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Abstract

Gamma-ray bursts (GRBs) are the most luminous sources of electromagnetic radiation in the Universe,
of which many fundamental aspects remain poorly understood. TeV gamma rays from GRBs are expected
to provide crucial new information on the physical mechanisms of energy dissipation, particle acceleration
and radiation in these enigmatic objects. After decades of searches, a high significance detection of TeV
gamma rays from a GRB was finally achieved for GRB 190114C with the MAGIC telescopes. This was ac-
companied by an extensive multi-wavelength follow-up campaign, spanning the radio band to GeV gamma
rays. These observations unambiguously reveal a new emission component in the afterglow of a GRB,
whose power is comparable to that of the synchrotron component. This component is satisfactorily inter-
preted as synchrotron-self-Compton emission with plausible afterglow parameters, and may be commonly
produced in GRBs. Hadronic radiation mechanisms such as synchrotron emission by ultrahigh-energy
protons are disfavored as its origin due to their low radiative efficiency. These results are a first step
towards a deeper understanding of the physics of GRBs and relativistic shock waves. Further implications
and prospects for the near future are briefly discussed.
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1. Introduction

Long gamma-ray bursts (GRBs) are the most luminous
sources of electromagnetic radiation known in the Uni-
verse, generated in ultra-relativistic jets during the col-
lapse of massive stars at cosmological distances (Kumar
& Zhang 2015). Prompt flashes of MeV gamma rays are
followed by longer-lasting afterglow emission from radio
waves to GeV gamma rays, mainly due to synchrotron
radiation by high-energy electrons accelerated in exter-
nal shocks in the ambient medium (Mészáros 2002; Piran
2004). Although emission of gamma rays at even higher,
TeV energies by various radiation mechanisms had been
theoretically predicted (Meszaros et al. 2004; Fan &
Piran 2008), it had not been detected until recently,
despite many years of dedicated searches (Inoue et al.
2013; Nava 2018).

A high significance detection of TeV gamma rays from
a GRB was finally achieved for GRB 190114C with the
MAGIC telescopes (MAGIC Collaboration 2019) (here-
after M19a). Gamma rays in the energy range 0.2–
1 TeV were observed from about 1 minute after the
burst, with significance exceeding 50σ in the first 20
minutes. This was accompanied by an extensive multi-
wavelength (MWL) observational campaign, covering

the bands from GHz up to GeV (MAGIC Collaboration
et al. 2019) (hereafter M19b). Some results from these
observations with emphasis on the MAGIC data appear
in Noda et al. (2020) (hereafter N20). This article fo-
cuses on the MWL observations, along with the physical
interpretation. For more details, see M19a and M19b.

2. MAGIC Observations

We summarize here the most salient observational re-
sults. GRB190114C is a long GRB with measured du-
ration T90 ∼ 116 s for Fermi/GBM and ∼ 362 s for
Swift/BAT, at redshift z = 0.4245 ± 0.0005. The
isotropic-equivalent energy of the emission at ε =10–
1000 keV during T90 observed by Fermi/GBM was
Eiso ∼ 3 × 1053 erg, implying that GRB190114C was
fairly energetic, but not exceptionally so compared to
previous events.

Fig. 1 of M19a, N20 shows the light curve for the en-
ergy range ε = 0.3−1TeV, corrected for the effects of in-
tergalactic attenuation caused by the extragalactic back-
ground light (EBL). It is well fit with a simple power-law
function F (t) ∝ tβ with β = −1.60 ± 0.07. There is no
clear evidence for breaks or cutoffs in the light curve, nor
irregular variability beyond the monotonic decay. The



light curves in the keV and GeV bands display behaviour
similar to the TeV band, with somewhat shallower decay
slope for the GeV band. These properties indicate that
most of the observed TeV-band emission is associated
with the afterglow phase, rather than the prompt phase
that typically shows irregular variability. Note that while
the measured T90 is as long as ∼360 sec, the keV-MeV
emission does not exhibit clear temporal or spectral evi-
dence for a prompt component after ∼ T0+25 s (Ravasio
et al. 2019). The power radiated in the TeV band is
comparable, within a factor of ∼ 2, to that in the keV
and GeV bands, during the periods when simultaneous
TeV-keV or TeV-GeV data are available.

