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Current work

Gregoire Pierra

Working in the cosmology group of the collaboration : 

• Actual project : Understanding the bias on the Hubble constant measurement 
using gravitational-waves
• How robust are the methods ?
• What are the sources of bias ?

• Short author list paper under preparation

Today’s talk will present binary black hole spins results 
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Gravitational merger

Gravitational-wave physics and astronomy in the 2020s and 2030s

vMain source of GWs are compact binary mergers

Luminosity distance 𝑑!

Primary masses of black holes 𝑚", 𝑚#

Spins of black holes 𝜒

vMerger has 3 phases

vSeveral properties about the source can be 
deduced directly from the GW signal :

Gregoire Pierra 2

https://www.nature.com/articles/s42254-021-00303-8
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Detection of GWs

Gregoire Pierra 4
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Detection of GWs

Gregoire Pierra 4

LIGO, Hanford USA

LIGO, Livingston USA

Virgo, Cascina Italy
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Detection of GWs

The new frontier of gravitational waves

Gws propagates across the Universe at 𝑣 = 𝑐
and go through the detector on Earth

The arms will be contracted/extended 
due to the waves 

Change in the light pattern 

GW detection
Gregoire Pierra 5

https://www.nature.com/articles/s41586-019-1129-z
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Hubble constant

<latexit sha1_base64="wJ4S8YuM0Vm5VrxR7Q3X6TwNAtM="></latexit>

H0 = Expansion rate of the universe today
in 

<latexit sha1_base64="ceT9Q1mmtpKVNrMCbXzos+sEm2Y="></latexit>

km.s�1.Mpc�1

How fast our universe is expanding 

<latexit sha1_base64="/gdAUsRAXW16fpAtIr8Sh/WSVeI="></latexit>,
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Hubble tension
<latexit sha1_base64="wJ4S8YuM0Vm5VrxR7Q3X6TwNAtM="></latexit>

H0 = Expansion rate of the universe today
in 

v Two measurements late & early universe : 

Supernovae Ia
<latexit sha1_base64="IFjm8876jK+elZaJQqRdgArpjDY="></latexit>

H0 = 74.03± 1.42

<latexit sha1_base64="ceT9Q1mmtpKVNrMCbXzos+sEm2Y="></latexit>

km.s�1.Mpc�1
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Hubble tension
<latexit sha1_base64="wJ4S8YuM0Vm5VrxR7Q3X6TwNAtM="></latexit>

H0 = Expansion rate of the universe today
in 

v Two measurements late & early universe : 

Cosmic microwave
background

<latexit sha1_base64="kBGq0aW30TVW1BMynWSkO7FV9C4="></latexit>

H0 = 67.4± 0.5

<latexit sha1_base64="ceT9Q1mmtpKVNrMCbXzos+sEm2Y="></latexit>

km.s�1.Mpc�1
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Hubble tension

Dark Energy in light of multi-messenger gravitational-wave astronomy

<latexit sha1_base64="wJ4S8YuM0Vm5VrxR7Q3X6TwNAtM="></latexit>

H0 = Expansion rate of the universe today
in 

v Two measurements late & early universe : 

Supernovae Ia Cosmic microwave
background

<latexit sha1_base64="ceT9Q1mmtpKVNrMCbXzos+sEm2Y="></latexit>

km.s�1.Mpc�1
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<latexit sha1_base64="kBGq0aW30TVW1BMynWSkO7FV9C4="></latexit>

H0 = 67.4± 0.5
<latexit sha1_base64="IFjm8876jK+elZaJQqRdgArpjDY="></latexit>

H0 = 74.03± 1.42
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https://www.researchgate.net/publication/329836950_Dark_Energy_in_Light_of_Multi-Messenger_Gravitational-Wave_Astronomy
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Hubble tension
<latexit sha1_base64="wJ4S8YuM0Vm5VrxR7Q3X6TwNAtM="></latexit>

H0 = Expansion rate of the universe today
in 

v Two measurements late & early universe : 

<latexit sha1_base64="PLCjFF3yk+EsHb12JqSwLZOsHXQ="></latexit>

4.4�

Supernovae Ia Cosmic microwave
background

<latexit sha1_base64="ceT9Q1mmtpKVNrMCbXzos+sEm2Y="></latexit>

km.s�1.Mpc�1

tension
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Dark Energy in light of multi-messenger gravitational-wave astronomy

<latexit sha1_base64="kBGq0aW30TVW1BMynWSkO7FV9C4="></latexit>

H0 = 67.4± 0.5
<latexit sha1_base64="IFjm8876jK+elZaJQqRdgArpjDY="></latexit>

H0 = 74.03± 1.42
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https://www.researchgate.net/publication/329836950_Dark_Energy_in_Light_of_Multi-Messenger_Gravitational-Wave_Astronomy
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Outline
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o Introduction
oGravitational wave
o Cosmology

oDark sirens
o Cosmology with GWs 
o IcaroGW

oResults
o Black hole spins
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How do we measure 𝑯𝟎 ?

