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Restricted to temperature map for “nominal mission”, 15 months, > 2 sky scans by HFI+LFI. 
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Next releases (June 2014 and later) : 

•  Temperature based on full data (5 scans HFI, 8 scans LFI) 

•  Polarisation from full mission 

•  Improved modeling of systematics and foregrounds   

Restricted to temperature map for “nominal mission”, 15 months, > 2 sky scans by HFI+LFI. 
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15.07.2013 Results from Planck – J. Lesgourgues 5 

6 million of 5’ pixels 

Sensitive to δT ~ 10-6 T 



The Planck release of March 2013 
Resolution 3 x greater and detector noise 25 x smaller than WMAP :  
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Resolution 3 x greater and detector noise 25 x smaller than WMAP :  



The Planck release of March 2013 
Resolution worse than SPT/ACT but much larger sky coverage :  
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SPT 2500 square degree field (6% of the sky) 



The Planck release of March 2013 
Large number of frequency channels, detectors per channel, redundant scans, allowed 
unprecedented amount of self-consistency checks 
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A lot more information than WMAP+SPT 
Everything in a single experiment: no relative calibration issues 
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A lot more information than WMAP+SPT 
Everything in a single experiment: no relative calibration issues 

Planck and WMAP agree up to 
global calibration (1.25%): all 
cosmological parameters well 

compatible (except As) 
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A lot more information than WMAP+SPT 
Everything in a single experiment: no relative calibration issues 

Planck and WMAP agree up to 
global calibration (1.25%): all 
cosmological parameters well 

compatible (except As) 

Same for Planck versus SPT 
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A lot more information than WMAP+SPT 
Everything in a single experiment: no relative calibration issues 

Planck and WMAP agree up to 
global calibration (1.25%): all 
cosmological parameters well 

compatible (except As) 

Same for Planck versus SPT 

2012: problem with relative calibration of SPT12 w.r.t WMAP7: 
parameters in tension with Planck 



The Planck release of March 2013 
After recalibrating WMAP, ACT, SPT, spectra agree perfectly: 
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The Planck release of March 2013 
After recalibrating WMAP, ACT, SPT, all spectra agree perfectly: 
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7 acoustic peaks visible by eye! 



The Planck release of March 2013 
Several beautiful products relevant for cosmology, beyond temperature power 
spectrum: 
•  Temperature bispectrum 
•  Lensing map from temperature trispectrum 
•  Cluster map from Sunayev-Zel’dovitch effect 
•  Young galaxy map from Cosmic Infrared Background 
•  Motion of solar system w.r.t. cosmic frame from temperature trispectrum (Doppler 

boost, independent of dipole) 
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Planck Collaboration: Planck 2013 Results. XXIV. Constraints on primordial NG

Fig. 6. Full 3D CMB bispectrum recovered from the Planck foreground-cleaned maps, including SMICA (left), NILC (centre) and
SEVEM (right), using the hybrid Fourier mode coefficients illustrated in Fig. 8, These are plotted in three-dimensions with multipole
coordinates {!1, !2, !3} on the tetrahedral domain shown in Fig. 1 out to !max = 2000. Several density contours are plotted with red
positive and blue negative. The bispectra extracted from the different foreground-separated maps appear to be almost indistinguish-
able.

Fig. 7. Planck CMB bispectrum detail in the signal-dominated regime showing a comparison between full 3D reconstruction using
hybrid Fourier modes (left) and hybrid polynomials (right). Note the consistency of the main bispectrum properties which include
an apparently ‘oscillatory’ central feature for low-! together with a flattened signal beyond to ! ! 1400. Note also the periodic CMB
ISW-lensing signal in the squeezed limit along the edges of the tetrapyd.

These amplitudes show remarkable consistency between the dif-
ferent maps, demonstrating that the alternative foreground sepa-
ration techniques do not appear to be introducing spurious NG.
Note that here the βR

n coefficients are for the orthonormalized
modes Rn (Eq. (63)) and they have a roughly constant variance,
so anomalously large modes can be easily identified. It is ev-
ident, for example, that among the low modes there are large
signals, which include the ISW-lensing signal and point source
contributions.

