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The Isotropic Universe  

Serendipitous discovery of  the dominant Radiation  content  of   the 
universe  as an extremely isotropic,  Black-body bath at temperature 

T0=2.725 (+/-0.002)K . 

 “Clinching support for Hot Big Bang model” 

Nobel prize  
1978 

Cosmic Microwave Background 



`Standard’ cosmological model: 
Geometry, Expansion & Matter 
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CMB Anisotropy & Polarization 
CMB temperature  

Tcmb = 2.725 K 
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CMB Anisotropy Sky map   =>  Spherical Harmonic decomposition  

Statistics of CMB 
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Statistical isotropic & Gaussian CMB  anisotropy is 
completely specified by the 
angular power spectrum   



Hence, a powerful tool for 
constraining   cosmological   
parameters. 

Fig. M. White 1997 

The  Angular power spectrum 
of    CMB anisotropy depends 
sensitively on  Cosmological 
parameters 

lC

Multi-parameter Joint likelihood (MCMC) 



Music of the  
Cosmic   
Drum  



Transparent universe 

Opaque  universe 

Here  
& Now 

(14 Gyr) 

0.5 Myr 

Cosmic  “Super–IMAX” theater  



Perturbed universe: superposition of 
random `pings’  

 (Fig: Einsentein ) 



Ping the ‘Cosmic drum’   

More technically, 
the Green function  (Fig: Einsentein ) 

150 Mpc. 



• Low  multipole :  
Sachs-Wolfe plateau 

•  Moderate  multipole :  
Acoustic “Doppler” peaks 

•  High multipole :  
Damping tail  

Dissected CMB Angular power spectrum 

(fig credit: W. Hu) 

CMB physics is very 
well understood !!! 



Boomerang  1998    

DASI 2002 
(Degree Angular scale  

Interferometer)  

Archeops 2002 

COBE, Post-COBE Ground & Balloon Experiments  



Highlights of CMB Anisotropy Measurements  (1992-  2002)  



 CMB space missions 

1991-94 

2001-2010 

2009-2011 

CMBPol/COrE 
2020+ 



Independent, self contained analysis of WMAP  multi-frequency maps  

Saha, Jain, Souradeep 
(WMAP1: Apj Lett 2006) 

 
WMAP3 2nd release :  

TS,Saha, Jain: Irvine proc.06 
Eriksen et al.  ApJ. 2006  

 

  

WMAP: Angular power spectrum 



Pre-Planck Angular power spectrum 

Image Credit: NASA / WMAP Science Team 
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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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Planck+WP Planck+WP+highL Planck+lensing+WP+highL Planck+WP+highL+BAO

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

⌦bh2 . . . . . . . . . . 0.022032 0.02205 ± 0.00028 0.022069 0.02207 ± 0.00027 0.022199 0.02218 ± 0.00026 0.022161 0.02214 ± 0.00024

⌦ch2 . . . . . . . . . . 0.12038 0.1199 ± 0.0027 0.12025 0.1198 ± 0.0026 0.11847 0.1186 ± 0.0022 0.11889 0.1187 ± 0.0017

100✓MC . . . . . . . . 1.04119 1.04131 ± 0.00063 1.04130 1.04132 ± 0.00063 1.04146 1.04144 ± 0.00061 1.04148 1.04147 ± 0.00056

⌧ . . . . . . . . . . . . 0.0925 0.089+0.012
�0.014 0.0927 0.091+0.013

�0.014 0.0943 0.090+0.013
�0.014 0.0952 0.092 ± 0.013

ns . . . . . . . . . . . 0.9619 0.9603 ± 0.0073 0.9582 0.9585 ± 0.0070 0.9624 0.9614 ± 0.0063 0.9611 0.9608 ± 0.0054

ln(1010As) . . . . . . . 3.0980 3.089+0.024
�0.027 3.0959 3.090 ± 0.025 3.0947 3.087 ± 0.024 3.0973 3.091 ± 0.025

