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The Gravitational Wave (GW) astronomy era 
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The 2nd generation GW detector network



High-frequency interferometers

Capable to probe 
high frequency 
emitters, such as 
stellar mass compact 
binary inspirals and 
core-collapse SNe

Difficult modelling 

EGW ˜ 10-11-10-7 Msunc2

Accurate modelling

EGW ˜ 10-2 Msunc2



Why is MM detection important?
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GW: 
• mass

• spin

• system orientation

• luminosity distance

EM: 
• precise (arcsec) sky localization

• host galaxy

• Redshift

• MW emission

GWs and photons provide complementary information about

the physics of the source and its environment

• BH mass spectrum

• NS e.o.s.

• Compact object 

binary rates

• Compact objects 

formation and 
evolution

• Probe of 
progenitors, 
central engine 
and geometry 


• Fundamental 
Physics


• Cosmology

• Environment

• Particle acceleration 

mechanisms

• Nucleosynthesis



When do we expect to have and EM counterpart?
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BNS or NSBH mergerBBH merger

Typically not expected to 
produce bright EM signal 
due to the absence

of baryonic matter left 
outside the merger 
remnant (see however  
Loeb 2016, Perna et al.

2016, Janiuk et al. 2017, 
Seto & Muto 2011, Murase 
et al. 2016)

Associated with EM 
transients such as:

• Short gamma-ray 

burst (from TeV to radio)

• Kilonova (UV-optical-IR)
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✓diverse merging times:

➡mix of early and late type galaxies


✓kicks/migration from their birth sites:

➡offset

➡no correlation with UV light of their host 

galaxies

➡diversity of their environment


✓no supernova associated


Fong+13, Berger14, D’Avanzo15

1. Short gamma-ray bursts (SGRBs)

Redshift distribution

AA52CH02-Berger ARI 30 July 2014 6:55
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Figure 2
Limits on supernovae (SNe) associated with short GRBs ( filled triangles) relative to the peak absolute
magnitude of the canonical long GRB-SN 1998bw. Also shown are the distribution of SN peak magnitudes
for long GRBs ( filled circles; hatched region marks the median and standard deviation for the population;
Hjorth & Bloom 2012), local Type Ib/c SNe (histogram; Drout et al. 2011), and two unusual long GRBs that
lacked associated SNe (open triangles; 060505 and 060614; Della Valle et al. 2006, Fynbo et al. 2006,
Gal-Yam et al. 2006, Gehrels et al. 2006). The latter may represent a long duration or extended emission tail
of the short GRB population. With the exception of GRB 050509B, all short bursts with limits on associated
SNe occurred in star-forming galaxies, indicating that despite the overall star-formation activity, the short
GRB progenitors were not massive stars. The inset shows the overall duration distribution of the short
GRBs considered in this review (histogram); the durations of the 7 short GRBs with SN limits are marked by
arrows. The dotted vertical line marks the claimed duration separating Swift noncollapsar and collapsar
progenitors according to the analysis by Bromberg et al. (2013), and yet three of the short GRBs lacking SN
associations have longer durations.

coincident hosts (GRBs 050724A and 100117A; Berger et al. 2005b, Fong et al. 2011), two addi-
tional cases with subarcsecond afterglow positions and likely elliptical hosts with large projected
offsets (GRBs 070809 and 090515; Berger 2010), and four additional likely cases (probabilities of
about 1–5%) based on Swift/XRT positions alone (GRBs 050509B, 060502B, 070729, 100625A)
(Gehrels et al. 2005; Bloom et al. 2006, 2007; Fong et al. 2013). Overall, about 20% of short
GRBs are associated with early-type host galaxies (Fong et al. 2013). In nearly all cases, the iden-
tification of the hosts as early-type galaxies is based on spectroscopic observations that reveal no
star-formation activity (to !0.1 M⊙ year−1), optical/near-IR spectral energy distributions that are
matched by a single stellar population with an age of "1 Gyr, and/or morphological information
based on HST observations. I explore the host-galaxy demographics distribution, and its impli-
cations for the progenitor population, in the next section, but it is clear from the occurrence of at
least some short GRBs in elliptical galaxies that the progenitors belong to an old stellar population.

