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The	  Past,	  Present,	  and	  Future	  of	  Planck	  Publica7ons	  
2010:	  Planck	  pre-‐launch	  papers	  

2011:	  Planck	  Early	  papers	  

2012	  -‐	  :	  Planck	  intermediate	  papers	  

2013	  :	  Planck	  2013	  results	  

2014	  (October):	  Planck	  2014	  results	  

2015	  (Sept):	  Planck	  Final	  results	  

13	  publica3ons	  describing	  the	  technical	  capabili3es	  of	  Planck’s	  
instruments	  

26	  +	  1	  publica3ons	  coming	  with	  the	  1st	  delivered	  product:	  The	  
Early	  Release	  Compact	  Source	  Catalogue	  	  

22	  publica3ons	  (and	  rising)	  on	  galac3c	  and	  extragalac3c	  
astrophysics;	  in	  par3cular,	  cluster	  science	  

31	  publica3ons	  on	  cosmology	  science	  from	  CMB	  
temperature	  data	  (most	  of	  them	  already	  accepted	  by	  A&A).	  
Maps,	  Cl’s	  and	  likelihoods	  delivered	  

N	  publica3ons	  on	  cosmology	  science	  from	  CMB	  
temperature	  and	  polariza3on	  data	  (full	  mission).	  
Update	  of	  the	  delivered	  products,	  including	  
polariza3on.	  

The	  legacy	  Planck	  publica3ons:	  latest	  results	  
made	  by	  the	  collabora3on.	  Final	  products	  
updated.	  
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What	  is	  Planck?	  

Planck	  is	  an	  ESA	  satellite	  aiming	  to	  measure	  the	  CMB	  temperature	  and	  polariza3on	  at	  an	  
angular	   resolu3on	  of	   	  ≈5	  arcmin,	  and	  with	  a	  sensi3vity	  of	  ≈4mK	  (in	  T)	  and	  8	  mK	  (in	  P),	  
acer	  ≈2	  years	  of	  observa3on.	  It	  is	  made	  of	  three	  instruments:	  

•  High	  Frequency	  Instrument	  (HFI)	  
•  observing	  at	  100,	  143,	  217,	  353,	  545	  and	  857	  GHz	  (only	  up	  to	  353GHz	  in	  P)	  
•  PI:	  J.-‐L.	  Puget	  (IAS,	  Orsay,	  France)	  
•  Bolometric	  detector	  array	  

•  Low	  Frequency	  Instrument	  (LFI)	  
•  observing	  at	  30,	  44	  and	  70	  GHz	  (both	  in	  T	  and	  P)	  
•  PI:	  N.	  Mandolesi	  (IASF-‐INAF,	  Bologna,	  Italy)	  
•  HEMT	  radio	  receiver	  array	  

•  Telescope	  
•  PI:	  H.-‐U.	  Norgaard-‐Nielsen	  (Danish	  Na3onal	  Space	  ins3tute,	  Denmark)	  
•  Off-‐axis	  3lted	  Gregorian	  telescope	  with	  baffling	  system	  

	  
CMB	  data	  analysis	  is	  made	  within	  the	  HFI	  and	  LFI	  Core	  Teams	  (≈240	  +	  140	  people).	  These	  
are	  the	  people	  dealing	  with	  the	  data	  and	  producing	  all	  the	  cosmological	  papers,	  and	  most	  
of	  the	  remaining	  publica3ons.	  
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Spain’s	  role	  within	  Planck	  

Where	  and	  who?	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Spanish	  CT	  members	  

IFCA	  (Santander)	   LFI	  
E.	  Marknez-‐González	  (CoI,	  PS)	   A.	  Curto	  (PS)	  

R.	  Barreiro	  (PS)	   L.	  Bonavera	  (PS)	  

J.M.	  Diego	  (PS)	   M.	  Cruz	  

D.	  Herranz	  (PS)	   D.	  Molinari	  

P.	  Vielva	  (PS)	   B.	  Casaponsa	  

M.	  López-‐Caniego	  (PS)	   R.	  Fernández-‐Cobos	  

J.	  González-‐Nuevo	  (PS)	   A.	  Marcos-‐Caballero	  

IAC	  (La	  Laguna)	   LFI	  
R.	  Rebolo	  (CoI,	  PS)	   R.	  Génova-‐Santos	  

J.A.	  Rubiño-‐Markn	  (PS)	  

UG	  (Granada)	   HFI	  
E.	  Bapaner	  (CoI,	  PS)	   B.	  Ruiz-‐Granados	  

UNIOVI	  (Oviedo)	   LFI	  
L.	  Toffolaq	  (PS)	  

CEFCA	  (Teruel)	   HFI	  
C.	  Hernández-‐Monteagudo	  (PS)	  

PS	  =	  Planck	  Scien3st	  
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Spain’s	  role	  within	  Planck	  

What	  and	  who?	  

Instrumental	  responsibili7es	  
	  
•  Back-‐End	  modules	  for	  the	  30GHz	  and	  44	  GHz	  receivers	  of	  the	  LFI:	  IFCA,	  DICOM	  

(Universidad	  de	  Cantabria)	  and	  Universitat	  Politècnica	  de	  Catalunya	  
•  The	  Radiometer	  Electronics	  Box	  Assembly	  (REBA)	  of	  the	  LFI:	  IAC	  
•  Pre-‐regulator	  for	  the	  HFI	  cooler:	  Universidad	  de	  Granada	  

Scien7fic	  responsibili7es	  
	  
•  Coordina3on	  of	  the	  Non-‐Gaussianity	  Working	  Group:	  EMG	  
•  Coordina3on	  of	  the	  Cluster	  Science	  Working	  Group:	  JARM	  
•  Coordina3on	  of	  the	  integrated	  Sachs-‐Wolfe	  science:	  PV	  and	  CHM	  
•  Coordina3on	  of	  the	  Primordial	  Magne3c	  Fields	  science:	  EB	  
•  Produc3on	  of	  official	  point	  source	  catalogues:	  JGN	  and	  MLC	  
•  Produc3on	  of	  official	  CMB	  maps:	  BB	  
•  Coordina3on	  of	  the	  CT	  area	  of	  non-‐Gaussianity:	  PV	  
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Spain’s	  role	  within	  Planck	  

What	  and	  who?	  

Corresponding	  authorship	  
	  

Early	  papers	  
•  Sta3s3cal	  proper3es	  of	  radio	  galaxies:	  JGN	  (IFCA)	  
	  

Intermediate	  papers	  
•  Filaments	  between	  clusters:	  JMD	  (IFCA)	  
•  Gas	  content	  on	  dark	  maper	  halos:	  JARM	  (IAC)	  
•  Constraints	  on	  peculiar	  veloci3es:	  CHM	  (CEFCA)	  
	  

2013	  CMB	  results	  
•  Isotropy	  and	  Gaussianity:	  EMG	  (IFCA)	  
•  Integrated	  Sachs-‐Wolfe:	  PV	  (IFCA)	  
•  Compact	  Source	  Catalogue:	  JGN	  (IFCA)	  
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Cosmology	  results	  from	  temperature	  
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ΛCDM	  and	  extensions	  
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ΛCDM	  and	  extensions	  

Planck Collaboration: Cosmological parameters

Table 2. Cosmological parameter values for the six-parameter base ΛCDM model. Columns 2 and 3 give results for the Planck

temperature power spectrum data alone. Columns 4 and 5 combine the Planck temperature data with Planck lensing, and columns

6 and 7 include WMAP polarization at low multipoles. We give best fit parameters (i.e. the parameters that maximise the overall

likelihood for each data combination) as well as 68% confidence limits for constrained parameters. The first six parameters have

flat priors. The remainder are derived parameters as discussed in Sect. 2. Beam, calibration parameters, and foreground parameters

(see Sect. 4) are not listed for brevity. Constraints on foreground parameters for Planck+WP are given later in Table 5.

Planck Planck+lensing Planck+WP

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits

Ωbh
2

. . . . . . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022242 0.02217 ± 0.00033 0.022032 0.02205 ± 0.00028

Ωch
2

. . . . . . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.11805 0.1186 ± 0.0031 0.12038 0.1199 ± 0.0027

100θMC . . . . . . . . . . . . 1.04122 1.04132 ± 0.00068 1.04150 1.04141 ± 0.00067 1.04119 1.04131 ± 0.00063

τ . . . . . . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0949 0.089 ± 0.032 0.0925 0.089
+0.012

−0.014

ns . . . . . . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9675 0.9635 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(10
10

As) . . . . . . . . . . 3.098 3.103 ± 0.072 3.098 3.085 ± 0.057 3.0980 3.089
+0.024

−0.027

ΩΛ . . . . . . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6964 0.693 ± 0.019 0.6817 0.685
+0.018

−0.016

Ωm . . . . . . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3036 0.307 ± 0.019 0.3183 0.315
+0.016

−0.018

σ8 . . . . . . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8285 0.823 ± 0.018 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . . . . . . 11.35 11.4+4.0
−2.8 11.45 10.8+3.1

−2.5 11.37 11.1 ± 1.1

H0 . . . . . . . . . . . . . . . 67.11 67.4 ± 1.4 68.14 67.9 ± 1.5 67.04 67.3 ± 1.2

10
9
As . . . . . . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.19

+0.12

−0.14
2.215 2.196

+0.051

−0.060

Ωmh
2

. . . . . . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14094 0.1414 ± 0.0029 0.14305 0.1426 ± 0.0025

Ωmh
3

. . . . . . . . . . . . . . 0.09597 0.09590 ± 0.00059 0.09603 0.09593 ± 0.00058 0.09591 0.09589 ± 0.00057

YP . . . . . . . . . . . . . . . . 0.247710 0.24771 ± 0.00014 0.247785 0.24775 ± 0.00014 0.247695 0.24770 ± 0.00012

Age/Gyr . . . . . . . . . . . 13.819 13.813 ± 0.058 13.784 13.796 ± 0.058 13.8242 13.817 ± 0.048

z∗ . . . . . . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.01 1090.16 ± 0.65 1090.48 1090.43 ± 0.54

r∗ . . . . . . . . . . . . . . . . 144.58 144.75 ± 0.66 145.02 144.96 ± 0.66 144.58 144.71 ± 0.60

100θ∗ . . . . . . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04164 1.04156 ± 0.00066 1.04136 1.04147 ± 0.00062

zdrag . . . . . . . . . . . . . . . 1059.32 1059.29 ± 0.65 1059.59 1059.43 ± 0.64 1059.25 1059.25 ± 0.58

rdrag . . . . . . . . . . . . . . . 147.34 147.53 ± 0.64 147.74 147.70 ± 0.63 147.36 147.49 ± 0.59

kD . . . . . . . . . . . . . . . . 0.14026 0.14007 ± 0.00064 0.13998 0.13996 ± 0.00062 0.14022 0.14009 ± 0.00063

100θD . . . . . . . . . . . . . 0.161332 0.16137 ± 0.00037 0.161196 0.16129 ± 0.00036 0.161375 0.16140 ± 0.00034

zeq . . . . . . . . . . . . . . . . 3402 3386 ± 69 3352 3362 ± 69 3403 3391 ± 60

100θeq . . . . . . . . . . . . . 0.8128 0.816 ± 0.013 0.8224 0.821 ± 0.013 0.8125 0.815 ± 0.011

rdrag/DV(0.57) . . . . . . . 0.07130 0.0716 ± 0.0011 0.07207 0.0719 ± 0.0011 0.07126 0.07147 ± 0.00091

changes to compensate. The degeneracy is not exact; its extent

is much more sensitive to other details of the power spectrum

shape. Additional data can help further to restrict the degeneracy.

Figure 3 shows that adding WMAP polarization has almost no ef-

fect on theΩmh
3

measurement, but shrinks the orthogonal direc-

tion slightly from Ωmh
−3 = 1.03 ± 0.13 to Ωmh

−3 = 1.04 ± 0.11.

3.2. Hubble parameter and dark energy density

The Hubble constant, H0, and matter density parameter, Ωm,

are only tightly constrained in the combination Ωmh
3

discussed

above, but the extent of the degeneracy is limited by the effect

of Ωmh
2

on the relative heights of the acoustic peaks. The pro-

jection of the constraint ellipse shown in Fig. 3 onto the axes

therefore yields useful marginalized constraints on H0 and Ωm

(or equivalently ΩΛ) separately. We find the 2% constraint on

H0:

H0 = (67.4 ± 1.4) km s
−1

Mpc
−1

(68%; Planck). (13)

The corresponding constraint on the dark energy density param-

eter is

ΩΛ = 0.686 ± 0.020 (68%; Planck), (14)

and for the physical matter density we find

Ωmh
2 = 0.1423 ± 0.0029 (68%; Planck). (15)

Note that these indirect constraints are highly model depen-

dent. The data only measure accurately the acoustic scale, and

the relation to underlying expansion parameters (e.g., via the

angular-diameter distance) depends on the assumed cosmology,

including the shape of the primordial fluctuation spectrum. Even

small changes in model assumptions can change H0 noticeably;

for example, if we neglect the 0.06 eV neutrino mass expected

in the minimal hierarchy, and instead take
�

mν = 0, the Hubble

parameter constraint shifts to

H0 = (68.0 ± 1.4) km s
−1

Mpc
−1

(68%; Planck,
�

mν = 0). (16)

12

Minimal	  ΛCDM	  

Before	  Planck	  

A=er	  Planck	  
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ΛCDM	  and	  extensions	  Planck Collaboration: Cosmological parameters
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Fig. 2. Comparison of the base ΛCDM model parameters for Planck+lensing only (colour-coded samples), and the 68% and 95%
constraint contours adding WMAP low-� polarization (WP; red contours), compared to WMAP-9 (Bennett et al. 2012; grey con-
tours).
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Planck	  
vs	  
WMAP	  
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ΛCDM	  and	  extensions	  

ΛCDM	  extensions	  

Note	  95%	  CL	  

Including	  high	  resolu3on	  CMB	  experiments	  (SPT,	  ACT)	  and	  addi3onal	  astrophysical	  data	  
sets	  (as	  BAO,	  H0,	  SNIa,	  galaxy	  power	  spectrum,	  cosmic	  shear,	  and	  counts	  of	  clusters),	  on	  
the	  analysis	  it	  is	  possible	  to	  study	  ΛCDM	  extensions.	  None	  of	  the	  extensions	  is	  favoured	  
over	  ΛCDM.	  
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ΛCDM	  and	  extensions	  

Planck Collaboration: The Planck mission
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Fig. 30. Marginalized 68 % and 95 % confidence levels for ns (the scalar spectral index of primordial fluctuations) and r0.002 (the
tensor to scalar power ratio at the pivot scale k = 0.002 Mpc−1) from Planck+WP, alone and combined with high-� and BAO data,
compared to the theoretical predictions of selected inflationary models.

effect (ISW; Sect. 9.4) and the weak gravitational lensing of
CMB photons (Planck Collaboration XIX 2014). We also ob-
tain constraints on key, primordial, non-Gaussian paradigms, in-
cluding non-separable single-field models, excited initial states
(non-Bunch-Davies vacua), and directionally-dependent vector
field models, and we provide an initial survey of scale-dependent
features and resonance models. The absence of significant non-
Gaussianity implies that the speed of sound of the inflaton field
in these models must be within two orders of magnitude of the
speed of light.