APS
100 . . . . . . . . . . 152 171 ± 60 209 212 ± 50 204 213 ± 50 204 212 ± 50

APS
143 . . . . . . . . . . 63.3 54 ± 10 72.6 73 ± 8 72.2 72 ± 8 71.8 72.4 ± 8.0

APS
217 . . . . . . . . . . 117.0 107+20

�10 59.5 59 ± 10 60.2 58 ± 10 59.4 59 ± 10

ACIB
143 . . . . . . . . . . 0.0 < 10.7 3.57 3.24 ± 0.83 3.25 3.24 ± 0.83 3.30 3.25 ± 0.83

ACIB
217 . . . . . . . . . . 27.2 29+6

�9 53.9 49.6 ± 5.0 52.3 50.0 ± 4.9 53.0 49.7 ± 5.0

AtSZ
143 . . . . . . . . . . 6.80 . . . 5.17 2.54+1.1

�1.9 4.64 2.51+1.2
�1.8 4.86 2.54+1.2

�1.8

rPS
143⇥217 . . . . . . . . 0.916 > 0.850 0.825 0.823+0.069

�0.077 0.814 0.825 ± 0.071 0.824 0.823 ± 0.070

rCIB
143⇥217 . . . . . . . . 0.406 0.42 ± 0.22 1.0000 > 0.930 1.0000 > 0.928 1.0000 > 0.930

�CIB . . . . . . . . . . 0.601 0.53+0.13
�0.12 0.674 0.638 ± 0.081 0.656 0.643 ± 0.080 0.667 0.639 ± 0.081

⇠tSZ⇥CIB . . . . . . . . 0.03 . . . 0.000 < 0.409 0.000 < 0.389 0.000 < 0.410

AkSZ . . . . . . . . . . 0.9 . . . 0.89 5.34+2.8
�1.9 1.14 4.74+2.6

�2.1 1.58 5.34+2.8
�2.0

⌦⇤ . . . . . . . . . . . 0.6817 0.685+0.018
�0.016 0.6830 0.685+0.017

�0.016 0.6939 0.693 ± 0.013 0.6914 0.692 ± 0.010

�8 . . . . . . . . . . . 0.8347 0.829 ± 0.012 0.8322 0.828 ± 0.012 0.8271 0.8233 ± 0.0097 0.8288 0.826 ± 0.012

zre . . . . . . . . . . . 11.37 11.1 ± 1.1 11.38 11.1 ± 1.1 11.42 11.1 ± 1.1 11.52 11.3 ± 1.1

H0 . . . . . . . . . . . 67.04 67.3 ± 1.2 67.15 67.3 ± 1.2 67.94 67.9 ± 1.0 67.77 67.80 ± 0.77

Age/Gyr . . . . . . . 13.8242 13.817 ± 0.048 13.8170 13.813 ± 0.047 13.7914 13.794 ± 0.044 13.7965 13.798 ± 0.037

100✓⇤ . . . . . . . . . 1.04136 1.04147 ± 0.00062 1.04146 1.04148 ± 0.00062 1.04161 1.04159 ± 0.00060 1.04163 1.04162 ± 0.00056

rdrag . . . . . . . . . . 147.36 147.49 ± 0.59 147.35 147.47 ± 0.59 147.68 147.67 ± 0.50 147.611 147.68 ± 0.45

Table 5. Best-fit values and 68% confidence limits for the base ⇤CDM model. Beam and calibration parameters, and addi-
tional nuisance parameters for “highL” data sets are not listed for brevity but may be found in the Explanatory Supplement
(Planck Collaboration ES 2013).

strongly degenerate with the Poisson point source ampli-
tude at 100 GHz. This degeneracy is broken when the high-
resolution CMB data are added to Planck.

The last two points are demonstrated clearly in Fig. 7, which
shows the residuals of the Planck spectra with respect to the
best-fit cosmology for the Planck+WP analysis compared to the
Planck+WP+highL fits. The addition of high-resolution CMB
data also strongly constrains the net contribution from the kSZ
and tSZ⇥CIB components (dotted lines), though these compo-
nents are degenerate with each other (and tend to cancel).

Although the foreground parameters for the Planck+WP fits
can di↵er substantially from those for Planck+WP+highL, the
total foreground spectra are rather insensitive to the addition of
the high-resolution CMB data. For example, for the 217 ⇥ 217
spectrum, the di↵erences in the total foreground solution are less
than 10 µK2 at ` = 2500. The net residuals after subtracting both
the foregrounds and CMB spectrum (shown in the lower panels
of each sub-plot in Fig. 7) are similarly insensitive to the addi-
tion of the high-resolution CMB data. The foreground model is
su�ciently complex that it has a high “absorptive capacity” to
any smoothly-varying frequency-dependent di↵erences between
spectra (including beam errors).

