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Gamma-ray bursts (GRBs) are the most energetic phenomena in the Universe. Many aspects of
GRB physics are still under debate, such as the origin of their gamma-ray emission above the GeV
energy range. In 2019, MAGIC detected TeV gamma rays from the long GRB 190114C, whose
emission can be well explained by synchrotron-self Compton emission by relativistic electrons.
However, it is still unclear whether such a process is common in GRBs, given the reduced number
of GRBs detected until now at the very high energies (VHE). GRB 201216C is a long GRB and
is the second one detected by MAGIC in this energy range. After receiving the alert provided by
Swift-BAT, MAGIC automatically slewed to the GRB position, starting observations 56 seconds
after the GRB onset. In the offline analyses of the collected data, we confirmed the detection of
gamma-ray emission with a significance above 5 sigma. Following measurements from optical
facilities, the redshift of this GRB was estimated to be z = 1.1. This makes GRB 201216C the
most distant object ever detected by ground-based gamma-ray telescopes. In this contribution we
will show the analysis results of the MAGIC data, also in comparison with past detected GRBs in
the same energy range. Finally, accounting for available multi-wavelength observations, we will
comment on the possible origin of the VHE emission detected by MAGIC.
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1. Introduction

Gamma-ray bursts (GRBs) are the most powerful phenomena in the Universe emitting elec-
tromagnetic radiation. Even though more than 50 years have passed since their discovery, many
aspects, such as the origin of their prompt emission, the formation of relativistic jets, and the
gamma-ray emission mechanism are yet to be properly understood.

The emission from GRBs is classified into two succeeding phases. The initial emission is
called prompt emission, which is dominated by soft gamma rays and shows irregular variability
of the flux. Depending on the duration of this phase, GRBs are categorized as long or short, a
classification which is related to the different progenitor systems producing the GRB. The second
phase, which may overlap with the prompt emission, is called afterglow. This phase is characterized
by a broadband emission from radio to gamma rays with long lasting duration (from few days to
months) and typical temporal decay following a simple power-law.

The current accepted model of the afterglow explains the multiwavelength emission as syn-
chrotron radiation from relativistic electrons, which are accelerated by the forward shock of the jet
when it interacts with the interstellar medium and decelerates (e.g. [1]). A contribution from the
reverse shock is also evident in many cases (e.g. [2]). As a consequence of this simple model,
the multiwavelength spectra and light curves are expected to be described by multiple power-law
segments with different indices. Observations are in general agreement with this scenario.

On January 14th, 2019, MAGIC detected for the first time a GRB in the very-high-energy
(VHE, roughly >50 GeV) range. Hundreds of gamma rays between 300 GeV and 1 TeV were
detected from the long-duration GRB 190114C [4]. The emission reached photon energies higher
than the maximum energy achievable by synchrotron emission when standard shock acceleration is
considered, suggesting the presence of an additional component. The need for an additional spectral
component is also supported by the double-bump shaped SED, as constrained by X-ray, LAT and
MAGIC simultaneous observations [5]. Even though a synchrotron self-Compton (SSC) emission
was found to be able to explain the emission from GRB 190114C in the VHE range, it is not obvious
that the SSC emission is energetically relevant among all the GRBs. The H.E.S.S. Collaboration
also detected two GRBs in the VHE range several hours after the triggers [6, 7]. For the second
one, GRB 190829A, a difficulty in the interpretation of the VHE observations as SSC radiation has
been claimed (but see [8]). The data of the GRBs detected by MAGIC and H.E.S.S have variety in
many aspects such as observation time after triggers and energetics. More observations of GRBs
in the VHE energies are therefore necessary to establish a standard model explaining the origin of
the very high energy component.

In this work, we report the MAGIC observation and the analysis result of GRB 201216C, which
is the second GRB detected by MAGIC, on December 16th, 2020 [9].

