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Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. 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/2⇡. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-` region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ` = 50,
and linear beyond. The vertical scale is `(` + 1)Cl/2⇡. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di↵ers from the ERCSC in its extraction philosophy: more e↵ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di↵erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di↵erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the
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Planck: Non-Parametric Peak Location forecast 
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Planck Collaboration: Cosmological parameters

Planck Planck+lensing Planck+WP

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

⌦bh2 . . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022242 0.02217 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.11805 0.1186 ± 0.0031 0.12038 0.1199 ± 0.0027

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

⌧ . . . . . . . . . . . . 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(1010As) . . . . . . . 3.098 3.103 ± 0.072 3.098 3.085 ± 0.057 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6964 0.693 ± 0.019 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3036 0.307 ± 0.019 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 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

109As . . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.19+0.12
�0.14 2.215 2.196+0.051

�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14094 0.1414 ± 0.0029 0.14305 0.1426 ± 0.0025

⌦mh3 . . . . . . . . . 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

100✓⇤ . . . . . . . . . 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

100✓D . . . . . . . . . 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

100✓eq . . . . . . . . . 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

Table 2. Cosmological parameter values for the six-parameter base ⇤CDM 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 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.

3.2. Hubble parameter and dark energy density

The Hubble constant, H0, and matter density parameter, ⌦m,
are only tightly constrained in the combination ⌦mh3 discussed
above, but the extent of the degeneracy is limited by the e↵ect
of ⌦mh2 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 ⌦m
(or equivalently ⌦⇤) 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

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

and for the physical matter density we find

⌦mh2 = 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

P
m⌫ = 0, the Hubble

parameter constraint shifts to

H0 = (68.0 ± 1.4) km s�1 Mpc�1 (68%; Planck,
P

m⌫ = 0). (16)

3.3. Matter densities

Planck can measure the matter densities in baryons and dark
matter from the relative heights of the acoustic peaks. However,
as discussed above, there is a partial degeneracy with the spec-
tral index and other parameters that limits the precision of the
determination. With Planck there are now enough well measured
peaks that the extent of the degeneracy is limited, giving ⌦bh2 to
an accuracy of 1.5% without any additional data:

⌦bh2 = 0.02207 ± 0.00033 (68%; Planck). (17)
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Table A.1. Comparison of the base ⇤CDM parameters from Planck+WP+highL compared to the parameters determined by S12
from a joint likelihood analysis of SPT and WMAP-7 spectra.

Planck+WP+highL WMAP-7+SPT (S12)

Parameter Best fit 68% limit Best fit 68% limits

100⌦bh2 . . . . . . . 2.207 2.207 ± 0.027 2.223 2.229 ± 0.037
⌦ch2 . . . . . . . . . . 0.1203 0.1198 ± 0.0026 0.1097 0.1093 ± 0.0040
109As . . . . . . . . . 2.211 2.198 ± 0.056 2.143 2.142 ± 0.061
ns . . . . . . . . . . . . 0.958 0.959 ± 0.007 0.963 0.962 ± 0.010
⌧ . . . . . . . . . . . . . 0.093 0.091 ± 0.014 0.083 0.083 ± 0.014
100✓⇤ . . . . . . . . . 1.0415 1.0415 ± 0.0006 1.0425 1.0429 ± 0.0010
⌦⇤ . . . . . . . . . . . 0.683 0.685 ± 0.017 0.747 0.750 ± 0.020
H0 . . . . . . . . . . . 67.2 67.3 ± 1.2 72.3 72.5 ± 1.9

tensions to the standard cosmology which reconcile the WMAP-
7+SPT power spectra with the BAO measurements.

Since Planck and the SPT S12 spectra have a large over-
lap range at high multipoles, where both experiments have high
signal-to-noise, there is no need to use WMAP as an intermediary
to establish a relative calibration. We can compare the spectra di-
rectly via a joint likelihood analysis using the same foreground
model that is used in the main body of this paper. Since the S12
spectrum is measured at a frequency of 150 GHz, we first present
results using only the Planck 143 ⇥ 143 GHz spectrum in the
Planck likelihood. This reduces sensitivity to the details of the
foreground modelling. Apart from small colour corrections, the
foregrounds are identical except for di↵erences in the Poisson
point source amplitudes.

