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Prospects for Observing and Localizing GW Transients with aLIGO, AdV and KAGRA 19

Fig. 5 Sky locations of GW events confidently detected in O1 and O2. Top panel: initial sky location
released in low-latency to the astronomers (Abbott et al. 2016i; LIGO Scientific Collaboration and Virgo
Collaboration 2015; Abbott et al. 2019d). Bottom panel: refined sky location including updated calibration
and final choice of waveform models (Abbott et al. 2018d). Three events (GW151012, GW170729,
GW170818) among the 11 confidetent detections were identified offline, and were not shared in low-latency.
The shaded areas enclose the 90% credible regions of the posterior probability sky areas in a Mollweide
projection. The inner lines enclose regions starting from the 10% credible area with the color scheme
changing with every 10% increase in confidence level. The localization is shown in equatorial coordinates
(right ascension in hours, and declination in degrees). The HLV label indicates events for which both the
LIGO and Virgo data were used to estimate the sky location

distance measurement is dominated by the degeneracy with the inclination of the
binary, which also determines the signal amplitude (Cutler and Flanagan 1994; Röver
et al. 2007a; Nissanke et al. 2010; Aasi et al. 2013b). The degeneracy could be broken
by observing with more non-co-aligned detectors (Veitch et al. 2012; Rodriguez et al.
2014), or if precession of the orbital plane is observed (Vecchio 2004; van der Sluys
et al. 2008; Vitale et al. 2014), but this is not expected for slowly spinning BNS (Farr
et al. 2016). Distance information can further aid the hunt for counterparts, particularly
if the localization can be used together with galaxy catalogs (Abadie et al. 2012c;
Nissanke et al. 2013; Hanna et al. 2014; Fan et al. 2014; Blackburn et al. 2015; Singer
et al. 2016a; Del Pozzo et al. 2018). Table 3 reports the low-latency and refined
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changing with every 10% increase in confidence level. The localization is shown in equatorial coordinates
(right ascension in hours, and declination in degrees). The HLV label indicates events for which both the
LIGO and Virgo data were used to estimate the sky location
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changing with every 10% increase in confidence level. The localization is shown in equatorial coordinates
(right ascension in hours, and declination in degrees). The HLV label indicates events for which both the
LIGO and Virgo data were used to estimate the sky location
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Fig. 5 Sky locations of GW events confidently detected in O1 and O2. Top panel: initial sky location
released in low-latency to the astronomers (Abbott et al. 2016i; LIGO Scientific Collaboration and Virgo
Collaboration 2015; Abbott et al. 2019d). Bottom panel: refined sky location including updated calibration
and final choice of waveform models (Abbott et al. 2018d). Three events (GW151012, GW170729,
GW170818) among the 11 confidetent detections were identified offline, and were not shared in low-latency.
The shaded areas enclose the 90% credible regions of the posterior probability sky areas in a Mollweide
projection. The inner lines enclose regions starting from the 10% credible area with the color scheme
changing with every 10% increase in confidence level. The localization is shown in equatorial coordinates
(right ascension in hours, and declination in degrees). The HLV label indicates events for which both the
LIGO and Virgo data were used to estimate the sky location
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released in low-latency to the astronomers (Abbott et al. 2016i; LIGO Scientific Collaboration and Virgo
Collaboration 2015; Abbott et al. 2019d). Bottom panel: refined sky location including updated calibration
and final choice of waveform models (Abbott et al. 2018d). Three events (GW151012, GW170729,
GW170818) among the 11 confidetent detections were identified offline, and were not shared in low-latency.
The shaded areas enclose the 90% credible regions of the posterior probability sky areas in a Mollweide
projection. The inner lines enclose regions starting from the 10% credible area with the color scheme
changing with every 10% increase in confidence level. The localization is shown in equatorial coordinates
(right ascension in hours, and declination in degrees). The HLV label indicates events for which both the
LIGO and Virgo data were used to estimate the sky location
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GRBs at TeV: latest EM window

Galaxies 2022, 10, 66 52 of 65

Figure 28. The Amati (Epeak–Eiso) correlation for a sample of 136 long GRBs (grey dots, from [230])
and a sample of 11 short GRBs (empty blue squares) detected by Swift. The corresponding power-law
fit for the sample of long GRBs and the 3s scatter of the distribution of points around the best fits are
shown. The six GRBs detected in VHE are also added in the plot. Adapted from [231].

5.4. X-ray Lightcurves
The comparison between TeV and X-ray light-curves suggests an intimate connection

between the emission in these two bands, both in terms of emitted energy and luminosity
decay rate. In Figure 29, the XRT afterglow light-curves (luminosity versus rest-frame time)
in the 0.3–10 keV energy range are compared with the VHE light-curves (integrated over
different energy ranges, depending on the detection window, see Table 4). Different colors
refer to the six different GRBs. The VHE luminosity is shown with empty circles.

Considering the X-ray luminosity, the GRB sample can be divided into two groups:
GRB 190114C, GRB 180720B and GRB 201216C display large and clustered X-ray luminosity
(at t ⇠ 104 s their luminosity is around 1–5 ⇠ 1047 erg s�1) and their light curves almost
overlap for the entire afterglow phase. The other three GRBs (GRB 190829A, GRB 201015A
and GRB 160821B) are much fainter in terms of X-ray luminosity (at least two orders of
magnitude at t ⇠ 104 s). This is consistent with the fact that they also have a smaller Eg,iso.
The correlation between X-ray afterglow luminosity and prompt Eg,iso is found in the bulk
of the long GRB population, and these GRBs make no exception.

Observations in the VHE band (empty circles in Figure 29) reveal that the VHE
luminosities observed in the afterglow phase are in general smaller but comparable to the
simultaneous X-ray luminosity, implying that almost an equal amount of energy is emitted
in the two energy bands. Any theory aimed at explaining the origin of the TeV radiation
should explain the origin of these similarities. Concerning the decay rate, observations are
still not conclusive. The decay rate of the TeV emission is available only for two events.
For GRB 190829A, the temporal indices in X-ray and VHE are very similar, while for
GRB 190114C, the VHE clearly decays faster than the X-ray emission.

For GRB 190114C at t ⇠ 380 s, the VHE luminosity LVHE is ⇠1.5–2.5 ⇥1048 erg s�1 and
the X-ray one LX is ⇠0.6–1.0 ⇥1049 erg s�1. As a result, the power radiated in the VHE band
is about ⇠25% of the X-ray one. Similarly for GRB 190829A at t ⇠ 4.5 h the VHE luminosity
LVHE is ⇠4.0–8.5 ⇥1044 erg s�1, which is around ⇠15–20% of the corresponding X-ray one
(LX ⇠ 2.0–5.0 ⇥1045 erg s�1). For GRB 180720B at t ⇠ 2 ⇥ 104 s the VHE luminosity LVHE
is ⇠9 ⇥1047 erg s�1 and the X-ray one LX is ⇠1.5–2.5 ⇥1049 erg s�1. In this case, the power
radiated in the VHE band is around ⇠35–60% of the X-ray one.
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5. The New TeV Spectral Window: Discussion
After decades of searches, MAGIC and H.E.S.S. observations have unequivocally

proven that (long) GRBs can be accompanied by a significant amount of TeV emission
during the afterglow phase. Table 4 summarizes the main properties of the GRBs detected
by IACTs, and presented in detail in the previous section. The list also includes two events
(namely GRB 160821B and GRB 201015A), where only a hint of excess (i.e., with a signifi-
cance at ⇠3–4 s) was found. For the other four events, namely GRB 180720B, GRB 190114C,
GRB 190829A and GRB 201216C, the detections are robust (>5s). The table lists several
properties, such as duration T90 and total emitted energy Eg,iso of the prompt emission,
redshift, and information on the IACT detection (the starting time Tdelay of observations
elapsed since the trigger time T0, the energy range where photons have been detected,
the name of the telescope and the significance of the excess). GRB 160821B is the only one
belonging to the short class; the other five being long GRBs.

In this section, we address the question why these GRBs have been detected, whether
they have peculiar properties and whether they show some common behaviors that may be
at the basis of the production of TeV radiation. To do that, one should be careful, since these
GRBs have been followed-up under very different observational conditions and with very
different time delays after the trigger time, and they span quite a large range of redshifts
(from 0.078 to 1.1). Keeping in mind these differences, which have a strong impact on the
detection capabilities of IACTs, we compare the observed and intrinsic properties of the
population of GRBs at VHE, highlighting their similarities and differences, and discuss
how they compare to the whole population.

Table 4. List of the GRBs observed by IACTs with a firm detection (significance > 5s) or a hint of
detection (3–4s) above 100 GeV. The T90 and Eg,iso refer to the duration and total emitted energy of
the prompt emission; the redshift is listed in column 3; Tdelay is the time delay between the trigger
time T0 and the time when IACT observations started; Erange defines the energy range of the detected
photons. The name of the telescope which made the observation and the significance of the detection
are listed in the last column.

T90 Eg,iso z Tdelay Erange IACT (Sign.)
s erg s TeV

160821B 0.48 1.2 ⇥ 1049 0.162 24 0.5–5 MAGIC (3.1s)
180720B 48.9 6.0 ⇥ 1053 0.654 3.64 ⇥ 104 0.1–0.44 H.E.S.S. (5.3s)
190114C 362 2.5 ⇥ 1053 0.424 57 0.3–1 MAGIC (>50s)
190829A 58.2 2.0 ⇥ 1050 0.079 1.55 ⇥ 104 0.18–3.3 H.E.S.S. (21.7s)
201015A 9.78 1.1 ⇥ 1050 0.42 33 0.14 MAGIC (3.5s)
201216C 48 4.7 ⇥ 1053 1.1 56 0.1 MAGIC (6.0s)

5.1. Observing Conditions
Low zenith angles, fast repointing, dark nights, low redshift, and highly energetic

events have always been considered as optimal, if not necessary, conditions to have some
chances for GRB detections with IACTs. On the other hand, these first VHE GRBs have
demonstrated that GRBs can have a level of TeV emission large enough to be detected
by the current generation of IACTs, even under non-optimal conditions. GRB 190114C
was observed with a zenith angle > 55� and in the presence of the moon. Both conditions
imply a higher energy threshold (typically & 0.2 TeV) and require a dedicated data analysis.
Another example is GRB 160821B, that was observed with a NSB 2–8 times higher than the
standard dark night conditions. Moreover, significant VHE excess was found not only in
case of short delays (less than hundreds of seconds) from the burst trigger but, somewhat
surprisingly, also at quite late times, i.e., with delays of several hours or even days, as in
the case of GRB 180720B and GRB 190829A, respectively. This showed the importance
of pointing a GRB also at relatively late times, in cases fast follow-up observations are
not feasible.
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Figure 28. The Amati (Epeak–Eiso) correlation for a sample of 136 long GRBs (grey dots, from [230])
and a sample of 11 short GRBs (empty blue squares) detected by Swift. The corresponding power-law
fit for the sample of long GRBs and the 3s scatter of the distribution of points around the best fits are
shown. The six GRBs detected in VHE are also added in the plot. Adapted from [231].

5.4. X-ray Lightcurves
The comparison between TeV and X-ray light-curves suggests an intimate connection

between the emission in these two bands, both in terms of emitted energy and luminosity
decay rate. In Figure 29, the XRT afterglow light-curves (luminosity versus rest-frame time)
in the 0.3–10 keV energy range are compared with the VHE light-curves (integrated over
different energy ranges, depending on the detection window, see Table 4). Different colors
refer to the six different GRBs. The VHE luminosity is shown with empty circles.

Considering the X-ray luminosity, the GRB sample can be divided into two groups:
GRB 190114C, GRB 180720B and GRB 201216C display large and clustered X-ray luminosity
(at t ⇠ 104 s their luminosity is around 1–5 ⇠ 1047 erg s�1) and their light curves almost
overlap for the entire afterglow phase. The other three GRBs (GRB 190829A, GRB 201015A
and GRB 160821B) are much fainter in terms of X-ray luminosity (at least two orders of
magnitude at t ⇠ 104 s). This is consistent with the fact that they also have a smaller Eg,iso.
The correlation between X-ray afterglow luminosity and prompt Eg,iso is found in the bulk
of the long GRB population, and these GRBs make no exception.

Observations in the VHE band (empty circles in Figure 29) reveal that the VHE
luminosities observed in the afterglow phase are in general smaller but comparable to the
simultaneous X-ray luminosity, implying that almost an equal amount of energy is emitted
in the two energy bands. Any theory aimed at explaining the origin of the TeV radiation
should explain the origin of these similarities. Concerning the decay rate, observations are
still not conclusive. The decay rate of the TeV emission is available only for two events.
For GRB 190829A, the temporal indices in X-ray and VHE are very similar, while for
GRB 190114C, the VHE clearly decays faster than the X-ray emission.

