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Gomboc+2012

Fishman et al. 1995
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An emitter moving at  v ~ c, even if emitting isotropically in its rest frame, 
will strongly beam its radiation as seen by the observer.

v = 0 
Γ = 1

v ~ c 
Γ >> 1

Beaming angle : Ω = 4π

Beaming angle : Ω = π θ2 

                 θbeam ~ 1 / Γ
1 / Γ

Credits @ D. Perley
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θjet
θbeam = 1 / Γ Observer

On-axis observer



S.D. Vergani - ISAPP School 2021

θjet
θbeam = 1 / Γ Observer

ObserverΓ =1/θjet 

θbeam = θjet

On-axis observer



S.D. Vergani - ISAPP School 2021

θjet
θbeam = 1 / Γ Observer

ObserverΓ =1/θjet 

θbeam = θjet

Achromatic break

Γ =1/θjet 

θbeam = θjet

On-axis observer
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Observer

Off-axis observer

θjet
θbeam = 1 / Γ
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Off-axis observer

Observer

Γ =1/θjet 

θbeam = θjet

Granot+2002
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Off-axis observer

Observer

Γ =1/θjet 

θbeam = θjet

Rossi+2002
Granot+2014
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Rejected

GRB170817 / GW170817
Ghirlanda+2019
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Choked jet (not successful)  
radial structure 
some degree of anisotropy 
Γ1 < Γ2 < Γ3 
Ε1 > Ε2 > Ε3 
Ejet < Eejecta

Structured Jet (successful)  
off-axis jet  

+ angular structure 
Γ1 > Γ2 > Γ3 
Ε1 > Ε2 > Ε3 
Ejet < Eejecta 

radial or angular structure due to the interaction 
 of the jet head with the merger ejecta 

Rise t0.8
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Mooley+18: displacement of 2.7mas in 155 days

VLBI images

GRB170817 / GW170817

Ghirlanda+2019
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successful jet

chocked jet = 30° chocked jet = 45°

GRB170817 / GW170817

Ghirlanda+2019



S.D. Vergani - ISAPP School 2021

Choked jet (not successful)  
radial structure 
some degree of anisotropy 
Γ1 < Γ2 < Γ3 
Ε1 > Ε2 > Ε3 
Ejet < Eejecta

Structured Jet (successful)  
off-axis jet  

+ angular structure 
Γ1 > Γ2 > Γ3 
Ε1 > Ε2 > Ε3 
Ejet < Eejecta 

radial or angular structure due to the interaction 
 of the jet head with the merger ejecta 

Rise t0.8



S.D. Vergani - ISAPP School 2021

GRB170817 / GW170817

successful structured jet

Ghirlanda+2019
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Hajela+2021Hajela+2021

Hajela+2021

GRB170817 / GW170817 / KN afterglow?
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GRB170817 / GW170817

Credit: LIGO/Virgo Collaboration
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GRB170817 / GW170817

Salafia+2019
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• Are all BNS associated with SGRB? 

• Are all SGRB associated with BNS? 

• Are all SGRB associated with BNS similar to GRB170817? 

• Is the jet structure universal? 

• Are SGRB associated also with NSBH ?

GRB170817 / GW170817
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• Burbridge+1957, Cameron+1957 : heavy elements produced by r-process 

• Where? 

• Core-collapse SNe? Compact binary mergers (Lattimer & Schramm 1974)? 

• Rosswog+1999,2000 :  
dynamical ejecta in compact binary mergers producing heavy elements 

• Li & Paczynski 1998 :  
radioactive decay of the neutron-rich nuclei in dynamic ejecta  
produce a macronova (also referred to as kilonova)  
a short lived optical - IR weak supernova-like signal.

Kilonova (KN)

• Eichler+1989 : SGRB - BNS
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Kilonova (KN)

Credits @ Los Alamos
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Kilonova (KN)

Credits @ S. Goriely
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Kilonova (KN)

Takigawa+2017
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Kilonova (KN)
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Kilonova (KN)

Cowan+2004
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• Burbridge+1957, Cameron+1957 : heavy elements produced by r-process 

• Where? 

• Core-collapse SNe? Compact binary mergers (Lattimer & Schramm 1974)? 

• Rosswog+1999,2000 :  
dynamical ejecta in compact binary mergers producing heavy elements 

• Li & Paczynski 1998 :  
radioactive decay of the neutron-rich nuclei in dynamic ejecta  
produce a macronova (also re-ferred to as kilonova)  
a short lived optical - IR weak supernova-like signal.

