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Teraelectronvolt emission from the γ-ray 
burst GRB 190114C
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Long-duration γ-ray bursts (GRBs) are the most luminous sources of electromagnetic 
radiation known in the Universe. They arise from outflows of plasma with velocities 
near the speed of light that are ejected by newly formed neutron stars or black holes 
(of stellar mass) at cosmological distances1,2. Prompt flashes of megaelectronvolt-
energy γ-rays are followed by a longer-lasting afterglow emission in a wide range of 
energies (from radio waves to gigaelectronvolt γ-rays), which originates from 
synchrotron radiation generated by energetic electrons in the accompanying shock 
waves3,4. Although emission of γ-rays at even higher (teraelectronvolt) energies by 
other radiation mechanisms has been theoretically predicted5–8, it has not been 
previously detected7,8. Here we report observations of teraelectronvolt emission from 
the γ-ray burst GRB 190114C. γ-rays were observed in the energy range 0.2–1 
teraelectronvolt from about one minute after the burst (at more than 50 standard 
deviations in the first 20 minutes), revealing a distinct emission component of the 
afterglow with power comparable to that of the synchrotron component. The 
observed similarity in the radiated power and temporal behaviour of the 
teraelectronvolt and X-ray bands points to processes such as inverse Compton 
upscattering as the mechanism of the teraelectronvolt emission9–11. By contrast, 
processes such as synchrotron emission by ultrahigh-energy protons10,12,13 are not 
favoured because of their low radiative efficiency. These results are anticipated to be a 
step towards a deeper understanding of the physics of GRBs and relativistic shock 
waves.

GRB 190114C was first identified as a long-duration GRB by the Burst 
Alert Telescope (BAT) onboard the Neil Gehrels Swift Observatory 
(Swift)14 and the Gamma-ray Burst Monitor (GBM) instrument onboard 
the Fermi satellite15 on 14 January 2019, 20:57:03 universal time (ut) 
(hereafter T0). Its duration in terms of T90 (the time interval contain-
ing 90% of the total photon counts) was measured to be about 116 s by 
Fermi-GBM15 and about 362 s by Swift-BAT16. Soon afterwards, reports 
followed on the detection of its afterglow emission at various wave-
bands from 1.3 GHz to 23 GeV (ref. 17) and the measurement of its red-
shift18,19, z = 0.4245 ± 0.0005 (corresponding to cosmic distance). The 
isotropic-equivalent energy of the emission at energy of ε = 1–104 keV 
during T90 observed by Fermi-GBM was Eiso ≈ 3 × 1053 erg (1 erg = 10–7 J), 
implying that GRB 190114C was fairly energetic, but not exceptionally 
so compared to previous events (Methods).

Triggered by the Swift-BAT alert, the Major Atmospheric Gamma 
Imaging Cherenkov (MAGIC) telescopes20,21 observed GRB 190114C from 
T0 + 57 s until T0 + 15,912 s (Extended Data Fig. 1). γ-rays with energies 
above 0.2 TeV were detected with high significance from the begin-
ning of the observations22,23; in the first 20 minutes of the data, the 
significance of the total γ-ray signal is more than 50 standard deviations 
(Methods, Extended Data Fig. 2).

For cosmologically distant objects such as GRBs, the observed γ-ray 
spectra can be substantially modified owing to attenuation by the 

extragalactic background light (EBL)24. The EBL is the diffuse back-
ground of infrared, optical and ultraviolet radiation that permeates 
intergalactic space, constituting the emission from all galaxies in the 
Universe. γ−rays can be effectively absorbed during their propaga-
tion via photon–photon pair-production interactions with low-energy 
photons of the EBL; this absorption is more severe for higher pho-
ton energies and higher redshifts. The γ-ray spectrum that would be 
observed if the EBL was absent, referred to as the intrinsic spectrum, 
can be inferred from the observed spectrum by ‘correcting’ for EBL 
attenuation, assuming a plausible model of the EBL25.