6. SHORT GAMMA-RAY BURST GALAXY-SCALE ENVIRONMENTS
Having established that the progenitors of short GRBs are generally distinct from those of long
GRBs on the basis of the lack of SN associations and their occurrence in elliptical galaxies, I now
turn to the question of what the progenitors are and what we can infer about their nature from the
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Limits of the SN mag in SGRBs  
compared to typical LGRB SNe

Credits: M.Ferro

L and SGRBs sSFR compared to the 
COSMOS galaxies

LONG

SHORT



2. Kilonova
Optical/infrared isotropic transient produced in the merger of two NSs, powered 

by radioactive decay of neutron-rich species synthesized in the merger

• 10-4-10-2 Msun of ejecta at high velocities (0.1-0.3 c) undergo rapid neutron capture (r-
processes) leading to heavy elements


• necessary to explain abundances of heavy elements
3
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FIG. 2.—Absolute magnitude versus rest-frame time based on our ground-based observations fromMagellan (§2), on Gemini data (Cucchiara et al. 2013b), and
on ourHST photometry (§2; blue: F606W; red: F160W). Also shown is an afterglow model with a single power law decline of Fν ∝ t−2.6, required by the ground-
based observations. This model underpredicts the WFC3/F160W detection by about 3.5 mag. The thick solid and dashed lines are kilonova model light curves
generated from the data in Barnes & Kasen (2013) and convolved with the response functions of the ACS/F606W and WFC3/F160W filters (solid: Mej = 0.1
M⊙; dashed: Mej = 0.01 M⊙). Finally, we also plot the light curves of GRB-SN 2006aj in the same filters (thin dashed; Ferrero et al. 2006; Kocevski et al. 2007),
demonstrating the much fainter emission in GRB130603B, and ruling out the presence of a Type Ic supernova (§3).

PSF to add fake sources of varying magnitudes at the after-
glow position with the IRAF addstar routine, followed by
subtraction with ISIS, leading to a 3σ limit of mF606W ! 27.7
mag. Finally, to obtain a limit on the brightness of the source
in the second epoch of WFC/F160W imaging we add fake
sources of varying magnitudes at the source position and per-
form aperture photometry in a 0.15′′ radius aperture and a
background annulus immediately surrounding the position of
the source to account for the raised background level from
the host galaxy. We find a 3σ limit of mF160W ! 26.4 mag.
We note that our detection of the near-IR source was subse-
quently confirmed by an independent analysis of theHST data
(Tanvir et al. 2013). At the redshift of GRB 130603B, the re-
sulting absolute magnitudes at 9.4 days areMH ≈ −15.2 mag
andMV ! −13.3 mag.

3. AN R-PROCESS KILONOVA
In principle, the simplest explanation for the near-IR emis-

sion detected in theHST data is the fading afterglow. To assess
this possibility we note that our Magellan optical data at 8.2
and 32.2 hr require a minimum afterglow decline rate of α "
−2.2 (Fν ∝ tα); r-band data from Gemini (Cucchiara et al.
2013b) require an even steeper decline of α " −2.6. Simi-
larly, the Gemini gri-band photometry at 8.4 hr indicates a
spectral index of β ≈ −1.5 (Cucchiara et al. 2013b), leading
to inferred magnitudes in the HST filters of mF606W ≈ 21.6

mag and mF160W ≈ 20.0 mag (see Figure 2). Extrapolat-
ing these magnitudes with the observed decline rate to the
time of the first HST observation we find expected values of
mF606W ! 30.9 mag and mF160W ! 29.3 mag. While the in-
ferred afterglow brightness in F606W is consistent with the
observed upper limit, the expected F160W brightness is at
least 3.5 mag fainter than observed. Moreover, the afterglow
color at 8.4 hr ismF606W−mF160W ≈ 1.6 mag, while at 9.4 days
it is somewhat redder,mF606W −mF160W ! 1.9 mag, suggestive
of a distinct emission component.
The excess near-IR flux at 9.4 days, with a redder color