Kilonova (KN)

• Eichler+1989 : SGRB - BNS
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ESO-VLT/X-Shooter Pian et al. 2017, Nature

First spectral identification of a KN 

• radioactive decay of  
     r-process nucleosynthesis 

• BNS merger site for heavy 
element production  in the 
Universe

Spectrum

Kilonova (KN) : AT2017gfo

Which heavy elements? 
Very difficult!
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Kilonova (KN) : AT2017gfo

Watson+2019, Nature
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Kilonova (KN)

Watson+2019
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Kilonova (KN)

Cowan+2004
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• Are all KN like AT2017gfo? 

• Will we be able to identify heavy elements?  

• What is the mass produced?
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Host Galaxy
Belczynski+2018
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Host Galaxy

• Stellar evolution models 
• Galaxy evolution simulations

Belczynski+2018

Artale+2020
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High chance to host a BNS merger 
• massive (bright in NIR) 
• some SFR (bright in UV-VIS)

Host Galaxy

Artale+2020
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High chance to host a BNS merger 
• massive (bright in NIR) 
• some SFR (bright in UV-VIS)

Host Galaxy

Artale+2020
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Host Galaxy

Credit: NASA
Credit: Space Telescope Science Institute
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Host Galaxy

Host galaxy observations and BNS rate 
• Stellar evolution models 
• Galaxy evolution simulations

Credit: NASA
Credit: Space Telescope Science Institute
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Detection 

Identification 

Characterization

The Electro-Magnetic (EM) counterpart quest

S.D. Vergani - ISAPP School 2021
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Detection : necessary …but no astrophysics 

Identification : necessary + some astrophysics 

Characterization : Top!

S.D. Vergani - ISAPP School 2021
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LIGO-Virgo-Kagra events

Merger of binary system of neutron stars
NS-NS or BNS

Kilonova
(KN)

Relativistic jet
(Gamma-ray burst)

host galaxy
or globular cluster

EM counterparts
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LIGO-Virgo-Kagra events

Merger of binary system of neutron stars
NS-NS or BNS

Kilonova
(KN)

Relativistic jet
(Gamma-ray burst)

host galaxy
or globular cluster

Transients!
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LIGO-Virgo-Kagra events

Merger of binary system of neutron stars
NS-NS or BNS

Kilonova
(KN)

Relativistic jet
(Gamma-ray burst)

host galaxy
or globular cluster

Knowledge based on models and 1 event
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Credits: NASA
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Credits: CHANDRA
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Detection  

S.D. Vergani - ISAPP School 2021
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LIGO-Virgo-Kagra events

Mergers of binary systems of neutron stars
NS-NS or BNS

Sky map & Distance
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LIGO-Virgo-Kagra events

Mergers of binary systems of neutron stars
NS-NS or BNS

Sky map & Distance

~104 deg2
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LIGO-Virgo-Kagra events

Mergers of binary systems of neutron stars
NS-NS or BNS

Sky map & Distance

~10 deg2
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Kilonova (KN)

Credits @ Mumpower 2019
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Kilonova (KN)

Credits @ Mumpower 2019

S.D. Vergani - ISAPP School 2021
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blue component (faster, blue optical filters)

red component 
slower, neutron rich 
Near-infrared filters

Kilonova (KN)

merger ejecta
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blue component (faster, blue optical filters)

red component 
slower, neutron rich 
Near-infrared filters

Kilonova (KN)

merger ejecta

what we see depends on our viewing angle

On-axis

Off-axisθview
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Credits: NASA
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Optical Filters
UV InfraRed

U  B  V  R  I  J  H  K

u  g  r  i  z  y  J  H  K

S.D. Vergani - ISAPP School 2021
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García-Vargas+13

S.D. Vergani - ISAPP School 2021
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Villar+17 and refs therein

Kilonova (KN)

GW170817/AT 2017gfo

Light-curve
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Kilonova (KN)

GW170817/AT 2017gfo

Light-curve

Apparent  
Magnitude

Villar+17 and refs therein
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Kilonova (KN)

GW170817/AT 2017gfo

Light-curve

Villar+17 and refs therein
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Villar+17 and refs therein

Kilonova (KN)

GW170817/AT 2017gfo
Ejecta components 
Velocity of the ejecta 
Ejected Mass

Light-curve



S.D. Vergani - ISAPP School 2021

ESO-VLT/X-Shooter Pian et al. 2017, Nature

First spectral identification of a KN 

• radioactive decay of  
     r-process nucleosynthesis 

• BNS merger site for heavy 
element production  in the 
Universe

Kilonova (KN)

GW170817/GRB170817/AT2017gfo

Spectrum
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Inter-Stellar 
Medium (ISM)

blue component

red component
radio KN 
afterglow

Kilonova (KN)



S.D. Vergani - ISAPP School 2021

Kilonova (KN)

Hajela+2021
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Kilonova (KN)
adapted from Chornock+2019

~103Mpc~5*102Mpc
~102Mpc
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Kilonova (KN)

Margutti+2018



S.D. Vergani - ISAPP School 2021

blue component (faster, blue optical filters)

red component 
slower, neutron rich 
Near-infrared filters

merger ejecta

what we see depends on our viewing angle

Kilonova (KN)
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Kilonova (KN)

Margutti+2018
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Detection  
I need observations that : 

•  cover the sky map 
•  reach the expected magnitudes 

(in a “small” amount of time) 
 

N.B.: The telescope time is limited!!! 