Emission from GRBs occurs in two stages, which can partially overlap 
in time. The ‘prompt’ emission phase is characterized by a brief but 
intense flash of γ−rays, primarily at megaelectronvolt energies. It exhib-
its irregular variability on timescales shorter than milliseconds and 
lasts up to hundreds of seconds for long-duration GRBs. These γ-rays 
are generated in the inner regions of collimated jets of plasma, which 
are ejected with ultrarelativistic velocities from highly magnetized 
neutron stars or black holes that form following the death of massive 
stars2. The ensuing ‘afterglow’ phase is characterized by emission that 
spans a broader wavelength range and decays gradually over much 
longer timescales compared to the prompt emission. This originates 
from shock waves caused by the interaction of the jet with the ambient 
gas (‘external shocks’). Its evolution is typified by a power-law decay 

https://doi.org/10.1038/s41586-019-1750-x

Received: 10 May 2019

Accepted: 2 September 2019

Published online: 20 November 2019

*A list of participants and their affiliations appears at the end of the paper. 

https://doi.org/10.1038/s41586-019-1750-x


456  |  Nature  |  Vol 575  |  21 November 2019

Article

in time owing to the self-similar properties of the decelerating shock 
wave3,4. The afterglow emission of previously observed GRBs, from 
radio frequencies to gigaelectronvolt energies, is generally interpreted 
as synchrotron radiation from energetic electrons that are accelerated 
within magnetized plasma at the external shock2. Clues to whether 
the newly observed teraelectronvolt emission is associated with the 
prompt or the afterglow phase are offered by the observed light curve 
(flux F(t) as a function of time t).

Figure 1 shows such a light curve for the EBL-corrected intrinsic flux in 
the energy range ε = 0.3–1 TeV (see also Extended Data Table 1). It is well 
fitted with a simple power-law function F(t) ∝ tβ with β = −1.60 ± 0.07. 
The flux evolves from F(t) ≈ 5 × 10−8 erg cm−2 s−1 at t ≈ T0 + 80 s to 
F(t) ≈ 6 × 10−10 erg cm−2 s−1 at t ≳ T0 + 103 s, after which it falls below the 
sensitivity level of the telescopes and is undetectable. 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 kiloelectronvolt 
and gigaelectronvolt bands display behaviour similar to the teraelec-
tronvolt band, with a somewhat shallower decay slope for the gigae-
lectronvolt band (Fig. 1). These properties indicate that most of the 
observed emission is associated with the afterglow phase, rather than 
the prompt phase, which typically shows irregular variability. We note 
that although the measured T90 is as long as about 360 s, the kiloelec-
tronvolt–megaelectronvolt emission does not exhibit clear temporal or 
spectral evidence for a prompt component after about T0 + 25 s (ref. 26;  
Methods). Nevertheless, a sub-dominant contribution to the terae-
lectronvolt emission from a prompt component at later times cannot 
be excluded. The flux initially observed at t ≈ T0 + 80 s corresponds to 
an apparent isotropic-equivalent luminosity of Liso ≈ 3 × 1049 erg s−1 at 
ε = 0.3–1 TeV, making this the most luminous source known at these 
energies.

The power radiated in the teraelectronvolt band is comparable, 
within a factor of about 2, to that in the soft-X-ray and gigaelectron-
volt bands during the periods when simultaneous teraelectronvolt– 
kiloelectronvolt or teraelectronvolt–gigaelectronvolt data are avail-
able (Fig. 1). The isotropic-equivalent energy radiated at ε = 0.3–1 TeV, 
integrated over the time period between T0 + 62 s and T0 + 2,454 s, is  
E0.3–1TeV ≈ 4 × 1051 erg. This is a lower limit to the total teraelectronvolt-band 

output, as it does not account for data before T0 + 62 s or potential emis-
sion at ε > 1 TeV. From the megaelectronvolt–gigaelectronvolt data, the 
power-law decay phase is inferred to start at about T0 + 6 s (refs. 26,27). 
Assuming that the MAGIC light curve evolved as F(t) ∝ t−1.60 after that 
time, the teraelectronvolt-band energy integrated between T0 + 6 s 
and T0 + 2,454 s is E0.3–1TeV ≈ 2 × 1052 erg. This would be about 10% of the 
Eiso value measured by Fermi-GBM at ε = 1–104 keV.

