility of the BICEP2 auto and
BICEP2⇥BICEP1comb cross spectra combined with the detec-
tion of excess power in the cross spectra is powerful addi-
tional evidence against a systematic origin of the nominal sig-
nal given the significant differences in focal plane technology
and beam imperfections.

The successor experiment to BICEP2 is the Keck Array
which consists of five BICEP2 like receivers (Sheehy et al.
2010). The Keck Array data analysis is not yet complete and
will be the subject of future publications. However as an addi-
tional systematics check we show in Figure 9 a cross spectrum
between BICEP2 and preliminary Keck Array maps from the
2012 and 2013 seasons. This cross spectrum also shows ob-
vious excess BB power at low `.

11. COSMOLOGICAL PARAMETER CONSTRAINTS

We have shown that our observed B-mode spectrum i) can-
not be explained by systematics (jackknifes, beam-map sim-
ulations, other systematics studies, and cross spectra with
BICEP1150), and ii) seems highly unlikely to be dominated by
foregrounds (dust model projections, dust model cross corre-
lations, and spectral index constraints from cross spectra with
BICEP1100). In this section we do some basic fitting of cosmo-
logical parameters while noting again that all the bandpowers
and ancillary data are available for download so that others
may conduct fuller studies.

11.1. Lensed-⇤CDM + Tensors

36 We combine using weights which minimize the variance of the lensed-
⇤CDM+noise simulations as described in B14.
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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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Cosmological observations: LSS from CMB lensing maps 

Simulation of CMB lensing by 
huge cluster 

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

maps). To match the power spectrum of these simulations to the
power spectrum of the data maps, we find it is necessary to add
extragalactic foreground power following the model in Sect. 4,
with Acib = 18 µK2 and Asrc = 28 µK2. The resulting simula-
tions have a power spectrum which agrees with that of the CMB
map estimate based on the data to better than 2% at l < 2048.
This could be improved slightly by tailoring a specific correc-
tion for each map. We also add homogeneous pixel noise with a
level of 12 µK arcmin. If we neglected this power, the agreement
would be only at the 8% level, primarily due to the noise term
(the Acib and Asrc contributions are each at the level of 1 � 2%).
Due to the procedure which we use to subtract the disconnected
noise bias (Eq. 17) from our lensing power spectrum estimates,
the inclusion of these components does not significantly a�ect
our results, but comparison with the values used for our single-
frequency simulations in Sect. 4 are a useful indicator of the ex-
tent to which the foreground separation algorithms are able to
remove extragalactic foreground power in the high- regime.

As already discussed, our results on the component-
separated CMB maps are presented in Fig. 18. Because the
CMB and FFP6 noise components of the foreground-cleaned
map simulations are the same as those used to characterize
our fiducial lens reconstruction, we can measure the expected
scatter between the foreground separated maps and our fidu-
cial reconstruction. This scatter will be slightly overestimated
because we have not attempted to coherently model the con-
tribution to the reconstruction noise from residual di�use ex-
tragalactic foreground power. For the eight bins in 40 ⌅ L ⌅
400 on which our fiducial likelihood is based, we measure a
⇤2 for the di�erence between our fiducial reconstruction and
the corresponding foreground-cleaned reconstruction of ⇤2 =
(3.14, 4.3, 2.5, 14.7) for nilc, smica, sevem, and ruler respec-
tively. These ⇤2 values associated have probability-to-exceed
(PTE) values of (79%, 64%, 86%, 2%) respectively. At the level
which we are able to test, the nilc, smica, and sevem foreground-
cleaned maps give results which are quantitatively consistent
with our fiducial reconstruction. There is more scatter between
our fiducial reconstruction and the ruler map than expected
from simulations, as evidenced by a very high ⇤2 for the dif-
ference, however as can be seen in Fig. 18, there are not any
clear systematic di�erences. Indeed, the discrepancy for the bins
plotted in Fig. 18 (which di�er somewhat from the linear bins
used in our likelihood) is much less significant than for the bins
of our fiducial likelihood.

When using the component separated maps above, we have
used the same fsky = 0.7 Galactic mask as for our MV result, al-
though the confidence regions associated with each foreground
cleaned map allow more sky, ranging up to fsky = 0.94 for the
nilc method. We have used the metis pipeline (described later
in Sect. 7.5) to test whether this improved sky coverage could
benefit our lens reconstruction. The same method has been used
in (Planck Collaboration XII 2013) to evaluate possible biases
to lens reconstruction induced by these methods using the FFP6
simulated CMB realization, described in Planck Collaboration I
(2013), indicating that the di�erent component separation algo-
rithms do not alter significantly the lensing signal (at the level
which can be tested on a single simulation). Analyzing the nilc
map, which has the largest confidence region, we find that we
can increase the usable sky surface up to fsky = 0.87 without
encountering significant Galactic contamination. In Fig. 19 we
show the striking improvement in sky coverage on the nilc map.
smica and sevem are very similar; we have not considered ruler
because of its larger noise level.

Power spectrum estimates at this mask level show consis-
tency with the MV reconstruction within two standard devia-
tions of the measurement uncertainty. The increased sky cover-
age does not bring significant improvements in the error-bars of
the power spectrum, however. Using Eq. 20 as an estimate of the
power spectrum variance, the larger sky coverage yields only a
3.5% improvement at L < 40 over the MV result, decreasing
down to 0 at L = 400. This could be due to the di�erent weight-
ing used in the component separation compared to the one of
the MV map, which results in slightly noisier maps for our pur-
pose. While the component separated maps allow for a reduced
mask maintaining a robust lensing potential estimation, they lead
to a marginal improvement of the power spectrum uncertainties.
Nevertheless, their agreement with the MV result is reassuring.

MV, fsky = 0.70

nilc, fsky = 0.87

Fig. 19. Wiener-filtered potential maps in Galactic coordinates,
as in Fig. 8, plotted here in Mollweide projection. Top is the MV
reconstruction, bottom is an extended reconstruction on the nilc
component-separated map.

7.2. Point Source Correction

As can be seen in Table 1, the unresolved point source shot
noise correction in any individual band for our MV likelihood
is on the order of a few percent, reaching up to 6% for the
highest multipole bands. Averaged over the 40 ⌅ L ⌅ 400
band, the shot noise correction amounts to a 2% shift in the am-
plitude of Ĉ⇥⇥

L , which is small but non-negligible compared to
our statistical uncertainty of 4%. Physically, the amplitude of
our source corrections are reasonable; at 143 GHz we measure
Ŝ 4

143 = (1.3 ± 0.6) ⇥ 10�12 µK4. From the radio point source
model of De Zotti et al. (2010), this corresponds to an e�ec-
tive flux cut of approximately 150mJy at this frequency, roughly
comparable to that expected for the S/N > 5 cut we make when
masking sources in our fiducial analysis (Planck Collaboration
XXVIII 2013). The shot noise measured at 217 GHz is lower, as
expected given the smaller contribution from radio sources, with
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maps). To match the power spectrum of these simulations to the
power spectrum of the data maps, we find it is necessary to add
extragalactic foreground power following the model in Sect. 4,
with Acib = 18 µK2 and Asrc = 28 µK2. The resulting simula-
tions have a power spectrum which agrees with that of the CMB
map estimate based on the data to better than 2% at l < 2048.
This could be improved slightly by tailoring a specific correc-
tion for each map. We also add homogeneous pixel noise with a
level of 12 µK arcmin. If we neglected this power, the agreement
would be only at the 8% level, primarily due to the noise term
(the Acib and Asrc contributions are each at the level of 1 � 2%).
Due to the procedure which we use to subtract the disconnected
noise bias (Eq. 17) from our lensing power spectrum estimates,
the inclusion of these components does not significantly a�ect
our results, but comparison with the values used for our single-
frequency simulations in Sect. 4 are a useful indicator of the ex-
tent to which the foreground separation algorithms are able to
remove extragalactic foreground power in the high- regime.

As already discussed, our results on the component-
separated CMB maps are presented in Fig. 18. Because the
CMB and FFP6 noise components of the foreground-cleaned
map simulations are the same as those used to characterize
our fiducial lens reconstruction, we can measure the expected
scatter between the foreground separated maps and our fidu-
cial reconstruction. This scatter will be slightly overestimated
because we have not attempted to coherently model the con-
tribution to the reconstruction noise from residual di�use ex-
tragalactic foreground power. For the eight bins in 40 ⌅ L ⌅
400 on which our fiducial likelihood is based, we measure a
⇤2 for the di�erence between our fiducial reconstruction and
the corresponding foreground-cleaned reconstruction of ⇤2 =
(3.14, 4.3, 2.5, 14.7) for nilc, smica, sevem, and ruler respec-
tively. These ⇤2 values associated have probability-to-exceed
(PTE) values of (79%, 64%, 86%, 2%) respectively. At the level
which we are able to test, the nilc, smica, and sevem foreground-
cleaned maps give results which are quantitatively consistent
with our fiducial reconstruction. There is more scatter between
our fiducial reconstruction and the ruler map than expected
from simulations, as evidenced by a very high ⇤2 for the dif-
ference, however as can be seen in Fig. 18, there are not any
clear systematic di�erences. Indeed, the discrepancy for the bins
plotted in Fig. 18 (which di�er somewhat from the linear bins
used in our likelihood) is much less significant than for the bins
of our fiducial likelihood.