Fig. 2 of M19a, N20 presents both the observed and
the intrinsic (EBL-corrected) spectra above 0.2 TeV,
averaged over the time interval when the GRB is de-
tected by MAGIC. The observed spectrum can be fit in
the energy range 0.2 − 1TeV with a simple power-law
with photon index αobs = −5.43 ± 0.22 (statistical er-
ror only). It is remarkable that photons are observed at
ε ∼ 1TeV, despite the severe EBL attenuation expected
at these energies (by a factor ∼ 300 based on plausible
EBL models). Assuming a particular EBL model, the
intrinsic spectrum is well described as a power-law with
αint = −2.22+0.23

−0.25 (statistical error only), extending be-
yond 1 TeV at 95% confidence level with no evidence for
a spectral break or cutoff. Adopting other EBL models
leads to only small differences in αint, compatible within
the uncertainties (M19a).

Much of the observed emission up to GeV energies for
GRB 190114C is likely afterglow synchrotron emission
from electrons, similar to many previous GRBs (Kumar
& Zhang 2015). The TeV emission observed here is
also plausibly associated with the afterglow. However,
it cannot be a simple spectral extension of the electron
synchrotron emission. The maximum energy of the emit-
ting electrons is determined by the balance between their
energy losses, dominated by synchrotron radiation, and
their acceleration. The timescale of the latter should
not be much shorter than the timescale of their gyration
around the magnetic field at the external shock. The en-
ergy of afterglow synchrotron photons is then limited to a
maximum value, the so-called synchrotron burnoff limit
of εsyn,max ∼ 100(Γb/1000) GeV, which depends only
on the bulk Lorentz factor Γb (Ackermann et al. 2014).
The latter is unlikely to significantly exceed Γb ∼ 1000.
Fig. 3 of M19a, N20 compares the observed photon en-
ergies with expectations of εsyn,max under different as-
sumptions. Although a few gamma rays with energy
approaching εsyn,max had been previously detected from
a GRB by Fermi (Ackermann et al. 2014), the evidence
for a separate spectral component was not conclusive,
given the uncertainties in Γb, electron acceleration rate,
and the spatial structure of the emitting region. Here,

even the lowest energy photons detected by MAGIC are
significantly above εsyn,max and extend beyond 1 TeV
at 95% confidence level. Thus, this observation provides
the first unequivocal evidence for a new emission com-
ponent beyond synchrotron emission in the afterglow of
a GRB. Moreover, this component is energetically im-
portant, with power nearly comparable to that in the
synchrotron component observed contemporaneously.

Comparing with previous MAGIC observations of
GRBs, the fact that GRB 190114C was the first to be
clearly detected may be due to a favorable combina-
tion of its low redshift and suitable observing conditions
rather than its intrinsic properties being exceptional, al-
though firm conclusions cannot yet be drawn with only
one positive detection (M19a, N20).

3. Multi-wavelength Observations

The detection by MAGIC was announced to the as-
tronomical community within a few hours, which trig-
gered an extensive campaign of MWL follow-up obser-
vations involving instruments onboard six satellites and
15 ground telescopes. The frequency range covered by
these observations spans more than 17 orders of mag-
nitude, from 1 to ∼ 2 × 1017 GHz, the most extensive
to date for a GRB. The light curves of GRB 190114C at
different frequencies are shown in Fig. 1 (see also M19b).

The spectral energy distributions (SEDs) in the
MAGIC band are shown in Fig. 2 (see also M19b) for
five time intervals, the first two for which simultaneous
keV and GeV data are also available. During the first
interval (68-110 s), Swift/XRT+BAT and Fermi/GBM
data show that the afterglow synchrotron component is
peaking in the X-ray band. At higher energies, up to
∼1GeV, the SED decreases with energy, supported by
the Fermi/LAT data. On the other hand, at even higher
energies, the MAGIC data above 0.2TeV implies a spec-
tral hardening, independent of the adopted EBL model
(M19b). This demonstrates that the newly discovered
TeV radiation is not a simple extension of the known
afterglow synchrotron emission, but rather a separate
spectral component that was not clearly seen before.