Moreover, we derive bispectrum constraints on a selection of
specific inflationary mechanisms, including both general single-
field inflationary models and multifield ones. Our results lead
to a lower bound on the speed of sound, cs > 0.02 (95 % CL),
in the effective field theory parametrization of the inflationary
model space. Moving beyond the bispectrum, Planck data also
provide an upper limit on the amplitude of the trispectrum in the
local NG model, τNL < 2800 (95 % CL).

The Planck data have been used to provide stringent
new constraints on cosmic strings and other defects (Planck
Collaboration XXV 2014). Using CMB power-spectrum fore-
casts for cosmic strings, we obtain new limits Gµ/c2 < 1.5×10−7

for Nambu strings and Gµ/c2 < 3.2 × 10−7 for field theory
strings. Tighter constraints for joint analysis with high-� data
are also described, along with results for textures and semi-local
strings. Complementary non-Gaussian searches using different
methodologies also find no evidence for cosmic strings, with
somewhat weaker constraints.

Alternative geometries and non-trivial topologies have
also been analyzed (Planck Collaboration XXVI 2014). The
Bianchi VIIh models, including global rotation and shear, have
been constrained, with the vorticity parameter ω0 < 10−9

H0

Table 11. Separable template-fitting estimates of primordial fNL
for local, equilateral, and orthogonal shapes, as obtained from
the SMICA foreground-cleaned map, after marginalizing over the
Poisson point-source bispectrum contribution and subtracting
the ISW-lensing bias. Uncertainties are 1σ. Constraints for each
shape are lower by factors ranging from 2 (equilateral shape) to 3
(local) compared with the WMAP 9-year results. Planck shrinks
the combined constraint volume in the space of the three stan-
dard bispectrum templates by a factor ∼21.

fNL

Local Equilateral Orthogonal

2.7 ± 5.8 −42 ± 75 −25 ± 39

(95 % CL). Topological models are constrained by the lack of
matched circles or other evidence of large-scale correlation sig-
natures, limiting the scale of the fundamental domain to the size
of the diameter of the scattering surface in a variety of specific
models.

9.3. CMB polarization

The current data release and scientific results are based on tem-
perature data only. Planck measures polarization from 30 to
353 GHz, and both DPCs routinely produce polarization prod-
ucts. The analysis of polarization data is more complicated than
that of temperature data: there are few celestial polarization
sources that can be used for calibration; polarized astrophysical

41

ISW-‐lensing	  and	  point	  
sources	  biases	  corrected	  

Infla3onary	  models	  with	  concave	  poten3als	  are	  preferred,	  in	  par3cular,	  a	  field	  with	  a	  
canonical	  kine3c	  term	  and	  slowly	  rolling	  downs	  a	  features	  poten3al	  explains	  the	  data	  è	  
no	  evidence	  calling	  for	  any	  extension.	  More	  details	  on	  the	  J.J.	  Blanco-‐Pillado	  talk.	  
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Let’s	  open	  a	  parenthesis…	  

(
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FIG. 13.— Indirect constraints on r from CMB temperature spectrum mea-
surements relax in the context of various model extensions. Shown here is
one example, following Planck Collaboration XVI (2013) Figure 23, where
tensors and running of the scalar spectral index are added to the base ΛCDM
model. The contours show the resulting 68% and 95% confidence regions
for r and the scalar spectral index ns when also allowing running. The red
contours are for the “Planck+WP+highL” data combination, which for this
model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI
2013). The blue contours add the BICEP2 constraint on r shown in the center
panel of Figure 10. See the text for further details.

scales having noise level of 87 nK-degrees in Q and U over
an effective area of 380 square degrees.

To fully exploit this unprecedented sensitivity we have ex-
panded our analysis pipeline in several ways. We have added
an additional filtering of the timestream using a template tem-
perature map (from Planck) to render the results insensitive to
temperature to polarization leakage caused by leading order
beam systematics. In addition we have implemented a map
purification step that eliminates ambiguous modes prior to B-
mode estimation. These deprojection and purification steps
are both straightforward extensions of the kinds of linear fil-
tering operations that are now common in CMB data analysis.

The power spectrum results are perfectly consistent with
lensed-ΛCDM with one striking exception: the detection of a
large excess in the BB spectrum in exactly the � range where
an inflationary gravitational wave signal is expected to peak.
This excess represents a 5.2σ excursion from the base lensed-
ΛCDM model. We have conducted a wide selection of jack-
knife tests which indicate that the B-mode signal is common
on the sky in all data subsets. These tests offer very strong
empirical evidence against a systematic origin for the signal.

In addition we have conducted extensive simulations using
high fidelity per channel beam maps. These confirm our un-
derstanding of the beam effects, and that after deprojection
of the two leading order modes, the residual is far below the
level of the signal which we observe.

Having demonstrated that the signal is real and “on the
sky” we proceeded to investigate if it may be due to fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
are not yet available. We therefore investigate a range of mod-
els including new ones which use all of the information which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion none of them show any significant cross correlation with
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-ΛCDM.

our maps.
Taking cross spectra against 100 GHz maps from BICEP1

we find significant correlation and set a constraint on the spec-
tral index of the signal consistent with CMB, and disfavoring
synchrotron and dust by 2.3σ and 2.2σ respectively. The fact
that the BICEP1 and Keck Array maps cross correlate is pow-
erful further evidence against systematics.

The simplest and most economical remaining interpretation
of the B-mode signal which we have detected is that it is due
to tensor modes — the IGW template is an excellent fit to
the observed excess. We therefore proceed to set a constraint
on the tensor-to-scalar ratio and find r = 0.20+0.07

−0.05 with r = 0
ruled out at a significance of 7.0σ. Multiple lines of evidence
have been presented that foregrounds are a subdominant con-
tribution: i) direct projection of the best available foreground
models, ii) lack of strong cross correlation of those models
against the observed sky pattern (Figure 6), iii) the frequency
spectral index of the signal as constrained using BICEP1 data
at 100 GHz (Figure 8), and iv) the spatial and power spectral
form of the signal (Figures 3 and 10).

Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

−0.05 with r = 0 disfavored at 5.9σ. These high val-
ues of r are in apparent tension with previous indirect limits
based on temperature measurements and we have discussed
some possible resolutions including modifications of the ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and a new era of B-mode cosmology has begun.

BICEP2 was supported by the US National Science
Foundation under grants ANT-0742818 and ANT-1044978
(Caltech/Harvard) and ANT-0742592 and ANT-1110087
(Chicago/Minnesota). The development of antenna-coupled
detector technology was supported by the JPL Research and
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…	  

arXiv:1403.3985	  

BICEP2	  results	  appearing	  last	  St.	  Patrick’s	  Day	  

Allowing	  running	  of	  ns	  
in	  Planck	  likelihood	  

Primordial	  B-‐mode	  
with	  r=0.2	  

95%	  limit	  for	  minimal	  
extension	  model	  

More	  details	  on	  BICEP2	  results	  in	  the	  R.	  Génova-‐Santos	  talk	  
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…	  

•  Many	  papers	  came	  out	  acer	  this	  result	  addressing	  its	  implica3ons	  for	  infla3onary	  
models	  (see	  J.J.	  Blanco-‐Pillado	  talk)	  

•  However,	  several	  authors	  are	  poin3ng	  out	  some	  doubts	  on	  the	  real	  role	  played	  by	  
thermal	  dust	  on	  the	  B-‐mode	  signal	  è	  possible	  biases	  on	  the	  claimed	  primordial	  
signal	  (e.g.,	  Mortonson	  &	  Seljak	  arXiv:1405.5857)	  
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…	  

Planck	  has	  recently	  published	  informa3on	  on	  the	  thermal	  dust	  polariza6on,	  showing	  
the	  complexity	  of	  its	  characteriza3on.	  Planck	  has	  the	  capabili3es	  to	  clarify	  some	  
pending	  doubts.	  

Polariza3on	  intensity	  at	  353GHz	   Polariza3on	  frac3on	  at	  353GHz	  
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…	  let’s	  close	  it	  

)
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ΛCDM	  and	  extensions	  
Some	  open	  ques7ons	  

Planck Collaboration: The Planck mission
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Fig. 19. Fiducial lensing power spectrum estimates based on the 100, 143, and 217 GHz frequency reconstructions, as well as the

minimum-variance reconstruction that forms the basis for the Planck lensing likelihood (Planck Collaboration XVII 2014).
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The error bars on individual points also include cosmic variance. The horizontal axis is logarithmic up to � = 50, and linear beyond.

The vertical scale is �(� + 1)Cl/2π. The measured spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck

Collaboration XVI (2014), but it has been rebinned to show better the low-� region.
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Despite	  the	  successful	  descrip3on	  of	  the	  observa3ons	  
within	  the	  LCDM	  model,	  there	  are	  some	  issues	  that	  is	  
worth	  men3on:	  
	  
•  There	  is	  a	  lack	  of	  power	  at	  largest	  scales.	  Although	  it	  is	  

not	  a	  tremendous	  anomaly,	  it	  could	  be	  related	  to	  large-‐
scale	  anomalies	  found	  by	  Isotropy	  and	  NG	  analyses	  

•  There	  are	  some	  tensions	  between	  the	  Planck+WP	  parameters	  and	  those	  derived	  
with/by	  other	  observa3ons:	  

•  Amplitude	  of	  the	  lensing	  power	  spectrum	  poten3al	  as	  compared	  to	  the	  
lensing	  map	  

•  Amplitude	  of	  the	  primordial	  fluctua3ons	  as	  compared	  to	  the	  abundance	  of	  
rich	  clusters	  and	  cosmic	  shear	  

•  H0	  as	  compared	  to	  some	  direct	  distance	  measurements,	  although	  good	  
agreement	  with	  WMAP9	  and	  BAOs	  

•  Future	  analyses	  will	  show	  in	  these	  “early-‐late	  redshic”	  tensions	  remain	  or	  
disappear.	  
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Isotropy	  and	  Gaussianity	  

The	  scope	  is	  to	  test	  the	  Gaussianity	  and	  sta3s3cal	  isotropy	  of	  the	  CMB,	  as	  expected	  
from	  the	  standard	  cosmological	  scenario	  
	  
Tes3ng	  these	  fundamental	  proper3es	  is	  crucial	  for:	  

•  valida3ng	  the	  standard	  cosmological	  scenario	  
•  understanding	   the	   physical	   nature	   of	   the	   Universe	   and	   the	   ini6al	  

condi6ons	  of	  structure	  forma6on	  
•  providing	  support	  to	  the	  common	  assump6ons	  usually	  made	  in	  the	  power	  

spectrum	  es3ma3on	  and	  the	  cosmological	  parameters	  determina3on	  
	  
Significant	   devia6ons	   of	   Gaussianity	   and	   isotropy	   are	   expected,	   e.g.,	   non-‐linear	  
process	  that	  lead	  to	  secondary	  anisotropies	  as	  the	  ISW-‐lensing	  correla6on.	  
	  
It	  also	  provides	  insights	  on	  some	  anomalies	  previously	  claimed	  on	  WMAP	  data	  
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Isotropy	  and	  Gaussianity	  

Most	  of	  the	  analyses	  have	  been	  extensively	  tested	  against	  systema3cs	  introduced	  
by	  foreground	  residuals:	  
	  

The	  4	  clean	  CMB	  maps	  provided	  by	  Planck	  were	  analysed:	  
	  

•  Commander-‐Ruler	  (parametric	  in	  real	  space,	  SNR=1	  @	  l=1550)	  
	  
•  NILC	  (non-‐parametric	  in	  wavelet	  space,	  SNR=1	  @	  l	  =1790)	  
	  
•  SEVEM	  (non-‐parametric	  in	  real	  space,	  SNR=1	  @	  l=1790)	  
	  
•  SMICA	  (semi-‐parametric	  in	  harmonic	  space,	  SNR=1	  @	  l=1790)	  
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Isotropy	  and	  Gaussianity	  
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Isotropy	  and	  Gaussianity	  
A	  suite	  of	  non-‐parametric	  tools	  

Frequen3st	  sta3s3cs:	  	  
	  
•  Among	  others,	  the	  1-‐pdf,	  the	  N-‐pdf,	  the	  N-‐point	  correla3on	  func3on,	  the	  

Minkowski	  func3onals,	  and	  the	  wavelet	  moments	  have	  been	  applied	  to	  the	  data.	  	  
•  A	  sta3s3cal	  quan3ty	  (e.g.,	  a	  χ2)	  has	  been	  defined	  and	  confronted	  against	  coherent	  

simula3ons	  

Assessing	  the	  CMB	  anomalies	  	  

Frequen3st	  and	  parametric	  sta3s3cs:	  	  
	  
•  Probing	  claimed	  WMAP	  anomalies	  on	  the	  Planck	  data	  (also	  related	  to	  some	  

features	  highlighted	  by	  the	  previous	  tests)	  
•  Establishing	  the	  significance	  is	  a	  difficult	  aspect,	  since	  many	  of	  the	  test	  are	  a	  

posteriori	  analyses	  
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Isotropy	  and	  Gaussianity	  
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Isotropy	  and	  Gaussianity	  Planck Collaboration: Isotropy and statistics

Fig. 17. Upper: Wiener-filtered SMICA CMB sky (temperature range ±
400 µK). Middle: derived quadrupole (temperature range ± 35 µK).

Lower: derived octopole (temperature range ± 35 µK). The plus and

star symbols indicate the axes of the quadrupole and octopole, respec-

tively, around which the angular momentum dispersion is maximized.

The diamond symbols correspond to the quadrupole axes after correc-

tion for the kinematic quadrupole.

Note that the misalignment determined from the Planck data

is larger than the 3
◦

reported
3

recently by Bennett et al. (2012)

for the 9-year WMAP ILC map. However, when considering the

plausible range of errors introduced by the covariance between

the CMB and foregrounds and their impact on the derived ILC

map, Bennett et al. (2012) cite a median misalignment angle of

6
◦
.

Finally, as noted by Tegmark et al. (2003), the observed

quadrupole includes a contribution due to our motion relative to

the CMB rest frame. This kinematic quadrupole (hereafter KQ)

has a well-defined morphology and frequency dependence, as

described in Kamionkowski & Knox (2003). The latter is of par-

ticular importance for the HFI channels. Schwarz et al. (2004)

have demonstrated that correcting for the KQ contribution can

be relevant for the evaluation of the significance of the align-

3
Although Bennett et al. (2012) used a variant on the estimator

adopted in this paper, we also find a 3
◦

misalignment of the quadrupole

and octopole determined from the ILC map.

ment between the cosmological quadrupole and octopole. We

therefore apply map-based corrections to the NILC, SEVEM, and

SMICA maps, taking into account both the weighted contribu-

tions of each Planck frequency to the final CMB maps and the

corresponding KQ scaling factors. Such corrections are possi-

ble for these maps, since, unlike for Commander-Ruler, the fre-

quency weights used to generate them do not vary locally on the

scales of interest. As seen in Table 18, after KQ-correction the

three estimates of the quadrupole-octopole alignment are more

consistent, with the misalignment angle decreasing to approxi-

mately 8
◦
, and the significance increasing to 99%.

