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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 

(Present)t 



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



Cosmological Parameter Estimation 
with Free form Primordial Spectrum 

Red Contours: 
Power Law PPS 

Blue Contours: 
Free Form PPS 

Hazra, Shafieloo & Souradeep, 
 PRD 2013 



(JCAP 2013) 

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

Phenomenological Models 

Hazra, Shafieloo, Smoot, JCAP 2013 



Results from 
BICEP2 + Planck 
joint analysis 

Detection of relic gravitational 
waves can break the 
degeneracy between many 
different early universe 
scenarios.   

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 are released but not the data in 
a usable form in practice. Struggle is going on…..  



Plausible approach for the future: 

Joint constraint on inflationary features using the two and three-
point correlations of temperature and polarization anisotropies  

Bispectrum in terms of the reconstructed 
power spectrum and its first two derivatives 

Direct reconstruction of PPS 
from Planck 

Appleby, Gong, Hazra, Shafieloo, Sypsas, 
arXiv:1512.08977 



From 2D to 3D 

Using LSS data to test early universe 
scenarios 

Hazra, Shafieloo, Smoot, Starobinsky, JCAP 2014B 



From 2D to 3D 

Using LSS data to test early universe 
scenarios 

• Targets: Features in PPS, primordial non-
Gaussianity, spherical asymmetry 
• Tools: Simulations, higher order statistics, 
cross correlation with other data. 
• Aim: To be well prepared for the future data 
(DESI).   
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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?! 



      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?! 



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?! 

WARNING: 

If your choice of parameterization (such 
as w0-wa) is wrong, which could be, with 
higher quality of the data and better 
control of the systematics you might get 
simply more misguided towards the 
nature of dark energy (even though you 
will get beautiful tiny CL contours)! 



Model independent reconstruction of the expansion history 

Crossing Statistic + Smoothing Gaussian Processes 

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



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).    



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 

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: 

OR NOT 

Falsification of Cosmological Constant 

Yes-No to a hypothesis is easier than characterizing a phenomena 



V. Sahni, A. Shafieloo, A. Starobinsky, PRD 2008 



Om diagnostic 

V. Sahni, A. Shafieloo, A. Starobinsky, 
PRD 2008 

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 
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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 



•  Om diagnostic needs h(z) [information of 
H0 is required], more suitable to use 
combination of SNe and BAO data. 

•  Omh2 can be derived with high precision 

€ 

σOmh2(z1 ,z2 ) ≈ 5.64 ×10
−3 Euclid[ ]

σOmh2(z1 ,z2 ) ≈ 4.09 ×10
−3 SKA2[ ]

Omh2 ≡ ΩomH
2

Future Sky Surveys 



•  Om3 will show its power as it can be measured 
very precisely and used as a powerful litmus test 
of Lambda. 

€ 

σOm3 ≈1.0 ×10
0 WiggleZ[ ]

σOm3 ≈ 2.0 ×10
−1 DESI[ ]

σOm3 ≈1.4 ×10
−2 Euclid,LSST[ ]

σOm3 ≈ 9.3 ×10
−3 SKA2(Gal)[ ]



Using LSS data to test Lambda dark energy 

•  Target: Finding deviation from Lambda 
•  Tools: Litmus tests such as Om, Om3 and 

Omh2 applicable on the observables, non-
parametric reconstruction of the cosmic 
expansion and growth. 

•  Aim: Preparing for the upcoming data 
(eBOSS, DESI, Euclid, LSST, SKA)  
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Universe is Isotropic 
Universe is Homogeneous (large scales) 
Dark Energy is Lambda (w=-1) 
Power-Law primordial spectrum (n_s=const) 
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Falsification: 
Is Universe Isotropic? 

Colin, Mohayaee, Sarkar & Shafieloo MNRAS 2011 

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



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



Bias in the Sky 

Appleby, Shafieloo, JCAP 2014 
Appleby, Shafieloo, Johnson, ApJ 2015 

Method of 
Smoothed 
Residuals 



Bias in the Sky 

Appleby, Shafieloo, JCAP 2014 
Appleby, Shafieloo, Johnson, ApJ 2015 

Method of 
Smoothed 
Residuals 

LSST can make unique 
contributions with SNIa distances to 
test isotropy-homogeneity of the 
universe 



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

Lyman Alpha forest 

Hazra and Shafieloo, JCAP 2015 

!Comparing statistical properties of the 
PDF of the Lyman-alpha transmitted flux 
in different patches 
!Different redshift bins and different 
signal to noise 
!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 
"Based on Crossing Statistic 
!Residual Analysis, 
!Real Space Analysis 
" Low Sensitivity to Systematics  
!2D Adaptive Gaussian Smoothing  
!Frequentist Approach 



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 
"Based on Crossing Statistic 
!Residual Analysis, 
!Real Space Analysis 
" Low Sensitivity to Systematics  
!2D Adaptive Gaussian Smoothing  
!Frequentist Approach 

One of the persistent anomalies so far: 

Systematics? Astronomical? Primordial? 



Future surveys to test isotropy and 
homogeneity 

•  Target: testing isotropy and homogeneity 
•  Tools: Developing different statistical 

methods designed for different data and 
cross correlating  

•  Aim: Preparing for the future data, 
particularly LSST 



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 

!Efficient in statistical modeling of stochastic variables 
!Derivatives of Gaussian Processes are Gaussian 
Processes 
!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 
Cosmic Growth vs Expansion 
Shafieloo, Kim, Linder, PRD 2013 



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 



Crossing Statistic (Bayesian Interpretation) 
Crossing function Theoretical model 

Confronting the concordance model of cosmology with Planck 2013 data  
Hazra and Shafieloo, JCAP 2014 Consistent only at 2~3 sigma CL 



Crossing Statistic (Bayesian Interpretation) 
Crossing function Theoretical model 

Confronting the concordance model of cosmology with Planck 2013 data  
Hazra and Shafieloo, JCAP 2014 Consistent only at 2~3 sigma CL 

Results from PLANCK 2015 is not so 
exciting.  

Hazra & Shafieloo 2016 



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. Next generation of surveys are crucial 
for the future of cosmology (in both ways!).  



Conclusion (Large Scales) 

•  Still something like 96% of the universe is 
missing. Something might be fundamentally 
wrong.   

•  We can (will) describe the constituents and 
pattern of the universe (soon). But still we do 
not understand it. Next challenge is to move 
from inventory to understanding, by the help 
of new generation of experiments. 