than the early afterglow, can be explained by emission from
an r-process powered kilonova, subject to the large rest-frame
optical opacities of r-process elements (Figure 2). In the mod-
els of Barnes & Kasen (2013), the expected rest-frame B − J
color at a rest-frame time of 7 days (corresponding to the ob-
served F606W−F160W color at 9.4 days) is exceedingly red,
B − J ≈ 12 mag, in agreement with the observed color. As
shown in Figure 2, kilonova models with a fiducial velocity
of vej = 0.2c and ejecta masses ofMej = 0.01−0.1M⊙ bracket
the observed near-IR brightness, and agree with the optical
non-detection.
In Figure 3 we compare the observed F160W absolute mag-

nitude to a grid of models from Barnes & Kasen (2013), cal-
culated in terms of Mej and vej. The grid is interpolated
from the fiducial set of models in Barnes & Kasen (2013),

Berger+13

• large uncertainty in the composition of 
the materials leads to various expected 
colours, duration (a few days) and 
luminosities (~1040 erg/s)


• previous observational evidences 
based on chromatic excesses in short 
GRB afterglows (e.g. GRB 130603B, 
GRB 060614, GRB 050709)



Fast evolving, multi-wavelength transients…
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Short GRB: 
• Prompt MeV emission (< 2 s)

• Multiwavelegth afterglow 

emission: TeV, GeV, X-ray, 
optical and radio (minutes, 
hours, days, months)


Kilonova: UV, optical and NIR

(Hours, days)

… in large (100 deg) skymaps



Follow-up strategy
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FAST
W

ID
E

D
EEP

Need to cover huge sky maps 
(hundreds of square degrees)

Need to find and rank 
candidates

Need to characterize interesting 
candidates

Large area telescopes for 
photometry and spectroscopy


of the candidates

Dedicated strategies/pipelines

Wide-field telescopes and/or 
galaxy-targeted searches



             : the GRAWitational Inaf TeAm
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More than 100 scientists from 21 Institutes 
(INAF + Italian Universities and research 

institutes), born in 2013 specifically for the 
search and characterization of EM 

counterparts of GW candidate events 
detected by LVK from high energies to radio

Science Board 
M.G. Bernardini (PI) 
M. Arca Sedda, M.T. 

Botticella, R. Ciolfi, S. 
Cristallo, F. D’Ammando, A. 
Melandri, A. Rossi, M. Pilia  

WG1 
24h/7d OPERATIONS 

P. D’Avanzo

WG4 
RADIO FOLLOW-UP


M. Giroletti

WG2 
WIDE FIELD SEARCH 

F. Getman

WG5 
HIGH ENERGY PROMPT & 

FOLLOW-UP 
A. Bulgarelli

WG3 
CHARACTERISATION AND 
FOLLOW-UP (Opt & NIR)


S. Piranomonte

WG6 
THEORY

M. Bulla

WG7 
ARCHIVING & WEB 


L. Nicastro

GRAWITA coll. meeting, Padova (2026)



GW 150914 : the dawn of the GW era
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Wide-field search (skymap ~ 600 deg2):

• FAST: 23h after alert

• WIDE: 90 deg2 of large contained 

probability

• DEEP: rlim~22.5 mag

Brocato+17

➡no electromagnetic (EM) counterpart found (but 
none expected since it was a BBH merger)

Abbott+16ESO-VST



GW 170817/GRB 170817A: the birth of MM astronomy with GW

Abbott+17a,b; Goldstein+17; Savchenko+17 12

• On August 17, 2017: first observation 
of a binary NS inspiral GW170817 
• Distance: 40 Mpc

• Rapid sky loc:  

190 deg2 (HL) -> 30 deg2 (HLV)


• Coincident detection of a short GRB 
from Fermi/GBM and INTEGRAL


➡First MM detection with GWs 

➡First proof that BNS mergers are 
progenitor of short GRBs



AT 2017gfo, the first spectroscopically identified kilonova
Pian, D’Avanzo+2017; Arcavi+17; Coulter+17; Evans+17; Lipunov+17; 

