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Outline

GW background: what it is and how to characterize it

Status of the art of observations

Framework to study anisotropies

First numerical predictions: what can we learn?

Work in progress



Stochastic backgrounds of radiation

cosmological origin astrophysical origin
EM radiation CMB IR extragalactic background
GW radiation : cosmological background astrophysical background

Plank CMB map Plank IR map



Different contributions to the astro background
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Different contributions to the astro
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LIGO: what is expected from next run
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Detection of BBHs background highly probable as the designed sensitivity is reached!



AGWB observation: angular searches

e LIGO: directional searches for persistent GW background

(LIGO-VIRGO PRL 118, 121102, 2017)
e PTA, see e.g. Taylor, Gair 2013



LIGO directional searches

) (LIGO-VIRGO PRL 118, 121102, 2017)
upper limits at 90% confidence level
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Astrophysical background: theory

Qew computed assuming FLRW Universe:

Isotropic distribution of sources (no structures)

- Propagation of GW in homogeneous medium

Not sufficient to compute anisotropies....



Astrophysical background: theory

FLRW Structures & lensing effect

SDSS

Redshift z ‘1‘

Our goal: compute the total flux of GW from astrophysical sources, received per
units of frequency and solid angle around the direction of observation



GW background: anisotropies

Structures & lensing effect sky map (LIGO-VIRGO PRL 118, 121102, 2017)
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New observable: at the crossroad astro-cosmology

Final results contain information about

(1) cosmology: cosmic structure at large scales, spacetime geometry...

(2) local physics: GW production, star formation rate, distribution sources...
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New observable: at the crossroad astro-cosmology

Final results contain information about

(1) cosmology: cosmic structure at large scales, spacetime geometry...
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(2) local physics: GW production, star formation rate, distribution sources...
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by comparison with observations we can put constraints on astrophysics
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Sources of GW considered

We distinguish the following sources of GW (inside a galaxy)

(1) mergers of compact objects

(2) exploding supernovae
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Scheme of our approach

...........................................................................................................................................................................................................................................................................................................................................................................................................................................................

éTotaI flux received: sum the contributions from all the galaxies in the solid
angle of observation
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From cosmological to local scale

cosmological scale

(1 -+ Zc;)
D3

O = La

function local
quantities at sources

\4

MQ\\\\ local scale



Final parametrization
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Final parametrization

d3N¢
Qew (vo,eo) dzg | dOc|®|zq,vo, 0] (2a,0c)

rewritten in terms of comoving
density and comoving volume

rewritten in terms of luminosity

predictions in a generic cosmology, G.C.
et al Phys.Rev. D96 (2017) 10, 103019
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Results in cosmological context

We consider a Friedman universe with scalar perturbations

new

\ 4

we recover standard results in the literature
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Results in cosmological context

cosmological part
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Angular power spectrum

Non-vanishing auto-correlation linked to correlation of large scale structures
(with modulation from local physics)

C(VO, 9) — <5QGW(V07 61)5ggw(yo, 62)>

2 + 1
Xe: o Co(v,)Pi(er - e3)

depends on frequency

: A
Co(v) = 2 /dk k2160 (k, v, )2

s




Correlation with other cosmological probes

Number counts: number of galaxies as a function of direction and redshift

(see e.g. Bonvin & Durrer 2011)

Weak lensing describes the deformation of the shape of a given galaxy by the
gravitational potential of the large scale structures

eG:A-eO

amplification matrix

21



Summary of correlations

lensing galaxy number counts
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Numerical results: BH merges

cosmological part
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Astrophysical model: ingredients

Luminosity of a galaxy

dE | :
L. = /dmdm das: e X ’Rm[m m', ag,t]
Vi :

spectrum merger rate

star formation rate
stellar evolution model (Fryer et al.)
rate of BH formation

see Cusin, Dvorkin, Pitrou, fraction BH in binary systems

Uzan, arXiv: 1803.03236, PRL birth rate of binaries
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Cosmological evolution

Perturbations evolved from primordial power spectrum after inflation

Linear evolution of perturbations with CMBquick

Inclusion of non-linearities with HALOQO fit

Cosmological parameters from Planck 2015 data
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Angular power spectrum
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variations of

order 30%
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Cross correlation: lensing
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Cross correlation: number counts
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Complementarity isotropic-anisotropic info
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Complementarity isotropic-anisotropic info
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In progress...

