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Gravitational waves




Gravitational waves

T nT %uT T

[llustration: NASA Goddard] ] >

2

=3

[LeTiec & Novak 2017]
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Interferometer-based GW detectors: current generation

- Hanford, Washington (H1) Livingston, Louisiana (L1)

-
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Reconstructed (wavelet) Reconstructed (wavelet)
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Normalized amplitude

[the Virgo detector in Cascina (PI),
Italy]

Frequency (Hz)
N

[Abbott et al. 2015]
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The Einstein Telescope

[Rendering by INFN/LNS]
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GW sources

THE SPECTRUM OF GRAVITATIONAL WAVES @esa

Observatories Ground-based Space-based observatory Pulsar timing array Cosmic microwave
& experiments experiment . . background polarisation

Timescales

Frequency (Hz)

Cosmic fluctuations in the early Universe

Cosmic - 7

sources - Compact object falling
onto 3 supermassive Merging supermassive black holes
black hole

Supernova Pulsar

Merging neutron Merging stellar-mass black holes || Merging whit
th in our Gala

e dwarfs
stars in other galaxies in other galaxies Xy

[ESA]
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GW measured parameters
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GW measured parameters

“chirp mass”
_ (m1m2) 3/5

¢ (mg+m,)"/5
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GW measured parameters

“chirp mass”
_ (m1m2) 3/5

¢ (mg+m,)"/5

"effective spin"

m.a ]
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GW measured parameters

“chirp mass”
3/5
_ (mym,)
T i am \1/5
(m1+m2)
"effective spin"
m.a a
131 F Mydy
Hetp = ————=
m +m2

"dimensionless tidal
deformability”

AR
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GW measured parameters

“chirp mass”
_ (m1m2)3/5
e =

(m1+m2)1/5

"effective spin"

m.a ]
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m +m2

"dimensionless tidal
deformability”
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EM counterparts of BNS & BH-NS mergers

Merging BNS or BH-NS binary

Xa

my
m;

GW emission

Complex, but (mostly) deterministic
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EM counterparts of BNS & BH-NS mergers

GW emission

Pre-merger emission
(e.g. perturberd magnetosphere; resonant shattering; ...)

(e.g. Tsang+12,13 , Palenzuela+13, Metzger+16, Lyutikov 19, Most & Philippov 20, Pan+20, Beloborodov 21, ...)
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EM counterparts of BNS & BH-NS mergers

Outflow components Non-thermal emission

Disc wind ejecta

(and remnant winds) ’ -
\ Shock ejecta

Spiral-wave ejecta

Kilonova Radio Remnant

Tidal ejecta Non-relativistic external shock in the ISM

Red Kilonova

NS tidal disruption nuclear-decay-powered, high opacity)

Blue Kilonova

Remnant bar/spiral mod. .
uclear-decay-powered,low opacity)

(BNS w long-lived remnant only)

Shocks
(BNS only)

\ "Purple" Kilonova

(nuclear-decay-powered, low/intermediate

Angular momentum transport opacity)

Neutrino & magnetic fields

Launching mechanism Thermal em n
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EM counterparts of BNS & BH-NS mergers

Outflow components P Jet prompt emission (gamma-rays) - issi
Structured relatn% Relativistic internal shocks? Non-thermal emission

Jet/cocoon afterglow emission (X-rays, UVOIR, Radio)
Cocoon 7 Relativistic external shock in the ISM
Disc wind ejecta
(and remnant winds) ‘\ Cocoon shock breakout (X-rays)

Shock ejecta
Spiral-wave ejecta

Kilonova Radio Remnant

Tidal ejecta Non-relativistic external shock in the ISM

Red Kilonova

NS tidal disruption nuclear-decay-powered, high opacity)

Blue Kilonova

Remnant bar/spiral mod. .
nuclear-decay-powered, low opacity)

(BNS w long-lived remnant only)

Shocks
(BNS only) \ "Purple" Kilonova
(nuclear-decay-powered, low/intermediate

Angular momentum transport opacity)

Neutrino & magnetic fields
Jet-ejecta interaction

| K MHD energy_—" Post-breakout cooling
Launching mechanism extraction process? emission (UV) Thermal em n
(Blandford-Znajek)

(Adapted from Barbieri, Salafia, et al. 2019)
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What can we learn?