5.2. Variance, skewness, and kurtosis anomalies

A low value for the variance on the CMB sky was previously ob-

served in the WMAP data by Monteserı́n et al. (2008) and Cruz

et al. (2011), and confirmed for Planck in Sect. 4.1. Furthermore,

the effect has also been seen in the wavelet analysis of Sect. 4.5,

where the variance of the SMHW coefficients is low at scales

between 400 and 600 arcmin (Fig. 13). In addition, anomalous

behaviour was also observed for the skewness and kurtosis in

low resolution maps at Nside = 16. Here, we reassess these re-

sults and determine their robustness to masking and data selec-

tion. The former will allow us to determine whether a particular

region is causing the anomalous behaviour, whilst the latter can

establish whether foreground residuals could be responsible.

Table 19 and Fig. 18 present the results for the variance,

skewness and kurtosis determined from the four CMB maps

with the U73, CL58 and CL37 masks applied. Results are also

computed for data within the ecliptic hemispheres surviving

the U73 mask. The variance is low in all cases, with only

small differences in significance observed for the different maps.

Interestingly, the low variance seems to be localized in the north-

ern ecliptic hemisphere. Conversely, anomalous values for the

skewness and kurtosis only are apparent for the southern ecliptic

hemisphere.

Since these results might be indicative of the presence of

Galactic foreground residuals near the Galactic plane, we anal-

yse the frequency dependence of the statistics as summarized in

Table 20 and Fig. 19. The variance shows little frequency depen-

dence for the considered masks and regions, whereas the skew-

ness and kurtosis show a moderate frequency dependence when

the U73 mask is applied, as also seen for the N-pdf analysis in

Sect. 4.2. Cruz et al. (2011) found that a small region of the

sky localized to both the ecliptic and Galactic south and near

to the Galactic plane (their so-called “gp10” region) exhibited

particularly high variance. Thus, since the skewness is negative,

we consider a prominent cold spot at b = −8
◦
, l = 32

◦
, par-

tially masked by the Galactic plane. However, when masking the

seven coldest pixels of the spot, the significance of the skewness

and kurtosis only drops slightly, with lower tail probabilities of

approximately 0.03 and 0.93 respectively. If the whole “gp10”

region ( fsky = 7%) is masked, the skewness and kurtosis drop

drastically and have lower tail probabilities of approximately

0.30 and 0.50, respectively, whereas the variance is highly sig-

nificant since none of the 1000 simulations has a variance be-

low that of the data. In order to check the possible leakage of

Galactic contamination due to the Gaussian smoothing applied

to the low resolution data, we repeated our calculations for the

Wiener filtered maps used in Sect. 5.1, but found little variation

to the existing results. Therefore, it is unlikely that any leakage

impacts the estimators.

The incompatibility of the observed variance with simula-

tions based on a cosmological model that has been determined
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•  Depending	  on	  the	  CS	  method,	  quadrupole/
octopole	  alignment	  between	  9	  or	  13	  degrees.	  

•  WMAP	  reported	  6	  degrees,	  when	  accoun3ng	  
for	  foreground	  uncertain3es	  

•  Quadrupole	  includes	  a	  kine3c	  contribu3on,	  
that	  is	  frequency	  dependent	  

•  Correc3ons	  applied	  to	  NILC,	  SEVEM	  and	  
SMICA,	  and	  more	  consistent	  results	  are	  found,	  
with	  an	  alignment	  of	  around	  8	  degrees,	  
implying	  a	  99%	  significance	  
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Table 18. Orientations of the quadrupole and octopole components extracted from the four Planck CMB maps, as determined by a maximization
of the angular momentum dispersion (see Eqn. 26). The absolute value of the scalar-product between the orientation vectors of the quadrupole
and the octopole are provided in the fifth column. For an isotropic universe, this is uniformly distributed on the interval [0, 1]. The last column
gives the probability for such an alignment (or stronger) to occur, as determined from the FFP6 simulations. Results computed after correction for
the kinematic quadrupole (KQ) are denoted by “KQ corrected”. In practice, we multiply the usual expression for the angular dependence of the
KQ (see Kamionkowski & Knox 2003) in the Rayleigh-Jeans regime by factors that account for both its frequency dependence and the relative
contributions of the different Planck frequencies to the component separated maps. For NILC, SEVEM, and SMICA these factors are 1.7, 1.5, and
1.7, respectively.

Method (l,b) quadrupole [◦] (l,b) octopole [◦] Ang. distance [◦] Scalar product Probability

C-R . . . . . . . . . . . . . . . . . . (228.2,60.3) (246.1,66.0) 9.80 0.985 0.019
NILC . . . . . . . . . . . . . . . . . (241.3,77.3) (241.7,64.2) 13.1 0.974 0.033
SEVEM . . . . . . . . . . . . . . . . (242.4,73.8) (245.6,64.8) 9.08 0.988 0.016
SMICA . . . . . . . . . . . . . . . . (238.5,76.6) (239.0,64.3) 12.3 0.977 0.032
NILC, KQ corrected . . . (225.6,69.7) (241.7,64.2) 8.35 0.989 0.011
SEVEM, KQ corrected . . . (228.3,68.3) (245.6,64.8) 7.69 0.991 0.009
SMICA, KQ corrected . . . (224.2,69.2) (239.0,64.3) 7.63 0.991 0.009

from the same data set might appear puzzling at first, but can
be understood as follows. The map-based variance is dominated
by contributions from large angular scales on the sky, whilst
the cosmological parameter fits are relatively insensitive to these
low-order �-modes, and are instead largely dominated by scales
corresponding to � > 50. Thus, the best-fit spectrum in the con-
text of a 6-parameter ΛCDM model can have a mismatch with
the data on these scales, so that the corresponding simulations
will not adequately capture the dearth of power at low-�. The re-
sults presented here do indeed imply that the large-angular scale
power is low relative to the fiducial sky model. In fact, when sub-
tracting the quadrupole and octupole from both the data and sim-
ulations outside the U73 mask, the results are more consistent.
In this case, the lower tail probabilities for the variance, skew-
ness and kurtosis are 0.192, 0.637 and 0.792, respectively. This
result was already found in Cruz et al. (2011). It is then plausible
that the low multipole alignment could have the same cause as
the anomalies considered here. Interestingly, Sarkar et al. (2011)
have demonstrated that the low-variance and mode alignment is
very unlikely to have a common origin in Gaussian random and
statistically isotropic CMB anisotropies. However, when sub-
tracting the quadrupole and octupole outside the CL58 mask,
the lower tail probability for the low variance is 0.036, which
remains rather low. The connection with the very low power in
the ecliptic northern hemisphere also remains to be explored.

5.3. Hemispherical Asymmetry

In Eriksen et al. (2004a) and Hansen et al. (2004) it was dis-
covered that the angular power spectrum of the first year WMAP
data, when estimated locally at different positions on the sphere,
appears not to be isotropic. In particular, the power spectrum
calculated for a hemisphere centred at (l, b) = (237◦,−20◦) (in
Galactic longitude and latitude) was larger than when calculated
in the opposite hemisphere over the multipole range � = 2–40.
Simultaneously, Park (2004) also presented evidence for the ex-
istence of such hemispherical asymmetry — in which a partic-
ular statistical measure is considered to change discontinuously
between two hemispheres on the sky — with the application of
Minkowski functionals to the WMAP data. Since the preferred
direction of Eriksen et al. (2004a) lies close to the ecliptic plane,
it was also demonstrated that the large-angular scale N-point cor-
relation functions showed a difference in behaviour when com-
puted on ecliptic hemispheres. Many studies have subsequently
been undertaken focusing on hemispheres in the ecliptic coordi-

Table 19. Lower tail probablity for the variance, skewness, and kurtosis
at Nside = 16, using different masks.

Probability

Mask C-R NILC SEVEM SMICA

Variance
U73, fsky = 78% . . . . . . . . . . . . 0.019 0.017 0.014 0.019
CL58, fsky = 58% . . . . . . . . . . . 0.004 0.003 0.003 0.003
CL37, fsky = 37% . . . . . . . . . . . 0.028 0.017 0.018 0.016
Ecliptic North, fsky = 39% . . . . 0.001 0.001 0.001 0.002
Ecliptic South, fsky = 39% . . . . 0.464 0.479 0.454 0.490

Skewness
U73, fsky = 78% . . . . . . . . . . . . 0.016 0.015 0.023 0.012
CL58, fsky = 58% . . . . . . . . . . . 0.208 0.139 0.162 0.147
CL37, fsky = 37% . . . . . . . . . . . 0.517 0.467 0.503 0.469
Ecliptic North, fsky = 39% . . . . 0.502 0.526 0.526 0.521
Ecliptic South, fsky = 39% . . . . 0.004 0.006 0.008 0.004

Kurtosis
U73, fsky = 78% . . . . . . . . . . . . 0.972 0.973 0.966 0.982
CL58, fsky = 58% . . . . . . . . . . . 0.630 0.726 0.711 0.711
CL37, fsky = 37% . . . . . . . . . . . 0.069 0.135 0.130 0.124
Ecliptic North, fsky = 39% . . . . 0.094 0.229 0.196 0.245
Ecliptic South, fsky = 39% . . . . 0.933 0.916 0.886 0.948

nate system, with Schwarz et al. (2004) particularly emphasizing
the connection. Hemispherical asymmetry has also been seen
with other measures of non-Gaussianity (Eriksen et al. 2004c,
2005; Räth et al. 2007a).

Here, we repeat the analysis of Eriksen et al. (2005) on the
Planck component separated data, smoothed and then down-
graded to Nside = 64, as described in Sect. 2. However, in this
section the N-point correlation functions are not averaged over
the full sky and depend on a choice of specific direction, thus,
they constitute tools to study statistical isotropy rather than non-
Gaussianity (Ferreira & Magueijo 1997). The latter study was
already presented in Sect. 4.3, where it was found that the re-
sults for the low resolution maps are the most deviant relative to
the MC simulations based on the Planck fiducial model.

The N-point correlation functions computed on the northern
and southern hemispheres determined in the ecliptic coordinate
frame and using the U73 mask are shown in Fig. 20. The cor-
relation functions for the four Planck maps are very consistent,
and the observed behaviour is in agreement with that seen in
the WMAP data (Eriksen et al. 2004a). Specifically, the northern
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Fig. 30. Consistency between component separation algorithms as mea-
sured by the dipole modulation likelihood. The top panel shows the
marginal power spectrum amplitude for the 5◦ smoothing scale, the
middle panel shows dipole modulation amplitude, and the bottom panel
shows the preferred dipole directions. The coloured area indicates the
95% confidence region for the Commander solution, while the dots
shows the maximum-posterior directions for the other codes.

also list the results from the corrsponding 3- and 5-year WMAP

analyses (Eriksen et al. 2007a; Hoftuft et al. 2009). Note that the
former was performed at a HEALPix resolution of Nside = 16 and
the latter at an angular resolution of 4.5◦ FWHM.

Fig. 30 shows marginals for A, q and n, as derived from the
Commander CMB solution for all smoothing scales. At least two
interesting points can be seen here. First, while there is clearly
significant scatter in the derived dipole modulation amplitude for
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Fig. 31. Log-likelihood difference between the best-fit dipole modula-
tion model and the fiducial isotropic model as a function of smoothing
scale. Horizontal dashed lines indicate 1, 2 and 3σ thresholds.

different smoothing scales, as originally pointed out by Hanson
& Lewis (2009), all curves appear to be consistent with a single
value of A ∼ 0.07. No other single value fits all scales equally
well. Second, it is interesting to note that the low-� power spec-
trum derived here is consistent, but not without some tension,
with the fiducial spectrum, (q, n) = (1, 0), around 1.5 − 2σ. In
particular, there appears to be a slight trend toward a steeper
and positive spectral index as more weight is put on the larger
scales, a result already noted by COBE-DMR. The same conclu-
sion is reached using the low-� Planck likelihood, as described
in Planck Collaboration XV (2013).

In Fig. 30 we compare the results from all four CMB solu-
tions for the 5◦ FWHM smoothing scale. Clearly the results are
consistent despite the use of different algorithms and different
treatments of the Galactic plane, demonstrating robustness with
respect to the details of the analysis methods. Further, we also
note that these results are consistent with those derived from the
5-year WMAP ILCmap by Eriksen et al. (2007a), demonstrating
robustness across experiments. On the other hand, it is notable
that a higher dipole amplitude was found at 9◦ FWHM for the 3-
year WMAP ILCmap than is observed here, using a larger mask.

In Fig. 31 we show the log-likelihood difference between
the derived maximum-likelihood point and the isotropic model,
A = 0, as a function of smoothing scale. The power spectrum
parameters are kept fixed at the best-fit values for both points,
leaving three additional parameters for the dipole model. The
dashed horizontal lines indicate the 1, 2 and 3σ confidence re-
gions for three degrees of freedom. As has been noted previously
in the literature, these significances vary with smoothing scale.
Taken at face value, the results presented here are suggestive but
clearly not decisive, resulting in an unchanged situatio with re-
spect to earlier reports. This is of course not unexpected given
that WMAP is already strongly cosmic variance limited at these
angular scales.

The critical question is whether the trend seen at smaller an-
gular scales in Fig. 31 continues, or if the apparent likelihood
peak at 5◦ FWHM happens to be a local maximum. Hanson &
Lewis (2009), and later Bennett et al. (2011), address this ques-
tion through a computationally cheaper quadratic estimator, al-
lowing them to extend a similar analysis to small scales. In doing
so, they claim that the apparent likelihood peak at 5◦ is indeed
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(l,b)[º]	  =	  (227,	  -‐15)	  +-‐	  19	  

approx	  3σ	  detec3on	  

Planck Collaboration: Isotropy and statistics

      
 

 

 

 

 

 

 
 

95
96

97
98

99
10

0

500 700 900 1100 1300 1500
�max

Si
gn
ific
an
ce
s
of
clu

st
er
in
g
[%

]

Fig. 29. Derived p-values as a function of �max for the deboosted SEVEM

143 GHz foreground-cleaned map. The p-values in this plot are based

on the the mean of the angular separations determined between all

pairs of dipole directions where one direction falls in the range [�lim =
500, �max] and the second direction in the range [2, �lim = 500]. The

significance is computed using 500 FFP6 simulated maps.

