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Plan of this talk

e standard siren without redshift info with
cross-correlation approach
[MO Phys. Rev. D 93(2016)08351 1]

o effect of gravitational lensing on the

distribution of binary black hole mergers
[MO MNRAS 480(2018)3842]



Gravitational wave standard sirens
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proposed by Schutz (1986), first demonstrated with GW 170817



Extracting cosmological info

e need redshift

luminosity distance DL
from gravitational waves

I DL(z) — Hy, ...

redshift z
from electromagnetic (EM)
counterparts/host galaxy




Future!

(based on Tanaka+2019)
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days after the merger

kilonova short GRB BH-BH merger

is faint observed only has no EM
on-axis counterpart!
(e.g., Dalal+2006;

Nissanke+2010)
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Cross-correlation approach

® | propose standard siren cosmology with
cross-correlation of GW sources
(known D) and galaxies (known z)

¢ no follow-up needed for GVV sources



Cross-correlation approach

® cross-correlation of

GWs spatial distributions
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Cross-correlation approach

® cross-correlation of
spatial distributions
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Gravitational lensing as noise
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® gravitational lensing magnification p
changes observed luminosity distance

Dops = D=2 ~ D |1 — 1(6. 2)




Apparent clustering due to lensing

A
) @ lensing depends
® R on sky position
D=const

Dobs=const w/ =

additional clustering
pattern on the sky
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Cross-correlation signals
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Cross-correlation signals
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Cross-correlation signals
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Forecast

® assuming 3rd generation

GW experiment and
Euclid galaxies

® |nax ~ localization accuracy

® tight constraints
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Cross-correlation: summary

® proposed a new method to constrain Ho and
other parameters by cross-correlation of
GW sources and galaxies with known z

— standard siren cosmology without follow-up

— applicable at high-z



Origin of binary BHs!?

Black Holes of Known Mass o ~|0-30 M@ BHs
by LIGO/VIRGO

® origin unknown
— Pop-1/11?
— Pop-III?
— PBH?
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LIGO/VIRGO

https://www.ligo.caltech.edu


https://www.ligo.caltech.edu

Models of BH formation

Pop-1/Il Pop-Iilil Primordial
star/BH star/BH BH
formation formation formation

-

z~0 z~10 z~30 z> 000

time

e GW observed at z=0 due to long delay time



Nakamura+2016; Koushiappas & Loeb 2017

Key observation: high-z events

Nakamura+2016
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Nakamura+2016; Koushiappas & Loeb 2017

Key observation: high-z events
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“High-z" events?

observe luminosity distance D,

DL(Z) relation
in FLRW Universe

inferred redshift z




“High-z" events?

observe luminosity distance D,

gravitational lensing
change the relation!

inferred redshift z




Observed redshift and mass

o “observed redshift’ z..

Dy.(z)

DL ( Z0bs ) — ‘ H: magnification factor

N

e “observed chirp mass” Mg

14z
Mobs — M
1 + <obs
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Distribution with lensing effects
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Strong lensing of BH mergers

¢ hard to identify multiple images

B treat as distinct events

® some images are magnified and
some images are demaghnified

B1422+231
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New model of magnification PDF

combine

strong lensing
(Monte Carlo)

and

weak lensing
(analytic)

o1 [ 1 1o [ 100
magnification 1

demagnified maghnified



dRobs/dZobs [yr_ll
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Result: advanced LIGO

e R o
. - Pop-1/II Pop-1/Il
Zobs distribution Mobs distribution

10°+ = 10%¢
>
10!} S 107!
= | w/ lensing
10~ S 1073
w/o lensing—
e e T R 7/ B T - i Tom e R T e
0 0.2 0.4 0.6 0.8 1 0 20 40 60 8 100 120
w— - 10° —————

-1, ooy e N P T T T TP T
1070 02 04 06 08 1 0T T TR0 B0 100 120
observed redshift z observed chirp mass M, [M_]

gxcess due t.oI

maghnified events
(see also Dai+2017)



dRobs/dZobs [yf_l]
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Result: Cosmic Explorer
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Effect of lensing (de-)magnification

¢ significant modifications of tails
apparently high Mobs €@ magnification
apparently high z.»,s 4= demagnification

® should be accompanied by multiple images
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Expected multiple image pairs
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Expected multiple image pairs
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Binary BH distribution: summary

e pronounced lensing effects at high Mobs and
high ZObS

» discovery of apparently very high-z event
does not necessarily support PBH

e markedly different properties of multiple
images for different experiments



Conclusion

® interesting synergies between GW and
large/small-scale structure of Universe

® alot of room to explore!



Review article (incl. GW lensing!)
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Strong gravitational lensing of explosive
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Abstract
Recent rapid progress in time domain surveys makes it possible to detect various types of