Table 6. Goodness-of-fit tests for the Planck spectra. The ��2 =
�2 � N` is the di↵erence from the mean assuming the model is
correct, and the last column expresses ��2 in units of the disper-
sion

p
2N`.

Spectrum `min `max �2 �2/N` ��2/
p

2N`

100 ⇥ 100 50 1200 1158 1.01 0.14
143 ⇥ 143 50 2000 1883 0.97 �1.09
217 ⇥ 217 500 2500 2079 1.04 1.23
143 ⇥ 217 500 2500 1930 0.96 �1.13

All 50 2500 2564 1.05 1.62

To quantify the consistency of the model fits shown in Fig. 7
for Planck we compute the �2 statistic

�2 =
X

``0
(Cdata
` �CCMB

` �Cfg
` )M�1

``0 (C
data
`0 �CCMB

`0 �Cfg
`0 ), (33)

for each of the spectra, where the sums extend over the mul-
tipole ranges `min and `max used in the likelihood, M``0 is
the covariance matrix for the spectrum Cdata

` (including cor-
rections for beam eigenmodes and calibrations), CCMB

` is the
best-fit primordial CMB spectrum and Cfg

` is the best-fit fore-
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Limits on 1-parameter extensions to 6-p  ΛCDM Planck Collaboration: Cosmological parameters

Planck+WP Planck+WP+BAO Planck+WP+highL Planck+WP+highL+BAO

Parameter Best fit 95% limits Best fit 95% limits Best fit 95% limits Best fit 95% limits

⌦K . . . . . . . . . . �0.0105 �0.037+0.043
�0.049 0.0000 0.0000+0.0066

�0.0067 �0.0111 �0.042+0.043
�0.048 0.0009 �0.0005+0.0065

�0.0066

⌃m⌫ [eV] . . . . . . 0.022 < 0.933 0.002 < 0.247 0.023 < 0.663 0.000 < 0.230

Ne↵ . . . . . . . . . . 3.08 3.51+0.80
�0.74 3.08 3.40+0.59

�0.57 3.23 3.36+0.68
�0.64 3.22 3.30+0.54

�0.51

YP . . . . . . . . . . . 0.2583 0.283+0.045
�0.048 0.2736 0.283+0.043

�0.045 0.2612 0.266+0.040
�0.042 0.2615 0.267+0.038

�0.040

dns/d ln k . . . . . . �0.0090 �0.013+0.018
�0.018 �0.0102 �0.013+0.018

�0.018 �0.0106 �0.015+0.017
�0.017 �0.0103 �0.014+0.016

�0.017

r0.002 . . . . . . . . . 0.000 < 0.120 0.000 < 0.122 0.000 < 0.108 0.000 < 0.111

w . . . . . . . . . . . �1.20 �1.49+0.65
�0.57 �1.076 �1.13+0.24

�0.25 �1.20 �1.51+0.62
�0.53 �1.109 �1.13+0.23

�0.25

Table 10. Constraints on one-parameter extensions to the base ⇤CDM model. Data combinations all include Planck combined with
WMAP polarization, and results are shown for combinations with high-` CMB data and BAO. Note that we quote 95% limits here.

6.2. Early-Universe physics

Inflationary cosmology o↵ers elegant explanations of key fea-
tures of our Universe, such as its large size and near spa-
tially flat geometry. Within this scenario, the Universe un-
derwent a brief period of accelerated expansion (Starobinsky
1979, 1982; Kazanas 1980; Guth 1981; Sato 1981; Linde 1982;
Albrecht & Steinhardt 1982) during which quantum fluctuations
were inflated in scale to become the classical fluctuations that
we see today. In the simplest inflationary models, the primor-
dial fluctuations are predicted to be adiabatic, nearly scale-
invariant and Gaussian (Mukhanov & Chibisov 1981; Hawking
1982; Starobinsky 1982; Guth & Pi 1982; Bardeen et al. 1983),
in good agreement with CMB observations and other probes of
large-scale structure.