For GRB 190114C at t ⇠ 380 s, the VHE luminosity LVHE is ⇠1.5–2.5 ⇥1048 erg s�1 and
the X-ray one LX is ⇠0.6–1.0 ⇥1049 erg s�1. As a result, the power radiated in the VHE band
is about ⇠25% of the X-ray one. Similarly for GRB 190829A at t ⇠ 4.5 h the VHE luminosity
LVHE is ⇠4.0–8.5 ⇥1044 erg s�1, which is around ⇠15–20% of the corresponding X-ray one
(LX ⇠ 2.0–5.0 ⇥1045 erg s�1). For GRB 180720B at t ⇠ 2 ⇥ 104 s the VHE luminosity LVHE
is ⇠9 ⇥1047 erg s�1 and the X-ray one LX is ⇠1.5–2.5 ⇥1049 erg s�1. In this case, the power
radiated in the VHE band is around ⇠35–60% of the X-ray one.
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5. The New TeV Spectral Window: Discussion
After decades of searches, MAGIC and H.E.S.S. observations have unequivocally

proven that (long) GRBs can be accompanied by a significant amount of TeV emission
during the afterglow phase. Table 4 summarizes the main properties of the GRBs detected
by IACTs, and presented in detail in the previous section. The list also includes two events
(namely GRB 160821B and GRB 201015A), where only a hint of excess (i.e., with a signifi-
cance at ⇠3–4 s) was found. For the other four events, namely GRB 180720B, GRB 190114C,
GRB 190829A and GRB 201216C, the detections are robust (>5s). The table lists several
properties, such as duration T90 and total emitted energy Eg,iso of the prompt emission,
redshift, and information on the IACT detection (the starting time Tdelay of observations
elapsed since the trigger time T0, the energy range where photons have been detected,
the name of the telescope and the significance of the excess). GRB 160821B is the only one
belonging to the short class; the other five being long GRBs.

In this section, we address the question why these GRBs have been detected, whether
they have peculiar properties and whether they show some common behaviors that may be
at the basis of the production of TeV radiation. To do that, one should be careful, since these
GRBs have been followed-up under very different observational conditions and with very
different time delays after the trigger time, and they span quite a large range of redshifts
(from 0.078 to 1.1). Keeping in mind these differences, which have a strong impact on the
detection capabilities of IACTs, we compare the observed and intrinsic properties of the
population of GRBs at VHE, highlighting their similarities and differences, and discuss
how they compare to the whole population.

Table 4. List of the GRBs observed by IACTs with a firm detection (significance > 5s) or a hint of
detection (3–4s) above 100 GeV. The T90 and Eg,iso refer to the duration and total emitted energy of
the prompt emission; the redshift is listed in column 3; Tdelay is the time delay between the trigger
time T0 and the time when IACT observations started; Erange defines the energy range of the detected
photons. The name of the telescope which made the observation and the significance of the detection
are listed in the last column.

T90 Eg,iso z Tdelay Erange IACT (Sign.)
s erg s TeV

160821B 0.48 1.2 ⇥ 1049 0.162 24 0.5–5 MAGIC (3.1s)
180720B 48.9 6.0 ⇥ 1053 0.654 3.64 ⇥ 104 0.1–0.44 H.E.S.S. (5.3s)
190114C 362 2.5 ⇥ 1053 0.424 57 0.3–1 MAGIC (>50s)
190829A 58.2 2.0 ⇥ 1050 0.079 1.55 ⇥ 104 0.18–3.3 H.E.S.S. (21.7s)
201015A 9.78 1.1 ⇥ 1050 0.42 33 0.14 MAGIC (3.5s)
201216C 48 4.7 ⇥ 1053 1.1 56 0.1 MAGIC (6.0s)

5.1. Observing Conditions
Low zenith angles, fast repointing, dark nights, low redshift, and highly energetic

events have always been considered as optimal, if not necessary, conditions to have some
chances for GRB detections with IACTs. On the other hand, these first VHE GRBs have
demonstrated that GRBs can have a level of TeV emission large enough to be detected
by the current generation of IACTs, even under non-optimal conditions. GRB 190114C
was observed with a zenith angle > 55� and in the presence of the moon. Both conditions
imply a higher energy threshold (typically & 0.2 TeV) and require a dedicated data analysis.
Another example is GRB 160821B, that was observed with a NSB 2–8 times higher than the
standard dark night conditions. Moreover, significant VHE excess was found not only in
case of short delays (less than hundreds of seconds) from the burst trigger but, somewhat
surprisingly, also at quite late times, i.e., with delays of several hours or even days, as in
the case of GRB 180720B and GRB 190829A, respectively. This showed the importance
of pointing a GRB also at relatively late times, in cases fast follow-up observations are
not feasible.
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★GRB 221009A

- diversity of GRB types:
3 long (1 extremely high-L)
1 short(?)
2(?) low-L
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GRBs detected (clearly or tentatively) at VHE
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Figure 1: Multi-wavelength light curves of GRB 190114C. Energy flux at different wavelengths,

from radio to gamma-rays, versus time since the BAT trigger time T0 = 20:57:03.19 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 empty triangles) have been

multiplied by 109 for clarity. The vertical dashed line marks approximately the end of the prompt

emission phase, identified with the end of the last flaring episode. For the data points, vertical bars

show the 1-� errors on the flux, while horizontal bars represent the duration of the observation.
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long GRB 190114C: TeV vs other wavelengths

EMBARGO end of
prompt
phase

MAGIC Coll.+ 19
Nature 575, 459

TeV:
- power-law decay t-1.6 -> predominantly afterglow
- radiated power comparable to X-ray and GeV
- correlation with X-ray -> close relation with electron sync.

-

z=0.425
T

T
E
L

>50s detection
at 0.2-1 TeV
t~1-30 min

GRB: 190114C: multiwavelength light curves
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beyond, strengthening the inference that there is significant energy output at TeV energies.170

��� ��� ���

7�7(�>V@

���

���

���

���

(Q
HU
J\
�>*

H9
@

2
EV
HU
YD
WLR
QV
�VW
DU
W

���

���

���

1
XP

EH
U�R
I�H
YH
QW
V

Figure 3: Distribution of TeV-band gamma rays in energy versus time for GRB 190114C.

The number of events in each bin of energy and time are color-coded (Methods). The vertical

line indicates the beginning of data acquisition. Curves show the expected maximum photon en-

ergy "syn,max of electron synchrotron radiation in the standard afterglow theory, for two extreme

cases giving high values of "syn,max. Dotted curve: isotropic-equivalent blast wave kinetic energy

Ek,aft = 3 ⇥ 10
55
erg and homogeneous external medium with density n = 0.01 cm�3; dashed

curve: Ek,aft = 3⇥10
55
erg and external medium describing a progenitor stellar wind with density

profile n(R) = AR�2 as function of radius R, where A = 3⇥ 10
33
cm

�1 (Methods).

Much of the observed emission up to GeV energies for GRB 190114C is likely afterglow171

synchrotron emission from electrons, similar to many previous GRBs2, 26. The TeV emission ob-172

served here is also plausibly associated with the afterglow. However, it cannot be a simple spectral173

11

long GRB 190114C: photons beyond sync. burnoff limit

- observed photon energies >> plausible estimates of Esyn,max
-> strong evidence for emission separate from sync.

- likely synchrotron-self-Compton (SSC)
-> valuable new info on physics of rel. shocks, particle accel.

Ek=3x1055 erg
n=0.01 cm-3

Ek=3x1055 erg
n(R)=3x1033 (R/cm)-2 cm-3

MAGIC Coll. 19, Nature 575, 455
corr. authors: SI, Noda, Berti+

taccel∝ ge B-1, tsyn∝ ge
-1B-2

taccel=tsyn -> ge,max∝ B-1/2

nsyn,max∝ Bge,max
2

Esyn,max~23/2[27/(16paf)]mec2

x G(t)(1+z)-1

~106 G(t)(1+z)-1 MeV

maxi sync. photon energy
for electrons dominated
by sync. cooling

Nakar & Piran 10
c.f. Kumar+ 12
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3522 O. Gottlieb, E. Nakar and O. Bromberg

Figure 10. The logarithmic energy density [ erg cm−3] units maps of model
Lvp in 2D (top) and 3D (bottom). In the 3D model, the continuous white
line denotes the star, the dashed white lines delimit the jet core (θ = θ j), and
the black lines delimit the JCI (θc = 0.3 rad). Beyond the dashed black lines
begins the cocoon.

shock. The remaining parts of the system, i.e. the non-relativistic
components are similar in 2D and 3D. We show that subsequently
the 2D and 3D post-breakout distributions also exhibit substantial
differences.

4.4.1 2D distributions

Fig. 11 depicts a comparison of the distributions in 2D and 3D
simulations of model Lc. Fig. 11(a) demonstrates that the 2D jet
retains its energy at u∞ = u∞, max unlike the flat 3D distribution. In
lower values of u∞, the 2D mixing which originates only in the jet
head (rather than both the head and the JCI in 3D) leads to a similar
roughly flat distributions in 2D and 3D.

The distinct energetic flat core in the 2D simulations can also be
seen in the isotropic equivalent energy distribution (Fig. 11b). This,
of course, comes at the expense of the JCI that is not really present in
2D, so there is an order of magnitude drop in the energy distribution
outside the core. Another substantial difference between 2D and the
3D models lies in the energy distribution of matter that moves at
velocities larger than given values. For example, we show in dashed
lines the energy at u∞ > 10. The 3D model shows a sharp drop at
θ ≈ 4θ j, so that to a good approximation all the matter at θ < 4θ j

moves at u∞ > 10, and all the matter at θ > 4θ j moves at u∞ < 10.
In the 2D simulation on the other hand, even at θ = 10θ j the matter
with u∞ > 10 has a comparable amount of energy to that with u∞ <

10. This occurs due to the deflection of jet material by the plug. The

Figure 11. 2D (red) versus 3D (blue) distributions of matter that broke out
from the star in the canonical model Lc when the jet reaches 10R". Top: The
energy distribution per a logarithmic scale of the terminal proper-velocity,
normalized by the total energy of each curve, similar to Fig. 2. Middle: The
isotropic equivalent energy, similar to Fig. 4. Bottom: The energy-weighted
average of the proper-velocity, similar to Fig. 5.

2D mildly relativistic material in the cocoon (θ ! θ c) resembles that
of the 3D.

Fig. 11(c) depicts the energy-weighted average proper-velocity.
The 2D distribution features u∞,j ≈ u∞, max, owing to the absence of
mixing at the jet core. At the edge of the 2D core, there is a sharp
drop followed by a bump at θ /θ j ≈ 2. The bump represents a large
amount of energy in matter with low baryon contamination and is the
signature of the jet material that was deflected sideways at the head
by the plug. Similarly, one can see that at larger angles the 2D <u∞
> is higher by almost an order of magnitude than its 3D counterpart,
as a result of energetic arc that is formed by the plug.

5 EMISSION

5.1 Prompt

After its breakout, the jet accelerates and produces the prompt GRB
emission. The details of the origin of the prompt emission are still
obscure and are not addressed here. Instead, we highlight some robust
features that the mixing has on the emission, those are independent
of the specifics of the emission process: In Section 4.1, we showed
that due to the heavy baryon contamination in most hydrodynamic
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short GRB 160821B

widely thought to be related to long-lasting activity of the
central engine (either a magnetar or a black hole resulting from
an NS merger; Norris & Bonnell 2006; Lü et al. 2015). Finally,
optical-infrared kilonova emission can occur on timescales of
days, powered by freshly synthesized r-process elements
ejected in NS mergers (Metzger 2019).

All four of the aforementioned components are actually
observed in GRB 160821B. Hereafter, our modeling focuses on
the afterglow component from the external forward shock.
Thus, we only consider the X-ray data at t> 103 s, excluding
the extended emission that can be clearly seen at earlier times
in Figure 1 (see also Zhang et al. 2018). The kilonova emission
has been inferred to dominate the optical/nIR band from 1 day
to 4 days after T0 (Kasliwal et al. 2017; Jin et al. 2018; Lamb
et al. 2019; Troja et al. 2019).

The broadband light curves are shown in Figure 4 (left
panel). We adopt the X-ray light curve from Troja et al. (2019)
and model the broadband emission as synchrotron emission
from the external forward shock, considering the simplest case
of impulsive energy injection. The modeling is performed with
a numerical code that self-consistently solves the evolution of
the electron distribution, accounting for continuous electron
injection with a power-law energy distribution ( H Hr �dN d p),
synchrotron, synchrotron-self-Compton (SSC) and adiabatic
losses, synchrotron self-absorption, and γγ pair production (for
a description of the code, see MAGIC Collaboration et al.
2019b and references therein).

