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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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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
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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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g-rays and the neutrino indicate that
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to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
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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
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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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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
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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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Establishing connections between different research fields (across astrophysics and fundamental physics)
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Simplified 
observational picture 

and simplified 
physical model

PLAN OF THE LECTURES

Scope of the lectures: acquire basic tools to face the MM2 challenges

Gamma Ray Bursts

Legend: 
1) L1/L2 
2) Title 
3) Take home message
4) References 

GRB170817

KN2017gfo

L1/L2

L1

L2

Hundreds of papers on the subjects: 
apologise for the incomplete view 

and for any missing valuable 
reference

1) Observational picture (short vs long): Berger et al. 2013
2) GRB theoretical picture: Piran 1999; Kumar & Zhang 2015
3) Compact binary mergers: Ruiz et al. 2021
4) 170817 multi-messenger: Nakar 2020; Margutti & Chornok 2020
5) Kilonova: Metzger 2020
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Gamma Ray Bursts*

* Unless explicitly stated what I will descibe is in general (and in fist approximation) 
valid for both long and short GRBs

GRAVITATIONAL WAVES: A NEW MESSENGER TO EXPLORE THE UNIVERSE
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GAMMA RAY BURSTS (GRB) L1

GRBs are multi-wavelength emitters

>1973
Short flashes of keV photons

>1997
X-ray

Optical

Radio

e.g. GRB 151027A: Nappo+2017

AfterglowPrompt
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KEY DISCOVERIES L1

Fundamental steps often coincide with advent of new instruments/satellites

20192017

1997

2005 2008

19921973

460 | Nature | Vol 575 | 21 November 2019

Article

but usually occurs at earlier times. The relatively late time at which the 
break appears in GRB 190114C would then imply a very large value of νm, 
placing it in the X-ray band at about 102 s. The millimetre light curves 
(orange symbols) also show an initial fast decay in which the emission 
is dominated by the reverse shock, followed by emission at late times 
with nearly constant flux (Extended Data Fig. 3).

The spectral energy distributions (SEDs) of the radiation detected 
by MAGIC are shown in Fig. 2, where the whole duration of the emission 
detected by MAGIC is divided into five time intervals. For the first two 
time intervals, observations in the gigaelectronvolt and X-ray bands are 
also available. During the first time interval (68–110 s; blue data points 
and blue confidence regions), Swift-XRT, Swift-BAT and Fermi-GBM data 
show that the afterglow synchrotron component peaks in the X-ray 
band. At higher energies, up to 1 GeV, the SED is a decreasing function 
of energy, as supported by the Fermi-LAT flux between 0.1 and 0.4 GeV 
(Methods). On the other hand, at even higher energies, the MAGIC flux 
above 0.2 TeV implies a spectral hardening. This evidence is independ-
ent of the EBL model adopted to correct for the attenuation (Methods). 
This demonstrates that the newly discovered teraelectronvolt radiation 
is not a simple extension of the known afterglow synchrotron emission, 
but a separate spectral component.

The extended duration and the smooth, power-law temporal decay 
of the radiation detected by MAGIC (see green data points in Fig. 1) 
suggest an intimate connection between the teraelectronvolt emission 
and the broadband afterglow emission. The most natural candidate 
is synchrotron self-Compton (SSC) radiation in the external forward 
shock: the same population of relativistic electrons responsible for the 
afterglow synchrotron emission Compton up-scatters the synchrotron 
photons, leading to a second spectral component that peaks at higher 
energies. Teraelectronvolt afterglow emission can also be produced by 
hadronic processes, such as synchrotron radiation by protons acceler-
ated to ultrahigh energies in the forward shock17–19. However, owing 

to their typically low radiation efficiency6, reproducing the luminous 
teraelectronvolt emission observed here by such processes would imply 
unrealistically large power of accelerated protons10. Teraelectronvolt 
photons can also be produced via the SSC mechanism in internal shock 
synchrotron models of the prompt emission. However, numerical mod-
elling (Methods) shows that prompt SSC radiation can account at most 
for a limited fraction ("20%) of the observed teraelectronvolt flux, and 
only at early times (t " 100 s). Henceforth, we focus on the SSC process 
in the afterglow.

SSC emission has been predicted for GRB afterglows9,12,18,20–27. How-
ever, its quantitative significance has been uncertain because the SSC 
luminosity and spectral properties depend strongly on the poorly 
constrained physical conditions in the emission region (for example, 
the magnetic field strength). The detection of the teraelectronvolt 
component in GRB 190114C and the availability of multi-band obser-
vations offer the opportunity to investigate the relevant physics at a 
deeper level. SSC radiation may have been already detected in very 
bright GRBs, such as GRB 130427A, in which photons with energies 
of 10–100 GeV are challenging to explain by synchrotron processes, 
suggesting a different origin28–30.

We model the full dataset (from the radio band to teraelectronvolt 
energies, for the first week after the explosion) as synchrotron plus SSC 
radiation, within the framework of the theory of afterglow emission 
from external forward shocks. The detailed modelling of the broad-
band emission and its evolution with time is presented in Methods. 
We discuss here the implications for the emission at t < 2,400 s and 
energies above >1 keV.

The soft spectra in the 0.2–1-TeV energy range (photon index ΓTeV < −2; 
see Extended Data Table 1) constrain the peak of the SSC component 
to below this energy range. The relatively small ratio between the spec-
tral peak energies of the SSC (E "200 GeVp

SSC ) and synchrotron 
(E ≈ 10 keVp

syn ) components implies a relatively low value for the elec-
tron Lorentz factor (γ ≈ 2 × 103). This value is hard to reconcile with the 
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Fig. 1 | Multi-wavelength light curves of GRB 190114C. Energy flux at different 
wavelengths, from radio to γ-rays, versus time after the BAT trigger, at 
T0 = 20:57:03.19 universal time (UT) on 14 January 2019. The light curve for the 
energy range 0.3–1 TeV (green circles) is compared with light curves at lower 
frequencies. Those for VLA (yellow square), ATCA (yellow stars), ALMA (orange 
circles), GMRT (purple filled triangle) and MeerKAT (purple open triangles) 
have been multiplied by 109 for clarity. The vertical dashed line marks 
approximately the end of the prompt-emission phase, identified as the end of 
the last flaring episode. For the data points, vertical bars show the 1σ errors on 
the flux, and horizontal bars represent the duration of the observation. The 
fluxes in the V, r and K filters (pink, purple and grey filled squares, respectively) 
have been corrected for extinction in the host and in our Galaxy; the 
contribution from the host galaxy has been subtracted.
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PROMPT EMISSION: TIMESCALES L1

GRBs as fast transients (ms-hundreds of seconds) at gamma-rays

Total duration (including quiescence)

Pulses 

Quiescent phases

Shortest spikes ~few milliseconds

Seconds from trigger
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DURATION: TWO CLASSES L1

Bimodal duration distribution + Hardness-Duration = possible different origin

Kouveliotou+1994
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DURATION: VARIABILITY L1

Variability 1-10 ms → R ≃ 107 − 108 cm

862 G. A. MacLachlan et al.

Table 2. Long GRBs (observer frame).

GRB T90 (s) δT90 (s) τβ (s) δτ−
β (s) δτ+

β (s)

080723557 58.369 1.985 0.0440 0.0113 0.0151
080723985 42.817 0.659 0.1894 0.0557 0.0789
080724401 379.397 2.202 0.0741 0.0208 0.0290
080804972 24.704 1.460 0.4306 0.1336 0.1937
080806896 75.777 4.185 0.4189 0.1471 0.2268
080807993 19.072 0.181 0.0232 0.0096 0.0164
080810549 107.457 15.413 0.1353 0.0648 0.1243
080816503 64.769 1.810 0.1067 0.0428 0.0715
080817161 60.289 0.466 0.1919 0.0402 0.0509
080825593 20.992 0.231 0.0775 0.0138 0.0168
080906212 2.875 0.767 0.1011 0.0182 0.0222
080916009 62.977 0.810 0.2266 0.0630 0.0872
080925775 31.744 3.167 0.1748 0.0425 0.0562
081009140 41.345 0.264 0.1095 0.0170 0.0201
081101532 8.256 0.889 0.0948 0.0302 0.0444
081125496 9.280 0.607 0.2182 0.0504 0.0656
081129161 62.657 7.318 0.0912 0.0292 0.0429
081215784 5.568 0.143 0.0319 0.0043 0.0050
081221681 29.697 0.410 0.2701 0.0641 0.0841
081222204 18.880 2.318 0.1956 0.0533 0.0732
081224887 16.448 1.159 0.2055 0.0356 0.0431
090102122 26.624 0.810 0.0347 0.0111 0.0164
090131090 35.073 1.056 0.0733 0.0169 0.0220
090202347 12.608 0.345 0.1444 0.0575 0.0954
090323002 135.170 1.448 0.1598 0.0436 0.0599
090328401 61.697 1.810 0.0682 0.0139 0.0175
090411991 14.336 1.086 0.0673 0.0391 0.0935
090424592 14.144 0.264 0.0249 0.0031 0.0036
090425377 75.393 2.450 0.1346 0.0369 0.0508
090516137 118.018 4.028 0.4938 0.2063 0.3544
090516353 123.074 2.896 0.7992 0.5686 1.9711
090528516 79.041 1.088 0.1314 0.0320 0.0423
090618353 112.386 1.086 0.2631 0.0536 0.0673
090620400 13.568 0.724 0.1667 0.0422 0.0564
090626189 48.897 2.828 0.0498 0.0078 0.0093
090718762 23.744 0.802 0.1621 0.0482 0.0686
090809978 11.008 0.320 0.2436 0.0515 0.0652
090810659 123.458 1.747 0.7319 0.3027 0.5161
090829672 67.585 2.896 0.0678 0.0141 0.0177
090831317 39.424 0.572 0.0266 0.0103 0.0169
090902462 19.328 0.286 0.0223 0.0026 0.0029
090926181 13.760 0.286 0.0435 0.0061 0.0070
091003191 20.224 0.362 0.0300 0.0051 0.0062
091127976 8.701 0.571 0.0395 0.0059 0.0069
091208410 12.480 5.018 0.0621 0.0180 0.0254
100414097 26.497 2.073 0.0418 0.0074 0.0090

The τβ is the intersection of the scaling region (red-noise) of the
spectrum in the log-scale diagram with that of the flat portion repre-
senting the (white-noise) random noise component. This transition
time-scale is the shortest resolvable variability time for physical
processes intrinsic to the GRB. Histograms of the extracted τβ val-
ues for long and short GRBs are shown in Fig. 4. We make two
observations regarding these histograms: (1) there is a clear tempo-
ral offset in the extracted mean τβ values for long and short GRBs.
We believe this is the first clear demonstration of this temporal dif-
ference. Walker et al. (2000), who studied the temporal variability
of long and short bursts using the BATSE data set, did not report a
systematic difference between the two types of bursts. (2) The two
histograms are quite broad and very similar in dispersion. While
the difference in the mean τβ is understandable (a point we dis-
cuss further elsewhere) the similarity of the dispersion is somewhat

Figure 4. A histogram of minimum variability time-scales, in the observer
frame, for long and short GRBs. It is clear that the distribution of long GRBs
is displaced from the distribution of short GRBs.

Figure 5. Minimum variability time-scale versus T90 in the observer frame.

Figure 6. Minimum variability time-scale versus T90 in the source frame.
The correction for time dilation shortens T90 and decreases the minimum
variability time-scale of each burst.

surprising since the progenitors and the environment for the
two types of bursts are presumably very different. The com-
parison is qualitative at best however because the τβ scale has
not been corrected for redshift (z), an effect that impacts the
long bursts more than the short bursts. In passing, we note that
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PROMPT EMISSION: SPECTRUM L1

Non-thermal (few keV up tp several MeV)
Short harder than long (in the low energy component)

Long GRBs
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GRBS ARE RELATIVISTIC (I) L1

Should see a sharp cutoff in the high energy spectrum 

ΔR
R

τγγ ∼ σTnphΔR

τγγ ∼ σT
Eξ
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GRBS ARE RELATIVISTIC (I) L1

Source internal opacity is overcome if emitting region is moving at ultra relativistic speed

ΔR
R

τγγ ∼ σTnphΔR

τγγ ∼ σT
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GRBS ARE RELATIVISTIC (II) L1

Scintillation (indirect) and high resolution imaging (direct) at different epochs (VLBI)
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Fig. 2.— The apparent expansion of GRB 030329 derived from measurements and limits on

the angular size as a function of time. The 1σ upper limit at day 51 is from Taylor et al.

(2004), as are the measurements on days 25 and 83. The measurement on day 217 is from

Taylor et al. (2005). The measurement on day 806 comes from Pihlström et al. (2007). The

measurement on day 15 comes from a model-dependent estimate based on the quenching of

the scintillation (Berger et al. 2003a). Finally, the 1σ upper limit on day 2032 comes from

this work.

The angular shift of the flux centroid is approximately qθ0R/D (Sari 1999), where q is

a measurement of the angular separation between the observer and the center of the jet in

units of the half-opening angle of the jet, θ0 is the initial half-opening angle of the jet, R

is the radius of the emitting region, and D is the angular distance to the observer. The

maximum angular shift is found by setting q = 1, in which case the observer is at the edge

of the jet. For a typical value of the initial jet half-opening angle of θ0 = 0.2 mas, our

upper limit on the emitting region size of R < 1.2× 1019 cm, and a luminosity distance of

D = 587 Mpc, the maximum angular shift in the flux centroid is 0.16 mas. Although this

estimate is larger than our upper limit of 0.067 mas, it can easily be made consistent by

either decreasing the value of θ0 or of q. Indeed, the detection of a gamma-ray afterglow

Philstrom et al 2012 Mooley+2018Frail et al. 1997

Radio scintillation

GRB 970508 - 5.2 Gpc

Source size expansion

GRB 030329 - 800 Mpc 

Proper motion

GRB 170817 - 40 Mpc
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ENERGETIC AND DISTANCE SCALE L1

Short are less energetic and closer than long events

Berger 2013
ASSUMING ISOTROPY 

ENERGETICS

Eiso = 4π dL(z)2 F
1 + z

F = “Fluence” [ergs/s] = integral of the prompt 
emission spectrum 
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PROMPT EMISSION SPECTRAL-ENERGY CORRELATIONS L1

The harder the more energetic

~similar correlation with luminosity2350 P. D’Avanzo et al.

Figure 3. Epeak−Eiso (left-hand panels) and Epeak−Liso (right-hand panels) correlations valid for LGRBs (dots; data taken from Nava et al. 2012). The
power-law best fit is shown as a solid dark line. The shaded region represents the 3σ scatter of the distribution. SGRBs of our complete sample are marked
as empty squares. In the lower panels, the consistency of the two correlations of SGRBs with unknown redshift is shown. The test is performed by varying
the redshift from 0.01 to 10. Different colours refers to different ranges of redshift (see legend). Two possible LGRBs belonging to our complete sample
(GRB 090426 and GRB 100816A) and a possible outlier of the Epeak−Liso correlation (GRB 080905A) are also marked.

authors estimate a chance probability alignment of <1 per cent, a
value indeed low but not that implausible. So, either GRB 080905A
is really a peculiar sub-luminous (and sub-energetic) burst, com-
pared to the other events belonging to the SGRB class, or the asso-
ciation with the proposed host galaxy is spurious, leading (likely) to
an underestimation of its distance (and, therefore, of its luminosity
and energy).

Even if the SGRBs of our complete sample are consistent with
the Epeak−Liso relation, we note that they almost all lie to the left of
the best fit of long GRBs. On the basis of this consideration, Tsutsui
et al. (2013) suggested that the Epeak−Liso correlation followed by
short bursts is five times fainter than the same correlation defined
by long bursts. The estimate of the peak luminosity depends on
the width of the temporal bin "t chosen to rebin the light curve:
by choosing smaller and smaller bins, the estimate of Liso tends to
increase. For this reason, a more uniform estimate of Liso should
refer to a peak luminosity estimated for all GRBs on the same

rest-frame temporal bin. In our sample, the peak fluxes have been
estimated on different temporal bins, from 4 to 1024 ms in the
observer frame. In Fig. 3 (right-hand panel), we divided our sample
in bursts with "t ≥ 1000 ms (red circle), 50 ≤ "t ≤ 64 ms (green
diamonds), "t = 16 ms (yellow triangles) and "t = 4 ms (purple
upside down triangle). Bursts with smaller "t systematically tend
to have larger Liso, and to be more consistent with the best fit of long
bursts. For most long bursts, the peak flux has been estimated on
a "t ∼ 1s time-scale. Any consideration about the existence of an
Epeak−Liso correlation for short GRBs and its comparison with the
same correlation for long GRBs should take this effect into account.
The conclusion can be different depending on the choice of "t.
When Liso is estimated on similar time-scales both for long and short
GRBs, short GRBs lie on the extreme left side of the correlation
defined by long bursts. By reducing "t for short bursts (for example
for "t ∼ 64 ms) the consistency between long and short in the
Epeak−Liso plane improves. Our preliminary results might suggest

MNRAS 442, 2342–2356 (2014)
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OUTFLOW ENERGY CONTENT L1

I will consider the fireball case for the ease of description
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BASIC FIREBALL DYNAMICS L1

Transparency (first light) should have thermal like spectrum

L ≤ 4πR0σBT4
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BASIC FIREBALL DYNAMICS L1

Internal dissipation through shocks

L ≤ 4πR0σBT4
0 kT0 ∼ 1.7L52R−1/2
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BASIC FIREBALL EMISSION L1

Prompt emission spectrum
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•Non-thermal spectrum 

(synchrotron?)

•Fast variability 
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No. 1, 2008 PARTICLE ACCELERATION IN RELATIVISTIC COLLISIONLESS SHOCKS L7

Fig. 2.—Main panel: Particle spectrum in a -wide slice at100(c/q )p

downstream from the shock at time (black line with error4500(c/q ) q t p 10p p

bars). Red line: A fit with a sum of a 2D Maxwellian (yellow dashed line)
and a power law (blue dash-dotted line) with high-energy exponential cutoff.
Subpanel a is the fit with a sum of high and low temperature Maxwellians
(red line), showing a deficit at intermediate energies; subpanel b is the time
evolution of a particle spectrum in a downstream slice: (blue!1t p 1600qp

line), (green line), and (red line). The black dashed line shows!1 4 !13800q 10 qp p

a power law.!2.4g

Fig. 3.—Left panel: Horizontal position as a function of time for four rep-
resentative particles (color lines) overplotted on transversely averaged profiles
of magnetic energy (gray lines). Right panel: Particle energies (shown with
corresponding color lines) as a function of time. All horizontal positions are
shifted by to align them with the shock location. All quantities arex (t)shock

measured in the downstream frame.

