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Cosmology in Background 

• Cosmology is a Science of measuring two quantities 

   Alan  Sandage, Physics Today 1970 

 

• Geometrical tests of Background Cosmology 

We are measuring distances in the Universe  

Standard candles 

Standard Rulers  
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Background is boring:  

Cosmology with Perturbations 

• Precision Cosmology with perturbations 
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The Tale of two Power Spectrums 

• Establishment of standard model of Cosmology 



      The tale of  

 two standard model 
 

 

 

A Universe is made up of 

• Baryons 5% (Standard Model of Particles) 

• Cold Dark Matter  27% 

• Dark Energy 68% 

Known as  

•  with  Initial Conditions 

Gaussian, isotropic, adiabatic and scale invariant 
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3 Questions for 21th Century 

1)Why is the Universe accelerating? (Dark Energy) 

2)What is Missing Matter? (Dark Matter) 

3)What is the physics of early Universe? (Inflation) 

 

 

 Large Scale Structure can address these three questions. 

  We will need to add free parameters to our known 6 
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How to explain the Accelerated Expansion of the Universe? 

Cosmological Principle +CDM/baryons+ GR  

 

 

 

 



How to explain the Accelerated Expansion of the Universe? 

Cosmological Principle +CDM/baryons+ GR  

 

Does  the Cosmological Constant cause the acceleration of  the Universe? 

 (Old-new Cosmological constant problem) 

 

 



How to explain the Accelerated Expansion of the Universe? 

Cosmological Principle +CDM/baryons + GR 

Cosmological Principle: Homogenous and Isotropic Universe 

Non homogenous Universe 

 

 

 

 

 



How to explain the Accelerated Expansion of the Universe? 

Cosmological Principle +CDM/baryons + GR 

Is Dark Energy  a dynamical exotic entity 

(e.g. quintessence, k-essence,…)? 

 

 

 

 

Planck 2013 
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How to explain the Accelerated Expansion of the Universe? 

Cosmological Principle +CDM/baryons + GR 

Is GR the correct classical theory of Gravity? 

Modification of GR (e.g. f(R) gravities) 

 

 

 

 



What we mean by Modified Gravity? 

Dark Energy 

Problem 

Dark Matter Problem Model 

Cosmological Constant CDM 1 

Cosmological Constant MG (e.g. MOND) 2 

MG CDM 3 

Quintessence CDM 4 

…. …. 5 



Modified Gravity 

 

Massive Gravity 

Models 

Brane Cosmology 

Models (DGP,…) 
f(R) models … 

f(R)=R-2Λ f(R)=R - μ /R 

f(R) that evade solar 

system tests by 

screening mechanism 



Why f(R) gravity? 

Modified gravity Theories and where the scale dependence come? 
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Large Scale Structure Formation : GR vs MG 

Distribution of luminous matter 

(Correlation functions-Power spectrum, cluster count) 

BAO 

Weak Gravitational Lensing 

SNIa: distance measurements 

----------------------------- 

CMB lensing 

21 cm 

ISW … 

 



Statistical Properties of our Universe 

• We need to define the two point correlation 

function as: 

 

 where the correlation function is the excess of 

particles from randomness. 

 

Where power-spectrum is the Fourier transform of 

correlation function as: 
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Correlation function and Power Spectrum of matter 

 



What is the matter Power-Spectrum? 

• The matter power spectrum              in present time can be found by 

knowing: 

),( zkP



What is the matter Power-Spectrum? 

• The matter power spectrum              in present time can be found by 

knowing: 

1)Primordial power spectrum: 

 encoded in spectral index and the amplitude of perturbations   
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• The matter power spectrum              in present time can be found by 

knowing: 

1)Primordial power spectrum: 

 encoded in spectral index and the amplitude of perturbations   

2)Physics of baryons, photons and CDM and the evolution of modes during 

equality and horizon crossing.  

),( zkP

snA,

)(kT



What is the matter Power-Spectrum? 

• The matter power spectrum              in present time can be found by 

knowing: 

1)Primordial power spectrum: 

 encoded in spectral index and the amplitude of perturbations   

2)Physics of baryons, photons and CDM and the evolution of modes during 

equality and horizon crossing.  

3)The Evolution of density contrast due to expansion of universe   
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What is the matter Power-Spectrum? 

• The matter power spectrum              in present time can be found by 

knowing: 

1)Primordial power spectrum: 

 encoded in spectral index and the amplitude of perturbations   

2)Physics of baryons, photons and CDM and the evolution of modes during 

equality and horizon crossing.  

3)The Evolution of density contrast due to expansion of universe   

)()(),( 22 zDkTAkzkP sn


),( zkP

snA,

)(kT

)(zD

0)()(  zDz 

Growth function 



How do we find the growth rate D(z) ? 
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How do we find the growth rate D(z) ? 

 

Linear Perturbation theory:   

1)The perturbed metric  :  10 degrees of freedom and the gauge  
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How do we find the growth rate D(z) ? 

 

Linear Perturbation theory:   

1)The perturbed metric  :  10 degrees of freedom and the gauge  

 

 

 

 

2)Energy-momentum tensor of perturbations 
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What are the players of linear 
Perturbation theory? 

• Geometry terms 

 

 

• Energy momentum terms 

 

 

 

                 gauge issue:  gauge-invariant quantities 

),(

),(

xt

xt








v

xt

.

