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Cosmological 
Observations 

Cosmic Microwave 
Background (CMB)  

Gravitational Lensing 

Type Ia supernovae 

 Large-scale structure  

Lyman Alpha Forest  

Cosmology, from fiction to being science….. 



Era of Precision Cosmology 
   Combining theoretical works with new measurements and 

using statistical techniques to place sharp constraints on 
cosmological models and their parameters. 

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 species, 
mass and radiation 
density 

Curvature of the Universe Hubble Parameter and 
the Rate of Expansion 

Epoch of reionization 



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:  
density  

Dark Matter is Cold 
and weakly 
Interacting: density 

Baryon density 

Neutrino mass and 
radiation density: 
assumptions and 
CMB temperature 

Universe is Flat 
Hubble Parameter and 
the Rate of Expansion 

Epoch of reionization 
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Combination of Assumptions 



Why such assumptions? 
Hints from Cosmological Observations 

 

1991-94 

2001-2010 

2009-2011 

CMBPol/COrE 
2020+ 
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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 







Large Scale Structure Data and Distribution of Galaxies 

M. Tegmark et al, 2006 

Bassett & Hlozek, 2010 



Large Scale Structure 
Data and Distribution 
of Galaxies 

Bassett & Hlozek, 2010 
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wavelength (Angstroms, 10-10 meters) 

must stretch by a factor of 1.83  
to match; so SN 1997ap is at a 
redshift of 0.83 

distance-redshift  
measurements 

Very low redshift Sne Ia 

 SNe Ia: Standardized Candles 

Measuring Distances in Astronomy 



z

( )zµ

Universe is Accelerating 

Universe is not Accelerating 



Union 2.1 supernovae Ia Compilation 



Standard Model of Cosmology 
   Using measurements and statistical techniques to place 

sharp constraints on parameters of the standard 
cosmological model.  
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combination of reasonable 
assumptions, but….. 
 
 
 
 



Beyond the Standard Model of 
Cosmology 

•  The universe might 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 
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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 

Suggested by Model of Inflation   
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Modeling Parameterization and Model Fitting 



 
 

Primordial Power  
Spectrum 

 

Detected by observation 

Determined by background model  
and cosmological parameters 

Suggested by Model of Inflation  
and the early universe  
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Primordial Power  
Spectrum 

 

Detected by observation 

Determined by background model  
and cosmological parameters 

Reconstructed by Observations 
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Modified Richardson-Lucy Deconvolution 

lC

 
èIterative algorithm. 
èNot sensitive to the initial guess. 
èEnforce positivity of P(k). 
[            is positive definite and       is positive]  
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Shafieloo & Souradeep PRD 2004 ;  
Shafieloo et al, PRD 2007;     
Shafieloo & Souradeep, PRD 2008;    
Nicholson & Contaldi JCAP 2009  
Hamann, Shafieloo & Souradeep JCAP 2010 
Hazra, Shafieloo & Souradeep PRD 2013 
Hazra, Shafieloo & Souradeep JCAP 2013 
Hazra, Shafieloo & Souradeep JCAP 2014 

Direct Reconstruction of the Primordial Spectrum 

Theoretical Implication: Importance of the 
Features in the primordial spectrum 



The reconstructed primordial 
power-spectra (on top) and the 
corresponding angular power 
spectra (at the bottom) that 
provide a better fit ranging from  
2− 300 in effective chi square
(derived from WMAP 9 likelihood 
code) compared to the power law 
model. 

WMAP 9 analysis 

Hazra, Shafieloo & Souradeep, JCAP 2013 



Cosmological Parameter Estimation 
with Free form Primordial Spectrum 

Red Contours: 
Power Law PPS 

Blue Contours: 
Free Form PPS 

Hazra, Shafieloo & Souradeep, 
 PRD 2013 



Primordial Power Spectrum from Planck 
 Hazra, Shafieloo & Souradeep, JCAP 2014 



(JCAP 2013) 

Beyond Power-Law: there are some other 
models consistent to the data. 

Phenomenological Models 

Hazra, Shafieloo, Smoot, JCAP 2013 



(JCAP 2013) 

Beyond Power-Law: there are some other 
models consistent to the data. 



Results from 
BICEP2 + Planck 
joint analysis 

Hazra, Shafieloo, Smoot, Starobinsky, JCAP 2014A 



Results from 
BICEP2 + Planck 
joint analysis 

Detection of relic gravitational 
waves could be a very very 
exciting news and kill the 
standard model of cosmology!  
 
But results did not persist! 

Possible extensions: 
 
- Features in the PPS 
- Neutrinos  
- ?  

