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Gravitational Waves
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GWB Anisotropy and Polarization Angular Power Spectra

Decompose the GWB sky into a sum of spherical harmonics:
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Cl,=X_(a*,, a, ) anisotropy power spectrum | = 180 degrees/
CY,=Z_(b*,, b, ) circular polarization power spectrum
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Collisionless Boltzman Equation for Gravitons e.g. Bartolo et al. 19
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where the scalar transfer function 72(0) 1S the sum of
a term analogous to the SW effect for CMB photons,

To(nin, k)= 3/5| T®(Nin, k) jelk(no — Min)], plus the analog of the ISW

term, [ dn [Tg(n, k) + Tg(n, k)] je[k(n — nin)]. Finally,
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Sachs-Wolfe or Integrated Sachs-Wolfe effects —
gravitational redshift of gravitons




GWB Anisotropy Map due to SW and ISW Effects

COBE - DMR Map of CMB Anisotropy
Four Year Results
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Abstract. An observable stochastic background of gravitational waves is generated whenever
primordial black holes are created in the early universe thanks to a small-scale enhancement
of the curvature perturbation. We calculate the anisotropies and non-Gaussianity of such
stochastic gravitational waves background which receive two contributions, the first at forma-
tion time and the second due to propagation effects. We conclude that a sizeable magnitude
of anisotropy and non-Gaussianity in the gravitational waves would suggest that primordial
black holes may not comply the totality of the dark matter.



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

20 gy

on® ' adnon Free gravitational wave equation

De Sitter vacuum fluctuations during inflation lead to
almost scale-invariant primordial gravitational waves

P,=8nGH? and A;2= <{{> = (6p/p)? ~ 2x10° on CMB scales

2 2dad - Stress due to transverse

o T adnon V? b = 16nGT;  traceless part of 2"! order
curvature perturbation T;(Z?)
A2 = <G¢> = (5p/p)* ~ 10°

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,lchiki 2007



GWs associated with PBHs in modulated axion inflation
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Anisotropic GWB from non-Gaussian long wavelength modes

The non-Gaussianity of the primordial scalar perturbations i1s parametrized by
- -3 d*p
C(L) :Cg(k) +gf.\'L ( )3 Cg (ﬁ) Cg( _)a

Planck —11.1< f4. <93 , at 95% C.L.

Non Gaussian { — <C4> = (1 + %fm({,) (<C3> <C > + (Cs> <Cs> T <Cs> <Cs>)

long wavelength mode short wavelength mode
_ 43k - F (k) — 8 f
(o, 7,0,7) = 2ivi.@) [ 5t (e fuu. (k) = —Fntoemn
(2m) lnk

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



Cosmological GW spectral energy density

tion h;; is gauged to be transverse-traceless. The latter
can be decomposed into two polarization unit tensors as

d3k
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where h,(n,k) is a Gaussian random field that defines
the power spectrum of tensor perturbation,

(hx (. k)3, (m, K')) = 6(k — k')—P“'(n,k) (3)
In the following, we will assume that 'P,’}’\'(n, k)

OxxPr(n, k). Then, the spectral energy density of the
GWs relative to the critical density is given by

Qaw (1, k, k) = kdpew _ 1 (K 21‘?(1 k), (4)
cw il " pedkd2l: 96w \aH AT 7,

where p. = 3M2H? and the overbar denotes taking a
time-average. For k-modes that re-enter the horizon



GW observables

. The method adopted in current GW experiments for

| - . detecting SGWB is to correlate responses of different de-
tectors to the GW strain amplitude. This allows us to
filter out detector noises and obtain a large signal-to-
noise ratio [4]. Let h(Z) be the response of a detector

located at ¥ with a pair of arms d;;; then, we have

g A3k . . o
h(Z) = d7hi;(F) = ) - =ha(k)F*(k)e'™,

acrxd (273
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where F* = d“e};(k) is the beam-pattern function.
Hence, using Eq. (3) the response correlation between
GW power two detectors a and b, located at ¥, = ¥ + 7/2 and

Ty = T — T/2 respectively, is given by

spectrum
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Non-gaussian density perturbations
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For p- 7 <« 1, we have the position dependent power
spectrum,
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Induced GW power spectrum

Pr(k,Z) ~ Py(k)
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so the observed spectrum is given by P,(k,k) =

Py (k,zpk), where z = z; is the comoving distance to
the horizon re-entry and knin = 7/zp. Let us expand
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which is the superhorizon-mode contribution
( pn, < ) of the SW effect

WMAP 5-year data: fyr = —1004 100, [ < 100




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.
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South- North Power Asymmetry Park 04
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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



Plus many
ground-based

A experiments

AT&T Bell Penzias and

ESA Planck
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