The broadband SED at t∼ T0+ 3 hr is shown in Figure 4
(right panel). The consistency between the X-ray and optical
spectral indices (Fν∝ ν−0.8) suggests that the X-ray and optical
bands are located between the characteristic synchrotron
frequency νm and the cooling frequency νc. The radio data at
6 and 10 GHz together with optical and X-ray data constrain νm
to be located between the radio and optical bands. The radio
emission from the forward shock is then expected to increase
with time (see dashed green curve in the left panel of Figure 4),
implying that the observed radio emission at early times is

dominated by another component, most likely from the reverse
shock (Lamb et al. 2019; Troja et al. 2019; Lamb 2020). To be
consistent with the radio upper limits at later times, νm must
cross the radio band. All together, these observations constrain
its value to be νm 4× 1012 Hz at t∼ 104 s and _OF 0.03syn

m

mJy. The model parameter space is further constrained by the
requirement νc> νX up to at least 4 days (from the observed
lack of a clear temporal break in X-rays). Order-of-magnitude
estimates for the model parameters can be inferred by solving
the equations
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(see, e.g., Sari et al. 1998; Panaitescu & Kumar 2000; Granot &
Sari 2002), where Ek is the initial, isotropic-equivalent kinetic
energy, n is the density of the surrounding medium, òe and òB are
the fraction of energy dissipated behind the shock in accelerated
electrons and the magnetic field, respectively, and p is the power-
law index of the injected electron energy distribution.
We find good agreement for values of the model parameters

within the following ranges: Log (Ek/erg)= [50–51], Log (òe)=
[− 1;− 0.1], Log (òB)= [− 5.5;− 0.8], Log (n/cm−3)=
[− 4.85;− 0.24], and p= [2.2; 2.35]. The inferred values are very
similar to the values inferred by Troja et al. (2019).
There is degeneracy between the parameters, which can be

understood as follows: since O r � � Em e
2

B k and rOF m

�E nk B for a fixed value of òe, the other parameters must
satisfy r �� EB k

1 and r �n Ek
1. Ek< 1050 erg would imply large

values of òB and n, resulting in νc< νX.
The result of the modeling is compared with observations in

Figure 4. The reverse shock and kilonova components (dotted–
dashed and dotted curves in the left panel) are taken from Troja
et al. (2019).

Figure 4. Multiwavelength data of GRB 160821B compared with afterglow modeling. The forward shock synchrotron and SSC emissions were evaluated using the
following afterglow parameters: Log òe = − 0.1, Log òB = − 5.5, Ek = 1051 erg, n = 0.05 cm−3, and p = 2.2. Left: light curves at different frequencies (see legend),
in terms of photon flux (right axis) for MAGIC, and flux density (left axis) for all other instruments. The modeling is shown with solid curves. The optical/nIR flux is
the sum of the contribution from the forward shock (FS, dashed) and from the kilonova (dotted, from Troja et al. 2019). The radio emission is initially dominated by
the reverse shock (RS, dotted–dashed, from Troja et al. 2019). The X-rays at t > 103 s are always dominated by the forward shock. The red solid curve includes EBL
attenuation, to be compared with the MAGIC data denoting the observed flux. Data in the r band are rescaled for clarity (see the legend). Right: multiwavelength SED
at approximately 3 hr (see legend for the exact times). Shaded areas show the energy ranges covered by the instruments. The thin red box only indicates the flux level
measured with MAGIC and does not represent the spectral shape. Solid black: synchrotron emission; dashed black: intrinsic SSC emission; solid red: SSC emission
after EBL attenuation. LAT upper limits are not shown, as they correspond to fluxes larger than 10−10 erg cm−2 s−1.
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The Astrophysical Journal, 908:90 (11pp), 2021 February 10 Acciari et al.

- typical short GRB (z,T90,Eiso)
- opt.-NIR: kilonova

X-ray: extended + plateau
emission

- TeV: 3.1s hint of signal
at t~1.5-4h 

- IF signal real, exceeds
simple SSC -> external IC?

MAGIC Coll. 21, ApJ 908, 90
corr. authors: Nava, Noda, SI

future implications for TeV
- aid in disentangling kilonova in short GRBs 
- potential counterparts of NS mergers in GW

-> more info on jet physics

-

-

-

-

coincident GW + on-axis short GRBs
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Figure 2(d), we show the HR–T90 diagram of the two-episode
GRBs, with each episode considered separately. The prob-
abilities of a GRB classified as a short or long GRB from the
Gaussian mixture model in the logarithmic scale are also shown
in the background (taken from Goldstein et al. 2017). We note
that all these data are clustered toward the long GRB category.
The probability of the first episode being associated with long
GRB properties is ∼87%.

Long GRBs show soft lag where the light curve in the low-
energy band lags behind the light curve in the high-energy band
(Fenimore et al. 1995), however, many short GRBs do not
show a statistically significant lag (Bernardini et al. 2015). We
calculate the spectral lags for GRB190829A using the discrete
cross-correlation function (CCF) as defined in Band (1997).
The peak of the observed CCF versus spectral lag is found by
fitting an asymmetric Gaussian function (Bernardini et al.
2015). The lags are calculated between 150–300 keV and the
lower energy bands (8–30 keV and 8–100 keV), and the values
are reported in Table 1. The upper value of energy is restricted
to 300 keV because the signal above this energy is consistent
with the background. We chose light curves of different
resolutions (4, 8, and 16 ms), and the maximum correlation is
obtained for 8 ms. The lags with energy bands and the

maximum value of correlations are reported in Table 1. A
positive lag is obtained for both episodes, and it is consistent
with the soft lags generally seen in long GRBs.
This analysis through the properties in the HR versus the T90

diagram and a positive spectral lag for both episodes strongly
suggests that GRB190829A is consistent with the population
of long GRBs through the contrasting nature of its episodes in
the prompt emission energy correlations.

3. Multiwavelength Modeling

3.1. H.E.S.S. and Fermi-LAT Observations

We extracted the LAT data within a temporal window
extending 50,000 s after T0. We performed an unbinned
likelihood analysis. The data were filtered by selecting photons
with energies in the range 100 MeV–300 GeV, within a region
of interest of 12° centered on the burst position. A further
selection of zenith angle (100°) was applied in order to reduce
the contamination of photons coming from the Earth limb. We
adopted the P8R3_SOURCE_V2 response, which is suitable
for longer durations (∼103 s). The probability of the photons to
be associated with GRB190829A is calculated using the
gtsrcprob tool.

Figure 2. Correlations for two-episode GRBs:the first episodes (black circles) and second episodes (blue diamonds) of two-episode long GRBs with known redshifts
in (a) the Amati and (b) the Yonetoku correlation plane. GRBs with unknown redshifts are represented by tracks obtained by varying the redshift (for all the tracks, see
the Appendix). The shaded region represents the 3σ scatter of the correlations (Nava et al. 2012; Basak & Rao 2013). The two episodes of GRB190829A are shown
with colored symbols. (c) The two episodes of GRB190829A in the Amati correlation plane of long and short GRBs. (d) The spectral hardness and duration T90 for
the two-episode GRBs shown along with the data points for short (black circles) and long GRBs (gray circles) used in Goldstein et al. (2017). Gold squares and yellow
diamonds represent the first and second episodes of two-episode long GRBs with known redshifts, respectively. The color scale represents the probability of a GRB
being short (black) or long (gray).
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implies that the synchrotron spectrum can
extend up into the VHE regime.
To further investigate the emission origin,

we searched for a theoretical instantaneous
electron distribution such that the corre-
sponding synchrotron and SSC emission can
explain consistently both the x-ray and gamma-
ray spectra. We performed a Markov Chain
Monte Carlo (MCMC) exploration of the five-
dimensional parameter space (the magnetic
field strength and four parameters describing
the broken power-law electron distribution)
(16), with the results shown in Fig. 4. Addi-
tionally, we investigated whether including
the optical data (14) affects these results and
found that they remain unchanged (16).
The standard model in which the electron

maximum energy is set by the energy-loss
limit predicts a soft spectral index for the VHE
emission. This is due to the combination of the
accelerated electrons having a steep distribu-
tion (power-law indexb2 ≈ 3) and the fact that
in the VHE range, the photons are produced
via inverse Compton scattering in the Klein-
Nishina regime. Internal photon-photon ab-
sorptionwithin the sourcemakes the spectrum
steeper. Such a spectrum is inconsistent with
our observations.
For the alternative model with no limit

placed on the maximum electron energy, the
theoretical spectrum is dominated by a single
synchrotron component covering a broad en-
ergy range from x-rays to VHE gamma rays
(Fig. 4). The SSC component in this case is
three orders of magnitude weaker than the
synchrotron component. In the VHE range
covered by the H.E.S.S. observations, internal
photon-photon absorption is non-negligible.
A single synchrotron component provides
a significantly (>5s) better fit to the multi-
wavelength data. However, if particle accel-

eration and emission occur in a region where
ideal magnetohydrodynamic conditions are
satisfied, the synchrotron component should
not extend beyond Emax ≈ 200DMeV (where
D is the Doppler factor; D ≈ 2G for G ≫ 1).
Figure 4 shows that the synchrotron compo-
nent would need to extend more than three
orders of magnitude beyond the synchrotron
limiting energy. This would require an un-
known high-efficiency process to accelerate

multi-PeV electrons in the magnetic fields
(expected to be a few Gauss in strength) or a
conventional accelerationmechanism in ame-
dium with a large difference in the magnetic
field strengths of the acceleration and radia-
tion zones (24).
The spectral steepening predicted in the

VHE range means we cannot reproduce the
observationswith a simple one-zone SSCmod-
el (Fig. 4). We discuss two ways to improve the

H.E.S.S. Collaboration et al., Science 372, 1081–1085 (2021) 4 June 2021 3 of 4

Fig. 3. Logarithmic x-ray and gamma-ray
multiwavelength energy-flux light curves of
the GRB 190829A afterglow. (A) The temporal
evolution of the energy flux detected in x-rays with
Swift-XRT (blue closed squares), upper limits on
MeV gamma rays from Fermi-LAT (gray arrows), and
VHE gamma rays from H.E.S.S. (red circles). The
XRT temporal decay index (aXRT) was determined by
fitting a model to only the XRT data that were
simultaneous with the H.E.S.S. observations (blue
open squares). (B) The corresponding intrinsic
photon indices. The H.E.S.S. intrinsic spectral index,
indicated by the continuous red line, is assumed to
be constant at the mean value of 2.07 ± 0.09
determined from nights 1 to 3. (C) The energy-flux
evolution of the prompt emission observed by
Swift-BAT, obtained from the Swift Burst Analyser
(22). All error bars correspond to 1s uncertainty,
and the Fermi-LAT upper limits are at the 95%
confidence level.

Fig. 4. Theoretical multiwavelength models of the first- and second-night data. The black region
shows the spectrum and uncertainty of the Swift-XRT data, the green arrow upper limit is from Fermi-LAT
[available only for the first night (19)], and the red region is the H.E.S.S. intrinsic spectrum and its uncertainty
(statistical only). The shaded areas represent the 68% confidence intervals, determined from the posterior
probability distributions of the MCMC parameter fitting for the standard SSC model (light blue) and the
synchrotron-dominated model (orange); the latter model does not impose a synchrotron cut-off energy
(labeled Emax) (16). The synchrotron components of the two SSC models are indicated by dashed curves,
whereas the dashed-dotted curves show the inverse Compton components. These curves show the emission
level when neglecting the internal gamma-gamma absorption. Two sets of data are shown: The upper set
is for the first night, and the lower set is for the second night; both are labeled with the time periods.
The best-fitting parameters are listed in tables S5 and S6.
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with respect to the host galaxy center. Indeed, using the GRB
coordinates derived from our VLBI observations and the host
galaxy center position from the 2MASS catalog (Skrutskie
et al. 2006), we measure a separation of 9 6, corresponding to
a physical projected separation of 14.7 kpc. This is comparable
to the largest previously measured offset in long GRBs
(Blanchard et al. 2016; that of GRB 080928), placing it, in

principle, in the underdense outskirts of its host galaxy. On the
other hand, even though the surrounding interstellar medium
density may be low, the associated supernova indicates that the
progenitor must have been a massive star, which should have
polluted the environment with its stellar wind. By contrast, the
sharp increase in the flux density preceding the light-curve peak
as seen in the optical and X-rays is inconsistent with a

Figure 4. Predicted SEDs at the times of the HESS detections. We show with blue (red) solid lines our model at 5 hr (30 hr) after the gamma-ray trigger, with 90% and
50% credible bands in lighter shades. The HESS “butterflies” include the reported (Abdalla et al. 2021) systematic error contribution (summed in quadrature). We also
show XRT butterflies at the corresponding times (from our own analysis; see Appendix C.3), plus GTC optical and NOEMA, ATCA, and AMI-LA radio data points
taken at observing times lying within 0.2 dex.

Figure 3. Multiwavelength data and emission model. Circles represent X-ray fluxes (blue; values shown on the right axis) or flux densities (all other colors; values
shown on the left axis) measured at the position of GRB 190829A at different times after the GRB trigger in several bands (see the legend). Optical flux densities have
been corrected for both the Milky Way and host galaxy extinction, and the contribution of the host galaxy has been subtracted. The host galaxy contribution (Rhodes
et al. 2020) has also been subtracted from the AMI-LA radio flux densities at 15.5 GHz. Stars mark the flux densities measured in our VLBI epochs. Solid lines of the
corresponding colors show the predictions of our emission model including both the forward and reverse shocks. Dashed lines single out the contribution of the
reverse shock emission. We interpret the initial plateau in the X-ray data as the superposition of the prompt emission tail and the rising reverse shock emission.
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Figure 6. 90% CL upper-limit on the contribution to the quasi-diffuse neutrino flux (Stettner 2019) from the total population
of all long GRBs Lien et al. (2014), for different durations of extended neutrino emission.

by Lien et al. (2014) as well as the sky coverage and the survey time of Swift/BAT to down-select from the 4,571
sources created by the FIRESONG simulations to a sample of 546 GRBs to recreate the observation biases of the Swift
sample. These 546 flux values down-selected from the simulation are used to inject signal with an E�2.28 (Stettner
2019) spectrum into a simulated neutrino dataset. To repeat the original analysis under the same conditions, an
additional 187 sources are added with no signal (i.e. represent background only), bringing the sample to 733 sources
again. The likelihood analysis and binomial test are then performed as before on this simulated sample. This sequence
of steps for every emission window considered is repeated using different simulated neutrino datasets to produce 1000
trials. When GRBs are assumed to produce the entire diffuse flux (Stettner 2019), 100% of these injected trials result
in a binomial test result more significant than the unblinded result. The fraction of the diffuse flux is then reduced to
identify the flux where 90% of trials produce a binomial test result more significant than the unblinded result. This is
summarized in Figure 6, where the points show this upper limit (90% confidence level) for a range of neutrino emission
time windows. The respective fraction for the different emission durations considered represents the total allowed
contribution of all long GRBs to the observed astrophysical diffuse neutrino flux.

