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Standard sirens
The central question is then: how to get the GW source redshift? 

Here we will consider three methods that are mostly used in current 
GW standard siren studies: 

1. Identification of a direct EM counterpart (“bright siren” method) 

2. Using spectral features in the GW mass distribution (“spectral 
siren” method) 

3. Adding redshift information coming from potential host galaxies 
(“dark siren” method, or “galaxy catalog” method)

Requires an EM counterpart!

Requires assumptions about the GW source populations!

Requires a galaxy catalog!
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Standard sirens
1. Identification of a direct EM counterpart (“bright siren” method)

Optical transient near NGC 4993

190 deg
2

31
de

g
2

LVC et al., ApJL (2017)

GW170817
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Standard sirens

LVC et al., ApJL (2017)

1. Identification of a direct EM counterpart (“bright siren” method)

The coincident GW-EM detection of 
GW170817 puts stringent constraints 
on the speed of GWs: cT = c+7×10−16

−3×10−15

4LVC, PRL (2017)



Standard sirens

GW170817: the first bright siren measurement of H0

1. Identification of a direct EM counterpart (“bright siren” method)

Low-  event ( ):z z ∼ 0.01

Results in agreement with EM constrains (CMB/SNIa)

DL(z) ≃
cz
H0

Waiting for more EM counterparts to narrow down the  posterior…H0
Chen et al., Nature (2018)

H0 = 70+12.0
−8.0 km s−1 Mpc−1

5

LVC, PRX (2019)

LVC et al., Nature (2017)
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Standard sirens
2. Using spectral features in the GW mass distribution (“spectral siren” 
method)

Farr et al., ApJL (2019) Mastrogiovanni et al., PRD (2021) 

mdet
i = (1+z(DL, H0, ΩM)) mi

From 
GWs

From 
phenomenological 

models

At a single-event level, the redshift is degenerate with the source-frame 
mass. However, at the population-level, features in the source-frame mass 
spectrum (e.g., sharp cutoff at high mass, or a peak at a specific mass) get 
shifted in the observed distribution

Taylor, Gair, Mandel, PRD (2012)
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Standard sirens
2. Using spectral features in the GW mass distribution (“spectral siren” 
method)

Farr et al., ApJL (2019) Mastrogiovanni et al., PRD (2021) 

mdet
i = (1+z(DL, H0, ΩM)) mi

From 
GWs

From 
phenomenological 

models

p(m1)

m1
4030 50

source frame detector frame

At a single-event level, the redshift is degenerate with the source-frame 
mass. However, at the population-level, features in the source-frame mass 
spectrum (e.g., sharp cutoff at high mass, or a peak at a specific mass) get 
shifted in the observed distribution

By measuring how far these 
features move, we can estimate 
the average redshift

We look for “landmarks” in the 
mass distribution and see how far 
they appear shifted.

Taylor, Gair, Mandel, PRD (2012)
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Standard sirens
2. Using spectral features in the GW mass distribution (“spectral siren” 
method)

mdet
i = (1+z(DL, H0, ΩM)) mi

From 
GWs

From 
phenomenological 

models

At a single-event level, the redshift is degenerate with the source-frame 
mass. However, at the population-level, features in the source-frame mass 
spectrum (e.g., sharp cutoff at high mass, or a peak at a specific mass) get 
shifted in the observed distribution
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Standard sirens
2. Using spectral features in the GW mass distribution (“spectral siren” 
method)

We sample both the cosmological and population parameters

LVK O4a cosmology paper, arXiv:2509.04348
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Gray et al., 2020, 2022, 2023

Mastrogiovanni et al., 2023, 2024

position of the first (low) 
and second (high) peaks 

in the primary mass

low-  power-law slope of 
a Madau-Dickinson-like 

merger rate

z
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Standard sirens
3. Adding redshift information coming from potential host galaxies (“dark 
siren” method, or “galaxy catalog” method)

To account for the uncertainty as to which galaxy is the true host, we can 
marginalize over the redshifts of the galaxies that are compatible with the 
GW sky location 