Absolute calibration of the SPT spectra is determined by
comparing with the WMAP-7 spectrum in the multipole range
600  `  1000. Since the spectra from both experiments are
noisy in this range, there is a large (roughly 3%) uncertainty in
the absolute calibration of the S12 data. Here we use a version
of the SPT S12 likelihood which does not include marginaliza-
tion over calibration uncertainties and self-consistently solve for
a map calibration factor ySPT

150 between SPT and Planck. (This dif-
fers from the analysis of Calabrese et al. 2013 who use an SPT
covariance matrix that includes marginalization over calibration
errors and combine with other experiments without solving for a
relative calibration factor.)

The results are shown in Fig. A.3(a)45. The best-fit ⇤CDM
cosmology is very close to the best-fit base ⇤CDM cosmology
of the Planck+WP+highL combination used in the main body
of the paper (shown by the blue lines in the figure). The Planck
spectra dominate the solution and the e↵ect of the SPT points is
to pull the best-fit model solution slightly upwards in the multi-
pole range 650 <⇠ ` <⇠ 1500. This is caused by the SPT points at
` <⇠ 1100, which sit high relative to Planck.

We find similar results when we combine the S12 likelihood
with the full Planck+WP+highL likelihood. This is illustrated
in Fig. A.3(b). Relative to Planck, the SPT spectra lie system-
atically high at ` <⇠ 1100. (The Planck spectrum sits high com-
pared to the best-fit spectrum at ` >⇠ 2300, but in this region
of the spectrum, foreground and beam errors become significant
and introduce large correlations between the data points.) The
parameter values for the Planck+S12 fits are listed in Table A.2.

To relate these results to the discrepancy in Fig. A.1 we have
also run MCMC chains with a joint WMAP-9 (V+W band)+S12

45In Figs. A.3 and A.4 we use the window functions provided by S12
to band-average the Planck and theory data points at high multipoles.
In Fig. A.4, we band-average the Planck and theory data points using
the WMAP-9 binning scheme at `  650.

likelihood, self-consistently solving for a relative calibration fac-
tor, y150

SPT/WMAP, between WMAP-9 and S12 and using the fore-
ground model adopted in this paper. The parameter values from
this analysis are listed in the second column of Table A.2. (Note
that, compared to the WMAP-7+S12 values listed in Table A.1,
the WMAP-9+S12 parameters move a little closer to the Planck
parameters.)

Figure A.4(a) gives the “Planck view” of the problem.
Here, the Planck and S12 data points are exactly as plotted
in Fig. A.3(b). The blue curve in the upper panel shows the
WMAP-9+S12 best-fit ⇤CDM model. In the lower panel, the
blue curve shows the residual between this model and the best-fit
base ⇤CDM Planck model. The green points show the WMAP-
9 data points lowered in amplitude by 2.49% to account for
the scaling di↵erence between WMAP and Planck, discussed in
Planck Collaboration XI (2013). The blue curve provides a good
fit to the S12 spectrum, but fails to match the Planck spectrum
at multipoles below about 1100. The blue curve also fails to
match the rescaled WMAP-9 points at ` <⇠ 700. This suggests
that the SPT spectrum has a small multipole-dependent bias of
about 35 µK2 over the multipole range 650–1100.

The “SPT view” of the problem is illustrated in Fig. A.4(b).
Here, the best-fit foreground model from the WMAP-9+S12 fit
has been subtracted from the S12 spectrum and corrected for
the relative calibration factor y150

SPT/WMAP (which is very close to
unity). The WMAP-9 points are plotted with no scaling correc-
tion. The blue curve now provides a good fit to the WMAP-9
and S12 data points (as expected). But now both WMAP and
S12 are discrepant with the Planck data. If this view were cor-
rect, one would have to argue that the Planck spectra su↵er from
a scale-dependent bias, varying by about 2% from low multi-
poles to ` ⇠ 2000, that is repeatable between detectors and
frequencies, and is common to both the HFI and LFI instru-
ments. There is no evidence for any such e↵ect in the Planck
data (Planck Collaboration XI 2013; Planck Collaboration XV
2013).

