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In doing Cosmology: 

•  Instrumentalists: People who build the instruments 
(telescopes, detectors, mirrors, rockets, space crafts etc) 

•  Observers: People who run the experiments and observe 
the Universe and get the data 

•  Theorists:  
    1) People who deal with the data in order to get 
meaningful information, those who do simulations 
    2) People who build models to explain the data   



3 3 

What did we know about the 
Universe in mid 18th century? 

There are Sun, moon, planets, few moons of 
big planets, lots of stars and constellations, 
nebulas (some fuzzy object) and milky way 
galaxy.   

DATA IS INFORMATION AND INFORMATION CAN 
BRING KNOWLEDGE 



•  We live at the outskirts of a huge, disk-like 
collection of stars, the Milky Way Galaxy.  

The Milky Way contains about 
400,000,000,000 stars! 



People could also 
see some fuzzy 
objects in the sky. 
They called them 
Nebula, means 
cloud. 
 

Andromeda 
(M31) by 
naked eye. 

Abd al-Rahman al-Sufi 
described it as a “small 
astronomical cloud” in 
his Book of Fixed Stars 
around 964 AD. 



Technological 
advancements 
enabled us to 
look more deep 
in the sky.  
 

Sir William Herschel
(1738-1822 AD) spent 
most of his life on either 
building bigger and 
bigger telescopes or 
looking at the sky.  

In 1781 Herschel discovered Uranus 

48 Incher 
telescope-1789 



Using the 48 incher telescope 
William Herschel and his sister 
Caroline, compiled the first 
catalogue of northern nebulae. 

48 Incher 
telescope-1789 

“General catalogue of 
Nebulae and clusters 
of stars” 
Produced by John 
Herschel in 1864 
included more that 5000 
entries.   



Arrival of new technologies: 
Spectroscopy and  
Bigger Telescopes 

In 1923 Edwin Hubble by using a 100 inch 
telescope discovered that Cepheid variables 
in Andromeda are much much dimmer than 
those in Milky way. What does it mean? 

Picture of 
andrmeda 



Arrival of new technologies: 
Spectroscopy and  
Bigger Telescopes 

In 1923 Edwin Hubble by using a 100 inch 
telescope discovered that Cepheid variables 
in Andromeda are much much dimmer than 
those in Milky way. What does it mean? 

Andromeda cannot be a cloud within the Milky Way,  
 

Andromeda is a Galaxy by its own! 

Picture of 
andrmeda 



HUDF, The total field of view represents only 1 ten millionth of the total sky  

This is a great discovery 
In fact all these nebulae are galaxies maybe 
as big as our very own Milky Way galaxy.  

We are not lonely in the universe. Not 
only there are around 400,000,000,000 
other stars in our own galaxy, but there 
are also millions and millions of 
galaxies in the universe.   



HUDF, The total field of view represents only 1 ten millionth of the total sky  



In 1929 Edwin Hubble 
observed that the further 
away a galaxy is, the 
more rapidly it is moving 
away from us. 

THE UNIVERSE 
IS EXPANDING 

First Hubble diagram, 1929 

Another Great Discovery 
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Expansion of Universe 

Galaxies are observed to move away from us. 
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Expansion of Universe 

This is not galaxies moving through space (like a 
car on a road) 

but space itself expanding. 



The distribution of matter in the universe on sufficiently 
large scales is pretty much the same everywhere. 

2DF Galaxy Redshift Survey 

Observing the Universe 



So….. 

   The universe is look like a uniformly 
distributed collection of galaxies filed by 
stars, gas and dust. 

 
  The universe is expanding, so initially it 

must have been hot and dense!  
 
                     Hot Big Bang Model! 
 



We all know Big Bang! 



We all know Big Bang! 



Hot Big Bang Theory 

•  Based on General Theory of Relativity 
•  The universe on large scales is  

homogeneous and isotropic ;  
   Robertson-Walker metric 
•  Friedman equations and expanding 

universe 
•  Nucleosynthesis, abundance of light 

elements.  
•  Cosmic Microwave Background Radiation 

 
 
 
 





Early Universe 

Present Universe 

The Cosmic screen 

Who pinged the 
Cosmic drum ?   