LIGO-Virgo, LIGO Document P2000227-v4LVK, ApJL (2020)

Schutz, Nature (1986)   Del Pozzo, PRD (2012)   Gray et al., PRD (2020)   Finke et al., JCAP (2021)   Palmese et al., ApJ (2023) 
Mastrogiovanni et al, PRD (2023)   Gray et al., JCAP (2023)   LVK, arXiv:2509.04348

Each galaxy has a 
known measured 

redshift

GW190814

Glade+ galaxy catalog: Dàlya et al., MNRAS (2022)

Other first applications of this method: GW170817 (Fishbach et al., ApJL 
2019), GW170814 (DES, LVC et al., ApJL 2019)
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Standard sirens

By combining the information from many GW events, the contributions from 
the true host galaxies will grow since they will all share the same . 
Contributions from the others will statistically average out, leading to a 
constraint on cosmological parameters.

H0

LVK O4a cosmology paper, arXiv:2509.04348
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Spectral sirens
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Dark + bright sirens

3. Adding redshift information coming from potential host galaxies (“dark 
siren” method, or “galaxy catalog” method)

H0 = 76.4+23.0
−18.1 km s−1 Mpc−1

H0 = 81.6+21.5
−15.9 km s−1 Mpc−1

H0 = 76.6+13.0
−9.5 km s−1 Mpc−1

(median + 68.3% CI)
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Standard sirens: methods
How are these analyses done in practice? We work within the framework of 
hierarchical Bayesian inference in the presence of selection effects.

Mastrogiovanni, DL, et al, PRD (2023) 12

Mandel et al, MNRAS (2019)                   Vitale et al., Chapter 42 in Handbook of Gravitational Wave Astronomy, Springer (2022) - arXiv:2007.05579



Standard sirens: methods
How are these analyses done in practice? We work within the framework of 
hierarchical Bayesian inference in the presence of selection effects. 

For the spectral and dark siren methods, the observed GW sample is 
modeled as resulting from an inhomogeneous Poisson process (constant 
rate in detector-frame time) in the presence of selection effects. The 
cosmological  and population  parameters are called hyperparameters.Λc Λp

Mastrogiovanni, DL, et al, PRD (2023) 

p(Λ |{x}) ∝ p(Λ) L({x} |Λ)

13
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Standard sirens: methods
How are these analyses done in practice? We work within the framework of 
hierarchical Bayesian inference in the presence of selection effects. 

For the spectral and dark siren methods, the observed GW sample is 
modeled as resulting from an inhomogeneous Poisson process (constant 
rate in detector-frame time) in the presence of selection effects. The 
cosmological  and population  parameters are called hyperparameters.Λc Λp

Mastrogiovanni, DL, et al, PRD (2023) 

p(Λ |{x}) ∝ p(Λ) L({x} |Λ)

Hyperposterior of  
given some observations 

Λ = {Λc, Λp}
{xi}

NGW
i=1

Hyperprior 
for Λ

(Hierarchical) likelihood 
function for the observations as 

a function of   Λ
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Standard sirens: methods
How are these analyses done in practice? We work within the framework of 
hierarchical Bayesian inference in the presence of selection effects. 

For the spectral and dark siren methods, the observed GW sample is 
modeled as resulting from an inhomogeneous Poisson process (constant 
rate in detector-frame time) in the presence of selection effects. The 
cosmological  and population  parameters are called hyperparameters.Λc Λp

Mastrogiovanni, DL, et al, PRD (2023) 

L({x} |Λ) ∝ e−Nexp

NGW

∏
i

Tobs ∫ dθi L(xi |θi)
dNCBC

dθidt
(θi, Λ)

1
1 + z

p(Λ |{x}) ∝ p(Λ) L({x} |Λ)

Hyperposterior of  
given some observations 

Λ = {Λc, Λp}
{xi}

NGW
i=1

Hyperprior 
for Λ

(Hierarchical) likelihood 
function for the observations as 

a function of   Λ
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Standard sirens: methods
How are these analyses done in practice? We work within the framework of 
hierarchical Bayesian inference in the presence of selection effects. 