Despite this success, the fundamental physics behind in-
flation is not yet understood and there is no convincing evi-
dence that rules out alternative scenarios for the early Universe.
A large number of phenomenological models of inflation,
some inspired by string theory, have been discussed in the
literature (see Liddle & Lyth 2000; Bassett et al. 2006; Linde
2008, for reviews), as well as alternatives to inflation includ-
ing pre-big bang scenarios (e.g., Gasperini & Veneziano 1993;
Khoury et al. 2001; Boyle et al. 2004; Creminelli & Senatore
2007; Brandenberger 2012). Many of these models lead to dis-
tinctive signatures, such as departures from Gaussianity, isocur-
vature perturbations, or oscillatory features in the power spec-
trum, that are potentially observable. The detection of such sig-
natures would o↵er valuable information on the physics of the
early Universe and is one of the main science goals of Planck.

In this section we discuss basic aspects of the primor-
dial power spectrum, such as the spectral index, departures
from a pure power law, limits on tensor modes etc., and
discuss the implications for inflationary cosmology. Tests
of more complex models, such as multi-field inflation, are
discussed in a separate paper (Planck Collaboration XXII
2013). In Planck Collaboration XXIV (2013), the Planck maps
are used to constrain possible deviations from Gaussianity
via measurements of the bispectrum and trispectrum.
Planck Collaboration XXIII (2013) considers departures
from statistical isotropy and additional tests of non-Gaussianity.

6.2.1. Scale dependence of primordial fluctuations

The primordial fluctuations in the base ⇤CDM model are pa-
rameterized as a pure power law with a spectral index ns (Eq. 2).
Prior to Planck, CMB observations have favoured a power
law index with slope ns < 1, which is expected in simple
single-field slow-roll inflationary models (see e.g., Mukhanov
2007 and Eq. 66a below). The final WMAP nine-year data
give ns = 0.972 ± 0.013 at 68% confidence (Hinshaw et al.
2012). Combining this with damping-tail measurements from
ACT and SPT data gives ns = 0.968 ± 0.009, indicating a de-
parture from scale invariance at the 3� level. The addition of
BAO data has resulted in a stronger preference for ns < 1
(Anderson et al. 2013; Hinshaw et al. 2012; Story et al. 2012;
Sievers et al. 2013). These constraints assume the basic six-
parameter ⇤CDM cosmological model. Any new physics that
a↵ects the damping tail of the CMB spectrum, such as additional
relativistic particles, can alter these constraints substantially and
still allow a precisely scale-invariant spectrum.

With Planck, a robust detection of the deviation from scale
invariance can now be made from a single set of CMB observa-
tions spanning three decades in scale from ` = 2 to ` = 2500.
We find

ns = 0.959 ± 0.007 (68%; Planck+WP+highL), (61)

for the base ⇤CDM model, a roughly 6� departure from scale
invariance. This is consistent with the results from previous
CMB experiments cited above. The statistical significance of this
result is high enough that the di↵erence between a purely scale
invariant spectrum can be seen easily in a plot of the power spec-
trum. Figure 22 shows the Planck spectrum of Fig. 10 plotted as
`2D` compared to the base⇤CDM fit with ns = 0.96 (red dashed
line) and to the best-fit base ⇤CDM cosmology with ns = 1. The
ns = 1 model has more power at small scales and is strongly
excluded by the Planck data.

The unique contribution of Planck, compared to previous ex-
periments, is that we are able to show that the departure from
scale invariance is robust to changes in the underlying theoreti-
cal model. For example, Figs. 21 and 23 show that the departure
from scale invariance is not sensitive to the parameterization of
the primordial fluctuations. Even if we allow a possible running
of the spectral index (the parameter dns/d ln k defined in equa-
tion 2) and/or a component of tensor fluctuations, the Planck
data favour a tilted spectrum at a high significance level.
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Fig. 21. 68% and 95% confidence regions on one-parameter extensions of the base ⇤CDM model for Planck+WP (red) and
Planck+WP+BAO (blue). Horizontal dashed lines correspond to the fixed base model parameter value, and vertical dashed lines
show the mean posterior value in the base model for Planck+WP.
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show the mean posterior value in the base model for Planck+WP.
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30 GHz 44 GHz 70 GHz 