4. Interpretation

The discovery of an energetically important emission
component beyond electron synchrotron emission that
may possibly be common in GRB afterglows offers im-
portant new insight into the physics of GRBs. The
power-law temporal decay of the TeV emission over an
extend duration suggests an intimate connection with
the MWL afterglow emission. The most natural candi-
date is synchrotron self-Compton (SSC) radiation in the
external forward shock: the same population of relativis-
tic electrons responsible for the afterglow synchrotron
emission Compton upscatters the synchrotron photons,



Fig. 1. MWL light curves of GRB190114C. Energy flux at differ-

ent wavelengths, from radio to gamma-rays, versus time since the

Swift/BAT trigger time T0 =20:57:03.19UT on 14 January 2019.

The light curve for the energy range 0.3-1TeV (green circles) is

compared with lower frequencies. Those for VLA (yellow square),

ATCA (yellow stars), ALMA (orange circles), GMRT (purple filled

triangle), and MeerKAT (purple empty triangles) have been mul-

tiplied by 10
9 for clarity. The vertical dashed line marks the ap-

proximate end of the prompt emission phase. For the data points,

vertical bars show the 1-σ errors on the flux, while horizontal bars

represent the duration of the observation. From M19b.

Fig. 2. Multi-wavelength spectra for time intervals t = 68-110 s

(blue), 110-180 s (yellow), 180-360 s (red), 360-625 s (green),

625-2400 s (purple). MAGIC data are corrected for EBL atten-

uation. Also shown for the first two intervals are data from

Swift/XRT, Swift/BAT, Fermi/GBM, and Fermi/LAT. For each

interval, LAT contours are shown only for the energy range with

detected photons. MAGIC and LAT contours correspond to the

1-σ errors of their best-fit power law functions. The Swift con-

tours show the 90% confidence regions for the joint XRT+BAT

fit with a smoothly broken power law function. From M19b.

leading to a second spectral component that peaks at
higher energies (Meszaros et al. 1994; Zhang &Mészáros
2001). TeV afterglow emission can also be produced
by hadronic processes such as synchrotron radiation by
protons accelerated to ultra-high energies in the forward
shock (Vietri 1997; Zhang & Mészáros 2001). However,
due to their typically low efficiency of radiation, repro-
ducing the luminous TeV emission as observed here by
such processes would imply unrealistically large power
in accelerated protons (M19a). TeV emission may also
be produced via the SSC mechanism in internal shock
synchrotron models of the prompt emission, but numer-
ical modeling shows that prompt SSC radiation can ac-
count for at most ∼ 20% of the observed TeV flux, and
only at t ∼< 100 s (M19b). Henceforth, we focus on
the SSC process in the afterglow. Note that afterglow
SSC has also been advocated by several authors, prior
to the publication of the MAGIC data (Derishev & Piran
2019; Wang et al. 2019; Fraija et al. 2019).

We model the MWL data set up to the first week af-
ter the burst as synchrotron plus SSC radiation, within
the framework of the theory of afterglow emission from
external forward shocks (see M19b for more details). In
order to explain the relatively soft spectrum observed by
MAGIC, it is favorable to invoke Klein-Nishina regime
scattering for the electrons radiating at the spectral
peak, as well as a moderate amount of internal γγ ab-
sorption. The energy at which the latter becomes impor-
tant indicates that the bulk Lorentz factor is ∼140-160
at 100 s. An example of the theoretical modeling in this
scenario is shown in Fig. 3 (see also M19b).

Acceptable model fits to the MWL data are found for
the following physical conditions. The initial, isotropic-
equivalent kinetic energy of the blastwave is Ek >∼

