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Motivation of going beyond General Relativity �

  Origin of inflation 
   --it comes from some geometric effect or from a scalar field   
     beyond the standard model of particle physics? 

  Origin of dark energy (and dark matter)   
   --the present cosmic acceleration may come from a  
     large-distance modification of gravity? 

  Construction of renormalizable theory of gravity	


   --short-distance modification of gravity	





Horndeski theories	
 
Horndeski (1974) 	


Deffayet et al (2011)	


Charmousis et al (2011)	


Kobayashi et al (2011)	
 

Horndeski theories are of second order, so it is free from the Ostrogradski instability.	
 



ds2 = −N2dt2 + hij

�
dxi + N idt

� �
dxj + N jdt

�
ADM metric:	
 

 Horndeski Lagrangian in terms of the ADM Language 	
 

  Extrinsic curvature: 	



  Intrinsic curvature:	



Several scalar quantities can be constructed:	
 

K ≡ Kµ
µ , S ≡ KµνKµν , R ≡ Rµ

µ , Z ≡ RµνRµν , U ≡ RµνKµν .

�
K3 = 3H(2H2 − 2KH + K2 − S) + O(3)

�

Gleyzes et al (2013)	
 



Gleyzes-Langlois-Piazza-Vernizzi (GLPV) theories	



The background and perturbation equations are of second order on the flat 	


FLRW background without an extra propagating degree of freedom.	
 

(i) 	
 

Gleyzes et al, arXiv:1404.6495, 1408.1952; Lin et al, arXiv: 1408.0670. 	
 

(ii)	
 

Kase and ST, PRD90, 044073 (2014)	
 

(iii)	
 Even in the presence of a small anisotropy on the flat FLRW background, 	


it seems that there is no extra degree of freedom.	
 



    Disformal transformation	
 
The structure of the GLPV action is preserved under the disformal transformation 	
 

Conformal	


transformation	
 

Disformal 	


transformation	



In unitary gauge the GLPV action in the transformed frame reads	
 

with the relations among coefficients	
 
where	
 

Gleyzes et al, 	


arXiv: 1408.1952	
 



Disformal invariance of cosmological perturbations	
 

Consider the perturbed metric	
 

where	
 

_	
 
Curvature 	


perturbations	
 

__	
 
Gravitational 	


waves	
 

ST (2014), 	


See also 	


Minamitsuji (2014)	


for the case	
 

where	
 



Gravitational waves in GLPV theories	
 
Expansion of the GLPV action up to second order in tensor perturbations leads to	
 

where	
 

where	
 

The second-order Lagrangian in the transformed frame is of the same form as 	


that in the original frame: 	
 



Inflationary tensor power spectrum in GLPV theories	
 
The tensor equation of motion in the original frame is 	
 

We introduce the following two parameters	
 

Provided that these terms are much smaller than 1, we obtain the inflationary 	


tensor power spectrum up to next-to-leading order in slow-roll: 	
 

De Felice	


and ST, 	


arXiv: 1411.0736	
 

where	
 



Transformation to the GR form of the tensor spectrum	
 
In the transformed frame the tensor power spectrum is invariant:	



Let us consider a frame satisfying the two conditions 	
 

In this case we have	
 

where	
 

Then the tensor power spectrum reads	
 

Same as the GR tensor spectrum (Stewart and Lyth, 1993)	
 

ST, arXiv: 1412.6210	
 



  Einstein frame	
 

where	
 



Scalar perturbations	
 

Together with the tensor power spectrum, these general results can be used 	


to put precise constraints on concrete inflationary models. 	
 



  Summary and outlook 	
 