Smartt+17; Soares-Santos+17; Tanvir+17; Valenti+17, Lyman+17, Villar+17; 
Margutti & Chornock 21 and many many others

13

➡ First spectroscopic identification of a kilonova and evidence that BNS mergers can 
produce heavy r-process elements!

archival (Pan-STARRS) T+12.5 h 

KN spectral sequence

REM

ESO- VLT/FORS2

ESO-VLT/X-shooter

Pian, D'Avanzo et al., 2017

KN light curve



GRB 170817A: proof of the jet structure
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real image simulated struct. jet

simulated chocked  
jet Θ=45o

simulated chocked  
jet Θ=30o

G
hirlanda, Salafia+19

• X-ray and radio emission non detected 
until 9 days and peaking at ~100 days


➡First GRB seen off-axis 

• Evidence of proper motion and measure of 
the source size with VLBI (Ghirlanda+19, 
Mooley+18)


➡Final proof of the structured jet 
scenario

C
redit: M

. Dinatolo

Alexander+17,18; D’Avanzo+18; Dobie+18; Fong+19; Haggard+17; Hallinan+17; Hajela+19; Margutti+17,18; Mooley+18a,b; Reasmi+18; 
Ruan+18; Troja+18a,b,19,20; Ghirlanda+19; Piro+19; Margutti & Chornock 21 and many many others  

A&A proofs: manuscript no. XMM_GRB170817A_submit

Fig. 3. Left–hand panel: GRB 170817A afterglow light curves in radio at 3 GHz and 6 GHz (red and orange stars respectively, VLA observations
– data from Mooley et al. 2017), in the optical (green stars, HST/ACS observations in the F606W filter – data from Lyman et al. 2018 and Margutti
et al. 2018) and in the X–rays (blue stars: Chandra observations, data from Margutti et al. 2018; light blue circle: our XMM–Newton observation).
Thick coloured solid lines represent our isotropic fireball model (corresponding to either the jet–less scenario outlined in Salafia et al. 2017, or the
choked jet scenario proposed by Mooley et al. 2017). The brown dashed lines represent our structured jet model. The parameters of both models
are reported in Table 1. Upper right–hand panel: the jet structure assumed in our model. The red line represents the isotropic equivalent kinetic
energy, while the blue line shows the Lorentz factor. Lower right–hand panel: the red line shows the peak time of the isotropic outflow light
curve as a function of the minimum velocity �min in the velocity profile. The dashed lines mark the value we employed in the modeling.

is given by

4
3
⇡R3

n(c��)2 = E(> ��) (4)

As soon as all the outflow material has gone across the re-
verse shock, i.e. after the minimum ejecta velocity �min has been
reached, the dynamics turn into simple adiabatic expansion, with
�� / R

�3/2 (Nava et al. 2013). We model the synchrotron emis-
sion from the shock-heated electrons following Sari et al. (1998),
just as in the structured jet model. The parameters are essentially
the same as in Mooley et al. (2017), except for the slightly lower
value of the electron energy power law slope p = 2.14, which
provides a better agreement to the broadband spectrum (see e.g.
Margutti et al. 2018 therein Fig. 6), and for the introduction of
the minimum ejecta velocity �min in order to account for the peak
in the light curve. The parameters of the isotropic outflow model
shown in Fig. 3 (solid lines) are reported in Table 1. The value
�min = 0.88 we employed in the modeling implies a total kinetic
energy Etot ⇡ 9.2 ⇥ 1049 erg (assuming spherical geometry).

