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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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1. Introduction

Gamma-ray bursts (GRBs) are known as the most luminous explosions in the universe, which
emit photons of energies ranging from keV to MeV as a short pulse, called the prompt emission. It
is followed by a slower afterglow emission that exhibits a wide range of its duration from minutes
to months, in the wavelengths ranging from radio to high-energy gamma-rays. The duration and
spectrum of the prompt emission have a bimodal distribution, and it is believed as an indication
of two different classes, named Long and Short GRBs. Long GRBs are widely believed to be
produced by the core collapse of massive stars [1], with tens of observational confirmations of an
accompanying supernova explosion. On the other hand, the origin of Short GRBs has been less
clear, with an indication for mergers of binary neutron stars by studying their circumstances [2].
The strong but singular support for the indication was the discovery of GW 170817 coincident with
GRB 170817A [3], followed by an optical-infrared emission called kilonova [4].

GRBs with Tyg! less than 2 seconds are regarded as Short GRBs, while the others as Long
GRBs. However, it is not simple to classify all the observed GRBs into the two types. The
bimodal distribution of the prompt emission is known to have an intrinsic overlap, due to GRBs
with an ambiguous duration and/or hardness of their spectrum?. Also, there is an observational
bias; the prompt emission is often just a single fast-rising peak with an exponential decay, and
thus, if the GRB is far and dim, its duration will appear shorter than in the case where it would
exist closer. It is known that the typical circumburst environments such as the density of ambient
material are also different between the two types. The afterglow emission depends on such physics
parameters so it can help with the classification, but it is often not sufficient. In the end, a GRB with
marginal conditions can be clearly classified only with a confirmation of a supernova or a kilonova
by optical-infrared observations that are carried out typically days/weeks after the burst.

Short GRBs are relatively dimmer than Long GRBs, so their optical observations are more
difficult in general. On top of that, the expected kilonova emission is intrinsically dimmer than
the supernova emission. Thus, there are only a few Short GRBs known to be accompanied by a
possible kilonova emission, such as GRB 130603B (Tg9= 0.18 s, z = 0.356) [8]. There are also
only a few GRBs with a short (intrinsic) duration Tog but with a supernova emission, such as GRBs
040924 (Typ=2.4 s, z = 0.86) [5] and 200826A (Tyy ~= 0.5 s, z = 0.75) [6, 7]. Most of Short
GRBs are lacking a kilonova/supernova confirmation, and consequently their properties are much
less understood than Long GRBs. More discoveries of coincident multi-wavelength / messenger
events are required to understand their properties.

GRB 160821B (Typ= 0.48 s, z = 0.162) is one of few Short GRBs with a confirmed kilonova
emission. Its multi-wavelength observations were carried out including radio, optical, X-ray,
GeV photons, and very-high-energy (VHE, > 100 GeV) gamma-rays using imaging atmospheric
Cherenkov telescopes. MAGIC telescopes found a hint of a very-high-energy gamma-ray emission,
reported in the conferences [12, 13]. However, the kilonova emission was just constrained in the
first reports of the optical observations [9]. More extensive investigations only after the discovery of
GW170817 revealed the second most sampled kilonova emission next to GRB 170817A, published
in 2019 [10, 11]. In the 36th ICRC in 2019 we showed a multi-wavelength modeling to explain the

IThe duration of GRBs is commonly measured by Ty, the time interval containing 90% of the prompt photons.
2There are also interpretations to assume a third class.
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VHE emission but without a complete interpretation of all the currently available multi-wavelength
information [14]. Moreover, the discovery of TeV gamma-ray emissions from Long GRBs in 2019
[15-17] made the hint of detection more plausible. A revision of the interpretation of the possible
VHE emission from Short GRB 160821B became more important than before, which is the subject
of this contribution.

A significant fraction of this contribution has been published in [18].

2. Observations

GRB 160821B triggered Swift-BAT at 22:29:13 UT on 2016 August 21 (7p). The Ty duration
reported by Swift-BAT was 0.48 s [19], while that by Fermi-GBM was about 1 s [20]. Both indicate
that the GRB is fairly inside the Short GRB regime. A host galaxy was identified with redshift
of z = 0.162 [21], which revealed that this GRB is one of the nearest Short GRBs. The isotropic

energy is estimated to be Ej, ~ 1.2 x 10%

erg, which is relatively low for a Short GRB but not
extremely. The follow-up observations with multi-wavelength instruments were carried out, and
they are briefly introduced below. See the paper [18] for further details.

MAGIC started to observe GRB 160821B at 22:29:37 UT, 24 s after Ty, and continued until
4 hr after Ty. The zenith angle of the source increased from 34 deg to 55 deg, and the night sky
background light increased as moon rose. As a result the energy threshold of the obtained data
should be increasing with time. However, the data taken in the first ~1.7 hr were strongly affected
by clouds, while the remaining ~2.2 hr were taken under better weather conditions. Consequently,
the energy threshold is as high as 0.5 TeV for the whole data sample of 4 hr.