Using the modal expansion of Eq. (45) with Eq. (63), we
have reconstructed the full 3D Planck bispectrum. This is illus-
trated in Fig. 6, where we show “tetrapyd” comparisons between
different foreground cleaned maps. The tetrapyd (see Fig. 1) is
the region defined by the multipoles that obey the triangle condi-
tion, with ! ≤ !max. The 3D plots show the reduced bispectrum of
the map, divided by a Sachs-Wolfe CMB bispectrum solution for

a constant primordial shape, S (k1, k2, k3) = 1. This constant pri-
mordial bispectrum template normalizaton is carried out in order
to remove an ∼ !4 scaling from the starting bispectrum (it is anal-
ogous to multiplication of the power spectrum by !(! + 1)). To
facilitate the interpretation of 3D bispectrum figures, note that
squeezed configurations lie on the edges of the tetrapyd, flat-
tened on the faces and equilateral in the interior, with b!!! on the
diagonal. The colour levels are equally spaced with red denot-
ing positive values, and blue denoting negative. Given the cor-
respondence of the βR

n coefficients for SMICA, NILC, and SEVEM,
the reconstructed 3D signals also appear remarkably consistent,
showing similar contours out to ! ! 1500. At large multipoles !
approaching !max = 2000, there is increased randomness in the
reconstruction due to the rise in experimental noise and some
evidence for a residual point source contribution.
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The Planck release of March 2013 
Several beautiful products relevant for cosmology, beyond temperature power 
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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 affect
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 diffuse ex-
tragalactic foreground power. For the eight bins in 40 ≤ L ≤
400 on which our fiducial likelihood is based, we measure a
χ2 for the difference between our fiducial reconstruction and
the corresponding foreground-cleaned reconstruction of χ2 =
(3.14, 4.3, 2.5, 14.7) for nilc, smica, sevem, and ruler respec-
tively. These χ2 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 χ2 for the dif-
ference, however as can be seen in Fig. 18, there are not any
clear systematic differences. Indeed, the discrepancy for the bins
plotted in Fig. 18 (which differ 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 different 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 different 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 ĈφφL , 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 effec-
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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e.g. 42σ detection of 
         lensing x CIB  
           correlation 
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and correlations 
between them! 
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Several beautiful products relevant for cosmology, beyond temperature power 
spectrum: 
•  Temperature bispectrum 
•  Lensing potential map from temperature correlations 
•  Cluster map from Sunayev-Zel’dovitch effect 
•  Dusty star-forming galaxy map from Cosmic Infrared Background 
•  Motion of solar system w.r.t. cosmic frame from temperature trispectrum (Doppler 

boost, independent of dipole anisotropy) 
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v = 384 km.s−1 ± 78 km.s−1 (stat)  ± 115 km.s−1(sys) 
compatible with observed dipole: 369 km.s−1 



What should we remember from the data analysis? 
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Striking consistency … 
 
… with other experiments, bringing ever stronger evidence for flatness, simplest 
models of inflation,  cosmological constant, etc. 
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… or marginal inconsistencies … 
… questionning number of relativistic degrees of freedom, neutrino masses, large-
scale isotropy, etc. 

What should we remember from the data analysis? 
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… or marginal inconsistencies … 
… questionning number of relativistic degrees of freedom, neutrino masses, large-
scale isotropy, etc. 

What should we remember from the data analysis? 

(1) 

(2) 
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Consistency between Planck and other experiments 
within ΛCDM model 

•  WMAP data + LCDM model make very precise prediction on small scales: 

Extrapolated WMAP9 best-fit    

±1σ uncertainty assuming ΛCDM 
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Consistency between Planck and other experiments 
within ΛCDM model 

•  WMAP data + LCDM model make very precise prediction on small scales: 

… in extraordinary agreement with Planck data / best-fit : no WMAP-Planck tension 
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Consistency between Planck and other experiments 
within ΛCDM model 

Also beautiful agreement between Planck best-fit and : 
•  BBN data 
•  BAO scale measurements at various redshifts 
•  SNIA luminosity 
•  Shape of galaxy correlation function 
•  Reconstructed CMB lensing potential spectrum 
•  Preliminary Planck polarisation data  
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Consistency between Planck and other experiments 
within ΛCDM model 

