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 Motivations to consider beyond the standard 

cosmological model 

• Cosmological constant problem 

• CMB large scale anomalies 

 Massive cosmologies  

• dRGT 

• Extended quasi-dilaton models 

 Cosmological signatures 

• CMB temperature and polarization anisotropies 

• Large scale structure 
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Precise Cosmology 

• Observations – 1% precision 

• Theory – unknown 96% (Dark Universe) 

 

Observational  
Tests “Einstein’s Greatest Blunder”  

The cosmological constant problem  

10     times lighter than we can  
expect from the theory Mpl 4 

120   

“The worst theoretical prediction in 
the history of physics!"  
           Hobson, Efstathiou & Lasenby 



Do We Need New Physics 

 



CMB Anomalies 

 Anomalies at Large 
Scales 

• North-South 
Asymmetries 

• Power Suppression 

• Multipole Alignments 

• Cold Spot 

Cope,. Huterer, Schwarz & Starkman, 2008 



Massive Gravity 

 Motivation  

Alternative explanation of accelerated expansion of the 
Universe: Massive graviton spin0 mode mimics the presence 
of Dark Energy 

deRham, Gabadadze, Tolley 2010 

 Theoretical Foundation 

DeRham, Gabadadze, Tolley 2010 

 Massive Cosmologies 

Two stages: at high densities (above cross-over) – 
isotropic model, at low densities (below cross-
over)– non-existence of isotropic solutions  

D’Amico, deRham, Dubovsky, Gabadadze, Pirtskhalava, 
Tolley 2011 

 

 

m~H0 

 

 

 

 



 Fierz & Pauli, 1939 

• Non-zero graviton 
mass  

 

 van Dam & Veltman, 
1970; Zakharov, 1970 

• vDVZ discontinuity (GR 
is not recovered in  

  m->0 limit)  

 Vainstein 1972  

• vDVZ  discontinuity 
disappears if we take 
into account non-linear 
interactions of the 
scalar mode 

 

 Boulware & Deser, 
1972 

• Sixth degree of 
freedom - ghost 

Massive Gravity: History 



 dRGT – 4D covariant, 

nonlinear, ghost free at 

decoupling limit at all orders 

• m~H0 

 

 

 Vainstein radius 

 Quasi-Dilaton 
• D’Amico, Gabadadze, Hui, 

Pirtskhalava, 2012 (1206.4253) 

• De Felice et al. 2013 

(1305.5502 ) 

 

 Mass varying theory 

• Huang, Piao, Zhou, 2012 

(1206.5678) 

Massive Cosmologies 



Extended Quasidilaton Massive 

Gravity 

De Felice and Mukohyama 2013 



 De Felice and Mukohyama 2013 

 

 0  

 

 

 

Tensor Massive Mode 



Extended Quasidilaton  



Supernovae Data 



Extended Quasidilaton  

Massive Gravity 



Constraint Equation 



J=0 







J non-zero 

 Initial conditions  

• We do not know 
how the 
quasidilaton field 
behaves 

 Anselmi et al. 
2017: Faillures of 
homogeneous 
solutions 





 Temperature 
anisotropies 

 Massive gravity - 
ISW 

 Polarization 

Cosmological Signatures: CMB 



 At high densities GR is 
recovered and  
perturbations look like as 
LCDM  

 Late time evolution –ISW 

 Suppression  

  exp(-mR)?  

 Anisotropic Bianchi model(s) 

ONLY at large scales 

 

Imprints on CMB? 



 Analytical approach:  

 Review by Pritchard and Kamionkoswki 2004 

Gravitational Waves 



Gumrukcuoglu et al. 2012 

 

 

Gravitational Waves 



  

 

Dubovsky et al. 2009 

Massive Gravity: CMB 



Kahniashvili, et al. 2015 

Quasidilaton Massive Gravity 



Cosmological Tests: Lensing 

 Spolyar et al. 2013  Gravitational 
lensing 
enhancement in 
screened and un-
screened regions  



Cosmological Signatures 

 Wyman et al. 
2011, 2013 

 Gravitational 
clustering (due to 
additional fifth 
force) 

• Growth rate 

• Halos abundance 



 Pulsar timing  

   mg < 10-20eV 

       Taylor 1994 

 

 Gravitational 
waves 

   10-22 -10-23eV 

  De Rham 2015 

 Solar system:  

 mg < 10-22eV  
 Keppel & Ajit 2010 

 Gruzinov 2001 

Graviton Mass Limits 

 Cosmology effects  

   10-30 -10-33eV 

  De Rham 2015 



 Are large scale 
anomalies 
physical? 

• Cosmological 
origin? 

 If yes do we see 
new physics at 
large scales? 

• Early Universe 

• Late time 

 Massive gravity 
manifestation? 

• CMB fluctuations 
formation 

• CMB Polarization 

Conclusions 
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