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1. Lessons learned from GW detections

GW150914: the first binary black hole (BBH)
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1. Lessons learned from GW detections: masses Ligy
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https://ui.adsabs.harvard.edu/abs/2021arXiv211103634T/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv211103634T/abstract

UG
vmmﬁ

1. Lessons learned from GW detections: spins
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1. Lessons learned from GW detections: wrap up

Open questions from GWs

1, What determines the MASS of BHs?
2, Are there any MASS GAPS at all?
3, What can we learn from the SPINS?

4, Do BBH populations evolve across
the cosmic fime?
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2. Binary black holes (BBHs) from star evolution

MASSIVE STARS lose mass by stellar WINDS

Stellar winds depend on metallicity & stellar luminosity
(e.g. Vink et al. 2001; Graefener & Hamann 2008; Vink et al. 2011)
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2. Binary black holes (BBHs) from star evolution

CORE - COLLAPSE SUPERNOVA (CC SN) / DIRECT COLLAPSE:

(" )
Fundamental question:
does the star explode as
CC SN?
G J
(" ) (" (5 )
LSSk Direct coll;apse to
Neutron star (NS) or
low-mass black hole (BH) Sl (ole (21
BH can be MASSIVE
. Y,
4 )

Since metal-poor stars have larger pre-supernova masses,

they are more likely to directly collapse, producing more massive BHs
(Heger et al. 2003; MM et al. 2009, 2010, 2013; Belczynski et al. 2010; Fryer et al. 2012)

J
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2. Binary black holes (BBHs) from star evolution

Figure from Spera, MM & Bressan 2015
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2. Binary black holes (BBHs) from star evolution

Very massive metal poor stars
efficiently produce gamma-ray (~1 MeV) photons
at the end of carbon burning
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Costa et al. 2021, MNRAS, 501, 4514
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2. Binary black holes (BBHs) from star evolution

Impact of pulsational pair instability (if 32 <m_ /MO < 64) and
pair instability supernovae (if 64 <m_, / MG < 135)

Spera & MM 2017, MNRAS, 470, 4739
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2. Binary black holes (BBHs) from star evolution

Impact of pulsational pair instability (if 32 <m_ /MO < 64) and
palr instability supernovae (if 64 <m_, / MO < 135)

Spera & MM 2017, MNRAS, 470, 4739
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https://ui.adsabs.harvard.edu/abs/2017MNRAS.470.4739S/abstract

2. Binary black holes (BBHs) from star evolution

IMPACT of H-rich ENVELOPE and nuclear reactions
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https://ui.adsabs.harvard.edu/abs/2021MNRAS.501.4514C/abstract

2. Binary black holes (BBHs) from star evolution -
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* High-Z peak at 8 — 10 M and low-Z peak at ~35 M

* BHs with mass < 50 M, merge in isolation (even if max BH mass ~ 65 M)
because of envelope stripping in binary evolution
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https://ui.adsabs.harvard.edu/abs/2023MNRAS.tmp.1606I/abstract
https://gitlab.com/sevncodes/sevn

2. Binary black holes (BBHs) from dynamics

DYNAMICS is IMPORTANT ONLY IF density > 103 stars pc3

I.e. only in dense star clusters

but massive stars (BH progenitors) form in star clusters
(Lada & Lada 2003; Weidner & Kroupa 2006; Weidner, Kroupa & Bonnell 2010,
Gvaramadze et al. 2012; Portegies Zwatrt et al. 2010)

Nuclear star clusters

R136, credit: NASA

Young star clusters

4 an , e :
NASA/ESA/HST

Globular clusters , :
Credit: ESO, Gillessen et al. 17
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2. Binary black holes (BBHs) from dynamics

HIERARCHICAL MERGERS
Miller & Hamilton 2002

1% generation

2" gen

X

4™ gen

STAR - STAR COLLISIONS

star with @ ‘I(/IS star

He core

exotic star with
undersized core

BH in PISN gap

Dynamical
9 pairing

Di Carlo et al. 2019
Di Carlo et al. 2020
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https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.2947D/abstract
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2. Binary black holes (BBHs) from dynamics: star — star collisions
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2. Binary black holes (BBHs) from dynamics: star — star collisions

MERARCHICAL MERGERS \

Miller & Hamilton 2002
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2. Black holes (BHs) in the pair-instability mass gap: hierarchical
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https://ui.adsabs.harvard.edu/abs/2021MNRAS.505..339M/abstract
https://gitlab.com/micmap/fastcluster_open
https://ui.adsabs.harvard.edu/abs/2021arXiv210906222M/abstract
https://gitlab.com/micmap/fastcluster_open

2. Black holes (BHs) in the pair-instability mass gap: hierarchical

Isolated + dynamical mergers are a reasonable match to LVC masses and spins
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https://ui.adsabs.harvard.edu/abs/2021arXiv210906222M/abstract
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https://ui.adsabs.harvard.edu/abs/2021arXiv211103634T/abstract

3. BHs from metal-poor and metal-free stars

Einstein Telescope (ET) and Cosmic Explorer
will observe BBH mergers
at Cosmic Dawn

ET first light: 2035 (expected)

Join ET observation science board now
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https://ui.adsabs.harvard.edu/abs/2023arXiv230315923B/abstract

3. BHs from metal-poor and metal-free stars

SFR Pop. lll stars versus | — Il
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3. BHs from metal-poor and metal-free stars

Merger rate density of BBHs from Pop. Ill stars: uncertainty
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3. BHs from metal-poor and metal-free stars

Mass of Pop. Ill vs Pop. | BBHs: peak at 30 —40 Mo and 8 — 10 Mo - large evolution
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https://arxiv.org/abs/2303.15515

3. BHs from metal-poor and metal-free stars

What about intermediate-mass black holes from Pop Il stars?
We need star cluster dynamics and/or chemically homogeneous evolution

10_1'; — ] —
| nJl =0 9 =10 —
| 1 m | 1 m

10_23

o g .

10! 102
Masses (Mg |

PDF

.

o,
Masses [Mg |
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Santoliquido, MM et al. 2023
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3. BHs from metal-poor and metal-free stars

Detections from ET Mass-gap BHs are rare without dynamics
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4. Conclusions DEM

* LVK data start probing the mass function and spin of BBHs

* Pair instability opens a mass gap in the BH mass spectrum ~ 60 — 120 Mo
(Spera & MM 2017)

but uncertainties on H envelope collapse, rotation and
nuclear reaction rates still allow for narrower mass gap range
(MM et al. 2020; Costa et al. 2021)

* Dynamics could fill the pair-instability gap with star — star collisions
and hierarchical mergers

(MM 2016; Di Carlo et al. 2019, 2020; Bouffanais et al. 2022;
MM et al. 2021, 2022; Ballone et al. 2023; Costa et al. 2023)

* Next-generation detectors will probe BBH mergers out to z ~ 30 (or higher)
— large uncertainties on rate from different models
— possibility to observe Pop. Il stars via their compact remnants
— primary BH mass of Pop. Ill and Il peaks at ~30 — 40 Mo
(Costa et al. 2023; Santoliquido et al. 2023)

THANK YOU
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