Also beautiful agreement between Planck best-fit and : 
•  BBN data 
•  BAO scale measurements at various redshifts 
•  SNIA luminosity 
•  Shape of galaxy correlation function 
•  Reconstructed CMB lensing potential spectrum 
•  Preliminary Planck polarisation data  

Planck prediction 
with 1σ error 



15.07.2013 Results from Planck – J. Lesgourgues 32 

Consistency between Planck and other experiments 
within ΛCDM model 

Also beautiful agreement between Planck best-fit and : 
•  BBN data 
•  BAO scale measurements at various redshifts 
•  SNIA luminosity 

•  Excellent with Union 2.1, marginal with SNLS3 2011, excellent with SNLS3 2012-2013 
•  Shape of galaxy correlation function 
•  Reconstructed CMB lensing potential spectrum 
•  Preliminary Planck polarisation data  
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Consistency between Planck and other experiments 
within ΛCDM model 

Also beautiful agreement between Planck best-fit and : 
•  BBN data 
•  BAO scale measurements at various redshifts 
•  SNIA luminosity 
•  Shape of galaxy correlation function (here SDSS LRG) 
•  Reconstructed CMB lensing potential spectrum 
•  Preliminary Planck polarisation data  

Planck Collaboration: Cosmological parameters
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Fig. 19. Posterior distributions for Ωm (assuming a flat cosmol-
ogy) for the SNe compilations described in the text. The poste-
rior distribution for Ωm from the Planck+WP+highL fits to the
base ΛCDM 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
ΛCDM 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 χ2

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 1σ errors. (Note
that these data points are strongly correlated.) The line shows
the predicted spectrum for the best-fit Planck+WP+highL base
ΛCDM parameters.

of Reid et al. (2010), which has χ2
LRG = 40.0. Interestingly, the

main differences 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,
ΛCDM model, from the weak lensing data alone they find
σ8 (Ωm/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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Consistency between Planck and other experiments 
within ΛCDM model 

Also beautiful agreement between Planck best-fit and : 
•  BBN data 
•  BAO scale measurements at various redshifts 
•  SNIA luminosity 
•  Shape of galaxy correlation function 
•  Reconstructed CMB lensing potential spectrum (from temperature trispectrum) 
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Consistency between Planck and other experiments 
within ΛCDM model 

Also beautiful agreement between Planck best-fit and : 
•  BBN data 
•  BAO scale measurements at various redshifts 
•  SNIA luminosity 
•  Shape of galaxy correlation function 
•  Reconstructed CMB lensing potential spectrum 
•  Preliminary Planck polarisation data  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 ΛCDM 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
4π

Ĉ!P!(θi1i2 ) + Ni1i2 . (23)

Here P! are the Legendre polynomials, and θi1i2 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 effect 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 sufficiently 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 coefficients 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,

dν = s +
∑

i

fi
ν + nν. (26)

Here dν denotes the observed sky map at frequency ν, and fi
ν

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 Nν. 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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Many extensions of LCDM not favored and bounded…  
•  Spatial curvature 
•  Dark energy with  

•  w ≠ -1                                                                 
•   w0 + a wa ≠ -1 

•  Large DM annihilation (smooth background) 
•  Variation of the fine-structure constant 
•  Running of the primordial spectral index 
•  Features in the primodial spectrum 

•  Binning method 
•  Parametric search 

•  Primordial magnetic fields (neglect Faraday; non-helical case; vectors and scalars) 
•  Isocurvature modes 

•  General correlated CDM, neutrino density/velocity 
•  Axion-like (CDM, uncorrelated) 
•  Curvaton-like (CDM, maximally correlated) 

•  Primordial non-gaussianity 
•  Topological defects contribution 
•  Non-trivial topology 
•  Several inhomogeneous background models (Bianchi…) 

Maximal likelihood does not increase, or 
increases marginally w.r.t number of extra 

parameters 
 

(can be expressed in terms of Bayesian 
evidence ratio) 
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Simplest inflationary models established 
as leading mechanism for primordial perturbations…  

•  Flatness 
•  Gaussian primordial perturbations 
•  Adiabatic primordial perturbations 
•  Power-law primordial spectrum 
•  No detectable signatures of topological defects, curvaton, … 