2. GRB 201216C

GRB 201216C is a bright long GRB triggered by the Swift-BAT at 23:07:31 UT on December
16th, 2020 (from here on denoted as 7p) [10]. The light curve of the prompt emission consists
of multiple peaks between Tp — 16 s and 7y + 64 s, and the main peak occurred at Ty + 20s [11].
Tyo is (48 = 16) s as measured in the 15-350 keV band by Swift-BAT analysis, and 29.9s in the
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50-300 keV band by Fermi-GBM [12]. The time-integrated spectrum between Ty and Ty + 50's
is best fitted by a Band function with a peak energy of (326 + 7) keV, a low energy index of
—1.06 + 0.01, and a high energy index of —2.25 + 0.03. The fluence is (4.5 + 0.1) x 107> erg/cm?
and (1.41 £ 0.06) x 10~* erg/cm? in the 15-150 keV and in the 10-1000 keV bands respectively.

The redshift of this GRB is estimated to be z = 1.1 by the optical observations with the ESO
Very Large Telescope (VLT) [13]. The isotropic equivalent energy Ejg, in the 10-1000 keV band is
(4.71 £ 0.16) x 107 erg calculated from the redshift and the fluence measured by Fermi-GBM.

Optical measurements were performed by several instruments. The ESO VLT detected the
afterglow by the observation of one of the telescopes (UT3) with X-shooter spectrograph starting
To +2.19h [14]. The exposures were 120, 90, 180s in the Sloan g’,r’, z” bands respectively, and
the AB magnitude of 7’ band is 21.81 + 0.05. The robotic telescope FRAM-ORM automatically
reacted to the alert and observed the GRB from 7y + 31.6 s to around Ty + 1000 s [15]. The duration
covered the onset of the afterglow and the power-law temporal decay index is -1.07 estimated by the
data combined with the VLT. The Liverpool Telescope (LT) reported detection with a magnitude
of 18.38 in the r’ band at Ty + 177 s [16]. The optical flux shows a peak around this time.

X-ray observations of the late-time afterglow were performed by Swift-XRT, starting at Tp +
2966.8s. The power-law decay index before and after Ty + 9078 s is —2.09*0-16 and —1.07+0-15

-0.10 -0.10
respectively [17].

3. MAGIC observation and analysis

MAGIC consists of two imaging Cherenkov telescopes with a diameter of 17 m. The MAGIC
site is located at an altitude of 2200 m in the Roque de los Muchachos Observatory on the Canary
Island of La Palma in Spain. The target energy range is from 50 GeV to 50 TeV covering a wide
range where gamma-ray satellites do not have high sensitivities. MAGIC has a high sensitivity
especially for bright transient sources. The integral sensitivity above 105 GeV is 40% of the flux of
Crab Nebula assuming a 0.1 h observation [18].

Due to the large size of the telescopes, MAGIC can detect dim Cherenkov light, which
leads to a relatively low energy threshold compared to other ground-based gamma-ray telescopes.
Moreover, the very light carbon fiber structure allows to perform fast rotation of the telescopes
so that MAGIC can start observations of transient phenomena with short delay. The follow-up
procedure is automatically started as soon as alerts of immediately observable sources such as
GRBs are received.

At 23:07:51 UT on December 16th 2020, MAGIC received the alert of GRB 201216C from
Swift-BAT and started fast repositioning of the telescopes immediately [9]. MAGIC succeeded to
start the observation with a stable trigger rate at 7p + 56 s. The observation was performed with the
so-called wobble mode, where the telescopes were pointed to a sky position 0.4 deg away from the
source position. The MAGIC observation was 2.2 h of exposure in total. The zenith angle ranged
from 37 deg to 68 deg with the energy threshold increasing accordingly. Due to the absence of
the moon, the level of the night sky background was low enough to retain dim shower images and
therefore obtain a low energy threshold.