Maxwellian and the power law). At , the tail at4q t p 10 g 1p

contains ∼1% of particles and ∼10% of energy in the down-75
stream region.

3. ACCELERATION MECHANISM

We studied the mechanism that populates the suprathermal
tail by tracing the orbits of particles that gain the most energy.
The main acceleration happens near the shock, as seen from
the excess of particles with large 4-velocity near the shock in
Figure 1e. The spacetime trajectories and thex(t) ! x (t)shock

acceleration histories for four representative particles areg(t)
shown in Figure 3. The vast majority of particles in the flow
go through the shock only once and never return to the upstream
region again (orange line in Fig. 3). Some, however, can cross
the shock several times and gain energy. After acceleration
near the shock, these particles escape into the upstream or
downstream region, populating the suprathermal tails (red,
green, and blue lines). The particles that gain the most energy
(red and blue lines) undergo several reflections between the
downstream region (or the shock layer) and the upstream re-
gion, with the largest energy gains coming from reflections in
the upstream region (Fig. 3). Upon each reflection, these par-
ticles gain energy , as expected in relativistic shocks.DE ∼ E
In Figure 3, we overplot the transversely averaged magnetic
energy as line plots stacked in time. Note that all quantities
are still measured in the downstream frame and are only shifted
in space so that the shock appears stationary. Magnetic fluc-
tuations associated with the upstream filaments carry a motional
electric field ( ) as they are advected toward the shock. Par-Ey

ticles moving against the flow in these fields scatter, with a net
energy gain (in contrast, deflections in the downstream region
result in no energy gain, as seen in the downstream frame; in
the shock frame, both scatterings will yield energy gains). The
particles that gain the most energy do not undergo large-angle
scatters on single upstream filaments. Instead, these particles
move almost parallel to the shock surface, across the magnetic

filaments shown in Figure 1b. This is easy to understand be-
cause the characteristic Larmor radius for these particles ex-
ceeds the thickness of the shock, and if they were to move
along the shock normal, they would quickly escape down-
stream. The alternating magnetic polarity of the filaments rep-
resents magnetic fluctuations on scales smaller than the particle
Larmor radius. The deflections in the upstream region toward
the downstream region are thus grazing-incidence collisions
with magnetic islands that are moving toward the shock. The
deflections toward the upstream region happen within several
hundred skin depths behind the shock, where the magnetic field
is strongest. Motion across the filaments increases the effective
length of the scattering region and allows the trapping and
acceleration of high-energy particles near the shock.

4. DISCUSSION

We have shown that relativistic collisionless shocks can self-
consistently accelerate nonthermal particles. The magnetic
fields that are created as part of the Weibel turbulence near
shocks are sufficient to inject particles from the thermal pool
into the shock acceleration process, and our findings do not
require any initial assumptions about the turbulence spectrum.
The acceleration that we observe involves repeated crossings
of the shock by a small fraction of particles. In this sense, it
is tempting to associate this acceleration process with the first-
order Fermi acceleration in shocks. The absence of a coherent
background field in our problem rules out shock-surfing and
shock-drift acceleration. Deviations in particle trajectory are
due to interactions with many magnetic filaments of alternating
magnetic polarity and is, therefore, diffusive in nature. The
exponential cutoff at high energy in the downstream spectrum
can be attributed to the finite acceleration time in the simulation
and to the fact that efficient particle scattering occurs in a layer
of finite width (Bykov & Uvarov 1999). We have not reached
a steady state, however. Both the maximum particle energy and
the extent of the particle precursor continue to grow linearly
with time, and the energy in the tail grows logarithmically. The
region where particles scatter also increases. We conclude that
the simulations show the beginnings of the Fermi acceleration
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the ISM magnetic Ðeld in external shocks yields a Ðeld
amplitude G, which is too weakB D cBISM D 10~4(c/102)
(Sari et al. 1996) compared to the required equipartition
value cm~3)1@2 G, and can accountBeq D 50(c/102)(nISM/1
only for Here c \ (1 [ u2/c2)1@2 isv

B
\ (B/Beq)2 [ 10~11.

the Lorentz factor of the wind outÑowing at a velocity u.
Alternatively, some magnetic Ñux might originate at the
GRB progenitor and be carried by the outÑowing Ðreball
plasma (or by a precursor wind). Because of Ñux freezing,
the Ðeld amplitude would decrease as the wind expands. In
this case, only a progenitor with a rather strong magnetic
Ðeld D1016 G might produce sufficiently strong Ðelds
during the GRB emission. However, since the Ðeld ampli-
tude scales as B P V ~2@3 for an expanding shell of volume
V , even a highly magnetized plasma at R D 107 cm would
possess a negligible Ðeld amplitude of D10~2 G, or v

B
[

10~7, at a radius of cm, where the afterglow radi-R Z 1016
ation is emitted3 (see also et al. 1993). Moreover,Me" sza" ros
the emitting material behind the external shock is contin-
uously replenished by the ISM, so the Ðeld originally
carried by the Ðreball ejecta cannot account for the after-
glow radiation.

None of the above mechanisms is capable of generating
near-equipartition magnetic Ðelds in the external shocks
that produce the delayed afterglow emission. In this paper,
we propose a di†erent, universal, mechanism of magnetic
Ðeld generation in GRB shocks. It involves the relativistic
generalization of the two-stream (Weibel 1959) instability in
a plasma. This instability is driven by the anisotropy of the
particle distribution function (PDF) and, hence, could
operate in both internal and external shocks. Our main
results are as follows :

1. The characteristic e-folding time in the shock frame for
the instability is D10~7 s for internal shocks and 10~4 s for
external shocks. This time is much shorter than the dynami-
cal time of GRB Ðreballs.

2. The generated magnetic Ðeld is randomly oriented in
space, but always lies in the plane of the shock front.

3. The instability is powerful. It only saturates by non-
linear e†ects when the magnetic Ðeld amplitude approaches
equipartition with the electrons (and possibly with the ions).

4. The instability isotropizes the PDF, thus e†ectively
heating the electrons and protons.

5. The characteristic coherence scale of the generated
magnetic Ðeld is of the order of the relativistic skin depth,
i.e. D103 cm for internal shocks and D105 cm for external
shocks. This scale is much smaller than the spatial scale of
the source.

6. The mean free path for Coulomb collisions is larger
than the Ðreball size. However, the randomness of the gen-
erated magnetic Ðeld provides e†ective collisions due to
pitch-angle scattering of the particles in an otherwise colli-
sionless plasma and, thus, justiÐes the use of the magneto-
hydrodynamic (MHD) approximation for GRB shocks. The
magnetic Ðelds communicate the momentum and pressure
of the outÑowing Ðreball plasma to the ambient medium
and deÐne the shock boundary.

3 Both the magnetic Ðeld energy density and the thermal energy of the
Ðreball scale as PV ~4@3 for adiabatic expansion. However, when shocks
are generated, the plasma is heated because of the dissipation of the Ðreball
kinetic energy, and the magnetic energy parameter decreases far below
equipartition in the post shock gas.

FIG. 1.ÈIllustration of the instability. A magnetic Ðeld perturbation
deÑects electron motion along the x-axis, and results in current sheets ( j) of
opposite signs in regions I and II, which in turn amplify the perturbation.
The ampliÐed Ðeld lies in the plane perpendicular to the original electron
motion.

The above mechanism results in tangential magnetic
Ðelds near the apparent limb of the source. Hence, the long-
term synchrotron emission from the limb would be linearly
polarized along the radial direction relative to the source
center. Although the net polarization of a circularly sym-
metric source is zero, scattering of the radio afterglow emis-
sion of GRBs by the intervening Galactic interstellar
medium would break the symmetry in the source image and
result in polarization scintillations. This e†ect can be used
to test the reality of our proposed mechanism for the gener-
ation of magnetic Ðelds in GRB blast waves.

The outline of the paper is as follows. The physical
mechanism of the instability is discussed in ° 2. The gener-
ation of magnetic Ðelds in internal and external shocks is
discussed in ° 3. In ° 4 we predict the polarization scintil-
lation signal in our model. Finally, ° 5 summarizes our main
conclusions.

2. TWO-STREAM INSTABILITY

The instability under consideration was Ðrst predicted by
Weibel (1959) for a nonrelativistic plasma with an aniso-
tropic distribution function. The simple physical interpreta-
tion provided later by Fried (1959) treated the PDF
anisotropy more generally as a two-stream conÐguration of
a cold plasma. Below we give a brief, qualitative description
of this two-stream magnetic instability.

Let us consider, for simplicity, the dynamics of the elec-
trons only, and assume that the protons are at rest and
provide global charge neutrality. The electrons are assumed
to move along the x-axis (as illustrated in Fig. 1) with a
velocity and equal particle Ñuxes in opposite¿ \ ^xü v

xdirections along the x-axis (so that the net current is zero).
Next, we add an inÐnitesimal magnetic Ðeld Ñuctuation,

The Lorentz force, deÑectsB \ zü B
z

cos (ky). [e(¿/c) Â B,
the electron trajectories as shown by the dashed lines in
Figure 1. As a result, the electrons moving to the right will
concentrate in layer I, and those moving to the left in layer
II. Thus, current sheaths form which appear to increase the
initial magnetic Ðeld Ñuctuation. The growth rate is ! \

where is the nonrelativistic plasmau
p
v
y
/c, u

p
2 \ (4ne2n/m)

frequency (Fried 1959). Similar considerations imply that
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Fig. 1.—Internal structure of a relativistic pair shock at . (a) Den-q t p 8400p

sity in the simulation plane (scaled by the upstream density); (b) magnetic energy
density ; (c) transversely averaged plasma density; (d) trans-2 2e { B /4pg n mcB 0 1

versely averaged ; (e) longitudinal phase space for electrons; (f) transverseeB

phase space for electrons; (g–i) momentum space at three slices throughgb ! gbx y

the flow (locations marked by arrows); (j–l) electron spectra in corresponding
slices.

Lorentz factor in the !x-direction from a conductingg p 150

wall at . The simulation is performed in the “wall” orx p 0
“downstream” frame (S05; S08). To maximize feasible simu-
lation size, we use the 2D version of TRISTAN-MP, with the
flow direction lying in the simulation plane. Although we track
all three components of velocity, in the case of an unmagnetized
2D shock, only the in-plane velocities and currents are excited.
The only magnetic field component is then the out-of-plane Bz

(CSA08). In our experience, the physics of 3D unmagnetized
shocks is well captured in 2D simulations (cf. S05, CSA08).

Our numerical parameters are as follows: the skin depth,
which is based on the upstream density , isn c/q p1 p

cells, the transverse box size2 2 !1/2(4pe n /g m c ) p 10 l p1 0 e y

, and the time step , with 8 particles per400(c/q ) q Dt p 1/22p p

cell per species in the incoming flow. We have also tried larger
box sizes [ ] and more particles per cell per spe-l ≤ 1024(c/q )y p

cies (up to 32), with no significant changes to the results. The
simulations are evolved for times ! . The final box4 !110 qp

length is .4l ! 10 (c/q )x p

In Figure 1, we show the internal structure of the shock at
time . The density (Fig. 1a) and magnetic field en-q t p 8400p

ergy (Fig. 1b) show the Weibel filamentation in the upstream
region, with a characteristic transverse filament scale of
∼ . The filaments are advected with the upstream flow20(c/q )p

into the shock and undergo merger. The flow rapidly decelerates
over ∼ , and the density increases to50(c/q ) n /n p 3.13p 2 1

(Fig. 1c), as given by the jump conditions for a 2D relativistic
gas measured in the downstream frame (CSA08; S08). The shock
moves to the right at (in 2D, the shock Lorentz factor with0.47c
respect to the upstream region is ). The trans-!G p 3g p 26shock 0

versely averaged magnetic energy reaches a peak at ∼15% of
equipartition and then decays (Fig. 1d; CSA08). In Figure 1e,
we show the longitudinal momentum phase space forx ! gbx

electrons, where the phase-space density of particles is shown
as a 2D histogram (positron phase space is nearly identical). The
incoming stream appears at a negative 4-velocity ,gb ≈ !15x

and the flow stops and thermalizes after the shock. In the up-
stream region, there is a clear population of returning particles
with positive 4-velocity (Milosavljević et al. 2006; Kato 2007;
S08). Such hot, low-density particles moving in front of the shock
drive filamentation in the upstream region and are essential for
maintaining the shock as a self-propagating structure far from
the wall. Phase-space snapshots at three cross sectionsgb ! gbx y

through the flow are shown in Figures 1g–1i. The downstream
distribution displays near isotropy, while, in the upstream region,
the returning particles are anisotropic, with an excess of high-
energy particles that move at large angles to shock normal.

In Figures 1j–1l, we show particle spectra in the downstream
and upstream regions, measured in the reference frame of the
downstream medium. Upstream, the returning particles appear as
a high-energy peak in addition to the peak of the incoming flow.
Downstream, the spectrum consists of the main peak, centered
around , and a high-energy “tail,” extending to .g ≈ 12 g ≈ 1000
This tail develops in all our runs at times . In Fig-3q t ! 10p

ure 2, we show a fit to the spectrum from a slice centered at
downstream from the shock at time . The4500(c/q ) q t p 10p p

fit consists of a relativistic 2D Maxwellian plus a power law with
an exponential cutoff of the form f (g) p C g exp (!g/Dg ) "1 1

, with normalizations!aC g min {1, exp [!(g ! g )/Dg ]} C2 cut cut 1

and , such that for . In the fit, the MaxwellianC C p 0 g ! g2 2 min

spread is [close to but smaller thanDg p 6 Dg p (g !1 0

expected from the full thermalization of the upstream1)/2 p 7
flow]. The power law begins at with index ,g p 40 a p 2.5min

and the high energy cutoff starts at with a spreadg p 300cut

. For comparison, the red line in subpanel a of Fig-Dg p 100cut

ure 2 shows a fit with two Maxwellians, demonstrating a clear
deficit at intermediate energies, while fitting well the low- and
high-energy ends. The power-law stretch develops over time, as
can be seen in subpanel bof Figure 2, where a sequence of spectra
measured at a fixed distance behind the shock is shown at different
times. The high-energy cutoff and maximum energy in the tail
grow with time, and the power-law range expands. The power-
law index varies between 2.3 and 2.5 (smaller values are obtained
if the fit is not required to match the transition region between the
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Fig. 2.—Main panel: Particle spectrum in a -wide slice at100(c/q )p

downstream from the shock at time (black line with error4500(c/q ) q t p 10p p

bars). Red line: A fit with a sum of a 2D Maxwellian (yellow dashed line)
and a power law (blue dash-dotted line) with high-energy exponential cutoff.
Subpanel a is the fit with a sum of high and low temperature Maxwellians
(red line), showing a deficit at intermediate energies; subpanel b is the time
evolution of a particle spectrum in a downstream slice: (blue!1t p 1600qp

line), (green line), and (red line). The black dashed line shows!1 4 !13800q 10 qp p

a power law.!2.4g

Fig. 3.—Left panel: Horizontal position as a function of time for four rep-
resentative particles (color lines) overplotted on transversely averaged profiles
of magnetic energy (gray lines). Right panel: Particle energies (shown with
corresponding color lines) as a function of time. All horizontal positions are
shifted by to align them with the shock location. All quantities arex (t)shock

measured in the downstream frame.

Maxwellian and the power law). At , the tail at4q t p 10 g 1p

contains ∼1% of particles and ∼10% of energy in the down-75
stream region.

3. ACCELERATION MECHANISM

We studied the mechanism that populates the suprathermal
tail by tracing the orbits of particles that gain the most energy.
The main acceleration happens near the shock, as seen from
the excess of particles with large 4-velocity near the shock in
Figure 1e. The spacetime trajectories and thex(t) ! x (t)shock

acceleration histories for four representative particles areg(t)
shown in Figure 3. The vast majority of particles in the flow
go through the shock only once and never return to the upstream
region again (orange line in Fig. 3). Some, however, can cross
the shock several times and gain energy. After acceleration
near the shock, these particles escape into the upstream or
downstream region, populating the suprathermal tails (red,
green, and blue lines). The particles that gain the most energy
(red and blue lines) undergo several reflections between the
downstream region (or the shock layer) and the upstream re-
gion, with the largest energy gains coming from reflections in
the upstream region (Fig. 3). Upon each reflection, these par-
ticles gain energy , as expected in relativistic shocks.DE ∼ E
In Figure 3, we overplot the transversely averaged magnetic
energy as line plots stacked in time. Note that all quantities
are still measured in the downstream frame and are only shifted
in space so that the shock appears stationary. Magnetic fluc-
tuations associated with the upstream filaments carry a motional
electric field ( ) as they are advected toward the shock. Par-Ey

ticles moving against the flow in these fields scatter, with a net
energy gain (in contrast, deflections in the downstream region
result in no energy gain, as seen in the downstream frame; in
the shock frame, both scatterings will yield energy gains). The
particles that gain the most energy do not undergo large-angle
scatters on single upstream filaments. Instead, these particles
move almost parallel to the shock surface, across the magnetic

filaments shown in Figure 1b. This is easy to understand be-
cause the characteristic Larmor radius for these particles ex-
ceeds the thickness of the shock, and if they were to move
along the shock normal, they would quickly escape down-
stream. The alternating magnetic polarity of the filaments rep-
resents magnetic fluctuations on scales smaller than the particle
Larmor radius. The deflections in the upstream region toward
the downstream region are thus grazing-incidence collisions
with magnetic islands that are moving toward the shock. The
deflections toward the upstream region happen within several
hundred skin depths behind the shock, where the magnetic field
is strongest. Motion across the filaments increases the effective
length of the scattering region and allows the trapping and
acceleration of high-energy particles near the shock.