100 GHz 143 GHz 217 GHz 

353 GHz 545 GHz 857 GHz 

CMB Maps at Planck Frequencies 
Planck Early Release 2011 Credit: ESA, HFI & LFI consortia 
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Location of cold molecular clouds in our galaxy 

100 GHz 



Fringe	
  benefit:	
  Cosmic	
  Infrared	
  background	
  

Tarun	
  Souradeep	
   26	
  

Signature of star formation in the universe 

353-857GHz 



Planck Focal Plane 

Credit: ESA, HFI & LFI consortia 

Complex systematics and 
tough analysis 

(Sanjit Mitra’s Talk) 
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Mildly Perturbed universe 
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Present  universe at z=0 

Gravitational Instability  

Cosmic matter content 

(credit: Virgo simulations) 



Planck polarization not 
used 2013 results: 

Teaser for 
Polarization results in 

2014 



Standard 
cold dark 
matter 

Cosmological 
constant + 
cold dark 
matter 

Gravitational Instability  
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Weak lensing: Light deflects due to gravity 
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Projected matter density from Planck  
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Stacked	
  weak	
  lensing	
  field	
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SZ	
  clusters	
  from	
  Planck	
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Simple… yet, an exotic  universe 
•  95% of the energy of the universe is in some exotic form 

•  Dark Matter: we cannot see it directly, only via its 
gravitational affect. 

 
•  Dark Energy: smooth form of energy which acts 

repulsively under gravity. 

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

physics for generating primordial perturbations. 



Early Universe 

Present Universe 

The Cosmic screen 

Who pinged the 
Cosmic drum ?   



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 

…  but  are there  features ?  

… cosmic (Tensor) Gravity waves ? 

Early Universe in CMB 

… but global topology? 



(BICEP 2010, QUAD 2010) 

 
Out of phase location of peaks  
in EE, TE relative to TT implies 
 adiabatic initial perturbations !!! 
  

Proof of inflation ! 

Null BB: Awaiting 
direct signature of  
tensor perturbations, 
a.k.a. cosmic gravity 
waves !!!  

r < 0.72 (BICEP 2010) 

Pre-Planck status of  CMB Spectra 



CMB	
  PolarizaBon	
  spectra	
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Planck polarization not 
used 2013 results: 

Teaser for 
Polarization results in 

2014 
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  models	
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Spectral	
  index	
  of	
  perturbaIons	
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Nearly, but NOT EXACTLY 
 scale invariant 
 as expected in  Inflation 



Room	
  for	
  improved	
  fit?	
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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 ⇤CDM 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 ⇤CDM Planck+WP+highL model, which is fitted to the TT data only.
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Fig. 39. Left: Planck TT spectrum at low multipoles with 68% ranges on the posteriors. The “rainbow” band show the best fits to
the entire Planck+WP likelihood for the base ⇤CDM cosmology, colour-coded according to the value of the scalar spectral index
ns. Right: Limits (68% and 95%) on the relative amplitude of the base ⇤CDM fits to the Planck+WP likelihood fitted only to the
Planck TT likelihood over the multipole range 2  `  `max.

We find the following notable results using CMB data alone:

– The deviation of the scalar spectral index from unity is ro-
bust to the addition of tensor modes and to changes in the
matter content of the Universe. For example, adding a tensor
component we find ns = 0.9600 ± 0.0072, a 5.5� departure
from ns = 1.

– A 95% upper limit on the tensor-to-scalar ratio of r0.002 <
0.11. The combined contraints on ns and r0.002 are on the
borderline of compatibility with single-field inflation with a
quadratic potential (Fig. 23).

– A 95% upper limit on the summed neutrino mass of
P

m⌫ <
0.66 eV.

– A determination of the e↵ective number of neutrino-like rel-
ativistic degrees of freedom of Ne↵ = 3.36±0.34, compatible
with the standard value of 3.046.

– The results from Planck are consistent with the results of
standard big bang nucleosynthesis. In fact, combining the
CMB data with the most recent results on the deuterium
abundance, leads to the constraint Ne↵ = 3.02 ± 0.27, again
compatible with the standard value of 3.046.

– New limits on a possible variation of the fine-structure
constant, dark matter annihilation and primordial magnetic
fields.

