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1. Binary black holes (BBHs) from stellar 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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Massive metal-poor stars end their life with higher mass than metal-rich ones
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1. Binary black holes (BBHs) from stellar 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)
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1. Binary black holes (BBHs) from stellar evolution

Figure from Spera, MM & Bressan 2015
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https://ui.adsabs.harvard.edu/abs/2015MNRAS.451.4086S/abstract

1. Binary black holes (BBHs) from stellar 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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https://ui.adsabs.harvard.edu/abs/2021MNRAS.501.4514C/abstract

1. Binary black holes (BBHs) from stellar 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

320 |l ! I ' | ! | ! I ! | ' | ! | ! | ! | ' | | | | | I

2807 _ __2E4 -----2E3 - BEB---- 17E2 o _-=7 -
2401 ... . BE-4 ------ 4E-3 —— 1E-2 —-—- 2E-2 CseEm T ]
2009 —-=- {E-3 6E-3 — - - 1.4E-2 SR DTTTE it 7
160 :-| T
. l i
. 120 7/ ' 7/
s MASS GAP /
\Te | 1 /
o " -
S | .
2Nz, :l ) —._._._.__._'___.___._._._._.___:'5:

\_‘.\ \;:-‘././ |
R i 7 B
X .A".‘ ———————— . Ifi' ——————————————— L =
R T 0l s O B ol Wb P LGRS TR ES LELES R0
o ‘: —\,\. —_ ,7..:] ' i

' \ ;s ol .

\ Foo !

' — T L
160 180 200 220 240 260 280 300 320 340

MZAMS (M) \ j
J Y
pulsational Y collapse to IMBH
pair instability pair instability SN

7

Michela Mapelli NEHOP, Napoli, June 20" 2023


https://ui.adsabs.harvard.edu/abs/2017MNRAS.470.4739S/abstract

1. Binary black holes (BBHs) from stellar evolution

ISOLATED BINARIES:

two stars form from same cloud
and evolve into two compact objects
gravitationally bound

Turk, Abel, O'Shea 2009

DYNAMICAL BINARIES:

Binary compact objects
(especially BBHs and BHNSS)
form and/or evolve

by dynamical processes

in star clusters

Credits: A. Geller
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1. Binary black holes (BBHs) from stellar evolution

ISOLATED BINARIES:

Two stars form from same cloud and
form a BBH

Massive stars form preferentially
In binary — multiple systems

(Sana et al. 2012; Moe & Di Stefano 2017) Turk, Abel. O'Shea 2009

Many evolutionary processes affect a close binary
Credits: ESO

» Wind mass transfer
» Roche lobe overflow
» Common envelope

> Tidal evolution
» SN kick
» Gravitational wave decay
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1. Binary black holes (BBHs) from stellar evolution
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lorio, MM, et al. 2023

* Mass and number of BBHs depend on metallicity (Z)
* BHs with mass < 50 M, merge in isolation (wait for dynamics..)
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https://ui.adsabs.harvard.edu/abs/2023MNRAS.tmp.1606I/abstract

2. Binary black holes (BBHs) from dynamics

DYNAMICS is IMPORTANT ONLY IF density > 103 stars pc—3

l.e. only in dense star clusters

HIERARCHICAL
MERGERS:

1% generation

2" generation

R136, credit: NASA

Young star clusters .
9 3" generation

47 Tucanae,
NASA/ESA/HST

Globular clusters

Credit: ESO, Gillessen et al.

Nuclear star clusters " .
4" generation ”



2. Binary black holes (BBHs) from dynamics
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https://ui.adsabs.harvard.edu/abs/2021MNRAS.505..339M/abstract

3. BBHs from the first stars (Pop lll stars) & the Einstein Telescope

—
NSTEIN

Einstein Telescope (ET) and Cosmic Explorer
will observe BBH mergers
up to z ~ 30 (~100 Myr after Big Bang)

ET first “light”: 2035 (expected)
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https://ui.adsabs.harvard.edu/abs/2023arXiv230315923B/abstract

3. BBHs from the first stars (Pop lll stars) & the Einstein Telescope

SFR Pop. lll stars versus | -1l
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Costa, MM, et al. 2023
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https://arxiv.org/abs/2303.15515
https://arxiv.org/abs/2303.15511

3. BBHs from the first stars (Pop lll stars) & the Einstein Telescope

Pop Ill BBHs merger rate density Detections from ET
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https://arxiv.org/abs/2303.15515

moving soon to University of Heidelberg

www.demoblack.com New positions / fellowships

available: contact me 16
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http://www.demoblack.com/

4. Conclusions DEM

* Stellar-born black holes form mainly from the interplay of stellar winds,
core-collapse, and pair-instability supernovae

* Pair instability opens a mass gap in the BH mass spectrum ~ 60 — 120 Mo
(Spera & MM 2017; MM et al. 2020; Costa et al. 2021)

* The binary evolution channel forms BBH mergers up to ~ 50 + 50 Mo
(lorio et al. 2023)

* Dynamics could fill the pair-instability gap with hierarchical mergers
(MM et al. 2021, 2022)

* Next-generation detectors will probe BBH mergers out to z ~ 30 (or higher)
(Branchesi et al. 2023)

* Possibility to observe Pop. Il stars via their compact remnants
(Costa et al. 2023; Santoliquido et al. 2023)

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

Uncertainties on BBH merger rate
evolution in isolated binaries

Uncertainties on BBH merger rate
evolution in globular clusters
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Formation rate of globular clusters:

vao(z) = Bao exp |—(2 — zac)*/ (2040
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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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https://arxiv.org/abs/2303.15515

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

2. Black holes (BHSs) in the pair-instability mass gap

IMPACT of H ENVELOPE AND NUCLEAR REACTIONS
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reaction
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Costa et al. 2021, MNRAS, 501, 4514

Take-home message:
large uncertainties
about upper mass gap
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HIERARCHICAL MERGERS
Miller & Hamilton 2002

1% generation

2" gen

X

4™ gen

2. Black holes (BHSs) in the pair-instability mass gap

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

A GW190521-like binary system
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https://ui.adsabs.harvard.edu/abs/2020MNRAS.498..495D/abstract

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

Oln P
Mass loss during collision and further evolution? L= (alnp> )
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Costa et al. 2022, arXiv:2204.03492 24
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2. Black holes (BHSs) in the pair-instability mass gap

MERARCHICAL MERGERS \

Miller & Hamilton 2002

1% generation

2" gen

e @

\ 4™ gen /

LARGE PARAMETER SPACE & VERY MASSIVE CLUSTERS:
IMPOSSIBLE TO PROBE WITH N-BODY SIMULATIONS
- FAST SEMI-ANALYTICAL MODEL WITH DYNAMICS

STAR - STAR COLLISIONS

star with @ LI\/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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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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Hierarchical mergers essential to
explain the most massive BHs
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Max mass of 1g BHs in

our input model
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2. Black holes (BHs) in the pair-instability mass gap: hierarchical
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MM et al. 2021, MNRAS, 505, 339

* Up to 10 generations in nuclear star clusters
* Intermediate-mass black holes (IMBHs) form efficiently in nuclear star clusters

* Most hierarchical mergers are 2" generation .


https://ui.adsabs.harvard.edu/abs/2021MNRAS.505..339M/abstract

4. Future challenges: getting ready for Einstein Telescope

* Tentative schedule
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