4. DISCUSSION

We have shown that relativistic collisionless shocks can self-
consistently accelerate nonthermal particles. The magnetic
fields that are created as part of the Weibel turbulence near
shocks are sufficient to inject particles from the thermal pool
into the shock acceleration process, and our findings do not
require any initial assumptions about the turbulence spectrum.
The acceleration that we observe involves repeated crossings
of the shock by a small fraction of particles. In this sense, it
is tempting to associate this acceleration process with the first-
order Fermi acceleration in shocks. The absence of a coherent
background field in our problem rules out shock-surfing and
shock-drift acceleration. Deviations in particle trajectory are
due to interactions with many magnetic filaments of alternating
magnetic polarity and is, therefore, diffusive in nature. The
exponential cutoff at high energy in the downstream spectrum
can be attributed to the finite acceleration time in the simulation
and to the fact that efficient particle scattering occurs in a layer
of finite width (Bykov & Uvarov 1999). We have not reached
a steady state, however. Both the maximum particle energy and
the extent of the particle precursor continue to grow linearly
with time, and the energy in the tail grows logarithmically. The
region where particles scatter also increases. We conclude that
the simulations show the beginnings of the Fermi acceleration
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the ISM magnetic Ðeld in external shocks yields a Ðeld
amplitude G, which is too weakB D cBISM D 10~4(c/102)
(Sari et al. 1996) compared to the required equipartition
value cm~3)1@2 G, and can accountBeq D 50(c/102)(nISM/1
only for Here c \ (1 [ u2/c2)1@2 isv

B
\ (B/Beq)2 [ 10~11.

the Lorentz factor of the wind outÑowing at a velocity u.
Alternatively, some magnetic Ñux might originate at the
GRB progenitor and be carried by the outÑowing Ðreball
plasma (or by a precursor wind). Because of Ñux freezing,
the Ðeld amplitude would decrease as the wind expands. In
this case, only a progenitor with a rather strong magnetic
Ðeld D1016 G might produce sufficiently strong Ðelds
during the GRB emission. However, since the Ðeld ampli-
tude scales as B P V ~2@3 for an expanding shell of volume
V , even a highly magnetized plasma at R D 107 cm would
possess a negligible Ðeld amplitude of D10~2 G, or v

B
[

10~7, at a radius of cm, where the afterglow radi-R Z 1016
ation is emitted3 (see also et al. 1993). Moreover,Me" sza" ros
the emitting material behind the external shock is contin-
uously replenished by the ISM, so the Ðeld originally
carried by the Ðreball ejecta cannot account for the after-
glow radiation.

None of the above mechanisms is capable of generating
near-equipartition magnetic Ðelds in the external shocks
that produce the delayed afterglow emission. In this paper,
we propose a di†erent, universal, mechanism of magnetic
Ðeld generation in GRB shocks. It involves the relativistic
generalization of the two-stream (Weibel 1959) instability in
a plasma. This instability is driven by the anisotropy of the
particle distribution function (PDF) and, hence, could
operate in both internal and external shocks. Our main
results are as follows :

1. The characteristic e-folding time in the shock frame for
the instability is D10~7 s for internal shocks and 10~4 s for
external shocks. This time is much shorter than the dynami-
cal time of GRB Ðreballs.

2. The generated magnetic Ðeld is randomly oriented in
space, but always lies in the plane of the shock front.

3. The instability is powerful. It only saturates by non-
linear e†ects when the magnetic Ðeld amplitude approaches
equipartition with the electrons (and possibly with the ions).

4. The instability isotropizes the PDF, thus e†ectively
heating the electrons and protons.

5. The characteristic coherence scale of the generated
magnetic Ðeld is of the order of the relativistic skin depth,
i.e. D103 cm for internal shocks and D105 cm for external
shocks. This scale is much smaller than the spatial scale of
the source.

6. The mean free path for Coulomb collisions is larger
than the Ðreball size. However, the randomness of the gen-
erated magnetic Ðeld provides e†ective collisions due to
pitch-angle scattering of the particles in an otherwise colli-
sionless plasma and, thus, justiÐes the use of the magneto-
hydrodynamic (MHD) approximation for GRB shocks. The
magnetic Ðelds communicate the momentum and pressure
of the outÑowing Ðreball plasma to the ambient medium
and deÐne the shock boundary.

3 Both the magnetic Ðeld energy density and the thermal energy of the
Ðreball scale as PV ~4@3 for adiabatic expansion. However, when shocks
are generated, the plasma is heated because of the dissipation of the Ðreball
kinetic energy, and the magnetic energy parameter decreases far below
equipartition in the post shock gas.

FIG. 1.ÈIllustration of the instability. A magnetic Ðeld perturbation
deÑects electron motion along the x-axis, and results in current sheets ( j) of
opposite signs in regions I and II, which in turn amplify the perturbation.
The ampliÐed Ðeld lies in the plane perpendicular to the original electron
motion.

The above mechanism results in tangential magnetic
Ðelds near the apparent limb of the source. Hence, the long-
term synchrotron emission from the limb would be linearly
polarized along the radial direction relative to the source
center. Although the net polarization of a circularly sym-
metric source is zero, scattering of the radio afterglow emis-
sion of GRBs by the intervening Galactic interstellar
medium would break the symmetry in the source image and
result in polarization scintillations. This e†ect can be used
to test the reality of our proposed mechanism for the gener-
ation of magnetic Ðelds in GRB blast waves.

The outline of the paper is as follows. The physical
mechanism of the instability is discussed in ° 2. The gener-
ation of magnetic Ðelds in internal and external shocks is
discussed in ° 3. In ° 4 we predict the polarization scintil-
lation signal in our model. Finally, ° 5 summarizes our main
conclusions.

2. TWO-STREAM INSTABILITY

The instability under consideration was Ðrst predicted by
Weibel (1959) for a nonrelativistic plasma with an aniso-
tropic distribution function. The simple physical interpreta-
tion provided later by Fried (1959) treated the PDF
anisotropy more generally as a two-stream conÐguration of
a cold plasma. Below we give a brief, qualitative description
of this two-stream magnetic instability.

Let us consider, for simplicity, the dynamics of the elec-
trons only, and assume that the protons are at rest and
provide global charge neutrality. The electrons are assumed
to move along the x-axis (as illustrated in Fig. 1) with a
velocity and equal particle Ñuxes in opposite¿ \ ^xü v

xdirections along the x-axis (so that the net current is zero).
Next, we add an inÐnitesimal magnetic Ðeld Ñuctuation,

The Lorentz force, deÑectsB \ zü B
z

cos (ky). [e(¿/c) Â B,
the electron trajectories as shown by the dashed lines in
Figure 1. As a result, the electrons moving to the right will
concentrate in layer I, and those moving to the left in layer
II. Thus, current sheaths form which appear to increase the
initial magnetic Ðeld Ñuctuation. The growth rate is ! \

where is the nonrelativistic plasmau
p
v
y
/c, u

p
2 \ (4ne2n/m)

frequency (Fried 1959). Similar considerations imply that
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Fig. 1.—Internal structure of a relativistic pair shock at . (a) Den-q t p 8400p

sity in the simulation plane (scaled by the upstream density); (b) magnetic energy
density ; (c) transversely averaged plasma density; (d) trans-2 2e { B /4pg n mcB 0 1

versely averaged ; (e) longitudinal phase space for electrons; (f) transverseeB

phase space for electrons; (g–i) momentum space at three slices throughgb ! gbx y

the flow (locations marked by arrows); (j–l) electron spectra in corresponding
slices.

Lorentz factor in the !x-direction from a conductingg p 150

wall at . The simulation is performed in the “wall” orx p 0
“downstream” frame (S05; S08). To maximize feasible simu-
lation size, we use the 2D version of TRISTAN-MP, with the
flow direction lying in the simulation plane. Although we track
all three components of velocity, in the case of an unmagnetized
2D shock, only the in-plane velocities and currents are excited.
The only magnetic field component is then the out-of-plane Bz

(CSA08). In our experience, the physics of 3D unmagnetized
shocks is well captured in 2D simulations (cf. S05, CSA08).

Our numerical parameters are as follows: the skin depth,
which is based on the upstream density , isn c/q p1 p

cells, the transverse box size2 2 !1/2(4pe n /g m c ) p 10 l p1 0 e y

, and the time step , with 8 particles per400(c/q ) q Dt p 1/22p p

cell per species in the incoming flow. We have also tried larger
box sizes [ ] and more particles per cell per spe-l ≤ 1024(c/q )y p

cies (up to 32), with no significant changes to the results. The
simulations are evolved for times ! . The final box4 !110 qp

length is .4l ! 10 (c/q )x p

In Figure 1, we show the internal structure of the shock at
time . The density (Fig. 1a) and magnetic field en-q t p 8400p

ergy (Fig. 1b) show the Weibel filamentation in the upstream
region, with a characteristic transverse filament scale of
∼ . The filaments are advected with the upstream flow20(c/q )p

into the shock and undergo merger. The flow rapidly decelerates
over ∼ , and the density increases to50(c/q ) n /n p 3.13p 2 1

(Fig. 1c), as given by the jump conditions for a 2D relativistic
gas measured in the downstream frame (CSA08; S08). The shock
moves to the right at (in 2D, the shock Lorentz factor with0.47c
respect to the upstream region is ). The trans-!G p 3g p 26shock 0

versely averaged magnetic energy reaches a peak at ∼15% of
equipartition and then decays (Fig. 1d; CSA08). In Figure 1e,
we show the longitudinal momentum phase space forx ! gbx

electrons, where the phase-space density of particles is shown
as a 2D histogram (positron phase space is nearly identical). The
incoming stream appears at a negative 4-velocity ,gb ≈ !15x

and the flow stops and thermalizes after the shock. In the up-
stream region, there is a clear population of returning particles
with positive 4-velocity (Milosavljević et al. 2006; Kato 2007;
S08). Such hot, low-density particles moving in front of the shock
drive filamentation in the upstream region and are essential for
maintaining the shock as a self-propagating structure far from
the wall. Phase-space snapshots at three cross sectionsgb ! gbx y

through the flow are shown in Figures 1g–1i. The downstream
distribution displays near isotropy, while, in the upstream region,
the returning particles are anisotropic, with an excess of high-
energy particles that move at large angles to shock normal.

In Figures 1j–1l, we show particle spectra in the downstream
and upstream regions, measured in the reference frame of the
downstream medium. Upstream, the returning particles appear as
a high-energy peak in addition to the peak of the incoming flow.
Downstream, the spectrum consists of the main peak, centered
around , and a high-energy “tail,” extending to .g ≈ 12 g ≈ 1000
This tail develops in all our runs at times . In Fig-3q t ! 10p

ure 2, we show a fit to the spectrum from a slice centered at
downstream from the shock at time . The4500(c/q ) q t p 10p p

fit consists of a relativistic 2D Maxwellian plus a power law with
an exponential cutoff of the form f (g) p C g exp (!g/Dg ) "1 1

, with normalizations!aC g min {1, exp [!(g ! g )/Dg ]} C2 cut cut 1

and , such that for . In the fit, the MaxwellianC C p 0 g ! g2 2 min

spread is [close to but smaller thanDg p 6 Dg p (g !1 0

expected from the full thermalization of the upstream1)/2 p 7
flow]. The power law begins at with index ,g p 40 a p 2.5min

and the high energy cutoff starts at with a spreadg p 300cut

. For comparison, the red line in subpanel a of Fig-Dg p 100cut

ure 2 shows a fit with two Maxwellians, demonstrating a clear
deficit at intermediate energies, while fitting well the low- and
high-energy ends. The power-law stretch develops over time, as
can be seen in subpanel bof Figure 2, where a sequence of spectra
measured at a fixed distance behind the shock is shown at different
times. The high-energy cutoff and maximum energy in the tail
grow with time, and the power-law range expands. The power-
law index varies between 2.3 and 2.5 (smaller values are obtained
if the fit is not required to match the transition region between the

Medvedev & Loeb 1999

Weibel instability

SHOCKS: (I) ACCELERATE PARTICLES AND (II) AMPLIFY MAGNETIC FIELDSHOCK DESCRIPTION L1

Internal shocks large electron energy and magnetic field  

dN(γ) ∝ γ−pdγ

High energy tail

(Γs − 1)npmpc2

γenemec2 ≃ ϵe(Γs − 1)npmpc2

LB = Γ2
s

R2B′�2c
2

= ϵBL

B′� = ϵ1/2
B ( 2L

c )
1/2 1

RΓs

γe =
p − 2
p − 1

ϵe(Γs − 1)
np

ne

mp

me
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SYNCHROTRON PROMPT EMISSION L1

For typical parameters fast cooling emission

tcool,syn =
6πmec
σTγeB′�2

1 + z
Γ

tdyn =
R

2cΓ2
(1 + z)< < Fast cooling

γ−p

γ−p−1

γ−2N(γ)

γγmγcool
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SYNCHROTRON PROMPT EMISSION L1

For typical parameters fast cooling emission

tcool,syn =
6πmec
σTγeB′�2

1 + z
Γ

tdyn =
R

2cΓ2
(1 + z)< < Fast cooling

γ−p

γ−p−1

γ−2N(γ)

γγmγcool

ν−p/2

ν−1/2
Fν

ννmνcool

ν ∝ γ2

Fν ∝ ν− s − 1
2n(γ) ∝ γ−s

ν1/3
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SYNCHROTRON PROMPT EMISSION L1

For typical parameters fast cooling emission

hνp,syn =
2eh

3πmec
γ2

e B′�
Γs

1 + z
≈ 40 keVϵ1/2

B ϵ2
e (Γs − 1)2(

np

ne )
2

L1/2
52

1
R13(1 + z)

Synchrotron can 
reproduce the typical 
peak spectral energy

tcool,syn =
6πmec
σTγeB′�2

1 + z
Γ

tdyn =
R

2cΓ2
(1 + z)< < Fast cooling

γ−p

γ−p−1

γ−2N(γ)

γγmγcool

ν−p/2

ν−1/2
Fν

ννmνcool

ν ∝ γ2

Fν ∝ ν− s − 1
2n(γ) ∝ γ−s

ν1/3
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SYNCHROTRON PROMPT EMISSION (?) L1

Most of long and all short GRBs are harder than synchrotron spectrum

Eβ

Eα
Fast cooling regime 

νcool < νmin

M
in

im
um

 fr
eq

.PHOTON SPECTRUM

!F! SPECTRUM

Observations: Preece et al. 1998; Ghirlanda et al. 2002; Kaneko et al. 2006; 
Frontera et al. 2006; Vianello et al. 2008; Gruber et al. 2014 . … … 
Theory:  Sari, Narayan & Piran 1996; Ghisellini et al. 2000; Daigne et al. 2012
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SYNCHROTRON PROMPT EMISSION (!?) L1

Starting to shed light on a long standing issue

Oganesyan et al. 2017: 14 bright GRBs detected by Swift

Oganesyan et al. 2017a: 34 GRBs detected by Swift

Fermi/GBM: 
• Short and long Fermi GRBs (Ravasio+2019)

Short Ep ~ Eb

• Bayesian analysis (Burgess+2019)

62% of GRBs 
✓ Show two spectral breaks (new: low energy break 

3-20 keV) which significantly improves the fit 
sigma 

✓ The average photon indices below and above the 
break are -2/3 and -3/2

Ronchi+2019

But quite extreme physical parameters of 
the emission region (see Ghisellini 2020)

-3/2

Phot sp
 slo

pe =
 -2

/3
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GRAVITATIONAL WAVES: A NEW MESSENGER TO EXPLORE THE UNIVERSE

G. Ghirlanda - March 10-11, 2021

Afterglow



AFTERGLOW PROPERTIES L1

F(ν, t) ∝ ν−αt−β

Perley et al 2014

GRB 130427A (z=0.34)

G. Ghirlanda - March 10-11, 2021

On the banks of the river



AFTERGLOW PROPERTIES L1

An oversimplified scheme

Flux

Time100 s Hours 1-5 days 2 weeks

X-ray

Optical/NIR

Radio

Flares
Steep 
decay

Pleateu

Onset

Kilonova
(short) Supernova

(long)

Thick/thin

Reverse shock

Jet
break

Afterglow
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BASIC FIREBALL DYNAMICS: DECELERATION L1

Deceleration dynamic scaling depends on the circumburst density

Thermal energy

Matter

Kinetic energy

Radiation

Ph
ot

os
ph

er
ic

 e
m

is
si

on

DISS.
(PHOT/SHOCKS)

ACCELERATION

DECELERATION

Radiation
Rees & Meszaros 1993

R
Rs Rph

msmf
δt

Γf Γs

Γf > Γs

RIS Rdec

E ≃ Vρc2Γ2

Γ ∝ R−3/2

ρ(R) = const
TΓ

[Γ ∝ t−3/8]
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DECELEARATION PHASE L1

From the observable to the physical parameter ( )Γ0

R
Rs Rph

msmf
δt

Γf Γs

Γf > Γs

RIS Rdec

E ≃ Vρc2Γ2

Γ ∝ R−3/2

ρ(R) = const

t

L ≃ L′�Γ2 ∝ R2Γ2

L ∝ R2 L ∝ R−1

tdec

Lbol

TΓ

Γ0 ≈ 0.1 ( Ek

n0mpc5 )
1/8

( tdec

1 + z )
−3/8

Γ ∝ t−3/8
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Molinari et al. 2006



THE FASTER THE BRIGHTER L1

Larger luminosity (energy), larger bulk velocity 

(Similarly for Eiso)

Rdec<Rph

Ghirlanda+2010, 2018
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EXTERNAL SHOCK: THE AFTERGLOW L1

Linking shock microphysical parameters to shock dynamics

R
Rs Rph

msmf
δt

Γf Γs

Γf > Γs

RIS Rdec

Γ ∝ R−3/2

TΓ

FSRS

γm =
p − 2
p − 1

ϵe(Γ − 1)
np

ne

mp

me

t′�cool,syn =
6πmec

σTγeB′�2Γ

γm ∝ Γ

γcool ∝ Γ−1t′�−1B′�−2

Γ

n2 n1

B′�2

8π
= ϵB(Γ − 1)n2mpc2 B′� ∝ Γ

νm ∝ t−3/2

νcool ∝ t−1/2

ν−p/2

ν− p − 1
2

νFν

ννm νcool

ν1/3

t−1/2t−3/2

Fm ∝ NPsyn ∝ R3B′�Γ = t0

ν2

νsa

Γ ∝ t−3/8
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UNDERSTANDING THE AFTERGLOW L1

Spectral evolution is the key to understand the light curves at different frequencies

ν−p/2

ν− p − 1
2

νFν

ννm νcool

ν1/3

t−1/2t−3/2

ν2

νsa
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AFTERGLOW SSC L1

The VHE emission component started to be explored only recently

460 | Nature | Vol 575 | 21 November 2019

Article

but usually occurs at earlier times. The relatively late time at which the 
break appears in GRB 190114C would then imply a very large value of νm, 
placing it in the X-ray band at about 102 s. The millimetre light curves 
(orange symbols) also show an initial fast decay in which the emission 
is dominated by the reverse shock, followed by emission at late times 
with nearly constant flux (Extended Data Fig. 3).