We also find a number of marginal (around 2�) results,
perhaps indicative of internal tension within the Planck data.
Examples include the preference of the (phenomenological)
lensing parameter for values greater than unity (AL = 1.23±0.11;
Eq. 44) and for negative running (dns/d ln k = �0.015±0.09; Eq.
62b). In Planck Collaboration XXII (2013), the Planck data indi-
cate a preference for anti-correlated isocurvature modes and for
models with a truncated power spectrum on large scales. None
of these results have a decisive level of statistical significance,
but they can all be traced to an unusual aspect of the tempera-
ture power spectrum at low multipoles. As can be seen in Fig.
1, and on an expanded scale in the left-hand panel of Fig. 39,
the measured power spectrum shows a dip relative to the best-fit
base ⇤CDM cosmology in the multipole range 20 <⇠ ` <⇠ 30 and
an excess at ` = 40. The existence of “glitches” in the power
spectrum at low multipoles was noted by the WMAP team in the

first-year papers (Hinshaw et al. 2003; Spergel et al. 2003) and
acted as motivation to fit an inflation model with a step-like fea-
ture (Peiris et al. 2003). Similar investigations have been carried
out by a number of authors, (see e.g., Mortonson et al. 2009, and
references therein). At these low multipoles, the Planck spec-
trum is in excellent agreement with the WMAP nine-year spec-
trum (Planck Collaboration XV 2013), so it is unlikely that any
of the features such as the low quadrupole or “dip” in the multi-
pole range 20–30 are caused by instrumental e↵ects or Galactic
foregrounds. These are real features of the CMB anisotropies.

The Planck data, however, constrain the parameters of the
base ⇤CDM model to such high precision that there is little re-
maining flexibility to fit the low-multipole part of the spectrum.
To illustrate this point, the right-hand panel of Fig. 39 shows the
68% and 95% limits on the relative amplitude of the base⇤CDM
model (sampling the chains constrained by the full likelihood)
fitted only to the Planck TT likelihood over the multipole range
2  `  `max. From multipoles `max ⇡ 25 to multipoles `max ⇡
35, we see more than a 2� departure from values of unity. (The
maximum deviation from unity is 2.7� at ` = 30.) It is di�cult
to know what to make of this result, and we present it here as a
“curiosity” that needs further investigation. The Planck temper-
ature data are remarkably consistent with the predictions of the
base ⇤CDM model at high multipoles, but it is also conceivable
that the ⇤CDM cosmology fails at low multipoles. There are
other indications, from both WMAP and Planck data for “anoma-
lies” at low multipoles (Planck Collaboration XXIII 2013), that
may be indicative of new physics operating on the largest scales
in our Universe. Interpretation of large-scale anomalies (includ-
ing the results shown in Fig. 39) is di�cult in the absence of a
theoretical framework. The problem here is assessing the role of
a posteriori choices, i.e., that inconsistencies attract our atten-
tion and influence our choice of statistical test. Nevertheless, we
know so little about the physics of the early Universe that we
should be open to the possibility that there is new physics be-
yond that assumed in the base ⇤CDM model. Irrespective of the
interpretation, the unusual shape of the low multipole spectrum
is at least partly responsible for some of the 2� e↵ects seen in
the analysis of extensions to the⇤CDM model discussed in Sect.
6.
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Gaussian CMB  anisotropy completely specified by the 
angular power spectrum  IF 

=>Correlation function C(n,n’)=<ΔT(n) ΔT(n’)>  

is  Rotationally Invariant 
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Beyond Cl : Patterns in CMB 

Universe on Ultra-Large scales: 
•  Global topology 
•  Global anisotropy/rotation 
•  Breakdown of global syms, Magnetic field,… 
 Deflection fields  
: weak lensing: Scalar (LSS) & tensor (GW) 

 
 
 Observational artifacts: 

•  Foreground residuals 
•  Inhomogeneous noise, coverage 
•  Non-circular beam response function 
 

 

L=10 
Spherical harmonic l 

Cl 
L=0 
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BipoSH  : Natural generalization of Cl 
Bipolar Spherical Harmonic representation  

Bipolar spherical harmonics. 