Gregoire Pierra

How to access H0 with GWs ?

• The redshift 𝑧 and the luminosity distance 𝑑! of a GW source are related through 
cosmology

• Access H0 by breaking this degeneracy

<latexit sha1_base64="NshUt0ZcMINA7fZz0cu4Koj6vEk="></latexit>

dL ' c

H0
z (low redshift approximation)

z : Need to be found through 
other methods

𝑑! : Directly measurable 
the GW signal

13
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GW170817 : golden event
GW170817 is a binary neutron stars event

Two type of signals were emitted :

GWs Gamma ray burst

Luminosity distance Redshift

<latexit sha1_base64="rQn2RZpq3C3w/IEfgZBE6Yfs8jE="></latexit>

H0 = 70.0+12.0
�8.0 km.s

�1
.Mpc

�1

But still in agreement with the early and late 
universe values...

Gregoire Pierra 14
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GWs state of the art 

v 90 Compact binary mergers 

v 89 of them are Dark-Sirens
(no E.M. counterpart)

Since 2015, LIGO and Virgo had 3 observation runs 

Gregoire Pierra 15
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GWs state of the art 

Need alternative methods to derive the redshift
of GWs sources

Population inference 
using binary black-holes

Galaxy catalog 
inference

Gregoire Pierra 16
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vGWs are redshifted due to cosmological expansion 

vDegeneracy between the detected and the source mass of BBH : 

Gregoire Pierra

Dark-Sirens method

<latexit sha1_base64="7Puivfazc0YVR/iYToBZv8nFXkM="></latexit>

mdet
i = (1 + z)msource

i
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Dark-Sirens method

22Gregoire Pierra

• One of the two official pipelines in LVK for cosmology analysis.
(main dev : S. Mastrogiovanni, G. Pierra et al.)

• Jointly infer the population parameters (masses, redshift, rate, spins) and the 
cosmological parameters (H0, Ω", w0)

• Hierarchical Bayesian inference method with Dark-Sirens events (no e.m. counterpart)

• Based on the mass-redshift degeneracy : 
<latexit sha1_base64="7Puivfazc0YVR/iYToBZv8nFXkM="></latexit>

mdet
i = (1 + z)msource

i

ICAROGW : Inferring Cosmology and AstRophysics with Observations of 
Gravitational Waves

19
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<latexit sha1_base64="kCLM392uqNrmT46wInPlQIgplbc="></latexit>

md
i = (1 + z)ms

i

vBy fixing the cosmology : 

Deduce the true mass distribution of BBH

O3 LVK R&P paper
R. Abbott et al 2021 
ApJL 913 L7

Gregoire Pierra

Dark-Sirens method
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https://arxiv.org/abs/2010.14533
https://arxiv.org/abs/2010.14533
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vBy fixing the population :

Deduce the cosmology
<latexit sha1_base64="kCLM392uqNrmT46wInPlQIgplbc="></latexit>

md
i = (1 + z)ms

i

O3 LVK Cosmology 
paper
arXiv:2111.03604

<latexit sha1_base64="kCLM392uqNrmT46wInPlQIgplbc="></latexit>

md
i = (1 + z)ms

i

vBy fixing the cosmology : 

Deduce the true mass distribution of BBH

O3 LVK R&P paper
R. Abbott et al 2021 
ApJL 913 L7

Gregoire Pierra

Dark-Sirens method
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https://arxiv.org/abs/2111.03604
https://arxiv.org/abs/2010.14533
https://arxiv.org/abs/2010.14533
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Best measure so far 
Constraints on the cosmic expansion history from GWTC–3

Combined with GW1708187 :
<latexit sha1_base64="W39007mjS0rNmALAEsg3AQw4c0I="></latexit>

H0 = 68+8
�6 km.s

�1
.Mpc

�1

Gregoire Pierra 23

https://arxiv.org/pdf/2111.03604.pdf
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Inclusion of BBH spins for cosmology