S.D. Vergani - ISAPP School 2021
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Field of view (FOV)
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largest telescopes

Credit: ESO

Field of view (FOV)

VLT
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largest telescopes

Credit: ESO

Credit: SVOM

Field of view (FOV)

very small telescopes
GWAC

VLT



S.D. Vergani - ISAPP School 2021

largest telescopes

Credit: ESO

Credit: SVOM

Field of view (FOV)

very small telescopes
GWAC

VLT

Survey telescopes

~10 deg2

Vera Rubin Telescope

Source : National Accelerator Laboratory
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fainter objects (fluxes): 
intrinsically fainter or more distant 

For the same amount of observing time
…and time matters!

FO
V
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fainter objects (fluxes): 
intrinsically fainter or more distant 

If we want to cover a large part of the sky
—> smaller telescopes

If we want to cover faint objects
—> larger telescopes

+ fast!

FO
V
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Vera Rubin

2023 ->

S.D. Vergani - ISAPP School 2021
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Kilonova (KN)

Margutti+2018
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Kilonova (KN)

Mochkovitch+2021

Lack of sensitive transient survey telescopes in the NIR
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Kilonova (KN)

~104 deg2 ~103 deg2

~10 deg2

Do we have instruments with 
• wide enough FOV
• enough sensitive 
• (and rapid)?

~ OK 
for very close ones

~ NO 
for the far ones

~ maybe OK 
for very close ones

~ NO 
for the rest

OK 
except for the far ones
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Kilonova (KN)

~104 deg2 ~103 deg2

~10 deg2

Do we have instruments with 
• wide enough FOV
• enough sensitive 
• (and rapid)?

OK 
except for the very far / red

LSST key role
for detection !
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Distance

Viewing angle

Sky map extent

P of success

Kilonova (KN)

(with on-axis caveat)

S.D. Vergani - ISAPP School 2021
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Relativistic jet (Gamma-ray burst)

relativistic jet 
afterglow

from X-rays to radio

ISM
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Relativistic jet
(Gamma-ray burst)

• Viewing angle of the observer 
• Jet structure 
• Burst energetic 
• Density of the inter-stellar medium

z=0.1
z=0.2

Courtesy of Om Sharam Salafia
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Relativistic jet
(Gamma-ray burst)

• On-axis: good but we must be fast 
• Off-axis/high z: (extremely) faint

z=0.1
z=0.2

Courtesy of Om Sharam Salafia
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Credits: NASA
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Credits: NASA
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Relativistic jet
(Gamma-ray burst)

• On-axis: good but we must be fast 
• Off-axis: faint

z=0.1
z=0.2

Courtesy of Om Sharam Salafia
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Relativistic jet
(Gamma-ray burst)

If the localization is not precise 
we need satellites capable of rapidly scanning the sky

z=0.1
z=0.2

Courtesy of Om Sharam Salafia
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MXT FoV: 1.1° x 1.1°

XRT FoV: 23.6 x 23.6 arcmin 

but ~ same exposure time
to reach the same flux values!
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Relativistic jet
(Gamma-ray burst)

• weak bursts peak earlier 
• lower frequencies —> lower peak flux 
• lower frequencies peak later

Courtesy of Om Sharam Salafia
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Relativistic jet
(Gamma-ray burst)

radio scans
~102deg2 ~1h

• More time 
• Faint but ~doable for small/intermediate off-axis angles  
• large off-axis angles: good localization needed

Courtesy of Om Sharam Salafia
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Relativistic jet (Gamma-ray burst)
gamma rays

gamma rays 
(fainter)

gamma rays 
(fainter)
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Credits: NASA
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FoV: All sky 
Localization: ~10-102 deg2

Gamma-ray emission helps!

