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Recently, several gamma-ray bursts (GRBs) have been detected in the very-high-energy (VHE)
gamma-ray energy range by ground-based gamma-ray experiments such as MAGIC, H.E.S.S.,
and LHASSO. For some GRBs, the VHE emission is consistent with synchrotron self-Compton
(SSC) emission from high-energy electrons accelerated in the forward shock of the relativistic jet.
However, more statistics are needed to further constrain the emission models. GRB 201216C is a
long bright GRB detected in a broad energy range from radio to VHE. The redshift is estimated
to be 1.1, making the GRB the most distant source detected in the VHE energy range. MAGIC
started the observation 56 seconds after the GRB was triggered by the Swift-BAT telescope. We
performed a detailed analysis and detected the signal with about 6 sigma in the first 20 minutes.
MAGIC continued the observation for 2.2 hours on the same night and 4 hours on the next night.
No signal was detected later than 40 minutes after the GRB trigger. We have performed modelling
of the multi-wavelength emission using the MAGIC data. We analysed simultaneous optical data
from Liverpool Telescope with MAGIC and included the results in the modelling. The sub-TeV
emission is consistent with the single-zone SSC model in the forward shock. In this presentation,
we show the final results of the MAGIC data analysis of GRB 201216C and discuss the emission
mechanism of the multi-wavelength data.
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1. Introduction

Gamma-ray bursts (GRBs) are the most energetic explosions in the universe that release
isotropic equivalent energies of up to around 10°* erg in the keV-MeV energy range. GRBs are
classified into two populations according to their main burst durations. Ones with durations shorter
than 2 seconds are dubbed as short GRBs, whereas the others are dubbed as long GRBs. Their
origins are thought to be mergers of neutron star binaries (e.g. [1]) for short GRBs or core-collapse
supernovae (e.g. [2]) for long GRBs. Some GRBs exhibit hybrid features (e.g. [3]). Major
mysteries exist regarding relativistic jets accompanied by GRBs with bulk Lorentz factors of above
100. The jet launching mechanism of such highly relativistic jets is still under debate. It is unclear
as well how their energies are dissipated as radiation.

The main burst is followed by an emission phase called afterglow. The afterglow emission is
observed in a wide energy range from radio to gamma rays. Both the spectrum and the temporal
evolution follow multiple power-law components connected with a few breaks. The temporal
evolution of its multiwavelength emission is well explained by a synchrotron model in the forward
shock formed between the relativistic jet and the ambient medium [4]. By using this model,
parameters such as the jet bulk Lorentz factor and the ambient matter density can be constrained
through afterglow observations. However, even after the intense afterglow observations performed
by both satellite and ground-based telescopes, the aforementioned mysteries of the jets have not yet
been solved.

Recently afterglow emissions have been detected in the VHE gamma-ray range from several
GRBs above 5 o ([5, 6, 8, 10]). This energy range is above the expected maximum energy of
the synchrotron emission for electrons (see e.g. [13]) assuming acceleration and cooling sites
are the same. As a result, a different radiation process with respect to the synchrotron emission
must be considered to explain the afterglow radiation in the VHE range. The simplest model
is the synchrotron-self Compton (SSC) model, in which synchrotron photons produced by high-
energy electrons are up-scattered by the same population of electrons. This model explains multi-
wavelength afterglow emissions up to the VHE range for most VHE-detected GRBs (e.g. [7, 9, 10]).
Although interpreting the multiwavelength emission up to the VHE range is expected to give further
insights into physics parameters related to GRBs, the statistics of VHE-detected GRBs are still very
limited. Searches for unbiased populations of GRBs in the VHE range are essential.

GRB 201216C is the recently detected GRB by MAGIC with a redshift of 1.1. This is the
farthest GRB detected ever in the VHE range. Interpretation of the multi-wavelength emission from
this GRB leads to a more general picture of the physics parameters behind GRBs. In this work, we
first present multiwavelength observations of GRB 201216C, then the observation and the analysis
in the VHE range, and finally our interpretation of the multi-wavelength emissions.

This contribution is an updated version of the ICRC 2021 proceedings [11], and substantially
overlaps with an unpublished paper submitted to a journal [12].