Hazra, Shafieloo, Smoot, Starobinsky, JCAP 2014A 
Hazra, Shafieloo, Smoot, Starobinsky, JCAP 2014B 
Hazra, Shafieloo, Smoot, Starobinsky, Phys. Rev. Lett 2014 
 



Planck 2015: No detectable primordial G-waves 



Planck 2015: No feature 



Planck 2015: No feature 

Planck likelihood codes just recently 
released. Analysis are going on. 



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 
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Era of Accelerating Universe 

•  Mid 90’s: Indirect evidences were seen in the 
distribution of the galaxies where SCDM could not 
explain the excess of power at large scales.   

  
•  1998: Direct evidence came by Supernovae Type 

Ia Observations. Going to higher redshifts, 
supernovae are fainter than expected. One can 
explain this  only (?!=Nobel Prize) by considering 
an accelerating universe.   

 



D. Sherwin et.al, PRL 2011 

Accelerating Universe, Now-2015 
Or better to say, ruling out zero-Lambda Universe 

Hazra, Shafieloo, Souradeep, PRD 2013 

Free PPS, No H0 Prior 
FLAT LCDM 

Non FLAT LCDM 
Power-Law PPS 

Union 2.1 SN Ia Compilation 

WiggleZ BAO 



D. Sherwin et.al, PRL 2011 

Accelerating Universe, Now 

Hazra, Shafieloo, Souradeep, PRD 2013 

Free PPS, No H0 Prior 
FLAT LCDM 

Non FLAT LCDM 
Power-Law PPS 

Union 2.1 SN Ia Compilation 

WiggleZ BAO 

Something seems to be there, but,  
 
What is it? 



Dark Energy Models 

•  Cosmological Constant 
•  Quintessence and k-essence (scalar fields) 

•  Exotic matter (Chaplygin gas, phantom, etc.) 

•  Braneworlds (higher-dimensional theories) 

•  Modified Gravity 

•  …… 

 
But which one is really responsible for the  
acceleration of the expanding universe?! 



z

( )zµ

Universe is Accelerating 

Universe is not Accelerating 

There are two models 
here! 



      To find cosmological quantities and parameters 
there are two general approaches:  

 
1.  Parametric methods                                  
      Easy to confront with cosmological observations to put constrains on the 

parameters, but the results are highly biased by the assumed models and 
parametric forms.  

2.   Non Parametric methods 
      Difficult to apply properly on the raw data, but the results will be less biased and 

more reliable and independent of theoretical models or parametric forms. 
.                                                

Reconstructing Dark Energy 



Problems of Dark Energy Parameterizations 
(model fitting) 

Holsclaw et al, PRD 2011 Shafieloo, Alam, Sahni & 
Starobinsky, MNRAS 2006 

Chevallier-Polarski-Linder ansatz (CPL).. 

Brane Model Kink Model 

Phantom DE?! 
Quintessence DE?! 



Non Parametric methods of Reconstruction	


Usually involves binning and smoothing 
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Model independent reconstruction of the expansion history 

Crossing Statistic + Smoothing Gaussian Processes 

Shafieloo, JCAP (b) 2012 Shafieloo, Kim & Linder, PRD 2012 



( )1 tanh
( )

2
tz z

w z
+ − Δ⎡ ⎤⎣ ⎦= − 2 0.6χΔ = − with respect to CPL 

IS COSMIC ACCELERATION SLOWING DOWN? 

A. Shafieloo, V. Sahni, A. Starobinsky, Phys. Rev. D Rapid Communication 2009 [Reported in Nature and 
New Scientist] 

Theoretical application of direct reconstruction 

Constitution SN data 
(CfA Compilation) 



Dealing with observational uncertainties in 
matter density (and curvature) 

•  Small uncertainties in the value of matter 
density affects the reconstruction exercise quiet 
dramatically. 

•  Uncertainties in matter density is in particular 
bound to affect the reconstructed w(z).    
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0 0.22erroneous
mΩ =

0 0.32erroneous
mΩ =

0 0.27true
mΩ =

V. Sahni, A. Shafieloo, A. Starobinsky,             
Phys. Rev. D (2008) 



Cosmographic Degeneracy 
Full theoretical picture: 



•  Cosmographic Degeneracies would make it so hard to 
pin down the actual model of dark energy even in the 
near future. 

Indistinguishable from each other! 

 Shafieloo & Linder, PRD 2011 
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Cosmographic Degeneracy 



Reconstruction & Falsification 
    
   Considering (low) quality of the data and 

cosmographic degeneracies we should 
consider a new strategy sidewise to 
reconstruction: Falsification.   

     
    Yes-No to a hypothesis is easier than characterizing a 

phenomena. 
 
     But, How?  
 
 
 

We should look for special 
characteristics of the standard model 
and relate them to observables. 