6.3. Stacked Precursor

Precursor neutrinos have been predicted in models in which a jet initially has to burrow its way through remnant
layers of the progenitor star. A prediction for the diffuse precursor neutrino flux from such sources was made by
(Razzaque et al. 2003) and is shown in Figure 7. The red and green lines correspond to progenitors that have a
remnant outer hydrogen (H) or helium (He) shell, respectively. This analysis is able to exclude the H-shell model by
a factor 10, but cannot constrain the He-shell model. To be consistent with the model prediction, the H-shell upper
limit shown in Figure 7 assumes that the diffuse GRB neutrino flux results from 103 GRBs per year (Razzaque et al.
2003). This is in contrast to the model-independent upper limits in Figure 7, which rely on the conversion outlined
in Eq. (9). This latter approach incorporates updated information about the redshift distribution of GRBs that was
unavailable when the model was released. As a result, these generic limits are slightly more conservative.

7. CONCLUSION
The results from the four analyses presented in this paper cover 2209 unique GRBs. These GRBs are investigated

for neutrino correlations from the precursor, prompt, and afterglow emission regions in a comprehensive manner and
all the four analyses report observations consistent with background expectations. We obtain a range of upper limits
to the astrophysical diffuse neutrino flux. We show that prompt emission from all GRBs in the Universe is limited to
1% of the diffuse astrophysical neutrino flux. Neutrino emission limits range from 1%-2% in timescales up to 103 s
using the historic assumption of 667 GRBs observable by satellites per year. Neutrino emission is constrained to less
than 24% for timescales up to 104 s by simulating GRB populations using the FIRESONG (Tung et al. 2021) module.
These constraints are shown for additional neutrino emission timescales in Figures 4, 5 and 6. By looking for neutrinos
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as jets of classical high-luminosity GRBs. In the CJ-SB
model, the choked jet has isotropic-equivalent luminos-
ity L ∼ 1051 − 1052 erg s−1, but the observed gamma-
ray luminosity is smaller by a factor of (2/θ2j )(T/teng).
(Clearly, teng can also play a large role in determining
whether a jet will give rise to a classical GRB or an
LL GRB). For the shock breakout luminosity Lγ , the
total absolute CR energy in the jet is assumed to be
ECR = (εCR/εγ)(LγT ) # 6.3× 1050 erg (ξCR/2)Lγ,47T3.5

(where ξCR ≡ εCR/εγ = 2(0.25/εγ)(εCR/0.5) is the so-
called CR loading factor [30]). Note that the total ab-
solute CR energy scales as the observed gamma-ray lu-
minosity. Also, the CR spectrum is assumed to be
dNp/dE′

p ∝ E′−2
p .

The diffuse neutrino flux is calculated via (e.g., [76])

Φν =
c

4πH0

∫ zmax

zmin

dz

∫ Lmax

Lmin

dLγ

×
dRcho(z)/dLγ

√

ΩM (1 + z)3 + ΩΛ

(

dNν((1 + z)Eν)

dE′
ν

)

,(14)

where dNν/dE′
ν is the neutrino spectrum per burst, H0

is the Hubble constant, ΩM and ΩΛ are cosmological pa-
rameters. If LL GRB progenitors evolve as the star-
formation rate (SFR), we rescale the function found
by [77]

Rcho(z) = fchoRLL

×
[

(1 + z)p1κ +

(

1 + z

5000

)p2κ

+

(

1 + z

9

)p3κ]1/κ

,(15)

with κ = −10, p1 = 3.4, p2 = −0.3, p3 = −3.5,
fcho expresses the contribution of choked jets without
shock breakout (i.e., orphan neutrinos), and RLL ∼
100−200 Gpc−3 yr−1 is the local LL GRB rate at z = 0.
Ref. [23] constructed a luminosity function (i.e., the num-
ber of bursts with an observed isotropic luminosity within
a given luminosity interval) uniquely for the LL GRB
population

dRLL

dLγ
≈

(α− 1)RLL

Lm

(

Lγ

Lm

)−α

(16)

It was found that the data was fit best with a local rate
of RLL = 164+98

−65Gpc−3 yr−1, index α = 2.3 ± 0.2 and
characteristic luminosity Lm = 5× 1046 erg s−1.
Fig. 3 shows the diffuse neutrino flux from LL GRBs

for different components. For our parameter set in the
CJ-SB model that explains LL GRBs, we find that the
diffuse neutrino flux is compatible with the measured flux
for Eν ∼ 0.1− 1 PeV. There are three relevant remarks.
(a) First, since the γ rays and the dominant component
of neutrinos are produced in different regions, a predic-
tion of the CJ-SB model is that the majority of the LL
GRB neutrino signal arrives (rsb−rstall)/c ∼ 100−1000 s
before the LL GRB triggers a detector. (b) Second,
the VHE neutrino emission from choked jets is highly
beamed in the CJ-SB model. On the other hand, the

FIG. 3: All-flavor diffuse VHE neutrino fluxes from LL GRBs
in various models. The choked jet CJ (this work), shock
breakout (CJ-SB) [73], and emergent jet (EJ) [28] compo-
nents are shown. Note that neutrinos are observed as prompt
emission or precursor emission. The IceCube data based on
the combined analysis [5] and upgoing muon neutrino analy-
sis [8] are overlaid.

shock breakout contribution is nearly isotropic so that
associated neutrino emission can be observed from off-
axis observers [73]. (c) Third, precursor neutrinos from
choked jets will be found within a much smaller temporal
window (teng ∼ 101.5 s) compared to the electromagnet-
ically observed LL GRBs and/or SN emission.

For comparison, we also show one of the predictions of
the EJ model for Γ = 5. Although the model uncertainty
is rather large, we confirm the previous results that the
EJ model may also give a significant contribution to the
diffuse neutrino flux [28, 29]. (Note that the estimates
of Ref. [78] focused on ultrarelativistic cases and did not
consider the parameter space of low Lorentz factors that
are motivated by the EJ model [54, 55].) In Fig. 3, we
show the pγ component for the EJ model while the pp
component is less important.

By definition, LL GRBs have gamma-ray counterparts,
which are attributed to the shock breakout emission in
the CJ-SB model or jet emission in the EJ model. Re-
gardless of the viability of each model as an explanation
for LL GRBs, the existence of choked jets is naturally ex-
pected, and should be anticipated in any situation with
a jet buried deep inside a star with or without extended
material around it. In the CJ model, there is no obvi-
ous high-energy electromagnetic counterpart. It is known
that long GRBs are associated with core collapse SNe
(e.g., GRB 060218/SN 2006aj, GRB 980425/SN 1998bw,
and GRB 100316D/SN 2010bh). These SNe tend to be
Type Ibc meaning little to no hydrogen or helium is ob-
served in the ejecta. There are also broad-line Type Ibc
SNe which are often referred to as hypernovae. SNe as-
sociated with LL GRBs (although they are not necessar-
ily hypernovae) are also characterized by transreletavistic
ejecta. It is then reasonable to assume that a significant
fraction of broad-line Type Ibc SNe or hypernovae, even

- promising in terms of proton accel.,
n production efficiency

- BUT high-L GRBs severely
constrained by IceCube obs.
-> low-L GRBs still viable

- EM signatures desirable

stacked high-L GRBs
IceCube Col. 22

GRB 221009A
IceCube Col. 23

low-L GRB model
Senno+ 15
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and extragalactic background light (EBL) photons, and the
latter is important for the photodisintegration process of
UHECR nuclei in the lower energy range. In this work, we
adopt a semianalytic EBL model by Ref. [99].
The observed flux of UHECR nuclei with A at Earth can

be calculated using the following formula:

ΦAðEÞ ¼
X

A0

c
4π

Z
zmax

zmin

dz
!!!!
dt
dz

!!!!FGRBðzÞ

×
Z

Lmax

Lmin

dρ0
dL

Z
E0
max

E0
min

dE0 dNA0

dE0
dηAA0ðE;E0; zÞ

dE
;

ð8Þ

where FGRBðzÞ is the redshift distribution parameter of
long GRBs which trace the star formation history (SFH)
[41], ρ0 is the local event rate of GRBs, dρ0=dL is the
GRB luminosity function in the local universe [39], and
ηAA0ðE;E0; zÞ is the fraction of generated cosmic rays of
mass A and energy E from parent particles of mass A0 and
energy E0 [30]. The minimum redshift of the sources is set
to zmin ¼ 0.00055 (i.e. d ¼ 2.4 Mpc), which is slightly
smaller than that of the nearest starburst galaxy (SBG),
NGC 253. But the results are not affected even if the
minimum distance is set to that to another SBG, M82. As
described in Sec. III, the maximum energy and nucleus
survival are evaluated following the procedure used in
Refs. [17,19]. Then, as well as the photodisintegration
cross section data, we use the same method as in Ref. [30]
to calculate the final spectrum and the distribution of
hXmaxi and σðXmaxÞ [7]. For the fitting purpose, we fix
the nuclear maximum acceleration energy to be ZE0

p;max ¼
1018.2ZLγiso;47

1=2 eV as a simplified method. We show the
best-fit result of the χ2 analysis, considering the effect
of the systematic uncertainty on the measured CR energy
scale σE ¼ 14% [10], and using δE as a free parameter
to account for such uncertainty which is defined as
E ¼ EAugerð1þ δEÞ [91].

B. Results

We show the final spectrum and the distribution of
hXmaxi and σðXmaxÞ for each model in Figs. 9–14.

For the Si-free models (Si-F 1 and Si-F 2), we find that it is
difficult to fit the UHECRs spectrum measured by Auger.
See Figs. 9–10. On the other hand, the Si-free models match
hXmaxi very well and roughly fit σðXmaxÞ due to the large
error bars. The dominant composition of the Si-free models
is oxygen nuclei, corresponding to progenitors with lower
angular momenta in their inner core. It is not helpful to
improve the fitting via increasing the maximum acceleration
energy of oxygen nuclei, since higher maximum energies
lead to too many light composition secondaries due to the
shorter attenuation length of oxygen nuclei with ∼30 Mpc.
The Si-rich models (Si-R 1, Si-R 2, Si-R 3) can account

for both the spectrum and the distribution of hXmaxi and

σðXmaxÞ measured by Auger. See Figs. 11–13. Compared
to the Si-free models, the Si-rich models have a larger
fraction of silicon nuclei ð∼0.3Þ, as shown in Table I.
The Si-rich models can be achieved when the progenitors
have larger angular momenta in their inner cores, where a
significant fraction of the silicon layer material forms the
accretion disk.
Also, we find that the hypernova ejecta composition

model can roughly fit the Auger data. See Fig. 14.
Compared to the Si-free models and Si-rich models, the
hypernova ejecta contains a large fraction of nickel or iron
nuclei. The iron component becomes important at the
highest-energy part of the UHECRs spectrum, where the
composition is unknown.

FIG. 9. The UHECR nuclei spectrum and distribution of hXmaxi
and σðXmaxÞ calculated from model Si-F 1. The blue data points
are taken from Auger [10], and we also show the magenta data
points measured by TA for comparison [11]. The maximum
acceleration energy is ZE0

p;max ¼ 1018.2ZLγiso;47
1=2 eV and

δE ¼ −0.14.
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where FGRBðzÞ is the redshift distribution parameter of
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[41], ρ0 is the local event rate of GRBs, dρ0=dL is the
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NGC 253. But the results are not affected even if the
minimum distance is set to that to another SBG, M82. As
described in Sec. III, the maximum energy and nucleus
survival are evaluated following the procedure used in
Refs. [17,19]. Then, as well as the photodisintegration
cross section data, we use the same method as in Ref. [30]
to calculate the final spectrum and the distribution of
hXmaxi and σðXmaxÞ [7]. For the fitting purpose, we fix
the nuclear maximum acceleration energy to be ZE0
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1=2 eV as a simplified method. We show the
best-fit result of the χ2 analysis, considering the effect
of the systematic uncertainty on the measured CR energy
scale σE ¼ 14% [10], and using δE as a free parameter
to account for such uncertainty which is defined as
E ¼ EAugerð1þ δEÞ [91].

B. Results

We show the final spectrum and the distribution of
hXmaxi and σðXmaxÞ for each model in Figs. 9–14.