•  Primordial GW and inflationary energy scale yet to be discovered,  
                                   V* < (1.94 x 1016 GeV)4  (95%CL) 
 

•  Preference for concave potentials (includes hilltop, R2, Higgs inflation…) 

Newest statement 
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Marginal inconsistencies…  

If you believe that 2σ (or at most 3σ) tensions should not even be mentioned/

discussed… 

 

STOP LISTENNING 

                

If you wish to be aware of them, since they could be some preliminary hints of future 

discrepancies/discoveries… 
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Planck versus direct H0 measurements (assuming ΛCDM)  
Planck Collaboration: Cosmological parameters

Table 8. Approximate constraints with 68% errors on Ωm and
H0 (in units of km s−1 Mpc−1) from BAO, with ωm and ωb fixed
to the best-fit Planck+WP+highL values for the base ΛCDM
cosmology.

Sample Ωm H0

6dF . . . . . . . . . . . . . . . . . . . . . . . . . 0.305+0.032
−0.026 68.3+3.2

−3.2
SDSS . . . . . . . . . . . . . . . . . . . . . . . 0.295+0.019

−0.017 69.5+2.2
−2.1

SDSS(R) . . . . . . . . . . . . . . . . . . . . . 0.293+0.015
−0.013 69.6+1.7

−1.5
WiggleZ . . . . . . . . . . . . . . . . . . . . . 0.309+0.041

−0.035 67.8+4.1
−2.8

BOSS . . . . . . . . . . . . . . . . . . . . . . . 0.315+0.015
−0.015 67.2+1.6

−1.5
6dF+SDSS+BOSS+WiggleZ . . . . . . 0.307+0.010

−0.011 68.1+1.1
−1.1

6dF+SDSS(R)+BOSS . . . . . . . . . . . 0.305+0.009
−0.010 68.4+1.0

−1.0
6dF+SDSS(R)+BOSS+WiggleZ . . . . 0.305+0.009

−0.008 68.4+1.0
−1.0

surements constrain parameters in the base ΛCDM model, we
form χ2,

χ2
BAO = (x − xΛCDM)T C−1

BAO(x − xΛCDM), (50)

where x is the data vector, xΛCDM denotes the theoretical pre-
diction for the ΛCDM model and C−1

BAO is the inverse covari-
ance matrix for the data vector x. The data vector is as fol-
lows: DV(0.106) = (457 ± 27) Mpc (6dF); rs/DV(0.20) =
0.1905 ± 0.0061, rs/DV(0.35) = 0.1097 ± 0.0036 (SDSS);
A(0.44) = 0.474 ± 0.034, A(0.60) = 0.442 ± 0.020, A(0.73) =
0.424±0.021 (WiggleZ); DV(0.35)/rs = 8.88±0.17 (SDSS(R));
and DV(0.57)/rs = 13.67±0.22, (BOSS). The off-diagonal com-
ponents of C−1

BAO for the SDSS and WiggleZ results are given
in Percival et al. (2010) and Blake et al. (2011). We ignore any
covariances between surveys. Since the SDSS and SDSS(R) re-
sults are based on the same survey, we include either one set of
results or the other in the analysis described below, but not both
together.

The Eisenstein-Hu values of rs for the Planck and WMAP-9
base ΛCDM parameters differ by only 0.9%, significantly
smaller than the errors in the BAO measurements. We can obtain
an approximate idea of the complementary information provided
by BAO measurements by minimizing Eq. (50) with respect to
either Ωm or H0, fixing ωm and ωb to the CMB best-fit parame-
ters. (We use the Planck+WP+highL parameters from Table 5.)
The results are listed in Table 819.

As can be seen, the results are very stable from survey to
survey and are in excellent agreement with the base ΛCDM
parameters listed in Tables 2 and 5. The values of χ2

BAO are
also reasonable. For example, for the six data points of the
6dF+SDSS(R)+BOSS+WiggleZ combination, we find χ2

BAO =
4.3, evaluated for the Planck+WP+highL best-fitΛCDM param-
eters.

The high value of Ωm is consistent with the parameter anal-
ysis described by Blake et al. (2011) and with the “tension” dis-
cussed by Anderson et al. (2013) between BAO distance mea-
surements and direct determinations of H0 (Riess et al. 2011;
Freedman et al. 2012). Furthermore, if the errors on the BAO
measurements are accurate, the constraints on Ωm and H0 (for
fixed ωm and ωb) are of comparable accuracy to those from
Planck.