At the time of the trigger by Fermi-GBM, the burst was near the border of the standard FoV of
the Fermi-LAT detector (60 deg). A non-standard FoV limit of ~ 70 deg allows us to analyze the
data of GRB 160821B from Tj to Ty + 2315 s. The source entered the FoV again later, from Ty +
5285 sto Tp + 8050 s.

The optical afterglow was first reported by NOT [22], and confirmed by WHT [21], GTC [23],
and HST, which reported the redshift of z = 0.162 [9]. Observations confirmed that the source was
fading in the optical band, as is the case for most of GRBs, with a magnitude r = 22.6 mag at 0.95
hr after Tp. The GRB is located in the outskirts of a host spiral galaxy. In the radio band, VLA
detected a fading source consistent with the afterglow from the GRB [24].

3. Results

MAGIC detected a hint of the gamma-ray emission above ~ 0.8 TeV with a significance of 3.1
sigma (pre-trial), which leads to 2.9 sigma after a correction for the cuts tried in the analysis (Fig.1).
The right panel of Fig.1 shows the sky map of the excess significance (pre-trial over the FoV), which
is consistent with the excess signals derived from the so-called theta squared plot (the left panel),
where the events are plotted with respect to the angular distance from the source squared. A slight
discrepancy from the source location is seen in the sky map, which can be well attributed to the
statistical fluctuation [18].

In order to estimate the flux inferred from the hint of the detection, we divided the data into
two parts differentiated by the weather conditions (see Sec.2). Then, we further subdivided the first
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Figure 1: The hint of the detection by MAGIC [18]. Left: so-called theta square plot, where the events are
plotted with respect to the angular distance from the source squared, showing a hint of the detection with 3.1
sigma. Right: the corresponding skymap with pre-trial significance of 4.7 sigma.

part into two bins to well represent the trend in the logarithmic scale in terms of time since Tp. Out
of the three bins in total, the first 2 bins ( — Ty = 24 — 1216 s, and 1258 — 6098 s) provided us only
with an upper limit point. 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 (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: Multiwavelength light curve with the model curves [18]. 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
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Figure 3: Spectral energy distribution with the model curves [18]. Dashed line is the source intrinsic flux
after the EBL attenuation is corrected for. See texts for more details.

observations are taken into account in the following discussions, even though not explicitly written.

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. Itis 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 ¢ ~ #y+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
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electron injection with a power-law energy distribution, synchrotron, synchrotron-self-Compton
(SSC) & adiabatic losses, synchrotron self-absorption, and y7y pair production. The estimated TeV
flux is shown as red solid line both in Figs.2 and 3, to be compared with the flux inferred by MAGIC.
The adopted one-zone synchrotron self-Compton model from the external forward shock is one of
the most straightforward interpretations, which however predicts more than one order of magnitude
lower flux than the flux inferred from the observation. See [18] for further details of the parameters.
‘We conclude that the simplest model is in tension with the observed TeV flux.

There are possibilities of other interpretations. First considered is the proton synchrotron emis-
sion [25]. From a simple calculation [18] the inferred maximum photon energy and flux require
too large material density and/or kinetic energy. Thus, the interpretation is strongly disfavored,
similarly to other interpretations like photohadronic cascade [26]. One potentially plausible inter-
pretation would be the external Compton emission [27]. There are a few possibilities of the target
soft photons such as the X-ray extended emission and kilonova, as well as the thermal X-rays in
the forward shock, all of which are observed in GRB 160821B. Finally, the GRB clearly showed
the reverse shock component, which would allow a TeV component still in the context of SSC [28],
possibly with continuous energy injection [29].

5. Summary and Outlook

The classification of GRBs only with their duration is prone to ambiguity, in particular around
Ty ~ 2 s. The kilonova emission observed in optical band is thought to be a confirmation of Short
GRB type, which is however difficult to detect due to its dimness.

GRB 160821B is one of the nearest Short GRBs, observed by multi-wavelength instruments
from radio even to (very-)high-energy gamma-ray instruments such as MAGIC telescopes and
Fermi-LAT. The multi-wavelength observations revealed the X-ray extended emission, forward and
reverse shock afterglow, and the kilonova emission. On top of that, MAGIC has reported a hint of
VHE gamma-ray emission, which made this GRB more intriguing.

A new modeling including the most recent multi-wavelength data sets is reported in this
contribution. The modeling showed that the simplest interpretation with the SSC model does not
well reproduce the observations of the VHE gamma-ray emission. Possible alternative models such
as the proton synchrotron are discussed.

This observation is an important step for the multi-messenger observation of GRBs including
GW detectors. NS-NS mergers are one of the key targets of the GW detectors, such as LIGO-
Virgo-KAGRA, and their operation started recently. For the coming years, not only the currently
operational Cherenkov telescopes (such as MAGIC, H.E.S.S., VERITAS) but also the next project,
Cherenkov Telescope Array, will be essential to study the GRB-GW events, and understand the
nature of Short GRBs.
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