An alternative approach to studying power asymmetry is to

determine the ratio of the local power spectra computed in two

opposing directions on the sky (e.g., Eriksen et al. 2004a). Here,

we consider such a ratio defined for the two hemispheres cen-

tred on the positive and negative poles of the power dipole fitted

over a given � range. A statistic can then be defined through the

fractional power ratio as follows:

∆C�
C�
= 2

Cpositive

� −Cnegative

�

Cpositive

� +Cnegative

�

, (32)

where Cpositive

� corresponds to the power spectrum computed for

the hemisphere centred on the positive pole, and Cnegative

� to the

spectrum in the antepodal direction. This can be compared to

an ensemble of isotropic and Gaussian simulations to determine

whether significant excess power is observed. Figure 30 presents

this quantity, binned into blocks of 100 multipoles, for the hemi-

spheres centred on the preferred dipole direction determined for

the SEVEM 143 GHz map over the � range 2 to 600, both before

and after deboosting. It should be apparent that, although the ra-

tio lies systematically above zero for � < 600, only a few bins lie

significantly outside the range of values generated from simula-

tions. The most significant bins are those centred on � = 50 and

150. Note that the observed values are not directly comparable

to the explicit dipolar modulation fits in Sects. 5.6 and 5.7. The

ratio on other scales is of smaller amplitude and lower signifi-

cance. We re-emphasize that the claims of significant asymme-

try presented in this section are based on the alignment of the

power distribution as a function of angular scale, not on the cor-

responding amplitudes, nor on the ratio of power in the antipodal

hemispheres. The ratio of power in the antipodal hemispheres is

shown here for only illustrative purposes.

In summary, we have presented evidence for power asymme-

try in the Planck data. At high �, this is expected, since a dipolar

modulation of the temperature anisotropy due to Doppler effects

has been predicted, and subsequently detected, as detailed in a

companion paper (Planck Collaboration XXVII 2014). When

this is taken into account, significant power asymmetry can be

claimed up to � ∼ 600.
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Fig. 30. Fractional power ratio, ∆C�/C�, from antipodal sky regions,

computed from the SEVEM 143 GHz map before and after deboosting

along the mean dipole direction for � = 2 to 600. All spectra are evalu-

ated on hemispheres using an apodized mask. The grey lines show the

same quantity evaluated for each of the 500 FFP6 simulations along

their respective asymmetry axes. The green band shows the 68% confi-

dence region from these simulations.

5.6. Dipole modulation

In Sect. 5.5 it was shown that power asymmetry is observed over

a large range of angular scales in the Planck data, with a fairly

consistent preferred axis. No explicit parametric model was as-

sumed in the analysis. In this section, however, we only consider

large angular scales and revisit the phenomenological model due

to Gordon et al. (2005), who proposed that the power asymmetry

could be described in terms of a multiplicative dipole modulation

model of the form d = (1 + A p · n)siso + n ≡ Msiso + n, where

A is the dipole amplitude, p is the dipole direction, n denotes in-

strumental noise, and siso is an underlying isotropic CMB field.

Both siso and n are assumed to be Gaussian random fields with

covariance matrices S and N, respectively. Since siso is assumed

to be isotropic, its covariance may be fully specified by some

angular power spectrum C�,iso.

In the following we present the results from a direct like-

lihood analysis of this model, similar to those described by

Eriksen et al. (2007a) and Hoftuft et al. (2009) for the 3- and

5-year WMAP data, respectively. Since this method requires ma-

trix inversions and determinant evaluations, the computational

expense scales as O(Npix), and it is therefore only feasible at

low resolution. Specifically, we consider maps downgraded to

a HEALPix pixel resolution of Npix = 32, smoothed to angu-

lar resolutions ranging from 5
◦

to 10
◦
, ensuring sufficient band-

width limitation at this pixelization. All four Planck CMB map

solutions are included in the analysis; however, note that the

Galactic plane is handled differently in each of the four ap-

proaches. Specifically: for the Commander map the region in-

side the corresponding analysis mask has been replaced with a

Gaussian constrained realization, eliminating the possibility that

bright Galactic foreground residuals might leak outside the mask

during degradation (Planck Collaboration XV 2014); for SMICA

and NILC a smaller region is replaced with Wiener filtered data;

and for SEVEM no special precautions are taken.

After degrading each map to the appropriate resolution, we

add random uniform Gaussian noise of 1 µK rms to each pixel to

regularize the covariance matrix. All pixels inside the U73 mask

are excluded, and we adopt the difference maps between the raw
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Table 28. Summary of dipole modulation likelihood results as a function of scale for all four Planck CMB solutions.

Data set FWHM [
◦
] A (l, b) [

◦
] ∆ lnL Significance

Commander . . . . . . . . . . . . . . . 5.0 0.078
+0.020

−0.021
(227,−15) ± 19 8.8 3.5σ

NILC . . . . . . . . . . . . . . . . . . . . 5.0 0.069
+0.020

−0.021
(226,−16) ± 22 7.1 3.0σ

SEVEM . . . . . . . . . . . . . . . . . . . 5.0 0.066
+0.021

−0.021
(227,−16) ± 24 6.7 2.9σ

SMICA . . . . . . . . . . . . . . . . . . . 5.0 0.065
+0.021

−0.021
(226,−17) ± 24 6.6 2.9σ

WMAP-5 ILC . . . . . . . . . . . . . . 4.5 0.072
+0.021

−0.021
(224,−22) ± 24 7.3 3.3σ

Commander . . . . . . . . . . . . . . . 6.0 0.076
+0.024

−0.025
(223,−16) ± 25 6.4 2.8σ

NILC . . . . . . . . . . . . . . . . . . . . 6.0 0.062
+0.025

−0.026
(223,−19) ± 38 4.7 2.3σ

SEVEM . . . . . . . . . . . . . . . . . . . 6.0 0.060
+0.025

−0.026
(225,−19) ± 40 4.6 2.2σ

SMICA . . . . . . . . . . . . . . . . . . . 6.0 0.058
+0.025

−0.027
(223,−21) ± 43 4.2 2.1σ

Commander . . . . . . . . . . . . . . . 7.0 0.062
+0.028

−0.030
(223, −8) ± 45 4.0 2.0σ

NILC . . . . . . . . . . . . . . . . . . . . 7.0 0.055
+0.029

−0.030
(225,−10) ± 53 3.4 1.7σ

SEVEM . . . . . . . . . . . . . . . . . . . 7.0 0.055
+0.029

−0.030
(226,−10) ± 54 3.3 1.7σ

SMICA . . . . . . . . . . . . . . . . . . . 7.0 0.048
+0.029

−0.029
(226,−11) ± 58 2.8 1.5σ

Commander . . . . . . . . . . . . . . . 8.0 0.043
+0.032

−0.029
(218,−15) ± 62 2.1 1.2σ

NILC . . . . . . . . . . . . . . . . . . . . 8.0 0.049
+0.032

−0.031
(223,−16) ± 59 2.5 1.4σ

SEVEM . . . . . . . . . . . . . . . . . . . 8.0 0.050
+0.032

−0.031
(223,−15) ± 60 2.5 1.4σ

SMICA . . . . . . . . . . . . . . . . . . . 8.0 0.041
+0.032

−0.029
(225,−16) ± 63 2.0 1.1σ

Commander . . . . . . . . . . . . . . . 9.0 0.068
+0.035

−0.037
(210,−24) ± 52 3.3 1.7σ

NILC . . . . . . . . . . . . . . . . . . . . 9.0 0.076
+0.035

−0.037
(216,−25) ± 45 3.9 1.9σ

SEVEM . . . . . . . . . . . . . . . . . . . 9.0 0.078
+0.035

−0.037
(215,−24) ± 43 4.0 2.0σ

SMICA . . . . . . . . . . . . . . . . . . . 9.0 0.070
+0.035

−0.037
(216,−25) ± 50 3.4 1.8σ

WMAP-3 ILC.............. 9.0 0.114 (225,−27) 6.1 2.8σ

Commander . . . . . . . . . . . . . . . 10.0 0.092
+0.037

−0.040
(215,−29) ± 38 4.5 2.2σ

NILC . . . . . . . . . . . . . . . . . . . . 10.0 0.098
+0.037

−0.039
(217,−29) ± 33 5.0 2.3σ

SEVEM . . . . . . . . . . . . . . . . . . . 10.0 0.103
+0.037

−0.039
(217,−28) ± 30 5.4 2.5σ

SMICA . . . . . . . . . . . . . . . . . . . 10.0 0.094
+0.037

−0.040
(218,−29) ± 37 4.6 2.2σ

Planck LFI 30 GHz and HFI 353 GHz maps and the SMICA CMB

solution as two foreground templates, tracing low- and high-

frequency foregrounds, respecively. We marginalize over these

Galactic foreground templates, f , as well as four monopole and

dipole templates, by adding corresponding terms of the form

α f f T
to the total data covariance matrix, where α is set to a

numerically large value.

Before writing down the likelihood for A and p, a choice

has to be made for the power spectrum,C�,iso. We follow Eriksen

et al. (2007a), and adopt a simple two-parameter model of

the form C�,iso = q
�
�/�pivot

�n
C�,fid, where the fiducial spec-

trum, C�,fid, is the best-fit Planck spectrum, and q and n de-

scribe an amplitude scaling and spectral tilt with respect to

this. The full model therefore includes five free parameters,

namely three dipole parameters and two power spectrum pa-

rameters. Introducing the two parameters q and n addresses

the known issue that the low-� power spectrum is low by

about 2–2.5σ compared with the overall best-fit ΛCDM spec-

trum (Planck Collaboration XV 2014; Planck Collaboration

XVI 2014). Ignoring this creates a tension with the underlying

isotropic model that results in the analysis measuring a combi-

nation of both asymmetry and power mismatch.

Taking advantage of the fact that both the signal and noise

are assumed Gaussian, the exact likelhiood may be written down

in a convenient closed form:

L(A, p, q, n) ∝ e−
1

2
dT(MTSM+N+α

�
i f i f T

i )
−1 d

�
|MTSM + N + α

�
i f i f T

i |
. (33)

This expression is the basis of all calculations presented in the

rest of this section.

Due to the high computational expense associated with these

evaluations, we do not compute the full joint five-parameter

model in this analysis, only conditionals of it. However, we

iterate once in a Gibbs-sampling like approach, by maximiz-

ing each conditional to obtain an approximation to the full

maximum-likelihood solution. That is, we first map out the

dipole likelihood for the 5
◦

FWHM case, fixing the power spec-

trum at the fiducial spectrum, L(A, p|q = 1, n = 0), and locate

the maximum-likelihood dipole parameters. Then we map out
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It	  relies	  on	  the	  Bipolar	  Spherical	  Harmonic	  (BipoSH)	  formalism,	  that	  is	  a	  
generaliza6on	  of	  the	  angular	  power	  spectrum	  that	  captures	  isotropy	  viola6on.	  
	  
A	  simple	  model	  that	  results	  in	  the	  viola3on	  of	  sta3s3cal	  isotropy	  arises	  from	  the	  
modula3on	  of	  the	  CMB	  (but	  not	  necessary	  a	  cosine/dipolar	  modula3on):	  
	  
	  
	  
where	  the	  modula6on	  is	  assumed	  to	  be	  weak,	  with	  quadra3c	  terms	  neglected.	  
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a local maximum, and the evidence for the modulation model
falls off when more data are included. In this respect, it should
be noted that the dipole modulation model was originally pro-
posed by Gordon et al. (2005) as a simple phenomenological
characterization of the more general power asymmetry. In par-
ticular, it assumes that the modulation amplitude, A, is equally
strong on all scales. From both the results shown in Sect. 5.5.1
and presented by Hanson & Lewis (2009); Bennett et al. (2011),
this appears not to hold, as the fractional hemispherical power
difference is clearly smaller at � > 300 than at � < 100. On
the other hand, the preferred directions derived from the current
low-� analysis is remarkably consistent with the high-� direction
derived in Sect. 5.5.1. A proper modulation model may therefore
need additional spatial structure beyond the simple dipole pro-
posed by Gordon et al. (2005), as already suggested by Hoftuft
et al. (2009) and Moss et al. (2011).

5.6. Generalized modulation

In this section, we study a generalization of the dipolar modu-
lation field analysed in section 5.5.2 using the Bipolar Spherical
Harmonic (BipoSH) formalism. For a statistically isotropy sky,
the spherical harmonic space two-point correlation matrix is
diagonal, and, given by the angular power spectrum C�. The
BipoSH representation provides a natural, mathematically com-
plete, generalization of the angular power spectrum that captures
statistical isotropy violations via coefficients that are a com-
pletely equivalent representation of the spherical harmonic cor-
relation matrix,

ALM
�1�2
=
�

m1m2

�a�1m1 a�2m2�CLM
�1m1�2m2

. (40)

This relationship combines the off-diagonal spherical harmonic
correlations into a bipolar multipole L,M – analogous to the total
angular momentum addition of states. The CMB angular power
spectrum corresponds to the L = 0 BipoSH coefficients C� =
(−1)�A00

���δ���/
√

2� + 1.
A simple model that results in the violation of statistical

isotropy arises from the modulation of the of the CMB sky,

T (n) = T0(n) (1 + M(n)) , (41)

where T (n) represents the modulated CMB sky, T0(n) is the un-
derlying statistically isotropic random CMB sky and M(n) is a
fixed, zero-mean, dimensionless, modulation field. The modula-
tion signal, if any, is expected to be weak and allows quadratic
terms in M to be neglected. The BipoSH coefficients for the
modulated CMB field (L > 0) are then given by the following
expression,

ALM
�1�2
= ĀLM

�1�2
+ mLMGL

�1�2

GL
�1�2
=

C�1 +C�2√
4π

Π�1Π�2
ΠL

CL0
�10�20 , (42)

where ĀLM
�1�2

corresponds to the BipoSH coefficients of the un-
known, but statistically isotropic, unmodulated CMB field, mLM
are the spherical harmonic coefficients of the modulating field
(L > 0), C� is the best-fit CMB angular power spectrum and
Π� =

√
2� + 1. The statistically isotropic nature of the unmodu-

lated CMB sky implies that the expectation values of ĀLM
�1�2

van-
ish for (L > 0), leading to the estimator for the modulation field
harmonics,

m̂LM =
�

�1�2

wL
�1�2

ÂLM
�1�2

GL
�1�2

. (43)

Fig. 32. The significance of the modulation power, L(L + 1)mL/2π, at
bipolar multipoles L. The modulation spectra obtained from the four
component separation maps (C-R, NILC, SEVEM and SMICA) are con-
sistent with each other. Dipole (L = 1) modulation power is detected
in all the spectra at a significance ranging from 3.7 to 2.9σ. The solid
black lines denote the 3σ significance thresholds. There is no significant
power detected at higher multipole of the modulation field 1 < L ≤ 32.

denoted by the overhat (Hanson & Lewis 2009). The weights
wL
�1�2

for a minimum variance estimate for the modulation field
correspond to

wL
�1�2
= N




GL
�1�2

σALM
�1�2




2

, (44)

where N is a normalisation chosen such that
�
�1�2 wL

�1�2
= 1. The

BipoSH representation further allows an estimate of the modu-
lation field over specific angular scales by windowing regions
in multipole space in the sum over multipoles �1, �2 in eqn. 43.
This additional information could be very useful in identifying
the origin of the statistical isotropy violation, which could be ei-
ther cosmological or due to systematic artefacts (see Hajian &
Souradeep 2003; Hajian & Souradeep 2006).

First, we limit our analysis to the four low resolution Nside =
32 CMB maps used in Sect.5.5.2 and reconstruct the modulation
maps for each of them at the same low resolution. The U73 mask
is applied to the reconstructed modulation maps before comput-
ing mLM . The pseudo-power mL is corrected for the mask applied
to the modulation maps. Specifically for the case of dipole mod-
ulation, the pseudo-power mL is related to the dipole amplitude
by A = 1.5

√
m1/π.