For the spectral and dark siren methods, the observed GW sample is 
modeled as resulting from an inhomogeneous Poisson process (constant 
rate in detector-frame time) in the presence of selection effects. The 
cosmological  and population  parameters are called hyperparameters.Λc Λp

Mastrogiovanni, DL, et al, PRD (2023) 

L({x} |Λ) ∝ e−Nexp

NGW

∏
i

Tobs ∫ dθi L(xi |θi)
dNCBC

dθidt
(θi, Λ)

1
1 + z

p(Λ |{x}) ∝ p(Λ) L({x} |Λ)

Hyperposterior of  
given some observations 

Λ = {Λc, Λp}
{xi}

NGW
i=1

Hyperprior 
for Λ

(Hierarchical) likelihood 
function for the observations as 

a function of   Λ

Observation time 
in detector-frame

GW event  
likelihood function

Compact binary coalescence 
(CBC) event rate 

in source-frame time
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conversion factor 
from  to  to t = ts

Mandel et al, MNRAS (2019)                   Vitale et al., Chapter 42 in Handbook of Gravitational Wave Astronomy, Springer (2022) - arXiv:2007.05579



Standard sirens: methods
How are these analyses done in practice? We work within the framework of 
hierarchical Bayesian inference in the presence of selection effects. 

For the spectral and dark siren methods, the observed GW sample is 
modeled as resulting from an inhomogeneous Poisson process (constant 
rate in detector-frame time) in the presence of selection effects. The 
cosmological  and population  parameters are called hyperparameters.Λc Λp

Mastrogiovanni, DL, et al, PRD (2023) 

Nexp = Tobs ∫ dθ Pdet(θ; Λ)
dNCBC

dθdt
(θ, Λ)

1
1 + z

L({x} |Λ) ∝ e−Nexp

NGW

∏
i

Tobs ∫ dθi L(xi |θi)
dNCBC

dθidt
(θi, Λ)

1
1 + z

p(Λ |{x}) ∝ p(Λ) L({x} |Λ)

Hyperposterior of  
given some observations 

Λ = {Λc, Λp}
{xi}

NGW
i=1

Hyperprior 
for Λ

(Hierarchical) likelihood 
function for the observations as 

a function of   Λ

Observation time 
in detector-frame

GW event  
likelihood function

Compact binary coalescence 
(CBC) event rate 

in source-frame time

Probability of detecting  a GW 
source of parameters  given θ Λ
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Standard sirens: methods
How are these analyses done in practice? We work within the framework of 
hierarchical Bayesian inference in the presence of selection effects. 

For the spectral and dark siren methods, the observed GW sample is 
modeled as resulting from an inhomogeneous Poisson process (constant 
rate in detector-frame time) in the presence of selection effects. The 
cosmological  and population  parameters are called hyperparameters.Λc Λp

Mastrogiovanni, DL, et al, PRD (2023) 

Nexp = Tobs ∫ dθ Pdet(θ; Λ)
dNCBC

dθdt
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conversion factor 
from  to  to t = ts

Mandel et al, MNRAS (2019)                   Vitale et al., Chapter 42 in Handbook of Gravitational Wave Astronomy, Springer (2022) - arXiv:2007.05579

What is 
this term?



The compact-binary-coalescence merger rate is parametrized in terms of 
redshift and source-frame time.  

For a spectral siren analysis:

dNCBC

d ⃗mdθdΩdzdt
∝ ψMD(z; Λp) ppop( ⃗m , θ |Λp)

dVc

dzdΩ
(z, Λc)

⃗m = {m1, m2}
binary component 

masses sky  
position

other GW 
parameters, 
e.g., spins

Standard sirens: methods

19Mastrogiovanni, DL, et al, PRD (2023) 



The compact-binary-coalescence merger rate is parametrized in terms of 
redshift and source-frame time.  