Figure 1 also shows the time evolution of the intrinsic spectral photon 
index αint, determined by fitting the EBL-corrected, time-dependent  
differential photon spectrum with the power-law function F ε εd /d ∝ α int.  
Considering the statistical and systematic errors (Methods), there is 
no significant evidence for spectral variability. Throughout the obser-
vations, the data are consistent with αint ≈ −2, indicating that the radiated 
power is nearly equally distributed in ε over this band.

Figure 2 presents both the observed and the EBL-corrected intrinsic 
spectra above 0.2 TeV, averaged over (T0 + 62 s, T0 + 2,454 s). The 
observed spectrum can be fitted in the energy range 0.2–1 TeV with a 
simple power law with photon index αobs = −5.43 ± 0.22 (statistical error 
only), one of the steepest spectra ever observed for a γ-ray source. It 
is remarkable that photons are observed at ε ≈ 1 TeV (Extended Data 
Table 2), despite the severe EBL attenuation expected at these energies 
(by a factor of about 300, according to plausible EBL models; see Meth-
ods). Assuming a particular EBL model25, the intrinsic spectrum is well 
described as a power law with α = − 2.22int −0.25

+0.23 (statistical error only), 
extending beyond 1 TeV at 95% confidence level with no evidence for 
a spectral break or cutoff (Methods). Adopting other EBL models leads 
to only small differences in αint, which are within the uncertainties 
(Methods). Consistency with αint ≈ −2 implies a roughly equal power 
radiated over 0.2–1 TeV and possibly beyond, strengthening the infer-
ence that there is substantial energy output at teraelectronvolt  
energies.

Much of the observed emission up to gigaelectronvolt energies for 
GRB 190114C is probably afterglow synchrotron emission from elec-
trons, similar to that of many previous GRBs2,28. The teraelectronvolt 
emission observed here is also plausibly associated with the afterglow. 
However, it cannot be a simple spectral extension of the electron syn-
chrotron emission. The maximum energy of the emitting electrons 
is determined by the balance between their energy losses, which are 
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MAGIC 0.3–1 TeV
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Fig. 1 | Light curves in the kiloelectronvolt, gigaelectronvolt and 
teraelectronvolt bands, and spectral evolution in the teraelectronvolt band 
for GRB 190114C. a, Light curves in units of energy flux (left axis) and apparent 
luminosity (right axis), for MAGIC at 0.3–1 TeV (red symbols), the Fermi Large 
Area Telescope (LAT) at 0.1–10 GeV (purple band) and the Swift X-ray Telescope 
(XRT) at 1–10 keV (green band). For the MAGIC data, the intrinsic flux is shown, 
corrected for EBL attenuation25 from the observed flux. b, Temporal evolution 
of the power-law photon index, determined from time-resolved intrinsic 
spectra. The horizontal dashed line indicates the value −2. The errors shown in 
both panels are statistical only (one standard deviation).
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Fig. 2 | Spectrum above 0.2 TeV averaged over the period between T0 + 62 s 
and T0 + 2,454 s for GRB 190114C. Spectral-energy distributions for the 
spectrum observed by MAGIC (grey open circles) and the intrinsic spectrum 
corrected for EBL attenuation25 (blue filled circles). The errors on the flux 
correspond to one standard deviation. The upper limits at 95% confidence level 
are shown for the first non-significant bin at high energies. Also shown is the 
best-fit model for the intrinsic spectrum (black curve) when assuming a power-
law function. The grey solid curve for the observed spectrum is obtained by 
convolving this curve with the effect of EBL attenuation. The grey dashed curve 
is the forward-folding fit to the observed spectrum with a power-law function 
(Methods).
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dominated by synchrotron radiation, and their acceleration. The time-
scale of the latter should not be much shorter than that of their gyra-
tion around the magnetic field at the external shock. The energy of 
afterglow synchrotron photons is then limited to a maximum value, the 
so-called synchrotron burnoff limit29,30 of εsyn,max ≈ 100(Γb/1,000) GeV, 
which depends only on the bulk Lorentz factor Γb. The latter is unlikely 
to considerably exceed Γb ≈ 1,000 (Methods). Figure 3 compares the 
observed photon energies with expectations of εsyn,max under different 
assumptions. Although a few γ-rays with energy approaching εsyn,max 
have been previously detected from a GRB by Fermi30, the evidence for 
a separate spectral component was not conclusive, given the uncertain-
ties in Γb, the electron acceleration rate and the spatial structure of the 
emitting region31. Here, even the lowest-energy photons detected by 
MAGIC are considerably above εsyn,max and extend beyond 1 TeV at 95% 
confidence level (Methods). Thus, this observation provides the first 
unequivocal evidence for a new emission component beyond synchro-
tron emission in the afterglow of a GRB. Moreover, this component is 
energetically important, with a power nearly comparable to that of 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 
favourable combination of its low redshift and suitable observing condi-
tions, rather than its intrinsic properties being exceptional (Methods), 
although firm conclusions cannot yet be drawn with only one positive 
detection. The capability of the telescopes to react fast and operate 
during moonlight conditions was crucial in achieving this detection.

