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Outline

* GW propagation

e Sirens & GW friction

* Dark sirens —how it actually works

e Headline results
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GW Propagation



Propagation vs generation

GWs can probe both: Strong-field regime GW generation

Weak-field regime GW propagation

Today | will focus on propagation effects.

How cleanly can propagation & generation be separated? Difficult (but important) problem.
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Propagation Beyond GR

GW propagating on FRW background in GR:

hi; + 2HD; + k*hy; = 0

\

Hubble “friction’ Contains +, X polarisation modes.

+ lensing corrections etc.
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Propagation Beyond GR

GW propagating on FRW background in moditied gravity:

Wy 2 (1+u(z) )HhY + (G R +a®mi) hy = a*Ton

| b | |

. Modified *friction’ Graviton mass
Extra polarisation Non-zero

modes possible = changes GW amplitude source term

Modified propagation speed

- I | | L |

Least constrained Most generic Best constrained Rare
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Propagation Beyond GR

GW propagating on FRW background in moditied gravity:

h;,/g T 2(1‘|‘V(Z))thzj + ¢ k® hiyj = 0

l

Modified “friction’
— changes GW amplitude

Modified propagation speed

Most generic Best constrained
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Sirens: the bright, the dark & the spectral
(but mainly the dark)

(( because they’re the most fun ))



Propagation Beyond GR

GW propagating on FRW background in moditied gravity:

hi; +2(1+v(z))Hhj; + k* hij =0

l

Modified *friction’
— changes GW amplitude

—

Most generic
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Luminosity distances

Deviations from GR affect GW luminosity distances:
2
M

|

BN

(m M f)

X (polarisation angles) X (inclination factor)

il+,><(f) X

©dz
Luminosity distance dL(Z) — (1 =+ Z)/ ~
o H(z

)
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Deviations from GR aftect GW luminosity distances:

M:

BN

(m M2 f)

X (polarisation angles) X (inclination factor)

il+,><(f> X

GW Luminosity distance
parameterisation

Belgacem et al. (2018)
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To obtain d. we need a redshift & a cosmological model.

Dark sirens

Bright sirens
No EM counterpart

EM counterpart — single redshitft

Strong constraints from one event 1. Galaxy catalogue = many possible hosts

2. Features in the mass spectrum contribute

— .
GCGWI170817 GW170817
DECam cbservaticon DECam observation
(0.5-1.5 days post merger) (>14 days post merger)
. .
. -
N N
o e

Image: Soares-Santos et al. 2017.
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This would constrain GW friction, but it needs to be at a ‘reasonable’ distance to be useful.

Lagos et al. (2018)

—— SHoES (2018)

weak constraints only
(GW170817 nearby)
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The Trouble with Bright Sirens

...Is that currently we have little idea how long it will take to get a useful number (say at least ~25).

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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Here comes the technical part



Full calculation: Mandel et al. (2019)
Gray et al. (2019)
Finke et al. (2021)
Gray et al. (2023)

GW data set priors

| l Naer

p(A{zaw}) o p(A) p(Naet|A) H p(Taw,i

where A = {Acosmoa Ahyper} g
T :
E.Q. HQ, EQ
E.g. g, i .
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Full calculation: Mandel et al. (2019)
Gray et al. (2019)

Dark Sirens Formalism Finke et al. (2021

Gray et al. (2023)

GW data set priors

l l

p(Alizaw}) o< p(A)p

T

where A = {Acosmoa Ahyper}

No. of detections Likelihood for one event
T Complicated!
E.g. Hy, =0 - merger rates

- mass distribution
E.g. fbg, Mmax - detector sensitivity
- parameter estimation
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Full calculation: Mandel et al. (2019)

Qray et al. (2019)
Dark Sirens Formalism Cinke et al. (2021)

Gray et al. (2023)

Mass model

l

A,0) p(O|A) db

T

Parameters of the binary
(mass, spin, etc)

P (fEGW,i

A) X /P(xGW,i

"‘Selection effects’

— which sources are detected
for a given detector network

T. Baker
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Full calculation: Mandel et al. (2019)

Qray et al. (2019)
Dark Sirens Formalism Cinke ot al. (2021)

Gray et al. (2023)

Mass model

P ($GW,1

!
N o # ] plrewid o) pGIA) P di dz

Parameters of the binary
(mass, spin, etc)

Redshift distribution of sources

T. Baker
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G — galaxy in catalogue
G — galaxy not in catalogue

Where are the GW sources in redshift?

Galaxy catalogs tell us where (some) potential hosts are.

mag limit Galaxy catalog —

p(z|A) Q, = p(G|A, Q) Z p(2|Zobs) measured redshifts

sky pixel +p (C_?|A, Qj) / p(z, M) dM

mag limit . —a S

evenl ID: G366190

Assume distribution for missing galaxies:
efault is homogeneous in comoving volume

—
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+ = line of sight redshift distribution

 — - — | —

— —
galaxy catalogue Incompleteness

/\

—_— dGW
GW data

—— GWTC-3

= likelihood for one event

= joint posteriors for A = {Acosimo, Anyper |

NB: must jointly infer cosmo & astro params.
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Dark sirens — current results
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Gray et al. 2019.

Using 249
mock BNS.
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7 ENa
Rachel Gray
(U. Glasgow)

= BBHS

NSBHs + GW190814
m— (G\W170817
= || events

Planck

SHOES

Gray et al. 2023.

arXiv 2308.02281 Hy =697 kms™ " Mpc Using the

gwcosmo

dark sirens code

(Public version on GitLab)
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Anson Chen

y =10.46%323

BH _ +50.45
Mpax =107.37239773

by =32.91%458

Ho =55.93*3833

[t
N

dew _ - | (I —Eo) ' Q

=0 =1.29+}%2

n =0.79+386

Merger rate o< (1 + 2)”
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Anson Chen

3 Y f
o MR
: Al

Chen et al. 2023.
(next week or two)

=o=1.671023

- 4+0.93

n=0.80*328

(using 42 BBHs & 3
NSBHs from GWTC-3)
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Stay tuned for O4 results, but Ho and
tests of gravity...
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Conclusions

Bright Sirens Galaxy completeness Dark Siren tests of gravity
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 Some mass hyper-parameters still poorly constrained.

» Better galaxy catalogue completion.

e Stage 4 surveys — deeper catalogues.

* Weighting of host galaxies.
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