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https://agenda.infn.it/event/44606/

1. The past: happy birthday GW150914
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1. The past: GW170817, a firework through the electromagnetic spectrum

short GRB

merger
X-ray afterglow radio afterglow

t0 +1.7 sec /IO.87 hours +9 days  +16 days

optical
counterpart I:}
&)
kilonova
e.g. Abbott+ 2017, ApJ, 848, L13 Credit: slide from Riccardo Ciolfi + LVC
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2. The present: the fourth gravitational-wave transient catalog (GWTC-4)

https://dcc.ligo.org/LIGO-G2002127/public
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2. The present: the fourth gravitational-wave transient catalog (GWTC-4)

Masses in the Stellar Graveyard
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“electromagnetic” BHs
i.e. BHs in binary systerns with a star

. Neutron stars from radio pulsars

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

Abbott et al. 2023, GWTC-3
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https://ui.adsabs.harvard.edu/abs/2021arXiv211103606T/abstract

2. The present: the fourth gravitational-wave transient catalog (GWTC-4) . ]}
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2. The present: the fourth gravitational-wave transient catalog (GWTC-4) pr i%

KAGR

Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars

GWTC-3
it

N
o
o

Solar Masses
o 5
o o
o———>0
o0———0
@
oo—Q
o @—
.—
@D
&0
—e>0
—e—=>0
——>0
._H.
o-—e—>0

-0—>0

-e——>0
—o—0
——>@
o—
.—
o—e
a

()
o

[ J
@
[}
o
—e>-®
(]
(]
)

il N

1 % 0

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

Abbott et al. 2023, GWTC-3
8

Michela Mapelli XXI International Workshop on Neutrino Telescopes, Padova, September 29 2025


https://ui.adsabs.harvard.edu/abs/2021arXiv211103606T/abstract

2. The present: the fourth gravitational-wave transient catalog (GWTC-4) | i%
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

GWTC-4 population paper
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2. The present: the fourth gravitational-wave transient catalog (GWTC-4) pr (y

KAGR

Masses in the Stellar Graveyard
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

GW data revolutionize and challenge our understanding of compact objects
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2. The present: the fourth gravitational-wave transient catalog (GWTC-4)

GWTC-4 population paper

——— B-SPLINE, GWTC-4.0
10" 5 —— BROKEN POWER LAW + 2 PEAKS, GWTC-4.0
¥ | U T PowgeRr LAaw + PEAK, GWTC-3.0
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10 3 T T T T T T —=— T
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my [Mg]
* Primary black hole mass 10 Msun peak Encode key information
* Secondary feature: 35 Msun peak about the origin of black holes

* Long tail extending up to ~100 Msun - inside mass gap LT EF (PO T SETE
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2. The present: the fourth gravitational-wave transient catalog (GWTC-4) o }
VIRG
GWTC-4 population paper KAGRS
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2. The present: the fourth gravitational-wave transient catalog (GWTC-4)

GWTC-4 population paper
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2. The present: the fourth gravitational-wave transient catalog (GWTC-4)

GWTC-4 population paper
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2. The present: the fourth gravitational-wave transient catalog (GWTC-4) fio }
GWTC-4 population paper M
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2. The present: the fourth gravitational-wave transient catalog (GWTC-4) o %

KAGRA

GWTC-4 population paper

MERGER RATE DENSITY
at redshiftz=0

| —— Star Formation (Arbitrary Norm)
1034 PowgR LAw REDSHIFT, GWTC-3.0 J
| —— POWER LAW REDSHIFT, GWTC-4.0 7.6-250 Gpc3 yr?

| — B-SPLNE, GWIC40 for binary neutron stars,

9.1-84 Gpc3 yrt
for neutron star—black hole
binaries,

14-26 Gpc3 yr?
for binary black holes

Black hole rate is
problematic for the models
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2. The present: the most massive system in GWTC-4: GW231123
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black hole mergers?
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https://ui.adsabs.harvard.edu/abs/2025arXiv250708219T/abstract

3. The future: next generation ground-based and space-borne GW interferometers

16 Myr after Big Bang
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Space-based: LISA (2035), TianQin (2034) "
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3. The future: next generation interferometers & intermediate-mass black holes

9

REGION TO SATTEING
BE PROBED BY Supermassive»
Black Hole GWwW190521 NEXT GENERATION Black Hole
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Object Mass

Image credit: NASA/JPL-Caltech (Relative to the Sun)
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3. The future: Next-Generation and Multi-Band Gravitational-Wave Astronomy

Space-based N Ground-based
detectors detectors

a . Inspiral

_—

Possible to observe
inspiral with space-borne
detectors (LISA, TianQin) 20mi

10720 L

Ring-down

and merger after months/years
with ground-based detectors
(LIGO#, Virgonex, ET, CE)

Characteristic strain

10722 |

Intermediate-mass-

— better localization, L

- more chances for counterpart, | pmelmw,

_ information about system
evolution (e.g., eccentricity)

VoY
M(~2025)
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(~2035)

10724

1 1 1
107 1072 107" 10° 10’ 102
Gravitational wave frequency (Hz)

Jani et al. 2020
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3. The future: Neutrinos and Gravitational Waves?

Core Collapse Supernovae (CCSNe) in Milky Way and Magellanic Clouds:

Einstein Telescope horizon for CCSNe up to 100 kpc

Abac et al. 2025 (ET Blue Book)
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Abdikamalov+ 2022
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3. The future: Neutrinos and Gravitational Waves?