The discovery of an energetically important emission component 
beyond electron synchrotron emission that may be common in GRB 
afterglows offers important new insight into the physics of GRBs. The 
similarity of the radiated power and temporal decay slopes in the terae-
lectronvolt and X-ray bands suggests that this component is intimately 
related to the electron synchrotron emission. Promising mechanisms 
for the teraelectronvolt emission are ‘leptonic’ processes in the after-
glow such as inverse Compton radiation, in which the electrons in 
the external shock Compton-scatter ambient low-energy photons to 
higher energies9–11. On the other hand, ‘hadronic’ processes induced by 
ultrahigh-energy protons in the external shock10,12,13 may also be viable 
if the acceleration of electrons and protons occurs in a correlated man-
ner. However, such processes typically have low radiative efficiency, 
and are not favoured as the origin of the luminous teraelectronvolt 

emission observed in GRB 190114C for cases such as proton synchrotron 
emission (Methods). Continuing efforts with existing and future γ-ray 
telescopes will test these expectations and provide further insight into 
the physics of GRBs and related issues.
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to an isotropic-equivalent blast-wave kinetic energy of Ek,aft = 3 × 1055 erg and a 
homogeneous external medium with density n = 0.01 cm−3; the dashed curve 
corresponds to Ek,aft = 3 × 1055 erg and an external medium describing a 
progenitor stellar wind with a density profile of n(R) = AR−2 as a function of 
radius R, where A = 3 × 1033 cm−1 (Methods).
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Methods

General properties of GRB 190114C
GRB 190114C was first identified by the Swift-BAT14 and Fermi-GBM15 
instruments on 14 January 2019, 20:57:03 ut. Subsequently, it was 
also detected by several other space-based instruments, including 
Fermi-LAT, INTEGRAL/SPI-ACS, AGILE/MCAL, Insight/HXMT and 
Konus-Wind17,26. Its redshift was reported as z = 0.4245 ± 0.0005 by 
the Nordic Optical Telescope18 and confirmed by Gran Telescopio 
Canarias19. The measured duration of T90 ≈ 116 s by Fermi-GBM and 
T90 ≈ 362 s by Swift-BAT16 puts GRB 190114C unambiguously in the 
long-duration subclass of GRBs1. The fluence and peak photon flux of 
the emission at 10–1,000 keV during T90 measured by Fermi-GBM are 
(3.990 ± 0.008) × 10−4 erg cm−2 and (246.86 ± 0.86) cm−2 s−1 (ref. 15). The 
corresponding isotropic equivalent energy and luminosity at 1–104 keV 
are Eiso ≈ 3 × 1053 erg and Liso ≈ 1 × 1053 erg s−1, respectively26. These values 
are consistent with the known correlations between the spectral peak 
energy εpeak and Eiso (ref. 32) and between εpeak and Liso (ref. 33) for GRBs. 
The light curve of the kiloelectronvolt–megaelectronvolt emission 
exhibits two prominent emission episodes with irregular multi-peaked 
structure at t ≈ 0–5 s and t ≈ 15–25 s (Extended Data Fig. 1). The spectra 
for these episodes are typical of GRB prompt emission26. On the other 
hand, at t ≈ 15–25 s and t ≥ 25 s, the temporal and spectral properties 
of the kiloelectronvolt–megaelectronvolt emission are consistent 
with an afterglow component, indicating a considerable overlap in 
time between the prompt and afterglow phases. Indeed, from a joint 
spectral and temporal analysis of the Fermi-GBM and Fermi-LAT data, 
the onset of the afterglow for GRB 190114C was estimated to occur at 
t ≈ 6 s, much earlier than T90 (ref. 26).

