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Inflation 
•  Extreme accelerated expansion of the early universe. 
•  It can be realized by scalar fields (or some other 

mechanisms).  
•  So far the best theory that can resolve the magnetic 

monopole problem (absence of relics), flatness 
problem, horizon problem and explain the initial 
perturbations from quantum fluctuations.  

•  It has many many models.  
•  These models are different in their statistical properties 

and we may be able to distinguish between them 
using cosmological observations.  



Constraints on inflationary scenarios 
from cosmological observations:    

•  Form of the primordial spectrum (degenerate with other 
cosmological quantities).  

•  Tensor-to-scalar ratio of perturbation amplitudes 
     (near future potential probe) 
•  Primordial non-Gaussianities  
     (near future potential probe)  



Primordial power  
Spectrum 

Detected by observation 

Determined by background model  
and cosmological parameters 

Assumption suggested by 
inflation  
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Observed angular 
power spectrum 
from WMAP 

Plot from Aghamousa, Mihir and Souradeep  

Shape of the transfer kernel, G(l,k)   

Shafieloo & Souradeep 2004 



Standard Model of Cosmology- 
Vanilla Model 

•  Flat Lambda Cold Dark Matter 
Universe (LCDM) with power–law 
form of the primordial spectrum 

•  It has 6 main parameters: 



Cosmological Parameters from 
WMAP  

Table from LAMBDA website 



Parameter estimation within a 
cosmological framework 

Tables from LAMBDA website 

Harisson-Zel’dovich (HZ) Power-Law (PL) PL with Running (RN) 



Parameter estimation within a 
cosmological framework 

Tables from LAMBDA website 

Harisson-Zel’dovich (HZ) Power-Law (PL) PL with Running (RN) 



Dark Energy Reconstruction 

•  Any uncertainties in matter density is bound to 
affect the reconstructed w(z).    

Shafieloo et al, MNRAS 2006 ; Shafieloo MNRAS 2007 



Sahni, Shafieloo & Starobinsky, PRD 2008 

Future SNAP data 

Clarkson, Cortes & Bassett JCAP 2007 

Shafieloo & Clarkson PRD 2010 

P-value = 26% 



Model Independent Estimation of Primordial Spectrum 

Bridle et al, MNRAS 2003 

Spergel et al, APJ 2007 

Binning Primordial Spectrum 

 Paniez talk on optimal binning of the 
primordial spectrum 



Primordial power  
Spectrum 

Detected by observation 

Determined by  
cosmological parameters 

DIRECT RECONSTRUCTION 
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Richardson-Lucy Deconvolution 

Method: Richardson-Lucy deconvolution 
Iterative algorithm. 
Not sensitive to the initial guess. 
Enforce positivity of P(k). 
[            is positive definite and       is positive]  

has some finite error bars.  
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Shafieloo & Souradeep PRD 2004 ; 
Shafieloo et al, PRD 2007;    
Shafieloo & Souradeep 2008;               
Nicholson & Contaldi JCAP 2009  



=0.43 

=0.32 

=0.96 

The recovered  spectrum is NOT unusual!! 



(Tocchini-Vaentini, Hoffman, Silk, MNRAS 2005) 

Regularized Least Square Method 



Inflationary scenarios 

Is the recovered spectrum unusual for inflationary scenarios? 
•  Starobinsky (1992): sharp changes in the slope in the inflation 

potential. 
•  Vilenkin and Ford (1982): pre-inflationary radiation dominated 

epoch.  