The spectral energy distributions (SEDs) of the radiation detected 
by MAGIC are shown in Fig. 2, where the whole duration of the emission 
detected by MAGIC is divided into five time intervals. For the first two 
time intervals, observations in the gigaelectronvolt and X-ray bands are 
also available. During the first time interval (68–110 s; blue data points 
and blue confidence regions), Swift-XRT, Swift-BAT and Fermi-GBM data 
show that the afterglow synchrotron component peaks in the X-ray 
band. At higher energies, up to 1 GeV, the SED is a decreasing function 
of energy, as supported by the Fermi-LAT flux between 0.1 and 0.4 GeV 
(Methods). On the other hand, at even higher energies, the MAGIC flux 
above 0.2 TeV implies a spectral hardening. This evidence is independ-
ent of the EBL model adopted to correct for the attenuation (Methods). 
This demonstrates that the newly discovered teraelectronvolt radiation 
is not a simple extension of the known afterglow synchrotron emission, 
but a separate spectral component.

The extended duration and the smooth, power-law temporal decay 
of the radiation detected by MAGIC (see green data points in Fig. 1) 
suggest an intimate connection between the teraelectronvolt emission 
and the broadband afterglow emission. The most natural candidate 
is synchrotron self-Compton (SSC) radiation in the external forward 
shock: the same population of relativistic electrons responsible for the 
afterglow synchrotron emission Compton up-scatters the synchrotron 
photons, leading to a second spectral component that peaks at higher 
energies. Teraelectronvolt afterglow emission can also be produced by 
hadronic processes, such as synchrotron radiation by protons acceler-
ated to ultrahigh energies in the forward shock17–19. However, owing 

to their typically low radiation efficiency6, reproducing the luminous 
teraelectronvolt emission observed here by such processes would imply 
unrealistically large power of accelerated protons10. Teraelectronvolt 
photons can also be produced via the SSC mechanism in internal shock 
synchrotron models of the prompt emission. However, numerical mod-
elling (Methods) shows that prompt SSC radiation can account at most 
for a limited fraction ("20%) of the observed teraelectronvolt flux, and 
only at early times (t " 100 s). Henceforth, we focus on the SSC process 
in the afterglow.

SSC emission has been predicted for GRB afterglows9,12,18,20–27. How-
ever, its quantitative significance has been uncertain because the SSC 
luminosity and spectral properties depend strongly on the poorly 
constrained physical conditions in the emission region (for example, 
the magnetic field strength). The detection of the teraelectronvolt 
component in GRB 190114C and the availability of multi-band obser-
vations offer the opportunity to investigate the relevant physics at a 
deeper level. SSC radiation may have been already detected in very 
bright GRBs, such as GRB 130427A, in which photons with energies 
of 10–100 GeV are challenging to explain by synchrotron processes, 
suggesting a different origin28–30.

We model the full dataset (from the radio band to teraelectronvolt 
energies, for the first week after the explosion) as synchrotron plus SSC 
radiation, within the framework of the theory of afterglow emission 
from external forward shocks. The detailed modelling of the broad-
band emission and its evolution with time is presented in Methods. 
We discuss here the implications for the emission at t < 2,400 s and 
energies above >1 keV.

The soft spectra in the 0.2–1-TeV energy range (photon index ΓTeV < −2; 
see Extended Data Table 1) constrain the peak of the SSC component 
to below this energy range. The relatively small ratio between the spec-
tral peak energies of the SSC (E "200 GeVp

SSC ) and synchrotron 
(E ≈ 10 keVp

syn ) components implies a relatively low value for the elec-
tron Lorentz factor (γ ≈ 2 × 103). This value is hard to reconcile with the 
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Fig. 1 | Multi-wavelength light curves of GRB 190114C. Energy flux at different 
wavelengths, from radio to γ-rays, versus time after the BAT trigger, at 
T0 = 20:57:03.19 universal time (UT) on 14 January 2019. The light curve for the 
energy range 0.3–1 TeV (green circles) is compared with light curves at lower 
frequencies. Those for VLA (yellow square), ATCA (yellow stars), ALMA (orange 
circles), GMRT (purple filled triangle) and MeerKAT (purple open triangles) 
have been multiplied by 109 for clarity. The vertical dashed line marks 
approximately the end of the prompt-emission phase, identified as the end of 
the last flaring episode. For the data points, vertical bars show the 1σ errors on 
the flux, and horizontal bars represent the duration of the observation. The 
fluxes in the V, r and K filters (pink, purple and grey filled squares, respectively) 
have been corrected for extinction in the host and in our Galaxy; the 
contribution from the host galaxy has been subtracted.
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Fig. 2 | Multi-band spectra in the time interval 68–2,400 s. Five time intervals 
are considered: 68–110 s (blue), 110–180 s (yellow), 180–360 s (red), 360–625 s 
(green) and 625–2,400 s (purple). MAGIC data points have been corrected for 
attenuation caused by the EBL. Data from other instruments (Swift-XRT, Swift-
BAT, Fermi-GBM and Fermi-LAT) are shown for the first two time intervals. For 
each time interval, LAT contour regions are shown, limiting the energy to the 
range in which photons are detected. MAGIC and LAT contour regions are 
drawn from the 1σ error of their best-fit power-law functions. For Swift data, the 
regions show the 90% confidence contours for the joint fit for XRT and BAT, 
obtained by fitting a smoothly broken power law to the data. Filled regions are 
used for the first time interval (68–110 s).

• Spectral slope of Magic spectrum 
• Spectral evolution of Magic spectrum with time
• If sub-MeV is synchrotron 

νp,SSC ≤ 100 GeV

νp,SSC ↓

νp,syn ≃ 10 keV

GRB190114C MAGIC collaboration 2020

νp,SSC ≃ 2γ2
e νp,syn

νp,SSC ≃ 2γemec2 Γ
1 + z

(Th)

(KN)

γm ≤ 103

ϵe ≤ 0.1 − 0.01

ΓB ≥ 105

SSC << SYNPossible role of pairs

LSCC ~ LSyn
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JET EFFECT L1

From the observable to the physical parameter ( )θjet

Jet half opening 
angle

Relativistc beaming: 

emitting surface ∝ 1/Γ

COLLIMATED RELATIVISTIC OUTFLOW: THE JET EFFECT

1
Γ ≪ θjet 1

Γ ≈θjet 1
Γ > θjetE = 4

3 πR3nmpc2Γ2

R ∼2ctΓ2 Γ = ( 3E
256πnmpc5 )

1/8

t−3/8
θjet = 1

Γ ∼(
256πnmpc5

3E )
1/8

t3/8
break

θjet = 0.61 ( n
E52 )

1/8

( tbreak

1 + z )
3/8ISM and correct 

normalisation

GRB 990510 – Israel et al. 1999

GRB 070125
Dai et al. 2008
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JET EFFECT L1

The presence of a jet reduces the GRB energy budget

Berger 2014

True energy

FROM ISOTROPIC TO TRUE ENERGY 

Ghirlanda+2007
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VIEWING ANGLE EFFECTS L1

Given the large values of Gamma the “debeaming” effect is dramatic already for slightly off axis angles 

Γ

I′�ν′�(t′�)
δon ≃

1
Γ(1 − β)

θv ≫ θjet δoff =
1

Γ(1 − β cos θv)

δoff

δon
=

Γ(1 − β)
Γ(1 − β cos θv)

≃
1

1 + Γ2θ2
v

Iν(t) = Iν′ �(t′�)δ3

Lν(t, θv) = L(t,0)(
δoff

δon )
3

Γ = const

Prompt
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VIEWING ANGLE EFFECTS L1

Γ

I′�ν′�(t′�)
δon ≃

1
Γ(1 − β)

θv ≫ θjet δoff =
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=
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Iν(t) = Iν′ �(t′�)δ3
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Granot 2002
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Fig. 1.—B-band luminosity for models 1 (dashed lines) and 2 (solid lines)
for , , , , , ,v p 5! v p (0, 1, 2, 3, 5)v E p 80 n p 1 p p 2.5 e p 0.010 obs 0 52 0 B

and , where and are the fraction of the internal energy in thee p 0.1 e ee B e

magnetic field and electrons, respectively, and p is the power-law index of the
electron energy distribution. Note that model 1 is scaled down by a factor of
2.5 to help compare between the two models.

Fig. 2.—Light curves of model 3 for , ,v p 0.2 E p n p z p 1 p p0 52 0

, , , and Hz. The inset shows the same light142.5 e p 0.1 e p 0.01 n p 5# 10e B

curves for model 2, where the same traces correspond to the same viewing
angles .vobs

therefore, the dominant contribution to the emission is missing
until the time when . This problem is overcome byg ∼ 1/vobs
our next model.

2.2. Model 2: A Homogeneous Jet

This model is described in Kumar & Panaitescu (2000). The
Lorentz factor and energy per solid angle are considered in-
dependent of v within the jet aperture. The jet deceleration is
calculated from the mass and energy conservation equations,
and the jet expands laterally at the local sound speed. The
calculation of radiative losses includes synchrotron and inverse
Compton, and the synchrotron spectrum is taken to be a piece-
wise power law with the usual self-absorption, cooling, and
injection break frequencies, calculated from the cooled electron
distribution and magnetic field. The observed flux is obtained
by integrating the jet emission over the equal arrival time
surface.
The light curves of model 2 are shown with solid lines in

Figure 1. The flux density in the decaying stage (when the
entire jet is visible) increases slightly with vobs because, for a
given observer time, the emission received at larger vobs arises
at smaller radii, when the jet is intrinsically brighter. At a few
hundred days, the light curves begin to flatten owing to the
transition to the nonrelativistic regime.
The light curves for are very different from thosev ! vobs 0

of model 1 (and more realistic). Furthermore, the light curves
for are very similar to in this model. Sincev ≤ v v p 0obs 0 obs
the jet is homogeneous, the ratio of fluxes for andv ! vobs 0

is the ratio (1 ) of the areas within the jet opening1v p 0obs 2
that subtend an angle of 1/g around these directions.
We note that the light curves of model 1 for v /v pobs 0
are much closer to the light curves of model 2 for1, 2

, respectively, than to the model 2 light curvesv /v p 2, 3obs 0
for the same viewing angles, because the emission received at

is dominated by the region on the jet surface that isv 1 vobs 0
closest to the direction toward the observer. Therefore, model
1 becomes more accurate if is used in-v p max (0, v ! v )obs 0
stead of in equations (1) and (2).v p vobs
The main advantage of model 2 is that it provides more

realistic light curves with a very small computational effort,

making it convenient to use for data fitting (e.g., Panaitescu &
Kumar 2001). Its main drawback is the simplified treatment of
the dynamics, which leads to some differences relative to our
next model.

2.3. Model 3: Two-Dimensional Hydrodynamical Simulation

This model is described in Granot et al. (2001). The jet
dynamics is obtained with a two-dimensional hydrodynamical
simulation, with initial conditions of a wedge taken from the
spherical self-similar Blandford-McKee (1976) solution. The
afterglow light curves are calculated considering the emission
from all the shocked region, taking into account the relativistic
transformations of the radiation field, and the different photon
arrival times to the different observers.
Figure 2 shows the light curves of model 3, while the inset

provides the light curves of model 2 for the same set of pa-
rameters. In model 3, the peak of the light curves for v 1obs
is flatter compared to model 2 and occurs at a somewhatv0

later time. The rise before the peak is not as sharp as in models
1 or 2, since in model 3 there is some material at the sides of
the jet with a moderate Lorentz factor (Granot et al. 2001;
Piran & Granot 2001), whose emission dominates the observed
flux at early times for . The light curves forv 1 v v 1 vobs 0 obs 0
peak at a later time compared to model 2, and the flux during
the decay stage grows faster with , because in model 3 thevobs
curvature of the shock front is larger and the emission arises
within a shell of finite width, so that smaller radii contribute
to a given observer time. The light curves for models 2 and 3
are quantitatively similar for .v ! vobs 0
The main advantage of this model is a reliable and rigorous

treatment of the jet dynamics, which provides insight on the
behavior of the jet and the corresponding light curves. Its main
drawback is the long computational time it requires.

3. LINEAR POLARIZATION

While a spherical afterglow should exhibit little or no linear
polarization, as the polarizations from the different parts of the
afterglow image cancel out, a jetted afterglow breaks the circular
symmetry of the afterglow image for and may have av 1 0obs
polarization of !20% for (Ghisellini & Lazzati 1999;v ! vobs 0
Sari 1999). One might therefore expect an even larger polari-

Γ = const Γ = t−3/8

Peak when  Γ ∼
1
θv

tp ≈ 60 days E1/3
52 n−1/3

0 (
θv − θjet

15∘ )
2

Prompt Afterglow

Given the large values of Gamma the “debeaming” effect is dramatic already for slightly off axis angles 
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STRUCTURE OF THE JET L1

Evolution of structured jet concept 

Lipunov et al. 2001 Rossi + 2002; Zhang+ 2002 2017 Aug ! Many …

Uniform jet 
Top hat jet 

Structured jet
Universal jet 

Strctured jet + cocoon
Uniform jet + cocoon

Structured cocoon 
… 

GRB diversity —> different θjet GRB diversity —> different θv
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Etrue ≃ Eisoθ2
jet ∼ const

Eiso ≃ θ−2
jet



STRUCTURED JET L1

Different prompt and afterglow observed for different parameter combination

E(θ, t) Γ(θ, t)

Salafia+2015
Eichler & Granot 2006
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Prompt Afterglow



GRB RATES L1

Observed rates:
Fermi (10keV -40 MeV) ~ 250/yr (1/4 short)
Swift (15keV - 150keV) ~ 70/yr (1/9 short) 

Pescalli+2015

GRB jet structure 1919

Figure 6. SJ model (solid lines) for different values of the power-law energy
structure slope s (as labelled) assuming a core angle of 1◦. The dashed
grey line shows the observed LF (arbitrarily rescaled for clarity) of WP10
extending from LL to HL.

the luminosity as Liso(θv) ∝ ϵ(θv). For θv ≤ θ c, this corresponds to
the maximum luminosity Liso,max ∝ ϵc. The minimum luminosity is
for θv = π/2. From equation (14), the ratio between the maximum
and minimum luminosity is Lmax/Lmin = (π/2θ c)s: the extension
of the resulting LF is set by the slope s and the jet core θ c. Since
the observed LF of GRBs (including HL and LL bursts) extends
over seven orders of magnitudes (from 1047 to 1054 erg s−1), we
derive the limit s ! 7/log [π/(2θ c)]. A typical core angle θ c = 1◦

(Zhang et al. 2004; Lazzati & Begelman 2005) implies s > 3.6,
thus excluding the s = 2 case which is instead what required by
the clustering of the collimation-corrected energies of GRBs (Frail
et al. 2001).

The LF of the SJ results

P (Liso) ∝ sin

!"
Liso

Liso,max

#−1/s

θc

$ "
Liso

Liso,max

#−1−(1/s)

≈ θc

"
Liso

Liso,max

#−(1+2/s)

(15)

since the argument of the sine is always small for reasonable values
of θc. The slope of the LF depends on the shape of the jet struc-
ture s which also regulates the extension of the LF (i.e. the ratio
of the minimum and maximum observable luminosity) as shown
by the different curves of Fig. 6. Formally, a slope a = 1.25 of the
observed LF of Fig. 1 we get a typical value of s = 8. The upturn
at large luminosities shown in Fig. 6 corresponds to the jets ob-
served within the core which all have the same luminosity. Instead,
the observed LF (Fig. 1) is steeper after a break corresponding to
Liso ∼ 3 × 1052 erg s−1. To reproduce this smooth break, we intro-
duce some dispersion of the parameters. Fig. 7 shows that we can
reproduce the LF if we assume a jet core energy per unit solid angle
ϵc = 6 × 1052 erg with a dispersion (lognormal) around this value
with σ=0.5, s = 8.1 and θc ∼ 5◦. The obtained LF is also consistent
with the lower limits corresponding to the IL bursts.

5 D I S C U S S I O N A N D C O N C L U S I O N S

Due to the increased capability to measure the redshift of long
GBRs, we have now better determination of their LF, and indeed
the results of different groups and of different methods start to

Figure 7. SJ model assuming a jet core energy per unit solid angle
ϵc = 6 × 1052 erg with a dispersion (lognormal) around this value with
σ=0.5, s = 8.1 and θc ∼ 5◦. For comparison are also shown the LF ob-
tained with s = 2 and 4 (from Fig. 6) by the dashed and dot–dashed lines,
respectively.

converge. The LF can be modelled as a broken power law, with
slopes ∼1.2–1.5 and b > 2, and a break above 1052 erg s−1. The
degree of cosmic evolution is instead still uncertain (see e.g. S12).
Another controversial issue concerns LL GRBs. We have observed
very few of them, but their vicinity points to a very large rate.
From what we find, they lie on the extrapolation of the LF that
describes HL events. This suggests that LL and HL bursts belong to
the same population. LL bursts have luminosities of ∼1047 erg s−1

and therefore extend the range of observed GRB luminosities to
seven orders of magnitude. Note that the LF reconstructed in this
work (Fig. 1) is consistent down to the lowest luminosities with a
broken power-law model. These data still allow for the existence of
a cut-off at even lower luminosities (Natarajan et al. 2005; Campisi,
Li & Jakobsson 2010; Cao et al. 2011). Is the very large range
of observed luminosities produced by the different intrinsic GRB
power? Or is it, instead, the result of viewing the same intrinsic
phenomenon under different lines of sight? We here discuss our
findings, that are summarized in Table 2.

(i) If the jets of GRBs are homogeneous and have a typical open-
ing angle, then the observed luminosity is proportional to the en-
ergetics of the bursts after it has spent part of its initial energy to
punch the progenitor star. This implies that the LF must be flat at
low luminosities, and this contradicts the data. Our conclusion is
that we can exclude this simple case.

(ii) We have then examined the case of a homogeneous jet, but
with a jet angle that is related to the GRB energetics: smaller θ j

correspond to larger Eiso and Liso. Since LL bursts have larger θ j,
the probability that they intercept our line of sight is greater then
that for HL bursts: therefore, the fraction of GRBs that we detect at
lower luminosities is greater than at large luminosities. If the ‘true’
LF is flat, the observed LF is instead decreasing towards larger
Liso with a slope that depends on the chosen relation between θ j

and Liso. The latter can be inferred by the observed spectral energy
correlations, that yields ξ = 0.5 (in the case of a circumburst wind
density profile) or ξ = 0.3 (homogeneous circumburst density). In
this case, we can obtain a reasonable agreement with the data in
the entire luminosity range but the very low luminosities, where the
model shows a small deficit.

