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Figure 7

Jetted outflows with di↵erent angular structures �(✓) and dE(✓)/d⌦ (right panels) successfully reproduce the broad-band
afterglow observations of GW170817 at radio (orange and pink), optical (purple) and X-ray (blue) wavelengths. Some
models are motivated by the physics of BNS mergers (Gottlieb et al. 2018b, Kathirgamaraju et al. 2019b, Hajela et al.
2019, Lazzati et al. 2018) and others are analytical abstractions (e.g., gaussian jets, Ghirlanda et al. 2019). These models
share the presence of a highly collimated core of ultra-relativistic ejecta at ✓ < ✓jet viewed o↵-axis (✓obs > ✓jet) and
surrounded by mildly relativistic wings of material. Due to relativistic beaming, the pre-peak emission is dominated by
radiation from the wider-angle mildly relativistic outflow (e.g., a cocoon). The jet core dominated the detected emission at
t & tpk. Observational data originally presented by: Alexander et al. (2017, 2018), Haggard et al. (2017), Hallinan et al.
(2017), Margutti et al. (2017, 2018), Kim et al. (2017), Troja et al. (2017, 2018a, 2019b, 2020), Dobie et al. (2018), Lyman
et al. (2018), D’Avanzo et al. (2018), Mooley et al. (2018b,a), Nynka et al. (2018), Resmi et al. (2018), Ruan et al. (2018),
Fong et al. (2019), Hajela et al. (2019), Lamb et al. (2019a), Piro et al. (2019), Makhathini et al. (2020).

and of the density of matter surrounding the binary at the time of merger (§5.1), which is

ultimately responsible for the deceleration of the mass outflows.

Following the SGRB literature, we refer to this non-thermal emission as an afterglow.

The synchrotron emission depends on the outflow kinetic energy Ek, the environment den-

sity n, the fraction of post-shock energy into tangled magnetic fields ✏B and accelerated

electrons ✏e, as well as on the details of the distribution of non-thermal relativistic electrons

N(�e) / �
�p
e (e.g., Sari et al. 1998). In the case of collimated relativistic outflows, the

observed emission carries further dependencies on ✓jet and ✓obs (Figure 1). As of ⇠ 3 yrs

after the merger, the non-thermal emission from GW170817 has been dominated by the

afterglow of a structured jet seen o↵-axis (§5.1, Figure 7). Future observations of this very

nearby system might identify the first kilonova afterglow (§8.1).

5.1. Structure and Geometry of a Jetted Relativistic Outflow

Broadband afterglow observations of GW170817 provide the first direct evidence that BNS

mergers are able to launch highly collimated relativistic jets that can survive the interaction

with the local merger ejecta, as first theorized by Paczynski (1986), Eichler et al. (1989),
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM

A
G
ES

:P
H
O
A
S
A
S
-S

N
FO

R
T
H
E
V
-B

A
N
D

O
P
T
IC
A
L
;K

A
N
A
TA

FO
R
T
H
E
R
-B

A
N
D

IN
M
A
G
N
IF
IE
D
V
IE
W

ON OUR WEBSITE
◥

Read the full article
at http://dx.doi.
org/10.1126/
science.aat1378
..................................................

on February 16, 2021
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

BOX 2: Multi-messengers and their inter-relation

Figure 6: Multiple messen-
ger particles possibly em-
anating from (A) a blazar
flare; (B) a tidal disruption
event (gravitational waves
detectable by eLISA for
some events); (C) a long
gamma-ray burst; (D) an
engine-driven supernova, or
(D) a supernova (gravita-
tional waves detectable for
Galactic events); (F) a dou-
ble black hole merger, or (G)
a double neutron star merger
leading to a short gamma-
ray burst.

A multi-messenger source might emit two, three, or even all four di↵erent
types of messengers. For instance, panel (G) of Fig.6 shows a binary neutron
star merger such as the GW/GRB 170817 event, from which two types of
multi-messengers, gravitational waves (GW) and photons (�), were observed
[54, 57, 59]. Such sources may also emit high energy neutrinos (HENs) and
cosmic rays (CRs) e.g. [84, 85, 165], although for this particular source
theories predict fluxes too low for current detectors; if so, even closer events
or next-generation HEN facilities will be required to observe HEN from these
sources. Another panel, (B), shows a tidal disruption event (TDE) of a
star by a massive black hole; in this case shocks in the disrupted gas can
accelerate particles and lead to CRs and HENs, e.g. [166, 167, 168, 169].
TDEs involving white dwarf stars and ⇠1000M� black holes lead to strong
low-frequency (⇠1mHz) gravitational wave emission that could be observed
by the forthcoming eLISA mission.