FoV
Localization:  

~arcmin
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FoV: All sky 
Localization: ~10-102 deg2

FoV
Localization:  
~arcminutes

If on-axis & detected by Swift: 
immediate X-rays & optical observations 

Localization: arcsec precision!
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On-axis with detection of gamma rays
best case for relativistic jet (& host galaxy) detection

BUT

We may miss the KN!
(and many aspects of jet physics)

Relativistic jet (Gamma-ray burst)

S.D. Vergani - ISAPP School 2021
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Relativistic jet
(Gamma-ray burst)

• On-axis: good but we must be fast 
• Off-axis/high z: (extremely) faint

z=0.1
z=0.2

Courtesy of Om Sharam Salafia
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Kilonova (KN)
adapted from Chornock+2019

~103Mpc~5*102Mpc
~102Mpc
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On-axis with detection of gamma rays
best case for relativistic jet (& host galaxy) detection

BUT

We may miss the KN!
(and many aspects of jet physics)

Relativistic jet (Gamma-ray burst)

S.D. Vergani - ISAPP School 2021
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Distance

Viewing angle

Sky map extent

P of success

Relativistic jet (Gamma-ray burst)

Burst Energetic

ISM density
(excluding very high densities)

S.D. Vergani - ISAPP School 2021



S.D. Vergani - ISAPP School 2021

Host Galaxy

Credits: NASA
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High chance to host a BNS merger 
• massive (bright in NIR) 
• some SFR (bright in UV-VIS)

Host Galaxy
Belczynski+2018

Artale+2020
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LIGO-Virgo-Kagra events

Mergers of binary systems of neutron stars
NS-NS or BNS

Sky map & Distance

~103 deg2
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Detection  
Galaxy surveys (all-sky)  

with information on distance and magnitudes 

We observe galaxies in the sky map by prioritizing: 
• high probability sky map regions 
• galaxies with expected distance and properties 

S.D. Vergani - ISAPP School 2021
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Coulter+2017

GW170817 - NGC 4993

Host Galaxy
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Coulter+2017

GW170817 - NGC 4993
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NIR Galaxy luminosity function

Luminosity

G
al

ax
y 

de
ns

ity

Host Galaxy

Shirakata+2017
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fainter objects (fluxes): 
intrinsically fainter or more distant 

co
m

pl
et

en
es

s

apparent magnitudes

missing galaxies
Su

rv
ey

  
Co

ve
ra

ge
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Detection  
Galaxy surveys (all-sky)  

with information on distance and magnitudes 

We observe galaxies in the sky map by prioritizing: 
• high probability sky map regions 
• galaxies with expected distance and properties

 Issue: Catalogue incompleteness 

Large sky map/distant event —> large number of galaxies 
Limited telescope time + limited time window to detect the KN 
 Issue: Observation incompleteness

S.D. Vergani - ISAPP School 2021
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example from O3 run 

~10 deg2

With transient surveys  
+ 

Dedicated galaxy observations

Ackley+2020
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example from O3 run 

Ackley+2020
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example from O3 run 

~10 deg2

With transient surveys  
+ 

Dedicated galaxy observations

Ackley+2020
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Identification

S.D. Vergani - ISAPP School 2021
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We need light-curve or spectrum 
(supposing that models are correct)  

faint object and/or many candidates 
how can we identify that it is the counterpart? 

large localization: many transients! 
faint: just one point 

radio: slow variability

S.D. Vergani - ISAPP School 2021
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Kilonova (KN)

~104 deg2 ~103 deg2

~10 deg2

Do we have instruments with 
• wide enough FOV
• enough sensitive 
• (and rapid)?

large localization: many transients!

LSST key role
for detection !
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Kilonova (KN)

faint: just one point
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radio scans
~102deg2 ~1h

Courtesy of Om Sharam Salafia

• Time association! 
• Many transients 
• Late time (faint at other wavelengths) 

Multi-wavelength strategy with the best telescopes needed 
Ok for few objets, not for many
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Kilonova (KN)
adapted from Chornock+2019

Spectrum only with largest telescopes 
Ok for few objets, not for many
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Detection : necessary …but no astrophysics 

Identification : necessary + some astrophysics 
H0, some spectral features, some rough properties of the KN ejecta 
(blue component, velocity,…) 

Characterization : Top!

S.D. Vergani - ISAPP School 2021
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Detection : necessary …but no astrophysics 

Identification : necessary + some astrophysics 
H0, some spectral features, some rough properties of the KN ejecta 
(blue component, velocity,…) 

Characterization : Top! 
See Ghirlanda’s lectures

Challenging but not 

impossible! 

Potentially high scientific 

return! 

We will keep trying! 

S.D. Vergani - ISAPP School 2021
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Thank you!
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Credit: LIGO/Virgo Collaboration

Relativistic jet (Gamma-ray burst)

GW170817/GRB170817
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Relativistic jet (Gamma-ray burst)

Makhathini et al. (2020)

GW170817/GRB170817

Relativistic, structured jet
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host galaxy
or globular cluster

Distance information used for H0 

Environment 

Evolutionary channel studies 

Credit: NASA
Credit: Space Telescope Science Institute
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Kilonova (KN)
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