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1. Introduction

Abstract: Gamma-ray bursts (GRBs), the most luminous explosions in the universe, have at least two types known. One of them, short GRBs, have been 
thought to originate from binary neutron star (BNS) mergers. The discovery of GW170817 together with a GRB was the first and only direct proof of the 
hypothesis, and thus the properties of the short GRBs are poorly known yet. Aiming to clarify the underlying physical mechanisms of the short GRBs, we 
analyzed GRB 160821B, one of the nearest short GRBs known at z=0.162, observed with the MAGIC telescopes. A hint of a gamma-ray signal is found 
above 0.5 TeV at a significance of >3 sigma during observations from 24 seconds until 4 hours after the burst, as presented in the past. 

Recently, multi-wavelength data of its afterglow emission revealed a well-sampled kilonova component from a BNS merger, and the importance of GRB 
160821B increased concerning GRB-GW studies. Accordingly, we investigated GRB afterglow models again, using the revised multi-wavelength data. We 
found that the straightforward interpretation with one-zone synchrotron self-Compton model from the external forward shock is in tension with the observed 
TeV flux, contradicting the suggestion reported previously. In this contribution we discuss the implication from the TeV observation, including alternative 
scenarios where the TeV emission can be enhanced. We also give a brief outlook of future GeV-TeV observations of short GRBs with imaging atmospheric 
Cherenkov telescopes, which could shed more light on the GRB-BNS merger relation.
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Long GRBs: T90 > ~2 s,  
    core collapse SNe 
    tens of confirmations

Short GRBs: T90 < ~2 s,  
    neutron star mergers (?)    
    only 1 example 170817A 

Classification with T90 has a difficulty in ~1-10 s 

Need to confirm supernova or kilonova (KN) 


However,  
- Short GRBs are intrinsically dimmer than Long

- Far & dim Long may be obesrved as a Short 

- KN component is dimmer than supernova 

So far, only few Short GRBs were observed 
with a KN: 130603B, 170817A, and 160821B 


Important for GRB-GW connection! 
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Fig. 1 Distribution of the durations of 2041 BATSE GRBs. Gaussian fits for the short
(solid line) and long (dashed line) populations are overlaid.

Nakar & Piran [56] analyzed the light curves of a sample of short GRBs
from BATSE. They find that, when high resolution data are available, short
GRB light curves can be resolved into the superposition of many pulses, with
statistical properties analogous to those of the long GRBs. This may indicate
that the same dynamical and dissipation processes are powering the light
curves, even though such processes are still far from being understood.

The quest for short GRB afterglows went on for all the BATSE and Bep-
poSAX era with very limited results. No afterglow of an individual short
GRB was ever found. Lazzati et al. [46] stacked the background subtracted
light curve of the 76 brightest short BATSE GRBs looking for an evidence of
afterglow in the hard X-rays. They found (see Fig. 3) that there is indeed an
excess soft component following the prompt emission of short GRBs lasting
approximately 100 seconds. They showed that this component is consistent
with being of afterglow origin. As we will see below, it later emerged from

BATSE  
sample 
(Lazzati & 
Perna 10)

Short Long

Swift/BAT trigger (T90 = 0.48 s, 22:29:13 
UT on 2016 August 21 = T0), followed by 
XRT, Fermi-GBM/LAT, Optical (NOT,  
WHT, GTC, HST) and radio (VLA), etc. 


MAGIC started to obs. at T0 + 24 s 
(fastest!) until T0 + 4 hrs  
 first ~1.7 hr: non-optimal weather, less 
moon light, later ~2.2 hr: better weather, 
but more moon light => Eth > ~0.5 TeV  
Fermi-LAT (t-T0): 0-2315 s, 5285-8050 s
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MAGIC found a hint of detection at  
~3 sigma > 0.8 TeV, reported in 2017. 
The second best sampled kilonova  
emission, reported in 2019 [1, 2]
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Figure 1: The hint of the detection by MAGIC. Left: theta square plot showing a hint of the detection with
3.1 sigma. Right: the corresponding skymap with pre-trial significance of 4.7 sigma.

two bins to well represent the trend in the logarithmic scale in terms of time since )0. Out of the
three bins in total, the first 2 bins (C � )0 = 24 – 1216 s, and 1258 – 6098 s) provided us only
with an upper limit point, due to the relatively bad weather. On the other hand, we could derive an
indicative flux point for the last bin (6134 – 14130 s), together with an upper limit. All the flux /
upper limit points are derived with an energy threshold of 0.5 TeV, with assuming the power-law
index of -2, which are seen in the red points in Fig.2. The flux value was translated into a spectrum
by fixing an energy range to 0.5 - 5 TeV, as seen in the thin red box in Fig.3.

Figure 2: Light curve with the model curves. See texts for details.

No emission was detected by Fermi-LAT in the energy range 0.3–3 GeV. Since the upper limits
are less constraining, they are not drawn in the following figures (See Fig.1 of [18]). The Fermi-LAT
observations are taken into account in the following discussions, even though not explicitly written.
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MWL (radio - X) data are well modeled by the  
synchrotron from electrons accelerated in the 
external forward shock (FS, in X), reverse shock 
(RS, in radio), KN (in opt/nIR, updated in 2019), 
and the extended emission (EE, in X, not shown 
here), in a good agreement with Troja+ (2019) [2] 

  # Lamb+ (2019) [1] proposes a multi-zone interpretation with 
a late energy injection, driven by double peaks in X-ray


Then, TeV flux is estimated with the synchrotron 
self-Compton (SSC, red lines, EBL absorbed) 


MAGIC observation divided into 3 intervals.  
The last bin T0 + 1.7-4 hr under a good weather 
enabling a flux estimation.  
SED modeling at T0 + 2-4 hr. MAGIC ph flux 
converted to an energy flux (0.5-5 TeV) with PL 
index -2 assumed. Fermi-LAT not constraining. 


