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Abstract: In this talk, | will present recent results about gravitational wave cosmology. | will argue that the spatial clustering of gravitational wave
sources provides awealth of invaluable information concerning the origin of binary black holes and the propagation law of gravitational waves. The
former can clarify whether the observed black hole binaries are of stellar or primordial origin. The latter is important for constraining deviations
from General Relativity on cosmological scales because such deviations predict modified propagation of gravitational waves compared to General
Relativity. | will then explore the possibility of observed black holes having primordial origin and present its consequences for expected merger
rates of such black holes and neutron stars. Time permitting, | will also summarize our recent progress made in the field of primordia gravitational
waves and the implications for the inflationary models.
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STANDARD MODEL OF THE UNIVERSE

# Inflation in the early universe

Z Quantum fluctuations explain the observed CMB anisotropies
and source the LSS of the late universe

7 Simplest working scenario: single field ¢ witha flat potential

> Produces almost scale-invariant curvature power spectrum
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Planck collaboration 2018

Pirsa: 21090003 Page 3/31



PRIMORDIAL GRAVITATIONAL WAVES
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STANDARD MODEL OF THE UNIVERSE

Model: ACDM - flat - optimistic
mm GC, GC, + WL GCs + WL + GCpp + XC

m—WL . GC, WL+ GG 2> BCDM in the late universe

7> Assumes GR + cosmological constant

> Still large wiggle-room for
interesting alternatives

0/Fg

Model: wy, w; - flat - optimistic
GC, + WL GCs + WL + GCpp + XC

— il > Modified background history
(e.g. wy — w, extension)
> Bxtra degrees of freedom at

cosmological scales (e.g. scalar-
tensor theories)

0.1
0/6qd

EUCLID collaboration, forecast
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STANDARD MODEL OF THE UNIVERSE

CMB with Planck

CMB without Planck

no CMB, with BBN

P,(k) + CMB lensing
Cepheids - SNla

_..indirect __ |
direct

TRGB — SNla

Miras - SNla
masers
Tully—Fisher relation

surface brightness flucts.

SNl
HIl galaxies

lensing related

Compilation from di Valentini et al, 2021

late-time averages

GW related
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Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern
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STANDARD SIRENS (SCHUTZ, 1986)

2> GWs measure the luminosity distance
COS1
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GW+GRB
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Holz, Hughes, 2005
Dalal, Holz, Hughes, Jain, 2006
Nissanke, Holz, Hughes, Dalal, Sievers, 2009
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ANTICIPATED TIMELINE

R — =

Multi-messenger GW astronomy timeline
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BNS range (Mpc) 60 —80 60—100 120 — 170 10 — 10*

Localization

a 92 921 % — 9907 ~ G0°
within 20 deg? 12-21% 14—-22% 60%

BNS detections 4-80(yr™) 10% = 107 (yr~™1)

Summary from Ezquiaga, Zumalacarregui, 2018
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IN THIS TALK

S

2 Part 1: Clustering of black hole binaries — cosmology without
electromagnetic counterparts. Testing the GW propagation in

the late universe.
1

2 Part 3: Characterizing the stochastic background.

2 Part 3: The origin of black holes: Primordial or astrophysical?
Merger rates and bias.

> Part 4: What can GWs teach us about the early universe?
Tensor modes from matter sources — beyond the vacuum

Canas-Herrera, Contagian, Vardanyan, PRD 2020
Canas-Herrera, Contagian, Vardanyan, APJ 2021
Sasaki, Takhistov, Vardanyan, Zhang, In prep

Cai, Jiang, Sasaki, Vardanyan, Zhou, arXiv:2105.12554
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Part 1: Res_olved GW sources

. Based on: Leérning how to surf: reconstructing the origin and
. propagation of GWs with Gaussian Processes, arXiv: 2105.04262

Analysis code: GitHub.com/valerivardanyan/GW-Cosmo

compact object binaries projected number count.

Clustering of resolved ) The resulting observable is the
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Redshift estimation |

z =0.0196 z=0.0328 : z = 0.0461

500 Mpc h

200 300 400 y 300 400 500

z)

cross-correlation £(r,

Oguri, 2016
Bera, Rana, More, Bose, 2020
Mukherjee, Wandelt, Nissanke, Silvestri, 2020
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'.!'.'omographic cross-corrs: what are they good for?

-—

o= = m g ¥ * ¢

hi+ [2 +iay (;7)'] K hi; + '(1 +ar (1) )Ekz +m? (:7)';] hy =1L »

- - = m & F 2 “ - o=

Anisotropic
stress from
matter

Massive

Dumping of GWs GW speed gravitons
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Connection to large-scale structure

hy + [2+aM(z)] Hh,— V2h,=0

aM(Z) = sz /dIna

S = Jd4x\[— ( I ,X) — G5 (¢, X)

__22(17,16) B
Vz(‘l“r‘l’) ~ 2(n, k)pd Y1 ek
77?&1—>(IM7E0 or a"["_)éo

Saltas, Sawicki, Amendola, Kunz, 2014

14
a4
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S_['omograph.ic cross-corrs: what are they good for?

hl + [2+aM(z)] Hh,— Vh, =0

aM(z) = dM2/dIna

[d“x\/—( : ,X) — G; (¢, X)

(1 + ?)