To reinforce this point and to illustrate further the con-
sistency between the shapes of the Planck and WMAP spec-
tra, Fig. A.5 shows an estimate of the combined V+W band
WMAP power spectrum computed on the same mask used for
the 100 ⇥ 100 Planck spectrum. Here we have used a combined
WMAP+Planck mask for point source holes. The pink points
show the Planck 100 ⇥ 100 GHz spectrum. The WMAP points
have been rescaled by a multiplicative factor of 0.975 and agree
to remarkable precision point-by-point with the Planck spec-
trum. The rms scatter between the Planck and WMAP points
over the multipole range 50  `  400 is only 22 µK2, i.e., after
a multiplicative scaling the two spectra are consistent to within
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Simple… yet, an exotic  universe 

FRW Universe + Gravitational Structure formation tells us : 

•  95% of the energy of the universe is in some exotic form 

•  Dark Matter: we cannot see it directly, only via 
gravitational clustering effect. 

 
•  Dark Energy: smooth form of energy which does NOT 

cluster under gravity. 

•  Some new Ultra-high energy (possibly,  fundamental)  

physics for generating primordial perturbations. 
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A phase of rapid expansion in the scale  factor of the universe 

Inflation  
a paradigm in search of a model 



Why “Inflation”? 

X RH/33 

Inflation: a paradigm in search of a model 

A phase of accelerated expansion in the scale  factor of the universe 



A scalar field displaced from the minima of its potential 
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Generic Inflation model  



A scalar field displaced from the minima of its potential 

ρ
φ

ρ
ρ )(

3
)3(

2
3

 :onDecelerati

2

2

Vp

aH
aq
−

=
+

−

=

=




1/
Inflation
2 <Vφ

Generic Inflation model  



Generation of fluctuations 
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adiabatic scalar perturbations 
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•  It is equivalent  to the Gauge invariant Bardeen potential 
on super-Hubble radius scales  

Adiabatic scalar perturbations 



l   Underlying statistics:   Gaussian   

l  Power spectrum :   ‘Nearly’ Scale invariant /scale free  form 

l  Spin characteristics: (Scalar)  Density perturbations  

l  Type of scalar perturbation: Adiabatic -- no entropy fluctuations 

   

   

The nature of initial/primordial perturbations 

The Background universe 
l  Homogeneous &  isotropic space:  Cosmological principle  

l  Flat (Euclidean) Geometry 

Early Universe in CMB 
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Nearly, but NOT EXACTLY 
 scale invariant 
 as expected in `simplest’ Inflation 

10 Planck Collaboration: Constraints on inflation

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

⇤CDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

�2� lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ⇤CDM+r model from Planck combined with other data sets.
The constraints are given at the pivot scale k⇤ = 0.002 Mpc�1.

Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

reheating priors allowing N⇤ < 50 could reconcile this model
with the Planck data.

Exponential potential and power law inflation

Inflation with an exponential potential

V(�) = ⇤4 exp
 

�� �
Mpl

!

(35)

is called power law inflation (Lucchin & Matarrese, 1985),
because the exact solution for the scale factor is given by
a(t) / t2/�2 . This model is incomplete, since inflation would
not end without an additional mechanism to stop it. Assuming
such a mechanism exists and leaves predictions for cosmo-
logical perturbations unmodified, this class of models predicts
r = �8(ns � 1) and is now outside the joint 99.7% CL contour.

Inverse power law potential

Intermediate models (Barrow, 1990; Muslimov, 1990) with in-
verse power law potentials

V(�) = ⇤4
 

�

Mpl

!��
(36)

lead to inflation with a(t) / exp(At f ), with A > 0 and 0 < f < 1,
where f = 4/(4 + �) and � > 0. In intermediate inflation there
is no natural end to inflation, but if the exit mechanism leaves
the inflationary predictions on cosmological perturbations un-
modified, this class of models predicts r ⇡ �8�(ns � 1)/(� � 2)
(Barrow & Liddle, 1993). It is disfavoured, being outside the
joint 95% CL contour for any �.

Hill-top models

In another interesting class of potentials, the inflaton rolls away
from an unstable equilibrium as in the first new inflationary mod-
els (Albrecht & Steinhardt, 1982; Linde, 1982). We consider

V(�) ⇡ ⇤4
 

1 � �
p

µp + ...