Aim : Add BBH spin distributions to generalize the analysis :

vDevelopment of two spin models for BBH 

Default spin model : First introduced by LSC collaboration arXiv:1811.12940

Gaussian spin model : First introduced by Schmidt et al. arXiv:1408.1810

Gregoire Pierra 25

https://arxiv.org/abs/1811.12940
https://arxiv.org/abs/1408.1810
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Motivations

v BBH formation channels might prefer specific spin configurations

v Spins could correlate with the Hubble constant 𝐻$

v Generalize the analysis and be ready for future spins measurement

Gregoire Pierra 26



Impact of the spins

29

Campanelli et al. 2006

Number of orbits is impacted by the spin orientation of each BHs

Campanelli et al. 2006

Direct effect on the amplitude of the GWs

Gregoire Pierra 27

https://arxiv.org/pdf/gr-qc/0604012.pdf
https://arxiv.org/pdf/gr-qc/0604012.pdf


Impact of the spins

30

Direct effect on the envelope of the GWs

Gregoire Pierra 27

Time

Amplitude

Modulation of the GW signal due to spin effect



Spin models of BBH
Default spin model

Gaussian spin model

31

vMultiple formation channels 

vCovers all 6 degrees of freedom

vSensitive to precession effects

vSensitive to spin asymmetries Black-Hole 1

Black-Hole 2

Gregoire Pierra 28
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Outline
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Set-up of the analysis 

33

v First time analysis that jointly estimates the cosmology and spins 
parameters of black-holes !

v These results have been obtain using 42 BBHs events from the O3      
run of LVK

v We tested both spin models

Gregoire Pierra 30



Default model 

34

vNo spin correlation with 𝐻! so far 

v Preference for a slowly spinning 
black-hole population

vMixed population between 
isolated and dynamical mergers

Gregoire Pierra 31

<latexit sha1_base64="P9B8orGl/0A5p4Il5EsqNwmFrqg="></latexit>

⇡(cos✓|⇣,�t) = ⇣Gt(cos✓|�t) + (1� ⇣)F(cos✓)



Gaussian model 

35

v No spin correlation with 𝐻!

vAligned spins are favoured

vSlowly precessing black-holes 

Gregoire Pierra 32



Conclusion on spins

36

o Correlation BBH spins/cosmology not yet found

o Spin properties on the population of BBH : 
o Slowly spinning
o No preferred channel of formation (isolated/dynamical)
o Slowly precessing
o Mostly aligned

o Current sensitivity too low to explore spin effects on GW signals

Gregoire Pierra 33



Perspectives

37

o Next run of LVK starting on 24th of may 2023 (hundreds of GWs events)

o IcaroGW2.0 with spins is officially reviewed

o IcaroGW will be used as one of the two cosmology codes in the LVK collaboration for 
the next observation run

o Constraints on cosmology and population parameters will get better and better with 
higher statistic

Gregoire Pierra 34
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BACK UP
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v Infer jointly the population and cosmological parameters via hierarchical Bayesian inference :

<latexit sha1_base64="/epo1KvaXt0lJ3cmobJ9WFaRyGE="></latexit>

p(cosmology|GWs) /
NobsY

i

R
p(GWi|✓,⇤)⇡(✓|⇤)d✓

Ne↵

Probability of estimating a certain cosmology
given some GWs data

Basic principle behind IcaroGW

Gregoire Pierra
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Constraints on the cosmic expansion history from GWTC–3

From the galaxy catalog only : 

Combined with GW1708187 :

<latexit sha1_base64="7iLm7hXI7OjgH4SQ6FXeKfrmGIU="></latexit>

H0 = 67+13
�12 km.s

�1
.Mpc

�1

<latexit sha1_base64="W39007mjS0rNmALAEsg3AQw4c0I="></latexit>

H0 = 68+8
�6 km.s

�1
.Mpc

�1

Galaxy catalog results

https://arxiv.org/pdf/2111.03604.pdf


Back up 
<latexit sha1_base64="NtNJhc2udrqGxXUjHCUw9LP0E6I="></latexit>

dL(z) =
1 + z

H0
c

Z z

0

dz

(⌦m(1 + z)3 + ⌦⇤)

<latexit sha1_base64="gdtfjG0STN2tQxjHkqHaDHA0jZk="></latexit>

z =
md

ms
� 1and 
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Spin models of BBH
Default spin model Gaussian spin model

Dimensionless spin magnitudes & tilt angle :  Effective & precession spin : 

<latexit sha1_base64="P9B8orGl/0A5p4Il5EsqNwmFrqg="></latexit>

⇡(cos✓|⇣,�t) = ⇣Gt(cos✓|�t) + (1� ⇣)F(cos✓)
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<latexit sha1_base64="Yg8IYhMmNvFrISqkogx3Eangyzg="></latexit>
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Spin distributions : Default  
(a) and (c) :
Joint 2D probability density functions 

(b) and (d) :
Marginalized probability density functions

o Slowly rotating

o Mostly aligned with  
<latexit sha1_base64="/MUK6WynqQpKR0fNXkCigEsVsfc="></latexit>

~L

Described black-holes :
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Spin distributions : Gaussian  
v (a) :
Joint 2D probability density 
functions 

v (b) :
Marginalized probability 
density functions

o Slight asymmetry toward aligned spins

o Slowly precessing systems 

Described black-holes :

45