A solitary supermassive black hole with a jet may emit gamma-rays, HEN,
and cosmic rays (panel B), as we suspect occurred during the 2017 flaring
episode of the BL Lac-type blazar TXS 0506+056 [66, 67, 68, 65, 70, 71].
Here and in related sources, the coproduction of CRs, HEN, and high-energy
gamma-rays is anticipated, as the physics of these three messengers are
closely connected – high-energy particle acceleration and shocks lead to the
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Figure 7

Jetted outflows with di↵erent angular structures �(✓) and dE(✓)/d⌦ (right panels) successfully reproduce the broad-band
afterglow observations of GW170817 at radio (orange and pink), optical (purple) and X-ray (blue) wavelengths. Some
models are motivated by the physics of BNS mergers (Gottlieb et al. 2018b, Kathirgamaraju et al. 2019b, Hajela et al.
2019, Lazzati et al. 2018) and others are analytical abstractions (e.g., gaussian jets, Ghirlanda et al. 2019). These models
share the presence of a highly collimated core of ultra-relativistic ejecta at ✓ < ✓jet viewed o↵-axis (✓obs > ✓jet) and
surrounded by mildly relativistic wings of material. Due to relativistic beaming, the pre-peak emission is dominated by
radiation from the wider-angle mildly relativistic outflow (e.g., a cocoon). The jet core dominated the detected emission at
t & tpk. Observational data originally presented by: Alexander et al. (2017, 2018), Haggard et al. (2017), Hallinan et al.
(2017), Margutti et al. (2017, 2018), Kim et al. (2017), Troja et al. (2017, 2018a, 2019b, 2020), Dobie et al. (2018), Lyman
et al. (2018), D’Avanzo et al. (2018), Mooley et al. (2018b,a), Nynka et al. (2018), Resmi et al. (2018), Ruan et al. (2018),
Fong et al. (2019), Hajela et al. (2019), Lamb et al. (2019a), Piro et al. (2019), Makhathini et al. (2020).

and of the density of matter surrounding the binary at the time of merger (§5.1), which is

ultimately responsible for the deceleration of the mass outflows.

Following the SGRB literature, we refer to this non-thermal emission as an afterglow.

The synchrotron emission depends on the outflow kinetic energy Ek, the environment den-

sity n, the fraction of post-shock energy into tangled magnetic fields ✏B and accelerated

electrons ✏e, as well as on the details of the distribution of non-thermal relativistic electrons

N(�e) / �
�p
e (e.g., Sari et al. 1998). In the case of collimated relativistic outflows, the

observed emission carries further dependencies on ✓jet and ✓obs (Figure 1). As of ⇠ 3 yrs

after the merger, the non-thermal emission from GW170817 has been dominated by the

afterglow of a structured jet seen o↵-axis (§5.1, Figure 7). Future observations of this very

nearby system might identify the first kilonova afterglow (§8.1).

5.1. Structure and Geometry of a Jetted Relativistic Outflow

Broadband afterglow observations of GW170817 provide the first direct evidence that BNS

mergers are able to launch highly collimated relativistic jets that can survive the interaction

with the local merger ejecta, as first theorized by Paczynski (1986), Eichler et al. (1989),
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tional waves detectable for
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ray burst.

A multi-messenger source might emit two, three, or even all four di↵erent
types of messengers. For instance, panel (G) of Fig.6 shows a binary neutron
star merger such as the GW/GRB 170817 event, from which two types of
multi-messengers, gravitational waves (GW) and photons (�), were observed
[54, 57, 59]. Such sources may also emit high energy neutrinos (HENs) and
cosmic rays (CRs) e.g. [84, 85, 165], although for this particular source
theories predict fluxes too low for current detectors; if so, even closer events
or next-generation HEN facilities will be required to observe HEN from these
sources. Another panel, (B), shows a tidal disruption event (TDE) of a
star by a massive black hole; in this case shocks in the disrupted gas can
accelerate particles and lead to CRs and HENs, e.g. [166, 167, 168, 169].
TDEs involving white dwarf stars and ⇠1000M� black holes lead to strong
low-frequency (⇠1mHz) gravitational wave emission that could be observed
by the forthcoming eLISA mission.

A solitary supermassive black hole with a jet may emit gamma-rays, HEN,
and cosmic rays (panel B), as we suspect occurred during the 2017 flaring
episode of the BL Lac-type blazar TXS 0506+056 [66, 67, 68, 65, 70, 71].
Here and in related sources, the coproduction of CRs, HEN, and high-energy
gamma-rays is anticipated, as the physics of these three messengers are
closely connected – high-energy particle acceleration and shocks lead to the
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Figure 7

