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Standard cosmological model: 
  inflation    ⊕  big bang  ⊕ dark matter ⊕ dark energy 
                         5%       28%      67%   
 Challenges:  
                  inflation ? dark matter ?  
                  dark energy? general relativity？ 
 

Probes: 

LCDM model 



ΛCDM model: 
  
u   H_0 tension? 
 

1907.10625 

u  sigma_8 



PandaX-II, PRL 117 (2016)121303 LUX, arXiv:1608.07648 

ΛCDM model: 
  
u WIMP? 

u Collider & Non-indirect ? 



arXiv: 1908.00046, Nature astronomy, Nov, 2019  



Primordial black hole as a candidate of dark matter?    



Inflation model and primordial gravitational wave? 

²  What and When? 

²  Perturbations at small scales? 
 
²  TCC？ r <6.8 x 10^(-33) 
     arXiv: 1909.11106 

r < 0.064 at 95%! 



Inflation: 

? 

? 



2)  Gravitational waves induced by scalar 
     perturbations, R.G. Cai, S. Pi and M. Sasaki, arXiv: 1810.11000   

The  perturbed metric in the Newton gauge:  

The equation of motion  
of tensor perturbation in 
the radiation dominated 
 era: 



After solving   , one  can  obtain the density parameter 
defined as the energy density of the GW per unit  
logarithmic frequency normalized by the critical density    

where the overline means the time average. 
The curvature perturbation in the comoving sclices can be  
expressed in terms of the Gaussian part as  

the non-linear parameter 



Then the two-point correlation function of  

Now we consider a primordial curvature perturbation with  
 a narrow peak at some specific scale k_*, 

here the  



The power spectrum of the tensor perturbation，up to the 
 epoch  of radiation-matter equality: 

where the integral kernel  



If the non-Gaussian contribution is small, the leading order is  
is given by the Gaussian integral. For a delta function like  
peak, the main contribution comes from the neighborhood of 
 

when 

The Gaussian case 



The non-Gaussian case 

When             , the  , the contribution from the non-Gaussian  
part dominates  the tensor power spectrum：  

, the second part dominates. 



The scaling law when k<<k_*: 

The GWs induced by non-Gaussian scalar perturbations are 
easily  distinguishable if they dominates: 

Clearly if this is larger than one, we can see the effect of the  
non-Gaussianity.  If                will be enough for a peak  
amplitude of    
 



As a result, if                 ,then  





The stochastic GWs background:  

* Universal  infrared scaling of gravitational wave 
    background spectra 
    RGC, S. Pi and M. Sasaki, arXiv: 1909.13728 





PBH mass fraction: 

The sensitivity  
bound of Lisa  



If PBH serves as all DM, 
the induced GWs must be 
detectable by Lisa, 
independent of A_R 
or F_NL! 



Conclusions 



3) Resonant multiple peaks in the induced GWs 

RGC, S. Pi, S.J. Wang and X.Y. Yang, arXiv. 1901.10152 
(JCAP 05 (2019) 013) 

Something New? If Curvature perturbation: 



1） The case with multiple  delta peaks 

2） The case with multiple sigma peaks 

Gaussian & non-Gaussian perturbations 



The energy density spectrum:  



The case with triple peaks 



? 



We consider the case where the power spectrum of curvature 
Perturbations has a narrow Gaussian peak at some scale k_* 
with width sigma_* << k_*: 

rule out? 

4) PTA Constraints on the induced gravitational waves 



Non-Gaussian effect? 

R.G. Cai, S. Pi, S.J. Wang and X.Y. Yang: 
                    arXiv: 1907.06372, JCAP 1910 (2019) 059 
                                  



5) Primordial black holes and gravitational waves from   
    parametric amplification of curvature perturbations 
    RG Cai, et al, arXiv: 1912.10437 

Model: 



The Mukhanov-Sasaki equation: 

For the small scales (k>> a H) 



Some examples: 



An example: the Starobinsky potential 





36 

Thanks! 


