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[he detection of the first gravitational-wave event
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Detection with 5-sigma confidence.

This means that the rate at which a signal analogous to
GW150914 is created by noise is less than 1 in every

203,000 years.

3 solar masses of energy is what was released in
gravitational waves.


http://www.physics.org/article-questions.asp?id=103

[he detection of the first gravitational-wave event

LIGO+VIRGO collaboration (2016) - arXiv:1602.03840
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[he matched filtering technigue

16-dimensional (9 intrinsic + 7 extrinsic) waveform template banks
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A 30Me BH is ~32 more likely to be observed than a 15Me one,
while a 60Me iIs ~1024 more likely to be observed than a 15Me one!!!



The Gravitational-Wave Transient Catalogue 3 (GWI1C-3)

Abbot et al. arXiv:2111.03606 (2021)
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The Gravitational-Wave Transient Catalogue

Abbot et al. arXiv:2010.14527 (2021)
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L ooking at coalescing BBH population properties
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Correlation of gravitational-wave observaples

Indications appear already in the O3 LVC data, e.g.,
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Astrophysical binary plack-nole formation models

Isolated binary evolution in

galactic fields Population Il stars Primordial black holes

e.g. Sigurdsson & Hernquist
(1993), Zwart & McMillan
(2000), Miller & Lauburg
(2009), Rodriguez et al.

(2015), Antonini et al.
(2016), Mapelli (2016),
Askar et al. (2017)

e.g. Silsbee & Tremaine (2017),

e.g. Antonini & Perets (2012), Moe & Di Stefano (2017);

Tagawa et al. (2020) Toonen et al. (2022)
e.g. Inayoshi et al. (2017) e.g., Bird et al. (2016); Sasaki — —

. ' . et al. (2018); Clesse & Garcia-

. Bellido (2020): Da Luca etal. /7
Chemically homogeneous evolution:

s N
N\
' Jams, | (2020,2021) Wong et al. (2021) /
e @
: . : \ /
e.g. Maeder (1987), de Mink /

et al. (2009), Mandel & de Mink (2016), - —
Marchant et al. (2016)

Common Envelope:
e.g. vd Heuvel (1976), Tutukov & Yungelson |,

(1993), Kalogera et al.

(2007), Postnov & Yungelson (2014),
Belczynski et al. (2016), Mapelli et al. (2017)
Stable Mass Transfer:

e.g. van den Heuvel et al. (2017), PavlovskKii
et al. (2017), Inayoshi et al. (2017)

Dynamical formation in dense Active galactic nuclei disks

. Triple and multiples
stellar environments

& MORE ...
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VWhat can cause a black-hole to spin®

Angular momentum  Unknown process Accretion onto a Hierarchical
of the progenitor star during core-collapse black hole mergers

Image credit: Maeder & Meynet (2011)  Image credit: Grefenstette et al. (2014) Image credit:Gabriel Perez Image credit: Riccardo Buscichio



VWhat can cause a black-hole to spin®

See e.g.,
Moreno-Mendez & Cantiello 2016
Fuller et al. 2015

Angular momentum | “Unknown process | Accretion onto a Hierarchical
of the progenitor starf during core-collapse black hole mergers

image credit: Maeder & Meynet (2011) Blmiage credit: Grefenstette et al. (201 4] Image credit:Gabriel Perez Image credit: Riccardo Buscichio



Stellar rotation

The question of the origin of black hole spin is
iInherently related to the rotation of massive stars.
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Constraints from asteroseismic observations of low mass (sub-)giants and rotation rates of

young neutron stars and white dwarves point towards efficient
e.g. Kurtz et al. 2014; Deheuvels et al. 2015; Gehan et al. 2018, Langer et al. 2012, Fuller et al. 2019



