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Gravitational-wave standard siren ,

» Black holes are the simplest macroscopic objects
in the Universe

» Binary coalescence is understood from first
principles; provides direct absolute measurement
of luminosity distance (Schutz 1986)

» Calibration is provided by General Relativity

» Need independent measurement of redshift to do

AT T T T - © e R SNy PN S
A B e e S g Tis SRy T o e -
|5 e et <! O
D AN R N N e P
5 P LA AT R A C
P B SR = = o S W PN B o
h S 2 i AR \ T %
R 25 ) o, P .
N wo e e A i = e
o < Lok & X -, e - » 27 b’
BN 2 & s ot ~ A e
=& e . pe o L e o
3 e > - e -
., . < o ’
- e o - -':_b . oy

Proposals to use mass distribution, EOS, etc.

Finn 1996; Taylor, Gair, & Mandel 2012; Messenger &
Read 2012; Del Pozzo, Li, & Messenger 2017; Farr+
2020; Ezquiaga & DH 2021; Chatterjee+ 2021



Two standard siren approaches

Counterpart/Bright Statistical/Dark

GW170817
DECam observation
(0.5-1.5 days post merger)

Use all galaxies in
localization volume

Unique host galaxy



Two standard siren approaches

Counterpart/Bright
GW170817 e |
DECam observation » Gravitational waves provide
(0.5-1.5 days post merger) distance and photons provide
. redshift

» Pros: clean and direct way to put
. a point on the luminosity
distance-redshift curve

N » Cons: need an EM counterpart

3 ¥ and associated redshift

Unique host galaxy
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Dalal, DH, Hughes, & Jain 2006; Schutz 2011; Abbott+ 2017
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Two standard siren approaches

Statistical/Dark

» “Schutz method” (Schutz 1986)

» If you can’t identify the unique
host galaxy, then use all galaxies
in the 3D localization volume

» Pros: can be done for all GW
sources, including BBH mergers

» Cons: there are many, many
galaxies in the Universe

Use all galaxies in
localization volume
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Chen, Fishbach, & DH 2018, Nature

Projected Year:
12019

2022

2023 2025 2026

Interesting constraints with ~40 bright sirens




/\ Di Valentino, DH, Melchiorri, & Renzi 2018 PRD
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Finding EM counterparts will be difficult

Complete galaxy catalogs to
requisite depth will be unlikely/
impossible. Statistical method
won't work for most sources

Finding kilonovae to requisite
depth will be almost impossible

Finding short GRBs to requisite
depth will be difficult. Identifying
host galaxies will be very difficult

“Traditional” standard siren
approaches probably won't scale

GW170817
DECam observation
(0.5-1.5 days post merger)
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Standard siren systematics 15

» Peculiar velocities (Howlett & Davis 2019; should become negligible)

» Model selection (priors over GW population impact final results [e.g.
rate evolution, mass distribution]; Abbot+ 2017; Chen, Fishbach, &
DH 2018; Fishbach, DH+ 2018; Feeney+ 2018; Mortlock+ 2019)

» Inclination distribution (can be fit out). EM constraints on inclination
(Chen 2020)

» Statistical standard sirens: Galaxy mis-identification? Galaxy catalog
incompleteness? Redshift systematics?

» Failure of general relativity (Keeley+ 2019)?

» Absolute calibration of GW detectors: amplitude response as a function of
frequency (Cahillane+ 2017; Payne+ 2020; Sun+ 2020, 2021; Vitale+ 2021...)

» 1% measurement of H, requires 1% calibration of amplitude
response



Non-standard standard siren approaches
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Farr, Fishbach, Ye, & DH
2019 ApJdL
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Broken Power Law
- Power Law + Peak
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Jumping the gap

Ezquiaga & DH 2021 ApJL
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Jumping the gap

» We expect BHs to exist on the other side of the PISN gap
» These “far side” black holes can be detected by LIGO and LISA

alLIGO (2 yrs) A+ (2 yrs) - ET (1 y1) —— LISA (4 yrs)
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Ezquiaga & DH 2021 ApJL




Jumping the gap

» Some of these binaries can be seen by both LIGO and LISA

» Can do standard siren science with the upper edge of the gap

aLIGO (2 yrs) A+ (2 vyrs) — ET (1 y1) —— LISA (4 yrs)
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Fishbach & DH 2017, Abbott+ 2021




—— 1 month 3G GWs
DESI
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Chatterjee, Abhishek,
Holder, DH, Perkins,
Yagi, & Yunes 2021

0.025

0.000 =i




Correlations with large-scale structure 27

» Cross correlation with

weak lensing (Congedo &
Taylor 2019 PRD)

» Cross correlation with
galaxy surveys (Oguri
2016; Scelfo+ 2018; Nair,
Bose, & Saini 2019;
Nakama 2020:;
Vijaykumar+ 2021;
Mukherjee+ 2021)

» Cosmic explorer produces
GW source catalogs
comparable to galaxy
catalogs
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p(Ho | GW170817)

Abbott+ 2017 Nature
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in-situ GW+D; +6, GW+D;

10
frequency [Hz]

Essick & DH 2019 PRD