Jetted outflows with di↵erent angular structures �(✓) and dE(✓)/d⌦ (right panels) successfully reproduce the broad-band
afterglow observations of GW170817 at radio (orange and pink), optical (purple) and X-ray (blue) wavelengths. Some
models are motivated by the physics of BNS mergers (Gottlieb et al. 2018b, Kathirgamaraju et al. 2019b, Hajela et al.
2019, Lazzati et al. 2018) and others are analytical abstractions (e.g., gaussian jets, Ghirlanda et al. 2019). These models
share the presence of a highly collimated core of ultra-relativistic ejecta at ✓ < ✓jet viewed o↵-axis (✓obs > ✓jet) and
surrounded by mildly relativistic wings of material. Due to relativistic beaming, the pre-peak emission is dominated by
radiation from the wider-angle mildly relativistic outflow (e.g., a cocoon). The jet core dominated the detected emission at
t & tpk. Observational data originally presented by: Alexander et al. (2017, 2018), Haggard et al. (2017), Hallinan et al.
(2017), Margutti et al. (2017, 2018), Kim et al. (2017), Troja et al. (2017, 2018a, 2019b, 2020), Dobie et al. (2018), Lyman
et al. (2018), D’Avanzo et al. (2018), Mooley et al. (2018b,a), Nynka et al. (2018), Resmi et al. (2018), Ruan et al. (2018),
Fong et al. (2019), Hajela et al. (2019), Lamb et al. (2019a), Piro et al. (2019), Makhathini et al. (2020).

and of the density of matter surrounding the binary at the time of merger (§5.1), which is

ultimately responsible for the deceleration of the mass outflows.

Following the SGRB literature, we refer to this non-thermal emission as an afterglow.
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electrons ✏e, as well as on the details of the distribution of non-thermal relativistic electrons
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observed emission carries further dependencies on ✓jet and ✓obs (Figure 1). As of ⇠ 3 yrs
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or next-generation HEN facilities will be required to observe HEN from these
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star by a massive black hole; in this case shocks in the disrupted gas can
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Figure 7

Jetted outflows with di↵erent angular structures �(✓) and dE(✓)/d⌦ (right panels) successfully reproduce the broad-band
afterglow observations of GW170817 at radio (orange and pink), optical (purple) and X-ray (blue) wavelengths. Some
models are motivated by the physics of BNS mergers (Gottlieb et al. 2018b, Kathirgamaraju et al. 2019b, Hajela et al.
2019, Lazzati et al. 2018) and others are analytical abstractions (e.g., gaussian jets, Ghirlanda et al. 2019). These models
share the presence of a highly collimated core of ultra-relativistic ejecta at ✓ < ✓jet viewed o↵-axis (✓obs > ✓jet) and
surrounded by mildly relativistic wings of material. Due to relativistic beaming, the pre-peak emission is dominated by
radiation from the wider-angle mildly relativistic outflow (e.g., a cocoon). The jet core dominated the detected emission at
t & tpk. Observational data originally presented by: Alexander et al. (2017, 2018), Haggard et al. (2017), Hallinan et al.
(2017), Margutti et al. (2017, 2018), Kim et al. (2017), Troja et al. (2017, 2018a, 2019b, 2020), Dobie et al. (2018), Lyman
et al. (2018), D’Avanzo et al. (2018), Mooley et al. (2018b,a), Nynka et al. (2018), Resmi et al. (2018), Ruan et al. (2018),
Fong et al. (2019), Hajela et al. (2019), Lamb et al. (2019a), Piro et al. (2019), Makhathini et al. (2020).

and of the density of matter surrounding the binary at the time of merger (§5.1), which is

ultimately responsible for the deceleration of the mass outflows.

Following the SGRB literature, we refer to this non-thermal emission as an afterglow.

The synchrotron emission depends on the outflow kinetic energy Ek, the environment den-

sity n, the fraction of post-shock energy into tangled magnetic fields ✏B and accelerated

electrons ✏e, as well as on the details of the distribution of non-thermal relativistic electrons

N(�e) / �
�p
e (e.g., Sari et al. 1998). In the case of collimated relativistic outflows, the

observed emission carries further dependencies on ✓jet and ✓obs (Figure 1). As of ⇠ 3 yrs

after the merger, the non-thermal emission from GW170817 has been dominated by the

afterglow of a structured jet seen o↵-axis (§5.1, Figure 7). Future observations of this very

nearby system might identify the first kilonova afterglow (§8.1).

5.1. Structure and Geometry of a Jetted Relativistic Outflow

Broadband afterglow observations of GW170817 provide the first direct evidence that BNS

mergers are able to launch highly collimated relativistic jets that can survive the interaction

with the local merger ejecta, as first theorized by Paczynski (1986), Eichler et al. (1989),
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Jetted outflows with di↵erent angular structures �(✓) and dE(✓)/d⌦ (right panels) successfully reproduce the broad-band
afterglow observations of GW170817 at radio (orange and pink), optical (purple) and X-ray (blue) wavelengths. Some
models are motivated by the physics of BNS mergers (Gottlieb et al. 2018b, Kathirgamaraju et al. 2019b, Hajela et al.
2019, Lazzati et al. 2018) and others are analytical abstractions (e.g., gaussian jets, Ghirlanda et al. 2019). These models
share the presence of a highly collimated core of ultra-relativistic ejecta at ✓ < ✓jet viewed o↵-axis (✓obs > ✓jet) and
surrounded by mildly relativistic wings of material. Due to relativistic beaming, the pre-peak emission is dominated by
radiation from the wider-angle mildly relativistic outflow (e.g., a cocoon). The jet core dominated the detected emission at
t & tpk. Observational data originally presented by: Alexander et al. (2017, 2018), Haggard et al. (2017), Hallinan et al.
(2017), Margutti et al. (2017, 2018), Kim et al. (2017), Troja et al. (2017, 2018a, 2019b, 2020), Dobie et al. (2018), Lyman
et al. (2018), D’Avanzo et al. (2018), Mooley et al. (2018b,a), Nynka et al. (2018), Resmi et al. (2018), Ruan et al. (2018),
Fong et al. (2019), Hajela et al. (2019), Lamb et al. (2019a), Piro et al. (2019), Makhathini et al. (2020).

and of the density of matter surrounding the binary at the time of merger (§5.1), which is

ultimately responsible for the deceleration of the mass outflows.