3 × 1053 erg. The electrons swept up from the exter-
nal medium are efficiently injected into the acceleration
process, and carry a fraction ǫe ∼ 0.05− 0.15 of the en-
ergy dissipated at the shock. The accelerated electrons
are characterized by a non-thermal, power-law energy
distribution with index p ∼ 2.4 − 2.6, injection Lorentz
factor γm = (0.8−2)×104 and maximum Lorentz factor
γmax ∼ 108 at t ∼ 100 s. The magnetic field behind the
shock conveys a fraction ǫB ∼ (0.05 − 1) × 10−3 of the
shock dissipated energy. At t ∼ 100 s, corresponding to
shock radius R ∼ (8 − 20) × 1016 cm, the density of the
external medium is n ∼ 0.5− 5 cm−3, and the magnetic
field strength is B ∼ 0.5 − 5G. The latter implies that
the magnetic field was efficiently amplified from values
of a few µG typical of the unshocked ambient medium,
due to plasma instabilities or other mechanisms (Kumar
& Zhang 2015). Not surprisingly, we find that ǫe ≫ ǫB ,
which is a necessary condition for the efficient production
of SSC radiation (Zhang & Mészáros 2001).

The blastwave energy inferred from the modeling is



Fig. 3. Models vs MWL spectra for time intervals t = 68-110 s

and 110-180 s. Thick blue: total model emission. Thin solid:

model synchrotron and SSC components, including EBL attenu-

ation. Dashed: model SSC if internal γγ opacity is neglected.

The adopted parameters are: s = 0, ǫe = 0.07, ǫB = 8 × 10
−5,

p = 2.6, n0 = 0.5, and Ek = 8 × 10
53 erg (see text). Empty

circles show the observed MAGIC spectrum uncorrected for EBL

attenuation. See also Fig. 2. From M19b.

comparable to the amount of energy released as radi-
ation during the prompt phase. The prompt emission
mechanism must then have dissipated and radiated no
more than half of the initial jet energy, leaving the other
half available for the afterglow phase. The modeling also
allows us to infer how the total energy is shared between
the synchrotron and SSC components. We estimate that
the energy in the synchrotron and SSC components are
respectively ∼ 1.5 × 1052 erg and ∼ 6.0 × 1051 erg dur-
ing t =68-110 s, and respectively ∼ 1.3 × 1052 erg and
∼ 5.4× 1051 erg during t =110-180 s. Thus, earlier stud-
ies of GRBs lacking the TeV information may have been
missing a significant fraction of energy emitted during
the afterglow that is essential to its understanding.

The values of the afterglow parameters here fall within
the typical range inferred in previous studies of GRB af-
terglows up to the GeV band. This indicates that SSC
emission in GRBs may be a relatively common process
that does not require special conditions to be produced
with power similar to synchrotron radiation. Such com-
ponents may then be detectable at TeV energies in other
relatively energetic GRBs, as long as the redshift is low
enough to avoid severe attenuation by the EBL.

These results are a first step toward a deeper under-
standing of the physics of GRB afterglows and related
issues, such as particle acceleration and magnetic am-
plification in relativistic shock waves that remain poorly

understood. The current situation for GRB afterglows
mirrors the early 1990s for blazars when their GeV-TeV
emission was first discovered, clearly revealing a new,
luminous emission component beyond synchrotron emis-
sion in these objects. More afterglow detections in the
very-high-energy (VHE) band should bring forth analo-
gous advances for GRBs, including their use as probes
of the EBL and intergalactic magnetic fields at high red-
shift. In the future, further, qualitative leaps in GRB
studies may be possible through searches for VHE emis-
sion from external reverse shocks, as well as that as-
sociated with the prompt emission. Even tight upper
limits on such components can provide new insight into
physical conditions inside GRB jets and the origin of the
prompt emission, which are some of the least understood
aspects of GRBs. They can also provide powerful tests
of Lorentz invariance violation.

Besides GRB 190114C, an intriguing hint was also seen
in the short GRB 160821B with MAGIC, with inter-
esting implications for future VHE follow-up of neutron
star mergers triggered by gravitational waves (Inoue et
al. 2017; MAGIC Collaboration 2020). The long GRB
180720B was detected with the HESS telescopes at rel-
atively late times (∼10 hours) after the burst, also con-
sistent with SSC afterglow emission (HESS Collabora-
tion 2019). More recently, a GRB of the low-luminosity
class, GRB 190829A, was clearly detected with HESS (de
Naurois 2019). Continuing efforts with existing and up-
coming gamma-ray facilities such as CTA and LHAASO
promise to usher in a new era in studies of GRB physics
and related topics.
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