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The GW era



The GW era: GW 150914



Credit: G. Greco, Gwsky https://github.com/ggreco77/GWsky

GW 150914 – EM search

Brocato et al. 2017

Abbott et al. 2016

600 deg2 skymap from LIGO/Virgo
Huge observational effort, mainly with wide-field facilities

No EM counterpart found

No EM counterpart expected from BHBH merger
Expected EM counterparts for NSNS/NSBH 

merger:
- Short GRBs (beamed emission)
- Kilonovae (isotropic emission)

ESO-VST



NS-NS / NS-BH electromagnetic 
counterparts

Short GRB

on-axis

off-axis

courtesy: M. G. BernardiniMetzger & Berger 2012



A key signature of an NS–NS/NS–BH binary merger is the 
production of a so-called “kilonova” (aka “macronova”) due 
to the decay of heavy radioactive species produced by the 
r-process and ejected during the merger that is expected to 
provide a source of heating and radiation (Li and Paczynski 
1998; Rosswog, 2005; Metzger et al., 2010). 

Kilonova

NS-NS / NS-BH electromagnetic 
counterparts

Tanaka et al. (2017)Metzger & Berger 2012



Follow-up strategy



Follow-up strategy

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

Wide field telescopes and/or 
targeted galaxy search

Need to find candidates Dedicated strategies/pipelines

Need to filter and characterize the 
most promising candidates

Large area telescopes to obtain 
spectra and light curves of the 

candidates



The GW era – O1 & O2
Sept 2015 – Jan 2016: LVC O1 science run
Nov 2016 – Aug 2017: LVC O2 science run

Abbott+19
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GW 170817 & GRB 170817A

Abbott+17; Goldstein+17; Savchenko+17



12:41:04 UTC

12:41:06 UTC

Credits: G. Greco (Uni Urb.)

GW 170817 / GRB 170817A / AT2017gfo 

GW 170817

GRB 170817A

AT2017gfo

D = 40 Mpc



T+12h44marchivalMelandri+17
Pian, PDA+17

Abbott+17

GW 170817 / GRB 170817A / AT2017gfo 



Pian, PDA et al., 2017
(see also Arcavi+17; Coulter+17; Evans+17; Lipunov+17; Smartt+17; 

Soares-Santos+17; Tanvir+17; Valenti+17 and many others)  
Covino et al., 2017

Full characterization of the KN properties

KN spectral sequence

polarimetry

KN light curve            

GW 170817 / GRB 170817A / AT2017gfo 

Three components Kilonova model with different 
velocity, composition and electron (proton) fraction 
(low Ye: lanthanide-rich; high Ye: lanthanide-poor)

0.03-0.05 MSun ejected mass
Fast moving dynamical ejecta (0.2c) + slower wind 
(0.05c)  

Tanaka+17



GW 170817 / AT2017gfo / GRB 170817A

1st detection of
the afterglow

Troja+17

Hallinan+17
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1st detection of
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PDA+18

XMM-Newton @ t=135 d

detection of the afterglow at the peak



GW 170817 / AT2017gfo / GRB 170817A

1st detection of
the afterglow

Troja+17

Hallinan+17

PDA+18

XMM-Newton @ t=135 d

detection of the afterglow at the peak
Michela Di Natolo (Bachelor student)

see also Duan+19; Salafia+19  
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Ghirlanda+17

The radio afterglow is detected with an angular size < 2 mas in VLBI 
data obtained ~ 207 d after the merger. Evidence for superluminal 
motion is also found measuring an angular offset between T+75 d and 
T+235 d.   



PDA+18

XMM-Newton @ t=135 d

GW 170817 / AT2017gfo / GRB 170817A

Ghirlanda+17

Full characterization of the GRB properties: evidence for a structured jet

detection of the afterglow at the peak

1st detection of
the afterglow

The radio afterglow is detected with an angular size < 2 mas in VLBI 
data obtained ~ 207 d after the merger. Evidence for superluminal 
motion is also found measuring an angular offset between T+75 d and 
T+235 d.  
These findings, together with the afterglow light curve modelling, 
support the structured jet model. Fit to the data and numerical 
simulations are in agreement with the scenario of a structured jet with 
a relativistic core with  θjet < 5 deg and θview ~ 20 deg.  