For the Si-free models (Si-F 1 and Si-F 2), we find that it is
difficult to fit the UHECRs spectrum measured by Auger.
See Figs. 9–10. On the other hand, the Si-free models match
hXmaxi very well and roughly fit σðXmaxÞ due to the large
error bars. The dominant composition of the Si-free models
is oxygen nuclei, corresponding to progenitors with lower
angular momenta in their inner core. It is not helpful to
improve the fitting via increasing the maximum acceleration
energy of oxygen nuclei, since higher maximum energies
lead to too many light composition secondaries due to the
shorter attenuation length of oxygen nuclei with ∼30 Mpc.
The Si-rich models (Si-R 1, Si-R 2, Si-R 3) can account

for both the spectrum and the distribution of hXmaxi and
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to the Si-free models, the Si-rich models have a larger
fraction of silicon nuclei ð∼0.3Þ, as shown in Table I.
The Si-rich models can be achieved when the progenitors
have larger angular momenta in their inner cores, where a
significant fraction of the silicon layer material forms the
accretion disk.
Also, we find that the hypernova ejecta composition

model can roughly fit the Auger data. See Fig. 14.
Compared to the Si-free models and Si-rich models, the
hypernova ejecta contains a large fraction of nickel or iron
nuclei. The iron component becomes important at the
highest-energy part of the UHECRs spectrum, where the
composition is unknown.

FIG. 9. The UHECR nuclei spectrum and distribution of hXmaxi
and σðXmaxÞ calculated from model Si-F 1. The blue data points
are taken from Auger [10], and we also show the magenta data
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GRB 170817A: “short” GRB but atypical
ep~200 keV
Eiso~5x1046 erg/s
inconsistent with
typical SGRB seen
off-axis

estimated using a Bayesian approach proposed by Fan (2017).
Assuming a flat prior on isotropic luminosity, we obtain L iso =
1.2 100.6

0.7 47q�
� erg s−1, which is consistent with the standard

GBM approach. This Bayesian approach can be used to combine
future joint GW-GRB observations to provide a redshift-
independent estimate of the GRB luminosity function.

The two apparent components of GRB170817A are
sufficiently different that using an average spectrum to estimate
the fluence may produce an inaccurate total luminosity.
Therefore, we also estimate Eiso using the “detailed” fits
described in Goldstein et al. (2017). Separating the hard peak
best fit by a Comptonized function (a power law with an
exponential cutoff) and the softer tail best fit by a BB spectrum,
we estimate E 4.0 1.0 10iso,comp

46� o q( ) erg, and Eiso,BB �
1.3 0.3 1046o q( ) erg, for a total of E 5.3iso � o(

1.0 1046q) erg.
Compared to the distribution of GBM detected GRBs with

measured redshift shown in Figure 4, GRB170817A is 2 orders
of magnitude closer and 2 to 6 orders of magnitude less energetic
than other SGRBs. In particular, GRB 150101B was previously
the weakest SGRB with a firm redshift association (z 0.134;�
Fong et al. 2016), and its energetics (as measured by GBM)
E 2.3 10iso

49� q erg, and L 7.5 10iso
49� q erg s−1 are 2–3

orders of magnitude higher. As this was the previous dimmest
burst, the minimum luminosity cut of 5 1049q erg s−1 used in
Wanderman & Piran (2015) to fit a rate and an L iso distribution to
existing observations appeared reasonable; however, with
GRB170817A, the lower bound on the isotropic energetics
distributions needs to be revised, as discussed in Section 6.4.

6.2. Implications of the Dimness on the Central Engine

The broad observed brightness distribution likely arises from
a mixture of an intrinsic brightness distribution and geometric
effects, which include the inclination angle of the system to
Earth, the structure and width of the collimated jet itself, and
the relativistic beaming angle bR . We consider several
possibilities to explain why GRB170817A is extremely dim
(Figure 5): (i) we viewed it from beyond the half-jet opening
angle jR for a standard top-hat model, (ii) the structure of the jet
is more complicated than a simple top-hat model, (iii) the
observed emission for GRB170817A originates from a

different mechanism than for most SGRBs, or (iv) it is due
solely to the intrinsic luminosity distribution and not the
geometry of the system.
Scenario (i). Uniform top-hat jets (constant emissivity and

Lorentz factor, Γ, within the jet aperture) with a sharp edge
have been widely used to explain GRB properties, including jet
breaks (Rhoads 1999). The top-hat jet is the simplest possible
model for calculating off-axis parameters as it captures the
basic physics of the system, but it is unable to account for
smooth profiles in the Lorentz factor and the emissivity. Here
the observed energetics are significantly lower than they would
be if we were within jR .
In the top-hat scenario, off-axis values of physical quantities

can be related to the on-axis values through the angle
dependence of the relativistic Doppler factor:

1 cos 2 1 , 18D
1 2 2E R C R R� ( � x ( � (�( ) [ ( )] ( ) ( )

where θ is the angle between the velocity vector v and the line
of sight, and v cC � . The relation for duration and peak
energy is linear with DE (see, e.g., Granot et al. 2002):
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whereas E off axis,isoH ( ‐ ) scales approximately b 2r � for a
viewing angle ζ between jR and 2 jR . The duration in the on-
axis scenario may be longer than inferred from the above
equation, as the variable gamma-ray flux can be discerned
above detector noise for a longer fraction of the total activity
compared to emission viewed off-axis.
We use the observed quantities for GRB170817A,

E 200 keVp x , E 5.3 10,iso
46� qH erg, and T 2 s90 x , as

values observed off-axis. If we assume that the on-axis values
for GRB170817A are consistent with typical values
observed for SGRBs, we obtain E b6 30p � ( ) MeV,
E b5 10 30,iso

49 2� qH ( ) erg, and T b7 10 3090
2 1� q � �( ) s.

In particular using a fiducial range on E on axis,iso �H ( )
corresponding to the two orders of magnitude spread shown in

Figure 5. Three potential jet viewing geometries and jet profiles that could explain the observed properties of GRB170817A, as described by scenarios (i)–(iii) in
Section 6.2.
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very strongly on Γ (as roughly Γ10.4), which implies that on day 150 the 
Lorentz factor of the radio source was19 less than about 5. Last, and 
most constraining, is the rapid turnover around the peak of the radio 
light curve and the very fast decline that follows Fν ∝ t−2 after day 200, 
where Fν is the flux density and t is the time in the observer frame 
(K.P.M. et al., manuscript in preparation). The shape of the peak and 
the following decline depends on the ratio θs/(θobs − θs). A smaller ratio 
results in a narrower peak, and if θ θ θ−!s obs s the decay is expected to 
be19 at first roughly linear in time, whereas if θ θ θ−"s obs s the flux decay 
after the peak is predicted to behave as roughly Fν ∝ t−p, where the 
radio spectrum dictates8,12,16 that p ≈ 2.16. We conclude that the com-
bination of the image and the light curve indicate that around the peak, 
at day 150, the emission is most probably dominated by a narrow com-
ponent with θ ." 0 25 rads  and Γ ≈ 4, which is observed at an angle of 
θobs − θs ≈ 0.25 rad (in contrast to the emission during the first month 
or two, which was most probably dominated by cocoon emission from 
angles larger than θs).

The constraints derived above strongly disfavour an uncollimated 
choked jet, where the jet has a wide opening angle and does not suc-
cessfully escape the neutron-rich material ejected dynamically during 
the merger (that is, it is choked and so does not contain a relativistic 
narrow core). A narrowly collimated choked jet may generate an out-
flow with a narrow high-energy core, but it is hard to obtain a Lorentz 
factor that is high enough without a fine tuning of the location where 
the jet is choked. In contrast to all other models, the successful-jet 
model predicts a structure that can easily satisfy the constraints of the 
image and the light curve. In this model, the gradual rise is generated 
by cocoon emission and the peak is observed when the core of the 
successful jet decelerates and starts to dominate the emission. The jet 
opening angle θj and its Lorentz factor are those of the source in our 

images around the time of the peak, namely θj ≈ θs. We can only put a 
lower limit on the initial Lorentz factor of the jet Γ0, because we do not 
know the deceleration radius (that is, when the transition from the 
coasting phase to the power-law decline phase took place). All of the 
observational data can be explained with a narrowly collimated jet with 

!Γ 100 .
To verify the analytical considerations discussed above, and to find 

tighter constraints on the outflow, we ran a set of relativistic hydrody-
namic simulations (see Methods). Our simulations include configura-
tions of choked and successful jets at various opening angles and 
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Fig. 1 | Proper motion of the radio counterpart of GW170817. The 
offset positions of the centroid (shown by 1σ error bars) and 3σ–12σ 
contours of the radio source detected 75 days (black) and 230 days (red) 
after the merger event using VLBI at 4.5 GHz. The two VLBI epochs have 
image root-mean-square noise of 5.0 µJy beam−1 and 5.6 µJy beam−1 
(natural weighting), respectively, and the peak flux densities of GW170817 
are 58 µJy beam−1 and 48 µJy beam−1, respectively. The radio source 
is consistent with being unresolved at both epochs. The shapes of the 
synthesized beams for the images from each epoch are shown as dotted 
ellipses in the lower right corner. The proper-motion vector of the radio 
source has a magnitude of 2.7 ± 0.3 mas and a position angle of 86° ± 18°, 
measured over 155 days.
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D: choked jet (Tobs = 0.6)
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Fig. 2 | Radio, 3-GHz light curves of several representative simulated 
models. The black error bars (1σ) are the 3-GHz flux density (Fν) values 
for GW170817. The grey shaded regions denote the VLBI epochs:  
75 and 230 days after the merger. a, A narrow jet with an initial opening 
angle of θj,0 = 0.04 rad (2.3°), total energy of E = 1050 erg and isotropic 
equivalent energy of Eiso = 1053 erg at the core, as observed at three 
different viewing angles (models A1–A3). For all light curves, we take  
the energy fraction of accelerated electrons to be εe = 0.1, assume a  
power-law index of p = 2.16, and vary the energy fraction of the magnetic 
field εB and the external density n (which is assumed to be constant in 
space) to obtain a best fit to the light curve. The opening angle of the jet 
core at the time of the peak is θj,p = 0.08 rad. The model that gives best fits 
both for the light curve and the images corresponds to a viewing angle 
of θobs = 0.35 rad (εB = 10−4, n = 6 × 10−4 cm−3). The red line shows the 
contribution of emission from the jet core (θ < θj,p) and the green line 
shows the cocoon emission. The fit to the observations is obtained  
only in a narrow range of viewing angles. For smaller angles (such as 
θobs = 0.25 rad, εB = 2 × 10−4, n = 10−4 cm−3) the light curve rises too 
slowly and the image centroid moves too far, whereas at larger angles (such 
as θobs = 0.5 rad, εB = 8 × 10−5, n = 6 × 10−3 cm−3) the light curve rises too 
quickly and the image centroid motion is too small. b, Light curves of three 
other models. Model B: another narrow jet with a lower energy, θj,p = 0.06 rad,  
E = 1049 erg and Eiso = 2 × 1052 erg (εB = 4 × 10−5, n = 7 × 10−3 cm−3), 
at θobs = 0.3 rad, which provides a reasonable fit to the data. Model C: a 
wider jet with θj,p = 0.13 rad; even for θobs = 0.5 rad, the light curve does 
not decay fast enough to be consistent with the most recent data points, 
and at this viewing angle the image centroid moves too slowly. Model D: a 
model of a choked jet; the light curve does not decay fast enough after the 
peak and the image motion, although superluminal, is very slow compared 
to the observations. In all of the models that we considered, the spectrum 
between radio and X-ray frequencies follows a constant power law (cooling 
and self-absorption do not affect this spectral range) and so models that fit 
the radio, 3-GHz data fit the entire afterglow observations from radio to 
X-ray frequencies; see Methods for details.
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power-law decay index is α=−p, independent of whether the
cooling break is above (i.e., β=−(p−1)/2) or below (i.e.,
β=−p/2) the observing frequency (Sari et al. 1999).

For GW170817 we show here (Section 3.1), as also
demonstrated elsewhere (Dobie et al. 2018; Alexander
et al. 2018), that in the radio regime β is consistent with the
value found from fitting across the radio and X-ray regimes,
β=−0.584, and that νc lies well above the radio (and likely
also the X-ray) band. Thus β=−(p−1)/2 and p=2.17, for
which we expect the late-time power-law decay index α to lie
between −0.88 (i.e., quasi-spherical, cocoon-dominated) and
−2.17 (jet-dominated). Eventually we also expect the outflow
to become non-relativistic, and this can give rise to an
achromatic change in the GRB afterglow light curves.
Dynamical transitions to the non-relativistic phase have been
claimed for both spherical and jet-like outflows (Frail et al.
2000, 2005; van der Horst et al. 2008). The timescale on which
this occurs is approximately when the rest mass energy of the
material swept up by the shock is comparable to the kinetic
energy of the outflow (Frail et al. 2000). The sideways
expansion of the jet becomes important and eventually the
outflow becomes quasi-spherical (Frail et al. 2000). At this time
B � � �( )p15 21 10nr for ν◦<νc and B � � �( )p3 4 2nr
for ν◦>νc (Livio & Waxman 2000). Thus for the nominal
parameters of GW170817, a spherical outflow undergoing a
non-relativistic transition would be expected to show an
achromatic steepening, while for a jet the light curve would
flatten, both with a value of αnr=−1.15.