•  Instead of looking for w(z) and exact 
properties of dark energy at the current 
status of data, we can concentrate on a 
more reasonable problem: 

 

Λ OR NOT Λ

Falsification of Cosmological Constant 

Yes-No to a hypothesis is easier than characterizing a phenomena 
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Om diagnostic 
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We Only Need h(z) 

Om(z) is constant only 
for FLAT LCDM model 

Quintessence 

w= -0.9 

Phantom 

w= -1.1 

Falsification: Null Test of Lambda 



SDSS III / BOSS collaboration 
L. Samushia et al, MNRAS 2013 

Om diagnostic is very 
well established 

WiggleZ collaboration 
C. Blake et al, MNRAS 2011  
(Alcock-Paczynski measurement) 
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Om3   
A null diagnostic customized for reconstructing the 
properties of dark energy directly from BAO data  

Observables 
Shafieloo, Sahni, Starobinsky, PRD 2013 



Characteristics of Om3   
Om is constant only for Flat LCDM model 
Om3 is equal to one for Flat LCDM model 

Om3 is independent of H0 and the distance to the last 
scattering surface and can be derived directly using 
BAO observables. 

Shafieloo, Sahni, Starobinsky, PRD 2013 



Omh2(z1, z2 ) =
H 2 (z2 )!H

2 (z1)
(1+ z2 )

3 ! (1+ z1)
3 ="0mH

2
0

Omh2   
Model Independent Evidence for Dark Energy Evolution 
from Baryon Acoustic Oscillation 

Sahni, Shafieloo, Starobinsky, ApJ Lett 2014 Only for LCDM 

LCDM
+Planck+WP 

BAO+H0 

H(z = 0.00) = 70.6 \pm 3.3 km/sec/Mpc 
H(z = 0.57) = 92.4 \pm 4.5 km/sec/Mpc 
H(z = 2.34) = 222.0 \pm 7.0 km/sec/Mpc 

A very recent result. 
Important discovery if no systematic in 
the SDSS Quasar BAO 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 
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Falsification: 
Is Universe Isotropic? 

Colin, Mohayaee, Sarkar & Shafieloo MNRAS 2011 

Method of Smoothed Residuals 
èResidual Analysis, 
èTomographic Analysis,  
è2D Gaussian Smoothing,  
èFrequentist Approach 
èInsensitive to non-uniform distribution 
of the data 
 



Method of Smoothed 
Residuals is well 
received and was used 
recently by Supernovae 
Factory collaboration 



Appleby & Shafieloo, JCAP 2014 



Bias in the Sky 

Appleby, Shafieloo, Johnson, 
ApJ 2015 

Method of 
Smoothed 
Residuals 
New Results and 
Bias Control 



Falsification: 
Testing Isotropy of the Universe in Matter Dominated Era through 

Lyman Alpha forest 

Hazra and Shafieloo, arXiv:1506.03926 

 
èComparing statistical properties of the 
PDF of the Lyman-alpha transmitted flux 
in different patches 
èDifferent redshift bins and different 
signal to noise 
èResults for BOSS DR9 quasar sample  
Results consistent to Isotropy 



Falsification: 
Test of Statistical Isotropy in CMB 

Akrami, Fantaye, Shafieloo, Eriksen, Hansen, Banday,  Gorski, ApJ L 2014 

Using Local Variance to Test Statistical 
Isotropy in CMB maps 
àBased on Crossing Statistic 
èResidual Analysis, 
èReal Space Analysis 
à Low Sensitivity to Systematics  
è2D Adaptive Gaussian Smoothing  
èFrequentist Approach 



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

    Gaussian Processes:    
     
    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. 
 
    REACT: 
  
     Risk Estimation and Adaptation after Coordinate Transformation 
 

  

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 

GP to test GR 
Shafieloo, Kim, Linder, PRD 2013 



Crossing Statistic (Bayesian Interpretation) 

µM
TN (z ) = µM ( pi , z )!TN (C1,...,CN , z )

Crossing function Theoretical model 

Chebishev Polynomials 
as Crossing Functions 

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

Comparing a model 
with its own variations 



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 



REACT Non-parametric fit 

Aghamousa, Shafieloo, Arjunwadkar, Souradeep, JCAP 2015 

Risk Estimation and Adaptation after Coordinate Transformation 

Where is ISW?! 



Calibrated REACT 

Consistent only at 2~3 sigma CL 
 
Excluding 217 Ghz, consistent at 1~2 sigma CL 

Aghamousa and Shafieloo, JCAP 2015 



Conclusion  

•  The current standard model of cosmology seems to work fine but 
this does not mean all the other models are wrong. Data is not yet 
good enough to distinguish between various models.  

•  Using parametric methods and model fitting is tricky and we may 
miss features in the data. Non-parameteric methods of 
reconstruction can guide theorist to model special features.  

•  First target can be rigorous testing of the standard ‘Vanilla’ model. If 
it is not ‘Lambda’ dark energy or power-law primordial spectrum then 
we can look further. It is possible to focus the power of the data for 
the purpose of falsification. 

 