When using the component separated maps above, we have
used the same fsky = 0.7 Galactic mask as for our MV result, al-
though the confidence regions associated with each foreground
cleaned map allow more sky, ranging up to fsky = 0.94 for the
nilc method. We have used the metis pipeline (described later
in Sect. 7.5) to test whether this improved sky coverage could
benefit our lens reconstruction. The same method has been used
in (Planck Collaboration XII 2013) to evaluate possible biases
to lens reconstruction induced by these methods using the FFP6
simulated CMB realization, described in Planck Collaboration I
(2013), indicating that the di�erent component separation algo-
rithms do not alter significantly the lensing signal (at the level
which can be tested on a single simulation). Analyzing the nilc
map, which has the largest confidence region, we find that we
can increase the usable sky surface up to fsky = 0.87 without
encountering significant Galactic contamination. In Fig. 19 we
show the striking improvement in sky coverage on the nilc map.
smica and sevem are very similar; we have not considered ruler
because of its larger noise level.

Power spectrum estimates at this mask level show consis-
tency with the MV reconstruction within two standard devia-
tions of the measurement uncertainty. The increased sky cover-
age does not bring significant improvements in the error-bars of
the power spectrum, however. Using Eq. 20 as an estimate of the
power spectrum variance, the larger sky coverage yields only a
3.5% improvement at L < 40 over the MV result, decreasing
down to 0 at L = 400. This could be due to the di�erent weight-
ing used in the component separation compared to the one of
the MV map, which results in slightly noisier maps for our pur-
pose. While the component separated maps allow for a reduced
mask maintaining a robust lensing potential estimation, they lead
to a marginal improvement of the power spectrum uncertainties.
Nevertheless, their agreement with the MV result is reassuring.

MV, fsky = 0.70

nilc, fsky = 0.87

Fig. 19. Wiener-filtered potential maps in Galactic coordinates,
as in Fig. 8, plotted here in Mollweide projection. Top is the MV
reconstruction, bottom is an extended reconstruction on the nilc
component-separated map.

7.2. Point Source Correction

As can be seen in Table 1, the unresolved point source shot
noise correction in any individual band for our MV likelihood
is on the order of a few percent, reaching up to 6% for the
highest multipole bands. Averaged over the 40 ⌅ L ⌅ 400
band, the shot noise correction amounts to a 2% shift in the am-
plitude of Ĉ⇥⇥

L , which is small but non-negligible compared to
our statistical uncertainty of 4%. Physically, the amplitude of
our source corrections are reasonable; at 143 GHz we measure
Ŝ 4

143 = (1.3 ± 0.6) ⇥ 10�12 µK4. From the radio point source
model of De Zotti et al. (2010), this corresponds to an e�ec-
tive flux cut of approximately 150mJy at this frequency, roughly
comparable to that expected for the S/N > 5 cut we make when
masking sources in our fiducial analysis (Planck Collaboration
XXVIII 2013). The shot noise measured at 217 GHz is lower, as
expected given the smaller contribution from radio sources, with
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Histogram of number (or mass) versus redhsift 

Planck Collaboration: Cosmology from SZ clusters counts

Table 2. Best-fit cosmological parameters for various combinations of data and analysis methods. Note that for the analysis using Watson et al.
mass function, or (1-b) in [0.7-1], the degeneracy line is different and thus the value of �8(⌦m/0.27)0.3 is just illustrative

�8(⌦m/0.27)0.3 ⌦m �8 1 � b

Planck SZ +BAO+BBN 0.782 ± 0.010 0.29 ± 0.02 0.77 ± 0.02 0.8
Planck SZ +HST+BBN 0.792 ± 0.012 0.28 ± 0.03 0.78 ± 0.03 0.8
MMF1 sample +BAO+BBN 0.800 ± 0.010 0.29 ± 0.02 0.78 ± 0.02 0.8
MMF3 S/N > 8 +BAO+BBN 0.785 ± 0.011 0.29 ± 0.02 0.77 ± 0.02 0.8
Planck SZ +BAO+BBN (MC completeness) 0.778 ± 0.010 0.30 ± 0.03 0.75 ± 0.02 0.8
Planck SZ +BAO+BBN (Watson et al. mass function) 0.802 ± 0.014 0.30 ± 0.01 0.77 ± 0.02 0.8
Planck SZ +BAO+BBN (1 � b in [0.7, 1.0]) 0.764 ± 0.025 0.29 ± 0.02 0.75 ± 0.03 [0.7,1]
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Fig. 7. Distribution in redshift for the clusters of the Planck cos-
mological sample. The observed number counts (red), are com-
pared to our best model prediction (blue). The dashed and dot-
dashed lines are the best models from the Planck SZ power spec-
trum and Planck CMB power spectrum fits, respectively. The
uncertainties on the observed counts, shown for illustration only,
are the standard deviation based on the observed counts, except
for empty bins where we show the inferred 84% upper limit
on the predicted counts assuming a Poissonian distribution. See
Sect. 6 for more discussion.

To investigate how robust our results are when changing our
priors, we repeat the analysis substituting the HST constraints
on H0 for the BAO results. Figure 6 (black contours) shows that
the main effect is to change the best-fit value of H0, leaving the
(⌦m,�8) degeneracy almost identical.

5.2. Robustness to observational sample

To test the robustness of our results, we performed the same anal-
ysis with different sub-samples drawn from our cosmological
sample or from the PSZ, as described in Sect. 3, following that
section’s discussion of completeness. Figure 8 shows the likeli-
hood contours of the three samples (blue, MMF3 S/N > 8; red,
MMF3 S/N > 7; black, MMF1 S/N > 7) in the (⌦m,�8) plane.
There is good agreement between the three samples. Obviously
the three samples are not independent, as many clusters are com-

Fig. 8. 95% contours for different robustness tests: MMF3 with
S/N cut at 7 in red; MMF3 with S/N cut at 8 in blue; and MMF1
with S/N cut at 7 in black; and MMF3 with S/N cut at 7 but as-
suming the MC completeness in purple.

mon, but the noise estimates for MMF3 and MMF1 are different
leading to different selection functions. Table 2 summarizes the
best-fit values.

We perform the same analysis as on the baseline cosmologi-
cal sample (SZ+BAO+BBN), but assuming a different computa-
tion of the completeness function using the Monte Carlo method
described in Sect. 3. Figure 8 shows the change in the 2D like-
lihoods when the alternative approach is adopted. The Monte
Carlo estimation (in purple), being close to the analytic one,
gives constraints that are similar, but shifts the contour along
the (⌦m,�8) degeneracy.

5.3. Robustness to cluster modelling

A key ingredient in the modelling of the number counts is the
mass function. Our main results adopt the Tinker et al. mass
function as the reference model. We use the Watson et al. mass
function to check for possible differences in our results due to
the most massive/extreme clusters. Figure 9 shows the 95% con-
tours when the different mass functions are assumed. The main
effect is a change in the slope of the degeneracy between⌦m and
�8, moving the best-fit values by less than 1�.

We also relax the assumption of standard evolution of the
scalings with redshift by allowing � to vary with a Gaussian prior
taken from Planck Collaboration X (2011), � = 0.66±0.5. Once
again, the contours move along the �8–⌦m degeneracy direction
(shown in blue in Fig. 9).
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Palanque-Delabrouille, N. et al.: 1D Lyman-α power spectrum from BOSS
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Fig. 20: One-dimensional Lyα forest power spectrum ob-
tained with the Fourier transform method (top plot) and
the likelihood method (bottom plot). The metal contribution
estimated in Sec. 6.1, is subtracted. The power spectrum is
fitted with the empirical function of Eq.14.

To compare the measured power spectrum for SDSS and
BOSS, and also to compare the results of the Fourier trans-
form and the likelihood methods in a quantitively way,
we define an empirical function P emp with which we fit
each power spectrum distribution. This function, written
in Eq. 14, has five free physical parameters: an amplitude
AF corresponding to the amplitude of the power spec-
trum at the pivot mode k0 and redshift z0, a slope nF =
d lnP/d ln k|(k0,z0), a curvature αF = d lnnF /d ln k|(k0,z0),
and two parameters, BF and βF , that model the redshift
evolution of the power spectrum. In addition, we intro-
duce nuisance parameters to take the correlation between
H i and Si iii into account (parameter a in Eq. 14), and
the imperfection of our resolution and noise models. We
choose a pivot point in the middle of our measurements,
k0 = 0.009 (km/s)−1 and z0 = 3.0. The results of the fits
are summarized in Table 3. The agreement between the
different methods and datasets is good. All five parameters
are within 1 or 2σ of one another.

k P emp(k, z)

π
= AF ×

!

k

k0

"3+nF+αF ln( k
k0

)+βF ln( 1+z
1+z0

)

×
!

1 + z

1 + z0

"BF
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Fig. 21: Comparison of the 1D Lyα forest power spec-
trum obtained in BOSS and in SDSS (see McDonald et al.
(2006)) over the redshift range, z = [2.1 − 4.3]. For
BOSS, we show the results for the two methods, Fourier
transform and likelihood, and we use the same k bins as
in McDonald et al. (2006).

×(1 + a2 + 2 a cos(∆v k)) (14)

Table 3: Results of the fit by the empirical function
P emp(k, z) (see definition in Eq. 14) of the SDSS and BOSS
datasets over the redshift range, z = [2.1− 4.3]. These five
parameters should not be used for any quantitative science
since the χ2 remain ∼ 1.4 even after adding nuisance pa-
rameters in the fit.