The afterglow light curves of jet-like outflows are altered by
observing them at different viewing angles away from their
symmetry axis. In this case the structure of the ejecta becomes
important. Early work investigated the role of viewing angle
for simple uniform or top-hat jets (Livio & Waxman 2000) and
jets with azimuthal structure (e.g., Rossi et al. 2002; Kumar &
Granot 2003). More recent modeling has considered structure

jets whose ejecta have both azimuthal and radial structure
(Gottlieb et al. 2018; Kathirgamaraju et al. 2018; Lazzati et al.
2018; Xie et al. 2018). The effects of jet structure and viewing
angle are most pronounced at or near the peak of the light
curve. These models generally predict a slow temporal
evolution of α, with the break between the rise and the decay
taking place over a significant fraction of the peak time (Granot
& Kumar 2003; Panaitescu & Kumar 2003; Gill & Granot
2018; Lamb et al. 2018). However, at late times all of these
off-axis light curves models approach the behavior of an on-
axis jet where the slope of the temporal index, as noted earlier,
is α=−p.
While the predicted late-time light curves of afterglows

exhibit a diverse range of behaviors, the observed decay of
GW170817 is remarkably simple. A single power law with
B � � �

�2.42 0.4
0.3 (2.2± 0.2 for the 3 GHz VLA-only data) fits all

of the data post-peak. This power-law index is a clear signature
of a relativistic jet. This is a strong jet-dominated outflow; i.e.,
there is no support for intermediate slopes as might be expected
if a quasi-spherical cocoon was contributing to the emission.
Likewise, we see no evidence for a spectral change due to
synchrotron cooling (Section 3.1), nor do we see a dynamical
transition to non-relativistic motion that would manifest itself
by an achromatic break in the light curve. Another important
feature of the light curve in Figure 2 is the sharpness of the
transition from a power-law rise to decay. The change from t0.8

to t− p takes place over �
�24 24

58 days, a result that appears to be at
odds with the predicted temporal evolution of α for current off-
axis, structured jet models (Granot & Kumar 2003; Panaitescu
& Kumar 2003; Gill & Granot 2018). More detailed modeling
of GW170817 is needed to see whether or not structured jet-
like outflows can reproduce this sharp transition.
The sharpness of the peak and the slope of the power-law

decline depend on the viewing/observing angle, θv, and jet
core half-opening angle,19 θj, and more specifically on the ratio
between them. In order to constrain this ratio we consider only
the contribution from the core of the jet, which dominates the
emission near the peak and during the decay. Thus, while
the rising part of the light curves that we calculate does not fit
the observations, the peak and the decay should. Using this
approximation, we can now derive constraints on θj/θv that
provides the observed transition from the peak of the light
curve and the steep decline.
We make a rough analytic approximation. The peak occurs

approximately when we start seeing the near edge of the jet
core, and the t− p power-law decline begins roughly when the
jet centroid comes into view. The sharpness of the light curve
peak and the immediate transition to t− p decline implies that
we are in the regime20 θv−θj?θj. We denote by t1 as
the time that we see the edge of the jet, namely
Γ(t1);1/(θv−θj), and t2 as the time that we see the jet axis,
Γ(t2);1/θv. Now, ignoring sideways spreading of the jet we
can approximate ( r �t 3 8 (e.g., Sari et al. 1998) to obtain
% � �( )t t t t2 1 / R R R� �� [ ( ) ]t v v j2

8 3 8 3 /R R R� ( )8 3v j v
8 3 .

Here we use the approximation that θj/θv is much smaller than
unity. Observationally, t1 occurs sometime during the transition
from the t0.8 rise to the peak of the light curve and t2 occurs

Figure 2. Radio light curve of GW170817 spanning multiple frequencies, and
scaled to 3 GHz using the spectral index (ν−0.53) derived from our MCMC
analysis. The data from the VLA (filled black squares for 3 GHz and green
crosses for 1.5 GHz), the ATCA (blue circles), the MeerKAT (green crosses)
and the uGMRT (red diamonds for detections and triangle for upper limit) are
as reported in Table 1. We also include the data at 0.65, 1.5, 3, and 7.25 GHz
reported previously (Hallinan et al. 2017; Dobie et al. 2018; Mooley et al.
2018b). Our best-fit smoothed broken power-law model to all these data (see
Section 3.2) is shown as a solid curve. The power-law decline index obtained is
� �

�2.4 0.4
0.3. For comparison, a broken power-law fit to the 3 GHz VLA-only data

gives −2.2±0.2. Both fits are thus consistent with t− p decline in the light
curve, where p is the electron power-law distribution index.

19 The energy distribution at the core is expected to be roughly uniform, so we
approximate its contribution as being generated by a top-hat jet with half-
opening angle, θj.
20 If (θv−θj)θj there will be a long-lived phase during which the
light curve decays as t−1.
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GRB 170817A: “short” GRB but atypical
ep~200 keV
Eiso~5x1046 erg/s
inconsistent with
typical SGRB seen
off-axis

estimated using a Bayesian approach proposed by Fan (2017).
Assuming a flat prior on isotropic luminosity, we obtain L iso =
1.2 100.6

0.7 47q�
� erg s−1, which is consistent with the standard

GBM approach. This Bayesian approach can be used to combine
future joint GW-GRB observations to provide a redshift-
independent estimate of the GRB luminosity function.

The two apparent components of GRB170817A are
sufficiently different that using an average spectrum to estimate
the fluence may produce an inaccurate total luminosity.
Therefore, we also estimate Eiso using the “detailed” fits
described in Goldstein et al. (2017). Separating the hard peak
best fit by a Comptonized function (a power law with an
exponential cutoff) and the softer tail best fit by a BB spectrum,
we estimate E 4.0 1.0 10iso,comp

46� o q( ) erg, and Eiso,BB �
1.3 0.3 1046o q( ) erg, for a total of E 5.3iso � o(

1.0 1046q) erg.
Compared to the distribution of GBM detected GRBs with

measured redshift shown in Figure 4, GRB170817A is 2 orders
of magnitude closer and 2 to 6 orders of magnitude less energetic
than other SGRBs. In particular, GRB 150101B was previously
the weakest SGRB with a firm redshift association (z 0.134;�
Fong et al. 2016), and its energetics (as measured by GBM)
E 2.3 10iso

49� q erg, and L 7.5 10iso
49� q erg s−1 are 2–3

orders of magnitude higher. As this was the previous dimmest
burst, the minimum luminosity cut of 5 1049q erg s−1 used in
Wanderman & Piran (2015) to fit a rate and an L iso distribution to
existing observations appeared reasonable; however, with
GRB170817A, the lower bound on the isotropic energetics
distributions needs to be revised, as discussed in Section 6.4.

6.2. Implications of the Dimness on the Central Engine

The broad observed brightness distribution likely arises from
a mixture of an intrinsic brightness distribution and geometric
effects, which include the inclination angle of the system to
Earth, the structure and width of the collimated jet itself, and
the relativistic beaming angle bR . We consider several
possibilities to explain why GRB170817A is extremely dim
(Figure 5): (i) we viewed it from beyond the half-jet opening
angle jR for a standard top-hat model, (ii) the structure of the jet
is more complicated than a simple top-hat model, (iii) the
observed emission for GRB170817A originates from a

different mechanism than for most SGRBs, or (iv) it is due
solely to the intrinsic luminosity distribution and not the
geometry of the system.
Scenario (i). Uniform top-hat jets (constant emissivity and

Lorentz factor, Γ, within the jet aperture) with a sharp edge
have been widely used to explain GRB properties, including jet
breaks (Rhoads 1999). The top-hat jet is the simplest possible
model for calculating off-axis parameters as it captures the
basic physics of the system, but it is unable to account for
smooth profiles in the Lorentz factor and the emissivity. Here
the observed energetics are significantly lower than they would
be if we were within jR .
In the top-hat scenario, off-axis values of physical quantities

can be related to the on-axis values through the angle
dependence of the relativistic Doppler factor:

1 cos 2 1 , 18D
1 2 2E R C R R� ( � x ( � (�( ) [ ( )] ( ) ( )

where θ is the angle between the velocity vector v and the line
of sight, and v cC � . The relation for duration and peak
energy is linear with DE (see, e.g., Granot et al. 2002):
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whereas E off axis,isoH ( ‐ ) scales approximately b 2r � for a
viewing angle ζ between jR and 2 jR . The duration in the on-
axis scenario may be longer than inferred from the above
equation, as the variable gamma-ray flux can be discerned
above detector noise for a longer fraction of the total activity
compared to emission viewed off-axis.
We use the observed quantities for GRB170817A,

E 200 keVp x , E 5.3 10,iso
46� qH erg, and T 2 s90 x , as

values observed off-axis. If we assume that the on-axis values
for GRB170817A are consistent with typical values
observed for SGRBs, we obtain E b6 30p � ( ) MeV,
E b5 10 30,iso

49 2� qH ( ) erg, and T b7 10 3090
2 1� q � �( ) s.

In particular using a fiducial range on E on axis,iso �H ( )
corresponding to the two orders of magnitude spread shown in

Figure 5. Three potential jet viewing geometries and jet profiles that could explain the observed properties of GRB170817A, as described by scenarios (i)–(iii) in
Section 6.2.
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very strongly on Γ (as roughly Γ10.4), which implies that on day 150 the 
Lorentz factor of the radio source was19 less than about 5. Last, and 
most constraining, is the rapid turnover around the peak of the radio 
light curve and the very fast decline that follows Fν ∝ t−2 after day 200, 
where Fν is the flux density and t is the time in the observer frame 
(K.P.M. et al., manuscript in preparation). The shape of the peak and 
the following decline depends on the ratio θs/(θobs − θs). A smaller ratio 
results in a narrower peak, and if θ θ θ−!s obs s the decay is expected to 
be19 at first roughly linear in time, whereas if θ θ θ−"s obs s the flux decay 
after the peak is predicted to behave as roughly Fν ∝ t−p, where the 
radio spectrum dictates8,12,16 that p ≈ 2.16. We conclude that the com-
bination of the image and the light curve indicate that around the peak, 
at day 150, the emission is most probably dominated by a narrow com-
ponent with θ ." 0 25 rads  and Γ ≈ 4, which is observed at an angle of 
θobs − θs ≈ 0.25 rad (in contrast to the emission during the first month 
or two, which was most probably dominated by cocoon emission from 
angles larger than θs).

The constraints derived above strongly disfavour an uncollimated 
choked jet, where the jet has a wide opening angle and does not suc-
cessfully escape the neutron-rich material ejected dynamically during 
the merger (that is, it is choked and so does not contain a relativistic 
narrow core). A narrowly collimated choked jet may generate an out-
flow with a narrow high-energy core, but it is hard to obtain a Lorentz 
factor that is high enough without a fine tuning of the location where 
the jet is choked. In contrast to all other models, the successful-jet 
model predicts a structure that can easily satisfy the constraints of the 
image and the light curve. In this model, the gradual rise is generated 
by cocoon emission and the peak is observed when the core of the 
successful jet decelerates and starts to dominate the emission. The jet 
opening angle θj and its Lorentz factor are those of the source in our 

images around the time of the peak, namely θj ≈ θs. We can only put a 
lower limit on the initial Lorentz factor of the jet Γ0, because we do not 
know the deceleration radius (that is, when the transition from the 
coasting phase to the power-law decline phase took place). All of the 
observational data can be explained with a narrowly collimated jet with 

