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From data to the  posterior H0

Carl Knox (OzGrav, Swinburne University of Technology)
LVK+ 2111.03604
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Dálya et al. 1804.05709
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Cosmology with gravitational waves

dL(z) =
(1 + z)c

H0 ∫
z

0

dz′￼

[Ωm(1 + z′￼)3 + ΩΛ]1/2

GW data

Redshift 
information

•IcaroGW

• Deduce redshift from joint fi


• Marginalize over mass population

•GWcosmo

• Assumption: GW sources in galaxies

• Statistical redshift association from galaxy 

catalogs

• Fixed mass distribution
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Gravitational wave parameters
Source frame masses 

 m(s)
1 , m(s)

2 Expansion (H0, Ωm, . . . )

Detector frame masses

m(d)

1 , m(d)
2

m(d) = (1 + z)m(s)• GW frequency is shifted to lower values by the 
expansion


• Redshift information is degenerate with other variables

Observer



• Assumption of mass model  statistical measurement 
of redshift 




• Joint fit of cosmological parameters and mass 
population models (Taylor et al. 2012, Taylor and Gair 2012, 
Farr et al. 2019, You et al. 2020)


• Strong correlation between  and the characteristic 
mass scales

→

m(d) = (1 + z)m(s) → z =
m(d)

m(s)
− 1

H0

5

z ≈
dLH0

c
m(s) =

m(d)

1 + dLH0/c

Source frame population



The source mass population model
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ppop(θ |Λ)

LVK+ 2010.14533
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GWcosmo   (Gray et al. 1908.06050)

• Assumption: GW sources are found in galaxies

• Possible GW hosts from galaxy catalogs (Schutz 1986) 
• Give importance to galaxy according to luminosity  

• Input from GW side:  
• Sky position  
• Luminosity distance

• Detector frame masses


• Input from galaxy catalog: 
• Sky position

• Luminosity 

• Redshift 

• Challenge: Galaxy catalogs incompleteness

• Calculate selection effects:


• Host galaxy is observed (in catalog) or not

Gray et al. 2111.04629
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Galaxy catalog used for GWcosmo  
• All-sky catalog: Glade (Dálya et al. 2018) 

• Partial coverage, but deeper in redshift: DES (Drlica-Wagner et al. 2018)

Probability 
of being in 
the catalog



• Strong correlation between 
 and the maximum mass 


• Hubble constant not 
strongly constrained

H0

Redshift 
distribution 
parameter

Maximum 
mass

Position 
Gaussian 

Peak

Results IcaroGW

H0

H0

Position 
Gaussian 

Peak

Maximum 
mass

Redshift 
distribution 
parameter



Results GWcosmo
• Fix the mass distribution to the values 

obtained by Icarogw

• Result is strongly dependent on 

population assumption

H0 = 67+13
−12 km s−1 Mpc−1 Glade+


K-band

H0 = 67+8
−6 km s−1 Mpc−1

10
Glade+, K-band

With GW170817



• IcaroGW (no EM information) method allows to simultaneously constrain 
cosmological and population parameters


• GWcosmo uses galaxy catalog information to constrain   Better constraint on 



• Main result from O3


 with Glade+, K-band and GW170817


• Strong degeneracies between the rate evolution , the overall rate of events , the 
Hubble constant 


•  Marginalize over population assumptions

H0 →
H0

H0 = 67+8
−6 km s−1 Mpc−1

γ R0
H0

→
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Conclusions
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Modified propagation equation for gravitational waves

•  the wave vector,  the GW polarisation,  the conformal time,  and 
 the friction term


• Appears in some modified gravity theories (e.g. beyond Horndeski 1404.6495, 
DHOST, 1510.06930, 1703.03797, 1707.03625 )


• Results in a modified gravitational wave distance (gravitational wave and 
electromagnetic distance do not coincide)


• Testable with gravitational wave observations

k A η ℋ =
a′￼

aδ

h′￼′￼A + 2ℋ(1 − δ(η))h′￼A + k2hA = 0

Relaxing an assumption:

https://arxiv.org/abs/1703.03797
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Binary black hole dark siren 
population analysis with modified 
gravity
Konstantin Leyde, Simone Mastrogiovanni, Danièle Steer, Eric 
Chassande-Mottin, Christos Karathanasis

2202.00025






• Phenomenological model 1906.01593 

                                       

• Assumptions: No modifications of the waveform during the 
inspiral phase and cosmological background is unchanged 

h′￼′￼A + 2ℋ(1 − δ(η))h′￼A + k2hA = 0

dGW
L = dEM

L (Ξ0 +
1 − Ξ0

(1 + z)n )

Assumption on the modifications of GR
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 characterises 
early time behaviour