Parameter SDSS BOSS BOSS
FT likelihood

AF 0.062 ± 0.002 0.067 ± 0.001 0.064 ± 0.001
nF −2.64 ± 0.04 −2.50± 0.02 −2.55± 0.02
αF −0.13 ± 0.02 −0.08± 0.01 −0.10± 0.01
BF 3.3 ± 0.14 3.36± 0.06 3.55 ± 0.07
βF −0.28 ± 0.09 −0.29± 0.04 −0.28± 0.05

Tables 4 and 5 summarize, for each redshift bin, the
results for the 1D Lyα forest power spectrum. They are
available in their entirety in the online edition.2 The dif-
ferent components (P1D, Pnoise and Pmetals) are given in
these tables. In Pmetals we consider only the uncorrelated
background computed in Sec. 6.1. The last two columns rep-
resent the statistical and systematical uncertainty on P1D.
We added in quadrature all the systematic uncertainties
studied in Sec. 5.2. The correlation matrices are illustrated
in Fig. 22 for the first eight redshift bins that are used
in Sec. 7 for the cosmological interpretation. The maxi-
mum correlation is at the level of ∼ 20% for neighboring
k−modes, and the correlation rapidly drops to < 10%.

2 Online edition and full tables available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5), or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/.

16

Flux power spectrum  
(related to 1-D matter spectrum) 

Palanque-Delabrouille et al., 1306.5896 



Observations probe very different times and scales 

 

25.03.2013 Planck implications for cosmology – J. Lesgourgues 18 

CMB primary 
anisotropies 

z~1100 

Lyman-α 
z~2-4 

(very small 
scales) 

CMB 
lensing 
z~1-3 

galaxies 
z~0-2 



Dominant DM component 

12.12.2013 CMB & DM – J. Lesgourgues 19 



6.02.2014 CMB & DM – J. Lesgourgues 20 

CMB = best probe of Dark Matter 

       Evidence for missing mass of non-relativistic species (like rotation curves!) 

        CMB measures accurately:  

•  baryon density (first peaks asymmetry),                                       

•  total matter density (radiation-matter equality, first peaks height) 

•  ωb~0.022,      ωm~0.142,      need    ωdm~ 0.1199 ± 0.0027 (68%CL) :   44σ detection! 

Planck XVI 2013 

•  Supported by Large Scale Structure (matter spectrum shape) and astrophysics 

 0

 1

 2

 3

 4

 5

 6

 7

 8

 9

 10  100  1000

l(l
+1

)/2
pi

 C
l  

 (x
10

10
)

l

tm



6.02.2014 CMB & DM – J. Lesgourgues 21 

CMB/LSS and nature of (dominant) Dark Matter 

 
•  For CMB and LSS: Dark Matter required to be  

•  not interacting as much as ordinary electromagnetic interactions 
•  not hot (small velocities) 
 

•  but totally unknown nature: 
•  WIMPS, non-weakly interacting;       
•  annihilating, decaying, stable;  
•  cold or warm;      
•  collisionless, self-interacting;      
•  oscillating scalar fields;  
•  … 

? 



Possible properties of DM 
    Warm,     Self-interacting             Annihilation,   Decay                Elastic Scattering 
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Case 1: warm or self-interacting 
CUT-OFF in matter power spectrum (not in CMB spectrum on same scales) 

 
•  For decoupled DM, CMB does not probe clustering properties of DM 

with two WDM masses m
1

= 500 eV and m
2

= 1000 eV. In figure 8, the solid lines show
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Figure 8. Power spectra of two pure WDM models, with a Dodelson-Widrow mass m
1

= 500 eV
(red) or m

2

= 1000 eV (green), compare to those of a CDM model with the same cosmological
parameters. In both plots, solid lines refer to matter power spectra P (k), dashed lines to unlensed
CMB spectra and dotted lines to lensed CMB spectra. However the dashed and dotted lines account
for temperature on the left panel, and for polarisation on the right panel.

the ratio of the respective matter power spectra P (k). We see the free-streaming cut-o↵,
which appears at a twice larger wavenumber k

cut

for the mass m
2

. Note that this cut-o↵
is imprinted at a very high redshift z

nr

(when WDM becomes non-relativistic), and keeps a
fixed shape in comoving wavenumber space for z < z

nr

. Hence the figure shows the ratio of
the power spectra calculated at any redshift z < z

nr

, including the redshift of recombination,
or z = 0.

Instead of plotting the matter power spectrum as a function of k, we show it as a
function of the dimensionless number k(⌧

0

�⌧
rec

): this corresponds to the multipole to which
this comoving wavenumber contributes maximally at the time recombination. In the models
of figure 8, the quantity (⌧

0

� ⌧
rec

) is equal to 9530h�1Mpc. With such a rescaling, we can
compare directly features in the matter power spectrum and in the primary CMB anisotropy
spectra.

If the gravitational coupling between DM and photons played a role, we would expect
the CMB temperature and polarisation spectra to be suppressed at the same scale l

cut

=
k
cut

(⌧
0

�⌧
rec

) as the matter power spectrum. Indeed, on the scale where the cut-o↵ is visible,
the CDM model has a ratio of DM over photon density perturbations (⇢

c

�
c

)/(⇢
�

�
�

) much
larger than one during the end of radiation domination and throughout matter domination.
Hence, beyond l

cut

, one may naively expect that gravitational e↵ects are more important in
the CDM case than in the WDM case, and a feature should be visible in the CMB spectra.

But this is without counting on the e↵ective gravitational decoupling discussed in the
previous sections. We know that in the CDM case, DM perturbations are only relevant for
slow modes, while the CMB is dominated by fast modes at least on intermediate scales. This
conclusion can easily be extended to WDM. At very high redshift, when WDM is relativistic,
it behaves like massless neutrinos, and it couples to fast modes. However the impact of WDM
on fast modes is negligible, because WDM can only represent a tiny fraction of the radiation
background. Indeed, any DM model reasonably fitting observations must have a background
density scaling like a�3 for an extended period of time before recombination9. Extrapolating

9This would not be true for a very small mass (e.g. a Dodelson-Widrow mass m ⌧ 100 eV) for which dark
matter would almost be hot.
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CUT-OFF SCALE depends on velocity dispersion (<p>/m) or sound speed 

 
•  For decoupled DM, CMB does not probe clustering properties of DM 

The effective gravitational decoupling between dark matter and the CMB  
Luc Voruz, Julien Lesgourgues, and Thomas Tram, JCAP, arXiv:1312.5301  



•  best constraints from Lyman-alpha:    <p>/m ~ T/m < …  

•  Thermal WDM: T given by ΩDM ~ 0.23:  

    m > 4 keV (95%CL) 

•  Non-resonantly produced sterile neutrinos: T given by Tν : 

    m > 28 keV (95%CL)	


•  Resonantly produced sterile neutrino: like CDM+WDM. Loose bound :  

    m > 2 keV (95%CL) 

•  X-ray bounds exclude NRP sterile neutrino 

•  X-ray line at 3.5 keV: 3σ evidence for sterile neutrinos with m = 7 keV 
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Case 1: warm or self-interacting 

Bulbul et al. 1402.2301; Boyarsky et al. 1402.4119 

Viel et al. 2007, 2013 

Viel et al. 2007, 2013 

Viel et al. 2007, 2013 

Boyarsky et al. 2009 



6.02.2014 CMB & DM – J. Lesgourgues 27 

DM               DM   DM                         DM  DM          DM                             DM      ? 

DM               DM   DM                          ?      ?          ?      ?                           DM      ? 

CMB 
LSS 

 

CMB 
LSS 

Cosmic Rays 

CMB 
LSS 

Direct DM detection 

    Warm,     Self-interacting             Annihilation,   Decay                Elastic Scattering 

Case 2: annihilating or decaying 
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Case 2: annihilating or decaying 

•  DM à hadrons, leptons, gauge bosons à    …   à electrons, neutrinos, photons 
•  Ionization of thermal plasma 
•  Heating of thermal plasma               (unless 100% in neutrinos) 
•  Hydrogen excitation  
 

•  Modification of recombination and reionisation history 
•  Effects depends on σ/m or τ , and on annihilation/decay channel 
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Case 2: annihilating or decaying 

CMB photons shedding light on Dark Matter 
G. Giesen, J. Lesgourgues, B. Audren, Y. Ali-Haimoud 2012, JCAP, arXiv:1209.0247 
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Figure 8: Free electron fraction and matter temperature for p
ann

= 0, 10�6 and 10

�5 m3s�1kg�1

(from bottom to top) and different values of f
h

and z
h

, compared to the usual results for p
ann

= 0

and a single-step model for reionization from stars. All curves were obtained using hyrec in mode
RECFAST.

free electron fraction explodes and oscillates very rapidly already for small value of our
parameters fh and zh. With hyrec in FULL modes, the only problem is that for large
values of zh and fh, the ratio TM/Tr may exceed one, falling outside the range of one
interpolation tables. The RECFAST mode of hyrec is always well behaved.

The right plot in figure 8 shows that the matter temperature increases a lot due DM
annihilation in halos. Note also that for extreme values of the temperature TM > 2⇥10

4 K,
using RECFAST’s case-B recombination coefficient becomes inaccurate [45]. We will see
anyway in section 4.6 that such large values are in contradiction with constraints on the
temperature of the inter-galactic medium at z  4, as inferred from Lyman-↵ observations:
this will provide an addition constraint on the DM annihilation rate.