2. GRB 201216C

GRB 201216C was detected by Swift-BAT at 23:07:31 UT on Dec. 16th 2020 [14] (defined
as Tp). This is a long GRB according to the duration of the main burst (Tyg, the period during
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which 5% to 95% of the total emission from is received) of about 29.9 sec in 50-300 keV [15]. The
spectroscopic redshift is obtained as 1.1! by the VLT X-shooter measurement. The GRB turned
out to be luminous judging from the isotropic equivalent energy 4.7 x 103 erg in 10-1000 keV
calculated using the obtained redshift. The optical spectrum is unusually reddened due to significant
extinction at short wavelengths [16].

There were multiwavelength afterglow observations up to tens of days after 7y in a wide range
of energies from radio to TeV. The fluxes and upper limits are shown in Fig. 3. Radio observations
were reported in [24] at 1.3/5/10 GHz at late times after 7y + 5 days. The radio flux was gradually
decaying in this time range except for the flux at 1.3 GHz increasing up to Tp + 40 days. In the
optical range, VLT, FRAM-ORM, and Liverpool Telescope (LT) detected the early-phase afterglow
emission [16-18]. LT automatically reacted to the GRB alert and started the observation from
To+ 178 sec in the SDSS-r band [19]. The light curve measured by LT was flat up to around Ty +400
sec. The following optical flux decay was confirmed by the VLT measurement starting at 7y + 2.4
hours and no detection by LT 1 day later.

Swift-UVOT performed its observation in the UV-optical range without any detections [20]. In
the X-ray range, Swift-XRT detected a decaying emission consistent with a preliminary power-law
index of -2.1 before 7o +9ks [21]. Fermi-LAT observed the GRB in the GeV range between Ty + 3.5
ks and Ty + 5.5 ks. An upper limit was calculated due to no detection in this period [22]. In the
sub-TeV range, MAGIC observed the GRB from the early phase and detected the emission. The
observation detail is explained in the next section. HAWC observed the GRB in the slightly higher
energy range than MAGIC. No significant emission was found up to 7y + 3.6 ks [23].

3. MAGIC observation and analysis

MAGIC is one of the state-of-the-art ground-based gamma-ray experiments using the imag-
ing atmospheric Cherenkov telescope technique. It is located at La Palma, Canary Islands, Spain
(28°45’N, 17°53’W). It is a stereoscopic system consisting of two 17-m diameter parabola tele-
scopes. Thanks to the large telescope size, an energy threshold of 50 GeV is achieved under dark
conditions at low zenith angles. The integral sensitivity above 105 GeV is about 20% Crab Unit for
an observation of 20 minutes [25], the same duration as adopted in the analysis of GRB 201216C.

On Dec. 16th, 2020, MAGIC received the alert of GRB 201216C at Ty + 20 sec. MAGIC
immediately slew the telescopes to the position reported by Swift-BAT and started the observation
of GRB 201216C from as early as Ty + 56 sec. MAGIC continued the observation up to Ty + 2.4 h.
The zenith angle increased from 37.1° to 68.3°. The weather was clear all through the observation
with a 9-km height transmission of close to 1 measured by the LIDAR system [26]. The moon was
not located in the visible sky.

The observation was performed the next night as well. It started at 7 + 73.8 ks and continued
for 4.1 h. The zenith angle shifted from 17.0° to 46.3° with a culmination at 11.7° in the middle.
The weather condition was similar to the one on the first night.

The analysis was performed using the standard MAGIC analysis tool (MARS, detail in [27]).
Since most of the photons are detected at low energies in the sub-TeV range, we applied a non-
standard event reconstruction algorithm in the calibration and image cleaning steps developed in

Ithe value is confirmed by private communication with the STARGATE Collaboration
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Figure 1: Left: distributions of squared angular distances of reconstructed events from the GRB position
(red) and the background positions (blue). Only the data for the first 20 minutes is used. Right: significance
distribution around the GRB position in the sky coordinates. The first 20 minutes is used as signal data.

[28], which is sensitive to low-energy photons. High level reconstruction was performed in a
standard pipeline described in [25] to obtain information on primary gamma rays and to calculate
the GRB fluxes.

