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Standard Model of Cosmology 
   Using measurements and statistical techniques to place 

sharp constraints on parameters of the standard 
cosmological models. 

Initial Conditions:  
Form of the Primordial 
Spectrum is Power-law 

Dark Energy is 
Cosmological Constant:    

Dark Matter is Cold 
and weakly 
Interacting:  

Baryon density 

Neutrino mass and 
radiation density: 
fixed by 
assumptions and 
CMB temperature 

Universe is Flat 
Hubble Parameter and 
the Rate of Expansion 

Epoch of reionization 
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Reconstruction & Falsification 
   Reconstruction: Understanding the behavior  

 Falsification: Testing the Consistency 

Initial Conditions:  
Form of the Primordial 
Spectrum and Model of 
Inflation and its Parameters 

Dark Energy: 
density, model 
and parameters  

Dark Matter: 
density and 
characteristics 

Baryon density 

Neutrino mass and 
radiation density 

Curvature of the Universe Hubble Parameter and 
the Rate of Expansion 

Epoch of reionization 

Beyond the Standard Model… 
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CMB Anisotropy Sky map   =>  Spherical Harmonic decomposition  
Statistics of CMB 

    

Gaussian Random field => Completely specified by 
 angular power spectrum  l(l+1)Cl  : 

 
Power  in fluctuations on angular scales of  ~ π/l  
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Sensitivity of 
the CMB 
acoustic 
temperature 
spectrum to 
four 
fundamental 
cosmological 
parameters. 

Total density 

Dark Energy 

Baryon 
density and 

Matter 
density. 

From Hu & Dodelson, 
2002 
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Planck Collaboration 2013 



Planck temperature angular power spectrum, 
Planck XV, Planck XVI. 



Planck temperature angular power spectrum, 
Planck XV, Planck XVI. 



Cosmological parameters from 
Planck and WMAP in the 
context of Vanilla LCDM model 

Planck XV LAMBDA wensite 

Larsen et al, 1409.7718 



Cosmological parameters from 
Planck and WMAP in the 
context of Vanilla LCDM model 

Lets remember  
WMAP 9 probes multipole l <1200 & 
Planck probes multipole l <2500 

Planck XV LAMBDA wensite 

Larsen et al, 1409.7718 



Testing deviations from an assumed model 
(without comparing different models) 

 Modeling of the data around a mean function 
searching for likely features by looking at the the 
likelihood space of the hyperparameters. 

 
   Bayesian Interpretation of Crossing Statistic: 
  
   Comparing a model with its own possible 

variations. 

Gaussian Processes:  

:  

Modeling the deviation 



Gaussian Process 

Shafieloo, Kim & Linder, PRD 2012 
Shafieloo, Kim & Linder, PRD 2013 

èEfficient in statistical modeling of stochastic variables 
èDerivatives of Gaussian Processes are Gaussian 
Processes 
èProvides us with all covariance matrices 

Data Mean Function 

Kernel 

GP Hyper-parameters 

GP Likelihood 



Detection of the features in the residuals  

Signal 
Detectable 

Signal 
Undetectable 

Simulations Simulations 



Crossing Statistic (Bayesian Interpretation) 
Crossing function Theoretical model 

Chebishev Polynomials 
as Crossing Functions 

Shafieloo. JCAP 2012 (a) 
Shafieloo, JCAP 2012 (b) 

Comparing a model 
with its own variations 



Bayesian Interpretation of Crossing Statistics 
Shafieloo, JCAP 2012b 

Chebychev Polynomials 

 Chebychev polynomials have the properties of orthogonality and 
convergence within the limited range of -1 < x < 1. 



Fitting the best fit WMAP LCDM model along with a Crossing function to 
Planck and WMAP 9-year data. 

Hazra & Shafieloo, PRD 2014 



Fitting the best fit Planck LCDM model along with a Crossing function to 
Planck and WMAP 9-year data. 

