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Primordial Gaussian Perturbations 

Recipe: 
Gaussian Perturbations  
+  
Gravitational Instability   
=  
Seeds of the Universe 

100 Mpc/h 

Image Courtesy:  M. Blanton 
and the Sloan Digital Sky 
Survey 

(courtesy: Virgo/V. Springel).  

 Millennium Simulation: LCDM 



1. Isotropic, Homogenous on LARGE SCALES. 

Mathematical Description of Present-Day Universe 
Friedman-Robertson-Walker Model	  

2. defined by RW metric in the de Sitter Space time 



CMB Anomalies: Imprint of Anisotropic  Infant universe? 

Cold	  Spot	  Courtesy: ESA/Planck Collaboration 

Planck data in excellent agreement with those for WMAP.  
The most significant anomalies: large scale asymmetry (Eriksen et al. 2004; Hansen et al. 2004, 
Planck 2013 results. XXIII. Isotropy and Statistics of the CMB) and cold spot (Vielva et al. 2004, 
Zhen 2009, Bremer et al 2010, Vielva et al. 2011, Inoue 2012, Planck 2013 results. XXIII. 
Isotropy and Statistics of the CMB). 

Asymmetry 



 
 
	  

There are various studies on Cosmological origin of the large 
angle anomalies:  
 
Anisotropic inflation (Berera et al. 2004; Gordon et al. 2005; 
Pereira et al. 2007; Gumrukcuoglu & Peloso 2007; Yokoyama & 
Soda 2008; Koivisto & Mota 2008,...) 
 
Inhomogeneous spaces (Jaffe et al. 2006; Land & Magueijo 
2006; Bridges et al. 2007; Pontzen & Challinor 2007,...)  
 
local spherical voids (Inoue & Silk 2006)  
 
Initial phase of inflation (Contaldi et al. 2003; Donoghue et al. 
2009,...)  
 
Non-trivial spherical topology (Luminet et al. 2003) 
... 



It is clear that these anomalies represent real features of the CMB sky. 
(Planck 2013 results. XXIII. Isotropy and statistics of the CMB, XXVI. 

Background geometry and topology of the Universe) 
 

Although the present-day Universe is isotropic, the infant universe 
shows hints of initial anisotropy.   

Misner (1968), Gibbons & Hawking (1977): Anisotropy of the early 
stage of the Universe may turn into an isotropic present Universe 
and initial anisotropies die away (Wald 1983).  



HOW CAN WE MODEL AN INITIALLY 
ANISOTROPIC UNIVERSE THAT EVOLVES 
INTO THE ISOTROPIC FRW UNIVERSE ? 



A Possible Solution To Explain The Origin Of Anomalies: 
Bianchi Models 

Bianchi classification provides a generic description of homogeneous 
anisotropic cosmologies in 2 main classes and 9 types.  

Flat (Ω=1) 
+  

becomes FRW 
asymptotically 



HOW TO USE THE BIANCHI MODELS 

ü Modelling CMB Anisotropy Fluctuations 

ü No- vorticity (Bianchi Type I) 

o  Taking into account observed vorticity (Bianchi Type V) 

 
 
o Modelling CMB Anomalies 



GOAL: Modelling deviations from the FRW type isotropy during the decoupling. 
	  
 
ü Anisotropic fluctuations/deviations in CMB at z=1100 indicate that the initial 

anisotropy of the infant universe should reduce to the amplitude ΔT/T~10-5  at 
z=1100. 

 
ü Matter is the main ingredient for anisotropic fluctuations.  

ü Matter and the radiation decouples right after radiation- matter equality  
    at z ≈ 3300.  Then temperature of the universe drops to 3000K, and the plasma turns      
    into neutral gas around z < 3300. 

ü Modelling CMB Anisotropy Fluctuations 



Modelling CMB Ansiotropy Fluctuations (ΔT/T~10-5): 
Bianchi Type I (BI) Model 

Metric 

BI Field 
Equations 

Einstein	  Field	  
Equa3ons	  

Expansion of initially anisotropic universe 
given by three different Hubble parameter 



Isotropy Criteria of Bianchi Models 

where	  A	  is	  the	  mean	  anisotropy	  parameter	  
while	  σ2	  is	  the	  shear	  scalar.	  

A in equation  is correlated with the expansion divergence Θ also known as expansion 
scalar which is related to the expansion rate/Hubble parameter as, 
 
                                                            Θ = 3H. 
 
Isotropy of every point of the Universe implies that the vorticity ω and shear σ of the 
matter are zero (Collins & Hawking 1973). 



Combining Math with Experiment 

ü  Stoeger et al. (1995) show how to relate the CMB anisotropies to growing density 
in homogeneties in an almost-FRW expanding universe.  

ü Maartens et al. (1995b,a) show a way of placing limits on the anisotropies simply 
by using CMB quadrupole and octopole limits. 

ü  These limits are upper bounds on the multipoles of the CMB temperature 
anisotropy and are independent from any models for the source of perturbations 
including inflationary models (Maartens et al. 1995a,b; Stoeger et al. 1999).  



Result I: Directional Hubble Parameters 

 αi s are the three critical coefficents. 



Result II:Critical Ansiotropy Coefficients 

One can obtain expansion and contraction criteria of the scale factors in terms of the 
critical anisotropy coefficients  

Negative anisotropy coefficients is equivalent to contraction of the related scale 
factor(s)  
 
Positive anisotropy coefficients demonstrate expansion characteristics of the scale 
factor(s).  



 

Russell et al 2013 

Obtained the similar result 
for only two different 
Hubble parameter in terms 
of anisotropic expansion 
also by 
•  Pereira, Pitrou & Uzan , 

2007 
•  Gumrukcuoglu,  Kofman 

& Peloso, 2008 
•  Kofman, Uzan & Pitrou, 

2011,…etc. 

FRW	  Stage	  
H1,	  H2	  ,	  H3	  -‐>	  H	  

Result II:Critical Ansiotropy Coefficients 



Result III: Isotropy Criteria of BI at Decoupling 




Result IV: Observed Shear Obtained by Planck Data 


We obtain distortion based on the Planck anisotropy from the power spectrum of the 
temperature fluctuations, which is, 



Result IV: Isotropy Criteria of BI at Decoupling 


Substituting the upper limit into the shear equation, one can find upper limit on 
the sum of squared anisotropy coefficients as a time dependent parameter.  





 
 These upper shear values indicate very small anisotropy coefficients that represent 
small deviations from the standard FRW.  
 
Martinez-Gonzalez & Sanz (1995) prove that if the universe is BI then it necessarily 
must be a small departure from the flat Friedmann model.  
 
Extending this result to the Planck satellite and point out that a possible BI 
dynamical behavior of the universe at decoupling leads to small separations from 
isotropy of the FRW with the upper limits as 5 10−18 and 10−9 for the late-time shear 
and average shear respectively. 




