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1. What drives the mass function of
compact objects?

[ ° Lower Mass Gag 2. Is there an upper mass gap? j

tttteetenaeeeeess 3. Is there a lower mass gap?
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2. The mass of BHs and NSs

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. The mass of BHs and NSs

CORE - COLLAPSE SUPERNOVA | DIRECT COLLAPSE:

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)

4 ™
Fundamental question:
does the star explode as
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2. The mass of BHs and NSs: winds + core collapse SN
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Figure from Spera, MM & Bressan 2015
see also Heger et al. 2003;

MM et al. 2009, 2010, 2013;

Belczynski et al. 2010; Fryer et al. 2012
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2. The mass of BHs and NSs: pair instability and the upper mass gap

Very massive metal poor stars
efficiently produce gamma-ray (~1 MeV) photons

at the end of carbon burning Costa et al. 2021, MNRAS, 501, 4514

9.6 — . . .
Leading to formation of 1 ) 1
electron-positron pairs 0.4 ) ['<4/3 *
9271 Instability " T
Missing photon pressure 9 0+ region {
triggers instability: ;T .
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PAIR INSTABILITY an 6_‘_ 1
* Contraction of 3 4_"_ / 1
stellar core 8.2-.1; Perfect Gas Degenerate |
* premature ignition of col— A
neon, oxygen, silicon ) 3 4 5 6 7 2
Log p.

Fowler & Hoyle 1964; Barkat et al. 1967;
Rakavy & Shaviv 1967; Ober et al. 1983; Stars (Circles): beginning (end) of , carbon,

Bond et al. 1984; Woosley et al. 2002; -
Heger & Woosley 2002; Woosley et al. 2007 neon, and oxygen burning
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2. The mass of BHs and NSs: pair instability and the upper mass gap

Impact of pulsational pair instability (if 32 <m__/ Mo < 64) and
pair instability supernovae (if 64 <m_,_ / Mo < 135)

Spera & MM 2017, MNRAS, 470, 4739
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see also Yoshida et al. 2016; Belczynski et al. 2016; Woosley 2017, 2019; Giacobbo et al. 2018;

Marchant et al. 2018, 2019; Stevenson et al. 2019; Farmer et al. 2019, 2020; Woosley & Heger 2021
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2. The mass of BHs and NSs: pair instability and the upper mass gap

Impact of pulsational pair instability (if 32 <m__/ Mo < 64) and
pair instability supernovae (if 64 <m_,_ / Mo < 135)
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2. The mass of BHs and NSs: uncertainties on the upper mass gap

- nuclear reaction rates ( **C(a,y)**0) - rotation of progenitor

- core overshooting / envelope undershooting - treatment of convection
- collapse of H envelope
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See also: Takahashi 2018; Leung et al. 2018; Farmer et al. 2019, 2020; MM et al. 2020; Marchant et al. 2019,
2020; Tanikawa et al. 2020; Farrell et al. 2020; Renzo et al. 2020; van Son et al. 2020; Liu & Bromm 2020;
Safarzadeh & Haiman 2020; Belczynski 2020; Kinugawa et al. 2020; Umeda et al. 2020;

Woosley & Heger 2021; Vink et al. 2021; Costa et al. 2021 12
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2. The mass of BHs and NSs: uncertainties on the lower mass gap

Uncertainties on the outcome of a core collapse supernova are

even larger than uncertainties on pair instability
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Belczynski et al. 2010 (Startrack model); Fryer et al. 2012 (Delayed and Rapid model);

Spera et al. 2015 (Starlab model); Zevin et al. 2020 3
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3. What are the formation channels of binary compact objects?

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

Credit: A. Geller
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3. Formation channels: isolated binaries

ISOLATED BINARIES:

Two stars form from same cloud and
become a binary compact object

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
Credit: ESO

> Wind mass transfer
> Roche lobe overflow
» Common envelope

» Tidal evolution
» SN kick
» Gravitational wave decay
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3. Formation channels: isolated binaries

BOTTLENECK:
A BBH merges only if its initial orbital separation < 100 Ro

but the radius of BH progenitors grows (much) larger than 100 Ro

[ binary semi-major axis]

KEY PROCESS: Common envelope ~1-100Ro
could be a
h BH-BH
X-
ray binary can form
CE phase . _ 0
o o
BH+MS YES
IS THE
® — ® . ENVELOPE
EJECTED? \ cores
envelope NO @ mergeto
single BH

binary semi-major axis
~ 100 - 10’000 Ro

16

Michela Mapelli IPAM, November 16™ 2021



3. Formation channels: mass of isolated binaries
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* Mass and number of BBHs depend on metallicity (Z)

* BHs with mass < 65 M, form, but only BHs with mass < 40 M, merge in isolation

because of envelope loss in common envelope and mass transfer
17
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3. Formation channels: spins of isolated binaries

1.0

BBH ,r”'_

* Gravitational wave events support 084 ™ HMXB /7

relatively low-spinning BHs = - Lrl\if(lfB /
(Abbott et al. 2021, ApJ, 2021, ApJ, 913, L7) & o6
* Some BHs in high-mass X-ray binaries Lj 047

are extremely fast spinning s .
(e.g., Reynolds 2020; Miller-Jones et al. 2021) Yy

0.0 P A e | ,

1
0.0 0.2 0.4 0.6 0.8 1.0
BH spin parameter a

Fishbach & Kalogera 2021
How can we explain these two populations?