MNRAS 447, 1911–1921 (2015)
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Event rate density of the 170817A-like GRBs. Based on pre-
viously known sGRBs, the event rate density (also called volu-
metric event rate) of sGRBs above then-minimum luminosity
(~1050 erg s−1) is a few Gpc−3 yr−1 5, 6. For example, for a Gaus-
sian distribution of the merger delay time22, the event rate density
of sGRBs is 4:2þ1:3

"1:0 Gpc
−3 yr−1 above 7 × 1049 erg s−1 6. This was

significantly lower than the estimated DNS merger event rate
density (ref. 9, see below). The discrepancy may be removed if one
considers the beaming correction of sGRBs within the top-hat
uniform jet model. Using the beaming factor fb ~ 0.04 inferred
from the sparse sGRB jet break data collected in the past23, the
beaming-corrected event rate density (counting for sGRBs not
beaming toward us) was ~100 Gpc−3 yr−1. With the detection of
GRB 170817A, the distribution of the sGRB isotropic peak
luminosity extended down by ~three orders of magnitude. The
revised event rate density of sGRB above 1.6 × 1047 erg s−1

becomes (Methods)

ρ0;sGRB Liso>1:6´ 1047 erg s"1! "
¼ 190þ440

"160 Gpc
"3 yr"1 ð1Þ

if one assumes only one such event within the GBM archives.
This is comparable to (or somewhat higher than) the previously
derived beaming-corrected sGRB event rate density, but could be
still up to a factor of a few smaller than the DNS merger event
rate density derived based on the detection of GW 170817A9,
which is (Methods)

ρ0;DNS ¼ 1100þ2500
"910 Gpc"3 yr"1: ð2Þ

Figure 4 upper panel shows the sGRB event rate density as a
function of luminosity threshold. The black power-law (PL) line
with an index −0.7 was derived from the Swift sGRBs (black
crosses with error included, peak luminosity derived with 64 ms
time bin) with redshift measurements6. GRB 170817A (orange)
extends the sGRB luminosity by three orders of magnitude in the
low-Liso regime. Interestingly, the revised event rate density above
1.6 × 1047 erg s−1 follows the extension of the PL distribution
derived by ref. 6. If one considers that there might be some sGRBs

similar to GRB 170817A hidden in the GBM archives, the true
event rate density could be higher, but has to be limited by the
DNS merger event rate density (blue symbol). In Fig. 4 lower
panel, we derive a new sGRB luminosity function across a wide
range of luminosity, which is consistent with the extrapolation of
the previous results that show a power law with L"1:7

iso
6.

Discussion
There are in principle two possibilities to produce a low-
luminosity sGRB from a DNS merger. The first possibility is a
bright sGRB jet viewed off-axis. Within this picture, the main jet
(similar to the one observed from a more distant sGRB) beams
toward a different direction. However, within such a scenario, one
cannot have a sharp-edge conical jet viewed outside the jet cone.
This is because the observed duration would be longer than the
central engine activity time scale, inconsistent with its typical
sGRB duration (Supplementary Note 6). Rather, one requires a
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Fig. 4 Distributions of local event rate density and luminosity function. a
The local event rate density distribution of sGRBs including GRB 170817A.
The orange symbol with error denotes the event rate density derived from
GRB 170817A and the blue symbol with error denotes the DNS merger
event rate density derived from GW170817. The black power-law line and
other data points were derived from the Swift sGRB sample6. The vertical
error bar represents the 1σ Gaussian errors derived from ref. 35. b
Luminosity function distribution of sGRBs including GRB 170817A, with
labels same as the upper panel. All error bars represent 1−σ uncertainties
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GW-SGRB-KILONOVA-AFTERGLOW L2

Coultier+2017; Pian, 
D’Avanzo+2017

10.5 hours1.7 sec 9 days 16 days

Short GRB:
1.Delay ~ 1.7 s
2.Duration ~ 0.5 s 
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4.Softer (Thermal?) tail
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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

Afterglow
1.MW long lasting emission
2.Slowly rising phase 
3.Peak @ 150 d
4.Proper motion at peak
5.Fast decay 
6.… 

Interpretation evolved with the source emission

1000 days



GRB170817: A SHORT GRB? L2

Low luminosity and slightly softer

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-

www.annualreviews.org • GW170817 9



VERY EARLY INTERPRETATION

Standard GRB picture: first compelling evidence of off-axis jet

L~1051 erg/s

Afterglow t-1

L~1047 erg/s       (debeaming)

Afterglow appears when 

Pian et al. 2017; Margutti et al. 2017; Nakar et al. 2017; Granot et al. 2017 … 

Delay GW-EM

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 Camera3 (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 3s limit of m160W 2 26.0mag.

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 hr»
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 1.5» 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 0.47» days, and
correct for the observed r−i color of 0.2» mag at 1.4» days
(Cowperthwaite et al. 2017). We note that this is conservative,
as the source has a blue color at 11 day and 0.2mag 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 3s 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 3000» times less
than the median short GRB X-ray afterglow, and 50» 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 6GHz (orange) and 10GHz (red) with the VLA, yielding detections at 6GHz beyond 19» days. The six short GRBs with
radio afterglow detections (dark gray circles) along with 3s 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 108» 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.

3
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10–1000 keV band was 3.7±0.9 ph cm�2 s�1, and the fluence was
(2.8 ± 0.2) ⇥ 10�7 erg cm�2. Detailed analysis (Goldstein et al.
2017; Zhang et al. 2018) indicates the possible presence of two
components: a non-thermal component dominating the early part
of the light curve, whose spectrum is fit by a power-law with an
exponential cut-o↵ with Epeak = 185± 62 keV, and has a fluence
of (1.8 ± 0.4) ⇥ 10�7 erg cm�2; and a thermal component visible
in the tail of the light curve, which can be fit by a blackbody with
kBT = 10.3±1.5 keV (where kB is the Boltzmann’s constant) and
a fluence of (0.61 ± 0.12) ⇥ 10�7 erg cm�2, which corresponds
to an isotropic equivalent energy (1.20 ± 0.23) ⇥ 1046 erg at
dL ⇡ 40 Mpc (i.e. the distance to the host galaxy NGC 4993,
Hjorth et al. 2017; Im et al. 2017). According to Goldstein et al.
(2017), the thermal component could be present since the begin-
ning, masked initially by the non-thermal emission.

Multi-wavelength follow-up of the event (Abbott et al.
2017c) resulted in several important detections. In the ultra-
violet (UV), optical, and near infrared (NIR) during the
week following the merger, a relatively bright optical tran-
sient was discovered (Coulter et al. 2017; Valenti et al. 2017)
and extensively observed (e.g. Andreoni et al. 2017; Arcavi et al.
2017; Chornock et al. 2017; Covino et al. 2017; Díaz et al.
2017; Drout et al. 2017, Evans et al. 2017; Hallinan et al.
2017; Pian et al. 2017; Pozanenko et al. 2018; Smartt et al.
2017; Utsumi et al. 2017). Its nature is established (e.g.
Pian et al. 2017; Cowperthwaite et al. 2017; Gall et al. 2017;
Kilpatrick et al. 2017; McCully et al. 2017; Nicholl et al. 2017;
Smartt et al. 2017) as being nuclear-decay-powered emission
from the expanding NS–NS merger ejecta (i.e. a kilonova,
Li & Paczyński 1998; Metzger et al. 2010; Metzger 2017).

Another transient, which we interpret as a GRB-related after-
glow, has been detected in X-rays by Chandra (Troja et al.
2017, 2018; Margutti et al. 2017, 2018; Haggard et al. 2017)
and XMM-Newton (D’Avanzo et al. 2018) in the Optical by
HST (Lyman et al. 2018; Margutti et al. 2018) and in radio
by several facilities (Hallinan et al. 2017; Mooley et al. 2017;
Margutti et al. 2018; Dobie et al. 2018). Observations between 9
and 150 days after GRB170817A show a spectrum which is con-
sistent with a single power law extending from a few gigahertz
to the X-ray band (Margutti et al. 2018). The luminosity dur-
ing that period kept rising approximately as t0.8 (Mooley et al.
2017). Observations in the optical (Margutti et al. 2018),
X-rays (D’Avanzo et al. 2018) and radio (Dobie et al. 2018)
around 150 days started to show some signs of a flattening in the
light curve, and a peak at approximately 160 days was later con-
firmed (Alexander et al. 2018). When interpreted as synchrotron
emission from a blast wave in a constant-density interstel-
lar medium (ISM), these observations indicate (Nakar & Piran
2018) that the emitting material is mildly relativistic (� ⇠ a few).

3. The time delay between GW170817 and

GRB170817A: relatively short for an off-axis jet

As discussed in Salafia et al. (2016) and Murguia-Berthier et al.
(2017a) for example, the observed duration of a GRB should not
depend on the viewing angle. Individual pulses that constitute
the light curve become longer with increasing viewing angle,
but their separation remains unchanged. The result is a smoother
pulse shape when the jet is seen o↵-axis, but without significant
change in the total duration (provided that single pulses are much
shorter than the total duration of the burst).

The delay with respect to the jet launch time (and thus the
merger time in our case), instead, increases with the viewing

Rt

NS-NS
merger

JE
T

θ  - θv      jet

gamma-ray
photons

gravitational
waves

time
delay

to observer

Fig. 1. If the gamma-ray prompt emission is due to an o↵-axis jet,
the arrival time di↵erence between the last gravitational waves and the
first gamma-ray photons is dominated by the time it takes for the jet to
become transparent in the observer frame.

angle. We show in what follows that it is hard to reconcile
a delay of ⇠2 s with emission from a jet seen under a large
viewing angle (somewhat similar arguments are outlined in
Shoemaker & Murase 2018).

In order to emit gamma-rays, the jet must expand enough to
become transparent. We estimate the transparency radius Rt as
(e.g. Daigne & Mochkovitch 2002)

Rt =
LK,iso�T

8⇡mpc3�3 , (1)

where �T is the Thomson cross-section, mp is the proton mass,
and we are assuming an electron fraction of unity. LK,iso in this
expression is the isotropic equivalent kinetic luminosity of the
outflow, that is, LK,iso = �Ṁisoc2. If we assume that the jet is
launched a short time (⌧1 s) after the merger, the arrival time
di↵erence between the latest gravitational waves and the first
photons is

t� � tGW ⇡
Rt

�c

⇣
1 � � cos

⇣
✓v � ✓jet

⌘⌘
. (2)

This accounts for the fact that fluid elements on the jet border
must travel up to Rt at a speed of �c before being able to emit the
gamma-ray photons (see Fig. 1).

We can relate the kinetic luminosity of the jet to the
on-axis gamma-ray luminosity by assuming that 10% of the
kinetic luminosity is converted into photons, that is, Liso(✓v =
0) = 0.1 LK,iso (as in e.g. Kathirgamaraju et al. 2017, see
also Beniamini & Granot 2016 who show that this is a typi-
cal conversion e�ciency). We compute the corresponding o↵-
axis luminosity Liso(✓v) using Eq. (11) of Salafia et al. (2016).
If we require that Liso(✓v) = 1047 erg s�1 as in GRB170817A
(Goldstein et al. 2017), and we assume a jet half-opening angle
✓jet, we can compute the corresponding on-axis luminosity
Liso(0) and arrival time delay t� � tGW for various combina-
tions of the bulk Lorentz factor � and o↵-axis viewing angle
✓v � ✓jet. Figure 2 shows the contours of these quantities for
✓jet = 0.2 rad = 11.5� (the figure would be very similar for
✓jet = 0.1 rad or ✓jet = 0.3 rad). The red solid contour corresponds
to the actual 1.7 s delay time as observed in GRB170817A, while
the dotted contours represent the on-axis luminosities. The figure
shows that a “standard” jet with a large Lorentz factor � & 70
and an on-axis luminosity Liso(0) ⇠ 1051 erg s�1 is formally
compatible with the observed time delay, but it requires fine-
tuning of the viewing angle, which implies an extremely small
probability. Moreover, the line of sight being only slightly o↵
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EVIDENCE OF STRUCTURED JET

Temporal evolution of the afterglow implies non standard jet 

Mooley et al. 2018

t0.8
Γ1 > Γ2 > Γ3

Ε1 > Ε2 > Ε3

Discrete!continous structure

L~1047 erg/s       (δ-3)

Afterglow appears when 

Shallow rise of the radio light curve

Delay GW-EM
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PHYSICAL MOTIVATION

Jet+cocoon = jet structure; larger injected energy larger chances to breakout

E. Nakar Physics Reports 886 (2020) 1–84

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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Shocked jet 
material 

Shocked ejecta 
material Ej > Ecrit = kEejθ2

j

thermal energy evolution transitions to a t−1 decline consistent
with adiabatic conversion from thermal to kinetic energy.

The bottom panel of Figure 4 shows the thermal energy as a
function of time in units of the ejecta kinetic energy rather than
the input jet energy. This highlights that it is difficult to put a
significant amount of thermal energy into the cocoon/ejecta via
a jet even when the total energy of the jet approaches the initial
kinetic energy of the ejecta (redder curves). This is primarily
because high jet energies result in an early breakout, cutting off

the thermalization and leading to most of the jet energy
escaping the ejecta.
Figure 5 shows the peak thermal energy in each of our

models. This peak is maximized for failed jets and late
breakouts with large opening angles; for such cases, the peak
thermal energy is Epeak≈0.17Ej, where the factor 0.17 can be
determined from the peak of Equation (9). The exact value of
this coefficient at the factor of few level will depend on the
precise form of L(t) and the ejecta structure. Figure 5 shows
that only for very large opening angles and jet energies
approaching Eej∼1051 erg can the jet deposit an appreciable
thermal energy in the ejecta. More typically, Epeak=Eej.

5. Discussion

The energetics of short GRBs are less constrained than those
of long-duration bursts, because the opening angles of short
bursts are usually more uncertain. However, current estimates
from afterglow observations are that typical energies are in the
range of 1049–1050 erg, with opening angles of θj∼0.05–0.4
(Fong et al. 2015). An independent (but model-dependent)
constraint on the opening angle is provided by the relative rate
of short GRBs and neutron star mergers, which favors beaming
factors of ∼100 and thus θj∼0.1.

Figure 2. Diagram illustrating whether or not the jet in a given model succeeds
at breaking out of the ejecta, as a function of the injection opening angle θj and
the injected energy Ej. Green points indicate successful breakouts. Gray points
are jets that were energetic but exhibited a significant cork along the symmetry
axis that the jet collided with, causing failure in 2D (these jets might instead be
successful in 3D; see text for details). Red crosses indicate jets that failed
owing to insufficient energy injection. Cyan squares were cases that exhibited
shock/cocoon breakout even with a choked jet; these require both high energy
and a wide injection angle in order to choke such an energetic jet. Ecrit(θ)
(Equation (20)) delineating success from failure is indicated with the dashed
curve.

Figure 3. Jet breakout time for all successful models, compared with the
prediction given by Equation (21). Jets with Ej>30Ecrit exhibit an “early
breakout,” where the engine remains on after breakout. Jets with Ej30Ecrit
exhibit “late breakout,” breaking out well after the engine has ceased. Late
breakout of the jet can produce a delay between gravitational wave and gamma-
ray emission like that seen in GW170817.

Figure 4. Total thermal energy as a function of time, for models with
θj=0.07, and with jet energies ranging from 8×1047 erg (green) to
5×1049 erg (pink), assuming an ejecta kinetic energy of 1051 erg. No
radioactive heating is accounted for. Failed jets precisely follow the analytic
expression in Equation (10) with thermalization efficiency η=0.8 (dashed
curves). Successful jets depart from this scaling, as the forward shock breaks
out of the ejecta, and the thermalization is suppressed after this point, leading to
a sudden transition to a t−1 scaling at tbo. Jets that break out early have a
second, much less efficient injection of thermal energy, as a result of the engine
heating the walls of the tunnel.
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SUCCESSFUL VS CHOKED JET

Can’t tell if the jet successfully emerged from the ejecta 

Gottlieb, Nakar et al. 2018

Succesfull jet 
Angular structure

Γ1 > Γ2 > Γ3

Ε1 > Ε2 > Ε3
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THE PEAK

Ghirlanda 2018

Rise and peak have dynamic or geometric origin in the two scenarios

Ecore=2.5x1052 erg ; s1=5.5; 

Γc = 250 ;  s2=3.5;  ϑcore=3.4 deg

nism=4x10-4 cm-3 ; ϑview=15 deg  

E0 = 1.5x1052 erg
α = 6
Γmax= 6
Θ = 30, 45, 60 deg

Gaussian structureE( > Γβ) = E0(Γβ)−α
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KILLING OBSERVATION I

Polarization not conclusive (several combined effects)

Contribute:
1) Magnetic field configuration 

(randomness & compression)
2) Γ
3) Geometry (ϑjet ; ϑview) 
4) Emission mechanism

JVLA @ 244d, 2.8 GHz  

Π<12% (90%)

[Rossi+2004 … Gill & Granot 2018; Nakar+2018; Lazzati+2018]

Still compatible with a 
structured jet with B 
component perp. shock

Corsi et al. 2018

observations spanning the entire afterglow evolution (e.g.,
Greiner et al. 2003; Wiersema et al. 2012). Finally, we note that
our upper limit on the radio linear polarization fraction of
GW170817 cannot constrain the QS ejecta scenario, even in the
most optimistic case of a magnetic field fully confined in the
plane of the shock (b=0).

4. Summary and Conclusion

We have presented the first observational constraint on the
≈3 GHz linear polarization fraction of GW170817 radio
continuum. Thanks to the excellent point source sensitivity of
the VLA, we are able to unambiguously rule out the most
optimistic predictions for the linearly polarized radio flux
expected within a successful structured jet scenario. We have
also shown that, under the hypothesis that a successful
structured jet did indeed form in GW170817, the magnetic
field behind the shock cannot be fully contained within the
plane of the shock. Instead, a significant component of the
magnetic field in the direction perpendicular to the shock plane
is required to reconcile theoretical predictions with our
observational upper limit.