1964: 
Discovery of the Cosmic Microwave Background 

Signature of Big Bang! 

First Nobel Prize in 
Cosmology 
1978, Arno Penzias 
and Robert Wilson 
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Cosmic Background Radiation 

These very faint hotter and colder 
spots came from the patches of 
less dense and more dense 
energy in the early universe (end 
of inflation).  

 

They also show the seeds of 
matter structures that grew into 
galaxies and clusters of galaxies.  

The glow we detect everywhere in the sky is the 
remnant glow of the early hot universe.  



1991, Map of the CMB 
anisotropy by the 
COBE spacecraft. 

perfect fit for the black 
body radiation from 
COBE sattelite 

George Smoot and John Mather, 
received the Nobel Prize in 
Physics in 2006 



Cosmological 
Observations 

Cosmic Microwave 
Background (CMB)  

Gravitational Lensing 

Type Ia Supernova 

 Large-scale structure  

Lyman Alpha Forest  

Era of Precision Cosmology 



Era of Precision Cosmology 
   Combining 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 mass and 
radiation density 

Curvature of the Universe Hubble Parameter and 
the Current Rate of 
Expansion 

Epoch of reionization 



 CMB space missions 

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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Planck Collaboration 2013 



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 



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 



Supernovae Ia Observations 

 
•  By observing their brightness and red shift we 

can calculate the distances and understand how 
far they are. 

We can see 
supernovae  
up to very very 
large distances 

Measuring Distances in Astronomy 
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Standard Candles 

Brightness tells us distance away (lookback time) 

Redshift measured in spectrum tells us expansion 
factor (average distance between galaxies) 

Supernovae type 
Ia are standard 
candles because 
we know how 
bright they are. 

Measuring Distances in Astronomy 

Carbon-Oxygen white dwarfs 
that accretes mass from a 
binary companion and core 
reaches to ignition 
temperature for Carbon fusion.  
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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 

How to measure 
 redshift? 

Very low redshift Sne Ia 

High redshift Sne Ia 

Measuring Distances in Astronomy 



Union 2.1 supernovae Ia Compilation 



Universe is Accelerating 

Universe is not Accelerating 



Eureka! or  
“What’s wrong with this?” 
Adam Riess’s notebook 
Fall 1997 
 

Photo from R. Kirshner’s talk 



Eureka! or  
“What’s wrong with this?” 
Adam Riess’s notebook 
Fall 1997 
 

Photos from R. Kirshner’s talk 



Riess et al. 
Astronomical Journal 
1998 

Perlmutter et al. 
Astrophysical Journal  
1999 

Photos from R. Kirshner’s talk 



Strong	  lensing	  of	  objects	  

•  Mul2ple	  images	  

•  Magnifica2on/Demagnifica2on	  

•  Time	  delays	  
–  Different	  geometrical	  path	  	  
–  Different	  gravita2onal	  poten2als	  

	  	  Applica2on	  for	  Cosmology	  ?	  
	  

Credit: NASA, ESA, L. Calasada 

quasar RXJ1131-123 by HST 

Slide from A. Hojjati 



Cosmology	  with	  strongly	  lensed	  variable	  sources	  

Need	  to	  measure:	  
•  Lens	  mass	  model	  
•  Angular	  posi2ons	  
•  Mass	  along	  LOS	  
•  Time	  delays	  

Variable	  sources	  :	  
	  	  	  	  	  Time	  delays	  can	  be	  es.mated	  !	  

	  	  	  Geometric	  delay	  	  	  	  	  	  	  	  	  	  	  Lensing	  poten3al	  

Fermat	  poten3al	  	  

Slide from A. Hojjati 



Time	  delay	  es2ma2on	  

•  Goal	  :	  Reconstruc2ng	  the	  shiJ	  between	  mul2ple	  streams	  of	  data	  

•  Challenges:	  
	  

–  Measurement	  noise	  

–  Seasonal	  gap	  

–  Microlensing	  

–  Flux	  systema2cs	  
	  
–  …	  

	  

B1608+656 

Slide from A. Hojjati 



Data Analysis in Cosmology 

•  Reconstruction and Numerical Modeling 
•  Falsification 
•  Simulation 
•  Model Selection  
•  Parameter Estimation 



Does it really have a good fit? 
How can you say that?  