The signature of DM annihilation on the primary CMB anisotropy spectrum is found
to be very similar to that of reionization. In addition to the peak shifting and damping
due to a non-zero pann parameter, the halo effect controlled mainly by fh leads to an
overall suppression of temperature/polarization power for l > 30, and an enhancement of
polarization for l < 30. We can anticipate that the CMB alone can hardly discriminate
between the contribution of reionization from stars and from halos, since the CMB spectra
probe mainly the optical depth, i.e. the integral of xe over time. However, the fact that
DM induces a slow reionization process starting at high redshift4 implies that the step-
like suppression of temperature and the low-l polarization bump are smoother and wider
than with the default reionization model. To illustrate this, we compare in figure 9 the
low-l polarization spectrum for two models with the same optical depth. Accurate CMB
polarization data limited only by cosmic variance on large angular scale may probe such a

4
In the CMB analysis of the next subsections, zh is found in the range from 20 to 30, implying that

halos start contributing between 40 and 60, well before star formation.

21

study separately in the next section. Since the two regimes have a rather different impact on
the CMB spectra, it is legitimate to split the discussion in this way. DM annihilation effects
on the CMB at high redshift have been thoroughly investigated by Galli et al. [6, 9, 10].
In this section, we will only update previous results, before exploring new models including
halo effects in the next section.

For simplicity, we first assume in subsections 3.1, 3.2, 3.3 that the annihilation pa-
rameter pann is independent of redshift, as in [6, 9]. We will relax this assumption in
subsection 3.4.

3.1 Annihilation effects on xe and TM

In figure 2, we show the evolution of xe(z) and TM(z) computed with either recfast or
hyrec for four values of the annihilation parameter. We tested recfast and hyrec
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Recfast: Hswitch=1

Recfast: Hswitch=0

Hyrec: Recfast

Hyrec: Full

Figure 2: Free electron fraction and matter temperature as a function of the redshift with, from
bottom to top, p

ann

= 0, 10�6, 5· 10�6 or 10

�5 m3s�1kg�1. For each value of p
ann

, we used either
recfast or hyrec, and two different options for each of the two codes; the four results agree to
better than a few percent, and the difference would be indistinguishable on the plots.

in two modes: for recfast, with or without taking into account the hydrogen physics ef-
fects described in [35] (using the switch Hswitch), and for hyrec, using the mode RECFAST
(mimicking a simplified version of recfast) and FULL (including a state-of-the art descrip-
tion of an effective multi-level hydrogen atom as well as radiative transfer near the Lyman
lines). The FULL mode uses interpolation tables requiring TM < Tr. This is the case at all
times provided that the annihilation parameter does not exceed pann  3· 10�6 m3s�1kg�1.
In order to test hyrec/FULL above this value, we removed the condition TM < Tr from the
code, letting it extrapolate from the table. For all used values of pann, TM never exceeds Tr

by a large fraction and the extrapolation is therefore accurate.
In the results presented in figure 2, we assumed a ⇤CDM model without reionization.

The first two small steps seen on the electron fraction curve correspond to the two helium

8

ionisation fraction 
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Case 2: annihilating or decaying 

CMB photons shedding light on Dark Matter 
G. Giesen, J. Lesgourgues, B. Audren, Y. Ali-Haimoud 2012, JCAP, arXiv:1209.0247 
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Delayed 
recombination 

Enhanced 
damping 

rescattering at 0 < z < 1000 
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Case 2: annihilating or decaying 
•  Bounds from WMAP7/9 and Planck 2003 very similar        Madhavasheril et al. 2013 

•  progress expected with Planck polarisation 
 
Annihilation: VERY INTERESTING RESULTS compared to direct/indirect detection 
•  Currently excludes DM intepretation of AMS/Pamela positron anomaly if 

annihilation is Sommerfeld-enhanced (m~TeV) 
•  Marginal agreement with Fermi anomaly (inner galaxy) (m~20-40 GeV), but can 

be excluded with Planck polarisation 
•  … unless DM annihilation cross-section enhanced in halos (p-wave) 
•  … conclusions based on recombination effects, not reionisation 
 
Decay: 
•  … not as strong as cosmic ray bounds (unless for specific decay channels) 
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Direct DM detection 

    Warm,     Self-interacting             Annihilation,   Decay                Elastic Scattering 

Case 3: DM interactions (elastic scattering) 
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DM               DM   DM                         DM  DM          DM                             DM      ? 

DM               DM   DM                          ?      ?          ?      ?                           DM      ? 

CMB 
LSS 

Direct DM detection 

    Warm,     Self-interacting             Annihilation,   Decay                Elastic Scattering 

Case 3: DM interactions (elastic scattering) 

•  For WIMPS: weak interactions (with quarks, neutrinos) too 
small to leave any signature on CMB/LSS 

 
•  More generally: many reasonable DM models predict 

interactions with photons / baryons / neutrinos / other dark 
species with intermediate strength between weak and 
electromagnetic 

     (minicharged, asymmetric, magnetic/dipole moment, …) 

•  Direct detection provide constraints, limited to quarks and to 
restricted mass range 

•  CMB/LSS constraints are universal  
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Case 3: DM interactions (elastic scattering) 

•  DM-photons 

•  Collisional damping erasing CMB and/or matter fluctuations below given scale 

Wilkinson, JL & Boehm 1309.7588  
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FIG. 1: The effect of DM–g interactions on the T T (left) and EE (right) components of the CMB angular power spectrum, where the strength
of the interaction is characterised by u ⌘

⇥
sDM�g/sTh

⇤
[mDM/100 GeV]�1 (u = 0 corresponds to zero DM–g coupling) and sDM�g is constant.

For all the curves, we consider a flat LCDM model with H0 = 70 km s�1 Mpc�1 (h = 0.7), WL = 0.7, Wm = 0.3 and Wb = 0.05, where u
is the only additional parameter. The new coupling has two main effects: i) a suppression of the small-scale peaks due to a combination of
collisional damping and a delayed photon decoupling, and ii) a shift in the peaks to larger ` due to a decrease in the sound speed of the thermal
plasma. (Note that u = 10�4 is difficult to distinguish from u = 0 at this scale).

C. Effect of DM–g interactions on the CMB spectrum

The impact of DM–g interactions on the T T and EE
components of the CMB angular power spectrum generated
by CLASS is illustrated in Fig. 1 for specific values of the
parameter u ⌘

⇥
sDM�g/sTh

⇤
[mDM/100 GeV]�1. Here we

take the DM� g cross section to be constant, however, we note
that similar effects are observed for temperature-dependent
cross sections.

For illustrative purposes, we consider a flat LCDM
cosmology, where the energy content of the Universe is
divided between baryons (Wb = 0.05), dark matter (WDM =
0.25) and dark energy in the form of a cosmological constant
(WL = 0.7). We select a present-day value for the Hubble
parameter of H0 = 70 km s�1 Mpc�1 (h = 0.7) and a
standard value of 3.046 for the effective number of neutrino
species [47].

There are two important effects on the relative amplitude
and position of the Doppler peaks with respect to standard
LCDM, both of which can be used to constrain the DM–g
elastic scattering cross section.

Firstly, the DM–g interactions induce collisional damping
(see Ref. [32, 34]), thus reducing the magnitude of the
small-scale peaks and effectively cutting off the angular
power spectrum at lower values of `. For very large
cross sections, this effect is enhanced by a delay in the
epoch of photon last-scattering, increasing the width of the
last-scattering surface. Secondly, the presence of significant
DM–g interactions decreases the sound speed of the thermal
plasma [33]. Acoustic oscillations have a lower frequency,
leading to a shift in the position of the Doppler peaks to larger
`.

We note that there is a slight enhancement of the first

acoustic peak with respect to LCDM (⇠ 0.1% in T T and
⇠ 0.3% in EE for u = 10�4) due to a decrease in the diffusion
length of the photons.

As expected, these effects are enhanced for a larger cross
section or a smaller DM mass (i.e. a greater number density
of DM particles for the same relic density), corresponding to
a larger value of u and a later epoch of DM–g decoupling.
Therefore, by fitting the T T and EE components of the CMB
spectrum with cosmological data, one can constrain the value
of u and thus determine the maximal scattering cross section
that is allowed for a given DM mass.

III. RESULTS AND OUTLOOK

In this section, we present our constraints on the DM–g
elastic scattering cross section, which is considered to be
either constant or proportional to the temperature squared. We
discuss important features of the temperature and polarisation
spectra in the presence of DM–g interactions and outline
prospects for future CMB experiments.

A. Constraints from the Planck One-Year Data Release

To fit our model to the data, we varied the parameters
of the minimal flat LCDM cosmology, namely: the
baryon density (Wbh2), the dark matter density (WDMh2),
the scalar spectral index (ns), the primordial spectrum
amplitude (As), the reduced Hubble parameter (h) and the
redshift of reionisation (zreio), supplemented by the additional
parameter characterising the DM–g interaction strength, u ⌘⇥
sDM�g/sTh

⇤
[mDM/100 GeV]�1.

http://class-code.net 
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Case 3: DM interactions (elastic scattering) 

•  DM-neutrinos 

•  Neutrino cluster more due to their interactions, more gravity boost of photon-baryon fluid 
•  higher damping tail (dominant effect for small cross section) 

http://class-code.net 

Wilkinson, Boehm & JL, 1401.7597  

2

In most cases, the scattering cross section between DM and
neutrinos, sDM�n, will have one of two distinct behaviours:
either constant (like Thomson scattering) or proportional to
the temperature squared (in analogy to neutrino–electron
scattering). This will depend on the particle physics model
that is being considered (see Ref. [37] for specific examples).