Even though GW170817 is a relatively nearby event
(dL≈ 40Mpc), its faint radio emission (∼1026 erg s−1 Hz−1

peak spectral luminosity density at ≈3 GHz) does not allow us
to constrain the degree of linear polarization of the radio
continuum down to a level that could probe the QS ejecta
formed in a choked-jet scenario. More stringent constraints on
this scenario may be achieved via direct Very Long Baseline
Interferometry (VLBI) imaging of the merger ejecta.

With the advanced LIGO and Virgo detectors now scheduled
to start their third observing run (O3; Abbott et al. 2016), we
expect to soon have more opportunities for probing the possible
variety of radio afterglows from NS–NS (or black hole–NS)
mergers. The luminosity of the radio counterparts of these
events will depend on several factors, including the interstellar
medium (ISM) density, the total energy in the fastest ejecta,
and the viewing geometry. If a compact binary merger with a
radio afterglow twice as bright as GW170817 were to be

discovered, the VLA could probe linear polarization fractions
below ≈10%. At this level, the absence of linear polarization is
likely to challenge strongly the successful structured jet
hypothesis (assuming an outflow geometry and viewing angle
similar to that of GW170817).
Finally, looking further into the future, when advanced

LIGO and Virgo will be reaching their nominal sensitivities
and discovering NS–NS mergers up to ≈120–190Mpc (Abbott
et al. 2016), detecting radio counterparts as faint as GW170817
will require radio arrays ≈10× more sensitive than the VLA. In
this respect, the next-generation Very Large Array (ngVLA;
Murphy 2017) may offer us a unique opportunity to probe the
different ejecta structures via radio polarimetry.
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KILLING OBSERVATION II

Radio Imaging holds the key: source size and displacement

[Gill & Granot 2018; Nakar+2018; Zrake+2018]
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PROPER MOTION

There is relativistic jet and it is 20 deg off the los

Mooley+2018

VLBA + VLA + GBT: 2/4 epochs (Sept 2017 – Apr. 
2018, L,S,C,C) @ <75d> and <230d> (4.5 GHz) 

75 days230 days

βapp ∼ Γ θobs − θview ∼ 1/Γ ∼ 0.25
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SIZE CONSTRAINT

Source is compact and unresolved on the beam size

G.Ghirlanda. O. S. Salafia+2019 

Peak brightness 42 
± 8 μJy/beam

12-13 March 2018 = 204.7 days @ 5 GHz (32 ant. but VLA)

HSA 75d & 230d positions
Mooley+, Nat. 2018
PROPER MOTION
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SIZE CONSTRAINT

Collimated relativistic jet emerged from the ejecta

+

Successful jet

Choked jet
(30 deg)

Choked jet
(45 deg)

Beam

Noise

Source size< 2.5 mas at 
90% confidence level

Jet parameters from: 
(1) light curve
(2) Proper motion
(3) Source size 

constraint
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SIZE+PROPER MOTION+AFTERGLOW=STRUCTURE OF THE RELATIVISTIC JET

Combined observations
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GRB 170817 IN THE CONTEXT OF SHORT GRB POPULATION 

Ok for the afterglow, marginally consistent for the prompt

A&A proofs: manuscript no. paper
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Fig. 2. Possible prompt emission of a GRB 170817A-like jet compared to archival SGRB data. The bottom and right-hand panels show respectively
the isotropic-equivalent energy Eiso(✓v) and the SED peak photon energy Ep(✓v) as functions of the viewing angle ✓v for the best fit jet structure
of Ghirlanda et al. (2019) (red solid lines), along with their uncertainty regions (1� – orange; 2� – yellow). In the top-left panel, the red solid line
shows the corresponding track and uncertainty regions on the (Eiso, Ep) plane. The plots are joint to ease the determination of the viewing angle
that corresponds to a given point on the (Eiso, Ep) track. The blue cross shows the observed properties of GRB 170817A, while black crosses
show the SGRBs from our sample (§4.1). The two green points represent two GRBs which are suspected to actually belong to the long GRB
(LGRB) class.

comparison sample seem to follow the curve that connects Eiso

and Ep as seen by observers at different viewing angles. This is
reminiscent of previous results (Salafia et al. 2015) that showed
that the Amati correlation (Amati et al. 2002) can be interpreted
as a viewing angle effect in the quasi-universal structured jet
scenario. The highest Eiso and Ep in the sample are about an
order of magnitude larger, but they are still consistent with the

one sigma uncertainty in the structure, and they can easily be
accommodated if some scatter in the quasi-universal structure
properties is allowed. The values of Eiso and Ep predicted by
our simple model for an observer at 15 – 20 degrees (i.e. the in-
ferred viewing angle of GRB 170817A – Ghirlanda et al. 2019;
Mooley et al. 2018), on the other hand, are not consistent with
the observations of GRB 170817A. In particular, the predicted
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Fig. 1. Afterglow of a GRB 170817A-like jet compared to the archival SGRB data from Fong et al. (2015). The redshift and ISM density have
been set equal to the medians of the Fong et al. (2015) sample, namely z = 0.46 and n = 5⇥ 10

�3
cm

�3. Each panel shows data from a different
frequency range: radio (1.4  ⌫/GHz  93, bottom left-hand panel), UVOIR (mostly r filter ⇡ 4.8 ⇥ 10

14
Hz, bottom right-hand panel) and

X-ray (1 keV ⇡ 2.4 ⇥ 10
17

Hz, top panel). Upper limits are shown by empty turquoise downward triangles, while detections are shown by thin
lines of different colours, each connecting data from a single SGRB. In each panel, thick solid black lines represent the GRB 170817-like jet light
curve as seen on-axis, dashed black lines show the light curve for an observer at the border of the core, while solid orange lines show the light
curve for viewing angle ✓v = 15

� which corresponds to the best fit value for GRB 1708017A as given in Ghirlanda et al. (2019). The model light
curves are computed for observer frequencies ⌫obs = 6GHz (radio), 4.8⇥ 10

14
Hz (optical) and 2.4⇥ 10

17
Hz (X-ray).

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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ORIGIN OF THE PROMPT EMISSION

For a successful jet (as 170817 AG proves) both SJ and CC are present.
emission: internal dissipation (SJ), shock breakout (CC)

Cocoon emission and jet wings emission

The origin of the γ -rays in GW170817 597

1050erg s−1, reaches the ejecta surface at 9 × 109cm after another
0.72 s. From this time onwards, the jet evolution is insensitive to
the system’s dimensionality, as the jet has evacuated all the bulk
mass in front of it so that the 2D numerical artefact of the ‘plug’
(see discussion in Gottlieb et al. 2018) will not be present. We
verify this in Section B. We therefore utilize the snapshot of the 3D
simulation at the time the jet breaks out of the core as our initial
conditions for the 2D simulation. We convert the 3D results into
2D by averaging over rings along the rotation axis. Additionally we
add to this snapshot the light, 2 × 10−3 M⊙, tail ahead of the core.
The tail’s density profile is a power law with ρ ∝ r−10 and its front
velocity is 0.8c, keeping the homologous profile by extending up to
four breakout radii. The numerical setup (solver, equation of state,
etc.) is identical to the choked jet simulation. The grids are however
somewhat different as to reflect the earlier 3D simulations. The grid
is divided into three patches in each axis, while the first two are
identical to the original 3D simulation. The innermost patches are
distributed uniformly in r (50 cells) and z (400 cells) axes, extending
to 3 × 108 and 6 × 109 cm, respectively. The z-axis begins at 1.3 ×
108 cm. The second patches are logarithmic with 240 and 600 cells
up to 9 × 1010 cm and 1.2 × 1011 in r and z axes, respectively. The
extension of the grid to include the ejecta tail is to 1.2 × 1012 and
1.5 × 1012 cm with 1200 and 1500 uniform cells in r and z axes,
respectively. In total the simulation contains 1490 × 2500 cells and
lasts 50 s.

6.2 Hydrodynamics

We have injected at 0.72 s after the merger, a narrow (θ j = 10◦) jet
into the expanding ejecta (Fig. 5). The jet is well collimated and able
to evacuate efficiently the ejecta in front of it and propagate at mildly
relativistic velocities until breaking out of the core ejecta within
another 0.72 s, before its engine is turned off 1 s after the launch. At
this point the jet enters the dilute extended tail, and accelerates to a
Lorentz factor of a couple of dozens. The jet is accompanied by a hot
cocoon that expands to a wide angle and moves in mildly relativistic
velocities. The cocoon shape is aspherical, and the shock breakout
is oblique. It does not reach angles larger than π /4. However it is
fast, and its Lorentz factor is almost 3 upon breakout and 5 after the
acceleration phase. In Fig. 5 we show the breakout at θ = 0.7 rad. It
takes place after 9.8 s and at r = 2.4 × 1011 cm, corresponds to tobs

≈ 1.8 s. The main differences from the choked jet case (Fig. 1) are
the initial jet collimation (shown in the top panel), and its presence
in the homologous phase on the z-axis (shown in the bottom panel)
at the time of the cocoon breakout with a width of slightly more
than a light second, and the cocoon which is less spherical.

6.3 γ -rays

We calculate the γ -ray emission arising from a shock breakout of
the cocoon from the extended tail at large angles, where the emission
from the jet itself does not contribute at all. In Fig. 6 we present
the signal for an observer at θobs = 0.7 rad. The delay of slightly
less than 2 s, and the duration T90 = 1.6 s are similar to GRB
170817A. The light-curve shape in this simulation is determined
mostly by the obliqueness of the shock. The fast rise to the peak
is due to the shock at 0.55 < θ < 0.7, the peak is maintained by
angular contribution from the shock at 0.4 < θ < 0.55, followed
by a steep decline as the shock does not reach angles larger than
π /4. With a peak luminosity of 9 × 1047erg s−1 the signal from the
simulation is brighter by about an order of magnitude compared to
GRB 170817A. The spectrum shows a clear hard to soft evolution,

Figure 5. Same as Fig. 1 for the successful jet case. Top: A well-collimated
jet reaching the edge of the core ejecta. Bottom: The shock breakout at
0.7 rad after 9.8 s and at r = 2.4 × 1011cm. The core ejecta near the origin
and the jet at the top are prominent as the most energetic parts. The expanding
structure of the cocoon with an oblique shock is clearly seen. (An animation
is available in the online journal.)

but both components are harder by an order of magnitude compare
to GRB 170817A. Dividing the spectra at t = 2.3 s, during the
sharp drop from the peak of the signal, the hard component is about
1 MeV, while the softer one is several hundreds of keV. Given that
(i) we have used an existing 3D simulation as our initial condition
and (ii) we did not do any parameter search but we run only a single
set of parameters for the extended tail, the fact that most features
of GRB 170817 are present and fit up to better than an order of
magnitude with this model is exceptional. Scanning the parameters
space carefully is most likely to yield a significantly better match
with the observed γ -ray signal of GRB 170817A.

7 D I S S O C I AT I O N O F T H E N U C L E I

Before concluding we note a possibility, that we did not consider in
this work, which is the dissociation of heavy nuclei by the cocoon’s
shock. The internal energy per baryon in the shocked ejecta is
"10 MeV. This exceeds the binding energy per baryon of heavy
nuclides ∼ 8 MeV. In principle there is enough energy to dissociate
heavy nuclei in the shocked ejecta. As most of the energy is stored
in the photons, the condition of the photodissociation of heavy
nuclei depends sensitively on the temperature. The reaction rate
is proportional to the number of photons above ∼ 8 MeV, which is
strongly suppressed in the exponential tail of the photon’s spectrum.
At thermal equilibrium, which is expected at the shocked ejecta,
the critical temperature, above which photodissociation occurs, is
∼ 200 keV (e.g. Woosley & Howard 1978).
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GRAVITATIONAL WAVES: A NEW MESSENGER TO EXPLORE THE UNIVERSE
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Kilonova AT2017gfo



KILONOVAE 

Large diversity of KN emission <—> intrinsic & extrinsic

within the ejecta cancel when integrated over the photosphere. Measurable polarization is

thus a signature of deviations from sphericity, and has been well studied in the case of su-

pernovae (Wang & Wheeler 2008). The highly aspherical geometries of BNS merger ejecta

provide a promising avenue to generate polarization.

Covino et al. (2017) were able to obtain five epochs of optical polarimetry of AT2017gfo,

four in R band and one in z. Only the first epoch, at �t = 1.46 d, had a measurable polar-

ization of 0.50±0.07%, while the others had upper limits consistent with this value. Several

foreground stars had polarization measurements of similar magnitude and position angle,

indicating that most of the observed polarization was produced by propagation through the

interstellar medium of the Galaxy. Bulla et al. (2019) concluded that the intrinsic polariza-

tion of light from AT2017gfo itself was < 0.18% at the 95% confidence level. Their models

showed that future polarimetric observations to probe kilonova ejecta geometry would be

most informative at early times, when the low-opacity blue emission is dominant. However,

the very high lanthanide line opacities will suppress any polarization signal after emission

from the red component dominates the optical light.

4.6. Comparison to kilonovae in SGRBs

AT
20

17
gf

o Rest Frame Optical, �t≤5d 
Rest Frame NIR �t>5d 

06
06

14
 k

ilo
no

va

20
05

22
A 

ki
lo

no
va

Total

DIMMER kilonovae

Figure 6

Luminosity distribution of optical counterparts to SGRBs with z  0.5 compared to AT2017gfo,
highlighting the diversity of the potential kilonova emission. Only data from bona-fide SGRBs for
which a kilonova candidate has been identified or SGRBs with brightness limits that are
constraining with respect to AT2017gfo are shown. Rest-frame NIR data (red) have been
collected at �t > 5 d with the exception of SGRB160624A. Optical data (blue) have been
collected at earlier times �t  5 d. Kilonovae in SGRBs like 130603B can be significantly more
luminous than AT2017gfo, while existing upper limits rule out an AT2017gfo-like transient,
pointing at the existence of fainter kilonovae or, alternatively, at a class of SGRBs not
accompanied by any kilonova emission (e.g., NS-BH mergers would allow that possibility).
Optical and NIR limits on kilonovae in SGRBs 060614 and 200522A are shown in light-blue and
orange, respectively. Data from Gompertz et al. (2018), Fong et al. (2020), Rossi et al. (2020).

Studies of nearby SGRBs (z . 0.5) have brought to light a significant diversity in

the optical emission following SGRBs, which in some cases can be attributed to kilonova

emission above the level of the optical afterglow. There are six SGRBs with potential
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AT2017gfo contains more than 600 individual datapoints from 46 instruments (as compiled

by Villar et al. 2017).

For clarity, in Figure 4 we select four representative filters with high temporal sampling

to demonstrate the photometric behavior of AT2017gfo from the near-UV (Swift-UVM2),

blue optical (g), red optical (i), through the NIR (Ks). The UV light curves exhibit

fading behavior from the first observations at �t=0.65 d (Evans et al. 2017). At the other

extreme, the Ks light curve rose to a broad peak around �t⇡3.5 d. In between, the optical

emission started fading within a day after the merger (Arcavi et al. 2017, Coulter et al.

2017, Cowperthwaite et al. 2017, Kasliwal et al. 2017b, Pian et al. 2017, Smartt et al. 2017,

Soares-Santos et al. 2017).
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Arcavi+18
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Figure 4

Light curves of AT2017gfo in four representative filters: Swift-UVM2 (�e↵ = 2231 Å); g (�e↵ = 4671 Å); i
(�e↵ = 7458 Å); Ks (�e↵ = 2.14 µm). Data and best-fitting three-component model from Villar et al. (2017), with original
data presented in the references cited in §4. Vertical arrows indicate the times of the spectra displayed in Figure 5. Inset,
upper panel: Bolometric luminosity from Coughlin et al. (2018) (black circles with uncertainties). The shaded gray area
marks the range of best-fitting bolometric light curves from the literature (Cowperthwaite et al. 2017, Drout et al. 2017,
Arcavi 2018, Waxman et al. 2018). The solid gray line shows a slope of Lbol / t

�1.3, the expected slope of energy input
from r-process radioactive decay. Inset, lower panel: Best fitting blackbody temperatures TBB (Drout et al. 2017, Arcavi
2018, Waxman et al. 2018). Note that Drout et al. (2017) fixed TBB =2500 K after �t=8.5 d.

Optical spectroscopy in the first week after the merger was presented by a number of

groups (Andreoni et al. 2017, Kasliwal et al. 2017b, Levan et al. 2017, McCully et al. 2017,

Nicholl et al. 2017, Pian et al. 2017, Shappee et al. 2017, Smartt et al. 2017, Troja et al.

2017, Valenti et al. 2017), with the first spectrum acquired at �t = 0.5 d after merger. The

spectra were unlike those of known supernovae and only developed weak features before the

transient became too faint at �t ⇡ 10 d. NIR spectroscopy was obtained from a few sources

starting at �t=1.5 d (Chornock et al. 2017, Kasliwal et al. 2017b, Pian et al. 2017, Smartt

et al. 2017, Tanvir et al. 2017, Troja et al. 2017), and resulted in the detection of a number

of broad features between 1–2 µm.

We display three epochs of spectroscopy in Figure 5 to sample the evolution of the
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KILONOVA OBSERVATIONAL FACTS

Richest and only dataset to date

spectral energy distribution (SED). The first epoch (�t=0.5 d) is dominated by a blue

component of emission (Shappee et al. 2017), while the second epoch (�t=4.5 d) was chosen

to demonstrate the epoch with the clearest broad features in the NIR (Chornock et al. 2017,

Pian et al. 2017, Smartt et al. 2017). The final epoch (�t=9.5 d) shows the persistence of

some of those NIR features even as the transient became di�cult to observe and the signal-

to-noise ratio became poor.

Figure 5

Spectral evolution of AT2017gfo compared to two-component kilonova models from Kasen et al.
(2017). Each panel (�t=0.5, 4.5, and 9.5 d after merger ) shows a selected spectrum in black
(Shappee et al. 2017, Pian et al. 2017, Smartt et al. 2017), a low-lanthanide KN model (blue), a
high-lanthanide KN model (red), and their sum (purple). The KN models have the properties
listed in the legend. Gray circles show the photometry interpolated from the compilation of Villar
et al. (2017). Inset: same data and models as in the main panel at �t=0.5 d, but with a
logarithmic flux scale to better show the NIR excess over the pure low-lanthanide blue KN model
even at early times. Gray bands mark the regions most a↵ected by telluric absorption.
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AT2017gfo contains more than 600 individual datapoints from 46 instruments (as compiled

by Villar et al. 2017).