® Test the dependence on the astro model/parameters - star formation rate,
binary mass distribution, role of eccentricity, model stellar evolution...

® Inclusion of other sources - neutron star inspiralling and merging and
supernovae exploding

e Building estimators- S/N ratio and matching with current searches
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Which info can be extracted...
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Cumulative plot: monopole




Which info can be extracted...

Cumulative plot: multipoles
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CMB
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ABGW
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ABGW CMB
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Thank you



Astrophysical model



Astrophysical model

The computation of the astrophysical part of the result requires

dE

(1) Luminosity of a galaxy L, = /dm dm/’ dafgd_ x ;’Rm[m,m', as, t]
spectrum merger rate

(2) Sum over the entire galaxy population using the halo mass function calibrated
with simulations



Ingredients needed

star formation rate (Mg, 1)

stellar evolution model Fryer et al. to compute mass of BH formed for a star with
given initial mass and metallicity m = gs(M., Z,) and lifetime 7(M,)

# black holes formed from given initial mass

fraction BH in binary systems  Ra(m,t) = BR1(m,t)

Rasa(m ) = R R Pl )

birth rate of binaries

2-mass distribution



Merger rate

® birth rate of binaries _.éRf[m,m’,af,t] = Rpin(m, m") f(ar)

initial distribution orbital parameters

e merger time of a system 7, (m,m,ay)



Final result

The computation of the astrophysical part of the result requires

dE

(1) Luminosity of a galaxy L, = /dm dm/’ dafgd_ x ;’Rm[m,m', as, t]
spectrum merger rate

(2) Sum over the entire galaxy population using the halo mass function calibrated
with simulations



Checking Hp of frequency factorization
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Total vs unresolved contributions
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Filtering out resolved sources
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Fig. 5.— Left: GW detection efficiency as a function of luminosity distance of BNS (blue) and
NS-BH (red) for the ALV network. The continuous and dashed lines correspond to signal-to-noise
ratio threshold of 12 and 8 respectively. Right: GW detection efficiency as a function of redshift of
BNS (blue) and NS-BH (red) for ET and a signal-to-noise ratio threshold of 8. We assumed masses
of 1.4 Mg for neutron stars and 10 Mg for black holes.

Regimbau et al. 2014



Line of sight approach

3+1 decomposition

wave vector graviton

— = k¥ = E(ut —e")

¢6 in solid angle defines a null
bundle along the past light cone

intersection of 4-volume with the
“ observer past light cone
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Three scales in our problem

cosmological scale. Galaxies: point-like sources moving
with the cosmic flow

galactic scale. Effective luminosity of a galaxy defined
taking into account the various contributions of the sources

O\ local scale: single GW sources inside a galaxy
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Cosmological scale

/ £G<Vg, Hg)dVG = Lg(eg) effective Iuminosity
0

va = (1+ zg)vo effective frequency

Relation flux-luminosity:

1
47TD% (Zc;, 60)

(I)(Zc;,e(),eg) — Lg(eg)

(1 -+ Zc;)
47TD%(Zg, 60)

¢, (2a,e0,v0,0c)dvo = La(va,ba)dvo




Galactic scale

=T, 0g) with distribution function f(T,0¢)

with /d3Ff(F,9G) =1

Effective luminosity

Lo(0a,ve) = L&(0c,ve) + LE (Ba,ve) + L&Y (b, va)

AN dEY
LN (06, vg) = Z /d@ 2 N (09,0 )/d T f(T, HG) < (v, T,0g)

rate spectrum



L ocal scale

Results in the literature computed in the source local
frame: change of reference frame needed

d’E ‘ boost d’E ‘ r
.g. — DOOS
“I Utdvlc dtdv s

| l

galaxy frame source frame