!

, (37)

where the ellipsis indicates higher order terms negligible during
inflation, but needed to ensure the positiveness of the potential
later on. An exponent of p = 2 is allowed only as a large field
inflationary model and predicts ns � 1 ⇡ �4M2

pl/µ
2 + 3r/8 and

r ⇡ 32�2⇤M2
pl/µ

4. This potential leads to predictions in agree-
ment with Planck+WP+BAO joint 95% CL contours for super-
Planckian values of µ, i.e., µ & 9 Mpl.

Models with p � 3 predict ns � 1 ⇡ �(2/N)(p � 1)/(p � 2)
when r ⇠ 0. The hill-top potential with p = 3 lies outside the



Level of Non-Gaussian 
signature probed is a 

very subtle !!! 
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Planck Collaboration: Planck 2013 Results. XXIV. Constraints on primordial NG

Table 8. Results for the fNL parameters of the primordial local,
equilateral, and orthogonal shapes, determined by the KSW es-
timator from the SMICA foreground-cleaned map. Both indepen-
dent single-shape results and results marginalized over the point
source bispectrum and with the ISW-lensing bias subtracted are
reported; error bars are 68% CL .

Independent ISW-lensing subtracted

KSW KSW

SMICA

Local . . . . . . . . . 9.8 ± 5.8 2.7 ± 5.8

Equilateral . . . . . �37 ± 75 �42 ± 75

Orthogonal . . . . . �46 ± 39 �25 ± 39

point function of the data that do not correlate significantly with
the standard primordial shapes. This advantage is shared by the
skew-C` method, also applied to the data. A detection of such
features would either produce a warning that some residual spu-
rious NG e↵ects are still present in the data or provide an in-
teresting hint of “non-standard” primordial NG that is not cap-
tured by the local, equilateral and orthogonal shapes. Additional
constraints for a broad range of specific models are provided in
Sect. 7.3 (see also Sect. 2.3).

7.1. Constraints on local, equilateral and orthogonal fNL

Our goal here is to investigate the standard separable local, equi-
lateral and orthogonal templates used e.g., in previous WMAP
analyses (see e.g., Bennett et al. 2012). When using the modal,
binned, or wavelet estimator, these theoretical templates are ex-
panded approximately (albeit very accurately) using the relevant
basis functions or bins. On the other hand, the KSW estimator by
construction works with the exact templates and, for this reason,
it is chosen as the baseline to provide the final fNL results for
the standard shapes (local, equilateral, orthogonal), see Table 8.
However, both the binned and modal estimators achieve optimal
performance and an extremely high correlation for the standard
templates (⇠ 99%), so they are statistically equivalent to KSW,
as demonstrated in the previous section. This means that we can
achieve a remarkable level of cross-validation for our Planck
non-Gaussianity results. We will be able to present consistent
constraints for the local, equilateral and orthogonal models for
all four Planck foreground-separated maps, using three indepen-
dent optimal estimators (refer to Table 9). Regarding compo-
nent separation methods, we adopt the SMICA map as the de-
fault for the final KSW results given its preferred status among
foreground-separation techniques in Planck Collaboration XII
(2013). The other component separation maps will be used for
important cross-validation of our results and to evaluate poten-
tial sensitivity to foreground residuals.

All the results presented in this Section were obtained using
a mask leaving roughly 73% of the sky unmasked, which was
obtained conservatively as a combination of all the confidence
masks provided by the various component separation methods.
As will be shown in Sect. 8.2, results are robust to changes that
make the mask larger, but choosing a significantly smaller mask
would leave some NG foreground contamination. For the lin-
ear term CMB and noise calibration, and error bar determina-
tion, we used sets of realistic FFP6 maps that include all steps
of data processing, and have realistic noise and beam proper-
ties (Planck Collaboration ES 2013). The simulations were also

lensed using the Lenspix algorithm and filtered through the
component separation pipelines.