Ξ0

 characterises the 
transition from early to 

late times

n

  GR: Ξ0 = 1
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Multi peak mass 
model, varying 

SNR cut 

Results with O3 data

• GR: 


• For all modified gravity models: 
compatible with their GR values at 
90% confidence level (for Multi 
Peak)

Ξ0 = 1

See also: Mancarella et al. 2112.05728
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Degeneracies

• GR: 


• Gravity deviation parameter  
strongly degenerate with the 
redshift distribution parameter  

Ξ0 = 1

Ξ0

γ

Redshift 
distribution 
parameter

Gravity deviation 
parameter  Ξ0

Maximum 
mass

Redshift 
distribution 
parameter

Gravity deviation 
parameter  Ξ0

Maximum 
mass



• Method allows to simultaneously constrain modified gravity, cosmological and population 
parameters

• Implication of O3 : bright sirens are rare


• O3 data favours GR over all modified gravity models investigated


• Study impact of mass models on the measurement of  and on 


• Strong degeneracies between the rate evolution , the overall rate of events , the Hubble 
constant  and friction amplitude 


• Assumptions on astrophysics can bias this measurement


•  Marginalize over population assumptions


• Constrain  to with O4 and  with O4 O5

Ξ0 H0

γ R0
H0 Ξ0

→

Ξ0 50 % 20 % +
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Conclusions



Questions?

Thank you!



Forecast (with O4  O5)+
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The effect of a prior on the cosmological values 

Wide: Agnostic priors for the 
cosmological parameters

Planck: Priors from the Planck 
estimate for the cosmological 

parameters



Back up slides
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• Metaparameters  : population parameters, cosmological parameters, …


• GW data 


• Source parameters 


• GW likelihood , obtained from posterior samples


• Population assumption  

• Detection probability 

Λ

{x}

θ = {m(d)
1,2, dGW

L , …}

p(xi |Λ, θ)

ppop(θ |Λ)

pdet(θ)

Statistical framework of IcaroGW    (Mastrogiovanni et al. 2103.14663)

• Bayesian analysis with selection effects (Mandel et al. 1809.02063, Thrane and Talbot 1809.02293, Vitale 
et al. 2007.05579)
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• Only events passing threshold (on signal to noise ratio or false alarm rate) are 
considered


• Numerical evaluation of : produce a set of events and label them either 
“detected” or “undetected” (passing SNR threshold and IFAR threshold)

pdet(θ)

Bayesian analysis with selection effects
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Statistical framework of IcaroGW    (Mastrogiovanni et al. 2103.14663)
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Statistical framework of GWcosmo   (Gray et al. 1908.06050)

• Assumes a fixed mass and redshift distribution 

•  : “event is detected” 

•  number of observed events

̂d
Nobs

p(H0 |xGW, Nobs, Λm, Λz) = p(H0)
Nobs

∏
i=1

∑
g∈[G,Ḡ]

p(xGW,i |H0, Λm, g)p(g |H0, Λm, Λz, ̂d)

Posterior on H0

Prior H0
Observed 
events

Host galaxy 
in catalog?

One event 
posterior

Bayesian analysis with selection effects

Hidden here are the 
selection eff
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Statistical framework of GWcosmo   (Gray et al. 1908.06050)

• Assumptions for selection effects

• Apparent magnitude threshold of the galaxy catalog

• Redshift distribution of galaxies 

• Luminosity distribution of galaxies (e.g. Schechter function) 


• Pixelated approach: Treat selection effects as non-uniform in 
the sky

∑
g∈[G,Ḡ]

p(xGW,i |H0, Λm,z, g)p(g |H0, Λm,z, ̂d) = p(xGW,i |H0, Λm,z, G)p(G |H0, Λm,z, ̂d) + p(xGW,i |H0, Λm,z, Ḡ)p(Ḡ |H0, Λm,z, ̂d)

Host galaxy 
in catalog?

One event 
posterior

LVK+ 2111.03604

Probability of 
being in catalog

Probability of not 
being in catalog
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Results with O3 data

Bayes factor:    


• GR: 


• Compare Bayes factors 
 Multi Peak + General Relativity is 

preferred 


• Consistent results for all 3 SNR cuts

p(data |model1)
p(data |model2)

Ξ0 = 1

→
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Two limits…

• Close-by signals, well-localised (very few 
compatible galaxies) 


•  posterior is independent of the 
mass distribution assumed
H0

• Far signals, not well-localised 

• Redshift information from source 

frame mass distribution

“IcaroGW”“GWcosmo”

LVK+ 2111.036042103.14663
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The  paramatrizationΞ0
Table 1 of 

1906.01593
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DHOST Lagrangian 1810.12070

An example:



Future prospects 2202.08240
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Future prospects: evolving mass distribution 2202.08240

1000 events 
with 2G