BH spin should be related to spin of the core at the end of stellar evolution

- PROBLEM: -
we do not know how efficient is angular momentum transport
from stellar core to envelope

if inefficient — population of FAST SPINNING BHs
if efficient — population of SLOW SPINNING BHs

Limongi & Chieffi 2018; Fuller et al. 2019; Fuller & Ma 2019; Belczynski et al. 2020
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3. Formation channels: spins of isolated binaries
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Fuller & Ma 2019, ApJ, 881, L1

Fast spinning BHs from

Porb (d)
chemically homogeneous evolution (CHE) OO
(e.g., Marchant et al. 2016:; e 2 @ . @

Mandel & de Mink 2016; de Mink & Mandel 2016)
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3. Formation channels: spins of isolated binaries

We do not understand spin magnitudes
but maybe we do understand spin orientations

SPINS mostly ALIGNED to the
orbital angular momentum
of the binary by tides and mass transfer

ONLY SUPERNOVA EXPLOSION
can misalign it by a few / a few ten degrees
(Kalogera 2000; Rodriguez et al. 2016; Gerosa et al. 2018; Belczynski et al. 2020)
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https://ui.adsabs.harvard.edu/abs/2000ApJ...541..319K/abstract
https://ui.adsabs.harvard.edu/abs/2016ApJ...832L...2R/abstract
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3. Take home message for isolated binaries

* Relatively low-mass BBHs (m <50 M)

from isolated evolution
but large uncertainties
from stellar evolution

®* We do not understand spin magnitudes

® Spin directions of isolated BBHs
mostly aligned with orbital
angular momentum of binary
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BH spin parameter a
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3. Formation channels: 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 Zwairt et al. 2010)

R136
in the LMC

HST — NASA

r *ﬁ _alubblc - NASA -
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3. Formation channels: dynamics

Exchanges bring BHSs Iin binaries

BEFORE

®
star

BH

AFTER

.

| ¢®

7
\GVZS

Properties of BBHs formed via exchange:

* more massive than field BBHs

* high initial eccentricity

* isotropically oriented spins

— spinh components can be in the orbital plane

I

Ziosi et al. 2014, MNRAS, 441, 3703
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https://ui.adsabs.harvard.edu/abs/2014MNRAS.441.3703Z/abstract

3. Formation channels: exchanges and stellar mergers

Normalized Density
1074 103 1072 1071 1
|

1. Dynamics favours mass ratios < 1 | ‘
e Z=0.0002 %
2. Dynamics favours large BBH mass 60- . z=0.002 e
| e Z=0.02 A P iy
Isolated BBHSs only 404 ° Orginal BBHs Q£
primary mass up to ~50 Mo = Exchanged BBHs 1 BN
% GWTC-2 BBHs 8, e A
Dynamical BBHs with s
primary mass > 50 Mo r
2 20_ ..
~ 1 % BBH mergers g i
with mass in the pair instability o
mass gap, S
corresponding to ~ 5% of 10+
detectable events
5t o ge
Di Carlo et al. 2019, MNRAS 487, 4947 B Y 20 40 60 80
Rastello et al. 2021, MNRAS, 507, 3612 m; [Mo]
Banerjee, 2021, MNRAS, 500, 3002 o
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https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.2947D/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.507.3612R/abstract

3. Formation channels: exchanges and stellar mergers

What produces BHs with mass > 60 Mo in the previous plot?

MS star

N
/

Star with oversize envelope

BH in PISN gap

#

~Na
g

Dynamical pairing

Evolved star (He core) _ _ _
Scenario to form GW190521-like binary systems

Di Carlo et al. 2019, MNRAS 487, 4947
Di Carlo et al. 2020a, MNRAS, 497, 1043
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https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.2947D/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497.1043D/abstract

3. Formation channels: hierarchical mergers

| 1% generation
8 47 Tucanae, credit:

_ NASA/ESA/HST

2" gen.

Creditf ESO
Gillessen et al

R136, credit: NASA

! Nuclear clusters: 3 gen. ‘
§ >10° Mo, >10 Gyr

Globular clusters:

Young star clusters:
10%->Mo, < 100 Myr

104-5 Mo, > 10 Gyr 4" gen.
Hierarchical mergers of BHs Main obstacle to
Repeated mergers of BHs hierarchical chains:
building a more massive one Gravitational wave recoil
up to a few x 1000 km/s
Possible only in star clusters: (e.g., Lousto et al. 2012)

the merger remnant

can find a companion

by dynamical exchange
(e.g. Miller & Hamilton 2002)

Higher than the escape velocity
from least massive star clusters
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3. Formation channels: hierarchical mergers