(a non-exhaustive list)

Cosmography (bright sirens)

Fundamental physics (GW speed; GR tests)

Nuclear physics (NS equation of state; r-process nucelosynthesis)

e Relativistic jet astrophysics (GRB central engine; jet-launching; jet structure)

Massive binary stellar evolution

(see also C. Ferrigno's talk!)
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Accessible Universe

~10000 BNS/BHNS yr™*
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[Colombo, Salafia, et al. 2025]
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Accessible Universe

~10000 BNS/BHNS yr™*
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[Colombo, Salafia, et al. 2025]
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Accessible Universe

~10000 BNS/BHNS yr™*

e T T

1
e
1
L5
}
¥
|
“r
7
I

~100.GRRs yr-1 1.t Tt ~1.GRR yr-1
~2000 KNe yr " with 9<26". " %20 KNe gr™* with 9<26

[Colombo, Salafia, et al. 2025]
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Localization capabilities
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90% sky localization region [deg?]

[Based on Colombo et al. 25, using GWFAST — lacovelli et al. 22]
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Observational landscape in ET era: optical imaging

The Large Synoptic Survey Telescope
(Vera Rubin Observatory)

Om S. Salafia — Multi-messenger astronomy in ET era

85 deg”™2

pos.eq.dec

15
10°
5 |
0° L
2"20™ 00™ 1"40™

pos.eq.ra
[Andreoni, Margutti, Salafia et al. 21]

(see S. Bonito's talk!)
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Observational landscape in ET era: optical spectroscopy

Mos s Y YT
beams s ey

MOS1/3 focus
relaymirrors & positioner

msm//.

[Bacon et al. 24]

Widefield Spectroscopic
Telescope
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Observational landscape in ET era: keV-MeV

30°

0°

15h 12h
18h o

-30°

sxis
w [Stratta et al. 2018]

IRT

| Radiators
Radiators for XSls
for XGIS
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Observational landscape in ET era:

[AtLAST]
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25

Opt-IR characterization

Om S. Salafia — Multi-messenger astronomy in ET era

[JWST]

—— 29-day model © Photometry, 61 days
@ Photometry, 29 days @ AT2017gfo, 43 days

AT2017gfo, 10 days

Te i} Wi [se

F, (102 erg s cm2 A

10 15 20 25 30 35 40

Observed wavelength (microns)

[Levan, ..., Salafia, et al. 23]
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e Revolutionary potential of multi-messenger astronomy in ET era
e Several tens of BNS/BHNS merger triggers per day
e Localization crucially depends on GW detector network

e Large localization areas very challenging (despite excellent anticipated
capabilities of future facilities)

e Realistically can handle few events per day (photometry, spectroscopy,
multi-wavelength characterization)

e Wide-field keV-MeV monitoring is key for many science cases

Thank you!
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ET-accessible BNS population in (6y,2) space

SNR>30
— 50%
=== 90%
...... 99%

Two sub-samples:
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SNR>12 e 30000 yr—' with SNR>12

 50%
ggz’ | e 2000 yr—! with SNR>30
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GW-GRB delay: speed of gravity, GRB emission physics,
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[Salafia et al. 18]
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[Abbott et al. 2017]
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Kilonova: r-process nucleosynthesis,

Exploding - Human synthesis =
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[AT2017gfo spectra — Pian et al. 17]
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Jet afterglow: Hubble constant, ...

Fig. 2: Posterior distributions for H,.
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[Ghirlanda, Salafia, et al. 19]
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[Hotokezaka et al. 19]
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Jet afterglow: ..., jet structure,
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Host galaxy: massive binary stellar evolution,
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[HST view of NGC4993 — NASA & ESA]
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Detection rate
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Detection rate predictions
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Detection rate predictions
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