4. Conclusions

The XMM–Newton late time observations of the afterglow of
GRB 170817A associated to the BNS merger event GW 170817

presented in this work show evidence that the X–ray flux has
started to decrease. This is supported by the latest HST obser-
vations at the same epoch (Margutti et al. 2018). The combined
spectrum obtained with nearly-simultaneous XMM-Newton and
HST data show no spectral evolution with respect to previous
observations, suggesting a geometric or dynamical origin for the
decrease in flux observed in the afterglow light curve. We mod-
elled the observed X-rays, optical and radio afterglow emission
as (i) the deceleration peak of the core of a structured jet (as
described in §3.1) pointing away from our line of sight or (ii)
the deceleration of an isotropic fireball with a radial velocity
structure. We found that both models succesfully reproduce the
available data. In both scenarios the peak should be achromatic,
implying that a decrease in the flux is expected to be observed
also in forthcoming radio data. On the other hand a still increas-
ing radio flux would be challenging to interpret, and would re-
quire a substantial revision of our current ideas about this object.
The similarity of the light curves of the two models as shown
in Fig. 3 may require some independent measure to disentangle
between these two possible scenarios. Given the di↵erent geo-
metric structure of the models (isotropic vs. jetted) radio polar-
ization measurements of the afterglow (e.g. Toma et al. 2008),
although challenging, could provide the key to distinguish be-

Article number, page 4 of 5

D’Avanzo+18



Towards a European collaboration for GW counterparts

www.pessto.org

www.engrave-eso.org

The GW Optical 
Transient Observer 
GOTO 
www.goto-observatory.org

www.star.le.ac.uk/nrt3/VINROUGE/

15

www.grawita.inaf.it

Governing Council: M. Branchesi, E. Brocato, P. D’Avanzo, J. Hjorth, P. Jonker, E. Pian, S. Smartt, J. Sollerman, D. 
Steeghs, N. Tanvi 
Executive Committee: M. Fraser, A. Levan, K. Maguire, D. Malesani, O.S. Salafia, S. Vergani 
WG leaders: M.G. Bernardini, M.T. Botticella, L. Izzo, A. de Ugarte, S. Schulze, D. Young, A. Perego, J. Chen, S. 
Piranomonte

A collaboration of ~ 250 ESO scientists 
● Approved programs during O3 and O4 
● Time for EM counterparts follow-up on every 

useful VLT instrument + ALMA, HST and JWST   
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Where do we stand now?

16

• Overall, 458 candidates discovered so 
far (GWTC-5 + O4c): mostly BBHs, a 
few are NS-BH binaries or mass gap 
systems and two are possible BNS 
(GW 170817 and GW 190425) 

• No further unambiguous EM 
counterpart detected so far

GW 190425



Constraints on the optical-NIR emission 
associated to GW 190814

Asymmetric system of ambiguous nature, possibly a NS-BH merger

• Both wide field and 
galaxy target 
searches performed


• 27 transients 
detected


• No EM counterpart 
of the GW event 
identified


• Limits to a possible 
kilonova emission 
associated to this 
event, high ejecta 
mass excluded

The ENGRAVE Collaboration, Ackley et al., 2020 17 See also Gomez+19, Andreoni+19



Panning for gold but finding helium
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Ultra-stripped SN 2019wxt discovered when looking for counterparts of the GW 
candidate event S191213g (possible BNS, eventually not confirmed as real event)

The ENGRAVE Collaboration, Agudo et al., 2023

Not a KN, but a peculiar SN



The near future

• Intermediate run 1 (IR1) announced for the late 2026: both LIGO detectors will be 
observing in IR1. Virgo will join but with possible interruptions for maintenance and 
upgrade, and KAGRA will join as available


• Plans and timeline for the O5 are being refined

19

https://observing.docs.ligo.org/plan/



The 3rd generation: Einstein Telescope (ET)

• 10 times more sensitive than 2G detectors (103 
times larger volumes)


• Wider frequencies (lower freq.)


➡Higher redshift accessible:

• Study BNS/NSBH along the cosmic history

• Increase of the detection rate

• Better parameter estimation

• Early warning alerts (+LGWA)
20ET blue book (2026)


LGWA science white paper (2023)

Branchesi et al., 2023 JCAP
Bailes et al., 2021 N

ature



The MM landscape

The GW physics and astronomy in the 2020s and 2030s, Nat.Rev. (2021)

Not only from ground: new ranges of mass accessible (and new physics to probe)



GW 170817/GRB 170817A/AT 2017gfo marks the birth of multi-messenger 
astronomy with GWs: 
✓Definition and consolidation of successful follow-up strategies

✓First GW EM counterpart (at all wavelengths)  
✓First unambiguous observational evidence for a kilonova

✓Evidence for KNe as a heavy elements factory 
✓Smoking gun for short GRB progenitors 
✓Clues on short GRB outflow geometry and properties: first evidence for a 

structured jet 
✓Direct EM distance determination (cosmology)

Where do we stand?