A dipole modulation (L = 1) signal is detected at 3σ sig-
nificance in all the maps, as shown in Fig. 32. The amplitude
and direction of the dipole modulation match those obtained via
a likelihood analysis in Sect. 5.5.2. The BipoSH representation
of modulation confirms the dipole modulation signal found in
the low-resolution map. Since this approach allows the recon-
struction of any general small amplitude modulation field, the
BipoSH representation places constraints on the power in the
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A simple model that results in the violation of statistical

isotropy arises from the modulation of the of the CMB sky,

T (n) = T0(n) (1 + M(n)) , (35)

where T (n) represents the modulated CMB sky, T0(n) is the un-

derlying (statistically isotropic) random CMB sky and M(n) is a

fixed, zero-mean, dimensionless, modulation field. The modula-

tion signal, if any, is expected to be weak and allows quadratic

terms in M to be neglected. The BipoSH coefficients for the

modulated CMB field (L > 0) are then given by

ALM
�1�2
= ĀLM

�1�2
+ mLMGL

�1�2
;

GL
�1�2
=

C�1 +C�2√
4π

�
(2�1 + 1)(2�2 + 1)

(2L + 1)
CL0

�10�20
. (36)

Here ĀLM
�1�2

corresponds to the BipoSH coefficients of the un-

known, but statistically isotropic, unmodulated CMB field, mLM
are the spherical harmonic coefficients of the modulating field

(L > 0), and C� is the best-fit CMB angular power spectrum.

The statistically isotropic nature of the unmodulated CMB sky

implies that the expectation values of ĀLM
�1�2

vanish for L > 0,

leading to the estimator for the modulation field harmonics,

m̂LM =
�

�1�2

wL
�1�2

ÂLM
�1�2

GL
�1�2

, (37)

denoted by the overhat (Hanson & Lewis 2009). The weights

wL
�1�2

for a minimum variance estimate for the modulation field

correspond to

wL
�1�2
= N




GL
�1�2

σALM
�1�2




2

, (38)

where N is a normalization chosen such that
�
�1�2 wL

�1�2
= 1. The

BipoSH representation further enables an estimate of the modu-

lation field to be made over specific angular scales by window-

ing regions in multipole space in the sum over multipoles �1, �2
in Eq. 37. This additional information could be very useful in

identifying the origin of the statistical isotropy violation, which

could be either cosmological or due to systematic artefacts (see

Hajian & Souradeep 2003; Hajian & Souradeep 2006).

First, we limit our analysis to the four low resolution Nside =
32 CMB maps used in Sect.5.6 and reconstruct the modulation

maps for each of them at the same low resolution. The U73 mask

is applied to the reconstructed modulation maps before comput-

ing mLM . The pseudo-power mL is corrected for the mask applied

to the modulation maps. Specifically, for the case of dipole mod-

ulation, the pseudo-power mL is related to the dipole amplitude

by A = 1.5
√

m1/π.
A dipole modulation (L = 1) signal is detected at 3σ sig-

nificance in all the maps, as shown in Fig. 34. The amplitude

and direction of the dipole modulation match those obtained via

a likelihood analysis in Sect. 5.6. The BipoSH representation

of modulation confirms the dipole modulation signal found in

the low-resolution map. Since this approach enables the recon-

struction of any general small amplitude modulation field, the

BipoSH representation places constraints on the power in the

modulation field at all higher (bipolar) multipoles allowed by

the resolution of the CMB maps.

We then extend the analysis to higher resolution using maps

at Nside = 256 for Commander and Nside = 2048 for NILC,
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Fig. 34. Significance of the modulation power, L(L + 1)mL/2π, at bipo-

lar multipoles L. The modulation spectra obtained from the four com-

ponent separation maps (C-R, NILC, SEVEM, and SMICA) are consistent

with each other. Dipole (L = 1) modulation power is detected in all the

spectra at a significance ranging from 2.9 to 3.7σ. The solid black lines

denote the 3σ significance thresholds. There is no significant power

detected at higher multipole of the modulation field, 1 < L ≤ 32.

Table 29. Amplitude (A) and direction of the dipole modulation in

Galactic coordinates. The measured values of the dipole amplitude and

direction are consistent for all maps. The corresponding dipole power

for the SMICAmap is seen at a detection significance of 3.7σ, as shown

in Fig. 34. For the values in the third column (σl = 15.4,σb = 15.1).

Map A (l, b) [
◦
]

C-R . . . . . . . 0.072
+0.010

−0.010
(218.9,−21.4)

NILC . . . . . . 0.070
+0.010

−0.010
(220.3,−20.2)

SEVEM . . . . . 0.065
+0.011

−0.011
(221.7,−21.4)

SMICA . . . . . 0.073
+0.010

−0.010
(217.5,−20.2)

SEVEM, and SMICA, in order to study the above effect in more de-

tail. We repeat the analysis on these higher resolution maps using

the U73 mask. Contrary to our expectations based on a scale-

independent (i.e., no �-dependence) model, the significance of

the dipole does not increase in the high resolution maps. We then

subdivide the �-range up to �max = 384 into uniform bins of size

∆� = 64. As seen in Fig. 35, we recover the dipole modulation

at over 3σ significance only for the lowest bin (� = 2–64). This

is consistent with the results in Sect. 5.6 and the BipoSH analy-

sis on the corresponding low resolution maps shown in Fig. 34.

However, the amplitude of the dipole is consistent with zero

within 3σ for all of the higher �-bins considered. This suggests

that the simple modulation model in Eq. 35 is inadequate and

should minimally allow for the amplitude, A(�), of the dipole to

depend on CMB multipole, �. Although this may appear to be a

more complex model, it does not necessarily lack motivation.

It is readily conceivable that physical mechanisms that cause

a dipolar modulation of the random CMB sky would be scale-

dependent and possibly significant only at low wavenumbers.
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A simple model that results in the violation of statistical

isotropy arises from the modulation of the of the CMB sky,

T (n) = T0(n) (1 + M(n)) , (35)

where T (n) represents the modulated CMB sky, T0(n) is the un-

derlying (statistically isotropic) random CMB sky and M(n) is a

fixed, zero-mean, dimensionless, modulation field. The modula-

tion signal, if any, is expected to be weak and allows quadratic

terms in M to be neglected. The BipoSH coefficients for the

modulated CMB field (L > 0) are then given by

ALM
�1�2
= ĀLM

�1�2
+ mLMGL

�1�2
;

GL
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=

C�1 +C�2√
4π

�
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Here ĀLM
�1�2

corresponds to the BipoSH coefficients of the un-

known, but statistically isotropic, unmodulated CMB field, mLM
are the spherical harmonic coefficients of the modulating field

(L > 0), and C� is the best-fit CMB angular power spectrum.

The statistically isotropic nature of the unmodulated CMB sky

implies that the expectation values of ĀLM
�1�2

vanish for L > 0,

leading to the estimator for the modulation field harmonics,

m̂LM =
�

�1�2
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�1�2

ÂLM
�1�2

GL
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, (37)

denoted by the overhat (Hanson & Lewis 2009). The weights

wL
�1�2

for a minimum variance estimate for the modulation field

correspond to
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= N
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, (38)

where N is a normalization chosen such that
�
�1�2 wL

�1�2
= 1. The

BipoSH representation further enables an estimate of the modu-

lation field to be made over specific angular scales by window-

ing regions in multipole space in the sum over multipoles �1, �2
in Eq. 37. This additional information could be very useful in

identifying the origin of the statistical isotropy violation, which

could be either cosmological or due to systematic artefacts (see

Hajian & Souradeep 2003; Hajian & Souradeep 2006).

First, we limit our analysis to the four low resolution Nside =
32 CMB maps used in Sect.5.6 and reconstruct the modulation

maps for each of them at the same low resolution. The U73 mask

is applied to the reconstructed modulation maps before comput-

ing mLM . The pseudo-power mL is corrected for the mask applied

to the modulation maps. Specifically, for the case of dipole mod-

ulation, the pseudo-power mL is related to the dipole amplitude

by A = 1.5
√

m1/π.
A dipole modulation (L = 1) signal is detected at 3σ sig-

nificance in all the maps, as shown in Fig. 34. The amplitude

and direction of the dipole modulation match those obtained via

a likelihood analysis in Sect. 5.6. The BipoSH representation

of modulation confirms the dipole modulation signal found in

the low-resolution map. Since this approach enables the recon-

struction of any general small amplitude modulation field, the

BipoSH representation places constraints on the power in the

modulation field at all higher (bipolar) multipoles allowed by

the resolution of the CMB maps.

We then extend the analysis to higher resolution using maps

at Nside = 256 for Commander and Nside = 2048 for NILC,
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Fig. 34. Significance of the modulation power, L(L + 1)mL/2π, at bipo-

lar multipoles L. The modulation spectra obtained from the four com-

ponent separation maps (C-R, NILC, SEVEM, and SMICA) are consistent

with each other. Dipole (L = 1) modulation power is detected in all the

spectra at a significance ranging from 2.9 to 3.7σ. The solid black lines

denote the 3σ significance thresholds. There is no significant power

detected at higher multipole of the modulation field, 1 < L ≤ 32.

Table 29. Amplitude (A) and direction of the dipole modulation in

Galactic coordinates. The measured values of the dipole amplitude and

direction are consistent for all maps. The corresponding dipole power

for the SMICAmap is seen at a detection significance of 3.7σ, as shown

in Fig. 34. For the values in the third column (σl = 15.4,σb = 15.1).

Map A (l, b) [
◦
]

C-R . . . . . . . 0.072
+0.010

−0.010
(218.9,−21.4)

NILC . . . . . . 0.070
+0.010

−0.010
(220.3,−20.2)

SEVEM . . . . . 0.065
+0.011

−0.011
(221.7,−21.4)

SMICA . . . . . 0.073
+0.010

−0.010
(217.5,−20.2)

SEVEM, and SMICA, in order to study the above effect in more de-

tail. We repeat the analysis on these higher resolution maps using

the U73 mask. Contrary to our expectations based on a scale-

independent (i.e., no �-dependence) model, the significance of

the dipole does not increase in the high resolution maps. We then

subdivide the �-range up to �max = 384 into uniform bins of size

∆� = 64. As seen in Fig. 35, we recover the dipole modulation

at over 3σ significance only for the lowest bin (� = 2–64). This

is consistent with the results in Sect. 5.6 and the BipoSH analy-

sis on the corresponding low resolution maps shown in Fig. 34.

However, the amplitude of the dipole is consistent with zero

within 3σ for all of the higher �-bins considered. This suggests

that the simple modulation model in Eq. 35 is inadequate and

should minimally allow for the amplitude, A(�), of the dipole to

depend on CMB multipole, �. Although this may appear to be a

more complex model, it does not necessarily lack motivation.

It is readily conceivable that physical mechanisms that cause

a dipolar modulation of the random CMB sky would be scale-

dependent and possibly significant only at low wavenumbers.
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dipolar	  modula6on	  
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Fig. 12. Difference of the normalized MFs obtained from the data with respect to the expected value of the null hypothesis for several sky coverages.

The SMICA map is considered. From left to right and top to bottom: Area, Contour, Genus and Ncluster. The grey bands represent the 1 and 2σ
dispersions around zero, based on realistic Planck simulations including lensing, for fsky = 0.23.
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Fig. 13. Standard deviation (left), skewness (centre) and kurtosis (right) of the SMHW coefficients as a function of the wavelet scale R. Results

are given for the four Planck CMB maps (green, Commander-Ruler; light-blue, NILC; red, SEVEM; and yellow, SMICA). Modified upper tail

probabilities (mUTP, see text for details) are obtained by comparing with 1000 simulations processed through the component separation pipelines.

Squares represent modified upper tail probabilities that correspond to an actual upper tail probability above 0.5; diamonds represent upper tail

probabilities below 0.5.

is likely to be related to the low variance anomaly detected in

WMAP (Monteserı́n et al. 2008; Cruz et al. 2011), that is also

seen in the Planck data (see Sect. 4.1).

We have also studied the robustness of the results for differ-

ent masking scenarios. In particular, we have investigated varia-

tions in the results when we adopt, as auxiliary masks to define

the exclusion masks, the two CG70 and CG60 masks removing

30% and 40% of the sky, respectively. Note that the auxiliary

masks obtained from the U73 mask already cut around 20% of

the sky. The corresponding results for the SMICA map are pre-

sented in Fig. 14. The conclusions are similar for the other CMB

maps. For the dispersion of the wavelet coefficients, we do not

notice any significant change in the anomalously high value ob-

tained for the SMICA map at the smallest scales However, some

changes are observed at larger scales. In this regime, it seems

that the most significant deviation occurs for the CG70 mask

(modified upper tail probability of around 0.005), whereas simi-

lar (and slightly less significant) modified upper tail probabilities
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Fig. 14. Standard deviation (left), skewness (centre) and kurtosis (right) of the SMHW coefficients as a function of the wavelet scale R. Results
are given for the SMICA CMB map. Several masking scenarios are compared: red, CG60 mask (cutting out 40% of the sky); green, CG70 mask
(cutting out 30% of the sky); and blue, U73 mask. The modified upper tail probabilities (mUTP) are defined in the text.

are obtained for both the U73 (modified upper tail probability of
approximately 0.015) and the CG60 (modified upper tail proba-
bility of about 0.01) masks. A possible explanation for this be-
haviour would be that a less restrictive mask admits some resid-
ual contamination from Galactic foregrounds, thus increasing
the dispersion of the wavelet coefficients, and artificially increas-
ing their inconsistency with the null hypothesis. In principle, the
larger the Galactic cut, the lower would be the dispersion of the
wavelet coefficients (assuming that some residual contamination
of the Galactic foregrounds is left) and, therefore, the smaller the
upper tail probability. However, as we already said, the modified
upper tail probability for the dispersion is higher for the CG60
mask than for the CG70 mask. This apparent contradiction could
be resolved by accounting for the larger sampling variance for
smaller areas, which would result in a lower significance for the
anomaly.

The anomalous kurtosis at scales of R ≈ 300� shows an over-
all stable modified upper tail probability of around 0.01 – 0.03.
In the small scale regime, the differences are better defined: the
smaller the mask, the more significant the deviation (character-
ized by the low value of the kurtosis). In particular, the mod-
ified upper tail probability associated with the CG60 mask is
0.001, around 0.009 for CG70, and approximately 0.03 for the
U73 mask. A similar pattern is also observed for the skewness
on these scales, although the three masks results in more similar
upper tail probabilities, between around 0.001 and 0.007 (except
for the smallest scale).

It is therefore clear that there is some inconsistency between
the CMB data and the corresponding simulations. On interme-
diate scales, both the low dispersion and the high kurtosis could
be related to previously known anomalies: the low variance and
the Cold Spot. On the smallest scales, the three statistics report
a low upper tail probability independently of the mask coverage
— it is important to determine what this inconsistency is due to.
Besides the possibility that it is an intrinsic cosmological sig-
nal, the non-Gaussianity could be caused either by instrumental
systematics or residual foreground contamination.