To quantify the effect of DM–neutrino interactions on the
evolution of primordial density fluctuations, we introduce the
dimensionless quantity

u ⌘


sDM�n
sTh

�h mDM

100 GeV

i�1
, (2)

where sTh is the Thomson cross section.
Since the magnitude of the u parameter determines

the collisional damping scale [10], the efficiency of
small-scale suppression is essentially governed by the ratio
of the interaction cross section to the DM mass. For
temperature-dependent cross sections, we can write u =
u0 a�2, where u0 is the present-day value and a is the
cosmological scale factor (normalised to unity today).

III. RESULTS

In this section, we present our constraints on the
DM–neutrino elastic scattering cross section from the CMB
angular power spectrum (Sec. III A) and LSS matter power
spectrum (Sec. III B) using the modified version of CLASS
described above.

A. Cosmic Microwave Background

The impact of DM–neutrino interactions on the CMB
angular power spectrum is illustrated in Fig. 1 for specific
values of the parameter u ⌘ [sDM�n/sTh] [mDM/100 GeV]�1.
We consider a flat LCDM model (with the only addition
being the DM–neutrino coupling), where the cosmological
parameters are taken from the one-year data release of
Planck [32]. We show the impact of a constant cross
section in Fig. 1, however, the effects are similar for
temperature-dependent cross sections.

In the T T (top panel) and EE (middle panel) components
of the CMB spectrum, we see an increase in the magnitude of
the Doppler peaks and a slight shift to larger l with respect to
vanilla LCDM (u = 0), which can be understood as follows:

The shape of the CMB spectrum is affected by the
gravitational force felt by the coupled photon–baryon fluid
before decoupling. In principle, this force receives
contributions from the distribution of free-streaming neutrinos
and from that of slowly-clustering DM. In fact, when
decomposing the solution to the system of cosmological
perturbations into slow modes and fast modes [40, 41],
one sees that the photon–baryon and neutrino perturbations
are described by fast modes, while the DM perturbations
are described by slow modes. This implies that the
photon–baryon fluid only has significant gravitational
interactions with the free-streaming neutrinos.
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FIG. 1: The effect of DM–neutrino interactions on the T T (top),
EE (middle) and BB (bottom) components of the angular power
spectrum, where u ⌘ [sDM�n/sTh] [mDM/100 GeV]�1 (such that
u = 0 corresponds to no coupling). We take sDM�n to be constant
and use the ‘Planck + WP’ best-fit parameters from Ref. [32].
The data points in the BB spectrum are recent measurements from
the SPTpol experiment [38], where the three datasets correspond
to (Ê150f̂CIB) ⇥ B̂150, (Ê95f̂CIB) ⇥ B̂150 and (Ê150f̂CIB) ⇥ B̂150

c
respectively in Ref. [39]. The new coupling enhances the peaks in
the T T and EE spectra, while significantly damping the B-modes.

σ/m 
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Case 3: DM interactions (elastic scattering) 

•  DM-baryons 

•  DM-Dark Radiation 

 
•  DM-Dark Energy 

Dvorkin, Blum, Kamionkowski 1311.2937  

Cyr-Racine, de Putter, Raccanelli, Sigurdson 1310.3278  

… 
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Case 3: DM interactions (elastic scattering) 

Also effects in matter power spectrum: 
 

                      DM-photons                                                DM-neutrinos 

                   
 
                                      CMB bounds can be tightened by Lyman-α	
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FIG. 3: A comparison between the T T angular power spectra for the maximally allowed (constant) DM–g cross section (u ' 10�4), and the
9-year WMAP [3] and one-year Planck [41] best-fit data. Also plotted are the full 3-year data from the SPT [4] and ACT [5] telescopes. On
the left, we see a suppression of power with respect to WMAP-9 and Planck for ` & 3000 and on the right, we give our prediction for the T T
component of the angular power spectrum at high `.
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FIG. 4: The effect of DM–g interactions on the B-modes of the
angular power spectrum, where the strength of the interaction
is characterised by u ⌘

⇥
sDM�g/sTh

⇤
[mDM/100 GeV]�1 (with a

constant sDM�g) and we use the ‘Planck + WP’ best-fit parameters
from Ref. [41]. The data points are the recent B-mode polarisation
measurements from the SPT experiment, where SPTpol 1, SPTpol
2 and SPTpol 3 refer to (Ê150f̂CIB) ⇥ B̂150, (Ê95f̂CIB) ⇥ B̂150 and
(Ê150f̂CIB) ⇥ B̂150

c respectively in Ref. [54]. For the maximally
allowed (constant) DM–g cross section (u ' 10�4), we see a
deviation from the Planck best-fit LCDM model for ` & 500 and a
significant suppression of power for larger `.

Fig. 1) and the matter power spectrum (see Fig. 5). While the
overall effect is small for u . 10�4, if we consider ` & 500,
one can use the B-modes alone combined with the first-season
SPTpol data [54] to effectively rule out u & 5⇥10�3. In fact,
future polarisation data from e.g. SPT [4], POLARBEAR [55]
and SPIDER [56] could be sensitive enough to distinguish
u ' 10�5 from LCDM.

Finally, the matter power spectrum may provide us with
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FIG. 5: The influence of DM–g interactions on the matter power
spectrum, where the strength of the interaction is characterised by
u ⌘

⇥
sDM�g/sTh

⇤
[mDM/100 GeV]�1 (with a constant sDM�g) and

we use the ‘Planck + WP’ best-fit parameters from Ref. [41]. The
new coupling produces (power-law) damped oscillations at large
scales, reducing the number of small-scale structures, thus allowing
the cross section to be constrained. For allowed (constant) DM–g
cross sections (u . 10�4), significant damping effects are restricted
to the non-linear regime (k & 0.2 h Mpc�1).

an even stronger limit on the DM–g interaction cross section
(see Fig. 5). The pattern of oscillations together with the
suppression of power at small scales, as noticed already in
Ref. [33], could indeed constitute an interesting signature.
The observability of such an effect depends on the non–linear
evolution of the matter power spectrum (for which k &
0.2 h Mpc�1). Typically, one would expect it to be somewhat
intermediate between cold and warm dark matter (WDM)

http://class-code.net 

5

if it is constant and

sDM�n,0 . 10�35 (mDM/GeV) cm2 , (8)

if it is proportional to the temperature squared.
Forthcoming polarisation data from e.g. Planck [4],

ACTpol [48], POLARBEAR [49] and SPIDER [50] will
improve these results and could provide us with a powerful
tool to study DM interactions in the future.

B. Large-Scale Structure

The effects of introducing DM–neutrino interactions on the
matter power spectrum, P(k), are shown in Fig. 2 (where
for simplicity, we assume that the cross section is constant).
We obtain a series of damped oscillations, which suppress
power on small scales (see Ref. [10]). For the cross sections
of interest, significant damping effects are restricted to the
non-linear regime (for which k & 0.2 h Mpc�1).

In general, the reduction of small-scale power for a DM
candidate is described by a transfer function, T (k), defined by

P(k) = T 2(k) PCDM(k) , (9)

where PCDM(k) is the equivalent matter power spectrum for
CDM.

For a non-interacting warm DM (WDM) particle, the
transfer function can be approximated by the fitting
formula [51]:

T (k) = [1+(ak)2n]�5/n , (10)

where

a =
0.049

h Mpc�1

⇣mWDM

keV

⌘�1.11
✓

WDM

0.25

◆0.11✓ h
0.7

◆1.22
, (11)

n ' 1.12 and mWDM is the mass of the warm thermal relic [52].
From Fig. 2, one can see that cosmological models

including DM–neutrino interactions can provide an initial
reduction of small-scale power in a similar manner to the
exponential cut-off of WDM. The presence of damped
oscillations is unimportant for setting limits since we are only
interested in the cut-off of the spectrum and the power is
already significantly reduced by the first oscillation. However,
we note that this difference could allow one to distinguish the
two models in high-resolution N-body simulations [53].

Using an analysis of the Lyman-a flux from the HIRES [54]
and MIKE spectrographs [55], Ref. [33] obtained a bound
on the free-streaming scale of a warm thermal relic,
corresponding to a particle mass of mWDM ' 3.3 keV (or
equivalently, a ' 0.012). This constraint is represented by
the solid grey curve in Fig. 2.

By comparing models of DM–neutrino interactions with
WDM, we can effectively rule out cross sections in
which the collisional damping scale is larger than the
maximally-allowed WDM free-streaming scale. Taking into
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FIG. 2: The impact of DM–neutrino interactions on the matter power
spectrum, where u ⌘ [sDM�n/sTh] [mDM/100 GeV]�1 (such that
u = 0 corresponds to no coupling). We take sDM�n to be constant
and use the ‘Planck + WP’ best-fit parameters from Ref. [32]. The
solid grey curve represents the most recent constraint on warm DM
models from the Lyman-a forest [33]. The new coupling produces
(power-law) damped oscillations, reducing the number of small-scale
structures with respect to vanilla LCDM [10].

account the freedom from the other cosmological parameters,
we obtain the conservative upper bounds:

sDM�n . 10�33 (mDM/GeV) cm2 , (12)

if the cross section is constant and

sDM�n,0 . 10�45 (mDM/GeV) cm2 , (13)

if it scales as the temperature squared.
These limits are significantly stronger than those obtained

from the CMB analysis in Sec. III A and will improve
further with forthcoming data from LSS surveys such as
SDSS-III [56] and Euclid [57]. However, CMB constraints
are important to compare to as they do not depend on the
non-linear evolution of the matter fluctuations.