The common envelope formation scenario Pzams ~ 100 days
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e.g., van den Heuvel (1976), Kalogera et al. (2007), Dominik et al. (2012, 2013, 2015), Belczynski et al. (2016, 2020), Bavera et al. (2020, 2021a, 20223a,c)
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The stable mass transter tTormation scenario Pzams ~ 10 days
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e.g., Pavlovskii et al. (2017), van den Heuvel et al. (2017), Neijssel et al. (2019), van Son et al. (2021), Bavera et al. (202143, 20223a,c)
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[he chemically homogeneous evolution scenario Pzaws S 1day
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e.g., Marchant et al. (2016), de Mink & Mandel (2016), du Buisson et al. (2021), Riley et al. (2021), Bavera et al. (2022a,c)
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Dinary population syntnesis
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Initial binary Synthetic
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(ZAMS)

binary black
hole population

Binary

~10M binaries evolution ~100k binaries



Sinary population syntnesis

.0’ @ Star-formation
history of the
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~10M binaries evolution ~100%k binaries wave detector

selection effects



Sinary population syntnesis

ﬁ ﬁ Star-formation
history of the
Initial binary Synthetic Unix}rrerse - Detectable/
population binary black x —l mt]]:r)lln&l: El?ar')’
. ' ack hole
(ZAMS) Binary hole population Gravitational- bopulation
Tt
~10M binaries 'O "™ _100k binaries wave detector
selection effects
Binary evolution simulation tools:
*Rapid (parametric) binary evolution: *Detailled binary evolution:
PRO: fast ~1 CPU second. PRO: accurate modelling of binary interactions

and feedbacks on stellar evolution.
CON: approximate star’s evolution and binary
interactions with fitting formulae. CON: slow ~ 10-100 CPU housrs.



Binary black nole mass-spin distrioution

Chirp mass: M,

hirp —
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Binary black Nole mass-spin distrioution

50 1

Detected merging BBH population

40 -

Bavera et al. (20223a)
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Sinary plack Nole mass-spin distrioution
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BSinary black nole mass-spin distrioution

Chirp mass: M,
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[ he collapsar moagel

e.g., Woosley (1993), Paczynski (1998)

Jshell = JISCO Jshell = JISCO




[ he collapsar moagel

e.g., Woosley (1993), Paczynski (1998)

Jshell = JISCO



Probing binary black hole formation with LGRBs

Chirp mass: M,

hirp —
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Bl Emitted LGRB at BBH formation
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Hierarchical bayesian model selection

e.g. Zevin, Bavera, ..., TF et al. (2021), Wong et al. (2021), Franciolini et al. (2022), Mapelli et al. (2022), Arca Sedda et al. (2023)
Isolated binary evolution Dynamical formation

Bavera, TF et al. (2021) Du Buisson et al. (2020) Rodriguez et al. (2019) Antonini et al. (2018)

SICRRER’ “, %

 Constrain uncertain physical processes: e.g., black hole birth spin \)?\
- Determine the branching fraction  of each channel

and advances in theoretical models* are required for robust results.

*See https://posydon.org for one of the efforts to improve the physical accuracy of population synthesis simulations



https://posydon.org

Sinary population syntnesis

Detailed
simulations
[1]
—.» q
CHE

du Buisson et al. (2021)

MESA

1] Paxton et al. (2009, 2013, -
- 2015, 2017,(2019) [2] Breivik et al. (2019)

Rapid
(parametric)
simulations

® |

O o O
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SMT CE

Bavera et al. (2020, 2021a, 2022b,c)



POSYDON IS a new framework for binary population
synthesis studies that uses detailed stellar structure

P @ S D ® N and binary evolution simulations (Fragos et al. 2023)

-

https://posydon.org
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The POSYDON collaboration: Jeff Arwrevvs, Simone Bavera, Christopher Berry, Scott
. Coughlin, Aaron Dotter, Tassos Fragos, Prabin Girl, Vicky Kalogera, Aggelos Katsaggelos,
UNIVERSITE Konstantinos Kovlakas, Shamal Lalvani, Devina Misra, Philipp Shrivastava, Ying Qin,

DE GEN EVE Jame Roman-Garza, Kyle Rocha, Juan Gabriel Serra Pérez, Petter Alexander Stanle,

Meng Sung, Xu Teng, Goce Trajcevski, Zepei Xing, Manos Zapartas
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https://posydon.org

Key points of this talk

Black hole spins contain the most information regarding the

astrophysical origin of B

SHS

Correlations of GV observables contain signatures of the
astrophysical processes taking place in the formation of BBHS

Approximate progenitor models are reaching the Iimit of their
applicapility to GW data interpretation

\Voving forward requires constraining astropnysical moaels
with diverse, multi messenger datasets