Following the SGRB literature, we refer to this non-thermal emission as an afterglow.

The synchrotron emission depends on the outflow kinetic energy Ek, the environment den-

sity n, the fraction of post-shock energy into tangled magnetic fields ✏B and accelerated

electrons ✏e, as well as on the details of the distribution of non-thermal relativistic electrons

N(�e) / �
�p
e (e.g., Sari et al. 1998). In the case of collimated relativistic outflows, the

observed emission carries further dependencies on ✓jet and ✓obs (Figure 1). As of ⇠ 3 yrs

after the merger, the non-thermal emission from GW170817 has been dominated by the

afterglow of a structured jet seen o↵-axis (§5.1, Figure 7). Future observations of this very

nearby system might identify the first kilonova afterglow (§8.1).

5.1. Structure and Geometry of a Jetted Relativistic Outflow

Broadband afterglow observations of GW170817 provide the first direct evidence that BNS

mergers are able to launch highly collimated relativistic jets that can survive the interaction

with the local merger ejecta, as first theorized by Paczynski (1986), Eichler et al. (1989),

24 Margutti & Chornock

2.7 years

Gamma Ray Burst
Prompt emission Afterglow emission

Troja et al. 2017
Margutti et al. 2017

Hallinan et al. 2017



Gamma Ray Bursts

G. Ghirlanda @ EVN Symp. Bonn, 02-06 Sept. 2024

1)Powerful transients

2)Highest redshift transients

3)Life/death of massive stars

4)Collimated/relativistic jets

5)Accretion/ejection physics

6)Counterparts of GW events

7)Possible sources of high-E particles

8) …



G. Ghirlanda @ EVN Symp. Bonn, 02-06 Sept. 2024

Gamma Ray Burst: a schematic scenario

Kilonova

Supernova

Prompt Hard-X-
Gamma Ray 
emission

Afterglow 
emission



G. Ghirlanda @ EVN Symp. Bonn, 02-06 Sept. 2024

Gamma Ray Burst: a schematic scenario
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 (e.g. GG+2018)
 deg

Γ ∼ 100 − 1000
θjet ∼ 3 − 10



ΔtGW-�

Figure 2

With significantly lower E�,iso but comparable Epk, the observed properties of GRB170817A (red
star) clearly deviate from SGRBs (blue circles, from Salafia et al. 2019). Inset: The Fermi-GBM
light-curve of GRB170817A shows a peculiar morphology, with a short hard main pulse of
⇠ 0.5 s (red shaded area) followed by a softer tail of emission with duration ⇠ 1.12 s (yellow shaded
area). The onset of the �-ray emission is delayed compared to the merger time of �tGW�� .

multimessenger astrophysics with GWs. The key observational properties of the �-ray coun-

terpart to GW170817 are as follows (Goldstein et al. 2017; see also Pozanenko et al. 2018,

Fraija et al. 2019). The Fermi-GBM light-curve of GRB170817A showed a peculiar mor-

phology consisting of a spike of emission of ⇠ 0.5 s (also detected by INTEGRAL) followed

by a lower-significance tail of softer emission, with total duration of T90 =2.0±0.5 s (Figure

2). The spectrum of the short spike is well fit by a power-law with exponential cuto↵ (i.e., a

Comptonized model) with peak energy of the ⌫F⌫ spectrum Epk =185±62 keV and isotropic

equivalent energy release E�,iso =(3.6± 0.9)⇥ 1046erg (10–1000 keV). The spectrum of the

softer tail can be fit with a blackbody model with temperature T =10.3 ± 1.5 keV and

E�,iso =(1.2 ± 0.3) ⇥ 1046erg , even if the limited photon statistics prevent any conclusive

statement about the nature of the intrinsic spectrum. GRB170817A showed no evidence

for a �-ray precursor or extended emission (EE).

Extended Emission
(EE): Period of up to
⇠ 100 s of enhanced
�-ray activity after
the short �-ray spike
that can be
energetically
dominant (as in
SGRB080503).

The fact that GRB170817A is significantly less energetic than cosmological SGRBs

(Fig. 2) is not surprising, as the most likely scenario of GW-detected BNS mergers is that

of an o↵-axis configuration (typical observer angle ✓obs ⇠ 30�; Schutz 2011), for which the

observed emission is significantly depressed and e↵ectively undetectable (Goldstein et al.