!Γ 100 .
To verify the analytical considerations discussed above, and to find 

tighter constraints on the outflow, we ran a set of relativistic hydrody-
namic simulations (see Methods). Our simulations include configura-
tions of choked and successful jets at various opening angles and 
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Fig. 1 | Proper motion of the radio counterpart of GW170817. The 
offset positions of the centroid (shown by 1σ error bars) and 3σ–12σ 
contours of the radio source detected 75 days (black) and 230 days (red) 
after the merger event using VLBI at 4.5 GHz. The two VLBI epochs have 
image root-mean-square noise of 5.0 µJy beam−1 and 5.6 µJy beam−1 
(natural weighting), respectively, and the peak flux densities of GW170817 
are 58 µJy beam−1 and 48 µJy beam−1, respectively. The radio source 
is consistent with being unresolved at both epochs. The shapes of the 
synthesized beams for the images from each epoch are shown as dotted 
ellipses in the lower right corner. The proper-motion vector of the radio 
source has a magnitude of 2.7 ± 0.3 mas and a position angle of 86° ± 18°, 
measured over 155 days.
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C: wide jet (Tj,0 = 0.07, Tj,p = 0.13, Tobs = 0.5)
D: choked jet (Tobs = 0.6)
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Fig. 2 | Radio, 3-GHz light curves of several representative simulated 
models. The black error bars (1σ) are the 3-GHz flux density (Fν) values 
for GW170817. The grey shaded regions denote the VLBI epochs:  
75 and 230 days after the merger. a, A narrow jet with an initial opening 
angle of θj,0 = 0.04 rad (2.3°), total energy of E = 1050 erg and isotropic 
equivalent energy of Eiso = 1053 erg at the core, as observed at three 
different viewing angles (models A1–A3). For all light curves, we take  
the energy fraction of accelerated electrons to be εe = 0.1, assume a  
power-law index of p = 2.16, and vary the energy fraction of the magnetic 
field εB and the external density n (which is assumed to be constant in 
space) to obtain a best fit to the light curve. The opening angle of the jet 
core at the time of the peak is θj,p = 0.08 rad. The model that gives best fits 
both for the light curve and the images corresponds to a viewing angle 
of θobs = 0.35 rad (εB = 10−4, n = 6 × 10−4 cm−3). The red line shows the 
contribution of emission from the jet core (θ < θj,p) and the green line 
shows the cocoon emission. The fit to the observations is obtained  
only in a narrow range of viewing angles. For smaller angles (such as 
θobs = 0.25 rad, εB = 2 × 10−4, n = 10−4 cm−3) the light curve rises too 
slowly and the image centroid moves too far, whereas at larger angles (such 
as θobs = 0.5 rad, εB = 8 × 10−5, n = 6 × 10−3 cm−3) the light curve rises too 
quickly and the image centroid motion is too small. b, Light curves of three 
other models. Model B: another narrow jet with a lower energy, θj,p = 0.06 rad,  
E = 1049 erg and Eiso = 2 × 1052 erg (εB = 4 × 10−5, n = 7 × 10−3 cm−3), 
at θobs = 0.3 rad, which provides a reasonable fit to the data. Model C: a 
wider jet with θj,p = 0.13 rad; even for θobs = 0.5 rad, the light curve does 
not decay fast enough to be consistent with the most recent data points, 
and at this viewing angle the image centroid moves too slowly. Model D: a 
model of a choked jet; the light curve does not decay fast enough after the 
peak and the image motion, although superluminal, is very slow compared 
to the observations. In all of the models that we considered, the spectrum 
between radio and X-ray frequencies follows a constant power law (cooling 
and self-absorption do not affect this spectral range) and so models that fit 
the radio, 3-GHz data fit the entire afterglow observations from radio to 
X-ray frequencies; see Methods for details.
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power-law decay index is α=−p, independent of whether the
cooling break is above (i.e., β=−(p−1)/2) or below (i.e.,
β=−p/2) the observing frequency (Sari et al. 1999).

For GW170817 we show here (Section 3.1), as also
demonstrated elsewhere (Dobie et al. 2018; Alexander
et al. 2018), that in the radio regime β is consistent with the
value found from fitting across the radio and X-ray regimes,
β=−0.584, and that νc lies well above the radio (and likely
also the X-ray) band. Thus β=−(p−1)/2 and p=2.17, for
which we expect the late-time power-law decay index α to lie
between −0.88 (i.e., quasi-spherical, cocoon-dominated) and
−2.17 (jet-dominated). Eventually we also expect the outflow
to become non-relativistic, and this can give rise to an
achromatic change in the GRB afterglow light curves.
Dynamical transitions to the non-relativistic phase have been
claimed for both spherical and jet-like outflows (Frail et al.
2000, 2005; van der Horst et al. 2008). The timescale on which
this occurs is approximately when the rest mass energy of the
material swept up by the shock is comparable to the kinetic
energy of the outflow (Frail et al. 2000). The sideways
expansion of the jet becomes important and eventually the
outflow becomes quasi-spherical (Frail et al. 2000). At this time
B � � �( )p15 21 10nr for ν◦<νc and B � � �( )p3 4 2nr
for ν◦>νc (Livio & Waxman 2000). Thus for the nominal
parameters of GW170817, a spherical outflow undergoing a
non-relativistic transition would be expected to show an
achromatic steepening, while for a jet the light curve would
flatten, both with a value of αnr=−1.15.

The afterglow light curves of jet-like outflows are altered by
observing them at different viewing angles away from their
symmetry axis. In this case the structure of the ejecta becomes
important. Early work investigated the role of viewing angle
for simple uniform or top-hat jets (Livio & Waxman 2000) and
jets with azimuthal structure (e.g., Rossi et al. 2002; Kumar &
Granot 2003). More recent modeling has considered structure

jets whose ejecta have both azimuthal and radial structure
(Gottlieb et al. 2018; Kathirgamaraju et al. 2018; Lazzati et al.
2018; Xie et al. 2018). The effects of jet structure and viewing
angle are most pronounced at or near the peak of the light
curve. These models generally predict a slow temporal
evolution of α, with the break between the rise and the decay
taking place over a significant fraction of the peak time (Granot
& Kumar 2003; Panaitescu & Kumar 2003; Gill & Granot
2018; Lamb et al. 2018). However, at late times all of these
off-axis light curves models approach the behavior of an on-
axis jet where the slope of the temporal index, as noted earlier,
is α=−p.
While the predicted late-time light curves of afterglows

exhibit a diverse range of behaviors, the observed decay of
GW170817 is remarkably simple. A single power law with
B � � �

�2.42 0.4
0.3 (2.2± 0.2 for the 3 GHz VLA-only data) fits all

of the data post-peak. This power-law index is a clear signature
of a relativistic jet. This is a strong jet-dominated outflow; i.e.,
there is no support for intermediate slopes as might be expected
if a quasi-spherical cocoon was contributing to the emission.
Likewise, we see no evidence for a spectral change due to
synchrotron cooling (Section 3.1), nor do we see a dynamical
transition to non-relativistic motion that would manifest itself
by an achromatic break in the light curve. Another important
feature of the light curve in Figure 2 is the sharpness of the
transition from a power-law rise to decay. The change from t0.8

to t− p takes place over �
�24 24

58 days, a result that appears to be at
odds with the predicted temporal evolution of α for current off-
axis, structured jet models (Granot & Kumar 2003; Panaitescu
& Kumar 2003; Gill & Granot 2018). More detailed modeling
of GW170817 is needed to see whether or not structured jet-
like outflows can reproduce this sharp transition.
The sharpness of the peak and the slope of the power-law

decline depend on the viewing/observing angle, θv, and jet
core half-opening angle,19 θj, and more specifically on the ratio
between them. In order to constrain this ratio we consider only
the contribution from the core of the jet, which dominates the
emission near the peak and during the decay. Thus, while
the rising part of the light curves that we calculate does not fit
the observations, the peak and the decay should. Using this
approximation, we can now derive constraints on θj/θv that
provides the observed transition from the peak of the light
curve and the steep decline.
We make a rough analytic approximation. The peak occurs

approximately when we start seeing the near edge of the jet
core, and the t− p power-law decline begins roughly when the
jet centroid comes into view. The sharpness of the light curve
peak and the immediate transition to t− p decline implies that
we are in the regime20 θv−θj?θj. We denote by t1 as
the time that we see the edge of the jet, namely
Γ(t1);1/(θv−θj), and t2 as the time that we see the jet axis,
Γ(t2);1/θv. Now, ignoring sideways spreading of the jet we
can approximate ( r �t 3 8 (e.g., Sari et al. 1998) to obtain
% � �( )t t t t2 1 / R R R� �� [ ( ) ]t v v j2

8 3 8 3 /R R R� ( )8 3v j v
8 3 .

Here we use the approximation that θj/θv is much smaller than
unity. Observationally, t1 occurs sometime during the transition
from the t0.8 rise to the peak of the light curve and t2 occurs

Figure 2. Radio light curve of GW170817 spanning multiple frequencies, and
scaled to 3 GHz using the spectral index (ν−0.53) derived from our MCMC
analysis. The data from the VLA (filled black squares for 3 GHz and green
crosses for 1.5 GHz), the ATCA (blue circles), the MeerKAT (green crosses)
and the uGMRT (red diamonds for detections and triangle for upper limit) are
as reported in Table 1. We also include the data at 0.65, 1.5, 3, and 7.25 GHz
reported previously (Hallinan et al. 2017; Dobie et al. 2018; Mooley et al.
2018b). Our best-fit smoothed broken power-law model to all these data (see
Section 3.2) is shown as a solid curve. The power-law decline index obtained is
� �

�2.4 0.4
0.3. For comparison, a broken power-law fit to the 3 GHz VLA-only data

gives −2.2±0.2. Both fits are thus consistent with t− p decline in the light
curve, where p is the electron power-law distribution index.

19 The energy distribution at the core is expected to be roughly uniform, so we
approximate its contribution as being generated by a top-hat jet with half-
opening angle, θj.
20 If (θv−θj)θj there will be a long-lived phase during which the
light curve decays as t−1.
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superluminal motion
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radio, X-ray l.c.
rise till ~150 d
-> steep decay

-> good evidence for successful SGRB jet from BNS merger

kilonova:
->
r-process
nucleo
-synthesis

coincident GW + on-axis short GRBs
-> GW: pre/post-merger NS/BH masses, spin

EM: jet properties
-> elucidate SGRB progenitor -> jet formation 15



Summary: GRBs: Multi-Messenger Synergies
- Different types of MM channels need distinct names.
- TeV photons latest observational window.

Diversity of GRB types: long GRBs, short GRB, low-L GRBs
- Likely emission components beyond synchrotron.
Valuable new info on particle accel. in rel. shocks, structured jets,
nature of low-L GRBs.

- HE neutrino / UHECR origin:
High-L GRBs challenging but low-L GRBs still viable.
EM signatures desirable.

- GW + on-axis short GRBs
Progenitor vs jet properties -> probe jet formation.
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photosphere?

GRB

?

long (>~2s): massive star collapse
short (~<2s): compact binary merger
-> ultrarelativistic jets
-> prompt: X-MeV
+ afterglow: radio-opt-X-GeV-TeV

(low-luminosity: ?)
GW kilo(macro)nova

GeV

BATSE
4B catalog

supernova Ibc HE n?
UHECR?

TeV

~20-30%

~70-80%

B reconnection?

ultrarel. jet

nn->e±?
MHD?
BZ?

BH?
mag?

GRBs: key facts & questions
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synchrotron burnoff limit in afterglow emission:
Fermi-LAT results

Fermi-LAT Coll. 2014, Science 343, 42 

extreme

realistic

GRB 130427A

taccel∝ ge B-1, tsyn∝ ge
-1B-2

taccel=tsyn -> ge,max∝ B-1/2

nsyn,max∝ Bge,max
2

Esyn,max~23/2[27/(16paf)]mec2

x G(t)(1+z)-1

~106 G(t)(1+z)-1 MeV

maximum synchrotron photon
energy for electrons dominated
by synchrotron cooling

Nakar & Piran 10
c.f. Kumar+ 12
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GRB 190114C: time-resolved spectra vs SSC model

EMBARGO

- reasonable SSC
interpretation with
plausible parameters:
s=0, n0=0.5 cm-3

ee=0.07, eB=8x10-5

Ek=8x1053 erg, p=2.6

-

Observed
EBL-cor., no int. gg
EBL-cor., inc. int. gg

- supports inference
that TeV emission
may be common

MAGIC Coll.+ 19
Nature 575, 459



LHAASO results on GRB 221009 LHAASO Col. 23, Sci.
380, 1390

light curves achromatic -> afterglow onset + jet break
-> very narrow jet -> tolerable energetics

The light curve steepening at tb;2 ≃ 670 s
afterT * cannot be a result of theKN scattering
effect because the spectrum after the break does
not soften. The steepening that we observe re-
sembles a jet break, which occurs when the
Lorentz factor of a GRB jet drops to 1/q0, where
q0 is the initial half-opening angle of the jet. At
this time, the jet edge becomes visible to the ob-
server, causing a steepening in the light curve by
t−3/4 for a homogeneous medium (30, 31). If the
lateral expansion of the jet is fast enough (32–34),
a steeper decay is expected after the jet break
for the VHE emission (23). The early jet break
of GRB 221009A implies a small q0, given by

q0 ∼ 0:6°E!1=8
k;55 n1=8

0
tb;2
670 s

! "3=8

ð1Þ

where Ek is the isotropic kinetic energy of the
ejecta, n is number density of the circum-burst

medium, and we adopt the convention that
subscript numbers x indicate normalization
by a factor of 10x in centimeter-gram-second
(cgs) units. This reduces the required energy in
gamma rays to Eg;j ≡ Eg;isoq20=2 ∼ 5:5$ 1050

Eg;iso;55
q0
0:6°

# $2
erg for GRB 221009A. This is con-

sistent with the typical energy reservoir of GRB
jets (35). It has been suggested that GRBs could
have a quasi-universal beaming configuration—
a structured jet with high anisotropy in its
angular distribution of the fireball energy about
the symmetry axis (36, 37). Under this assump-
tionof auniversal jet structure forGRBs, a small
opening angle of GRB 221009A could imply
that the brightest core of a structured jet was
visible from Earth before the break, explain-
ing the high isotropic-equivalent energy of this
GRB. Combined with the low redshift of the
source, the small opening angle also explains
the high fluence (brightness) of this GRB.