Common parametrization
Belgacem, Dirian, Foffa, Maggiore, 2018
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Power spectra
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E_I.'omograph.ic cross-corrs: what are they good for?

— :,0 s —
DL,EM(Z) (1 + Z)n

I I I
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Zgal
Mukherjee, Wandelt, Silk, 2012.15316 for a related anfn;.ysis
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Gaussian process reconstruction

Not very general

Dy cw(2)
Dy gm(2)

Dy w/Di Em

Dy gw/DL. Em

Reconstruct the shape
model independently

=
1
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1

=
1

Page 19/31



Pirsa: 21090003

Observa_tional strategy

Variable
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Part : Astrophysmal GW background

. Based on: Cross-correlation of the AGWB

I with galaxy clustering, arXiv:1910.08353

Analysis code: GitHub.com/valerivardanyan/GW-GC-CrossCorr

Zmax ,9 d 5,9 /d 5
ch(f.g)ngnﬁ dsz(z ) EGW(f ) f

(14 2)E(Qyy, 24, 2)

- = Design
——Total

[ IPoisson 7 Near Desian
—BNS only
——BBH only

Design

—total
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ll() EIO 310 4I0
Frequency (Hz) Observation time (months)

LIGO/VIRGO Collaboration
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Multitl_xde of sources
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Modelling the signal

"O—————— = S

v, (vp, P)
The map on the sky ————————_ Q.w(.F) = p—g dpg:; dZOf'

Cc

Let’s model this as ———————1_F Q.. (7)= Jdr P #(rn(F)

Qow(P) = [dr P (ra(r) (Sgw(®) + 1)

L- Astrophysical kernel
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Lage 23 039

Modelling the signal

QL (P = [dr P2 (rf(r) (6w + 1)

L— Astrophysical kernel

k
max dk
- |6Q,|° P(k) + BSY

From real space to . C?W E| 4;;[

angular correlations i

» Integrands 6Q,(k) = Jdr r2E (i) Tgw(k, Nj, (kr)

No relativistic
corrections for now!
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inearities
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What to expect?

S/N

> :
I S "

Gaussian prior on .,

10 20 30 40 50 60 70 80 90 100
f]“ﬂ}ﬁ

2 The anisotropies will first be detected via the cross-correlation
2 Sensitive to the features in the astrophysical kernel % (7)
2 Useful for cosmology if ... ~ 100 is detected

max
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r.= 0Mpc
ry = 250 Mpc

7, = 500 Mpe > o 1 _|_ z(r)
el 1 4 ===
Ry

Jenkins, Sakellariadou, 2019
Canas-Herrera, Contigiani, Vardanyan, 2019
Alonso, Cusin, Ferreira, Pitrou, 2020

Cross-corr variance can be huge due to
contamination from the auto-corr
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Part 3: PBH mergers

 Inprep:in collaboration with Misao Sasaki, Volodymyr
Takhistov, Ying-1li Zhang

Analysis code (to appear): GitHub.com/valerivardanyan/PBH-NS
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3: PBH mergers
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Nakamura, Sasaki, Tanaka, Thorne, 1997 28
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PBH-Neutr_'on star binaries?

FACT SHEET

GW20Q105 GW200115 .---"""l‘—-—.
First abservation neutran star-black hale {(NSBH) binaries .‘

*

Al garameter ranges carresgond to 8% credible bownds. Qeoted volues ave far high spin (<. 39) nertrar séor griars ’

&
GW20010 GW200115

observed by I pskon and 0 gston & Hanford and Wirgo ‘/
date, time X 5 20, 0i:23:10 UTC

likely distance 1 351 Mp 00 to 450 Mpc NS

source fodshift 1,04 to 0.08 IS to 0.10

signal-to-noise ratio 1 116 . -
G GW emmission

Source masses (Mg}
total mass

primary {BH)
secondary [NS)

mass ratio

it e PBH-NS binary

effective precession spin

Infisrrad rrger fati density of NSBH syitems®: 12 to 120y’ Gpe™

* Mg 110 IS a3 ae e ot o The WOPEH pmudricn:

Images: campan Tazses (eft), disiance vs incination (rightl. both with low [<0.0%) igh pin priars for the neutro
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PBH-Neutr_'on star binaries?

> DM halo properties from simulations

7 Stellar mass — halo mass connection for estimating the

number of NS 27

; 85
2 Capture cross section o =2z T GI%TMIZ’T’#Z’?C—IOHV—IISH

6\/5 re

PBH-PBH, fjgii =1
=== PBH-PBH, fppy =107
—— PBH-NS. fpgu=1

—-- PBH-NS, fppy=10""

=
=
-
Z
o
[
[=]
i=
e
=
i~
8]
=9
o
4
o
—
|
o
=l
3
=

10 106 10° 100 g0 oM 10* 10 108 1010 qoR2
-ﬂ'fkiMSuan] ﬂfL‘[MSlmfh.l

2 Assumes Pppu(") =/feeulcom(?)

? Can be enhanced if PBHS are
concentrated (equipartition?)
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