The analysis of the data was performed with MAGIC Analysis and Reconstruction Software,
MARS [19]. Since gamma rays with energies above a few hundred GeV are strongly attenuated
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by the extragalactic background light (EBL) given the redshift z ~ 1.1 of the source, the energy
distribution of the excess counts is concentrated at energies close to the threshold around 100 GeV.
Therefore, to keep as many low-energy events as possible, we adopted an image cleaning method
to extract dimmer Cherenkov showers initiated by gamma rays than the standard method. By
using simulated events, we confirmed that more low-energy events survived the event cuts and the
sensitivity below 100 GeV was improved with this method.

4. Results

The so-called theta2 plot for the first 20 min of the MAGIC observation is shown in Fig. 1. This
plot contains the distribution of squared angular distances between the reconstructed positions of
gamma-like events and the source position. Such a distribution was also produced around positions
without any gamma-ray sources and overlapped to compare it with the one around the source
position. The assumed source position is taken from the report by Swift-XRT. The OFF regions are
selected so that their centers are at the same distance from the center of the camera as the source
position. We selected in total 5 OFF regions and the theta2 distribution of the OFF regions was
obtained by averaging and normalizing the counts. The signal significance is calculated using the
formula Eq. 17 in Li&Ma 1983 [20]. We tried two analysis periods of 20 min (one data run) and
2.2h, and obtained 6.0 o for the first 20 min. Taking into account a trial number of 2, the post-trial
significance is 5.9 o, which indicates the clear detection of the VHE emission from the GRB. Fig. 2
shows a significance sky map around the GRB position reported by Swift-XRT. There is a spot
above 6 o at the position consistent with the GRB within the PSF size.
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Figure 1: Distribution of angular distances between the reconstructed positions and the source position
(theta2 plot). The counts of ON and OFF regions are plotted together. The OFF distribution is filled with
grey. The significance is calculated from the counts inside the dotted vertical line with Eq. 17 in LiMa 1983.
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Figure 2: Test statistics map around the position of GRB 201216C reported by Swift-XRT (open cross). The
PSF size is shown with the white circle.

We produced a preliminary time-integrated spectrum for the first 20 min. The observed
spectrum has a very steep power-law index due to the strong attenuation by EBL from a distance
of z ~ 1.1, especially for the events with energies higher than a few hundreds of GeV. We then
calculated the EBL-corrected spectrum using the EBL model by Dominguez 2011 (hereafter D11
[21]). . The EBL-corrected spectral energy distribution is consistent with a flatter single power-law
around 100 GeV, too. We have no spectral points above 200 GeV since there are no significant
excess counts due to the strong flux attenuation.

Finally, we produced a preliminary photon-flux light curve from 7y + 56 s to 7p + 2.2 h. The
photon flux is monotonically decaying with time, and the curve is consistent with a power-law.
Upper limits are derived for the bins after 7 + 50 min since we do not have significant excess after
that time.

5. Discussion and Conclusions

MAGIC observed GRB 201216C immediately after receiving the alert and started observations
at Ty + 56 s. We detected VHE gamma rays with a significance above 5 o at the GRB position by
the offline analysis of the first 20 min, making the source the second GRB detected by MAGIC. The
excess counts are dominated by events around 100 GeV, and the observed spectrum is very steep.
Both the observed and EBL-corrected spectra are compatible with power-law functions.
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We found that the MAGIC flux decays monotonically with time and is consistent with a power-
law. The timescale of the MAGIC emission and the temporal behaviour let us conclude that the
origin of the VHE radiation is related to the afterglow phase.

The temporal and spectral behaviour of the VHE emission detected from GRB 201216C are
qualitatively similar to those of the emission detected from GRB 190114C. However, a detailed
study of MWL data is needed to understand if also in this case the emission can be satisfactorily
explained in terms of SSC radiation. Currently, the modeling of the MWL observations is being
performed to test whether the synchrotron + SSC scenario can explain the multiwavelength data
including MAGIC. The results of this study will be the subject of an upcoming paper (MAGIC
Collaboration, in preparation).
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