Troja+17

Hallinan+17

Alexander+17,18; PDA+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 others  

Michela Di Natolo (Bachelor student)
see also Duan+19; Salafia+19  



Hajela+21

Troja+21

KN afterglow?

Accretion on 
compact remnant?

Magnetar?

GRB170817A: still detected after years
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The Multi-Messenger era

- Scientific perspectives and opportunities:
 - Characterize the counterparts of NS-NS / NS-BH mergers
 - Determine the yield of heavy elements from KNe
 - Study the jet structure, rate and energetics of short GRBs
 - Characterize the environment & probe into the binary evolutionary channels
 - Direct EM distance determinations on a sample of events
 - The unknown

- GW 170717 / GRB 170817A / AT2017gfo results: 
 - Definition and consolidation of successful follow-up strategies
 - First GW EM counterpart (at all wavelengths) 
 - First unambiguous observational evidence for a kilonova
 - Evidence for kilonovae 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 BH-NS EM counterparts?
 - what is the origin of the blue KN component? 
 - are KNe associated to every short GRB?
 - how to unveil the nature of the NS-NS remnant?
 - (…)



The GW era – O3



The GW era – O3a

O3a (Apr – Sep 2019)
39 events, 3 with M < 3  MSUN :

GW 190425 -> BNS, 104 deg2 skymap
GW 190426  -> BHNS, 103 deg2 skymap
GW190814 -> (?)  BHNS, 19 deg2 skymap



The GW era – O3b

O3b (Nov 2019 – Mar 2020)
35 events, 2 with M < 3  MSUN :

GW 191219 -> BHNS, 103 deg2 skymap
GW 200210 -> BHNS/BBH, 103 deg2 
skymap



O3: lessons learned



..…

O3: lessons learned



O4 timeline
https://observing.docs.ligo.org/plan/

LIGO, Virgo, and KAGRA continue to work to prepare the detectors for the start of O4. Our 
ability to start O4 in March 2023 is currently under review. Unanticipated delays in some 
construction elements of LIGO has delayed remaining detector commissioning (…) we expect 
to be able to make a more confident plan for starting early in January.

Rates in O4 are highly uncertain: we may have > 3 GW trigger per week

During O4, we expect that four facilities (LIGO Hanford (LHO) and Livingston (LLO), KAGRA 
and Virgo) will observe for one year with a month break in the middle. KAGRA is expected to 
start with Virgo and LIGO, and then step away for commissioning and return to observing with 
a greater sensitivity toward the end of the O4 run.



Multi-Messenger Astrophysics (GW) @ RSN4



Multi-Messenger Astrophysics (GW) @ RSN4

Scheda Coordinator # INAF 
Institutes

# INAF 
people

AGILE C. Pittori 8 35

ET M. Branchesi 13 55

Fermi Science P. Caraveo 4 12

GAME L. Piro 4 13

GRAWITA E. Brocato 11 66

GRB@Mi G. Ghirlanda 3 13

GRB@OAS E. Pian 4 11

GuRu S. Piranomonte 6 9

HERMES F. Fiore 8 30

INTEGRAL L. Natalucci 3 14

INTEGRAL 
HEASS

A. Malizia 3 14

LGWA J. Harms 9 27

NuMerJet R. Ciolfi 9 18

Progress L. A. Antonelli 15 244

Swift G. Tagliaferri 4 24
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Search for coincident GW-GRBs
since O1
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Scheda Coordinator # INAF 
Institutes

# INAF 
people
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Progress L. A. Antonelli 15 244

Swift G. Tagliaferri 4 24

Detection of the short GRB 170817A, 
associated to GW 170817



Multi-Messenger Astrophysics (GW) @ RSN4

Scheda Coordinator # INAF 
Institutes

# INAF 
people
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Swift G. Tagliaferri 4 24

Study of the off-axis GRB afterglow emission 
-> evidence for structured jet

Full characterisation of the GW 170817 KN



Multi-Messenger Astrophysics (GW) @ RSN4

Scheda Coordinator # INAF 
Institutes

# INAF 
people
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1st (unique) UV 
KN detection 
(blue KN)

Early-time X-ray limits 
(1st hint for GRB off-
axis emission)