For clarity, in Figure 4 we select four representative filters with high temporal sampling

to demonstrate the photometric behavior of AT2017gfo from the near-UV (Swift-UVM2),

blue optical (g), red optical (i), through the NIR (Ks). The UV light curves exhibit

fading behavior from the first observations at �t=0.65 d (Evans et al. 2017). At the other

extreme, the Ks light curve rose to a broad peak around �t⇡3.5 d. In between, the optical

emission started fading within a day after the merger (Arcavi et al. 2017, Coulter et al.

2017, Cowperthwaite et al. 2017, Kasliwal et al. 2017b, Pian et al. 2017, Smartt et al. 2017,

Soares-Santos et al. 2017).
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Figure 4

Light curves of AT2017gfo in four representative filters: Swift-UVM2 (�e↵ = 2231 Å); g (�e↵ = 4671 Å); i
(�e↵ = 7458 Å); Ks (�e↵ = 2.14 µm). Data and best-fitting three-component model from Villar et al. (2017), with original
data presented in the references cited in §4. Vertical arrows indicate the times of the spectra displayed in Figure 5. Inset,
upper panel: Bolometric luminosity from Coughlin et al. (2018) (black circles with uncertainties). The shaded gray area
marks the range of best-fitting bolometric light curves from the literature (Cowperthwaite et al. 2017, Drout et al. 2017,
Arcavi 2018, Waxman et al. 2018). The solid gray line shows a slope of Lbol / t

�1.3, the expected slope of energy input
from r-process radioactive decay. Inset, lower panel: Best fitting blackbody temperatures TBB (Drout et al. 2017, Arcavi
2018, Waxman et al. 2018). Note that Drout et al. (2017) fixed TBB =2500 K after �t=8.5 d.

Optical spectroscopy in the first week after the merger was presented by a number of

groups (Andreoni et al. 2017, Kasliwal et al. 2017b, Levan et al. 2017, McCully et al. 2017,

Nicholl et al. 2017, Pian et al. 2017, Shappee et al. 2017, Smartt et al. 2017, Troja et al.

2017, Valenti et al. 2017), with the first spectrum acquired at �t = 0.5 d after merger. The

spectra were unlike those of known supernovae and only developed weak features before the

transient became too faint at �t ⇡ 10 d. NIR spectroscopy was obtained from a few sources

starting at �t=1.5 d (Chornock et al. 2017, Kasliwal et al. 2017b, Pian et al. 2017, Smartt

et al. 2017, Tanvir et al. 2017, Troja et al. 2017), and resulted in the detection of a number

of broad features between 1–2 µm.

We display three epochs of spectroscopy in Figure 5 to sample the evolution of the
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KILONOVA OBSERVATIONAL FACTS

Large luminosity and t^-1/3 —> r-process powered transient

spectral energy distribution (SED). The first epoch (�t=0.5 d) is dominated by a blue

component of emission (Shappee et al. 2017), while the second epoch (�t=4.5 d) was chosen

to demonstrate the epoch with the clearest broad features in the NIR (Chornock et al. 2017,

Pian et al. 2017, Smartt et al. 2017). The final epoch (�t=9.5 d) shows the persistence of

some of those NIR features even as the transient became di�cult to observe and the signal-

to-noise ratio became poor.

Figure 5

Spectral evolution of AT2017gfo compared to two-component kilonova models from Kasen et al.
(2017). Each panel (�t=0.5, 4.5, and 9.5 d after merger ) shows a selected spectrum in black
(Shappee et al. 2017, Pian et al. 2017, Smartt et al. 2017), a low-lanthanide KN model (blue), a
high-lanthanide KN model (red), and their sum (purple). The KN models have the properties
listed in the legend. Gray circles show the photometry interpolated from the compilation of Villar
et al. (2017). Inset: same data and models as in the main panel at �t=0.5 d, but with a
logarithmic flux scale to better show the NIR excess over the pure low-lanthanide blue KN model
even at early times. Gray bands mark the regions most a↵ected by telluric absorption.
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AT2017gfo contains more than 600 individual datapoints from 46 instruments (as compiled

by Villar et al. 2017).

For clarity, in Figure 4 we select four representative filters with high temporal sampling

to demonstrate the photometric behavior of AT2017gfo from the near-UV (Swift-UVM2),

blue optical (g), red optical (i), through the NIR (Ks). The UV light curves exhibit

fading behavior from the first observations at �t=0.65 d (Evans et al. 2017). At the other

extreme, the Ks light curve rose to a broad peak around �t⇡3.5 d. In between, the optical

emission started fading within a day after the merger (Arcavi et al. 2017, Coulter et al.

2017, Cowperthwaite et al. 2017, Kasliwal et al. 2017b, Pian et al. 2017, Smartt et al. 2017,

Soares-Santos et al. 2017).
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Figure 4

Light curves of AT2017gfo in four representative filters: Swift-UVM2 (�e↵ = 2231 Å); g (�e↵ = 4671 Å); i
(�e↵ = 7458 Å); Ks (�e↵ = 2.14 µm). Data and best-fitting three-component model from Villar et al. (2017), with original
data presented in the references cited in §4. Vertical arrows indicate the times of the spectra displayed in Figure 5. Inset,
upper panel: Bolometric luminosity from Coughlin et al. (2018) (black circles with uncertainties). The shaded gray area
marks the range of best-fitting bolometric light curves from the literature (Cowperthwaite et al. 2017, Drout et al. 2017,
Arcavi 2018, Waxman et al. 2018). The solid gray line shows a slope of Lbol / t

�1.3, the expected slope of energy input
from r-process radioactive decay. Inset, lower panel: Best fitting blackbody temperatures TBB (Drout et al. 2017, Arcavi
2018, Waxman et al. 2018). Note that Drout et al. (2017) fixed TBB =2500 K after �t=8.5 d.

Optical spectroscopy in the first week after the merger was presented by a number of

groups (Andreoni et al. 2017, Kasliwal et al. 2017b, Levan et al. 2017, McCully et al. 2017,

Nicholl et al. 2017, Pian et al. 2017, Shappee et al. 2017, Smartt et al. 2017, Troja et al.

2017, Valenti et al. 2017), with the first spectrum acquired at �t = 0.5 d after merger. The

spectra were unlike those of known supernovae and only developed weak features before the

transient became too faint at �t ⇡ 10 d. NIR spectroscopy was obtained from a few sources

starting at �t=1.5 d (Chornock et al. 2017, Kasliwal et al. 2017b, Pian et al. 2017, Smartt

et al. 2017, Tanvir et al. 2017, Troja et al. 2017), and resulted in the detection of a number

of broad features between 1–2 µm.

We display three epochs of spectroscopy in Figure 5 to sample the evolution of the
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KILONOVA OBSERVATIONAL FACTS

 —> R~1e14 cm & blended large lines ==> TBB ∼ 104K β ∼ 0.3

spectral energy distribution (SED). The first epoch (�t=0.5 d) is dominated by a blue

component of emission (Shappee et al. 2017), while the second epoch (�t=4.5 d) was chosen

to demonstrate the epoch with the clearest broad features in the NIR (Chornock et al. 2017,

Pian et al. 2017, Smartt et al. 2017). The final epoch (�t=9.5 d) shows the persistence of

some of those NIR features even as the transient became di�cult to observe and the signal-

to-noise ratio became poor.

Figure 5

Spectral evolution of AT2017gfo compared to two-component kilonova models from Kasen et al.
(2017). Each panel (�t=0.5, 4.5, and 9.5 d after merger ) shows a selected spectrum in black
(Shappee et al. 2017, Pian et al. 2017, Smartt et al. 2017), a low-lanthanide KN model (blue), a
high-lanthanide KN model (red), and their sum (purple). The KN models have the properties
listed in the legend. Gray circles show the photometry interpolated from the compilation of Villar
et al. (2017). Inset: same data and models as in the main panel at �t=0.5 d, but with a
logarithmic flux scale to better show the NIR excess over the pure low-lanthanide blue KN model
even at early times. Gray bands mark the regions most a↵ected by telluric absorption.
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AT2017gfo contains more than 600 individual datapoints from 46 instruments (as compiled

by Villar et al. 2017).

For clarity, in Figure 4 we select four representative filters with high temporal sampling

to demonstrate the photometric behavior of AT2017gfo from the near-UV (Swift-UVM2),

blue optical (g), red optical (i), through the NIR (Ks). The UV light curves exhibit

fading behavior from the first observations at �t=0.65 d (Evans et al. 2017). At the other

extreme, the Ks light curve rose to a broad peak around �t⇡3.5 d. In between, the optical

emission started fading within a day after the merger (Arcavi et al. 2017, Coulter et al.

2017, Cowperthwaite et al. 2017, Kasliwal et al. 2017b, Pian et al. 2017, Smartt et al. 2017,

Soares-Santos et al. 2017).
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Figure 4

Light curves of AT2017gfo in four representative filters: Swift-UVM2 (�e↵ = 2231 Å); g (�e↵ = 4671 Å); i
(�e↵ = 7458 Å); Ks (�e↵ = 2.14 µm). Data and best-fitting three-component model from Villar et al. (2017), with original
data presented in the references cited in §4. Vertical arrows indicate the times of the spectra displayed in Figure 5. Inset,
upper panel: Bolometric luminosity from Coughlin et al. (2018) (black circles with uncertainties). The shaded gray area
marks the range of best-fitting bolometric light curves from the literature (Cowperthwaite et al. 2017, Drout et al. 2017,
Arcavi 2018, Waxman et al. 2018). The solid gray line shows a slope of Lbol / t

�1.3, the expected slope of energy input
from r-process radioactive decay. Inset, lower panel: Best fitting blackbody temperatures TBB (Drout et al. 2017, Arcavi
2018, Waxman et al. 2018). Note that Drout et al. (2017) fixed TBB =2500 K after �t=8.5 d.

Optical spectroscopy in the first week after the merger was presented by a number of

groups (Andreoni et al. 2017, Kasliwal et al. 2017b, Levan et al. 2017, McCully et al. 2017,

Nicholl et al. 2017, Pian et al. 2017, Shappee et al. 2017, Smartt et al. 2017, Troja et al.

2017, Valenti et al. 2017), with the first spectrum acquired at �t = 0.5 d after merger. The

spectra were unlike those of known supernovae and only developed weak features before the

transient became too faint at �t ⇡ 10 d. NIR spectroscopy was obtained from a few sources

starting at �t=1.5 d (Chornock et al. 2017, Kasliwal et al. 2017b, Pian et al. 2017, Smartt

et al. 2017, Tanvir et al. 2017, Troja et al. 2017), and resulted in the detection of a number

of broad features between 1–2 µm.

We display three epochs of spectroscopy in Figure 5 to sample the evolution of the
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KILONOVA OBSERVATIONAL FACTS

Early emission: additional energy source

spectral energy distribution (SED). The first epoch (�t=0.5 d) is dominated by a blue

component of emission (Shappee et al. 2017), while the second epoch (�t=4.5 d) was chosen

to demonstrate the epoch with the clearest broad features in the NIR (Chornock et al. 2017,

Pian et al. 2017, Smartt et al. 2017). The final epoch (�t=9.5 d) shows the persistence of

some of those NIR features even as the transient became di�cult to observe and the signal-

to-noise ratio became poor.

Figure 5

Spectral evolution of AT2017gfo compared to two-component kilonova models from Kasen et al.
(2017). Each panel (�t=0.5, 4.5, and 9.5 d after merger ) shows a selected spectrum in black
(Shappee et al. 2017, Pian et al. 2017, Smartt et al. 2017), a low-lanthanide KN model (blue), a
high-lanthanide KN model (red), and their sum (purple). The KN models have the properties
listed in the legend. Gray circles show the photometry interpolated from the compilation of Villar
et al. (2017). Inset: same data and models as in the main panel at �t=0.5 d, but with a
logarithmic flux scale to better show the NIR excess over the pure low-lanthanide blue KN model
even at early times. Gray bands mark the regions most a↵ected by telluric absorption.
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AT2017gfo contains more than 600 individual datapoints from 46 instruments (as compiled

by Villar et al. 2017).
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to demonstrate the photometric behavior of AT2017gfo from the near-UV (Swift-UVM2),

blue optical (g), red optical (i), through the NIR (Ks). The UV light curves exhibit

fading behavior from the first observations at �t=0.65 d (Evans et al. 2017). At the other

extreme, the Ks light curve rose to a broad peak around �t⇡3.5 d. In between, the optical

emission started fading within a day after the merger (Arcavi et al. 2017, Coulter et al.
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Figure 4

Light curves of AT2017gfo in four representative filters: Swift-UVM2 (�e↵ = 2231 Å); g (�e↵ = 4671 Å); i
(�e↵ = 7458 Å); Ks (�e↵ = 2.14 µm). Data and best-fitting three-component model from Villar et al. (2017), with original
data presented in the references cited in §4. Vertical arrows indicate the times of the spectra displayed in Figure 5. Inset,
upper panel: Bolometric luminosity from Coughlin et al. (2018) (black circles with uncertainties). The shaded gray area
marks the range of best-fitting bolometric light curves from the literature (Cowperthwaite et al. 2017, Drout et al. 2017,
Arcavi 2018, Waxman et al. 2018). The solid gray line shows a slope of Lbol / t

�1.3, the expected slope of energy input
from r-process radioactive decay. Inset, lower panel: Best fitting blackbody temperatures TBB (Drout et al. 2017, Arcavi
2018, Waxman et al. 2018). Note that Drout et al. (2017) fixed TBB =2500 K after �t=8.5 d.
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A SIMPLE KILONOVA MODEL: INGREDIENTS

Can become extremely complicated (from analytical to fully numerical)

Kilonova (1000x Nova - Metzger et al. 2010) r-process nuclear decay 
powered transient in sub 
relativistic expanding ejecta

Radioactive decay Energy into 
expanding material Opacity Emission

mej(vej)·ϵnuc k

Lattimer & Schramm 1974
Symbalisty &Schramm 1982
Eichler + 1989
Li & Paczynski 1998
Kulkarni+2005
Metzger 2010
Tanaka+2013
Barnes+2013
….

Blue KN L ∼ 1041 erg/s tp ∼ 1 day Lanthanide free ejecta

Red KN L ∼ 1040 erg/s tp ∼ 1 week Lanthanide rich ejecta

L2



A SIMPLE KILONOVA MODEL: INGREDIENTS

Radioactive decay Energy into 
expanding material Opacity Emission

mej(vej)·ϵnuc k
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Mass responsible for the emission increases with time



A SIMPLE KILONOVA MODEL

Radioactive decay Energy into 
expanding material Opacity Emission
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Fig. 5. Left: The total radioactive energy deposition rate per unit of mass in the form of electrons and gamma-rays for different compositions. The
different curves are for different ranges of atomic masses (as indicated in the legend), where the relative abundances are solar (taken from Sneden
et al., 2008). Also shown is the analytic approximation of Eq. (13). It shows that the analytic approximation is good to within an order of magnitude
but that there are significant differences, both in normalization and in the decay rate, between different compositions and as a function of time.
Right: Ratio of the energy deposited in gamma-rays and the energy deposited in electrons for three of the compositions shown in the left panel.
This ratio affects the thermalization of the deposited energy. The figure shows that this ratio depends on the composition and that it can fluctuate
with time.

is synthesized, then ↵-decay can potentially provide a significant contribution to the heating of the sub-relativistic ejecta
after about a week7 (Barnes et al., 2016; Hotokezaka et al., 2016; Wu et al., 2019). This increased importance at late
times is a result of a slower decline in the deposition rate from ↵-decay (roughly as t�1 compared to t�1.3 for �-decay).
The thermalization efficiency of ↵ particles is comparable to that of electrons from �-decays. The ↵-decay deposition
on a time scale of days to weeks is dominated by four elements with A=222–225 (222Rn, 223Ra, 224Ra, 225Ac) (Wu et al.,
2019). These elements have half-life of 3–10 days, after which they go through a sequence of 4–5 ↵-decays and several
�-decays, almost all with a relatively short half-life, until they reach stable (or very long lifetime) nuclei with A=207–209
(207Pb, 208Pb, 209Bi). Each of these chains releases about 25 MeV per parent nucleus in ↵ particles. This corresponds to a
deposition rate of ✏̇↵(t = 10 d) ⇡ 4⇥1010 erg s�1 for each gram of elements with A=222–225. On a timescale of 10 days,
the energy deposition in electrons from �-decay is ⇠ 2⇥108 erg s�1 g�1 (on this time scale gamma rays escape and do not
contribute, for typical ejecta parameters). This implies that ↵-decay is significant on that time scale, if the mass in those
four elements is & 0.005 of the total ejecta mass. The actual amount of elements with A=222–225 that are synthesized in
various conditions is hard to estimate, as there are no direct observational constraints, and the theoretical predictions (for
the same physical conditions) vary by orders of magnitude. The amount of the decay products of these elements (207Pb,
208Pb and 209Bi) in the Sun suggests that if BNS and BH–NS mergers synthesize r-process elements with a pattern that is
similar to solar, then the fraction of elements with A=222–225 is probably too low for ↵-decay to be the dominant heating
source (Hotokezaka and Nakar, 2020). Observations of late IR emission from BNS mergers can potentially constrain this
contribution (Wu et al., 2019).

Fission
Some very heavy elements with A & 250 decay through spontaneous fission. The energy released in the process is

roughly MeV per nucleon, namely ⇠ 200 MeV per parent nucleus, and the thermalization of the fission products is very
efficient. Thus, a small amount of nuclei that go through fission on the relevant timescales can provide a significant heat
source (Hotokezaka et al., 2016). Unfortunately, there is no reliable information on the half life and the decay chains for
most of these elements. An exception is Californium-254, for which experimental data show that it almost always decays
through spontaneous fission with a half life of 60.5 days and an energy release of about 185 MeV per nucleus (Zhu et al.,
2018; Wu et al., 2019). This corresponds to an energy deposition rate of ✏̇Cf254(t = 100d) ⇡ 2 ⇥ 1010 erg s�1 per gram of
254Cf. The contribution from �-decay on this time scale depends on the thermalization of the electrons, which is inefficient
at this time, but for parameters similar to those observed in GW170817, it is roughly ✏̇� (t = 100 d) ⇠ 2⇥106 erg s�1g�1.
Thus, fission of 245Cf will dominate the energy deposition on time scales of months, if its mass fraction in the ejecta is
& 10�4. Theoretically, we cannot estimate this fraction reliably, except for the fact that only ejecta with Ye . 0.15 might,
although not necessarily, produce a significant amount of 245Cf. Observations of late IR emission from compact binary
mergers can potentially constrain the production of 245Cf in those sites (Zhu et al., 2018; Wu et al., 2019).