The event is fairly energetic but not exceptionally so, with Eiso lying 
in the highest ~30% of its known distribution34. No neutrinos were 
detected by the IceCube Observatory in the energy range 100 TeV to 
10 PeV, under non-optimal observing conditions35.

MAGIC telescopes and automatic alert system
The MAGIC telescopes comprise two 17-m diameter imaging atmos-
pheric Cherenkov telescopes (IACTs; MAGIC-I and MAGIC-II) operating 
in stereoscopic mode, located at the Roque de los Muchachos Observa-
tory in La Palma, Canary Islands, Spain20,21. By imaging Cherenkov light 
from extended air shower events, the telescopes can detect γ-rays above 
an energy threshold of 30 GeV, depending on the observing mode and 
conditions, with a field of view of ~10 square degrees.

Observing GRBs with IACTs such as those of MAGIC warrants a dedi-
cated strategy. Because IACTs have a low probability of discovering 
GRBs serendipitously in their relatively small field of view, they rely on 
external alerts provided by satellite instruments with larger fields of 
view to trigger follow-up observations. Since their inception, the MAGIC 
telescopes were designed to perform fast follow-up observations of 
GRBs. By virtue of their light-weight reinforced-carbon-fibre structure 
and high repositioning speed, they can respond quickly to GRB alerts 
received via the Gamma-ray Coordinates Network (GCN; https://gcn.
gsfc.nasa.gov)36. After various updates to the entire system over the 
years20,21, the telescopes can currently slew to a target with a reposi-
tioning speed of 7° s−1. To achieve the fastest possible response to GRB 
alerts, an automatic alert system (AAS) has been developed, which is a 
multi-threaded programme that performs different tasks, such as con-
necting to the GCN servers, receiving GCN notices that contain the sky 
coordinates of the GRB and sending commands to the Central Control 
(CC) software of the MAGIC telescopes. This also includes a check of the 
visibility of the new target according to predefined criteria. A priority 
list has been set up for cases in which several different types of alerts are 
received simultaneously. Moreover, if there are multiple alerts for the 
same GRB, the AAS selects the one with the best localization.

If an alert is tagged as observable by the AAS, the telescopes auto-
matically repoint to the new sky position. An automatic procedure, 

implemented in 2013, prepares the subsystems for data taking during 
the telescope slewing37,38: data taken previously are saved, relevant 
trigger tables are loaded, appropriate electronics thresholds are 
set and the mirror segments are suitably adjusted by the Automatic 
Mirror Control hardware. While moving, the telescopes calibrate the 
imaging cameras. The data acquisition system continues taking data 
while it receives information about the target from the CC software. 
The presence of a trigger limiter set to 1 kHz prevents high rates and 
the saturation of the data acquisition system. When the reposition-
ing has finished, the target is tracked in wobble mode, which is the 
standard observing mode for MAGIC39. The fastest so far GRB follow-
up was achieved for GRB 160821B, when the data taking started only 
24 s after the GRB.

MAGIC observations of GRB 190114C
On the night of 14 January 2019, at 20:57:25 ut (T0 + 22 s), Swift-
BAT distributed an alert reporting the first estimated coordinates 
of GRB 190114C (right ascension, +03 h 38 min 02 s; declination, 
−26 d 56 min 18 s). The AAS validated it as observable and triggered 
the automatic repointing procedure, and the telescopes began slew-
ing in fast mode from their position before the alert. The MAGIC-I and 
MAGIC-II telescopes were on target and began tracking GRB 190114C 
at 20:57:52.858 ut and 20:57:53.260 ut (T0 + 50 s), respectively, starting 
from a zenith angle of 55.8° and an azimuth angle of 175.1° in local coor-
dinates. After starting the slewing, the telescopes reached the target 
position in approximately 27 s, moving by 42.82° in zenith and 177.5° 
in azimuth. At the end of the slewing, the cameras on the telescopes 
oscillated for a short time. Subsequently, we performed dedicated 
tests that reproduced the movement of the telescopes. We verified 
that the duration of the oscillations was less than 10 s after the start of 
the tracking, and their amplitude was less than 0.6′ when data taking 
began. Data acquisition started at 20:58:00 (T0 + 57 s) and the data 
acquisition system was operating stably from 20:58:05 (T0 + 62 s), as 
denoted in Extended Data Fig. 1.