We can now fix the cross section to be the maximum value
allowed by these constraints and redo our CMB analysis.
Applying Eq. (12) for a constant cross section, we obtain the
bounds on the cosmological parameters shown in Table II and
illustrated in Fig. 5. These results are similar to the case of no
interaction with Neff free to vary, corresponding to the second
line in Table I (especially after correcting the central value
of 100 h by 0.6, as explained in Footnote 6). The reason is
that the cross section imposed by the Lyman-a data is small
enough to not significantly modify the CMB spectrum.

Finally, we note that if more than one species were
responsible for the observed DM relic density (which is
the case that we consider here), larger values of the elastic
scattering cross section would be allowed.
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Case 3: DM interactions (elastic scattering) 

NO INTERACTION DETECTED but interesting results for particle physics…  
 
•  DM-γ interaction :     

•  Light  (< GeV): at most weak interactions.  
     Interesting for DM not annihilating into SM (e.g. asymmetric DM) 
•  Heavy (>GeV): DM can interact significantly more than with weak interactions    

                           
•  DM-ν interaction : 

•  Upper bound close to predictions of model with coupling between scalar dark matter 
and neutrinos, giving DM relic density and neutrino masses (radiative corrections)                                   

                                          Boehm, Farzan, Hambye, Palomarez-Ruiz & Pascoli 2008 
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Case 3: DM interactions (elastic scattering) 
Potential progress with polarisation, including B modes: 
 
                       DM-photon                                                 DM-neutrino 
 
 
 
 
 
 
 
 
 
(collisonal damping + lensing and E-B conversion)  
Even current SPT bound not very far from Planck TT bounds! 
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FIG. 3: A comparison between the T T angular power spectra for the maximally allowed (constant) DM–g cross section (u ' 10�4), and the
9-year WMAP [3] and one-year Planck [41] best-fit data. Also plotted are the full 3-year data from the SPT [4] and ACT [5] telescopes. On
the left, we see a suppression of power with respect to WMAP-9 and Planck for ` & 3000 and on the right, we give our prediction for the T T
component of the angular power spectrum at high `.
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FIG. 4: The effect of DM–g interactions on the B-modes of the
angular power spectrum, where the strength of the interaction
is characterised by u ⌘

⇥
sDM�g/sTh

⇤
[mDM/100 GeV]�1 (with a

constant sDM�g) and we use the ‘Planck + WP’ best-fit parameters
from Ref. [41]. The data points are the recent B-mode polarisation
measurements from the SPT experiment, where SPTpol 1, SPTpol
2 and SPTpol 3 refer to (Ê150f̂CIB) ⇥ B̂150, (Ê95f̂CIB) ⇥ B̂150 and
(Ê150f̂CIB) ⇥ B̂150

c respectively in Ref. [54]. For the maximally
allowed (constant) DM–g cross section (u ' 10�4), we see a
deviation from the Planck best-fit LCDM model for ` & 500 and a
significant suppression of power for larger `.

Fig. 1) and the matter power spectrum (see Fig. 5). While the
overall effect is small for u . 10�4, if we consider ` & 500,
one can use the B-modes alone combined with the first-season
SPTpol data [54] to effectively rule out u & 5⇥10�3. In fact,
future polarisation data from e.g. SPT [4], POLARBEAR [55]
and SPIDER [56] could be sensitive enough to distinguish
u ' 10�5 from LCDM.

Finally, the matter power spectrum may provide us with
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FIG. 5: The influence of DM–g interactions on the matter power
spectrum, where the strength of the interaction is characterised by
u ⌘

⇥
sDM�g/sTh

⇤
[mDM/100 GeV]�1 (with a constant sDM�g) and

we use the ‘Planck + WP’ best-fit parameters from Ref. [41]. The
new coupling produces (power-law) damped oscillations at large
scales, reducing the number of small-scale structures, thus allowing
the cross section to be constrained. For allowed (constant) DM–g
cross sections (u . 10�4), significant damping effects are restricted
to the non-linear regime (k & 0.2 h Mpc�1).

an even stronger limit on the DM–g interaction cross section
(see Fig. 5). The pattern of oscillations together with the
suppression of power at small scales, as noticed already in
Ref. [33], could indeed constitute an interesting signature.
The observability of such an effect depends on the non–linear
evolution of the matter power spectrum (for which k &
0.2 h Mpc�1). Typically, one would expect it to be somewhat
intermediate between cold and warm dark matter (WDM)

2

In most cases, the scattering cross section between DM and
neutrinos, sDM�n, will have one of two distinct behaviours:
either constant (like Thomson scattering) or proportional to
the temperature squared (in analogy to neutrino–electron
scattering). This will depend on the particle physics model
that is being considered (see Ref. [37] for specific examples).

To quantify the effect of DM–neutrino interactions on the
evolution of primordial density fluctuations, we introduce the
dimensionless quantity

u ⌘


sDM�n
sTh

�h mDM

100 GeV

i�1
, (2)

where sTh is the Thomson cross section.
Since the magnitude of the u parameter determines

the collisional damping scale [10], the efficiency of
small-scale suppression is essentially governed by the ratio
of the interaction cross section to the DM mass. For
temperature-dependent cross sections, we can write u =
u0 a�2, where u0 is the present-day value and a is the
cosmological scale factor (normalised to unity today).

III. RESULTS

In this section, we present our constraints on the
DM–neutrino elastic scattering cross section from the CMB
angular power spectrum (Sec. III A) and LSS matter power
spectrum (Sec. III B) using the modified version of CLASS
described above.

A. Cosmic Microwave Background

The impact of DM–neutrino interactions on the CMB
angular power spectrum is illustrated in Fig. 1 for specific
values of the parameter u ⌘ [sDM�n/sTh] [mDM/100 GeV]�1.
We consider a flat LCDM model (with the only addition
being the DM–neutrino coupling), where the cosmological
parameters are taken from the one-year data release of
Planck [32]. We show the impact of a constant cross
section in Fig. 1, however, the effects are similar for
temperature-dependent cross sections.

In the T T (top panel) and EE (middle panel) components
of the CMB spectrum, we see an increase in the magnitude of
the Doppler peaks and a slight shift to larger l with respect to
vanilla LCDM (u = 0), which can be understood as follows:

The shape of the CMB spectrum is affected by the
gravitational force felt by the coupled photon–baryon fluid
before decoupling. In principle, this force receives
contributions from the distribution of free-streaming neutrinos
and from that of slowly-clustering DM. In fact, when
decomposing the solution to the system of cosmological
perturbations into slow modes and fast modes [40, 41],
one sees that the photon–baryon and neutrino perturbations
are described by fast modes, while the DM perturbations
are described by slow modes. This implies that the
photon–baryon fluid only has significant gravitational
interactions with the free-streaming neutrinos.
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FIG. 1: The effect of DM–neutrino interactions on the T T (top),
EE (middle) and BB (bottom) components of the angular power
spectrum, where u ⌘ [sDM�n/sTh] [mDM/100 GeV]�1 (such that
u = 0 corresponds to no coupling). We take sDM�n to be constant
and use the ‘Planck + WP’ best-fit parameters from Ref. [32].
The data points in the BB spectrum are recent measurements from
the SPTpol experiment [38], where the three datasets correspond
to (Ê150f̂CIB) ⇥ B̂150, (Ê95f̂CIB) ⇥ B̂150 and (Ê150f̂CIB) ⇥ B̂150

c
respectively in Ref. [39]. The new coupling enhances the peaks in
the T T and EE spectra, while significantly damping the B-modes.



Subdominant DM component  
(not observed)  

not behaving like a cold component 

12.12.2013 CMB & DM – J. Lesgourgues 40 



Measuring neutrino masses 

•  Leaving both “early cosmology” and angular diameter dist. to decoupling  invariant 
 fixing photon, cdm and baryon densities, while  tuning H0, ΩΛ  
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P(k) massive vs massless, and Pν(k): 

Perturbation 
Step-like 

supression du to 
reduced growth 

rate of CDM 
perturbation 
(δcdm≈a1-3/5fv) 

Mν	




Effect of neutrino masses on matter spectrum 

•  Leaving both “early cosmology” and angular diameter dist. to decoupling  invariant 
 fixing photon, cdm and baryon densities, while  tuning H0, ΩΛ  
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P(k) massive vs massless, and Pν(k): 

Perturbation 
Step-like 

supression du to 
reduced growth 

rate of CDM 
perturbation 
(δcdm≈a1-3/5fv) 

Mν	


At least 5% for minimal normal hierarchy today 
 

Scale-dependent growth factor: neutrino 
mass best probed by tomographic 

surveys (LSST, Euclid) 



Effect of neutrino mass on CMB 
•  Leave both “early cosmology” and dA(zdec) invariant    (fixing photon, cdm and baryon densities, while  tuning H0, ΩΛ ) 
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Current constraints 

•  Planck+WP alone: Mν < 0.66 eV (twice better than WMAP) from non-observation of eISW 

depletion + strong smoothing of the peaks (actually more lensing than in LCDM preferred…)   

•  adding H0: Mν < 0.18 eV 

•  adding BAO: Mν < 0.23 eV 

•  but lensing extraction compatible with large value 

•  SZ cluster count prefers non-zero value 

•  CFHTLens also prefers non-zero value 

        

 