2017, Abbott et al. 2017b) at the typical distances and jet-collimation angles of SGRBs

(z ⇡ 0.5, ✓jet ⇠ 4� � 15�, Berger 2014, Fong et al. 2015). The true surprise is that the first

GW-detected BNS merger was also accompanied by the independent detection of �-rays.

3.1. Relationship to the �-ray emission from short GRBs

With E�,iso =(4.8±0.9)⇥1046erg and a peak luminosity Lpk,iso =(1.4±0.5)⇥1047erg s�1 ,

GRB170817A is orders of magnitude less energetic and luminous than SGRBs, yet with

similar duration of ⇠ 2 s. This opens two possibilities: (i) GRB170817A is intrinsically sub-
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Fong+2020

2.4. Optical/NIR Kilonovae

There have been three previous claims of kilonovae in the
literature: an NIR excess following GRB 130603B (z 0.356;�
Berger et al. 2013; Tanvir et al. 2013), and optical excesses
following GRB 050709 (z 0.16;� Jin et al. 2016) and
GRB 06061415 (z 0.125;� Jin et al. 2015; Yang et al. 2015).
We note an additional optical excess was reported following
GRB 080503 (Perley et al. 2009); however, since this burst
does not have a known redshift, we do not include it in this
discussion. To enable a comparison of the luminosity and
temporal behavior of the optical/NIR counterpart to
GW170817 (Chornock et al. 2017; Cowperthwaite et al.
2017; Nicholl et al. 2017), we collect observations corresponding
as close as possible to the rest-frame r- and H-bands for each burst
(Berger et al. 2013; Tanvir et al. 2013; Jin et al. 2015, 2016).

We supplement these detections with any optical/NIR
observations following short GRBs on timescales of 12 day
after the burst. To this end, we retrieve Hubble Space Telescope
(HST) observations (PI: Tanvir; Program 14237) of the short
GRB 160821B from the Mikulski Archive for Space Tele-
scopes archive. We utilize observations taken with the Wide
Field Camera3 (WFC3) in the F160W filter, corresponding to
rest-frame H-band at the redshift of the burst (z 0.16;� Levan
et al. 2016), on 2016 September 14 UT (∼23 days after the
burst). We used the astrodrizzle task as part of the
Drizzlepac software package (Gonzaga 2012) to create final
drizzled image, using final_scale=0 065 pixel−1 and
final_pixfrac=0.8. We use standard tasks in IRAF to
perform aperture photometry of faint point sources in the field
to calculate a 3T limit of m160W 2 26.0mag.

We add to this sample optical and NIR upper limits
following 14 additional events with redshifts. Compared to
the sample in Fong et al. (2015), we note the addition of a deep
limit following GRB 050509B of r 25.72 mag at 25.9 hrx
after the burst (Cenko et al. 2005; Bloom et al. 2006). Although
this limit corresponds to rest-frame V-band, we note that the
expected V−r color based on observations of the optical
counterpart to GW170817 at 1.5x days after the event
(Cowperthwaite et al. 2017) is negligible, 0.21 mag. Thus,
we still include this point in our sample.
For all of the bursts with detections of or limits on kilonova

emission, we use the burst redshifts to convert apparent
magnitude to K-corrected absolute magnitudes. The data for the
previous short GRBs, as well as Gemini-South H-band
observations of the counterpart to GW170817 (Cowperthwaite
et al. 2017), are shown in Figure 3. In order to enable a direct
comparison to early short GRB optical limits, we also employ
the initial DECam observation at i-band at 0.47x days, and
correct for the observed r−i color of 0.2x mag at 1.4x days
(Cowperthwaite et al. 2017). We note that this is conservative,
as the source has a blue color at 11 day and 0.2mag is likely
an upper limit on the r−i color.

2.5. Host Galaxy Properties

In order to obtain a complete sample of short GRB host
properties, we collect all of the available values for host
redshifts, galaxy type, rest-frame B-band luminosity (LB),
stellar mass (M*), stellar population age (τ), and star formation
rate (SFR) from large samples (Leibler & Berger 2010; Fong
et al. 2013; Berger 2014), as well as papers on individual
objects (Perley et al. 2012; de Ugarte Postigo et al. 2014; Fong
et al. 2016; Troja et al. 2016; Selsing et al. 2017). We
supplement this sample with values for the redshifts and stellar
population properties of eight additional short GRB hosts
discovered over 2014–2017, the details of which will be
described in an upcoming work (W. Fong et al. 2017, in

Figure 2. Left: light curve of the X-ray counterpart to GW170817 from Swift and Chandra (0.3 10 keV;– Haggard et al. 2017a, 2017b; Margutti et al. 2017, where
circles denote detections and triangles denote 3T upper limits). Also shown are on-axis X-ray afterglow light curves from all of the previous short GRBs with well-
sampled X-ray light curves and redshifts, comprising 36 events. At the time of detection, GW170817 had an isotropic-equivalent luminosity that is 3000x times less
than the median short GRB X-ray afterglow, and 50x times less than the faintest detected X-ray emission from a short GRB. Right: radio search for the counterpart of
GW170817 from Alexander et al. (2017) at 6GHz (orange) and 10GHz (red) with the VLA, yielding detections at 6GHz beyond 19x days. The six short GRBs with
radio afterglow detections (dark gray circles) along with 3T upper limits for 19 additional events with redshifts (light gray triangles) are shown. These observations
demonstrate that the radio counterpart to GW170817 is 1042 times less luminous (isotropic-equivalent) than detected radio afterglows at similar epochs, and 5002
times less luminous than the faintest detected radio afterglow for a short GRB.