Observations were performed in the presence of moonlight, implying 
a relatively high night sky background (NSB), approximately 6 times 
the level for dark observations (moonless nights with good weather 
conditions)40. Data taking for GRB 190114C stopped on 15 January 
2019, 01:22:15 ut, when the target reached a zenith angle of 81.14° and 
an azimuth angle of 232.6°. The total exposure time for GRB 190114C 
was 4.12 h.

MAGIC data analysis for GRB 190114C
Data collected from GRB 190114C were analysed using the standard 
MAGIC analysis software21 and with the analysis chain tuned for data 
taken under moonlight conditions40. No detailed information on the 
atmospheric transmission was available because the LIDAR facility41 was 
not operating during the night of the observation. Therefore, the quality 
of the data was assessed by checking other auxiliary weather-monitoring 
devices, as well as the value and stability of the data acquisition rates.

A dedicated set of Monte Carlo simulation γ-ray data was produced 
for the analysis, matching the trigger settings (discriminator thresh-
olds), the zenith–azimuth distribution and the NSB level of the GRB 
190114C observations. The final dataset comprises events starting from 
20:58:05 ut. Owing to the higher NSB compared to standard analysis, 
a higher level of image cleaning was applied to both the measured and 
the Monte Carlo data, and a higher cut on the integrated charge of the 
event image, set to 80 photoelectrons, was used for evaluating photon 
fluxes40. The significance of the γ-ray signal was computed using the 
Li & Ma method42.

The spectra in Fig. 2 were derived by assuming a simple power-law 
function for the intrinsic spectrum
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with the forward-folding method to derive the best-fit parameters  
and the Schmelling unfolding prescription for the spectral  
points43, starting from the observed spectrum and correcting  
for EBL attenuation with the model of Dominguez et  al.25. The  
best-fit values are α = − 2.22 (statistical) (systematic)int −0.25

+0.23
−0.26
+0.21  and 

f = [8.45 (statistical) (systematic)] × 10 TeV cm s0,int −0.65
+0.68

−3.97
+4.42 −9 −1 −2 −1  at 

0.46 TeV. We note that owing to the soft spectrum of the source, the 
systematic errors reported here are larger than those given in ref. 21.

The absolute energy scale for MAGIC measurements is systematically 
affected by the imperfect knowledge of different aspects, such as the 
atmospheric transmission, the mirror reflectance and the properties of 
photomultipliers. A dedicated study21 identified the light-scale matching 
of measured and Monte Carlo data as the most important contribution 
to the systematic errors on the absolute energy scale. A miscalibration 
of the Monte Carlo energy scale can lead to mis-reconstruction of the 
spectrum that affects both the flux and the spectral shape, especially at 
the lowest energies. These studies demonstrated that the reconstructed 
spectra for MAGIC are affected by a systematic error due to the variation 
of the light scale by less than ±15%. In the case of moonlight observa-
tions, additional systematic effects on the flux arise from mismatches 
between Monte Carlo and measured data, in particular of the trigger 
discriminator thresholds and of the higher noise in the photomultipli-
ers. Dedicated studies for moonlight observations40 reveal that these 
errors affect only the overall flux (and not the spectral index) and depend 
on the NSB level. The contribution to the systematic error from the 
moonlight observations is minor compared to that due to the light-
scale variations. Moreover, in the case of GRB 190114C, the influence 
of moonlight conditions on the overall systematic errors is mitigated 
by the improved data–Monte Carlo agreement achieved by simulating 
the recorded trigger discriminator thresholds and NSB during the GRB 
190114C observation. For the analysis of the GRB 190114C data, we repro-
duced the effect of the light-scale variations on the spectra to derive the 
systematic errors on the energy flux and the errors on the photon index 
reported in Extended Data Table 1. The light-scale modifications were 
applied to the spectra before their deconvolution with EBL attenuation, 
which ultimately affects the low- and high-energy ends of the spectra 
in different ways. The fit to the obtained curves was performed in the 
same manner as the nominal case. Finally, the systematic errors were 
obtained from the difference of the parameter values computed for 
the nominal case and for the cases of light-scale variations by ±15%.