4. Results

We produced two plots shown in Fig. 1 to confirm the detection of the VHE emission from
the GRB. The left plot shows squared angular distributions from the GRB position (red) and the
background positions (blue) for the first 20 minutes. The detection significance was calculated using
Eq. 17 in [29] after event selections optimized with simulated data. The obtained significance is
6.00. The right plot shows a significance map for the first 20 minutes around the GRB position
reported by Swi f-XRT. The significance at each sky position was calculated the same formula
used for the Fig. 1 left plot. Both plots verify the detection of the early-time afterglow from
GRB 201216C.

We then produced a sub-TeV spectrum using the first 20-minute data when the emission was
significantly detected. Fig. 2 left shows both an observed spectrum and an EBL.-corrected spectrum.
The spectral points with error bars were obtained by following one of the unfolding procedures
(Bertero) described in [34]. At the highest energy bin around 200 GeV 20 upper limits were placed
due to the low significance. The solid and dashed straight lines in Fig. 2 left are the best-fit power
laws of EBL-corrected and observed spectra respectively obtained by a forward folding method.
The EBL-corrected spectrum has a power-law index of -3.15+0.70 and the observed spectrum of
-5.32+0.53.

Since the observed spectrum is very steep due to the EBL attenuation from the redshift 1.1, the
flux values are affected largely by a systematic uncertainty on the energy scale implemented in the
simulation. We studied the effect on the power-law fits by shifting the scale by +15% as described
in [25] during the forward folding step. The obtained power-law index of the EBL-corrected
spectrum ranges from -3.19 in the case of -15% to -2.17 in the case of +15%. At the redshift 1.1, the
uncertainty of the EBL model itself cannot be neglected as well. We studied this effect by calculating
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Figure 2: Left: EBL-corrected and observed spectra for the first 20 minutes. The spectral points and 2-0
upper limits are calculated by the Bertero unfolding method [34]. The solid and dashed straight lines are
best-fit power laws to EBL-corrected and observed data respectively. The curved line is the best-fit EBL-
corrected power law to the observed data. Right: energy-unit light curve between 70 GeV to 200 GeV. The
upper limits are placed in bins with relative errors of >50% in a way described in the text.

the spectrum with different EBL models: D11, FO8, FI10, G12 reported in [30-33] respectively.
The power-law spectral index ranges from -3.19 with FO8 to -2.45 with G12. The overall systematic
uncertainties on the best-fit power-law parameters are —3. 15t%_77%(stat) t%'.%a(sys)t%'_z)a(sysEBL) for
the index and 2.03t%_3399(stat)t%"%%(sys)t})"%% (sysEBL) x 10~8TeV~! s~! cm~? for the normalization.

Fig. 2 right shows the EBL-corrected light curve between 70 GeV and 200 GeV. The flux in
each bin was obtained by integrating the EBL-corrected forward-folded spectrum with D11 in the
energy range. The upper limits were placed on the bins with relative errors larger than 50%. We
performed the upper limit calculation by following a method in [35] and by assuming a spectrum
of an EBL-corrected power law with D11 with an index of -3. As seen in the last bin, we found no
significant emission on the 2nd night. The best-fit power-law temporal index up to 7y + 40 minutes

excluding the 3rd bin is —0.62 + 0.04.

5. Interpretation of Multiwavelength emission

Before showing the results of numerical simulations, some physical parameters can be already
inferred from the multiwavelength light curves and spectra. In Fig. 3 the optical flux measured by LT
is flat from 7p + 178 sec to around T +400 sec. This indicates that the matter density distribution of
the ambient medium from the central engine n(R) is wind-like and described as n(R) = AR 2 rather
than a constant density. This is because there is no region in the spectrum that has a flat temporal
evolution in the latter case [36]. The optical range in our case is expected to stay v < vy, < V. in this
phase (see e.g. [36] for the definitions of vg,, v, V). In this spectral component, the analytical flux
follows 1°. The preference of the wind-like medium is also suggested by the monotonic sub-TeV
flux decay from as early as 7p + 56 sec measured by MAGIC. In the constant-medium case, the
early-phase sub-TeV flux before the deceleration of the jet should increase assuming the SSC model
([10] supplement), which is not seen in this GRB.