15 GRB 060614 had a duration of 108x s and would typically be classified as a
long-duration GRB. However, this event lacks an associated supernova to deep
limits, suggesting that it does not have a massive star progenitor (Gal-Yam
et al. 2006), and thus we include it in this discussion.
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Figure 7

Jetted outflows with di↵erent angular structures �(✓) and dE(✓)/d⌦ (right panels) successfully reproduce the broad-band
afterglow observations of GW170817 at radio (orange and pink), optical (purple) and X-ray (blue) wavelengths. Some
models are motivated by the physics of BNS mergers (Gottlieb et al. 2018b, Kathirgamaraju et al. 2019b, Hajela et al.
2019, Lazzati et al. 2018) and others are analytical abstractions (e.g., gaussian jets, Ghirlanda et al. 2019). These models
share the presence of a highly collimated core of ultra-relativistic ejecta at ✓ < ✓jet viewed o↵-axis (✓obs > ✓jet) and
surrounded by mildly relativistic wings of material. Due to relativistic beaming, the pre-peak emission is dominated by
radiation from the wider-angle mildly relativistic outflow (e.g., a cocoon). The jet core dominated the detected emission at
t & tpk. Observational data originally presented by: Alexander et al. (2017, 2018), Haggard et al. (2017), Hallinan et al.
(2017), Margutti et al. (2017, 2018), Kim et al. (2017), Troja et al. (2017, 2018a, 2019b, 2020), Dobie et al. (2018), Lyman
et al. (2018), D’Avanzo et al. (2018), Mooley et al. (2018b,a), Nynka et al. (2018), Resmi et al. (2018), Ruan et al. (2018),
Fong et al. (2019), Hajela et al. (2019), Lamb et al. (2019a), Piro et al. (2019), Makhathini et al. (2020).

and of the density of matter surrounding the binary at the time of merger (§5.1), which is

ultimately responsible for the deceleration of the mass outflows.

Following the SGRB literature, we refer to this non-thermal emission as an afterglow.

The synchrotron emission depends on the outflow kinetic energy Ek, the environment den-

sity n, the fraction of post-shock energy into tangled magnetic fields ✏B and accelerated

electrons ✏e, as well as on the details of the distribution of non-thermal relativistic electrons

N(�e) / �
�p
e (e.g., Sari et al. 1998). In the case of collimated relativistic outflows, the

observed emission carries further dependencies on ✓jet and ✓obs (Figure 1). As of ⇠ 3 yrs

after the merger, the non-thermal emission from GW170817 has been dominated by the

afterglow of a structured jet seen o↵-axis (§5.1, Figure 7). Future observations of this very

nearby system might identify the first kilonova afterglow (§8.1).

5.1. Structure and Geometry of a Jetted Relativistic Outflow

Broadband afterglow observations of GW170817 provide the first direct evidence that BNS

mergers are able to launch highly collimated relativistic jets that can survive the interaction

with the local merger ejecta, as first theorized by Paczynski (1986), Eichler et al. (1989),

24 Margutti & Chornock
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Fig. 6. Illustration (left) and 3D RHD simulation (right) showing the structure of the jet and the cocoon during the propagation of a relativistic jet
through a dense medium. The right half of the simulation shows mass density, ⇢, and the left shows internal energy per baryon, h � 1, where h is
specific enthalpy. Color palettes in both halves are logarithmic with blue for low values and red for high. The collimation shock and jet-head are
seen clearly, as well as the instabilities along the interface between the jet and the cocoon, that lead to some mixing. The low-density, hot, inner
cocoon and the high-density cold outer cocoon are also seen to be well-separated.

4.1. Propagation of a relativistic jet in sub-relativistic ejecta

A relativistic jet that propagates in a dense medium (the sub-relativistic ejecta, in our case) drives a strong forward
bow shock. At its tip, the jet develops a slowly moving head with a reverse shock that separates the head from the rest of
the jet. Ambient medium that crosses the forward shock, and jet matter that crosses the reverse shock, spill sideways and
form a hot enveloping cocoon. Depending on the jet and medium properties, the cocoon may collimate the jet, accelerating
its propagation. If not, the jet remains roughly conical and its propagation is not affected by the cocoon. The cocoon is
composed of two parts, an inner cocoon that is composed mostly of shocked jet material and an outer cocoon that is
composed of shocked medium material. Fig. 6 shows a schematic illustration of the jet and the cocoon during the jet
propagation (i.e., before they break out of the medium). As long as the jet head is within the ejecta, its propagation is
driven by fresh jet material that crosses the reverse shock and spills into the cocoon. Thus, most of the jet energy that
is injected during the time that the jet drills its way through the ejecta is deposited into the cocoon. Moreover, if the jet
injection stops too early and jet material stops crossing the reverse shock before the head successfully crosses the entire
ejecta, the jet is choked and all of its energy is deposited into the cocoon.