An additional systematic effect originates from uncertainties in exist-
ing EBL models. To quantify the corresponding systematic errors on 
the derived photon indices, the observed spectra were corrected by 
adopting several EBL models44–46 for the redshift of this GRB. The results 
can be found in Extended Data Table 4. The spectral indices inferred 
using different EBL models differ less than their statistical uncertainties 
(one standard deviation). Taking as reference the EBL model of 
Dominguez et al.25, the spectral index for the time-integrated spectrum 
has an additional systematic error due to uncertainties in the EBL such 
that α = − 2.22 (statistical) (systematic) (systematic )int −0.25

+0.23
−0.26
+0.21

−0.17
+0.07

EBL . 
The observed spectrum in the 0.2–1.0 TeV energy range can be roughly 
described by a power law with photon index αobs = −5.43 ± 0.22 (statis-
tical) and flux normalization f0,obs  =  [4.09  ±  0.34 (statistical)]  ×   
10−10 TeV−1 cm−2 s−1 at 0.475 TeV.

The upper limit for the first non-significant energy bin in the 
observed spectrum shown in Fig. 2 is calculated from a likelihood ratio 
test between two models. The first, baseline, model considers only 
background events and spillover events from lower energy. The sec-
ond model additionally assumes that the spectrum extends to higher 
energy as an unbroken power law, with the flux normalization as a free 
parameter. Given the low event statistics in the higher-energy bins, the 
validity of the upper limit was checked by performing 10,000 Monte 
Carlo simulations of the likelihood ratio test. The test statistic distri-
bution derived from this toy simulation was then used to determine 
the upper limit on the flux at 95% confidence level. The corresponding 

upper limit for the intrinsic spectrum was derived from that for the 
observed spectrum by correcting for EBL attenuation.

The time-dependent, EBL-corrected energy flux values shown in Fig. 1 
and reported in Extended Data Table 1 were computed with an analytical 
procedure. For each time bin, the value of the energy flux was computed 
as the integral between 0.3 and 1 TeV of the best-fit spectral power-law 
function derived with the forward-folding method. Accordingly, the 
errors were calculated analytically through standard procedures for 
error propagation, taking into account the covariance matrix. Moreo-
ver, the analytical results were checked against those computed with a 
toy Monte Carlo simulation, which gave comparable results.

The lower limits on the maximum event energy were computed by 
an iterative procedure in which a power-law model was assumed for 
the intrinsic spectrum and a different cut was applied to the maximum 
event energy for each iteration. For each value of the energy cut, a 
forward-folding fit was performed and a χ2 value was obtained. The final 
result was obtained by finding the value of the energy cut for which the 
χ2 variation corresponded to a given confidence level, set here to 95%.

The number of events in each time and energy bin shown in Fig. 3 
was computed using the forward-folding EBL-corrected spectrum, the 
instrument effective area and the effective time of the observation. For 
the highest-energy bins, the corresponding numbers for the time inter-
val between T0 + 62 s and T0 + 1,227 s are listed in Extended Data Table 2.

The number of observed excess events in bins of estimated energy 
are reported in Extended Data Table 3. Also listed are the expected 
number of photons in the same energy bins, obtained from the power-
law model of the intrinsic spectrum by convolving it with the effect of 
EBL attenuation and the instrument response function for the zenith 
angles of this observation. We note that the counts in bins of estimated 
energy cannot be used to derive physical inferences. Spectral informa-
tion that is physically meaningful must be computed as a function of 
the true energy of the events through an unfolding procedure using 
the energy migration matrix. Figure 2 shows such unfolded spectra 
(both intrinsic and observed) as a function of the true event energies.