GW 170817/GRB 170817A/AT 2017gfo marks the birth of multi-messenger 
astronomy with GWs: 
✓Definition and consolidation of successful follow-up strategies 
✓First GW EM counterpart (at all wavelengths)  
✓First unambiguous observational evidence for a kilonova

✓Evidence for KNe as a heavy elements factory 
✓Smoking gun for short GRB progenitors 
✓Clues on short GRB outflow geometry and properties: first evidence for a 

structured jet 
✓Direct EM distance determination (cosmology)


Impressive observational campaign that required years of preparation, 
experience with GRBs and SNe crucial (astrophysical understanding of the 
targets and observational strategies)


To perform successful observational campaigns: 

• Broad range expertise needed (observational and theoretical)

• Coordinated observational effort would be beneficial (e.g. Treasure Map 

https://treasuremap.space/)

• Synergic network of big, medium and small facilities is crucial (+space!!)

Where do we stand?

https://treasuremap.space/


GW 170817/GRB 170817A/AT 2017gfo marks the birth of multi-messenger 
astronomy with GWs: 
✓Definition and consolidation of successful follow-up strategies

✓First GW EM counterpart (at all wavelengths)  
✓First unambiguous observational evidence for a kilonova

✓Evidence for KNe as a heavy elements factory 
✓Smoking gun for short GRB progenitors 
✓Clues on short GRB outflow geometry and properties: first evidence for a 

structured jet 
✓Direct EM distance determination (cosmology)


Still a number of open issues: 
• What about NSBH counterparts? 
• What is the origin of the blue KN component?  
• Are all BNS mergers associated to a short GRB? 
• How to unveil the nature of the BNS remnant?

• Do binary mergers have a VHE counterpart? 
• GRBs are detected at TeV energies (D. Miceli & A. Carosi’s talks)

• IACTs f.o.v. increasing and optimised follow up strategies (A. Stamerra’s talk)

➡ Great perspectives with both Astri and CTAO

Where do we stand?
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➡ Great perspectives with both Astri and CTAO

Where do we stand?

Einstein Telescope:

• Routinely detect GW 

associated to short GRBs

• Early warning alerts help in 

reducing the latency for 
follow-up (e.g. Banerjee+23)



Where do we go?

26

Trigger & alert generation: 
GW, neutrino detectors, high‑energy 
satellites (?), and wide‑field optical and radio 
surveys (e.g. Rubin, SKA) issue real‑time 
alerts for transient and multi‑messenger 
events.


Rapid localisation and identification:  
Networks of high energy/UV/optical/IR and 
radio facilities – from 1–4 m class telescopes 
to VLT/ELT, SKA, ngVLA, CTAO and future 
GW/neutrino detectors – rapidly refine 
positions, associate host galaxies and obtain 
first‑epoch spectra.


Classification and physical 
characterisation:  
High‑throughput spectroscopy and IFUs, 
combined with high‑resolution imaging, 
deliver ejecta velocities, composition, 
energetics and environmental diagnostics.

VRO



Backup slides



real image simulated struct. jet

simulated chocked  
jet Θ=45o

simulated chocked  
jet Θ=30o

GRB 170817A: evidence for a structured jet
Evidence for a proper (superluminal, v/
c=4.1+/-0.5) motion with VLBI data (75 and 
230 days) Mooley+18


➡Support the structured jet scenario

Mooley+18

Ghirlanda,..,MGB+19

Measure of the source size <2 mas 
with VLBI data (207 days) Ghirlanda+19


➡Final proof of the structured jet 
scenario

Structured jet: relativistic core with  θjet < 5 
deg and θview ~ 20 deg