Multi-Messenger Astrophysics (GW) @ RSN4

Scheda Coordinator # INAF 
Institutes

# INAF 
people

AGILE C. Pittori 8 35

ET M. Branchesi 13 55

Fermi Science P. Caraveo 4 12

GAME L. Piro 4 13

GRAWITA E. Brocato 11 66

GRB@Mi G. Ghirlanda 3 13

GRB@OAS E. Pian 4 11

GuRu S. Piranomonte 6 9

HERMES F. Fiore 8 30

INTEGRAL L. Natalucci 3 14

INTEGRAL 
HEASS

A. Malizia 3 14

LGWA J. Harms 9 27

NuMerJet R. Ciolfi 9 18

Progress L. A. Antonelli 15 244

Swift G. Tagliaferri 4 24

Discovery of the 
X-ray afterglow

Long-term monitoring of the off-axis GRB 
afterglow emission -> evidence for structured 
jet



GRAvitational Wave Inaf TeAm

~ 100 scientists 
from 21 Institutes 

(INAF + Universities)
Active since O1 



(Super-)GRAWITA & ENGRAVE

Governing Council: M. Branchesi, E. Brocato, P. D’Avanzo, J. Hjorth, P. 
Jonker, E. Pian, S. Smartt (Chair), J. Sollerman, D. Steeghs, N. Tanvir.
Executive Committee: A. Levan (Chair), M. Fraser, K. Maguire, D. 
Malesani, O. S. Salafia, S. Vergani.   

www.engrave-eso.org

A collaboration of ~ 200 ESO scientists (since O3)
Approved program during Oct 2018 – Mar 2020 fully covering O3. Time 
for EM counterparts follow-up on every useful VLT instrument + ALMA 
HST and JWST.   

+
Coordination with AGILE, Fermi, 
INTEGRAL & Swift INAF research 

teams
(Super-GRAWITA, since O3)

~ 100 scientists 
from 21 Institutes 

(INAF + Universities)
Active since O1 

www.grawita.inaf.it



Follow-up strategy

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

Wide field telescopes and/or 
targeted galaxy search

Need to find candidates Dedicated strategies/pipelines

Need to filter and characterize the 
most promising candidates

Large area telescopes to obtain 
spectra and light curves of the 

candidates



Facilities in O4

ESO/VLT

GRAWITA
ENGRAVE

Super-GRAWITA

AGILE
Fermi

INTEGRAL

Swift

XMM-Newton
Chandra

JWST HST

ALMA
(SRT)

Medicina
Noto

e-MERLIN
VLA
EVN
VLBI

LBT
TNG

ESO/NTT

Asiago
(Loiano)

REM
VST

Schmidt: Asiago / Campo Imperatore



The Future

Beyond O4



Future Facilities

SOXS@ESO-NTT 
PI: S. Campana

Vera Rubin Obs.



Future Facilities

Lisa



VST AGILE
INTEGRAL

Fermi
Swift

Swift TNG
REM

INAF 1-2m

LBT
TNG

SOXS@NTT

-  ESO has (and will have) a very good ToO policy
-  National facilities (at all scales) should be kept in operations, with a ToO policy (LBT and TNG 
have ToO, REM is robotic – great! - very good that VST will have -> to be improved!)
-  Vital to keep as long as possible high-energy satellites 
-  Great SVOM will arrive soon, it would be fantastic to have THESEUS and Athena in the ’30s

A new era just begun, great opportunities for breakthrough discoveries, 
INAF should keep sustaining at all levels (funds, facilities, recruitment, collaborations) 

this field, to keep leadership (worldwide) role. 
GRAWITA will benefit from a Large Grant-> vital to reach the O4 horizon 

People
Computing 

(Funds)

People
Computing 

(Funds)

People
Computing 

(Funds)

- A new era for astrophysics, great discovery 
space, opportunities for early career 
astronomers
-  INAF at the forefront (worldwide) since the 
dawn of this era
-  Leadership gained (also) thanks to the GRB 
(BeppoSAX & Swift) and SNe heritage
-  Future can be (very) bright, but also hard 
(see O3)
-  Importance of multi-wavelength and 
theoretical expertises -> importance of 
collaborations (also international)
-  Importance of flexible facilities, ToO, possibly 
dedicated    

Final Thoughts