The propagation of a relativistic jet and its interaction with the surrounding media has been studied mostly numeri-
cally, using relativistic hydrodynamic (RHD), or relativistic magneto-hydrodynamic (RMHD) simulations. Jet simulations
that were carried out in the context of GRBs typically considered the case of long GRBs, where the jet propagates in
an approximately static and spherically symmetric stellar envelope (e.g., Aloy et al., 2000; MacFadyen et al., 2001; Zhang
et al., 2004; Morsony et al., 2007; Mizuta and Aloy, 2009; Mizuta and Ioka, 2013; López-Cámara et al., 2013, 2016; Harrison
et al., 2018). These simulations were also limited to unmagnetized jets, due to numerical difficulties in simulating RMHD
jets in 3D over the required dynamical range.11 Bromberg et al. (2011) derived an analytic solution to the propagation
of a hydrodynamic jet in a static and spherically symmetric medium, as long as the jet is within the medium (i.e., before
breakout). The solution, which describes the self-consistent coevolution of the jet and the cocoon, was later verified and
calibrated numerically by Harrison et al. (2018). These studies are not applicable directly to compact binary mergers
where the jet propagates into a medium that is expanding at high velocities and that has, most likely, an angular structure.
Numerical simulations of jets in expanding and/or aspherical media were carried out prior to GW170817 by only a handful
of studies (Nagakura et al., 2014; Murguia-Berthier et al., 2014, 2017; Duffell et al., 2015; Gottlieb et al., 2018a), and after
GW170817 almost only in the context of finding a fit to the afterglow data (see Section 6.5).

Currently there is no analytic model for the propagation of a jet in an expanding and/or aspherical medium. There is
also no quantitative understanding of the dependence of the jet propagation on various parameters such as the ejecta

11 The propagation of highly magnetized jets requires a 3D study for reliable results, due to the growth of instabilities that can be seen only
in 3D (Bromberg and Tchekhovskoy, 2016). These simulations are expensive numerically, and currently there are no 3D RMHD simulations of a
magnetically dominated jet that crosses the ejecta of a BNS merger or the envelope of a collapsar. There are studies of magnetized jets in 2D that
propagate in the ejecta from a BNS merger (e.g., Kathirgamaraju et al., 2018; Bromberg et al., 2018) and a study of a magnetic jet in 3D, which
ignores the interaction with the ejecta (Kathirgamaraju et al., 2019), but no 3D simulations of a magnetized jet that interacts with merger ejecta.
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by Swift under observing conditions favourable for the redshift
measurement. The sample contains 36 SGRBs detected as of
2013 and has a redshift completeness of 45% which increases to
70% if only the 13 brightest short GRBs are considered. For the
purposes of this work we expand this sample including a number
of SGRBs with measured redshift, some of which, though, do not
satisfy the selection criteria to be included in the complete sam-

ple of D’Avanzo et al. (2014). In order to compute their isotropic
equivalent energy Eiso, we require the ⌫F⌫ peak energy of their
prompt emission spectrum (Ep) to be measured. We therefore
add 9 new SGRB to the sub-sample of the 13 brightest SGRBs
of D’Avanzo et al. (2014) (which also includes two suspect long
events – shown in italics in Tab. 1). The redshift, peak energy
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measurement. The sample contains 36 SGRBs detected as of
2013 and has a redshift completeness of 45% which increases to
70% if only the 13 brightest short GRBs are considered. For the
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Universal jet structure 

G. Ghirlanda @ Gemma2, 16-19 Sept. 2024

Salafia, … , GG,  et al. 2023

THM: currently known short GRB population is consistent with 

the presence of a QUASI universal jet 170817-like

Confirms Pescalli, GG et al. 2015



Kilonova

G. Ghirlanda @ EVN Symp. Bonn, 02-06 Sept. 2024

• Luminous fast evolving emission 
• Blue (more luminous) to red evolution
• Broad emission lines

Pian E., D’Avanzo P.,  et al. 2017



Kilonova: a simplified model

G. Ghirlanda @ Gemma2, 16-19 Sept. 2024

Barnes 2020 (for an essential review) 

Idea (Lattimer et al. 1974, 1976) and first BNS model (Li&Paczynski 1998)

1. Rapid neutron capture —> heavy nuclei isotopes  ( )  

2. Nuclear decay ( ) —-> heating 

3. Dynamics ( )  
 

τexp, sB, Ye

β, α

Mej, vej, kej

·Enuc ∼ t−1.3

THM: KN light curves/spectra 

encode merger driven mass 

ejection and nucleosynthesis. 