7 On a time scale of a day, the ↵-decay contribution is dominated by three chains that start at 212Tl, 216Bi and 220Po. All chains end at 208Pb and
they all deposit about ✏̇↵(t = 1d) ⇡ 2 ⇥ 1011 erg s�1 for each gram of these elements. For compositions that resemble solar, this contribution is
insignificant compared to that of the � decay.
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Kilonova light curves
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Fig. 9 Kilonova light curves in AB magnitudes for a source at 100 Mpc, calculated using the toy model
presented in Sect. 4, assuming a total ejecta mass M = 10−2 M⊙, minimum velocity v0 = 0.1 c, and gray
opacity κ = 20 cm2 g−1. The left panel shows a standard “red” kilonova, corresponding to ejecta bearing
lanthanide elements, while the right panel shows a “blue” kilonova poor in lanthanides (κ = 1 cm2 g−1).
Shown for comparison in the red kilonova case with dashed lines are models from Barnes et al. (2016) for
v = 0.1 c and M = 10−2 M⊙. Depending on the relative speeds of the two components and the viewing
angle of the observer, both red and blue emission components can be present in a single merger, originating
from distinct portions of the ejecta (Fig. 7)

ejecta. The emission now peaks at the visual bands R and I, on a timescale of about 1
day at a level 2–3 magnitudes brighter than the lanthanide-rich case. This luminous,
fast-evolving visual signal was key to the discovery of the kilonova counterpart of
GW170817 (Sect. 5).

4.1.3 Mixed blue + red kilonova

In general, the total kilonova emission can be thought of as a combination of distinct
‘blue’ and ‘red’ components. This is because both high- and low-Ye ejecta components
can be simultaneously visible following amerger, particularly for viewing angles close
to the binary rotation axis (Fig. 7). For viewers closer to the equatorial plane, the blue
emissionmay in some cases be blocked by the high-opacity lanthanide-rich tidal ejecta
(Kasen et al. 2015). Thus, although the presence of a days to week-long NIR transient
is probably a generic feature of all mergers, the early blue kilonova phase might only
be visible or prominent in a fraction of events. On the other hand, if the blue component
expands faster than the tidal ejecta (or the latter is negligibly low in mass—e.g., for
an equal-mass merger), the early blue emission may be visible from a greater range
of angles than just pole-on (e.g., Christie et al. 2019).

It has become common practice following GW170817 to model the total kilonova
light curve by adding independent 1D blue (low κ) and red (high κ) models on top
of one another (e.g., Villar et al. 2017), i.e. neglecting any interaction between the
ejecta components. While extremely useful for obtaining qualitative insight, in detail
this assumption will result in quantitative errors in the inferred ejecta properties (e.g.,
Kasen et al. 2017; Wollaeger et al. 2018). With well-sampled photometry (in both
time and frequency), the total ejecta mass should be reasonably well-measured: once
the ejecta has become effectively transparent at late times the bolometric luminosity
directly traces the radioactive energy input.
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ADDITIONAL ENERGY SOURCE

Neutron precursor

L2
Kilonovae Page 47 of 89 1

Fig. 14 Kilonova light curves, including the presence of free neutrons in the outer Mn = 10−4 M⊙ mass
layers of the ejecta (“neutron precusor” emission), calculated for the same parameters of total ejecta mass
M = 10−2 M⊙ and velocity v0 = 0.1 c used in Fig. 9. The left panel shows a calculation with an opacity
appropriate to lanthanide-bearing nuclei, while the right panel shows an opacity appropriate to lanthanide-
free ejecta. Models without a free neutron layer (Mn = 0; Fig. 9) are shown for comparison with dashed
lines

Q̇r ,v = δMvXn ,v ėn (t), (26)

where the initial mass fraction of neutrons,

Xn ,v = 2
π
(1 − Ye) arctan

!
Mn

Mv

"
, (27)

is interpolated in a smooth (but otherwise ad-hoc) manner between the neutron-free
inner layers at M ≫ Mn and the neutron-rich outer layers M ≪ Mn , which have a
maximum mass fraction of 1− 2Ye. The specific heating rate due to neutron β-decay
(accounting for energy loss to neutrinos) is given by

ėn = 3.2 × 1014 exp[−t/τn ] erg s−1 g−1, (28)

where τn ≈ 900 s is the neutron half-life. The rising fraction of free neutrons in the
outermost layers produces a corresponding decreasing fraction of r -process nuclei in
the outermost layers, i.e., Xr ,v = 1 − Xn ,v in calculating the r -process heating rate
from Eq. (21).

Figure 14 shows kilonova light curves, including an outer layer of neutrons of
mass Mn = 10−4 M⊙ and electron fraction Ye = 0.1. In the left panel, we have
assumed that the r -process nucleiwhich co-existwith the neutrons contain lanthanides,
and hence would otherwise (absent the neutrons) produce a “red” kilonova. Neutron
heating boosts the UVR luminosities on timescales of hours after the merger by a
large factor compared to the otherwise identical case without free neutrons (shown
for comparison with dashed lines). Even compared to the early emission predicted
from otherwise lanthanide-free ejecta (“blue kilonova”), neutron decay increases the
luminosity during the first few hours by a magnitude or more, as shown in the right
panel of Fig. 14.
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Ejecta deceleration by the interstellar medium —> very late time afterglow 

KILONOVA AFTERGLOW

Rising phase can constrain the mass-velocity stratification of the outflow

e.g. Piran+2013

Possible deviation from jet decay but not yet conclusive
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Radio follow-up of GW170817 3

2

5

10

50

100

F
lu

x
d
en

si
ty

(µ
Jy

)

GMRT 0.67 GHz

GMRT/MeerKAT/VLA 1.3-1.6 GHz

VLA 3 GHz

VLA 4.5 GHz

gVLBA/eMERLIN 5.1 GHz

VLA 6 GHz

ATCA 7.2 GHz

VLA 10 GHz

VLA 15 GHz

HST F814W

HST F606W

Chandra/XMM-Newton 1keV

8 10 50 80 10
0

50
0

80
0
10

00

Time after merger (days)

0.5

0.8
1

1.25

2

3

4
5

R
es

id
u
al

(r
at

io
)

Fig. 1.— Comprehensive 3 GHz light curve of GW170817 as presented in our recent work (Makhathini et al. 2020), together with our
latest measurement in the radio (3 GHz, latest yellow data point in the grey, shaded region) and X-rays (latest purple data point in the grey,
shaded region, extrapolated to 3 GHz using the spectral index constraints derived from modeling the full data set. The best fit structured
jet model for GW170817 is also plotted (top panel, black line). As evident from the lower panel, our radio measurement is compatible
with the tail of the GW170817 jet within the large errors. On the other hand, the X-rays seem to show a more significant discrepancy and
suggest that a kilonova flare may be taking over the emission (Hajela et al. 2020a, 2021; Troja et al. 2020).

2.2. X-ray Data

We reprocessed and analyzed the Chandra ACIS-S
observations of the GW170817 field obtained between
2020 December 10 and 2021 January 27 (obsIDs 22677,
24887, 24888, 24889, 23870, 24923, 24924; 150.5 ks,
PI Margutti) using the same procedure described in
Makhathini et al. (2020). For observations where the
source was not apparent, we used the relative position of
the other X-ray sources in the field of view to determine
the source extraction region. By combining the spec-
tral products of all 7 observations and fitting the data
with an absorbed power-law model where hydrogen col-
umn density NH has been fixed to the Galactic value
and the photon index � = 1 � � has been fixed to 1.57

(Makhathini et al. 2020), we find an unabsorbed flux den-
sity of (2.1+0.7

�0.6) ⇥ 10�4 µJy at 2.4 ⇥ 1017 Hz (1 keV; 1�
uncertainty). To investigate if � is di↵erent from 1.57,
we refitted the Chandra data leaving � as a free parame-
ter. From the 2020 December–January 2021 data we find
� = 2.16+1.48

�1.18. If we additionally combine the 96.6 ks of

data obtained in 2020 March, we get � = 0.98+0.77
�0.76 (90%

uncertainties). Hence, in both cases, the value of � is
consistent (well within the 90% confidence interval) with
� = 1.57. Our results are also consistent with Hajela
et al. (2020a, 2021); Troja et al. (2020).

3. DISCUSSION

Balasubramanian et a. 2021

Hajiela+2020 GCN 29041



MM2: IMPROVEMENT OF GW PARAMETER SPACE L2

Combined MM reduce parameter degeneracy

GW and EM constraints [108,110,111] to infer the incli-
nation of the binary.

B. Masses

Owing to its low mass, most of the SNR for GW170817
comes from the inspiral phase, while the merger and
postmerger phases happen at frequencies above 1 kHz,
where LIGO and Virgo are less sensitive (Fig. 1). This case
is different than the BBH systems detected so far, e.g.,
GW150914 [112–115] or GW170814 [53]. The inspiral
phase evolution of a compact binary coalescence can be
written as a PN expansion, a power series in v=c, where v is
the characteristic velocity within the system [65]. The
intrinsic parameters on which the system depends enter the
expansion at different PN orders. Generally speaking,
parameters that enter at lower orders have a large impact
on the phase evolution and are thus easier to measure using
the inspiral portion of the signal.
The chirp mass M enters the phase evolution at the

lowest order; thus, we expect it to be the best constrained
among the source parameters [32,61,93,94]. The mass ratio
q, and consequently the component masses, are instead
harder to measure due to two main factors: (1) They are
higher-order corrections in the phase evolution, and (2) the

mass ratio is partially degenerate with the component of the
spins aligned with the orbital angular momentum
[93,94,116], as discussed further below.
In Fig. 5, we show one-sided 90% credible intervals of

the joint posterior distribution of the two component masses
in the source frame. We obtain m 1 ∈ ð1.36; 1.89Þ M⊙
and m 2 ∈ ð1.00; 1.36Þ M⊙ in the high-spin case, and

FIG. 4. Marginalized posteriors for the binary inclination (θJN)
and luminosity distance (D L) using a uniform-in-volume prior
(blue) and EM-constrained luminosity distance prior (purple)
[108]. The dashed and solid contours enclose the 50% and 90%
credible regions, respectively. Both analyses use a low-spin prior
and make use of the known location of SSS17a. The 1D marginal
distributions have been renormalized to have equal maxima to
facilitate comparison, and the vertical and horizontal lines mark
90% credible intervals.

FIG. 5. The 90% credible regions for component masses using
the four waveform models for the high-spin prior (top panel) and
low-spin prior (bottom panel). The true thickness of the contour,
determined by the uncertainty in the chirp mass, is too small to
show. The points mark the edge of the 90% credible regions. The
1D marginal distributions have been renormalized to have equal
maxima, and the vertical and horizontal lines give the 90% upper
and lower limits on m 1 and m 2, respectively.

PROPERTIES OF THE BINARY NEUTRON STAR MERGER … PHYS. REV. X 9, 011001 (2019)

011001-7

Abbott+2019

1) DL from EM counterpart 
2) Low spin prior (<0.05)
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−11 deg

Other constraints (R, 𝛬 …) with additional 
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Figure 9

Constraints on ✓obs from GWs (light-green line) combined with di↵erent priors. “EM pos”:
sub-arcsec sky localization from the EM counterpart; “DL”: gaussian prior on the luminosity
distance inferred by Cantiello et al. (2018); “H0”: Planck or SH0ES H0 value assumed, from
Planck Collaboration et al. (2016), Riess et al. (2016), respectively; “Vol”: flat prior in volume
(Abbott et al. 2017a, Finstad et al. 2018, Abbott et al. 2019a). Knowledge of the precise sky
location has limited e↵ect, while a prior on DL (or H0) strongly influences the inference on ✓obs

(see also Mandel 2018, Chen et al. 2019). The di↵erence between the Abbott et al. (2019a) and
the Finstad et al. (2018) GW+EM pos+DL posterior is related to slightly di↵erent choices of
priors and frequency of the signal. Shaded blue areas: best-fitting ranges for ✓obs from the VLBI
and afterglow modeling by Ghirlanda19,Hotokezaka19, from the VLBI-driven inferences of Mooley
et al. (2018a), and for a variety of afterglow models that reproduce observations extending to
�t > 1 yr (§5).

of the relativistic electrons distribution N(�e) / �
�p
e accelerated by a BNS merger shock:

p =2.166±0.026 (Fong et al. 2019; see also Hajela et al. 2019, Lamb et al. 2019a, Makhathini

et al. 2020, Troja et al. 2020).

VLBI observations provided evidence for an apparent superluminal motion of the radio

source centroid with an average velocity vapp = �appc = (4.1 ± 0.5)c between 75–230 d

(Mooley et al. 2018a) and constrained the apparent size of the unresolved radio source to

< 2.5 milliarcseconds at 270.4 d (90% c.l., Ghirlanda et al. 2019). Taken together these

measurements rule out quasi-spherical outflows (e.g., Gill & Granot 2018, Granot et al.

2018a, Zrake et al. 2018 for simulations) and point at a compact radio source originating

from a highly anisotropic outflow with average � ⇡ �app ⇡ 4 around the time of afterglow

peak. In the limit of a relativistically moving point source these observations also provided

an estimate of the geometry of the dominant source of emission (✓obs � ✓jet) ⇠ 1/� ⇡ 0.25.

Supporting this scenario is the sharp light-curve peak at tpeak⇠160 d followed by a steep

achromatic F⌫ / t
�2.2 afterglow decay, which is naturally explained as the signature of

the core of a narrow relativistic jet entering our line of sight and dominating the detected

26 Margutti & Chornock
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MM2: POPULATION & RATES

At least 10% of BNS launch a jet that successfully breaks out of the merger ejecta

Structured jet model (universal structure) Luminosity function (Pescalli et al. 2015; Salafia et al. 2015)

BNS rate (Abbott+2020) 

Rate infered from 
Fermi  (Zhang+2017)

Rate infered from 
Short GRBs 
(Wanderman & Piran 
2014; Ghiralnda et al. 
2016)

GG et al. 2019
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MM2: ENVIRONMENT IMPLICATION FOR BNS ORIGIN L2

Inferences on the BNS origin from the close and large scale environment (cf sGRB host studies)
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Figure 12

Left, main panel : Color image of NGC4993 created from filtered HST/ACS images (F850LP, F625W, F475W) acquired at
�t ⇡ 11 d by Blanchard et al. (2017). The location of the EM counterpart to GW170817 is identified by a dashed
light-blue circle. Lower panels: Inferred properties of NGC4993 (§7) compared to the renormalized o↵set, star formation
rate (SFR) and stellar mass distributions of host galaxies of SGRBs from Leibler & Berger (2010), Berger (2014), Fong
et al. (2017), Nugent et al. (2020). Right panels, from top to bottom: residual image in the HST ACS/F475W filter after
the subtraction of a Sérsic brightness profile with n ⇡ 4 showing the presence of dust lanes around the host nucleus (from
Blanchard et al. 2017). Middle and bottom panels: radio (VLA, 6GHz) and X-ray (CXO, 0.5–8 keV) image of the field
acquired when the jet afterglow is clearly detectable. X-ray and radio emission from a weak AGN is also present and
marked with a red cross (observations published by Alexander et al. 2018, Margutti et al. 2018, Hajela et al. 2019).

7. ENVIRONMENT

7.1. Host galaxy properties and properties of the local environment

GW170817 was localized at a projected o↵set of 10.31500 ± 0.00700 (2.162± 0.001 kpc) from

the center of the S0 galaxy NGC4993 (Figure 12; e.g., Blanchard et al. 2017, Im et al. 2017,

Kasliwal et al. 2017b, Levan et al. 2017, Palmese et al. 2017, Pan et al. 2017). NGC4993

is well modeled by an n ⇡ 4 Sérsic profile and shows a strong bulge component as well as

a complex morphology of dust lanes, concentric shells, and spiral features that indicate a

relatively recent (. 1Gyr) galaxy merger. The global SED of NGC4993 has been fitted with

multiple methods, assumptions and data sets (e.g., Blanchard et al. 2017, Pan et al. 2017,)

36 Margutti & Chornock
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AFTERGLOW VS KILONOVA

On axis jet would over shine the KN component unless in a very low density environment
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Fig. 3. Comparison of the on-axis afterglow of a GRB 170817A-like jet with an AT2017gfo-like kilonova. Each panel shows light curves in a
different band, as indicated in the upper right corner. Solid coloured lines represent the on-axis (✓v = 0

�) jet afterglow (with best fit parameters
and n = 5⇥ 10

�3
cm

�3), with the hatched region showing the portion of the plane span when assuming ISM densities between n = 10
�4

cm
�3

and n = 1 cm
�3. Grey solid lines and the grey shaded region show the same information for a jet seen at the core border (✓v = ✓c). Black dashed

lines show the AT2017gfo kilonova best fitting model from Villar et al. (2017). The orange points show the median kilonova peak magnitudes and
peak times in the three bands, as inferred by Ascenzi et al. (2019) (the error bars enclose 68% of the events according to their distributions).

versity to the jet viewing angle, as in the unification scheme of
active galactic nuclei (Urry & Padovani 1995).

Our results, summarized in Figures 1 and 2, show that GRB
170817A would appear as a standard SGRB if seen on-axis, pro-
viding support to this scenario. The population of SGRB jets ob-
served off-axis will soon increase in number, as the sensitivity of
gravitational wave interferometers improves. We expect a large
diversity in their properties, but due to extrinsic parameters only,
such as the viewing angle and circum-merger medium density.
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At 40 Mpc 
On axis or at the jet core border
n ∈ (10−4,1) cm−3

IR bands more promising (e.g. 130613B - Tanvir+2013; Berger+2013)

KN evidences/claims 
[Tanvir+2013; Berger+2013; Jin+2016; 

Jin+2015; Yang+2015; Troja+2018; 
Rossi+2019]
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KILONOVAE

On axis jet would over shine the KN component unless in a very low density environment
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Conclusions
GW170817+GRB170817+ AG170817: first direct connection short GRBs—BNS:
BNS —> relativistic jet —> core with properties similar to those of cosmological short 
GRBs + structure (first ever event in the realm of GRBs). 

AT2017gfo —> r-process nuclear heating powered transient and BNS are sites of r-process 
nucleosynthesis.

Multi-messenger (I): GW+EM can constrain extrinsic (e.g. inclination) or intrinsic (e.g. EoS) 

Multi-messenger (II): GW+EM —> standard sirens


