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Third-generation detectors
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3 Filippo Santoliquido Ref. Maggiore et al. 2020, Ng et al. 2021, 2022, Branchesi et al. 2023  

BBHs from Pop. III stars

Pop. III BBHs

2111.06990

https://ui.adsabs.harvard.edu/abs/2020JCAP...03..050M/abstract
https://ui.adsabs.harvard.edu/abs/2021ApJ...913L...5N/abstract
https://arxiv.org/abs/2204.11864
https://arxiv.org/abs/2303.15923
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Population synthesis:                   

Costa et al. 2023 generated a new set of Pop. III stellar tracks

https://ui.adsabs.harvard.edu/abs/2023arXiv230315511C/abstract
https://ui.adsabs.harvard.edu/abs/2023arXiv230315511C/abstract
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Initial conditions

Initial Mass Function

https://ui.adsabs.harvard.edu/abs/2023arXiv230315511C/abstract
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Mass ratio

Ref.  Costa et al. 2023

Initial conditions

Initial Mass Function

https://ui.adsabs.harvard.edu/abs/2023arXiv230315511C/abstract
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Orbital period Mass ratio

Eccentricity

Ref.  Costa et al. 2023

Initial conditions

Initial Mass Function

https://ui.adsabs.harvard.edu/abs/2023arXiv230315511C/abstract
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Evaluated from SEVN catalogs

https://arxiv.org/pdf/2004.09533.pdf


9 Filippo Santoliquido 

Evaluated from SEVN catalogs

4 different Pop. III SFRDs: 
H22 - Hartwig et al. 2022 
J19 - Jaacks et al. 2019 

LB20 - Liu & Bromm 2020 
SW20 - Skinner & Wise 2020 

         different assumptions on baryonic physics 
+ cosmic variance

metal-rich stars 

Ref.  Santoliquido et al. 2020, Santoliquido et al. 2023

https://ui.adsabs.harvard.edu/abs/2022ApJ...936...45H/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.2202J/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497.2839L/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.492.4386S/abstract
https://arxiv.org/pdf/2004.09533.pdf
https://arxiv.org/pdf/2303.15515.pdf


initial conditions

Merger rate density   
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impact ~2 orders of magnitude

https://arxiv.org/pdf/2303.15515.pdf


star formation history impacts 
shape and normalisation 

Merger rate density   
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https://arxiv.org/pdf/2303.15515.pdf
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Primary mass

Ref. Santoliquido et al. 2023

https://arxiv.org/pdf/2303.15515.pdf
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Primary mass

Pop. III BBHs show a main peak at  30 − 35 M⊙

At , Pop. I-II BBHs show a main peak at 8 − 10 z = 0 M⊙

Ref. Santoliquido et al. 2023

https://arxiv.org/pdf/2303.15515.pdf
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Primary mass

Pop. III BBHs show a main peak at  30 − 35 M⊙

At , Pop. I-II BBHs show a main peak at 8 − 10 z = 0 M⊙

20 40 60 80 100

m1 [MØ]

10°3

10°2

10°1

100

101

d
R

dm
1
[G

p
c°

3
yr

°
1
M

°
1

Ø
]

GWTC-3

GWTC-2

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
q

10°1

100

101

102

103

d
R dq
[G

p
c°

3
yr

°
1
]

GWTC-3

GWTC-2

Ref.  Callister & Farr 2023, The LVK collaboration 2021 

https://ui.adsabs.harvard.edu/abs/2023arXiv230207289C/abstract
https://arxiv.org/abs/2111.03634
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At high redshift, overlap increases

Ref. Santoliquido et al. 2023

Can we identify Pop. III BBHs?

https://arxiv.org/pdf/2303.15515.pdf
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Goal: simulation-based classification

Fiducial

Optimistic 

Pessimistic  
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This is the probability that the event  is a Pop. III BBHj

p( j ∈ k |di, {β}) = ∫ p( j ∈ k |x, dj, {β}) p(x |dj, {β})

Ref. Santoliquido et al. 2024

Classification


βIII ∝ NPop. III ∼ 400

βI−II ∝ NPop. I−II ∼ 104

Fiducial ~4%

Mixing fraction

https://arxiv.org/abs/2404.10048
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This is the posterior of waveform parameters ➡ 
parameter estimation performance of ET

p( j ∈ k |di, {β}) = ∫ p( j ∈ k |x, dj, {β}) p(x |dj, {β})

Ref. Santoliquido et al. 2024, Dupletsa et al. 2023

Fisher Information Matrix

Classification

https://arxiv.org/abs/2404.10048
https://arxiv.org/abs/2205.02499
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p( j ∈ k |di, {β}) = ∫ p( j ∈ k |x, dj, {β}) p(x |dj, {β})