19As an indication of the accuracy of Table 8, the full likelihood
results for the Planck+WP+6dF+SDSS(R)+BOSS BAO data sets give
Ωm = 0.308 ± 0.010 and H0 = 67.8 ± 0.8 km s−1 Mpc−1, for the base
ΛCDM model.

Fig. 16. Comparison of H0 measurements, with estimates of
±1σ errors, from a number of techniques (see text for details).
These are compared with the spatially-flat ΛCDM model con-
straints from Planck and WMAP-9.

The results of this section show that BAO measurements are
an extremely valuable complementary data set to Planck. The
measurements are basically geometrical and free from complex
systematic effects that plague many other types of astrophysical
measurements. The results are consistent from survey to survey
and are of comparable precision to Planck. In addition, BAO
measurements can be used to break parameter degeneracies that
limit analyses based purely on CMB data. For example, from
the excellent agreement with the base ΛCDM model evident in
Fig. 15, we can infer that the combination of Planck and BAO
measurements will lead to tight constraints favouring ΩK = 0
(Sect. 6.2) and a dark energy equation-of-state parameter, w =
−1 (Sect. 6.5).

Finally, we note that we choose to use the
6dF+SDSS(R)+BOSS data combination in the likelihood
analysis of Sect. 6. This choice includes the two most accu-
rate BAO measurements and, since the effective redshifts of
these samples are widely separated, it should be a very good
approximation to neglect correlations between the surveys.

5.3. The Hubble constant

A striking result from the fits of the baseΛCDM model to Planck
power spectra is the low value of the Hubble constant, which is
tightly constrained by CMB data alone in this model. From the
Planck+WP+highL analysis we find

H0 = (67.3±1.2) km s−1 Mpc−1 (68%; Planck+WP+highL).(51)

A low value of H0 has been found in other CMB experi-
ments, most notably from the recent WMAP-9 analysis. Fitting
the base ΛCDM model, Hinshaw et al. (2012) find

H0 = (70.0 ± 2.2) km s−1 Mpc−1 (68%; WMAP-9), (52)

consistent with Eq. (51) to within 1σ. We emphasize here that
the CMB estimates are highly model dependent. It is important

30

WMAP9 agrees with both 

(while WMAP7 + SPT12 in 

tension with Planck, due to 

relative calibration issue) 

68% errors 
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How does the CMB probes H0 within ΛCDM? 

•  Angular scale of diffusion damping relative to angular scale of sound horizon: 

 

•  In harmonic space : scale of damping tail relative to scale of acoustic peaks 

Larger H0 = for fixed peak location, smaller tail (stronger damping)  

Planck versus direct H0 measurements (assuming ΛCDM)  
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Planck – direct H0 tension (assuming ΛCDM)  

Previous CMB constraints on H0 within ΛCDM: 
•  WMAP alone: no damping tail measurement, large error bar on H0 (fixed indirectly by other effects) 
•  WMAP+SPT12: relative calibration issue: artificially low damping tail, large H0 

•  Planck: not so low damping tail, small H0, 2.5σ tension with direct H0 measurements (but better 
agreement than WMAP+SPT12 with BAO) 

We can: 
•  Ignore this 2.5σ tension 
•  Blame Planck (Beams? Foregrounds? Has been tested, very unlikely) 
•  Blame direct H0 measurements (calibration issues? Selection effects? Has also been tested) 
•  Argue that observables are different (local/global H0): not sufficient 
•  Go beyond ΛCDM 
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Planck – direct H0 tension (assuming ΛCDM)  

Previous CMB constraints on H0 within ΛCDM: 
•  WMAP alone: no damping tail measurement, large error bar on H0 (fixed indirectly by other effects) 
•  WMAP+SPT12: relative calibration issue: artificially low damping tail, large H0 

•  Planck: not so low damping tail, small H0, 2.5σ tension with direct H0 measurements (but better 
agreement than WMAP+SPT12 with BAO) 

We can: 
•  Ignore this 2.5σ tension 
•  Blame Planck (Beams? Foregrounds? Has been tested, very unlikely) 
•  Blame direct H0 measurements (Calibration issues? Selection effects? Has also been tested) 
•  Argue that observables are different (local/global H0): not sufficient                       Marra et al. 2013 
•  Go beyond ΛCDM 
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Planck – direct H0 tension (assuming ΛCDM)  

How can we reduce the tension between Planck and H0 without introducing tension 
with BAO? 
 