In the former case, we have considered whether the origin
of the signal could be related to properties of the noise that are
inadequately modelled by the simulations. In particular, we have
studied the statistical properties of the half-ring half-difference
maps generated by the four component separation algorithms as
proxies for the the noise present in the CMB maps. Although
in detail there are some discrepancies between these noise es-
timates and the simulated ones, they are not compatible with
the inconsistencies observed between the CMB map and sim-

ulations. Therefore, a systematic effect associated with the in-
strumental noise does not provide a satisfactory explanation for
the small-scale deviations.

In the latter case, an obvious candidate is due to the con-
tribution from residual unresolved point sources in the clean
CMB maps. Although the brightest point sources are masked,
and the component separation process itself can suppress the am-
plitude of the unresolved background of point sources, some sig-
nal will remain. Indeed, in Planck Collaboration XXIV (2014) it
has been determined that the bispectrum of this contribution is
clearly detected in the four CMB Planck maps, at a significance
in excess of 4σ. In addition, the dispersion of the wavelet coeffi-
cients is higher than expected, which is also compatible with the
presence of an additional signal. We therefore consider this as
the most likely non-CMB explanation for the observed signal.

4.6. Bispectrum

The CMB bispectrum is the three point correlator of the a�m co-
efficients: Bm1m2m3

�1�2�3
≡ �a�1m1 a�2m2 a�3m3�. In this paper, we focus on

the bispectrum reconstruction as a blind test of non-Gaussianity.
Therefore, we assume we are seeking a non-trivial bispectrum
that has arisen through a physical process which is statistically
isotropic, that is, we can employ the angle-averaged bispectrum
B�1�2�3 and the reduced bispectrum b�1�2�3 . Note that b�1�2�3 is de-
fined on a tetrahedral domain of multipole triples {�1�2�3} satis-
fying both a triangle condition and a limit given by the maximum
resolution �max of the experiment. A much more extensive intro-
duction to the bispectrum can be found in Planck Collaboration
XXIV (2014).

Modal, wavelet and binned bispectrum estimators filter the
CMB map with separable basis functions

Qi jk(�1, �2, �3) = qi(�1) q j(�2) qk(�3) + perms , (25)

to find the corresponding modal coefficients. For appropri-
ately orthonormalized basis functions Qi jk(�1, �2, �3), these coef-
ficients can be used to reconstruct the CMB bispectrum through
a signal-to-noise weighted expansion (Planck Collaboration
XXIV 2014). This reconstruction method has been extensively
validated, showing the accurate recovery of CMB bispectra from
non-Gaussian simulated maps, and it has been applied to the
WMAP seven year data to reconstruct the full 3D CMB bispec-
trum (Fergusson et al. 2010). To quantify whether or not there
is a model-independent deviation from Gaussianity, we can con-
sider the total integrated bispectrum. By summing over all multi-
poles, we use the integrated nonlinearity parameter F̄NL defined
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Kurtosis	  of	  the	  SMHW	  coefficients	  

Commander-‐Ruler	  
NILC	  
SEVEM	  
SMICA	  

CG70	  mask	  
U73	  mask	  

CG60	  mask	  

Area	  of	  the	  SMHW	  coefficients	  
Planck Collaboration: Isotropy and statistics

Table 30. Upper tail probability (UTP, in %) associated to the cold (top)

and hot (bottom) areas. Results are given for a ν > 4σR threshold and

for the four Planck CMB maps. The three most significant scales associ-

ated to the Cold Spot are shown. Analysis performed on the exclusions

masks associated with the U73 mask.

UTP

Area Scale [
�
] C-R NILC SEVEM SMICA

200 1.6 1.1 1.2 1.1

Cold . . . . . . 250 0.3 0.3 0.3 0.3

300 0.3 0.3 0.3 0.3

200 2.3 1.6 1.8 1.6

Hot . . . . . . . 250 2.7 2.2 2.4 2.2

300 4.9 3.7 4.1 3.8

Table 31. Upper tail probability (in %) associated to the cold (top) and

hot (bottom) areas. Results are given for a ν > 4σR threshold and for the

four Planck CMB maps. The three most significant scales associated to

the Cold Spot are shown. Analysis performed on the exclusions masks

associated with the CG70 mask. An ellipsis (. . . ) indicates that no area

above that threshold was found on the data.

UTP

Area Scale [
�
] C-R NILC SEVEM SMICA

200 1.0 1.0 0.9 1.0

Cold . . . . . . 250 0.3 0.3 0.3 0.3

300 0.2 0.2 0.3 0.2

200 15.1 14.5 14.6 14.5

Hot . . . . . . . 250 . . . . . . . . . . . .
300 . . . . . . . . . . . .

Table 32. Upper tail probabilities (in %) associated with the cold (top)

and hot (bottom) areas. Results are given for a ν > 4σR threshold and

for the four Planck CMB maps. The three most significant scales associ-

ated to the Cold Spot are shown. Analysis performed on the exclusions

masks associated with the CG60 mask. An ellipsis (. . . ) indicates that

no area above that threshold was found on the data.

UTP

Area Scale [
�
] C-R NILC SEVEM SMICA

200 1.1 0.9 0.8 0.9

Cold . . . . . . 250 0.1 0.1 0.1 0.1

300 0.1 0.1 0.1 0.1

200 . . . . . . . . . . . .
Hot . . . . . . . 250 . . . . . . . . . . . .

300 . . . . . . . . . . . .

in Galactic coordinates, whereas the hotest area has already been

identified in the WMAP data (e.g., Vielva et al. 2007) as an

anomalous hot spot. This does not depends signifincantly on the

mask considered in the analysis. From these results it is clear

that the Cold Spot anomaly is present in both the WMAP and

Planck data.

5.10. Interpretation of anomalies

The results presented here in Sect. 5 demonstrate that many fea-

tures previously observed in the WMAP data are present also in

the Planck sky. This agreement between two independent exper-

iments effectively rules out the possibility that their origin lies

in systematic artefacts present in either data set. In particular,

Fig. 41. SMHW coefficients at R = 300 arc minutes, above (and below)

a +3.0σ (−3.0σ) threshold. Results for the three masks considered in

the analysis are shown: U73 mask (top); CG70 (middle); and CG60

(bottom).

there is evidence for a violation of statistical isotropy at least

on large angular scales in the context of the Planck fiducial sky

model. Moreover, a power asymmetry extends to scales corre-

sponding to � � 600, whilst fits at low � to a model containing

a dipole modulation field yield results in excess of 3σ signifi-

cance. In addition, there is evidence from such fits that the low-�
spectrum of the Planck data departs from the fiducial spectrum

in both amplitude and slope. These results could have profound

implications for cosmology. It is therefore pertinent to consider

whether a model can be proposed to provide a common origin

for the anomalies.

The microwave sky is manifestly non-Gaussian and

anisotropic, with known contributions from Galactic astrophys-

ical foregrounds, lensing of CMB anistropies by the interven-

ing matter distribution, and the ISW. However, the excellent

performance of the component separation algorithms used here

in rejecting diffuse foregrounds argues strongly against known

Galactic emission as the source of the anomalies.

Schwarz et al. (2004), Copi et al. (2007), Maris et al. (2011)

and Hansen et al. (2012) suggested that diffuse Solar System

emission could contribute to the observed structure on large

angular scales, although it is not expected that the classical

Zodiacal Light Emission or Kuiper Belt objects are responsible.

Planck Collaboration XIV (2014) presents the current Planck
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and hot (bottom) areas. Results are given for a ν > 4σR threshold and
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masks associated with the U73 mask.
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Table 31. Upper tail probability (in %) associated to the cold (top) and

hot (bottom) areas. Results are given for a ν > 4σR threshold and for the

four Planck CMB maps. The three most significant scales associated to

the Cold Spot are shown. Analysis performed on the exclusions masks

associated with the CG70 mask. An ellipsis (. . . ) indicates that no area

above that threshold was found on the data.
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and hot (bottom) areas. Results are given for a ν > 4σR threshold and

for the four Planck CMB maps. The three most significant scales associ-

ated to the Cold Spot are shown. Analysis performed on the exclusions

masks associated with the CG60 mask. An ellipsis (. . . ) indicates that

no area above that threshold was found on the data.
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300 . . . . . . . . . . . .

in Galactic coordinates, whereas the hotest area has already been

identified in the WMAP data (e.g., Vielva et al. 2007) as an

anomalous hot spot. This does not depends signifincantly on the

mask considered in the analysis. From these results it is clear

that the Cold Spot anomaly is present in both the WMAP and

Planck data.

5.10. Interpretation of anomalies

The results presented here in Sect. 5 demonstrate that many fea-

tures previously observed in the WMAP data are present also in

the Planck sky. This agreement between two independent exper-

iments effectively rules out the possibility that their origin lies

in systematic artefacts present in either data set. In particular,

Fig. 41. SMHW coefficients at R = 300 arc minutes, above (and below)

a +3.0σ (−3.0σ) threshold. Results for the three masks considered in

the analysis are shown: U73 mask (top); CG70 (middle); and CG60

(bottom).

there is evidence for a violation of statistical isotropy at least

on large angular scales in the context of the Planck fiducial sky

model. Moreover, a power asymmetry extends to scales corre-

sponding to � � 600, whilst fits at low � to a model containing

a dipole modulation field yield results in excess of 3σ signifi-

cance. In addition, there is evidence from such fits that the low-�
spectrum of the Planck data departs from the fiducial spectrum

in both amplitude and slope. These results could have profound

implications for cosmology. It is therefore pertinent to consider

whether a model can be proposed to provide a common origin

for the anomalies.

The microwave sky is manifestly non-Gaussian and

anisotropic, with known contributions from Galactic astrophys-

ical foregrounds, lensing of CMB anistropies by the interven-

ing matter distribution, and the ISW. However, the excellent

performance of the component separation algorithms used here

in rejecting diffuse foregrounds argues strongly against known

Galactic emission as the source of the anomalies.

Schwarz et al. (2004), Copi et al. (2007), Maris et al. (2011)

and Hansen et al. (2012) suggested that diffuse Solar System

emission could contribute to the observed structure on large

angular scales, although it is not expected that the classical

Zodiacal Light Emission or Kuiper Belt objects are responsible.

Planck Collaboration XIV (2014) presents the current Planck
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UTP,	  ν>σR	  	  
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•  Many	  features	  previously	  detected	  in	  WMAP	  data	  are	  also	  presented	  in	  Planck,	  
which	  rules	  out	  systema6cs	  as	  a	  source	  for	  them.	  

•  There	  is	  evidence	  of	  sta6s6cal	  isotropy	  viola6on	  on	  large	  angular	  scales.	  

•  Moreover,	  a	  dipolar	  power	  asymmetry	  may	  extend	  up	  to	  l=600	  

•  Could	  be	  related	  to	  the	  low-‐mul6pole	  spectrum	  departute	  from	  the	  Planck	  fiducial	  

•  Which	  is	  the	  origin	  of	  the	  anomalies?	  
•  Solar	  System	  emission	  as	  responsible	  for	  the	  large	  scale	  departures?	  
•  Coming	  from	  the	  local	  universe,	  via	  ISW	  è	  hints	  of	  some	  tension	  reduc3on	  for	  

some	  anomalies	  
•  Gravita3onal	  lensing,	  Rees-‐Sciama	  or	  cosmic	  textures	  responsible	  for	  the	  Cold	  

Spot?	  
Polariza3on	  will	  help	  to	  respond	  to	  some	  of	  these	  open	  ques3ons	  

Isotropy	  and	  Gaussianity	  
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Isotropy	  and	  Gaussianity	  

Besides	  that:	  
	  

•  No	  detec3on	  of	  non-‐trivial	  topology	  
•  Good	  fiqng	  of	  a	  Bianchi	  VIIh	  anisotropic	  model,	  but	  non-‐physical	  
•  Upper	  limits	  on	  the	  amplitude	  of	  topological	  defects	  (strings:	  Gµ/c2	  <	  1.3x10-‐7	  at	  

95%).	  Limits	  around	  6	  3mes	  beper	  from	  power	  spectrum	  than	  from	  NG	  analyses	  
•  Upper	  limits	  on	  the	  amplitude	  of	  Alfvén	  waves	  produced	  by	  primordial	  magne3c	  

fields	  (Aνν2	  <	  	  2.18x10-‐11	  at	  95%)	  

•  Residual	  point	  sources	  background	  detected	  (through	  the	  bi-‐spectrum)	  at	  4σ	  level	  
•  Anisotropic	  papern	  from	  Doppler	  boost	  detected	  at	  ≅	  2σ	

•  ISW-‐lensing	  detected	  at	  2.6σ	  (see	  later)	  
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Secondary	  anisotropies	  

Planck	  has	  also	  provided	  informa3on	  on	  secondary	  anisotropies	  caused	  by	  the	  LSS	  
on	  the	  CMB	  photons	  generated	  in	  the	  last	  scapering	  surface:	  
	  

•  Deflec3on	  of	  the	  photons	  path	  è	  lensing	  

•  Gain/lost	  of	  energy	  caused	  by	  the	  gravita3onal	  poten3al	  field	  è	  ISW	  

•  Scapering	  with	  the	  free	  electrons	  in	  the	  intergalac3c	  medium	  è	  SZ	  (see	  
J.A.	  Rubiño-‐Mar`n	  talk)	  
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Secondary	  anisotropies	  Lensing	  

The	  lensing	  signal	  is	  detected	  at	  25σ.	  	  
	  
It	  improves	  constraints	  obtained	  by	  the	  Planck	  alone	  
likelihood:	  in	  par3cular	  curvature	  and	  τ-‐As	  degeneracy	  

Robustness	  against	  
foregrounds:	  consistency	  
among	  CMB	  solu3ons	  	  
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Secondary	  anisotropies	  Lensing	  

Correla3on	  with	  LSS	  
tracers.	  

20σ	
 10σ	


7σ	
 7σ	
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Secondary	  anisotropies	  ISW	  

The ISW is a weak signal, which contribution to the CMB anisotropies is 
subdominant: it is covered by the primordial fluctuations at very large scale. 

 

Planck has studied through 4 complementary approaches: 

•  ISW-lensing bispectrum 

•  Cross-correlation with LSS surveys 

•  Stacking of the CMB fluctuations on the positions of known structures 

•  Map recovery 

[Granep	  et	  al.]	  
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Secondary	  anisotropies	  ISW	  

Planck Collaboration: The ISW effect with Planck

Table 2. Amplitudes ATφ, errors σA and significance levels of the non-Gaussianity due to the ISW effect, for all component sepa-
ration algorithms (C-R, NILC, SEVEM, and SMICA) and all the estimators (potential reconstruction, KSW, binned, and modal). For
the potential reconstruction case, an additional minimum variance (MV) map has been considered (see Planck Collaboration XVII
2013 for details).