Even though the MAGIC flux is just indicative, 
SSC underpredicts the TeV flux by an order of 
magnitude, in tension with the observation. 

3.1 - 2.9 σ  
(post trial) 4.7 σ  

(pre trial) 
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Figure 1: The hint of the detection by MAGIC. Left: theta square plot showing a hint of the detection with
3.1 sigma. Right: the corresponding skymap with pre-trial significance of 4.7 sigma.

two bins to well represent the trend in the logarithmic scale in terms of time since )0. Out of the
three bins in total, the first 2 bins (C � )0 = 24 – 1216 s, and 1258 – 6098 s) provided us only
with an upper limit point, due to the relatively bad weather. On the other hand, we could derive an
indicative flux point for the last bin (6134 – 14130 s), together with an upper limit. All the flux /
upper limit points are derived with an energy threshold of 0.5 TeV, with assuming the power-law
index of -2, which are seen in the red points in Fig.2. The flux value was translated into a spectrum
by fixing an energy range to 0.5 - 5 TeV, as seen in the thin red box in Fig.3.
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Figure 2: Light curve with the model curves. See texts for details.

No emission was detected by Fermi-LAT in the energy range 0.3–3 GeV. Since the upper limits
are less constraining, they are not drawn in the following figures (See Fig.1 of [18]). The Fermi-LAT
observations are taken into account in the following discussions, even though not explicitly written.
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Figure 3: SED with the model curves. Dashed line is the source intrinsic flux after the EBL attenuation is
corrected for. See texts for more details.

4. Discussions

The modeling has two steps; the first step is the modeling of the emission from radio to X-ray,
then the TeV radiation is modeled based on the first step. The first step for GRB 160821B is not
simple, as it has more components than typical GRBs have. The afterglow emission common
for Short and Long GRBs is synchrotron radiation from electrons accelerated in external forward
shocks, triggered by interactions between the relativistic jet and the ambient medium. It is sometimes
accompanied with a reverse shock propagating into the jet ejecta, which is the case for this GRB.
On top of this afterglow emission with a reverse shock, it has a so-called extended emission as
Short GRBs often have, which means an X-ray emission extended in time for tens to hundreds of
seconds followed by a steep decay. It is thought to be related to long-lasting activity of the central
engine. Finally, the kilonova emission, which is powered by synthesized r-process elements ejected
in neutron star mergers, can occur on timescale of days [4] but is rarely observed, as mentioned in
Sec.1. The lines in Fig.2 shows our model to explain the radio to X-ray observations. Other than
the extended emission that occurs earlier than the plotted range, the three components, forward and
reverse shocks and the kilonova emissions, are consistently described by the single model.

The first step suggests that the optical data at 2 hr are dominated by the forward shock component
before the kilonova emission emerged, while the radio data at 4 hr are dominated by the reverse shock
component. We modeled the broadband emission at C ⇠ C0+3 hr, including the MAGIC observation,
as synchrotron emission from the external forward shock, considering the simplest case of impulsive
energy injection. The modeling is shown in Fig.3, which is performed with a numerical code [16]
that self-consistently solves the evolution of the electron distribution, accounting for continuous
electron injection with a power-law energy distribution, synchrotron, synchrotron-self-Compton
(SSC) & adiabatic losses, synchrotron self-absorption, and WW pair production. The estimated TeV
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MAGIC
SSC

MAGIC

SSC

XRT FS + KN 

RS => FS

Sync.  
by FS 

+ KN

+ RS

EBL  
absorbed

intrinsic

Other possibilities than SSC (of FS) 


- Proton synchrotron [3]:  
max. sync. E > 0.5 TeV at t ~ 2 hr requires 
n0Ek /1051 erg /cm-3 > 6000, while it is 
typically 10-5 -10 for short GRBs. Similar 
discussion for TeV flux constrains further 
the material density and kinetic E.  
Thus, it is strongly disfavored.  

- Photohadronic cascade [4] similarly 
disfavored 


- External Compton [5] is one of plausible 
scenarios, with candidate target soft 
photons from EE, cocoon, KN, two 
component jet, thermal X from FS, etc. 


- RS with the SSC process [6], possibly 
with a continuous energy injection [7]


Plenty of possibilities, need more  
inputs from the observations

1) INAF OA-Brera, 2) INFN Trieste, 3) Bunkyo U., 4) RIKEN, 5) ICRR, U. Tokyo, 6) U. Udine, 7) MPI for Physics, 8) U. Trieste, 

Short GRBs with a well-observed kilonova emission are a key to 
understand the nature of the GRB class, in the context of the GW 
followup observations. GRB 160821B with a hint of TeV emission 
by MAGIC put more emphasis on the context. It revealed that the 
simple SSC model does not work well, but other valid interpret-
ations exist. In order to nail down the possibilities, we need more 
inputs from observations, not only with MAGIC but also with  
CTA-LST, together with MWL / MM instruments. Stay tuned 

(From [8])

(All from [8])