The late-time radio fluxes are almost constant except for the flux at 1.3 GHz, indicating the
radio range is located in the same spectral component as the early-time optical range. However,
the rapid increase at 1.3 GHz cannot be explained in the wind-like medium regime because the
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Figure 3: Multiwavelength lightcurve of GRB 201216C. The Sub-TeV fluxes by MAGIC are EBL corrected.
The optical and X-ray fluxes are corrected for the absorption as well. The triangles are upper limits in
the radio range. The curves are results of the best-fit synchrotron+SSC forward shock model at individual
wavelength ranges. The brown and cyan vertical lines correspond to time periods used in Fig. 4.

self-absorption frequency vy, is constant. The rapid increase and the plateau around 7y + 40 days
might be explained by v, crossing 1.3 GHz due to the relation v, o #~3 if we assume the constant
medium density. Even in this case the flux at vg, on around 7y + 40 days is not consistent with
other physical parameters such as the total kinetic energy of the jet Ex. We conclude that a simple
one-zone forward shock model cannot explain the radio emission. One possibility is to consider a
structured jet instead of a simple top-hat jet as suggested in [24].

We performed numerical simulations of expected synchrotron and SSC emissions by changing
parameters such as Ex, €., €g,n(R), o, p, 0je. The method is described in [37] in detail. €, and
ep are fractions of the jet energy transferred to the accelerated electrons and the magnetic field
respectively, p is the power-law index of the electron energy distribution, Iy is the initial bulk
Lorentz factor of the jet, and 6 is the opening angle of the jet. The results are shown in curves of
Fig. 3 for the light curves and Fig. 4 for the spectra. We found the multiwavelength light curves
and spectra consistent with the synchrotron and SSC emissions from the forward shock of the jet
except for the late-time radio emissions. We found no solutions with constant n(R) as expected.
The best-fit parameters for the curves shown in Fig. 3 and Fig. 4 are Ey = 4 x 107 erg, €, = 0.08,
ep =2.5% 1072, A, =2.5x 1072 (A =3 x 10°°A, cm™!), p = 2.1, Ty = 180, and Oje = 1°. e is
loosely constrained so that the expected radio flux does not exceed the observed flux. The obtained
value is at the lower edge of the distribution shown in [38], however, the small jet angle is confirmed
in another TeV-detected GRB as well [10]. As seen in Fig. 4, the synchrotron origin of the sub-TeV
emission is excluded because the maximum energy of the synchrotron emission is located around
10 GeV at Ty + 177 sec and decreases with time.
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Figure 4: Spectral energy distribution of GRB 201216C at different periods. The Sub-TeV spectrum is EBL
corrected. The X-ray spectrum around 9000 sec was calculated using XSPEC software. The optical and
X-ray fluxes are corrected for the absorption. Different colors show results of the best-fit model at different
periods. The green curve is the total spectrum of synchrotron and SSC emissions averaged between Ty + 56
sec and Ty + 1224 sec (shown only above 10 GeV).

6. Conclusion

We studied the multiwavelength emissions from GRB 201216C located at the redshift 1.1.
MAGIC observed it and detected the sub-TeV emission from 7 + 56 sec to around 7Ty + 2.4 ks,
making the GRB the farthest source detected in the VHE range. The energy range of detected
photons by MAGIC is between 70 GeV and 200 GeV, which is a new energy window for GRBs
achieved thanks to the low energy threshold of MAGIC. The EBL-corrected sub-TeV spectrum
and the light curve are both consistent with power laws. We performed the numerical simulations
and found that the multiwavelength light curves and spectra except for the radio data were well
explained by the synchrotron and SSC emissions from the forward shock of the jet. Our model
and analytical discussion with the help of the sub-TeV observation disfavor the constant ambient
medium density. The preference for the wind-like distribution suggests evidence of strong stellar
wind surrounding the GRB, which has not been confirmed in the other GRBs detected in the TeV
range. Future observations in the TeV range will further constrain the population of this parameter.
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