 
 
 
 
 
•  Phantom DE (w ~ -1.2) 
•  Huge primordial Helium fraction (in clear conflict with BBN) 
•  Neff ~ 4 : increasing Neff with fixed zeq leads to larger H0 (and stronger damping) 
•  Probably some less economic explanations… 

Planck 

Planck+BAO 
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Status of Neff constraint 
•  Before Planck: Neff > 3 preferred by CMB (WMAP7 + SPT12, WMAP +ACT) due to 

artificially low damping tail 

•  After Planck: Neff = 3.046 well compatible with Planck+BAO, but Neff > 3 relaxes 

tension with H0 (always with small significance, ~ 2.3σ) Planck Collaboration: Cosmological parameters

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

∑
mν. If we relax spatial flatness, the CMB ge-

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

∑
mν weaken consider-

ably to

∑
mν <




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

(73)

6.3.2. Constraints on Neff

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

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

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

Neff = 3.36+0.68
−0.64 (95%; Planck+WP+highL). (74)

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

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

Neff = 3.30+0.54
−0.51 (95%; Planck+WP+highL+BAO). (75)

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

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

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

For this data combination, the χ2 for the best-fitting model al-
lowing Neff to vary is lower by 5.0 than for the base Neff = 3.046
model. The H0 fit is much better, with ∆χ2 = −4.0, but there
is no strong preference either way from the CMB. The low-#
temperature power spectrum does mildly favour the high Neff
model (∆χ2 = −1.6) since Neff is positively correlated with ns
(see Fig. 24) and increasing ns reduces power on large scales.
The rest of the Planck power spectrum is agnostic (∆χ2 = −0.5),
while the high-# experiments mildly disfavour high Neff in our
fits (∆χ2 = 1.3). Further including the BAO data pulls the cen-
tral value downwards by around 0.5σ (see Fig. 27):

Neff = 3.52+0.48
−0.45 (95%; Planck+WP+highL+H0+BAO). (77)

The χ2 at the best-fit for this data combination (Neff = 3.37)
is lower by 3.6 than the best-fitting Neff = 3.046 model. While
the high Neff best-fit is preferred by Planck+WP (∆χ2 = −3.3)
and the H0 data (∆χ2 = −2.8 giving an acceptable χ2 = 2.4
for this data point), it is disfavoured by the high-# CMB data
(∆χ2 = 2.0) and slightly by BAO (∆χ2 = 0.4). We conclude
that the tension between direct H0 measurements and the CMB
and BAO data in the base ΛCDM can be relieved at the cost of
additional neutrino-like physics, but there is no strong preference
for this extension from the CMB damping tail.

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

6.3.3. Simultaneous constraints on Neff and either
∑

mν or
meff
ν, sterile

It is interesting to investigate simultaneous contraints on Neff and∑
mν, since extra relics could coexist with neutrinos of size-

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

∑
mν have been explored sev-

eral times in the literature. These two parameters are known

43
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σ8 tension 
•  σ8 = amplitude of large scale structure power spectrum on inter-galactic scale 

•  Probed by galaxy redshift surveys, cosmic shear surveys, cluster count, Lyman-alpha forest in  
quasars 

•  Value extrapolated from  

       Planck temperature  

       higher than most LSS results 

 

•  Does tension between the two 

      favor a non-minimal neutrino mass (or 

      some supression of LSS growth due 

      to modified gravity) ? 
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Status of Mν bound 
•  CMB temperature (primary anisotropy contribution): Early ISW 

•  High mass creates depletion for 50<l<100                      

•  CMB temperature (secondary anisotropy contribution): lensing smoothing 

•  High mass leads to less smoothing of acoustic oscillations 

•  Reconstructed CMB lensing potential 

•  High mass tilts spectrum, reducing power on small scales 

•  Cluster count from Planck SZ clusters and others 

•  High mass leads to less clusters 

•  Other matter power spectrum estimates (galaxies, Lyman-alpha) 