Linear combination of off-diagonal elements 
BipoSH provide complete representation of  SH space correlation matrix 

BipoSH 
Coefficients 

C` = ha`ma⇤`mi
Amir Hajian & Souradeep 2003 
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BipoSH  : Natural generalization of Cl 
Bipolar Spherical Harmonic representation  

A	
  complete	
  representaBon	
  of	
  two-­‐point	
  correlaBon	
  
Ø 	
  ModulaBon	
  of	
  CMB	
  sky	
  	
  	
  
Ø non-­‐uniform	
  variance	
  (e.g.,	
  inhomo.	
  noise,	
  anomaly	
  in	
  XXIII)	
  	
  
	
  
Ø Weak	
  lensing	
  	
  	
  	
  	
  

–  Scalar	
  &	
  Tensor	
  lens	
  
	
  
–  Weak	
  lensing	
  of	
  non-­‐SI	
  map	
  affects	
  Cl	
  

Ø 	
  Beam	
  non-­‐circularity	
  
	
  
Ø 	
  Cosmic	
  topology,	
  MagneBc	
  fields	
  ,	
  Lorentz	
  violaBon…	
  

Amir Hajian & Souradeep 2003 

Books, Kamionkowski, TS 2012 
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BipoSH	
  Power	
  spectrum	
  of	
  	
  reconstructed	
  
modulaBon	
  maps.	
  

�T (n̂) = [1 +A (p̂.n̂)] �T SI(n̂)

 
Confirms ML  search on low 

resolution Planck maps 
(also seen WMAP) 

4 
 



Significance	
  of	
  ModulaBon	
  Power.	
  
Planck 2013 results. XXIII. Isotropy and 
statistics of the CMB 





Scale	
  dependent	
  dipole	
  modulaIon.	
  

A ! A(`)
Perhaps  Physically more 

reasonable? 
k-dependent modulation 

mechanism 



BIPOLAR  measurements by WMAP-7 team 

Image Credit: NASA / WMAP Science Team 

(Bennet et al. 2010) 
Non-zero Bipolar coeffs.!!! 

Sys. effect : beam distortion ? 
(Souradeep & Ratra 2000, Mitra etal 2004, 2009 

Hanson et al. 2010, Joshi, Mitra, TS 2012) 

 

9-­‐σ	
  DetecIons	
  !!	
  



Non-­‐circular	
  Beam	
  SystemaBcs	
  

•  Non-­‐circular	
  beam	
  induces	
  off-­‐diagonal	
  correlaBons	
  in	
  the	
  
covariance	
  matrix.	
  	
  

•  BipoSH	
  allows	
  	
  WMAP	
  beam	
  non-­‐circularity	
  	
  to	
  be	
  
detected	
  at	
  9-­‐σ !!!	
  	
  	
  

(Nidhi	
  Joshi,	
  Santanu	
  Das,	
  Aditya	
  RoX,	
  Sanjit	
  Mitra,	
  TS	
  :	
  arXiv:1210.7318	
  )	
  

WMAP Q beam Eccentricity =0.7 

TS&Ratra 2000, Mitra, Sengupta,TS 2004,….  
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Our estimates 2004 
overlaid on WMAP 3yr 
transfer function  plot!
(Hinshaw et al. - 2007) 



 Non-SI by eye     
(a very subtle effect !!!) 

SI map Non-SI map 

Non-SI map generation for given BipoSH: Suvodip Mukherjee 



Quadrupolar	
  BipoSH	
  anomaly	
  in	
  WMAP-­‐7	
  

•  This specific quadrupolar 
anomaly is absent in Planck 
maps. 

•  Hence it was an due to a 
specific systematic in 
WMAP. 

(Nidhi	
  Joshi,	
  Santanu	
  Das,	
  Aditya	
  RoX,	
  Sanjit	
  Mitra,	
  TS	
  :	
  arXiv:1210.	
  7318)	
  

WMAP-7: Bennet et al. 2010 

Planck 2013 results. XXIII.  
Isotropy and statistics of the CMB 

Beam asymmetry correction 
for Planck used FebeCoP 

(Sanjit Mitra @JPL/ IUCAA) 



Summary 

•  Planck confirms with high confidence  the 
‘simplest’ version of cosmology & structure 
formation 

•  This cosmos is exotic enough – DM, DE, quantum 
origin of structure !!! 

•   Possible surprise from unexpected quarter – 
cosmological principle under scrutiny 

Thank you !!! 