Easy to rule out 



Oops! Which one has a better fit? 

NOT EASY ANYMORE! 



Which one has a 
better fit? 



Which one has a 
better fit? 

In fact we can rule one of these models with 
99.9% confidence! Here comes the power of 
advanced statistical methods of data analysis. 

D. Hazra & A. Shafieloo, in prep 





We are interested to calculate the 
probability of the observed data given 
a model.  

Likelihood 



 
 
       
    Minimization of reduced Chi square or effective 

Chi square is the most common approach in 
cosmology (and many other fields of science)   
to do parameter estimation and also model 
selection.   

 
 
 
 

 

Likelihood 



We are interested to calculate the 
probability of the observed data given 
a model.  

Likelihood 



Likelihood 
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We are interested to calculate the probability of the 
observed data given the model.  

When data is 
uncorrelated 



Likelihood and Model Fitting 
When number of data points is more than ~30 one can use relative chi 
square for likelihood analysis and N, number of free parameters of the 
fitting function, will become the degrees of freedom.  

In likelihood estimation:  

! 2 !"! #! 2
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Standard Model of Cosmology 
   Using measurements and statistical techniques to place 

sharp constraints on parameters of the standard 
cosmological model.  

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: 
assumptions and 
CMB temperature 

Universe is Flat 
Hubble Parameter and 
the Rate of Expansion 

Epoch of reionization 
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Standard Model of Cosmology 
   Using measurements and statistical techniques to place 

sharp constraints on parameters of the standard 
cosmological model.  

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: 
assumptions and 
CMB temperature 

Universe is Flat 
Hubble Parameter and 
the Rate of Expansion 

Epoch of reionization 
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"
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Combination of Assumptions 



  
      Frequentist Approach:       
    Assuming a proposed model, the probability of 

the observed data must not be insignificant.  
 

 Bayesian Approach:  
 Priors and simplicity of the proposed model also 
matters (in model comparison)  

 

 
Chi square analysis plays a crucial role in 
calculation of the likelihood in both approaches 

Consistency of a model and the data:  



Bayesian Analysis 

•  Bayesian approach provides the means to 
incorporate prior knowledge in data analysis. 

•  Bayes’s law states that the posterior probability 
is proportional to the product of the likelihood 
and the prior probability.  

 



Bayesian Basics 
•  Elements of probability theory: 
Normalization sets the scale for the probability 

density function: 
 
Transformation property of density function: 
 
Normalization with two variables: 
 
Transformation generalizes to multiple variables 

by replacing the derivatve by the determinant 
of the Jacobian matrix J(x,y;u,v)  



Joint probability density function: 
 
 
   
Conditional probability, 
“probability of y given x”. 
 
 
 
PDF in “y” when “x” is irrelevant, 

(marginalization): 
 



Posterior probability and the priors: 

Posterior probability 

Likelihood 
Prior probability 

Normalization factor 



Posterior probability and the priors: 

Posterior probability 

Likelihood 
Prior probability 

Normalization factor 

Model fitting has Bayesian essence since we 
assume that we are considering a correct 
model. What if we are wrong? 



      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 on the raw data, but the results will less biased and more reliable 

and independent of theoretical models or parametric forms. 
.                                                

Reconstruction 



Era of Precision Cosmology 
   Combining 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 mass and 
radiation density 

Curvature of the Universe Hubble Parameter and 
the Current Rate of 
Expansion 

Epoch of reionization 



Era of Precision Cosmology 
   Combining 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 mass and 
radiation density 

Curvature of the Universe Hubble Parameter and 
the Current Rate of 
Expansion 

Epoch of reionization 



Parameter estimation within a cosmological framework 

Tables from NASA - LAMBDA website 

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

Functional parameterizations affect estimation of cosmological parameters 



Era of Precision Cosmology 
   Combining 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 mass and 
radiation density 

Curvature of the Universe Hubble Parameter and 
the Current Rate of 
Expansion 

Epoch of reionization 



Era of Precision Cosmology 
   Combining 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 mass and 
radiation density 

Curvature of the Universe Hubble Parameter and 
the Current Rate of 
Expansion 

Epoch of reionization 



Probes of Dark Energy 

•  Standard candles:  
    measure luminosity distance. 
 