Nuclear star clusters can build up intermediate-mass black holes in this way
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Antonini et al. 2019, MNRAS, 486, 5008 MM et al. 2021. MNRAS. 505, 339

See also Rodriguez et al. 2019; Arca Sedda et al. 2020; Fragione et al. 2020;
Gerosa et al. 2019, 2021 27
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https://ui.adsabs.harvard.edu/abs/2021MNRAS.505..339M/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486.5008A/abstract

3. Take home message for dynamical binaries

L\ >
® Several dynamical channels can S 4 0

fill the upper mass gap:
ISI Credit: Ugo N. Di Carl
« Stellar collisions redit: Ugo N. Di Carlo

« Hierarchical mergers ‘
in different star clusters
and AGN disks

® Spin directions isotropically
distributed

/
4
®

/.lg/O
e .o

Credit: Imre Bartos
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4. Future challenges: getting ready for 3G detectors

Einstein Telescope and Cosmic Explorer
will observe BBH mergers

up to z ~ 30 (~100 Myr after Big Bang)
and BNS mergers

uptoz~2 (cosmic noon)

1005_ A -~ —|-H0r1zorI1”m_:
10% detected
50% detected-

— Develop the main science case
— Build an active and :
inclusive scientific community 10|
ready to exploit 3G data :

— Maximize the scientific impact

Redshift

1 10 100 1000 10000
Total source-frame mass [ M ]
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Uncertainties on ISOLATED binaries (star formation, metallicity, binary evolution)

Cosmological Redshift (z)
0 01 03 05071014 2 3 59

0%

— a5
U(Z) 25%<P<75%
w(z) 25%<P<75%

Rens(2) [Gpc™3 yr~1] Reuns(2) [Gpe™3 yr 11 Rgpu(2) [Gpe™3 yr1]

0 2 4 6 8 10
Look back time [Gyr]

Santoliquido et al. 2021, MNRAS, 502, 4877

14

. Future challenges: merger rate evolution

Fixed binary evolution model

Changing star formation rate
(within 50% C.1. of observations)

Changing metallicity
(within 50% C.1. of observations)

See also

Chruslinska et al. 2019

Neijssel et al. 2019

N

Broekgaarden et al. 2021

van Son et al. 2021

Chruslinska et al. 2021

Tanikawa et al. 2021

Mandel & Broekgaarden 2021

Boco et al. 2021

For pop Il stars
Liu & Bromm 2020
Ng et al. 2021
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https://ui.adsabs.harvard.edu/abs/2021MNRAS.502.4877S/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.5012C/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.3740N/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.508.5028B/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv211001634V/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.508.4994C/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv211010846T/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv210714239M/abstract
https://ui.adsabs.harvard.edu/abs/2021ApJ...907..110B/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.2475L/abstract
https://ui.adsabs.harvard.edu/abs/2021ApJ...913L...5N/abstract

4. Future challenges: merger rate evolution

Uncertainties on ISOLATED binaries (star formation, metallicity, binary evolution)

Cosmological Redshift (z)
0 01 03 050.71014 2 3 59

Fixed star formation rate and

metallicity 103 -
Changing efficiency parameter of g
2 =

common envelope a 10 10-2 o
=

S3

103
] 1071

See also

Mandel & Broekgaarden 2021
Neijssel et al. 2019
Broekgaarden et al. 2021

van Son et al. 2021
Chruslinska et al. 2021
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<
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Santoliquido et al. 2021, MNRAS, 502, 4877 31
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https://ui.adsabs.harvard.edu/abs/2021MNRAS.502.4877S/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv210714239M/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.3740N/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.508.5028B/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv211001634V/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.508.4994C/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv211010846T/abstract

4. Future challenges: merger rate evolution and mass evolution

Uncertainties on BBH merger rate evolution in globular clusters

Redshift = = Combined
DRl e e G 250 s
10° -
200 =
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Uncertainties on the formation rate of Uncertainty about globular cluster
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2 2
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MM et al. 2021 Kremer et al. 2020
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https://ui.adsabs.harvard.edu/abs/2021arXiv210906222M/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJS..247...48K/abstract

5. Conclusions demoblack com
The future of binary compact object studies is bright (or loud): DEM LACK
LIGO — Virgo — KAGRA O4 and O5 i

Einstein Telescope & Cosmic Explorer, LISA Hel0

but we have a lot of work to do:

Predictive power of astrophysical models on BHs and NSs is hampered by

Uncertainties on massive star evolution: \
stellar winds, rotation, ang. mom. transport,
core/envelope overshooting, nuclear reactions,..
(affect the upper mass gap and BH spins) >

- Uncertainties on binary evolution

common envelope, mass transfer efficiency..
- Uncertainties on stellar collision products _)

uncertainties on
stellar and binary evolution

- Uncertainties on star cluster formation uncertaintes on
- Uncertainties on star cluster evolution stellar | gas dynamics
(e.g. equipartition, gravothermal catastrophe,..)

- Uncertainties on cosmic star formation rate uncer_talntles on )
. . . . cosmic star formation
- Uncertainties on cosmic metallicity evolution
+ extremely large parameter space — computational challenge 33
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