In Table 8 we show results for the combination of the KSW
estimator and the SMICA map, at a resolution of `max = 2500.
We present both “independent” single-shape results and “ISW-
lensing subtracted” ones. The former are obtained by directly
fitting primordial templates to the data. For the latter, two ad-
ditional operations have been performed. In the first place, as
the name indicates, they have been corrected by subtracting
the bias due to the correlation of the primordial bispectra to
the late-time ISW-lensing contribution (Mangilli & Verde 2009;
Junk & Komatsu 2012; Hanson et al. 2009b, see Sect. 5.2). In
addition, a joint fit of the primordial shape with the (Poissonian)
point source bispectrum amplitude extracted from the data
has been performed on the results marked “ISW-lensing sub-
tracted”.10 Since the ISW-lensing bispectrum is peaked on
squeezed configurations, its impact is well known to be largest
for the local shape. The ISW-lensing bias is also important for
orthogonal measurements (there is a correlation coe�cient r ⇠
�0.5 between the local and orthogonal CMB templates), while
it is very small in the equilateral limit. The values of the ISW-
lensing bias we subtract, summarized in Table 1, are calculated
assuming the Planck best-fit cosmological model as our fidu-
cial model. The same fiducial parameters were of course consis-
tently used to compute the theoretical bispectrum templates and
the estimator normalization. Regarding the point source contam-
ination, we detect a Poissonian bispectrum at high significance
in the SMICA map, see Sect. 5.3. However, marginalizing over
point sources still carries a nearly negligible impact on the final
primordial fNL results, because the Poisson bispectrum template
has very small correlations with all the other shapes.

In light of the discussion at the beginning of this section, we
take the numbers from the KSW SMICA analysis in Table 8 as the
final local, equilateral and orthogonal fNL constraints for the cur-
rent Planck data release. These results clearly show that no evi-
dence of NG of the local, equilateral or orthogonal type is found
in the data. After ISW-lensing subtraction, all fNL for the three
primordial shapes are consistent with 0 at 68% CL. Note that
these numbers have been cross-checked using two completely
independent KSW pipelines, one of which is an extension to
Planck resolution of the pipeline used for the WMAP analysis
(Bennett et al. 2012).

Unlike other methods, the KSW technique is not designed
to provide a reconstruction of the full bispectrum of the data.
However, the related skew-C` statistic described in Sect. 3.2.2
allows, for each given shape, visualization and study of the con-
tribution to the measured fNL from separate `-bins. This is a
useful tool to study potential spurious NG contamination in the
data. We show for the SMICA map in Fig. 5 the measured skew-
C` spectrum for optimal detection of primordial local, equilat-
eral and orthogonal NG, along with the best-fitting estimates of
fNL from the KSW method for di↵erent values of `. Contrary to
the case of the point source and ISW-lensing foregrounds (see
Sect. 5), the skew-C` statistics do not show convincing evidence
for detection of the primordial shapes. In particular the skew-
spectrum related to primordial local NG does not have the right
shape, suggesting that whatever is causing this NG signal is not
predominantly local. Again, point sources contribute very little
to this statistic; ISW-lensing contributes, but only a small frac-

10 More precisely, in the subtracted ISW-lensing results the equilateral
and orthogonal primordial shapes are also fitted jointly, although this
has a nearly negligible impact on the final result because the two shapes
are by construction nearly perfectly uncorrelated.
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Fig. 20. Evolution of the fNL parameters (solid blue line with data points) and their uncertainties (dashed lines) for the five bispectrum
templates as a function of the maximum multipole number `max used in the analysis. From left to right and top to bottom the
figures show respectively local, equilateral, orthogonal, di↵use point sources, and ISW-lensing. To better show the evolution of the
uncertanties, they are also plotted around the final value of fNL (solid green lines without data points). The results are for SMICA,
assume all shapes to be independent, and have been determined with the binned bispectrum estimator.

Table 16. Results for fNL (assumed independent) of the SMICA cleaned map using di↵erent values of `max, for the KSW and binned
estimators.

