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Motivation: 

•   The existence of the primordial density perturbation on large scales(                ) 

   is  firmly established by CMB. Primordial GW, have yet to be detected . 

•  At first order detecting GW is important. It would rule out  alternative  

 cosmological  scenarios (ekpyrotic and cyclic models), which could produce  

 identical density spectrum as inflation but exponentially smaller GW.  

•  At second order the observed density spectrum generates  

  GW:  second-order gravitational waves always produced by  first-order 

  density perturbations.  



Evolution of the second order gravitational waves in GR : 

•  H is conformal Hubble rate. 

•         is a transverse and trace free projection operator.   

•      is the source term (Baumann et al 2007) : 

 where       and      are scalar metric perturbation (     density perturbation ) 

    is transverse, trace-free part of metric perturbation    GW 

The evolution of the GW can be written as follows: 



 In the Fourier space: 

 We can find the tensor part’s of the source term: 

where the  time-independent polarization tensor may be expressed in terms of 
orthonormal basis: 



   Daniel Baumann, Paul Steinhardt, Keitaro Takahashi and Kiyotomo Ichiki 
Phys. Rev. D 76, 084019  



            Constraints on the primordial density 
perturbation from second order gravitational waves 

For the modes which are smaller than 1Mpc (non-linear evolution),  the primordial     
density perturbation has not been determined to date. 

 We are able to observe the density perturbation on the CMB scale: 

 Galaxy surveys (e.g. SDSS ) probe scales down to 1Mpc. 

The amplitude of induced gravitational waves is  
determined by the primordial density perturbation 

GW’s place bounds on the  
Scalar perturbations. 

Current bound comes with present gw detector and more stringent one will come with  
future detectors.  



Second order gw constraint on the primordial density perturbation 

 Induced gravitational waves during radiation era: 

 where the present density of photons is:  

The relationship between the primordial density 
perturbation on the CMB scale and an arbitrary scale: 

where       is the average of the spectral tilt. 

The temperature of the universe corresponds to the frequency at the present time: 

 where      is the effective number of degree of freedom. 

(Ananda, Clarkson and Wands  gr-qc/0612013) 



Constraint  from big bang nucleosynthesis 

If        at the time of  BBN were large, the amounts of the light nuclei produced in the 
process would be altered with respect to standard  BBN. 

  It applies for all scales smaller than BBN scales:            

The highest possible value of the energy scale after reheating after inflation gives the 
tightest constraint. 

 If we consider a smaller reheat temperature, constraint becomes weaker. 



Gravitational waves direct detectors 
 Laser interferometer gw observatories (LIGO/VIRGO): 

 LIGO's maximum sensitivity is  around a frequency of 100 Hz. 

Current  LIGO 

 Advanced LIGO 



 Laser Interferometer Space Antenna (LISA): 

 Big Bang Observer (BBO): 

 LISA should be able to detect a  primordial   
gravitational waves at         Hz. 

 The first  planned gravitational wave  
 detector in space. 

 BBO is an ambitious proposal for a future space-based experiment to  detect  
 cosmological gravitational waves              HZ. 



Pulsar timing: 

 Pulsars are very stable clocks. 

Measurement of timing residuals the difference between the observed time of arrival   
and predicted time of arrival, is used to directly detect passing gravitational waves. 

 Periods comparable to the total observation time span (1-10 years) 

 Current  constraint  

  20 pulsars timing over 5 years 

(F. A. Jenet et al. astro-ph/0609013)  





Conclusion: 

For scales smaller than 1 Mpc, early damping and non-linear evolution at late times 
means that we are unable to relate the distribution of matter today to the primordial 
spectrum. 

We can make a  constraint  on the primordial density perturbation, from induced gw 
generated during the radiation era. 

Tightest current constraint comes from LIGO/VIRGO                                          , 

 The best constraint from future detectors come from BBO  

If we are unable to detect second order gw, effective spectral index extrapolated from 
CMB scales down to BBO scales (16 orders of magnitude) can not be much larger 
than unity. 

    First order  δρ Second order gravitational waves 



Primordial black holes constraint  
PBHs are produced when density  fluctuations with a large amplitude (                        )    
enters the horizon. 

Their typical mass is given by the horizon mass, when they were produced: 

PBHs have not been observed to date, hence the limits on the initial mass fraction can 
be used to constrain the primordial density perturbation on the corresponding scales. 

The tightest PBHs constraint on the primordial density perturbation comes from PBHs 
which are generated  from density perturbations that do not exit the horizon during 
inflation: 

For reheating temperature smaller than              , constraint is weekend when the 
reheating temperature becomes higher. 

If density perturbation exits the horizon during inflation the upper bound becomes 
3-4 times weaker. 

(I. Zaballa, A. M. Green, K. A. Malik, and M. Sasaki, Jcap 0703 (2007) ) 