EOS 



G. Ghirlanda @ Gemma2, 16-19 Sept. 2024

Some open questions: 
1)Blue kilonova
2)Contribution to Universe nucleosynthesis
3)NSBH Kilonovae diversityKrobkin et al. 2021

Blue Kilonova  (Lanthanide free)L ∼ 1041 erg/s tp ∼ 1 day

Red Kilonova  (Lanthanide rich)L ∼ 1040 erg/s tp ∼ 1 week

Kilonova



AT2017gfo & other Kilonovae

G. Ghirlanda @ EVN Symp. Bonn, 02-06 Sept. 2024

More than one KN …  
• 170817A/KN2017gfo (the “MM KN”)
• 5 Short GRB with KN signatures 
• 2 Long GRBs with KN signatures (211211A, 230307A - see also A. Levan talk)

Initial sample proprieties 
(Ascenzi et al. 2019) 

Rastinejad et al. 2024

Long GRBs with CBC 
progenitor (see also A. 
Levan talk) 



Multi Messenger 

G. Ghirlanda @ Gemma2, 16-19 Sept. 2024

(Review: Mastrogiovanni et al. 2022 - adapted from Abbott et al. 2017)

Standard Sirens: 
1. Bright: EM —> z (+ ) 

170817:  

2. Dark
• Galaxy catalog
•

i

H0 = 70+12
−8 → 68 ± 4.6 km/s/Mpc

Mz = (1 + z)M

Cosmology DM Tue Session (talk G. Bertone)

NS EoS Talk V. Graber

Fund. Phys. Talk A. Gosh



Late time EM signals

Margalit & Piran 2020
[Nakar & Piran 2011 …]

Jet (faster) and ejecta (slower) 
are not independent

G. Ghirlanda @ Gemma2, 16-19 Sept. 2024



Late time EM signals

Margalit & Piran 2020
[Nakar & Piran 2011 …]

Jet (faster) and ejecta (slower) 
are not independent

Extra power if Magnetar 
rather than BH

G. Ghirlanda @ Gemma2, 16-19 Sept. 2024



Bruni et al. 2021

G. Ghirlanda @ Gemma2, 16-19 Sept. 2024

Late time EM signals

Balasubramanian et al. 2021



BH-NS systems 

G. Ghirlanda @ Gemma2, 16-19 Sept. 2024

MNS, ΛNS, MBH, χBH, iBH

MBH

sBHMNS

Ω

Rtidal ∼ ( MBH

MNS )
1/3

RNS RISCO(MBH, χBH)

Rtidal > RISCO

Mout ≠ 0

Tidal NS disruption
(EM bright)
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BH-NS systems 

G. Ghirlanda @ Gemma2, 16-19 Sept. 2024

MNS, ΛNS, MBH, χBH, iBH

MBH

sBHMNS

Ω

Rtidal ∼ ( MBH

MNS )
1/3

RNS RISCO(MBH, χBH)

Rtidal > RISCO

Mout ≠ 0

Tidal NS disruption
(EM bright)

230529 (Abac et al. 2024, LVK collaboration)
 MBH ∈ [2.5,4.5] M⊙

EM bright

Colombo et al. in preparation



3rd Generation - Einstein Telescope

G. Ghirlanda @ Gemma2, 16-19 Sept. 2024

Einstein Telescope: x10 sensitivity + low frequency ext.:  
  CBC up to z>>2 (see Branchesi+2023) O(104−5) yr−1

Talk L. Naticchioni & S. Piranomonte
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Different upcoming facilities (radio-opt-Gamma)
Sensitivity, field of view, agility, synergies 

GRB
Kilonova

Afterglow

GRB

Kilonova

Afterglow

Each prompt GRB will have a GW counterpart
(Ronchini+2020; Colombo+2023, 2024)



G. Ghirlanda @ Gemma2, 16-19 Sept. 2024

Einstein Probe (CAS, ESA, CNRS)  

SVOM (CAS, CNRS)  

Talk L. Amati
Liu, …, GG,  et al. 2024

GG et al. 2024

Multi-Messenger perspectives
Hermes



Conclusions

G. Ghirlanda @ Gemma2, 16-19 Sept. 2024

Formation sites and channels

Binary stellar evolution Inspiral and final phases

Nature of the remnant(s)

Collimated and isotropic ejecta

•Still non detected EM signals 
•Counterparts of BHNS
•From individual sources to population studies 

DIRECT EM OBSERVATIONSGW DATA ANALYSISINFERENCE EM OBS



Conclusions

G. Ghirlanda @ Gemma2, 16-19 Sept. 2024

Formation sites and channels

Binary stellar evolution Inspiral and final phases

Nature of the remnant(s)

Collimated and isotropic ejecta

•Still non detected EM signals 
•Counterparts of BHNS
•From individual sources to population studies 

DIRECT EM OBSERVATIONSGW DATA ANALYSISINFERENCE EM OBSThanks for your 

attention