`max = 500 `max = 1000 `max = 1500 `max = 2000 `max = 2500
KSW

Local . . . . . . . . . 38 ± 18 6.4 ± 9.7 6.9 ± 6.2 9.1 ± 5.8 9.8 ± 5.8
Equilateral . . . . . �119 ± 121 �45 ± 88 �41 ± 75 �40 ± 75 �37 ± 75
Orthogonal . . . . . �163 ± 109 �89 ± 52 �57 ± 45 �45 ± 40 �46 ± 39
Di↵.ps ·1029 . . . . (�1.5 ± 1.3)⇥104 (�7.9 ± 3.1)⇥102 �39 ± 18 10.0 ± 3.1 7.7 ± 1.5
ISW-lensing . . . . 3.2 ± 1.2 1.00 ± 0.43 1.00 ± 0.35 0.83 ± 0.31 0.81 ± 0.31

Binned
Local . . . . . . . . . 33 ± 18 6.6 ± 9.8 7.1 ± 6.1 8.5 ± 5.9 9.2 ± 5.9
Equilateral . . . . . �95 ± 107 �55 ± 77 �47 ± 72 �22 ± 73 �20 ± 73
Orthogonal . . . . . �102 ± 94 �69 ± 58 �60 ± 44 �35 ± 40 �39 ± 41
Di↵.ps ·1029 . . . . (�1.4 ± 1.2)⇥104 (�8.2 ± 2.9)⇥102 �42 ± 17 9.9 ± 2.9 7.7 ± 1.6
ISW-lensing . . . . 2.6 ± 1.6 0.57 ± 0.52 0.80 ± 0.42 0.85 ± 0.38 0.91 ± 0.37

8. Validation of Planck results

Here we perform a set of tests to check the robustness and sta-
bility of our fNL measurements. As these are validation tests
of Planck results, and not internal comparisons of bispectrum
pipelines (already shown to be in tight agreement in Sect 6 and
7) we will not employ all the bispectrum estimators on each test.
In general we choose to use two estimators on each test, in order
to have a cross-check of the outcomes without excessive redun-
dancy.

8.1. Dependence on maximum multipole number

The dependence on the maximum multipole number `max of the
SMICA results (assuming independent shapes) is shown in Fig. 20
(for the binned estimator) and Table 16 (for both the KSW and
binned estimators). Testing the `max dependence is easiest for the
binned estimator, where one can simply omit the highest bins
in the final sum when computing fNL. It is clear that we have
reached convergence both for the values of fNL and for their error
bars at `max = 2500, with the possible exception of the error bars
of the di↵use point source bispectrum. The di↵use point source
bispectrum template is dominated by equilateral configurations
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Planck recovers WMAP-9 
(40+-20, 2-σ at  lmax =500) 







Generation of E & B modes 
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Image: BICEP-KECK 
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 Scalar  & Tensor perturbations 

(Fig:Souradeep, Thesis 1995) 



l   Underlying statistics:   Gaussian   

l  Power spectrum :   ‘Nearly’ Scale invariant /scale free  form 

l  Spin characteristics: (Scalar)  Density perturbations  

l  Type of scalar perturbation: Adiabatic -- no entropy fluctuations 

   

   

The nature of initial/primordial perturbations 

The Background universe 
l  Homogeneous &  isotropic space:  Cosmological principle  

l  Flat (Euclidean) Geometry 

… cosmic (Tensor) Gravity waves !?! 

Early Universe in CMB 



BICEP2: arXiv:1403.4302 

BICEP2 

“Cool Telescope” 
•  Entire optics in cryostat 
•  Optics like optical not radio 

New tech detectors 
512x512 TES  
0.3 nKs0.5 

Prof. Andrew Lange 
(1957 - 2010) 
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Location: South Pole 

•  “An excellent site for millimeter-wave observation from the ground 
(DASI, BICEP1, QUAD & SPT) 

–  Dry: exceptionally low precipitable water vapour, reducing atmospheric 
noise due to the absorption & emission of water at ~150GHz observing 
band. 

