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prompt emission afterglow
GRB 130427A GRB LC (0.1-0.3 MeV) in BATSE

Energy: 10 keV - 10 MeV;   Variability 0.01-1 s
Duration: 0.1 s – 1000s;     Total energy: 1051-1054 erg

What are 
Gamma-ray bursts?

MWL era

Panaitescu et al. 2013

   2004-, .. 
   



short-hard vs. long-soft GRBs

What are 
Gamma-ray bursts?

MWL era   2004-, .. 
   



Progenitors of short and long GRBs
Ascenzi et al. 2020



LIGO, Hanford, WALIGO, Livingston, LA

Virgo, Cascina, Italy

O1 O2 O3
Sep ‘15 - Jan ‘16 Nov ‘16 - Aug ‘17 Apr ‘19 - Mar ‘20

Abbott et al. 2020, LRR

A new window into the Universe



GWs + KN jointly with short GRB 170817A

MM eraBeginning of the 



GRB 211211A



GRB 211211A: long GRB/ KILONOVA

Minute-duration GRB, prompt and bright spikes lasted >12 s

Nearby GRB at 350 Mpc and 8 kpc from the galaxy center 

Rastinejad, J. C. et al. 2022 Nature



See also Troja et al. 2022 Nature, Xiao, S. et al. 2022 Nature

GRB 211211A: long GRB/ KILONOVA

Rastinejad, J. C. et al. arXiv:2204.10864 

10% local long GRB 
population may 

come from mergers

GW170817-like 
events 

are within reach



GRB 211211A: GeV emission

Mei, BB+ 2022, Nature  



GRB 211211A: GeV excess

The GeV emision is in EXCESS with respect to synchrotron emission from standard 
forward shock of the relativisic jet explaining the afterglow emission in the other 

bands

            Light curve                                                      Spectrum

Mei, BB+ 2022, Nature  



GeV emission from a compact binary merger 
 

- External Inverse Compton

- Kilonova seed photons 
   for the EIC

- Electrons nearby the kilonova     
   photosphere at t = 104 s

- Presence of a late-time 
   low-power jet

Mei, BB+ 2022, Nature  



External Inverse Compton of Kilonova photons
            Light curve                                                      Spectrum

Mei, BB+ 2022, Nature  



GeV emission from a compact binary merger 
 

New counterpart for GW signals 

GeV gamma-rays can probe central 
engine activity and  kilonova ejecta

Mei, BB+ 2022, Nature  



Observing run timeline & BNS range 

AdV+ and aLIGO+

O4 volume ~ 3*O3 volume
O5 volume ~10*O3 volumeAbbott et al. 2020, LRR



ET: The European 3G GW observatory 
concept

I

- Triangular shape
- Arms: 10 km
- Underground
- Cryogenic
- Increase laser power 
- Xylophone
...

INCLUDED IN ESFRI ROADMAP in 2021

See GWIC roadmap, Bailes et al. 2021, Nature Reviews Physics
Maggiore et al 2020, JCAP; Evans et al. 2021 arXiv:2109.09882


www.dvdvideosoft.com

IntroductionEinsteinTelescope_nosound



3G effort worldwide

Cosmic Explorer:  L shaped detectors, two sites 
(40km, 20 km [option])

 



EXPECTED SENSITIVITY



ET sky-localization capabilities

• O(100) detections/ yr with sky-localization (90% c.r.) < 100 sq. deg
• Early warning alerts!

ET low frequency sensitivity makes it possibile to localize BNS!

GWFISH:
Dupesta, Harms, BB+ 2022



GRBs at very-high-energies (TeV)
The discoveries of 2019 

MAGIC and H.E.S.S.



• highest fluence ever detected by Fermi/GBM
• high-energy counterpart starting after about 200 s from the 

Fermi/GBM trigger time
• LHAASO reported the detection of more than 5000 VHE 

photons (up to 18 TeV) within 2 ks from the trigger-time

GRB 221009A the GRB of the century!



VHE gamma-ray emission

Banerjee et al. 2022, arXiv:2212.14007

Synthetic VHE prompt SED 
from BNS,  possible with CTA  But, sky-loc.?



VHE gamma-ray emission

Banerjee et al. 2022, arXiv:2212.14007



VHE gamma-ray emission

Banerjee et al. 2022, arXiv:2212.14007



VHE gamma-ray emission

Banerjee et al. 2022, arXiv:2212.14007



Summary

      1. GW 170817/ GRB 170817A has opened the new era of MM              
          astronomy

      2. GRB 211211A has raised series of questions and possibilities. GeV   
          is a possible window to look for the counterparts: large FoV, all-sky!  

      3. Late spring 2023, we wait for the 04 run of LVK with as many             
          telescopes as possible. GMRT proposal submitted!

      4. GeV and TeV counterparts of GWs are yet to be explored by             
          observations.

      5. BNS merger pre-alert is powerful tool for early EM detections 
          (e.g. CTA) in the third generation of GW detectors.