GW190425

Mergers of compact binaries associated with y-ray bursts:
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VIRG
KAGRA:

4. Conclusions and future perspective fic ]

@
. /WMBLACK
erc

* The present. more than 200 detections, mostly binary black holes
DEMW
. A ITBLACK
* We can study the mass and spin of black holes: oo
- astrophysical formation channels (stellar evolution with GWSs)
— probes of general relativity and beyond (gravity with GWs)
THANK YOU

* Next-gen GW detectors

2]
e > 1075 binary black hole detections / yr 10 e o3

* Multi-band GW observations % m— | |IGO 05

« 1000 EVENTS with SNR > 100: excellent mass, spin, 35 10 =k
eccentricity measurement and tests of gravity & : ETS A

* Sub deg”"?2 localization 1-

* Mergers up to z = 100, 16 Myr after Big Bang (cosmology
with GWSs) 101 102 103 104 10° 106

» Evolution of binary neutron stars for 1 day (electromagnetic Source-Frame Total Mass [M ]
precursors & neutrino joint detection)

e Core collapse SNe up to 100 kpc — neutrino joint detection
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2. The present: the fourth gravitational-wave transient catalog (GWTC-4)
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https://ui.adsabs.harvard.edu/abs/2023MNRAS.tmp.1606I/abstract
https://gitlab.com/sevncodes/sevn

2. The present: the fourth gravitational-wave transient catalog (GWTC-4)

Excess of simulated binary black hole mergers W
compared to LIGO-Virgo-KAGRA rate
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2. The present: the fourth gravitational-wave transient catalog (GWTC-4)
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2. The present: the fourth gravitational-wave transient catalog (GWTC-4)

103 5
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Mass ratio: first indication of deviations from equal mass
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2. The present: the fourth gravitational-wave transient catalog (GWTC-4)

GWTC-4 population paper
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2. Next-Generation Gravitational-Wave (GW) Detectors

i 104
Cosmic Explorer:

* like LIGO but bigger (20km or 40 km) LIGO O3

| & = LIGO 05
* timeframe 2227272 3 10 — CE
IIIII : -
Einstein Telescope: Sty Fooron e s — LISA
*like LIGO but bigger (10km or 15 km) ksl ROADMAP 2021

* UNDERGROUND L

(minimizes seismic and Newtonian noise)
* maybe TRIANGLE (null stream)
* timeframe > 2035
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2. Next-Generation Gravitational-Wave (GW) Detectors

LISA (ESA | NASA)

* 3-spacecraft laser interferometer

*2.5M km arms

* timeframe: 2035 + 4 yr (10 yr?)

TIANQIN (China, Sun Yat Sen University)
* 3-spacecraft laser interferometer

*0.1M km arms

* timeframe: 2034 + 5 yr (10 yr?)
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Huang, Hu, Korol et al. 2019
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MULTIBAND GW ASTRONOMY

Space-based N Ground-based
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Intermediate-mass- VoY
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Jani et al. 2020
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2. The present: the most massive system in GWTC-4: GW231123

MULTIPLE STAR COLLISIONS
HIERARCHICAL MERGERS Portegies Zwart & McMillan 2002

Miller & Hamilton 2002
MS star

“

MS star

# MS star

1t generation

star with He core
2" gen

MS star

3 gen

~ _ ) Dynamical
4" gen Only possible 9 pairing
in dense
star clusters l

. J
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2. Next-Generation Gravitational-Wave (GW) Detectors

3.0 3.0
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Abac et al. 2025, arXiv:2503.12263 (new Einstein Telescope’s Blue Book)
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1. Intermediate-mass black holes (IMBHs) ~ 102 - 105 Msun

We need them, to form supermassive black holes

l Photo-dissociating
4 UV-radiation

N Accretion
Heavy seeds P ikl o - /
(Direct — w - _,O—> .—>_._
CO||apse CIOUd . —— -~
black holes) e a8 Very massive 10%-10° Msun
T protostar? Supermassive
) black hole
Accretion
Star s runaway e -
clusters s, mergef™ o] - ~
ot : Intermediate-mass I
Stellar OSF;ar / \ Remnant Ac\::re';ion black hole leftovers
remnants o R ® e P ‘ o
. > — . +— o
(Light seeds) = AW~ ® o
— [ J
10 — 10° Msun NO s °

Credit: R. Maiolino, MM, R. Schneider, M. Volonteri
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2. Next-Generation Gravitational-Wave (GW) Detectors

10° ' sl ' 6
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Zevin et al. 2019
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Very good for IMBH formation scenarios

..and yield potentially excellent sky localization

Very good for host galaxy localization and
Electromagnetic counterpart
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Mangiagli et al. 2020
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Evolution of very massive stars: impact on IMBH formation

Impact of pulsational pair instability (if 32 <m__ /Mo < 64) and

air instability supernovae (if64<m_ /Mo <135
P Y stup ( e ) Spera & MM 2017
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Binary black holes (BBHs) from metal-free and metal-poor stars

Detection rate of Pop. lll BBHs from ET

> H22 W SW20 @ J19 LB20

104+ ®
1 [

3 L (]
H o

> ©
> u
|

7%det [)’1'_1]
my
my

my

107
r >
]

my

[
H

>
.

10! |

o\d‘*c&" o”‘ o" 0\06@@Q\Q¢’
RSN T T FTF L
Models

Santoliquido, MM et al. 2023


https://arxiv.org/abs/2303.15515

Formation channels of BBHs: stellar mergers
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