Our identification of the TeV afterglow on-
set time can be used to estimate the initial
bulk Lorentz factor G0 of the jet. The peak
time (tpeak ~ 18 s after T *) of the light curve
corresponds to the deceleration time, when
most of the outflow energy is transferred to
the shocked external medium. The initial bulk
Lorentz factor is then

G0 ¼ 3 1þ zð Þ3Ek

32pnmpc5t3peak

 !1=8

¼ 440 E1=8
k;55n

!1=8
0

tpeak
18 s

! "!3=8

ð2Þ

where mp is the proton mass, and c is the
speed of light. G0 is almost insensitive to Ek and
n. The initial Lorentz factor of GRB 221009A
is consistent with the upper range of values
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Fig. 4. Energy flux light curve in the VHE band for six Nhit segments.
(A to F) The six segments are: [30, 33) (A), [33, 40) (B), [40, 63) (C), [63, 100)
(D), [100, 250) (E), and [250, +∞) (F). The median energy (Emedian) and
point spread function (PSF) are labeled in each panel; the PSF is given as 68
and 99% containment in degrees. The orange solid lines in (A) to (E) are

four-segment models fitted to the data. The overall fit in Fig. 3 is shown as
the dashed line in (F) for comparison. During fitting, two parameters—the
transition time from the rapid rise to the slow rise phase and the sharpness of
the transition from the slow decay to the steep decay phase—were fixed to the
values obtained from Fig. 3.
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The light curve steepening at tb;2 ≃ 670 s
afterT * cannot be a result of theKN scattering
effect because the spectrum after the break does
not soften. The steepening that we observe re-
sembles a jet break, which occurs when the
Lorentz factor of a GRB jet drops to 1/q0, where
q0 is the initial half-opening angle of the jet. At
this time, the jet edge becomes visible to the ob-
server, causing a steepening in the light curve by
t−3/4 for a homogeneous medium (30, 31). If the
lateral expansion of the jet is fast enough (32–34),
a steeper decay is expected after the jet break
for the VHE emission (23). The early jet break
of GRB 221009A implies a small q0, given by

q0 ∼ 0:6°E!1=8
k;55 n1=8

0
tb;2
670 s

! "3=8

ð1Þ

where Ek is the isotropic kinetic energy of the
ejecta, n is number density of the circum-burst

medium, and we adopt the convention that
subscript numbers x indicate normalization
by a factor of 10x in centimeter-gram-second
(cgs) units. This reduces the required energy in
gamma rays to Eg;j ≡ Eg;isoq20=2 ∼ 5:5$ 1050

Eg;iso;55
q0
0:6°

# $2
erg for GRB 221009A. This is con-

sistent with the typical energy reservoir of GRB
jets (35). It has been suggested that GRBs could
have a quasi-universal beaming configuration—
a structured jet with high anisotropy in its
angular distribution of the fireball energy about
the symmetry axis (36, 37). Under this assump-
tionof auniversal jet structure forGRBs, a small
opening angle of GRB 221009A could imply
that the brightest core of a structured jet was
visible from Earth before the break, explain-
ing the high isotropic-equivalent energy of this
GRB. Combined with the low redshift of the
source, the small opening angle also explains
the high fluence (brightness) of this GRB.

Our identification of the TeV afterglow on-
set time can be used to estimate the initial
bulk Lorentz factor G0 of the jet. The peak
time (tpeak ~ 18 s after T *) of the light curve
corresponds to the deceleration time, when
most of the outflow energy is transferred to
the shocked external medium. The initial bulk
Lorentz factor is then

G0 ¼ 3 1þ zð Þ3Ek

32pnmpc5t3peak

 !1=8

¼ 440 E1=8
k;55n

!1=8
0

tpeak
18 s

! "!3=8

ð2Þ

where mp is the proton mass, and c is the
speed of light. G0 is almost insensitive to Ek and
n. The initial Lorentz factor of GRB 221009A
is consistent with the upper range of values
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Fig. 4. Energy flux light curve in the VHE band for six Nhit segments.
(A to F) The six segments are: [30, 33) (A), [33, 40) (B), [40, 63) (C), [63, 100)
(D), [100, 250) (E), and [250, +∞) (F). The median energy (Emedian) and
point spread function (PSF) are labeled in each panel; the PSF is given as 68
and 99% containment in degrees. The orange solid lines in (A) to (E) are

four-segment models fitted to the data. The overall fit in Fig. 3 is shown as
the dashed line in (F) for comparison. During fitting, two parameters—the
transition time from the rapid rise to the slow rise phase and the sharpness of
the transition from the slow decay to the steep decay phase—were fixed to the
values obtained from Fig. 3.
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The light curve steepening at tb;2 ≃ 670 s
afterT * cannot be a result of theKN scattering
effect because the spectrum after the break does
not soften. The steepening that we observe re-
sembles a jet break, which occurs when the
Lorentz factor of a GRB jet drops to 1/q0, where
q0 is the initial half-opening angle of the jet. At
this time, the jet edge becomes visible to the ob-
server, causing a steepening in the light curve by
t−3/4 for a homogeneous medium (30, 31). If the
lateral expansion of the jet is fast enough (32–34),
a steeper decay is expected after the jet break
for the VHE emission (23). The early jet break
of GRB 221009A implies a small q0, given by

q0 ∼ 0:6°E!1=8
k;55 n1=8

0
tb;2
670 s

! "3=8

ð1Þ

where Ek is the isotropic kinetic energy of the
ejecta, n is number density of the circum-burst

medium, and we adopt the convention that
subscript numbers x indicate normalization
by a factor of 10x in centimeter-gram-second
(cgs) units. This reduces the required energy in
gamma rays to Eg;j ≡ Eg;isoq20=2 ∼ 5:5$ 1050

Eg;iso;55
q0
0:6°

# $2
erg for GRB 221009A. This is con-

sistent with the typical energy reservoir of GRB
jets (35). It has been suggested that GRBs could
have a quasi-universal beaming configuration—
a structured jet with high anisotropy in its
angular distribution of the fireball energy about
the symmetry axis (36, 37). Under this assump-
tionof auniversal jet structure forGRBs, a small
opening angle of GRB 221009A could imply
that the brightest core of a structured jet was
visible from Earth before the break, explain-
ing the high isotropic-equivalent energy of this
GRB. Combined with the low redshift of the
source, the small opening angle also explains
the high fluence (brightness) of this GRB.

Our identification of the TeV afterglow on-
set time can be used to estimate the initial
bulk Lorentz factor G0 of the jet. The peak
time (tpeak ~ 18 s after T *) of the light curve
corresponds to the deceleration time, when
most of the outflow energy is transferred to
the shocked external medium. The initial bulk
Lorentz factor is then

G0 ¼ 3 1þ zð Þ3Ek

32pnmpc5t3peak

 !1=8

¼ 440 E1=8
k;55n

!1=8
0

tpeak
18 s

! "!3=8

ð2Þ

where mp is the proton mass, and c is the
speed of light. G0 is almost insensitive to Ek and
n. The initial Lorentz factor of GRB 221009A
is consistent with the upper range of values
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Fig. 4. Energy flux light curve in the VHE band for six Nhit segments.
(A to F) The six segments are: [30, 33) (A), [33, 40) (B), [40, 63) (C), [63, 100)
(D), [100, 250) (E), and [250, +∞) (F). The median energy (Emedian) and
point spread function (PSF) are labeled in each panel; the PSF is given as 68
and 99% containment in degrees. The orange solid lines in (A) to (E) are

four-segment models fitted to the data. The overall fit in Fig. 3 is shown as
the dashed line in (F) for comparison. During fitting, two parameters—the
transition time from the rapid rise to the slow rise phase and the sharpness of
the transition from the slow decay to the steep decay phase—were fixed to the
values obtained from Fig. 3.
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low-luminosity GRB 190829A 

with respect to the host galaxy center. Indeed, using the GRB
coordinates derived from our VLBI observations and the host
galaxy center position from the 2MASS catalog (Skrutskie
et al. 2006), we measure a separation of 9 6, corresponding to
a physical projected separation of 14.7 kpc. This is comparable
to the largest previously measured offset in long GRBs
(Blanchard et al. 2016; that of GRB 080928), placing it, in

principle, in the underdense outskirts of its host galaxy. On the
other hand, even though the surrounding interstellar medium
density may be low, the associated supernova indicates that the
progenitor must have been a massive star, which should have
polluted the environment with its stellar wind. By contrast, the
sharp increase in the flux density preceding the light-curve peak
as seen in the optical and X-rays is inconsistent with a

Figure 4. Predicted SEDs at the times of the HESS detections. We show with blue (red) solid lines our model at 5 hr (30 hr) after the gamma-ray trigger, with 90% and
50% credible bands in lighter shades. The HESS “butterflies” include the reported (Abdalla et al. 2021) systematic error contribution (summed in quadrature). We also
show XRT butterflies at the corresponding times (from our own analysis; see Appendix C.3), plus GTC optical and NOEMA, ATCA, and AMI-LA radio data points
taken at observing times lying within 0.2 dex.

Figure 3. Multiwavelength data and emission model. Circles represent X-ray fluxes (blue; values shown on the right axis) or flux densities (all other colors; values
shown on the left axis) measured at the position of GRB 190829A at different times after the GRB trigger in several bands (see the legend). Optical flux densities have
been corrected for both the Milky Way and host galaxy extinction, and the contribution of the host galaxy has been subtracted. The host galaxy contribution (Rhodes
et al. 2020) has also been subtracted from the AMI-LA radio flux densities at 15.5 GHz. Stars mark the flux densities measured in our VLBI epochs. Solid lines of the
corresponding colors show the predictions of our emission model including both the forward and reverse shocks. Dashed lines single out the contribution of the
reverse shock emission. We interpret the initial plateau in the X-ray data as the superposition of the prompt emission tail and the rising reverse shock emission.
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prompt energy, such a value implies that the prompt efficiency is h = 1.2+1.0
�0.5 ⇥ 10�3, which

is much lower than the typical values derived from the previous GRB studies. The other
parameters (n0, ee and eB) are found to be similar to the ones estimated for GRB 190114C.

Figure 25. GRB 190829A: modeling of X-ray, LAT and H.E.S.S. data proposed by the H.E.S.S. collab-
oration for the two time intervals with VHE and X-ray detections. Two scenarios are investigated
for the TeV emission: synchrotron and SSC. H.E.S.S. flux contours are displayed considering the
statistical uncertainty. The synchrotron and SSC component are shown in dashed and dash-dotted
lines, respectively. The shaded areas represent the 68% confidence intervals determined from the
posterior probability distribution of the MCMC parameter fitting for the standard SSC model (light
blue) and for the model without maximum energy for synchrotron emission (orange). From [5].

A two-component off-axis jet model has also been investigated [198]. Such a model
proposes that the GRB jet is observed off-axis (qview = 1.78�) and it consists of a narrow
(qjet = 0.86�) fast (G = 350) jet and a slow (G = 20) co-axial jet. The former jet component is
responsible for the emission of SSC photons in the VHE band. The calculation of the SSC
flux at the time of the H.E.S.S. detection is conducted following the prescriptions of [48],
considering only the Thompson scattering regime.

An EIC plus SSC scenario has also been proposed for the production of the VHE compo-
nent [199]. The seed photons belong to the long-lasting X-ray flare observed for GRB 190829A,
which can be up-scattered to TeV energies. A numerical calculation of the afterglow dynamics
and radiative processes have been used to model the observational data. For t ⇠ 103–104 s,
the EIC component dominates the VHE emission, while for later times (t & 3 ⇥ 104 s) the
EIC gradually decays and the SSC component becomes relevant. The initial afterglow kinetic
energy used for the modeling (Ek = 1052 erg) suggests that GRB 190829A is not a typical
low-luminosity GRB but it may have much higher kinetic energy.

Table 3. Parameters for modeling of GRB 190829A.

Ek ee eB n p xe qj
erg cm�3 rad

Hess Coll. (SSC) 2.0 ⇥ 1050 0.91 5.9–7.7 ⇥10�2 1. 2.06–2.15 1. /
Hess Coll. (Sync) 2.0 ⇥ 1050 0.03–0.08 ⇡1 1. 2.1 1. /
Salafia + 2021 1.2–4.4 ⇥1053 0.01–0.06 1.2–6.0 ⇥10�5 0.12–0.58 2.01 <6.5 ⇥ 10�2 0.25–0.29
Zhang + 2021 9.8 ⇥ 1051 0.39 8.7 ⇥ 10�5 0.09 2.1 0.34 0.1

4.5. GRB 201015A
GRB 201015A is a long GRB at z = 0.426 detected by the Swift-BAT [200] on 15 October

2020, at T0 = 22 : 50 : 13 UT. The Fermi-GBM instrument did not trigger the event, but the
targeted search revealed a transient source consistent with the Swift-BAT location [201].
MAGIC observations show a possible detection with a significance of ⇠3.5s.

4.5.1. General Properties and Multi-Wavelength Observations
The (isotropic equivalent) prompt emission energy inferred from spectral analysis

of Fermi-GBM data is Eg,iso = (1.1 ± 0.2)⇥ 1050 erg [202]. The prompt duration is T90 =

Salafia+ 22- SSC feasible if early X-rays from reverse shock
- external IC of late prompt X-rays 
Miceli & Nava 22

Zhang+ 21

- low-L GRB: bursts with abnormally low prompt efficiency? 