•  High mass supresses power on small scales 
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Status of Mν bound 
•  CMB temperature (primary anisotropy contribution): Early ISW 

•  High mass creates depletion for 50<l<100                      

•  CMB temperature (secondary anisotropy contribution): lensing smoothing 

•  High mass leads to less smoothing of acoustic oscillations 

•  Reconstructed CMB lensing potential 

•  High mass tilts spectrum, reducing power on small scales 

•  Cluster count from Planck SZ clusters and others 

•  High mass leads to less clusters 

•  Other matter power spectrum estimates (galaxies, Lyman-alpha) 

•  High mass supresses power on small scales 
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Status of Mν bound 
•  CMB temperature (primary anisotropy contribution): Early ISW 

•  High mass creates depletion for 50<l<100                      

•  CMB temperature (secondary anisotropy contribution): lensing smoothing 

•  High mass leads to less smoothing of acoustic oscillations 

•  Reconstructed CMB lensing potential 

•  High mass tilts spectrum, reducing power on small scales 

•  Cluster count from Planck SZ clusters and others 

•  High mass leads to less clusters 

•  Other matter power spectrum estimates (galaxies, Lyman-alpha) 

•  High mass supresses power on small scales 
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Status of Mν bound 
•  CMB temperature (primary anisotropy contribution): Early ISW 

•  High mass creates depletion for 50<l<100                      

•  CMB temperature (secondary anisotropy contribution): lensing smoothing 

•  High mass leads to less smoothing of acoustic oscillations 

•  Reconstructed CMB lensing potential 

•  High mass tilts spectrum, reducing power on small scales 

•  Cluster count from Planck SZ clusters and others 

•  High mass leads to less clusters 

•  Other matter power spectrum estimates (galaxies, Lyman-alpha) 

•  High mass supresses power on small scales 
 

Better fitted with 

zero/minimal 

mass 

 
 

Better fitted with 

small mass 

(Σmν~0.3-0.8eV) 

 
 

Depends on data 
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Status of Mν bound 
•  CMB temperature (primary anisotropy contribution): Early ISW 

•  High mass creates depletion for 50<l<100                      

•  CMB temperature (secondary anisotropy contribution): lensing smoothing 

•  High mass leads to less smoothing of acoustic oscillations 

•  Reconstructed CMB lensing potential 

•  High mass tilts spectrum, reducing power on small scales 

•  Cluster count from Planck SZ clusters and others 

•  High mass leads to less clusters 

•  Other matter power spectrum estimates (galaxies, Lyman-alpha) 

•  High mass supresses power on small scales 
 

Better fitted with 

zero/minimal 

mass 

 
 

Better fitted with 

small mass 

(Σmν~0.3-0.8eV) 

 
 

Depends on data 

Probably the most robust probe (not affected by bias issues) 
 

Then most reliable bound = Planck + BAO : Σmν < 0.23 eV  (95%)  



Light sterile neutrinos 
Motivations: anomalies in short-baseline neutrino oscillation experiments 
 
3+1 analysis in 
Kopp et al. 2013 
 
 
 
 
 
 
 
 
Appearance: LSND, MiniBoone, NOMAD, KARMEN, ICARUS, E776 
Disappearance: atmospheric, solar, reactor, Gallium, MiniBoone, CDHS, Minos, KARMEN 
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Light sterile neutrinos 

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 Neff and
∑

mν (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Neff–meff

ν, sterile plane, colour-coded by Ωch2, in models with one massive
sterile neutrino family, with effective mass meff

ν, sterile, and the three active neutrinos as in the base ΛCDM 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 ωb, the number
of relativistic degrees of freedom parameterized by Neff , 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 Neff would
be required. Note that the results of Mangano et al. (2012) assume that
Neff 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 ωb and Neff , 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
(τn = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (ωb,Neff) and yBBN
DP (ωb,Neff). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

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

uncertainties in several nuclear rates, and is estimated to be
σ(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 ωb, Neff , and YP). We shall see below that
for the base cosmological model with Neff = 3.046 (or even for
an extended scenario with free Neff) 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 effects that will be difficult to resolve in the
near future. It is reassuring that the independent and conserva-