),(








Equations you have to Solve! 
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Growth function: MG vs GR 

GR 

 

 

• We choose  Hu-Sawicki  model 

 

• We choose the free parameter of the model: 
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Scale dependent Growth rate  
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Scale dependent Growth rate 

N. Mirzathuny, Sh. Khosravi, SB and H.Moshafi 
1308.2874arXiv: 
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Scale dependent Growth rate 

N. Mirzathuny, Sh. Khosravi, SB and 
1308.2874arXiv: H.Moshafi 
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Scale dependent Growth rate by Euclid 
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Discussion 

Modified gravity theories introduce a scale 

dependence in growth of  the structures. 

 

What other cosmological effects can introduce a 

scale dependence growth? 
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3 Questions for 21 Centaury 

1)Why is the Universe accelerating? (Dark Energy) 

2)What is Missing Matter? (Dark Matter) 

3)What is the physics of early Universe? (Inflation) 

 

                  

 

 

 Non Gaussianity + Anisotropy can introduce a scale   

dependence behavior in the growth of the structures through bias. 



Deviation from a single field Inflationary 

models? 

Non-Gaussianity 

Multi-fields, non Bunch Davis vacuum, entropic perturbations,… 
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Is there a room for Non Gaussianity ( NG)? 

Anisotropy introduce a NG 
Mohammad Hossein Namjoo, Shant Baghram, Hassan Firouzjahi:  arXiv:1305.0813  

LSS observations to detect NG in sub-CMB scales. 

Scale dependence of NG 

Non-trivial NG shapes 

Planck (2013) 

http://arxiv.org/abs/arXiv:1305.0813
http://arxiv.org/abs/arXiv:1305.0813


CMB and Anisotropy 

 

 

CMB anomalies  

1)Cold Spot 

 2) hemispherical asymmetry  

 3) alignment of quadrupole and octupole 

 4) Power deficiency in low multipoles 

Measure problem 

… 



Intrinsic Anisotropy of CMB 

Geometric origin, vector fields, long mode modulation 

Planck 2013 
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Anisotropic- Non Gaussian Bias 
• Anisotropic Inflationary model: 

 

 

 

 

 

SB, Mohammad Hossien Namjooi, Hassan 

Firouzjahi JCAP08(2013)048 

Preferred direction 

 Squeezed Wavenumber  
direction 


3k




Anisotropic- Non Gaussian Bias 
• Anisotropic Inflationary model: 

 

 

• The direction dependent bispectrum 

 

 

 

• Where the free parameter 𝑔∗ shows itself in: 

 

 

 

SB, Mohammad Hossien Namjooi, Hassan 

Firouzjahi JCAP08(2013)048 



Where we can find the signature of Early Universe? 

 

 

 

 

 



Where we can find the signature of Early Universe? 

CMB 
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Komatsu, Spergel 2001 



Finger Print of Inflationary Physics in LSS 

 

1) Galaxy Power Spectrum 

2) The Bispectrum of galaxy distributions 

3) Number of rare objects in Universe 

4)The Bias parameter (Non linear Structure formation) 

Dalal et al. 2008; Desjacques, Seljak & Iliev 2009; Slosar et al. 2008; Matarrese & 

Verde 2008;   Nishimichi et al. 2009 

 

 

 

 

 

 

 

 

 



 



Bias 

What we observe in  the Universe is the luminous matter 
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How to find bias for a general NG density field 

• Intrinsic halo bias via background model                   and                            

mass function modification    
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Type equation here. 

3k


What  does Non Gaussianity do to bias!!! 



Bias in Peak Background splitting 

• There is an intrinsic bias known as halo bias: 

• We can split the perturbations to large-scale and small scale 

 

 

• And the halo number contrast is obtained as:  
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Long wavelength mode 

R.Scoccimarro et al .Phys. Rev. D 85, 083002 (2012) 



The effect of NG on PDF 

• The PDF and Cumulates are effected by NG potential 

 

 

 

  PDF depend on higher cumulatses and als0othey depend to NG field. 

• The first term of Taylor Expansion, is the linear bias : 

NG field 



How Non-Gaussianity effect this: 

• The PDF and Cumulates are effected by NG potential 

 

 

• The Scale dependence bias Shows UP in  second term of  

Taylor Expansion, introduced by bispectrum 



Can we see the anisotropic NG effects in LSS? 
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Observation direction 
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Can we see the anisotropic NG effects in LSS? 

Non Gaussianity + Anisotropy can introduce a scale   dependence 

behavior in the growth of the structures through bias 

Preferred direction 

Observation direction 
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Redshift Space distortion 

• The peculiar velocity dependents on mass distribution 

 

 

• Where f is the growth rate and bias parameter appears in: 
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Redshift Space distortion 

The galaxy distances are mainly measured by they redshift. 

And the redshift include the  

Peculiar Velocity of galaxies. 
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Simultaneous effect of MG and NG 

 ),(

)1(2

zkM

bf
b

MG

cLNL
NG




02

0

2 ),()(

5

2
),(

m

MGeff

MG
H

kzDkTk

G

G
zkM






Simultaneous effect of MG and NG (Redshift Space distortion) 
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Simultaneous effect of MG and NG (Redshift Space distortion) 
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Galaxy Power Spectrum 

Luminous Red galaxies of 

SDSS as a test For galaxy 

power Spectrum 



Galaxy growth rate 

• Complementary observation : Galaxy growth rate 

 

 

• The redshift space distortion parameter is an observable, 

We need N-body simulations for MG theories to determine the bias 

parameter. 

 

 



Conclusion and future prospects 

Anisotropic inflationary: candidate to address the CMB anomalies. 

Anisotropic initial conditions introduce a scale dependent, direction 

dependent bias parameter. 

There is a degeneracy between Modified gravity theories and anisotropic 

NG initial conditions because of redshift space distortion parameter. 

We need complementary observations to break the degeneracy. 

We need N-body simulations for MG theories 

We need Euclid-like Observations for more statistics  



Thank You 


