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Standard Cosmological Model 

• Based on various cosmological observations, including CMB, 
SNIa, LSS, BAO, lensing, et al., people have built the so-
called ”standard model”: inflation+LCDM. This model depends 
on the following assumptions: 

      

      1. In large scale, the Universe is isotropic and homogeneous 

 

      2.  General relativity is the correct theory that describes gravity on all 
macroscopic scales 

 

      3.  The main components in Universe is: baryon + CDM + DE 

 

      4. Primordial fluctuations were created as quantum fluctuations, which gave 
rise to structure formation 

2 



Large-scale Anomalies 

• At the same time, a number of large-scale 
“anomalies” have also been reported. It was 
noticed that, some of them are directional 
dependent: 

   Alignment of CMB low multipoles 

    Large-scale velocity flows 

    Alignment of polarization of QSOs 

   Directional dependence of CMB parity violation  

    Anisotropy of cosmic acceleration 

Anisotropy of the fine structure constant 
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(see W.Zhao & L.Santos, arXiv:1604.05484 as a review) 



OUTLINE 

• CMB parity violation 

 

• Directional dependence of CMB parity 
violation 

 

• Comparing with other preferred axes 

 

• Possible explanations 
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Large-scale CMB Anomalies 
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• Parity Asymmetry 
• Mirror Asymmetry 
• South-North hemisphere asymmetry 
• Third peak of TT power spectrum asymmetry 
• Large-scale quadrant asymmetry 
• Alignment of the low multipoles 
• ……… 
See arXiv:1001.4613 (WMAP), 1303.5083 (1-yr  
Planck), 1506.07135 (3-yr Planck)  as reviews 



CMB power spectra and the Gaussian distribution 
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CMB parity asymmetry 
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Quantify parity 
asymmetry 
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Problem! 

• CMB parity statistics are all based on the “standard power 
spectrum”, which is direction-independent by definition. Any 
statistics defined by them are rotational invariance! 

 

 

• However, in order to study the directional-dependent of the 
CMB data, we must define the direction-dependent spectrum. 

 

• Problem: how to define them? 
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Directional statistic of the parity asymmetry 
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Independent of CMB maps 
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Independent of the definition of statistic 
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Independent of used masks 
• In realistic observations, the foreground residuals are inevitable. So, is it 

possible that the preferred axis is caused by the foreground radiations? 

 

• In order to avoid the contaminations, we should exclude the dirty regions 
by applying the proper mask, and do the similar analysis based on the 
masked CMB maps. 
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Strongly aligns with “CMB kinematic dipole”! 
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• CMB low multipoles (quadrupole, octopole, et al.) 
 

• Large-scale velocity flows 
 

• Polarization of QSOs 
 

• Dipole in the handedness of spiral galaxies 
 

• Dipole of cosmic dark energy 
 

• Dipole of fine structure constant      
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Aligning with other preferred axes 





CMB Low Multipoles 
------alignment of multipoles: l=2-5 
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Rotate the coordinate to the preferred frame 
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Comparing with preferred directions in CMB parity 
asymmetry 



The weird side of the Universe:  
Seeing in Ecliptic Coordinate System 
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Large-scale Velocity Flows 
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Polarization of QSOs 
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Dipole in the handedness of spiral galaxies 



Dipole of cosmic dark energy 

• Some people claimed the anisotropies of the dark energy, and the 
preferred axis also aligns with the CMB dipole. (see for instance,  Antoniou & 
Perivolaropoulos, 2010, 2012;  Javanmardi et al. 2015) 

         

 

 

 

 

 

 

 

 

 

 

 

 

see however,  Cai & Tuo, 2012, 2013; WZ, Wu & Zhang, 2013; Kalus et al. 2013;  Yang et al. 2013; 
Chang et al. 2014, 2015; Lin et al. 2015 

37 



 

38 



Dipole of fine structure constant 

      Some people claimed the anisotropies of the fine structure constant and 
its evolution with the redshift. They found the preferred axis also aligns 
with the CMB dipole. (see for instance, Webb et al. 2011; King et al. 2012; Antoniou & 
Perivolaropoulos, 2012; Perivolaropoulos 2014) 

         

 

 

 

 

 

 

 

 

 

 

 

see however,  Cameron et al. 2012; Levshakov et al. 2012 

39 



List of Preferred Axes in Cosmology 
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A: Non-trivial topology of the universe 

• The standard cosmological model is based on two assumptions: One is 
that Einstein’s general relativity correctly describes gravity, the other 
assumes the universe as homogeneous and isotropic on large scales. 

 

• If we believe that the anomalies have a cosmological origin, at least one of 
these two assumptions will be broken. 

 

• One possibility relies on the Bianchi models. The Bianchi classification 
provides a complete characterization of all the known homogeneous but 
anisotropic exact solution to general relativity. So, in general, Bianchi 
models can provide preferred directions in the universe (see for instance Planck 

Collaboration, 2014). 
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B: Alternative gravitational theories 

• In order to explain the bulk flow, some authors considered that the 
universe is influenced by large-scale “wind”, and the cosmic matter is 
drifted by this “wind”, which is described by the Finsler geometry (see for 

instance Chang et al. 2012).  

 

 

• Another theoretical explanation of the observed preferred direction is 
motivated by the fact that the cosmological constant Λ is nonzero. So, the 
metric of the local inertial reference system in the standard model of 
cosmology is the Beltrami metric instead of the Minkowski one, and the 
basic spacetime symmetry has to be from de Sitter’s group. In this model, 
the Minkowski point does exist in the universe, where the Beltrami metric 
returns to the Minkowski one, and the physics at this point returns to the 
Einstein’s special relativity. (see for instance Yan et al. 2015). 
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C: Particular fluctuation modes or dark 
energy models 

• The explanation for the directional anomalies with a minimum cost is to 
consider the possible anisotropic matter component and/or superhorizon 
fluctuation modes in the universe.  

 

• For instance, we suggested to use the quantum Yang-Mills condensate to 
describe the dark energy and promote the cosmic acceleration. For the 
vector fields, the spatial distribution is always anisotropic, which could 
easily lead to a preferred axis in the large scales (see for instance WZ & Zhang, 2006). 

 

• For the large-scale CMB anomalies, the mechanism of Grishchuk-Zeldovich 
effect is a possible explanation. It is the contribution to the CMB 
temperature anisotropy from an extremely large-scale adiabatic density 
perturbation mode. 
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D: Unsolved systematical errors or 
contaminations 

• On the contrary, some other people believe that these anomalies are 
caused by some non-cosmological reasons: Unsolved systematical errors, 
calibration errors or foreground contaminations. 

 

• One possible one is related to the contaminations generated by the 
collective emission of Kuiper Belt objects (see for instance Hansen et al. 2012). 

 

• Another explanation may relate to a deviation measured in the CMB 
kinematic dipole (see for instance Liu et al. 2011). 

 

• It is also possible that the preferred direction is caused by the tidal field 
originated from the anisotropy of our local halo (see for instance Zhang et al. 2015). 
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Conclusions 

• As one kind of CMB anomalies in large scales, CMB parity asymmetry is 
directional dependent. 

 

• The preferred axis in CMB parity asymmetry is discovered, which is 
independent of the CMB maps, CMB masks or the definition of statistic. 

 

• The preferred axis stored in CMB parity asymmetry strongly aligns with 
those in CMB dipole, quadrupole, octopole, as well as those in other 
cosmological observations. These coincidences suggest their common 
origin. 

 

•  The alignment with CMB kinematic dipole hints their non-cosmological 
origin. 
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Thank you! 
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