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

work, the uncertainty on the neutron lifetime has been re-evaluated,
from σ(τn) = 0.8 s to σ(τn) = 1.1 s Beringer et al. (2012).
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Isotropy and large scale anomalies 
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•  Confirmation of small perturbation variance on large angular scales 
•  Less variance in nothern ecliptic hemisphere 
      on all scales (up to l~1500) 
•  [ Even multipoles supressed till l~25 ] 
•  Cold spot 
•  Low quadrupole 
•  Quadrupole-octopole alignement 

Galactic foregrounds? Solar emission? Peculiarity of local universe?  
Lrge-scale inhomogeneity? Primordial fluctuations? Topology? Magnetic fields? 

 
Depends a lot on galactic cut and foreground removal… 

Planck Collaboration: Isotropy and statistics

Fig. 23. The 2-point (upper left), pseudo-collapsed (upper right), equilateral 3-point (lower left) and rhombic 4-point (lower right)
correlation functions (Nside = 64). Correlation functions are shown for the analysis performed on northern (blue) and southern
(red) hemispheres determined in the Ecliptic coordinate frame. The shaded dark and light grey bands indicate the 68% and 95%
confidence regions, respectively.

as represented by the WMAP data (Räth et al. 2007a, 2009;
Rossmanith et al. 2009a; Räth et al. 2011).

In general, the method is a mapping that calculates, for each
member pi, i = 1, . . . ,Npix of a point set P, a single value that de-
pends on the spatial position of pi relative to the group of other
points in its neighborhood, in which the point under consider-
ation is embedded. A three-dimensional point set P is gener-
ated for two-dimensional spherical CMB-data by transforming
the temperature values T (θi, φi) of each pixel to a radial jitter
around a sphere of radius R at the position of the pixel centre
(θi, φi). For obtaining scaling indices the local weighted cumula-
tive point distribution which is defined as

ρ(pi, r) =
Npix∑

j=1

sr(d(pi, pj)) (34)

with r describing the scaling range, while sr and d denote a shap-
ing function and a distance measure, respectively, is calculated
first. The scaling index α(pi, r) is then defined as the logarithmic
derivative of ρ(pi, r) with respect to r:

α(pi, r) =
∂ log ρ(pi, r)
∂ log r

. (35)

Using a quadratic gaussian shaping function sr(x) = e−( x
r )2 and

an isotropic euclidian norm d(pi, pj) = ‖pi− pj‖ as distance mea-
sure, one obtains the following analytic formula for the scaling
indices

α(pi, r) =

∑Nrmpix

j=1 2
( di j

r

)
e−
(

di j
r

)2

∑Nrmpix

j=1 e−
(

di j
r

)2 , (36)

where we use the abbreviation di j ≡ d(pi, pj). As should be
clear from equation (36), the calculation of scaling indices de-
pends on the scale parameter r. Ten scaling range parameters
rk = 0.05, 0.1, . . . , 0.5, k = 1, 2, . . . 10 in the notation of Räth
et al. (2007a) are used in this analysis. In order to calculate scal-
ing indices on large scales as in previous studies, we couple the
r-jitter a to rk via a = 0.5rk. The mean 〈α(rk)〉 and the standard
deviation σα(rk) derived from the full sky and from a set of 768
rotated hemispheres are used to test for non-Gaussianity and de-
viations from statistical isotropy.

In order to quantify the significance of the scaling index
results, and focus the study on the phase properties of the ob-
served CMB sky, we utilize the method of surrogate maps (Räth
et al. 2009). Such a technique offers the unique possibility to

23

2-point correlation function in real (angular) 
space 



Conclusions 
•  23 papers fro March 2013 contain thousand times more information… 

•  fascinating that simplistic minimal comsological model of 1998 is still a good fit, 
despite reduction of allowed parameter space volume by ~105 

•  Maximally Boring Universe or Maximally Elegant Model ? 
•  Actually none of them if anomalies are taken seriously !! 

 
•  Potential of improvement for next year’s release: 

•  From nominal survey to full survey data 
•  Polarization 
•  Possible improvement of foreground modeling, mask reduction, manoeuvres inclusion 
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