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Cosmological sources for gravitational waves

Astrophysical sources
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Gravitational Waves
n

Q= <++> - <xx>
U is the same as in 
a frame rotated by 𝛑/8 



CB
l =Σm (a*4,lm a4,lm − a*4,lm a-4,lm) B-polarization power spectrum

CT
l =Σm (a*lm alm)  anisotropy power spectrum

CE
l =Σm (a*4,lm a4,lm+ a*4,lm a-4,lm ) E-polarization power spectrum

GWB Anisotropy and Polarization Angular Power Spectra

Decompose the GWB sky into a sum of spherical harmonics: 

(Q − iU) (θ,φ) =Σlm a4,lm   4Ylm (θ,φ)

T(θ,φ) =Σlm alm Ylm (θ,φ),  V(θ,φ) =Σlm blm Ylm (θ,φ)

(Q + iU) (θ,φ) =Σlm a-4,lm   -4Ylm (θ,φ)

(Q,U) electric-type magnetic-type

l = 180 degrees/ q

q

CV
l =Σm (b*lm blm)  circular polarization power spectrum



Collisionless Boltzman Equation for Gravitons e.g. Bartolo et al. 19 
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Sachs-Wolfe or Integrated Sachs-Wolfe effects –
gravitational redshift of gravitons

𝜂0 today
𝜂in initial



7o resolution

GWB Anisotropy Map due to SW and ISW Effects  





Primordial black hole seeds or density (scalar) perturbation 
associated GWs

16𝜋GTij

Stress due to transverse 
traceless part of 2nd order 
curvature perturbation Tij(ζ2)
Δζ

2 = <ζζ> = (δρ/ρ)2 ~ 10-3

0      Free gravitational wave equation

De Sitter vacuum fluctuations during inflation lead to 
almost scale-invariant  primordial gravitational waves
Ph = 8𝜋GH2   and  Δζ

2 = <ζζ> = (δρ/ρ)2 ~ 2x10-9 on CMB scales

When large curvature perturbation re-enter the horizon 
during the radiation-dominated era and collapse to form 
PBHs, they induce gravitational waves at short wavelengths
Ananda, Clarkson,Wands 2007, Baumann, Steinhardt,Takahashi,Ichiki 2007



GWs associated with PBHs in modulated axion inflation

Cheng, Lee, Ng 2018
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Anisotropic GWB from non-Gaussian long wavelength modes

Planck

long wavelength mode short wavelength mode

which is similar to the SW effect due to the 
scalar mode but modulated by a factor of fNL



Cosmological GW spectral energy density



GW observables

dij

GW power
spectrum



Non-gaussian density perturbations

Newtonian potential 

subvolume =
observable universe



Induced GW power spectrum

which is the superhorizon-mode contribution 
( p𝜼0 < 𝝅) of the SW effect



Implication

• These non-Gaussian 
superhorizon-mode density 
perturbations have been used to 
explain the large-scale CMB 
anomalies

• Anisotropy in GWB may give an 
independent evidence of the non-
Gaussianity.



WMAP3 
CMB sky map
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Low quadrupole



South-North Power Asymmetry

Eriksen et al 04

Eriksen et al 04
Park 04 

North pole (80o,57o)
northern hemisphere
southern hemisphere
full sky



“Axis of Evil” Land & Magueijo 05

l=2, quadrupole

l=3, octopole



Conclusion
• GWB is a main goal in GW experiments
• GWB monopole and Doppler dipole
• GWB anisotropy and polarization
• Correlate with other cosmological data 

such as LSS, CMB
• In analogous to CMB, GWB is a deep 

probe of the early Universe
• Perspectives
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