 
•  Standard rulers:  
    measure angular diameter distance.  
 
 
     
 
•  Growth of fluctuations:  
    testing modified gravity or to distinguish between 

physical and geometrical models of Dark Energy. 

Supernovae Ia as 
Standardized Candles 

BAO as standard ruler 



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?! 



Most general form	

Supernovae Ia as 
Standardized Candles 

 

1.  Fitting functions for d_l(z) 

2.  Fitting functions for DE density 

3.  Fitting functions for EOS  

BAO as standard ruler 

Dark Energy Parameterizations 

24 Ld
LF
π

=



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?! 



Same data being used. Which one is correct?  Problems of 
model fitting 

Deceleration 
Parameter 



Non Parametric methods of Reconstruction	

Usually involves binning and smoothing 

24 Ld
LF
π

=



Smoothing function 
(error-sensitive) 

The Method of Smoothing 

error-sensitive 



Smoothing Method 
A. Shafieloo, U. Alam, V. Sahni, A. Starobinsky, MNRAS (2006) 
A. Shafieloo, MNRAS (2007) 
A. Shafieloo & C. Clarkson PRD (2010) 
A. Shafieloo JCAP (2012)    

èIterative approach with lognormal 
smoothing kernel 
èError sensitive 
èIndependent of the initial guess 

Error bars are reduced 
by a factor of 10 

All smoothed lines have 
likelihood better than 
the best fit LCDM model  

H (z) = d
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Gaussian Process 

A. Shafieloo. A. Kim & E. Linder, 
PRD 2012, PRD 2013 

èEfficient in statistical modeling of stochastic variables 
èDerivatives of Gaussian Processes are Gaussian 
Processes 
èProvides us with all covariance matrices 

Data Mean Function 

Kernel 

GP Hyper-parameters 

GP Likelihood 



Gaussian Process 

A. Shafieloo. A. Kim & E. Linder, 
PRD 2012 

èEfficient in statistical modeling of stochastic variables 
èDerivatives of Gaussian Processes are Gaussian 
Processes (we can derive H(z) directly and q(z) indirectly) 
èProvides us with all covariance matrices 



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 



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:  :  

Falsification, signal detection and systematics: 

Null tests: 
  
 Falsifying a hypothesis using special statistical characteristics.  

Using modeling of Stochastic variables:: 



Signal Detection: detection of the features in the residuals  

Signal 
Detectable 

Signal 
Undetectable 

Simulations Simulations 



Signal Detection: Crossing Statistic (Bayesian Interpretation) 

Crossing function Theoretical model 

Chebishev Polynomials 
as Crossing Functions 

A. Shafieloo. JCAP 2012 (b) 



Looking for systematics 

Chebishev Polynomials 
as Crossing Functions 

A. Shafieloo. JCAP 2012 (b) 

Modeling different data independent of theoretical assumptions looking for systematics 



Summary 
•  Cosmological Data is very very expensive so it is important to 

extract the most possible amount of information from it.  
•  Dealing with the data is not easy. One should be very careful not 

to misinterpret the data. There have been many discoveries which 
have been wrong and ends to embarrassment.  

•  About 96% of the universe is still missing. We do not know what is 
Dark matter and what is dark energy. Actual model of the early 
universe is not known. We should be careful when we model any 
of these.  

•  Parametric and Non-Parametric, at the same time, frequentist and 
bayesian approaches are all useful and each has some 
advantages. Best is to combine and use them in an appropriate 
way.   



What to read: 

•  Statistics, R. J. Barlow, John Wiley & 
Sons Ltd, (1989) 

•  Numerical Recipes, William H. 
Press, Saul A. Teukolsky, William T. 
Vetterling, Brian P. Flannery, Cambridge 
University Press (2007)  

•  Arxiv:0712.3028, L. Verde 
     Arxiv:0911.3105, L. Verde 