95%CL 
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Current constraints 

•  Planck+WP alone: Mν < 0.66 eV (twice better than WMAP) from non-observation of eISW 

depletion + strong smoothing of the peaks (actually more lensing than in LCDM preferred…)   

•  adding H0: Mν < 0.18 eV 

•  adding BAO: Mν < 0.23 eV 

•  but lensing extraction compatible with large value 

•  SZ cluster count prefers non-zero value 

•  CFHTLens also prefers non-zero value 

        

 

95%CL 



6.02.2014 CMB & DM – J. Lesgourgues 46 

Current constraints 

•  Planck+WP alone: Mν < 0.66 eV (twice better than WMAP) from non-observation of eISW 

depletion + strong smoothing of the peaks (actually more lensing than in ΛCDM preferred…)   

•  adding H0: Mν < 0.18 eV 

•  adding BAO: Mν < 0.23 eV 

•  but lensing extraction compatible  

       with larger value… 

•  CFHTLens also prefers non-zero value 

        

 

Planck Collaboration: Cosmological parameters
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Fig. 26. Marginalized posterior distributions for
P

m⌫
in flat models from CMB data. We show results for
Planck+WP+highL without (solid black) and with (red)
marginalization over AL, showing how the posterior is signifi-
cantly broadened by removing the lensing information from the
temperature anisotropy power spectrum. The e↵ect of replacing
the low-` temperature and (WMAP) polarization data with a
⌧ prior is shown in solid blue (Planck�lowL+highL+⌧prior)
and of further removing the high-` data in dot-dashed blue
(Planck�lowL+⌧prior). We also show the result of including
the lensing likelihood with Planck+WP+highL (dashed black)
and Planck�lowL+highL+⌧prior (dashed blue).

mation by marginalizing over AL
32. We see that the posterior

broadens considerably (see the red curve in Fig. 26) to give
X

m⌫ < 1.08 eV [95%; Planck+WP+highL (AL)], (70)

taking us back close to the value of 1.3 eV (for AL = 1) from
the nine-year WMAP data (Hinshaw et al. 2012), corresponding
to the limit above which neutrinos become non-relativistic be-
fore recombination. (The resolution of WMAP gives very little
sensitivity to lensing e↵ects.)

As discussed in Sect. 5.1, the Planck+WP+highL data com-
bination has a preference for high AL. Since massive neutrinos
suppress the lensing power (like a low AL) there is a concern
that the same tensions which drive AL high may give artificially
tight constraints on

P
m⌫. We can investigate this issue by re-

placing the low-` data with a prior on the optical depth (as in
Sect. 5.1) and removing the high-` data. Posterior distributions
with the ⌧ prior, and additionally without the high-` data, are
shown in Fig. 26 by the solid blue and dot-dashed blue curves,
respectively. The constraint on

P
m⌫ does not degrade much by

replacing the low-` data with the ⌧ prior only, but the degra-
dation is more severe when the high-` data are also removed:P

m⌫ < 1.31 eV (95% CL).
Including the lensing likelihood (see Sect. 5.1) has a signif-

icant, but surprising, e↵ect on our results. Adding the lensing

32The power spectrum of the temperature anisotropies is predomi-
nantly sensitive to changes in only one mode of the lensing potential
power spectrum (Smith et al. 2006). It follows that marginalizing over
the single parameter AL is nearly equivalent to marginalizing over the
full amplitude and shape information in the lensing power spectrum as
regards constraints from the temperature power spectrum.

likelihood to the Planck+WP+highL data combination weakens
the limit on

P
m⌫,

X
m⌫ < 0.85 eV (95%; Planck+lensing+WP+highL), (71)

as shown by the dashed black curve in Fig. 26. This is representa-
tive of a general trend that the Planck lensing likelihood favours
larger

P
m⌫ than the temperature power spectrum. Indeed, if we

use the data combination Planck�lowL+highL+⌧prior, which
gives a weaker constraint from the temperature power spectrum,
adding lensing gives a best-fit away from zero (

P
m⌫ = 0.66 eV;

dashed blue curve in Fig. 26). However, the total �2 at the
best-fit is only 0.3 lower than in the best-fitting base model
(
P

m⌫ = 0.06 eV). The fit to the lensing data is rather better
(��2 = �3.2) while the fit to the Planck temperature spec-
trum (excluding low-`) and high-` is worse (��2 = 0.4 and 2.6,
respectively). There are rather large shifts in other cosmolog-
ical parameters between these best-fit solutions corresponding
to shifts along the acoustic-scale degeneracy direction for the
temperature power spectrum. Note that, as well as the change
in H0 (which falls to compensate the increase in

P
m⌫ at fixed

acoustic scale), ns, !b and !c change significantly keeping the
lensed temperature spectrum almost constant. These latter shifts
are similar to those discussed for AL in Sect. 5.1, with non-zeroP

m⌫ acting like AL < 1. The lensing power spectrum C��` is
lower by 9.1% for the higher-mass best fit at ` = 400 and larger
by 2.1% at ` = 40, which is a similar trend to the residuals from
the best-fit minimal-mass model shown in the bottom panel of
Fig. 12. Planck Collaboration XVII (2013) explores the robust-
ness of the C��` estimates to various data cuts and foreground-
cleaning methods. The first (` = 40–85) bandpower is the least
stable to these choices, although the variations are not statis-
tically significant. We have checked that excluding this band-
power does not change the posterior for

P
m⌫ significantly, as

expected since most of the constraining power on
P

m⌫ comes
from the bandpowers on smaller scales. At this stage, it is un-
clear what to make of this mild preference for high masses from
the 4-point function compared to the 2-point function. As noted
in Planck Collaboration XVII (2013), the lensing measurements
from ACT (Das et al. 2013) and SPT (van Engelen et al. 2012)
show similar trends to those from Planck where they overlap
in scale. With further Planck data (including polarization), and
forthcoming measurements from the full 2500 deg2 SPT temper-
ature survey, we can expect more definitive results on this issue
in the near future.

Apart from its impact on the early-ISW e↵ect and lensing
potential, the total neutrino mass a↵ects the angular-diameter
distance to last scattering, and can be constrained through the
angular scale of the first acoustic peak. However, this e↵ect is
degenerate with ⌦⇤ (and so the derived H0) in flat models and
with other late-time parameters such as ⌦K and w in more gen-
eral models (Howlett et al. 2012). Late-time geometric measure-
ments help in reducing this “geometric” degeneracy. Increasing
the neutrino masses at fixed ✓⇤ increases the angular-diameter
distance for 0  z  z⇤ and reduces the expansion rate at low red-
shift (z <⇠ 1) but increases it at higher redshift. The spherically-
averaged BAO distance DV(z) therefore increases with increas-
ing neutrino mass at fixed ✓⇤, and the Hubble constant falls; see
Fig. 8 of Hou et al. (2012). With the BAO data of Sect. 5.2, we
find a significantly lower bound on the neutrino mass:
X

m⌫ < 0.23 eV (95%; Planck+WP+highL+BAO). (72)

The ⇤CDM model with minimal neutrino masses was shown in
Sect. 5.3 to be in tension with recent direct measurements of H0

42



6.02.2014 CMB & DM – J. Lesgourgues 47 

Current constraints 

•  Planck+WP alone: Mν < 0.66 eV (twice better than WMAP) from non-observation of eISW 

depletion + strong smoothing of the peaks (actually more lensing than in LCDM preferred…)   

•  adding H0: Mν < 0.18 eV 

•  adding BAO: Mν < 0.23 eV 

•  but lensing extraction compatible with larger value 

•  SZ cluster count prefers non-zero value ~ 0.3 eV 

•  CFHTLens also prefers non-zero value 

        

 

Planck Collaboration: Cosmology from SZ clusters counts
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Fig. 12. Cosmological constraints when including neutrino
masses

�
m� from: Planck CMB data alone (black dotted line);

Planck CMB + SZ with 1�b in [0.7, 1] (red); Planck CMB + SZ
+ BAO with 1 � b in [0.7, 1] (blue); and Planck CMB + SZ with
1 � b = 0.8 (green).

studied in Planck Collaboration XII (2011), Sehgal et al. (2011),
Draper et al. (2012), and Biesiadzinski et al. (2012), based on
stacking analyses of X-ray, SZ, and lensing data for the very
large MaxBCG cluster sample, suggesting that the issue is not
yet fully settled from an observational point of view.

A different mass function may also help reconcile the ten-
sion. Mass functions are calibrated against numerical simula-
tions that may still suffer from volume effects for the largest ha-
los, as shown in the difference between the Tinker et al. (2008)
and Watson et al. (2012) mass functions. This does not seem suf-
ficient, however, given the results presented in Fig. 9.

Alternatively, the discrepancy may indicate the need to ex-
tend the minimal �CDM model that is used to generate the ⇥8
values. Any extension would need to modify the power spectrum
on the scales probed by clusters, while leaving the scales probed
by primary CMB observations unaffected. The inclusion of neu-
trino masses, quantified by their sum,

�
m�, can achieve this (see

Marulli et al. 2011 for a review of how cosmological observa-
tions can be affected by the inclusion of neutrino masses). The
SPT collaboration (Hou et al. 2012) recently considered such a
possibility to mitigate their tension with WMAP-7 primary CMB
data. There is an upper limit of

�
m� < 0.93 eV from the Planck

primary CMB data alone (Planck Collaboration XVI 2013). If
we include the cluster count data using a fixed value (1�b) = 0.8,
then we find a 2.9⇥ preference for the inclusion of neutrino
masses with

�
m� = (0.58 ± 0.20) eV, as shown in Fig. 12. If,

on the other hand, we adopt a more conservative point of view
and allow (1 � b) to vary between 0.7 and 1.0, this preference
drops to 2⇥ with

�
m� = (0.45 ± 0.21) eV. Adding BAO data

to the compilation lowers the value of the required mass but in-
creases the significance, yielding

�
m� = (0.22 ± 0.09) eV, due

to a breaking of the degeneracy between H0 and
�

m�.
As these results depends on the value and allowed range of

(1 � b), better understanding of the scaling relation is the key to

further investigation. This provides strong motivation for further
study of the relationship between Y and M.