For a spectral siren analysis:

dNCBC

d ⃗mdθdΩdzdt
∝ ψMD(z; Λp) ppop( ⃗m , θ |Λp)

dVc

dzdΩ
(z, Λc)

CBC merger rate as a 
function of , usually 

parametrized as a Madau-
Dickinson distribution

z

comoving  
volume 
factor

⃗m = {m1, m2}
binary component 

masses sky  
position

other GW 
parameters, 
e.g., spins

Standard sirens: methods

20Mastrogiovanni, DL, et al, PRD (2023) 



The compact-binary-coalescence merger rate is parametrized in terms of 
redshift and source-frame time.  

For a spectral siren analysis:

dNCBC

d ⃗mdθdΩdzdt
∝ ψMD(z; Λp) ppop( ⃗m , θ |Λp)

dVc

dzdΩ
(z, Λc)

CBC merger rate as a 
function of , usually 

parametrized as a Madau-
Dickinson distribution

z

PDF describing the distribution of 
GW sources in masses  and 

other GW parameters 
⃗m
θ

comoving  
volume 
factor

⃗m = {m1, m2}
binary component 
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other GW 
parameters, 
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Standard sirens: methods
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The compact-binary-coalescence merger rate is parametrized in terms of 
redshift and source-frame time.  

For a spectral siren analysis:

dNCBC

d ⃗mdθdΩdzdt
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dVc

dzdΩ
(z, Λc)

CBC merger rate as a 
function of , usually 
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Standard sirens: methods

22Mastrogiovanni, DL, et al, PRD (2023) 

Main limitation: systematics 
due to the choice of a 

population model

LVK O4a cosmology paper, arXiv:2509.04348

20 40 60 80 100 120 140 160 180

H0 [km s°1 Mpc°1]

0.000

0.005

0.010

0.015

0.020

0.025

p(
H

0|{
d}

)
[k

m
°

1
sM

p
c]

Impact of mass modelling

Planck

SH0ES

PLP

MLTP

FullPop-4.0

20 40 60 80 100 120 140 160 180 200

H0 [km s°1 Mpc°1]

Impact of luminosity weighting

Planck

SH0ES

No weighting

Luminosity weighting



The compact-binary-coalescence merger rate is parametrized in terms of 
redshift and source-frame time.  

For a dark siren analysis, it’s more complex! We have to build a pixelated 
“line-of-sight” redshift prior:

“In-catalog” term 
(accounts for the galaxies 

in your galaxy catalog)

dNCBC

d ⃗mdθdΩdzdt
∝ ψMD(z; Λp) ppop( ⃗m , θ |Λp) [ 1

ΔΩ

Ngal(Ω)

∑
j

( L
L* )

ϵ

p(z |zj, σz, j)

+ ∫
Mmax

Mthr(z, mthr(Ω))
dM Sch(M; Λp)( L

L* )
ϵ dVc

dzdΩ ]
“Out-of-catalog” term 

(corrects for the incompleteness 
of your galaxy catalog)

Standard sirens: methods
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M = m + 5 − 5 log DL(z, Λc) − Kcorr

L
L*

= 100.4(M*−M)

Absolute  
luminosity

“K-corrections”Absolute  
magnitude

Apparent 
magnitude

Mastrogiovanni, DL, et al, PRD (2023) 



Schechter (luminosity) function giving 
the number density of galaxies as a 

function of their absolute magnitudes 

Absolute luminosity of the galaxy over a 
reference galaxy luminosity

dNCBC

d ⃗mdθdΩdzdt
∝ ψMD(z; Λp) ppop( ⃗m , θ |Λp) [ 1

ΔΩ

Ngal(Ω)

∑
j

( L
L* )

ϵ

p(z |zj, σz, j)

+ ∫
Mmax

Mthr(z, mthr(Ω))
dM Sch(M; Λp)( L

L* )
ϵ dVc

dzdΩ ]
pixel area

Number of galaxies in 
a given sky direction

Luminosity  
weight ϵ = {0,1}

Galaxy redshift 
uncertainty model

Threshold magnitude 
above which we are 

missing galaxies due to 
flux-limited surveys

Sch(M, Λp)dM = Φ(L, Λp)dL

Characteristic  
luminosity

Standard sirens: methods
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M = m + 5 − 5 log DL(z, Λc) − Kcorr
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= 100.4(M*−M)

Absolute  
luminosity

“K-corrections”Absolute  
magnitude

Apparent 
magnitude

Mastrogiovanni, DL, et al, PRD (2023) 

The compact-binary-coalescence merger rate is parametrized in terms of 
redshift and source-frame time.  