Starobinsky 

Vilenkin and Ford 



Sinha & Souradeep PRD 2005 

Starobinsky (1992) 
Kink in the potential 
Vilenkin and Ford (1982) 
Pre-inflationary radiation dominated era 
Contaldi et al, (2003) 
Pre-inflationary kinetic dominated era 
Cline et al, (2003) 
Exponential cut off 
Shafieloo & Souradeep (2004) 
Direct Reconstruction 

LCDM Model 



Jain et al, (2008) 
Punctuated Inflation 

LCDM Model 



CHDM Model 

Hunt & Sarkar, PRD 2008 

Hunt & Sarkar, (2008) 
Bump model 



Shafieloo et al, 
PRD 2007 

Wavelet 
analysis 
of the 
recovered 
features  



Nicholson & Contaldi, JCAP 2009 

Combining different CMB data sets 



Shafieloo & 
Souradeep, PRD 
2008 

Model A: SDSS 

Model B: 2df 

Model C: BAO 

Model D: SN +BAO 

Model E: WMAP1 

Model F: SCDM 

Model G: PL 



Shafieloo & Souradeep, PRD 2008 



Shafieloo & Souradeep, PRD 2008 

Towards Cosmological Parameter Estimation 



A. Shafieloo & T. 
Souradeep  
PRD 2008 



Power Law Assumption 

Optimized over Primordial Spectrum 

Shafieloo & Souradeep, 2009   



Power Law with Running Assumption 

Optimized over Primordial Spectrum 

Shafieloo & Souradeep, arXiv:0901.0716   



Shafieloo & Souradeep, arXiv:0901.0716   

Using Power Law Sample 



Shafieloo & Souradeep, arXiv:0901.0716   



Peiris & Verde, PRD 2010 

Testing the Standard Power-Law form of PPS 

Smoothing Spline Method 
along with Cross Validation 



Hamann, Shafieloo & Souradeep, 
JCAP 2010 

Testing the Standard Power-Law form of PPS 

It is evident that the spectrum 
reconstructed from real data does 
not have an unusual amount of 
features. The apparent feature at 
0.05 Mpc < k < 0:07 Mpc is caused 
by the noise term becoming 
dominant at the corresponding 
multipoles in the WMAP data. 

P-value = 26% 

Frequentist test using IRL 
deconvolution method 



Full picture  

Primordial power spectra 
from Early universe 

Post recombination Radiative 
transport kernels in a given 
cosmology 



•   By assuming any form of PPS, we in fact find a region in the 
parameter space which prefers these specific forms.  

•  The regions where considerably better likelihoods are obtained 
allowing free PPS lie outside these basins. 

•  The current cosmological parameters estimates are strongly 
prejudiced by the assumed form of PPS.  

•  Our results strongly motivate approaches toward simultaneous 
estimation of the cosmological parameters and the shape of 
primordial spectrum from upcoming cosmological data. 

•  Though standard power-law form of the PPS is very well 
consistent to the data, It is also important to keep an open mind 
towards early universe scenarios that produce features in the 
PPS. 

Summary 



Thank you 



Polarization 
Data 

QUaD Collaboration 2009   



Sensitivity of 
the CMB 
acoustic 
temperature 
spectrum to 
four 
fundamental 
cosmological 
parameters. 

Total density 

Dark Energy 

Baryon 
density 

Matter 
density. 

From Hu & Dodelson, 
2002 



Beyond the Standard Model of 
Cosmology 

•  The universe may be more complicated than its 
current standard model (Vanilla Model). 

•  There might be some extensions to the standard 
model in defining the cosmological quantities.  

•  This needs proper investigation, using advanced 
statistical methods, high performance computational 
facilities and high quality observational data.  



Standard Model of Cosmology 

Universe is Flat 
Universe is Isotropic 
Universe is Homogeneous (large scales) 
Dark Energy is Lambda (w=-1) 
Power-Law primordial spectrum (n_s=const) 
Dark Matter is cold 
All within framework of FLRW 

(Present)t 



Biswas, Mazumdar & Shafieloo, 
2010 

Insensitivity of the Data to Various Models 

Power spectrum 
from non-singular 
cyclic inflation 

-2ln(L)=-7470.5 
 to WMAP 7 data 



Joy, Shafieloo, Sahni, Starobinsky JCAP 2009 

Insensitivity of the Data to Various Models 

step in the second derivative 
of the inflaton potential leads 
to a step in the spectral index 



THE RECOVERED SPECTRUM 

Shafieloo & Souradeep, PRD 2004 



•  Table 

Shafieloo & Souradeep, PRD 2004 