Hazra & Shafieloo, PRD 2014 



Fitting Planck and WMAP data using best fit LCDM models from Planck and WMAP as mean 
functions along with second order Crossing functions 



With overall amplitude 
shift two data are 
consistent. 
 
Without amplitude shift, 
they are not consistent 
at more than 3 sigma 
confidence. 

Recovered Crossing functions 

Hazra & Shafieloo, PRD 2014 



Crossing Statistic (Bayesian Interpretation) 
Crossing function Theoretical model 

Hazra and Shafieloo, PRD 2014 

Test of consistency between Planck and WMAP, 
Consistent only by allowing 
amplitude shift 



Bayesian Interpretation of Crossing Statistics 

Theoretical Model Crossing Function 

Is standard model consistent to 
Planck temperature data? 



Theoretical Model Crossing Function 

Hazra & Shafieloo, JCAP 2014 



Theoretical Model Crossing Function 



Theoretical Model Crossing Function 



Theoretical Model Crossing Function 



Theoretical Model Crossing Function 

Data suggests 
substantial 
suppressions 
are required at 
both low and 
high multiples.  

Hazra & Shafieloo, JCAP 2014 



Theoretical Model Crossing Function 

Cosmological 
parameters while 
considering 
Crossing 
functions. 

Hazra & Shafieloo, JCAP 2014 



Crossing Statistic (Bayesian Interpretation) 
Crossing function Theoretical model 

Confronting the concordance model of cosmology with Planck data  
Hazra and Shafieloo, JCAP 2014 Consistent only at 2~3 sigma CL 



Theoretical Model Crossing Function 

With 217 GHz x 217 GHz 



Theoretical Model Crossing Function 

Without 217 GHz x 217 GHz 



Modified Richardson-Lucy Deconvoloution  

Comparing the 
reconstructed 
form of PPS 
from Planck data 
with WMAP 

Hazra, Shafieloo, Souradeep, JCAP 2014 

Hazra  Shafieloo, Souradeep 
JCAP 2014 



Modified Richardson-Lucy Deconvoloution  

Comparing the 
reconstructed 
form of PPS 
from Planck data 
with WMAP 

Hazra, Shafieloo, Souradeep, JCAP 2014 

Hazra  Shafieloo, Souradeep 
JCAP 2014 



Modified Richardson-Lucy Deconvoloution  

Comparing the 
reconstructed 
form of PPS 
from Planck data 
with WMAP 

Hazra, Shafieloo, Souradeep, JCAP 2014 

Hazra  Shafieloo, Souradeep 
JCAP 2014 



Modified Richardson-Lucy Deconvoloution  

Comparing the 
reconstructed 
form of PPS 
from Planck data 
with WMAP 

Hazra, Shafieloo, Souradeep, JCAP 2014 

Hazra  Shafieloo, Souradeep 
JCAP 2014 



Summary 
 
We conclude that there is no clear tension between Planck and WMAP 9 year angular power 
spectrum data allowing the overall amplitude shift.  
 
While the angular power spectrum from CMB observations is a function of various cosmological 
parameters, comparing individual parameters might be misleading in the presence of 
cosmographic degeneracies (they are not orthogonal). 
 
Fixing the amplitudes at the reported values by Planck and WMAP results in an unresolvable 
tension between the two observations at more than 3σ level which can be a hint towards a serious 
systematic. 
 
Crossing functions suggest the presence of some broad features in angular spectrum beyond the 
expectations of the concordance model.  
 
Best fit Crossing functions indicate that there are lack of power in the data at both low-ℓ and high-ℓ 
with respect to the concordance model. Concordance model of cosmology is consistent to the 
Planck data only at 2 to 3σ confidence level.  
 
This might be due to random fluctuations or may hint towards smooth features in the primordial 
spectrum or departure from another aspect of the standard model. This hints that we may need 
some modifications in the foreground modeling to resolve the significant inconsistency at high-ℓ. 
However, presence of some systematics at high-ℓ might be another reason for the deviation we 
found in our analysis (such as the feature  at multipole l ~ 1800). 
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