This is the probability that links waveform parameters to Pop. III BBHs

Ref. Santoliquido et al. 2024, Ng et al. 2022, Berbel et al. 2023

➡ easy to consider a fix threshold

Classification

https://arxiv.org/abs/2404.10048
https://arxiv.org/abs/2204.11864
https://arxiv.org/abs/2311.00045
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p( j ∈ k |di, {β}) = ∫ p( j ∈ k |x, dj, {β}) p(x |dj, {β})

= 1 if m1,d ≳ 60 M⊙

Ref. Santoliquido et al. 2024

https://arxiv.org/abs/2404.10048
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⚠ low performances: precision is ~ 0.16

p( j ∈ k |di, {β}) = ∫ p( j ∈ k |x, dj, {β}) p(x |dj, {β})

= 1 if m1,d ≳ 60 M⊙

Ref. Santoliquido et al. 2024

https://arxiv.org/abs/2404.10048
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p( j ∈ k |di, {β}) = ∫ p( j ∈ k |x, dj, {β}) p(x |dj, {β})

Ref. Santoliquido et al. 2024, Chen et al. 2016, Pedregosa et al. 2012, Antonelli et. al 2023 

supervised ML based on decision trees

we can use Machine Learning 

https://arxiv.org/abs/2404.10048
https://dl.acm.org/doi/pdf/10.1145/2939672.2939785
https://arxiv.org/abs/1201.0490
https://arxiv.org/abs/2306.11088
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p( j ∈ k |di, {β}) = ∫ p( j ∈ k |x, dj, {β}) p(x |dj, {β})

Ref. Santoliquido et al. 2024 

Using Machine Learning 

* trained and tested on balanced 
classes + re-balancing 


* instances: > 104        

https://arxiv.org/abs/2404.10048
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p( j ∈ k |di, {β}) = ∫ p( j ∈ k |x, dj, {β}) p(x |dj, {β})

precision = TP/(TP+FP)

Ref. Santoliquido et al. 2024 

TP

FP

FN

TN

high precision > 0.90

Using Machine Learning 

https://arxiv.org/abs/2404.10048
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p( j ∈ k |di, {β}) = ∫ p( j ∈ k |x, dj, {β}) p(x |dj, {β})

~10% of detected sources are classified 
with precision > 0.90              

Ref. Santoliquido et al. 2024 

Using Machine Learning 

https://arxiv.org/abs/2404.10048
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p( j ∈ k |di, {β}) = ∫ p( j ∈ k |x, dj, {β}) p(x |dj, {β})

~30% of detected sources are classified 
with precision > 0.90              

Ref. Santoliquido et al. 2024 

Using Machine Learning 

https://arxiv.org/abs/2404.10048
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p( j ∈ k |di, {β}) = ∫ p( j ∈ k |x, dj, {β}) p(x |dj, {β})

~45% of detected sources are classified 
with precision > 0.90              

Ref. Santoliquido et al. 2024 

Using Machine Learning 

https://arxiv.org/abs/2404.10048


• First large parameter exploration of Pop. III BBHs


• SFRD affects normalisation and shape of merger rate density


• primary mass of Pop. III BHs is substantially larger


• ET will detect Pop. III BBHs and machine learning increases our ability to identify them
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Contributions 

Ref. Costa et al. 2023, Santoliquido et al. 2023, Santoliquido et al. 2024 

https://ui.adsabs.harvard.edu/abs/2023arXiv230315511C/abstract
https://arxiv.org/abs/2303.15515
https://arxiv.org/abs/2404.10048


Backup slides
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ɑλ formalism for modelling the common envelope

•  This is the orbital energy before and after the common envelope phase


•  This is the binding energy of the envelope 


• By imposing ,  


• If  is larger,  is larger, following . Therefore larger  gets wider binaries


• Where λ is the parameter which measures the concentration of the envelope (the smaller λ is, the more concentrated is the envelope). 


• The  formalism is a simplified prescription. When , we account for other sources of energy that make the envelope less bind, for 
instance recombination energy. Recent works (e.g. Fragos et al. 2019) suggest that  is necessary to reproduce the final orbital 
separation obtained with hydrodynamical simulations. 
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https://ui.adsabs.harvard.edu/abs/2019ApJ...883L..45F/abstract


Initial conditions 

Santoliquido et al. 2023: 
https://arxiv.org/pdf/2303.15515.pdf
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Pop. III BBHs: mass evolution
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detection rate  

33 Filippo Santoliquido 





35 Filippo Santoliquido

p( j ∈ k |x, dj, {β}) = 1 if m1,d ≳ 60 M⊙

Ref. Santoliquido et al. 2024

https://arxiv.org/abs/2404.10048