7. Summary
We have used a sample of nearly 200 clusters from the PSZ,
along with the corresponding selection function, to place strong
constraints in the (⇥m,⇥8) plane. We have carried out a series
of tests to verify the robustness of our constraints, varying the
observed sample choice, the estimation method for the selection
function, and the theoretical methodology, and have found that
our results are not altered significantly by those changes.

The relation between the mass and the integrated SZ signal
plays a major role in the computation of the expected number
counts. Uncertainties in cosmological constraints from clusters
are no longer dominated by small number statistics, but by the
gas physics. Uncertainties in the Y–M relation include X-ray in-
strument calibration, X-ray temperature measurement, inhomo-
geneities in cluster density or temperature profiles, and selec-
tion effects. Considering several ingredients of the gas physics
of clusters, numerical simulations predict scaling relations with
30% scatter in amplitude (at a fiducial mass of 6⇥1014Msol). All
this points toward a mass bias between the true mass and the es-
timated mass of (1 � b) = 0.8+0.2

�0.1, and adopting the central value
we found constraints on ⇥m and ⇥8 that are in good agreement
with previous measurements using clusters of galaxies.

Comparing our results with Planck primary CMB con-
straints within the �CDM cosmology indicates some tension.
This can be alleviated by permitting a large mass bias (1 �
b ⌅ 0.55), which is however significantly larger than expected.
Alternatively, the tension may motivate an extension of the
�CDM model that modifies its power spectrum shape. For ex-
ample the inclusion of non-zero neutrino masses helps in recon-
ciling the primary CMB and cluster constraints, a fit to Planck
CMB + SZ + BAO yielding

�
m� = (0.22 ± 0.09) eV.

Cosmological parameter determination using clusters is cur-
rently limited by the knowledge of the observable–mass rela-
tions. In the future our goal is to increase the number of ded-
icated follow-up programmes to obtain better estimates of the
mass proxy and redshift for most of the S/N > 5 Planck clusters.
This will allow for better determination of the scaling laws and
the mass bias, increase the number of clusters that can be used,
and allow us to investigate an extended cosmological parameter
space.
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alone, since these constraints are dominated by the AL-
lensing effect. This, however, has little effect on our analysis,
since we can break the

!

mν-σ8 degeneracy more efficiently
with the low-redshift datasets. Another effect of marginalis-
ing over AL is much more significant. Marginalising over AL

leads to 1σ shifts in Ωm and σ8. Within ΛCDM including
the default value of

!

mν = 0.06 eV, the Planck team found
for Ωm:

Ωm = 0.315+0.016
−0.018 (Planck+WP), (14)

Ωm = 0.295+0.017
−0.020 (Planck− AL+WP) (15)

and for σ8:

σ8 = 0.829 ± 0.012 (Planck+WP), (16)

σ8 = 0.814 ± 0.014 (Planck−AL+WP). (17)

These shifts bring Planck in much better agreement with
WMAP9. Since we still have a high value of σ8, we still
have a preference for a neutrino mass, similar to the results
in WMAP9.

Combining Planck−AL with the results of Beutler et al.
(2013) produces

!

mν = 0.34 ± 0.14 eV, in excellent
agreement with the result obtained when combining with
WMAP9. Including CFHTLenS yields

!

mν = 0.38 ±
0.11 eV, and adding galaxy-galaxy lensing and further BAO
constraints improves this detection to

!

mν = 0.36±0.10 eV
(3.4σ). This detection is robust against various dataset vari-
ations as shown in Table 2. The results are also presented
in Figure 7 (lower two plots) and Figure 8 (middle).

5.4 Combining with the Planck re-analysis
of Spergel, Flauger & Hlozek (2013)

Spergel, Flauger & Hlozek (2013) re-analysed the Planck
data with a different treatment for foreground cleaning,
which has a notable effect on the 217GHz spectra. From
now on we will call this analysis Spergel2013. Their result
shows ∼ 1σ shifts in σ8 and Ωm towards smaller values. Sim-
ilar shifts caused by different foreground removal techniques
have been reported by the Planck collaboration (Ade et al.
2013d). These changes in Ωm and σ8 are smaller, but similar
to the shifts we found by excluding the AL-lensing contri-
bution. We saw that such shifts can significantly alter the
constraints on

!

mν .
We now use the MCMC chains

of Spergel, Flauger & Hlozek (2013), where the neu-
trino mass is varied freely and importance sample these
chains. The chains we use include the AL-lensing signal,
meaning they do not marginalise over AL. The CMB
lensing signal from the 4-point function is not included.
The result is shown in Figure 8 (bottom), Figure 9
and Table 2. Combining Spergel2013 with the results
of Beutler et al. (2013) yields

!

mν = 0.24 ± 0.12 eV.
Including CFHTLenS, GGlensing and further BAO con-
straints gives

!

mν = 0.29 ± 0.10 eV (2.9σ). These results
are within 1σ with the results we obtained when importance
sampling the Planck and the Planck-AL chains.

6 DISCUSSION

We can summarise the results of the last section as follows:
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Figure 8. One-dimensional likelihood distribution for
!

mν

when combining Planck with different datasets. We show the re-
sults for the main Planck dataset (top), the Planck dataset with-
out the AL-lensing signal (middle) and the Planck re-analysis
of Spergel, Flauger & Hlozek (2013) (bottom). Beutler2013
stands for the DV /rs, FAP and fσ8 constraints of Beutler et al.
(2013), while CFHTLenS represents the constraint reported
in Kilbinger et al. (2013).
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Fig. 19. Posterior distributions for ⇥m (assuming a flat cosmol-
ogy) for the SNe compilations described in the text. The poste-
rior distribution for ⇥m from the Planck+WP+highL fits to the
base �CDM model is shown by the solid green line.

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

5.5. Additional data

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

5.5.1. Shape information on the galaxy/matter power
spectrum

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

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

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

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

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

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

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

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

5.5.2. Cosmic shear

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

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

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

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

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

5.5. Additional data

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

5.5.1. Shape information on the galaxy/matter power
spectrum

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

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

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

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

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

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

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

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

5.5.2. Cosmic shear

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

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

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

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

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

5.5. Additional data

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

5.5.1. Shape information on the galaxy/matter power
spectrum

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

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

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

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

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

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

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

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

5.5.2. Cosmic shear

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

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

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

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

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

5.5. Additional data

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

5.5.1. Shape information on the galaxy/matter power
spectrum

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

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

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

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

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

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

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

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

5.5.2. Cosmic shear

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

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

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

26Approximately 61% of the survey is fit for cosmic shear science.
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This would reconcile 
CMB TT, lensing, 
clusters, but not Lyα	




Current constraints 

Who is more affected by unknown systematics? 

•  Planck TT low-l, Planck high-l, Lyα ??? 

     then maybe Mν ~ 0.3 eV 

•  CMB lensing extraction, clusters, cosmic shear ???  

    then maybe Mν ~ 0.06 – 0.17 eV 

We will know at some point!  

                   new data from CMB, BOSS, eBOSS, DES, LSST, Euclid, 21cm… 
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If there is such a mass,  
could it come instead from extra relics? 

CMB only (Planck + WP + highL) analysis for 3+1 case: 
 
 
 
Total neutrino density 
in early universe 
 
 
 
 
 
                                                Sterile neutrino density today ωνs 
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Planck Collaboration: Cosmological parameters
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Fig. 28. Left: 2D joint posterior distribution between Ne⇤ and
�

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

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

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

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

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

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

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

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

6.4. Big bang nucleosynthesis

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

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

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

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

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

To calculate the dependence of YBBN
P and yBBN

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

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

inated by the uncertainty in the neutron lifetime, leading to35

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

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

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

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

6.4.1. Observational data on primordial abundances

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

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

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

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

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

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

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

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

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

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

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

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

6.4. Big bang nucleosynthesis

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

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

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

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

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

To calculate the dependence of YBBN
P and yBBN

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

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

inated by the uncertainty in the neutron lifetime, leading to35

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

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

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

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

6.4.1. Observational data on primordial abundances

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

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

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

work, the uncertainty on the neutron lifetime has been re-evaluated,
from ⇥(⇤n) = 0.8 s to ⇥(⇤n) = 1.1 s Beringer et al. (2012).
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Using H0 + BAO + clusters + gal.shear 
 
From Hamann & Hasenkamp 13083255 
See also Wyman et al. 1307.7715 

If there is such a mass,  
could it come instead from extra relics? 
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Interplay between cosmological perturbations and particle physics even richer than 

thought 15 years ago… 

 

CMB sensitive to tiny effects (small neutrino mass, small enhancement of radiation 

density, tiny annihilation rate or elastic cross-section) 

 

lot more to come from Planck … 

          …  from CMB satellite of next generation (?) … 

                   …. and from large scale structure:  

                         Ly-α of (e)BOSS,   galaxy/lensing surveys,   21cm surveys 

Conclusion 