Estimator C-R NILC SEVEM SMICA MV

Tφ
� ≥ 10 0.52 ± 0.33 1.5 0.72 ± 0.30 2.4 0.58 ± 0.31 1.9 0.68 ± 0.30 2.3 0.78 ± 0.32 2.4
� ≥ 2 0.52 ± 0.32 1.6 0.75 ± 0.28 2.7 0.62 ± 0.29 2.1 0.70 ± 0.28 2.5

KSW 0.75 ± 0.32 2.3 0.85 ± 0.32 2.7 0.68 ± 0.32 2.1 0.81 ± 0.31 2.6
binned 0.80 ± 0.40 2.0 1.03 ± 0.37 2.8 0.83 ± 0.39 2.1 0.91 ± 0.37 2.5
modal 0.68 ± 0.39 1.7 0.93 ± 0.37 2.5 0.60 ± 0.37 1.6 0.77 ± 0.37 2.1

Table 3. For each pair of estimators we provide the mean differ-
ence among the amplitudes estimated from the data (∆ATφ), the
dispersion of the differences between the amplitudes estimated
from the simulations (sA), the ratio of this dispersion to the larger
of the corresponding sensitivities (η), and the correlation coeffi-
cient (ρ).

KSW binned modal

∆A ± sA −0.11 ± 0.10 −0.21 ± 0.21 −0.07 ± 0.21
Tφ η 0.32 0.56 0.56

ρ 0.95 0.84 0.84

∆A ± sA −0.10 ± 0.19 0.04 ± 0.19
KSW η 0.52 0.51

ρ 0.86 0.87

∆A ± sA 0.14 ± 0.15
binned η 0.41

ρ 0.92

of the corresponding sensitivities (η, according to Table 2), and
the correlation coefficient (ρ). As can be seen from the Table,
the agreement among estimators is good and the discrepancies
are only around 0.5σ, which is the expected scatter, given the
correlation between the weights of different estimators discussed
above. Overall, the bispectrum estimators provide a larger value
of the amplitude ATφ, as compared to the Tφ estimator.

We have also explored the joint estimation of the two bispec-
tra that are expected to be found in the data: the ISW-lensing;
and the residual point sources. A detailed description of the
non-Gaussian signal coming from point sources can be found in
Planck Collaboration XXIV (2013). The joint analysis of these
two signals performed with the KSW estimator, and the binned,
and modal estimators has shown that the ISW-lensing amplitude
estimation can be considered almost completely independent of
the non-Gaussian signal induced by the residual sources, and that
the two bispectra are nearly perfectly uncorrelated.

There is not a unique way of extracting a single signal-to-
noise value from Table 2. However, all the estimators show evi-
dence of ISW-lensing at about the 2.5σ level.

Finally, we estimate that the bias introduced by the ISW-
lensing signal on the estimation of the primordial local shape
bispectrum (Eq. 14) is ∆prim � 7, corresponding to the theoret-
ical expectation, as described in detail in Planck Collaboration
XXIV (2013).

4. Cross-Correlation with surveys

The ISW effect can be probed through several different ap-
proaches. Among the ones already explored in the literature, the
classical test is to study the cross-correlation of the CMB tem-
perature fluctuations with a tracer of the matter distribution, typ-

ically a galaxy or cluster catalogue. As mentioned in the intro-
duction, the correlation of the CMB with LSS tracers was first
proposed by Crittenden & Turok (1996) as a natural way to am-
plify the ISW signal, otherwise very much subdominant with re-
spect to the primordial CMB fluctuations. Indeed, this technique
led to the first reported detection of the ISW effect (Boughn &
Crittenden 2004).

Several methods have been proposed in the literature to study
statistically the cross-correlation of the CMB fluctuations with
LSS tracers, and, they can be divided into: real space statis-
tics (e.g., the cross-correlation function, hereinafter CCF); har-
monic space statistics (e.g., the cross-angular power spectrum,
hereinafter CAPS); and wavelet space statistics (e.g., the co-
variance of the Spherical Mexican Hat Wavelet coefficients, or
SMHWcov from now on). These statistics are equivalent (in the
sense of the significance of the ISW detection) under ideal condi-
tions. However, ISW data analysis presents several problematic
issues (incomplete sky coverage, selection biases in the LSS cat-
alogues, foreground residuals in the CMB map, etc.). Hence, the
use of several different statistical approaches provides a more
robust framework for studying the ISW-LSS cross-correlation,
since different statistics may have different sensitivity to these
systematic effects, The individual methods are described in more
detail in Sect. 4.1.

Besides the choice of specific statistical tool, the ISW cross-
correlation can be studied from two different (and complemen-
tary) perspectives. On the one hand, we can determine the am-
plitude of the ISW signal, as well as the corresponding signal-
to-noise ratio, by comparing the observed cross-correlation to
the expected one. On the other hand, we can postulate a null hy-
pothesis (i.e., that there is no correlation between the CMB and
the LSS tracer) and study the probability of obtaining the ob-
served cross-correlation. Whereas the former answers a question
regarding the compatibility of the data with the ISW hypothe-
sis (and provides an estimation of the signal-to-noise associated
with the observed signal), the latter tells us how incompatible
the measured signal is with the no-correlation hypothesis, i.e.,
against the presence of dark energy (assuming that the Universe
is spatially flat). Obviously, both approaches can be extended
to account for the cross-correlation signal obtained from sev-
eral surveys at the same time. These two complementary tests
are described in detail in Sect. 4.2, with the results presented in
Sect. 4.3.

4.1. Cross-correlation statistics

Let us denote the expected cross-correlation of two signals (x
and y) by ξxy

a , where a stands for a distance measure (e.g., the
angular distance θ between two points in the sky, the multipole
� of the harmonic transformation, or the wavelet scale R). For

10

Planck	  has	  provided	  the	  1st	  detec6on	  of	  the	  ISW	  by	  using	  only	  CMB	  data,	  via	  the	  ISW-‐
lensing	  bispectrum.	  	  
	  
Error	   bars	   are	   derived	   from	   coherent	   simula3ons,	   according	   to	   the	   best-‐fit	   Planck	  
alone	  parameters.	  

This	  ISW-‐lensing	  bispectrum	  induces	  a	  bias	  on	  local	  fNL	  of	  around	  7.	  

The	  ISW	  detec7on:	  the	  ISW-‐lensing	  bispectrum	  
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Secondary	  anisotropies	  ISW	  

The	  ISW	  with	  Planck:	  cross-‐correla7on	  with	  LSS	  tracers	  

Lower	  detec6ons	  than	  those	  previously	  reported	  from	  WMAP.	  Two	  major	  reasons:	  
•  Beper	  agreement	  between	  the	  es3mated	  amplitude	  and	  the	  expected	  value:	  

1σ or	  2σ	  vs	  0.5σ	  è	  catalogues	  descrip3on?	  
•  Planck	  ΩΛ	  lower	  than	  WMAP	  one	  è	  “less	  ISW	  effect“	  (~10%)	  



Mee6ng	  on	  Fundamental	  Cosmology	  Fuerteventura,	  5-‐6	  June	  2014	   Patricio	  Vielva	  

Secondary	  anisotropies	  ISW	  

The	  ISW	  with	  Planck:	  Stacking	  on	  the	  posi7on	  of	  large	  structures	  
Planck Collaboration: The ISW effect with Planck
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Fig. 6. Stacked regions of Planck maps corresponding to the locations of the superstructures identified by GR08. From left to right
we show the images resulting from stacking of the 50 superclusters, the 50 supervoids, and the difference of both. The black circles
superimposed indicate the angular radius at which the signal-to-noise ratio is maximal. See Fig. 7 for the corresponding temperature
and photometry profiles, as well as their statistical significance.

Planck maps. We have also used the cleaned frequency maps
from SEVEM (see Sect. 2.1.1) for some of the tests. We first re-
move the monopole and dipole of the maps (outside the U73
mask), and then apply a compact source mask based on the
Planck Legacy Point Source Catalogue (Planck Collaboration
XII 2013) to remove the contamination from individual point
sources.

For the purpose of comparison with the results of GR08, we
smooth the CMB maps with a common Gaussian kernel of 30 �
FWHM. We then project them onto patches around each position
in the supervoid and supercluster catalogue. The GR08 struc-
tures have a relatively small size on the sky (a few degrees), but
the other two catalogues considered here contain many larger
and closer voids, covering larger angular sizes. Thus we work
with 30◦ × 30◦ CMB patches and choose the pixel size to be
6 �, so that all voids considered are fully enclosed. We then co-
add (stack) the maps, taking into account the mask used. On the
stacked images, we calculate both the radial temperature profile
and the aperture photometry, to characterize the signal around
density structures. The temperature profile is obtained by com-
puting the mean of the pixels in rings of fixed width and in-
creasing angular radius; in practice, it is calculated for 150 radii
between 0◦ and 15◦, with a width of ∆θ = 0.◦1. The photometry
profile is obtained by applying a compensated filter that sub-
tracts the average temperature of a ring from the average tem-
perature within the disk whose radius θ is the inner radius ring,
and where the outer radius is chosen to be θ

√
2, so that the disc

and ring have the same area. This should enhance fluctuations
of typical angular size θ against fluctuations at smaller or larger
scales. Aperture photometry results are also provide for at 150
angles, this time between 0◦ and 15/

√
2 ≈ 10.◦6. In addition to

the monopole and dipole, we also removed from the CMB maps
the contribution of large scale angular modes, namely � = 2–
10. These modes correspond to angular scales much larger than
those of the structures under investigation, and for our purposes
their only effect is to introduce gradients in the stacked images;
the high-pass filter essentially stops such gradients getting into
the stacked map (which is equivalent to removing gradients at
the end). The contribution of the large-scale angular modes has
no impact on the aperture photometry profiles, and introduces
only an offset in the temperature profiles (Ilić et al. 2013).

In order to estimate the significance of the resulting photom-
etry and temperature profiles, we follow a Monte Carlo approach
based on stacked CMB images chosen at random positions. In
detail, we compute the photometry and the temperature profiles
for 16 000 sets of 50 CMB patches randomly distributed over
the SDSS area. We then compare the profiles obtained from the
stacking at the location of the GR08 superstructures to these ran-
dom profiles, in order to compute their signal-to-noise ratio.

5.2. Results

We show in Fig. 6 the stacked images of the 50 supervoids and
50 superclusters of GR08 in the Planck map. The correspond-
ing temperature and photometry profiles, along with their sig-
nificance levels, are shown in Fig. 7. The first thing to say is
that, although the signatures are fairly weak, the sign of the
effect certainly seems to be correct. Using the same catalogue
and the Planck CMB map, we find reasonable agreement with
GR08. The maximal photometric decrement, −10.8 µK (essen-
tially identical with the −11.3 µK found by GR08), induced by
supervoids is obtained for a preferred scale of about 3.◦5 (4◦ in
GR08) and a signal-to-noise of 3.3 (3.7σ in GR08), as shown in
Fig. 7. Superclusters produce a photometric increment of about
8.5 µK (slightly above the 7 µK in GR08), with a significance of
3.0σ (compared with 2.6σ in GR08) at a slightly larger angle
of 4.◦7. Finally, the stack of the combined sample (clusters mi-
nus voids) gives a temperature deviation of 8.7 µK, with a sig-
nal strength of 4.0σ at 4.◦1, which is consistent with the values
reported in GR08. The values of statistical significance for our
aperture aperture photometry results are closely related to those
for the temperature profiles. Indeed, as shown in the top panel of
Fig. 7, the temperature profile for the void stack shows a roughly
2σ deficit at small angular radii and a roughly 2σ excess ex-
tending to large radii. Since the aperture photometry is essen-
tially an integral of the temperature profile with a compensated
filter, it picks up enhanced significance because of the shape of
the temperature profile.

As noted previously by several authors (e.g., Hernandez-
Monteagudo & Smith 2012), the amplitude and shape of the pho-
tometric profile found for voids and clusters is in tension (around
2σ) with the values expected from pure ISW within ΛCDM.
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Stacked	   regions	   of	   Planck	   SMICA	   map	   corresponding	   to	   the	   posi3ons	   of	   the	   50	  
superclusters	  (lec)	  and	  50	  supervoids	  (center)	  of	  the	  Grannet	  et	  al.	  2008	  catalogue.	  
Right	  è	   combined	   structures.	   Circles	   indicate	   the	   scale	   at	   which	   the	   s2n	   of	   the	  
photometry	  is	  maximal.	  
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Amplitude	  and	  shape	  of	  the	  photometric	  profile	  is	  
in	   tension	  with	   the	  ΛCDM	  expecta3ons	   (a	   factor	  
of	  2	  at	  least):	  
	  
•  Max	  void	  signal	  -‐11.3µK	  at	  3.5o	  è	  3.3σ	

•  Max	  cluster	  signal	  +8.5µK	  at	  4.7o	  è	  3.0σ	

•  Max	  combined	  signal	  +8.7µK	  at	  4.1o	  è	  4.0σ	

 
Voids	   give	  more	   signal	   than	   clusters,	   opposite	   to	  
expecta3ons.	  
	  
The	  rela3ve	  size	  at	  which	  the	  signal	  is	  maximum	  is	  
2.6	  and	  1.3	  3mes	  the	  radius	  of	  clusters	  and	  voids,	  
respec3vely.	  Value	  for	  clusters	  seems	  too	  large.	  
	  
	  
 
Lowest multipole removed from the maps to avoid 
gradients. 
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The	  ISW	  map	  recovery	  

Planck Collaboration: The ISW effect with Planck
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Fig. 10. Estimate of the optimal number of patches/voids to

stack using the catalogue of Sutter et al. (2012). Starting from

the largest void and adding one CMB patch at a time to the stack,

we find at each step N the minimum of the aperture photome-

try profile, and we multiply this value by
√

N to find the largest

signal-to-noise, assuming that the noise scales roughly as 1/
√

N.

The vertical axis has been normalized to the best signal-to-noise,

obtained for 231 voids.

lations (Cai et al. 2013), and consistent with the sizes detected

using WMAP data (Ilić et al. 2013).

The profiles in Fig. 9 show hints (significance about 2σ) of

a positive excess below about 0.2 times the effective void radius.

This may be partly because the ZOBOV algorithm uses galaxies

as centres of the tessellation, meaning that the centre has to be

slightly locally overdense. Fig. 9 also shows positive excess for

larger apertures, partly caused by the large “hot ring” surround-

ing the cold feature in the stacked images, which raises the mean

temperature of the stacked image for discs of radii around 0.8–

1.2 times the void radius.

6. ISW map recovery

In recent years, some effort has been invested, not only to ob-

tain the statistical cross-correlation signal between the CMB and

LSS data, but also to recover a map of the ISW signal itself

(Barreiro et al. 2008, 2013; Francis & Peacock 2010; Dupé et al.

2011). In particular, assuming the existence of a correlation be-

tween the CMB and the gravitational potential, it is possible to

recover a map of the ISW fluctuations using a filtering method,

given a tracer of the gravitational potential (e.g., the galaxy cat-

alogues described in Sect. 2.2) and the CMB fluctuations. Given

the weakness of the signal, the main objective of this section is

to provide a qualitative image of the ISW fluctuations for visual

inspection, and an additional consistency test of the validity of

the assumed fiducial model, by comparing the statistical prop-

erties of the recovered and expected signals. In addition, this

secondary anisotropy map could also be used to study the large-

scale properties of the CMB, and its possible relation to some

possible large-angle anomalies found in the Planck data (Planck

Collaboration XXIII 2013).