GRB 170817A  
• 100 times closer than typical GRBs observed by Fermi-GBM 
•  "Subluminous" compared to the population of long/short GRBs
• 102 – 106  less energetic than other short GRBs

 Abbott et al.  2017, APJL, 848, L13

First short GRB viewed off-axis?



CTA and GW DETECTOR synergies

GRB 190114C (MAGIC)
GRB 180720B(HESS)

Afterglow VHE emission!



NSNS/ NSBH channels to produce 
short GRB jets

Ascenzi et al. 2020



Unnecessary, 
yet 

sometimes life saving 
slides



Gamma-ray bursts

Discovery Dark ages Afterglow-era MWL-era MM-era

1967 1970- 1990 1997- … 2004- … 2017- …

0.2 - 1.5 MeV

Klebesadel et al. 1973

VHE-era

2019- …



Dark ages 1970-1990

our Galaxy
cosmological sources

it can be almost anything also something very energetic



Afterglow era
Costa et al. 1997

prompt emission

afterglow

van Paradijs et al. 1997
z~ 0.2-2

BeppoSAX-Wide Field (20x20 deg2) 
X-ray camera onboard (2-30 keV)



Early EM emission 
detectable only by 
on-axis observers

EM emission 
detectable also by 
off-axis observers

Credit: Salafia

Relativistc beaming:
emitting surface  ∝ 1/Γ



Discovery of SNe associated with 
long GRBs:

SN 1998bw, historically first



Prompt emission



GW 170817

Forward shock 
from a 

structured jet

Credits: Ronchini

X-ray emission 
9 days after the merger

Radio emissions 16 days 
after the merger

Troja et al.  2017 Nature

Hallinan et al.  2017 Science



GW170817 BINARY NS MERGER



D’Avanzo et al. 2017, A&A

F(t)  t∝ 0.7−0.8

After 150 days from the BNS merger…

..unexpected slow 
achromatic flux–rise 

until  150 days!∼



GW 170817
Villar+ 2017 and refs therein

Pian et al. 2017 Nature 
Smartt et 2017 Nature




Acciari et al. 2019, Abdalla et al. 2019 & 2021; Acciari et al. 2021

GRBs at very-high-energies (TeV)
The discoveries of 2019 

MAGIC and H.E.S.S.



LVK 04

Colombo et al. 2022



105 BNS detections per year

105 BBH detections per year

COMPACT OBJECT BINARY POPULATIONS

BINARY NEUTRON-STAR MERGERS 

BINARY BLACK-HOLE MERGERS 

 Sampling astrophysical populations of binary system 
of compact objects 

along the cosmic history of the Universe 

Harms et al. arXiv:2205.02499



The ET sensitivity will make it possible: 

• EARLY UNIVERSE

• POPULATION

• PRECISION GW ASTRONOMY: exceptional parameter 
    estimation accuracy for very high SNR events 

Re
m

ot
e 
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er
se

Nearby Universe

PRECISE ASTRONOMY, NUCLEAR PHYSICS



Multi-messenger in the ET era



ET sky-localization capabilities

• O(100) detections per year with sky-localization (90% c.r.) < 100 sq. deg
• Early warning alerts!

ET low frequency sensitivity make it possibile
To localize BNS!



Network sky-localization capabilities

• O(1000) detections per year with sky-localization 
     (90% c.r.) < 10 sq. deg

ET+CE

Harms et al. arXiv:2205.02499, Ronchini et al. arXiv:2204.01746
 



Image Credit: Ronchini

RELATIVISTIC JET PHYSICS,
GRB EMISSION MECHANISMS, COSMOLOGY and MODIFIED 

GRAVITY

KILONOVA PHYSICS, NUCLEOSYNTHESIS, NUCLEAR 
PHYISCS and H0 ESTIMATE

 Image credit: NASA Goddard Space Flight Center

Hundred of MM events per year!



Prompt emission



Very High Energy Emission

Banerjee et al. 2023, arXiv



Very High Energy Emission

Banerjee et al. 2023, arXiv



Detection of VHE prompt emission from BNS?

USE OF EARLY WARNING ALERTS FROM ET!

Banerjee et al. 2022, in prep. 



SKY-LOCALIZATION PRE-MERGERS

Banerjee et al. 2022, in prep. 

BNS Events per year up to z=1.5



Kilonova emission

Daniel Kazen et al.  2017

Metzger 2019 for the review

Li & Paczyński 1998: 
Transient events from neutron star mergers



GRB 211211A

Rastinejad et al. 2022, Nature





The Neil Gehrels Swift Observatory - from 2004

- 70 GRBs/yr
- almost all with X-ray afterglow
- ~60% optical afterglow
- ~30 radio afterglow



The mystery of X-ray afterglows observed by Swift

?
expected from forward shock



on-axis view
off-axis view

on axis transients 
GWs,GRB, afterglow, kilonova 

off axis transients 
GWs, ?, afterglow, kilonova 

NS-NS(BH) channels to produce short GRB jets

taken from Ascenzi et al. 2020



Off-axis X-ray emission from GRBs

Ascenzi et al. 2020
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