For a dark siren analysis, it’s more complex! We have to build a pixelated 
“line-of-sight” redshift prior:



The compact-binary-coalescence merger rate is parametrized in terms of 
redshift and source-frame time.  

For a dark siren analysis (more complex!), we have to build a pixelated “line-
of-sight” redshift prior:

Mastrogiovanni, DL, et al, PRD (2023) 

Schechter (luminosity) function giving 
the number density of galaxies as a 

function of their absolute magnitudes 

Absolute luminosity (absolute magnitude) 
of the galaxy over a reference galaxy 

luminosity

M = m + 5 − 5 log DL(z, Λc) − Kcorr
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Standard sirens: methods

Galaxy redshift 
uncertainty model

pixel area

Main limitation: incompleteness 
of the galaxy catalog used

G. Dálya et al., MNRAS 514 1 (2022)

GLADE+: Galaxy List for the Advanced Detector Era +


Collection of 6 different surveys (~22.5M galaxy: GWGD, 2MPZ, 2MASS XSC, 
HyperLEDA, WISExSCOSPZ; ~750k quasars: SDSS-DR16Q)
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LVK O4a cosmology paper, arXiv:2509.04348
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GWTC-1 GWTC-2.1 GWTC-3 GWTC-4.0

GWTC-4.0 is here!
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GWTC-4.0 is here!

New cosmology paper with GWTC-4.0!
[LVK Collaboration, arXiv:2509.04348]

The methods we have seen have been applied to the latest GW detections
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LIGO-Virgo-KAGRA prospects

https://gracedb.ligo.org/superevents/S250119cv

https://gracedb.ligo.org/superevents/S241102br

https://gracedb.ligo.org/superevents/S240925n

A few preliminary candidates in O4b

O4b: Virgo joined the network  improved sky localization!⇒
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LIGO-Virgo-KAGRA prospects
O4c: current total of 380 alerts, but ~1 month of observation still to go!
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Prospects with LISA
Review on cosmology with LISA: LISA CosWG, Liv Rev. Rel. (2023) - 
arXiv:2204.05434

30
LISA Red Book (2024)



Here we will look at two promising classes of LISA standard sirens: 

1. Massive Black Hole Binaries (MBHBs) as bright sirens

31
LISA Red Book (2024)

MBHBs as bright sirens



MBHBs as bright sirens
Assuming we can identify the EM counterpart and obtain the redshift: 

32

Credit: NASA

Tamanini et al., JCAP (2016)     Mangiagli et al., PRD (2022)     LISA CosWG, White Paper, Liv. Rev. Rel. (2023)     Mangiagli et al, arXiv:2312.04632
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Athena+ Team
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2
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 at few-%! 
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EMRIs as dark sirens
Here we will look at two promising classes of LISA standard sirens: 

2. Extreme Mass-Ratio Inspirals (EMRIs) as dark sirens

33
LISA Red Book (2024)



EMRIs as dark sirens
We can cross-match the EMRI sky location with galaxy catalogs 

34

Credit: NASA

MacLeod, Hogan (2009), PRD (2008)

ESO (ELT)

O(1-1000) detections 
per year, up to  

No EM counterpart 
expected, but very 
god sky localization 
(  and 

 deg ): 

 standard 
sirens per year

z ≲ 4

ΔDL/DL ≲ 0.1
ΔΩ < 2 2

O(1 − 100)

DL et al., MNRAS (2021)

 at 1-6%! 

 at 5-10%

H0

w0



LISA bright and dark sirens
We can constrain the expansion history of the universe by combining 
different LISA standard sirens

35

Credit: NASA
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