6.1. Method

We have followed the methodology of Barreiro et al. (2008),

which applies a linear filter to the CMB and to a gravitational

potential tracer map, in order to reconstruct an ISW map, as-

suming that the cross- and auto-spectra of the signals are known.

This technique has been recently applied to reconstruct the ISW

map from the WMAP data and NVSS galaxy map (Barreiro et al.

2013). The filter is implemented in harmonic space and the es-

timated ISW map ŝ�m at each harmonic mode is given by (see

Barreiro et al. 2008 for details)

ŝ�m =
L12(�)

L11(�)
g�m +

L2

22
(�)

L2

22
(�) +Cn

�

�
d�m −

L12(�)

L11(�)
g�m
�
, (42)

where L(�) corresponds to the Cholesky decomposition of the

covariance matrix between the considered tracer of the potential

and the ISW signal, at each multipole, which satisfies C(�) =
L(�)LT

(�). Here d�m and g�m are the CMB data and the gravi-

tational potential tracer map, respectively, and Cn

� is the power

spectrum of the CMB signal without including the ISW effect.

If full-sky coverage is not available, the covariance matrix is ob-

tained from the corresponding pseudo-spectra. It can be shown

that the expected value of the power spectrum for the recon-

structed signal is given by

�
C ŝ

�

�
=

(Cgs

� )
2
�
|C(�)| +Cg

�C
n

�

�
+ |C(�)|2

Cg

�

�
|C(�)| +Cg

�C
n

�

� , (43)

where |C(�)| is the determinant of the tracer-ISW covariance ma-

trix at each multipole, and Cgs

� and Cg

� are the assumed cross-

spectrum and gravitational potential tracer spectra, respectively.

Note that the recovered ISW power spectrum will not contain the

full ISW signal, since it can only account for the part of the ISW

signal probed by the tracer being considered. It is also worth not-

ing that in detail the expected cross-correlation depends on the

assumed model. However, in practice, given the weakness of the

signal, it would be difficult to distinguish between two mild vari-

ants of the standard ΛCDM model. Nevertheless this approach

still provides a useful consistency check.

6.2. Results

We have applied the filter described above to two different cases:

combining information from the CMB and the NVSS galaxy cat-

alogue; and applying the filter to the CMB and the recovered

lensing potential map described in 2.1.2. Results have been ob-

tained for the four Planck maps, C-R, NILC, SEVEM, and SMICA.

For simplicity, we show the reconstructions only for the SEVEM

CMB map, since the four methods give very similar results. The

resolution considered for both analyses is Nside = 64.

For the first case, we are using the Planck fiducial model

for the CMB and cross-power spectrum, while for the NVSS

map we assume the model described in Sect. 2.2.1. We also take

into account the presence of Poissonian noise. We have excluded

the area obtained from combining the CMB mask at Nside = 64

(described in Sect. 2.1.1) as well as the area which has not been

observed by NVSS. The final mask keeps around 62% of the sky.

Since the filter is constructed in harmonic space, we have used

an apodized version of the mask in order to reduce the mask-

induced correlations. In any case, the degradation introduced by

the presence of a mask is small (Barreiro et al. 2008).

For the second case, the lensing map involved applying a

high-pass filter, which removed all multipoles with � < 10. This
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This paper presents an application of the approach de-
scribed in Barreiro et al. (2008) to WMAP (Jarosik et al.
2011) and NVSS (Condon et al. 1998). The outline of the ar-
ticle is as follows. The methodology is reviewed in Section 2.
A description of the data used, as well as the fiducial theoret-
ical model is presented in Section 3. In Section 4 we present
the results. Finally, conclusions are given in Section 5.

2 METHODOLOGY

In order to reconstruct the ISWmap, we have used the linear
covariance-based filter presented in Barreiro et al. (2008).
We give here the outline of the method.

Since the filter is implemented in harmonic space, for
simplicity, we will assume that the considered data sets are
full-sky. Let us denote s�m and g�m to the harmonic coeffi-
cients of the ISW map and the large-scale structure (LSS)
survey respectively. The covariance matrix C(�) of the sig-
nals at each multipole � is given by

C(�) =

�
C

g
� C

sg
�

C
sg
� C

s
�

�
(1)

where C
g
� and C

s
� correspond to the auto spectra of the

galaxies and ISW maps 1, respectively, while Csg
� is the cross

power between both signals. To construct the filter, we will
make use of the Cholesky decomposition of the covariance
matrix, which satisfies C(�) = L(�)LT (�), where L(�) is a
lower triangular matrix. It can be trivially shown that the el-
ements of the Cholesky matrix relate to the elements of C(�)
as L11 =

�
C

g
� , L12 = C

sg
� /

�
C

g
� and L22 =

�
|C(�)| /Cg

� ,
where |C(�)| is the determinant of the covariance matrix at
each � mode.

The estimated ISW map ŝ�m at each harmonic mode is
given by (see Barreiro et al. 2008 for details)

ŝ�m =
L12(�)
L11(�)

g�m +
L

2
22(�)

L
2
22(�) + C

n
�

�
d�m − L12(�)

L11(�)
g�m

�
(2)

where d�m are the harmonic coefficients of the CMB map
and C

n
� is the power spectrum of the CMB signal without

including the ISW. Therefore, to reconstruct the ISW map,
we need to assume an underlying cosmological model that
determines the auto and cross power spectra present in the
previous equation.

It is interesting to note that the final reconstructed map
has two contributions: the first term in the previous equa-
tion is given by a filtered version of the galaxies map while
the second expression is a Wiener filter (WF, Wiener 1949)
of a modified CMB data map. This modified data are sim-
ply constructed as the original CMB map minus the filtered
survey. In the case that there is not correlation between the
CMB and the LSS survey, the filter simply defaults to the
WF of the CMB map: since there is not correlation between
both signals, the galaxies map does not contribute to the
final ISW reconstruction. If the information provided by the
CMB map were not considered, the estimated ISW would
be given just by the filtered galaxies map.

1 Note that Cg
� corresponds to the power spectrum of the ob-

served galaxies map and thus, in a general case, it will contain a
noise contribution, while Cs

� refers to the power spectrum of an
ideal ISW map.

It can be easily shown that the expected value of the
power spectrum of the estimated ISW is given by

�
C

ŝ
�

�
=

(Csg
� )2 (|C(�)|+ C

g
� C

n
� ) + |C(�)|2

C
g
� (|C(�)|+ C

g
� C

n
� )

(3)

It is well known that the power spectrum of the WF recon-
struction is biased towards values lower than the true signal,
with the bias depending on the signal-to-noise ratio of the
data. Since our signal is partially reconstructed using this
filter, it will also be biased. The larger the cross-correlation
between CMB and the considered galaxies catalogue, the
smaller the bias, since the WF part will contribute relatively
less than the filtered survey term (see Barreiro et al. 2008
for details).

It is also straightforward to show that the expected
cross-correlation between the recovered signal and the galax-
ies catalogue is equal to that of the assumed model. How-
ever, this is only correct if the assumed cross and auto power
spectra reflect the underlying statistical properties between
the ISW and the LSS survey. For instance, if we assume a
non-vanishing cross-correlation in our model, while the data
have zero correlation, our reconstructed ISW map would ac-
tually present a non-zero correlation with the LSS survey.
However, this spurious correlation, whose expected value can
be easily derived from equation (2), would be different from
the one assumed in our model. In practice, the difference
between the expected values of the cross-correlation for two
(reasonably) different models will in general be small and,
given the weakness of the signal and the statistical uncer-
tainties, it may be difficult to discriminate between them. In
any case, as we will see in Section 4, the comparison between
the expected and estimated values of the cross-correlation is
an interesting consistency check.

The previous description assumes that full-sky data are
available. However, in practice, a mask will be needed to ex-
clude those regions, in both CMB and galaxies survey maps,
that have not been observed or are too contaminated to be
included in the analysis. In Barreiro et al. (2008) was shown
that the method was robust against the presence of a mask
and that the quality of the reconstruction was not signifi-
cantly affected. Therefore, to deal with this problem, we will
simply substitute in the previous equations the harmonic co-
efficients and power spectra by those obtained after masking
the data with the considered mask. In particular, the masked
version of the fiducial model for the power spectra will be
obtained ala MASTER (Hivon et al. 2002). In addition, we
will make use of an apodised version of the considered mask
in order to reduce the correlations between harmonic modes
that are introduced on an incomplete sky.

3 DATA DESCRIPTION

In order to reconstruct the ISW map using the previous
methodology, we need both a CMB map and a LSS cata-
logue, as well as a cosmological fiducial model. For the latter,
we have assumed a ΛCDM model that best fits 7-yr WMAP
data, BAO and H0 measurements (Komatsu et al. 2011).

For the CMB, we have made use of the 7-yr WMAP
data (Jarosik et al. 2011) publicly available at the Legacy
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determines the auto and cross power spectra present in the
previous equation.

It is interesting to note that the final reconstructed map
has two contributions: the first term in the previous equa-
tion is given by a filtered version of the galaxies map while
the second expression is a Wiener filter (WF, Wiener 1949)
of a modified CMB data map. This modified data are sim-
ply constructed as the original CMB map minus the filtered
survey. In the case that there is not correlation between the
CMB and the LSS survey, the filter simply defaults to the
WF of the CMB map: since there is not correlation between
both signals, the galaxies map does not contribute to the
final ISW reconstruction. If the information provided by the
CMB map were not considered, the estimated ISW would
be given just by the filtered galaxies map.

1 Note that Cg
� corresponds to the power spectrum of the ob-

served galaxies map and thus, in a general case, it will contain a
noise contribution, while Cs

� refers to the power spectrum of an
ideal ISW map.
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ŝ
�

�
=

(Csg
� )2 (|C(�)|+ C

g
� C

n
� ) + |C(�)|2

C
g
� (|C(�)|+ C

g
� C

n
� )

(3)

It is well known that the power spectrum of the WF recon-
struction is biased towards values lower than the true signal,
with the bias depending on the signal-to-noise ratio of the
data. Since our signal is partially reconstructed using this
filter, it will also be biased. The larger the cross-correlation
between CMB and the considered galaxies catalogue, the
smaller the bias, since the WF part will contribute relatively
less than the filtered survey term (see Barreiro et al. 2008
for details).

It is also straightforward to show that the expected
cross-correlation between the recovered signal and the galax-
ies catalogue is equal to that of the assumed model. How-
ever, this is only correct if the assumed cross and auto power
spectra reflect the underlying statistical properties between
the ISW and the LSS survey. For instance, if we assume a
non-vanishing cross-correlation in our model, while the data
have zero correlation, our reconstructed ISW map would ac-
tually present a non-zero correlation with the LSS survey.
However, this spurious correlation, whose expected value can
be easily derived from equation (2), would be different from
the one assumed in our model. In practice, the difference
between the expected values of the cross-correlation for two
(reasonably) different models will in general be small and,
given the weakness of the signal and the statistical uncer-
tainties, it may be difficult to discriminate between them. In
any case, as we will see in Section 4, the comparison between
the expected and estimated values of the cross-correlation is
an interesting consistency check.

The previous description assumes that full-sky data are
available. However, in practice, a mask will be needed to ex-
clude those regions, in both CMB and galaxies survey maps,
that have not been observed or are too contaminated to be
included in the analysis. In Barreiro et al. (2008) was shown
that the method was robust against the presence of a mask
and that the quality of the reconstruction was not signifi-
cantly affected. Therefore, to deal with this problem, we will
simply substitute in the previous equations the harmonic co-
efficients and power spectra by those obtained after masking
the data with the considered mask. In particular, the masked
version of the fiducial model for the power spectra will be
obtained ala MASTER (Hivon et al. 2002). In addition, we
will make use of an apodised version of the considered mask
in order to reduce the correlations between harmonic modes
that are introduced on an incomplete sky.

3 DATA DESCRIPTION

In order to reconstruct the ISW map using the previous
methodology, we need both a CMB map and a LSS cata-
logue, as well as a cosmological fiducial model. For the latter,
we have assumed a ΛCDM model that best fits 7-yr WMAP
data, BAO and H0 measurements (Komatsu et al. 2011).

For the CMB, we have made use of the 7-yr WMAP
data (Jarosik et al. 2011) publicly available at the Legacy
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that have not been observed or are too contaminated to be
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cantly affected. Therefore, to deal with this problem, we will
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that are introduced on an incomplete sky.
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Polariza7on	  coming	  this	  October!	  

Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base ΛCDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b) and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base ΛCDM Planck+WP+highL model, which is fitted to the TT data only.

25

Polariza6on	  premier	  already	  shown	  in	  2013	  publica6ons	  

ΛCDM:	  Planck+WP+highL	  
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Polariza7on	  coming	  this	  October!	  

Among	  other	  outcomes,	  we	  expect	  to:	  
	  
•  Provide	  a	  full	  descrip3on	  of	  the	  CMB	  angular	  power	  spectra	  and	  the	  

corresponding	  likelihood	  to	  constrain	  cosmological	  parameters	  
•  Reduce	  the	  uncertain3es	  in	  some	  cosmological	  parameters	  
•  Improve	  our	  knowledge	  of	  the	  physics	  of	  reioniza3on	  
•  Provide	  a	  model	  of	  the	  foregrounds	  polariza3on,	  and	  a	  descrip3on	  of	  the	  

limita3ons	  imposed	  by	  them	  when	  constraining	  cosmology	  
•  Improve	  our	  knowledge	  of	  the	  lensing	  poten3al	  
•  Study	  the	  origin	  of	  the	  large-‐scale	  anomalies	  
•  Probe	  further	  the	  anomalous	  ISW	  signal	  
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Summary	  

•  Planck	  is	  an	  amazing	  experiment	  

•  It	  will	  fix	  the	  CMB	  science	  related	  to	  TT,	  TE	  and	  EE	  spectra	  for	  many	  years	  

•  Besides	  its	  nominal	  capabili3es	  to	  detect	  gravita3onal	  waves	  with	  r	  ≥0.05	  (not	  
considering	  here	  instrumental	  and	  astrophysical	  systema3cs),	  it	  will	  provide	  a	  
capital	  descrip3on	  of	  the	  foreground	  emissions,	  which	  will	  be	  very	  important	  for	  
on-‐going	  ground-‐based	  experiments	  

•  Planck	  Legacy	  will	  be	  essen3al	  to	  exploit	  commentary	  cosmological	  probes	  as	  the	  
galaxy	  surveys	  

•  Large-‐scale	  anomalies	  confirmed	  by	  Planck	  have	  open	  an	  exi3ng	  opportunity	  for	  
theore3cians	  to	  	  explore	  non-‐standard	  models	  to	  explain	  them	  
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The	   scien3fic	   results	   here	   presented	   are	   a	   product	   of	   the	   Planck	  
Collabora3on,	   including	   individuals	   from	   more	   than	   1000	   scien3fic	  
ins3tutes	  in	  Europe,	  the	  USA	  and	  Canada	  