 

–  Calm : very stable weather, especially during the dark winter months,  

–   Finally, the Amundsen-Scott South Pole Station has hosted scientific 
research continuously since 1958. The station offers well-developed 
facilities with year-round staff and an established transportation 
infrastructure.” 
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BICEP philosophy: 
Deep observations  in ‘cleanest’ patch 

30 

400 sq. degs. 
Centered  at 
Galactic: 

 316o,−59o 
Celestial: 
    RA 0h, Dec. −57.5o 

BICEP2: arXiv:1403.4302 



BICEP Polarization Maps 
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BICEP2: arXiv:1403.3985 



Power Spectra 
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BICEP2: arXiv:1403.3985 



Main Results claimed 

•  r=0.2 (GW) detected at 5.2σ 
•  r=0.0 (no GW) ruled out at 7.0σ 
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BICEP2: arXiv:1403.3985 



l  Energy scale and Model of inflation 

(Souradeep & Sahni, 1992, 
Souradeep, Ph.D.thesis, 1995) 

COBE-DMR 
normalized Hubble 
parameter during 
inflation 

Early Universe from CMB 

r = 0.2 =>
H inf = 2.1016  GeV



l  Tensor to scalar ratio is crucial discriminant of  EU scenarios 

Scalar ---   Density perturbations   

à Large scale structure in galaxy 
clustering  

Tensor ---  Gravitational  waves  

à Relic stochastic GW background 

Vector ---   rotational modes    

à  Perhaps unimportant, but 
primordial magnetic field  

Tensor to scalar 
ratio in the CMB 

(Souradeep & Sahni, 1992, 
Souradeep, Ph.D.thesis, 1995) 

COBE 

WMAP 

Planck  

Early Universe from CMB 

BICEP2 



Same GW can be detected over 20-30 orders smaller scale ! 

CMB Task Force Report 

CMB weak 
Lensing 
(Aditya’s talk) 



Planck	  Collab.	  View	  on	  CMB	  B-‐mode	  

X	  name	  "The	  talk"	   37	  

•  Planck measures polarisation and it is in our 
scientific objectives to detect or set limits on 
primordial B-modes in the CMB 

•  Planck's sensitivity allows in principle to measure the 
tensor-to-scalar ratio at the high level of signal 
detected by BICEP2, though in practice this depends 
on controlling systematic effects and foregrounds  

•  We plan to release all our data, including polarisation 
maps,at the end of October 2014. 

 



Any concerns !!!?!!! 
 

•  Essentially based on single 
frequency measurements !!!! 

 
•  Is it ‘cleanest’ patch in 
*polarized* foregrounds? 



Concern: Tension with Planck 
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BICEP2: arXiv:1403.3985 
Planck BlueBook-v2 

Reconciliation à more 
serious power deficit at 

low multipoles  

Planck-2013 XXII (arXiv:1303.5082) 

Suvodip Mukherjee & Santanu Das using 
SCoPE 



Concern (Courtesy:Aditya) 



Concern: foreground 

•  “detected signal is not foreground” ruled out at ~2σ? 
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“The constraint on the spectral index of 
the BB signal based on joint 
consideration of the BICEP2 auto, 
BICEP1-100 auto, and 
BICEP2×BICEP1-100 cross spectra. 
The curve shows the marginalized 
likelihood as a function of assumed 
spectral index. The vertical solid and 
dashed lines indicate the maximum 
likelihood and the ±1σ interval. The blue 
vertical lines indicate the equivalent 
spectral indices under these 
conventions for the CMB, synchrotron, 
and dust. The observed signal is 
consistent with a CMB spectrum, while 
synchrotron and dust are both 
disfavored by > ~2σ.” BICEP2: arXiv:1403.3985 



 polarised dust 

•  “The main uncertainty in 
foreground modeling is 
currently the lack of a 
polarized dust map. (This 
will be alleviated soon by 
the next Planck data 
release.) In the meantime 
we have therefore 
investigated a number of 
existing models and have 
formulated two new ones.” 
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BICEP2: arXiv:1403.3985 



CMB	  Foregrounds	  	  
as	  observed	  by	  Planck	  

Tuhin	  Ghosh,	  IAS	  Orsay,	  France	  
Planck	  CollaboraLon	  
	  

Slides Courtesy:  

Recent review talk at Moriond meeting Apr. 2014 



Summary 

•  Popular models of inflation predict primordial GWs 
 Amplitude o 

•  GWs induces B-mode polarisation in CMB 
•  BICEP2 claimed a > 5σ detection of primordial B-modes, 

reinforcing the existence of GW and Inflation 

➡ potentially a major milestone in cosmology and High 
energy physics. 

➡ but we must wait for results from other frequency 
channels of Keck array and other detectors (Planck) 
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Thank You! 