Fermi-LAT data analysis for GRB 190114C
The publicly available Pass 8 (P8R3) LAT data for GRB 190114C were 
processed using the Conda Fermitools v1.0.2 package, distributed by 
the Fermi collaboration (https://fermi.gsfc.nasa.gov/ssc/data/analysis/
software/). Events of the ‘Transient’ class (P8R3_TRANSIENT020_V2) 
were selected within 10° from the source position. We assumed a power-
law spectrum in the 0.1–10 GeV energy range, also accounting for the 
diffuse Galactic and extragalactic backgrounds, as described in the 
analysis manual (https://fermi.gsfc.nasa.gov/ssc/data/analysis/sci-
tools/). To compute the source fluxes, we first checked that the spectral 
index was consistent with −2 for the entire 62–180 s interval after T0, and 
then repeated the fit, fixing the index to this value. The LAT energy flux 
shown in Fig. 1 was computed as the integral of the best-fit power-law 
model within the corresponding energy range.

XRT light curve
The XRT light curve shown in Fig. 1 was derived using the online analysis 
tool that is publicly available at the Swift-XRT repository (http://www.
swift.ac.uk/xrt_curves/). The spectral data collected in the ‘windowed 
timing’ mode suffered from an instrumental effect, causing a non-
physical excess of counts below ~0.8 keV (ref. 47). To remove this effect, 
we considered the best-fit model of spectral data above 1 keV and esti-
mated a conversion factor from the number of counts to deabsorbed 
flux equal to 10−10 erg cm−2 per count. To obtain the energy-flux light 
curve, we applied this conversion factor to the count rate as a function 
of time in the interval 62–2,000 s.

Synchrotron burnoff limit for the afterglow emission
GRB afterglows are triggered by external shocks that decelerate and 
dissipate their kinetic energy in the ambient medium, consequently 
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producing a nonthermal distribution of electrons via mechanisms such 
as shock acceleration2. The maximum energy of electrons that can be 
attained in the reference frame comoving with the post-shock region 
can be estimated by equating the timescales of acceleration, τacc, and 
energy loss, τloss; the latter is primarily due to synchrotron radiation29. 
These are expected to scale with the electron Lorentz factor, γ, and the 
magnetic field strength, B, as τacc ∝ γB−1 and τloss ∝ γ−1B−2, so that the 
maximum electron Lorentz factor is γmax ∝ B−1/2. Thus, the maximum 
energy of synchrotron emission ε Bγ∝syn,max max

2  is independent of B. Its 
numerical value in the shock comoving frame is ε′ ≈ 50 − 100 MeVsyn,max ,  
which is determined only from fundamental constants and a factor of 
order 1 that characterizes the uncertainties in the acceleration time-
scale. The observed spectrum of afterglow synchrotron emission is 
then expected to display a cutoff below the energ y 
εsyn,max ≈ 100 MeV × [Γb(t)/(1 + z)], which depends only on the time-
dependent bulk Lorentz factor Γb(t) of the external shock. To estimate 
εsyn,max and its evolution, we use the Γb(t) values derived from solutions 
to the dynamical equations of the external shock48. The resulting curves 
for εsyn,max are shown for cases of a medium with constant density 
(n = constant) and a medium with a radial density profile of n(R) = AR−2 
(with A = 3 × 1035A⁎ cm−1, where A⁎ is a parameter characterizing the 
normalization of the density), expected when a dense stellar wind is 
produced by the progenitor star (dotted and dashed lines in Fig. 3, 
respectively). These curves have been derived assuming small values 
for the density (n = 0.01 and A⁎ = 0.01) and the efficiency of prompt 
emission (ηγ = 1%), which imply a large value for the isotropic-equivalent 
blast-wave kinetic energy (Ek,aft = Eiso(1 − ηγ)/ηγ), resulting in high values 
of εsyn,max. Even with such extreme assumptions, the energy of photons 
detected by MAGIC are well above εsyn,max (Fig. 3).

Constraints on proton synchrotron afterglow emission
Synchrotron emission by protons accelerated to ultrahigh energies in 
the external shock has been proposed as a mechanism for gigaelectron-
volt–teraelectronvolt emission in GRB afterglows, potentially at ener-
gies above the burnoff limit for electron synchrotron emission10,12,13,49,50. 
We discuss whether this process provides a viable explanation for the 
teraelectronvolt emission observed here, following the formulation of 
ref. 12. For the case of a uniform external medium with density n = n0 cm−3, 
the maximum expected energy of proton synchrotron emission in the 
observer frame is

ε η ϵ n E t z= (7.6 GeV) ( ) (1 + ) (1)psyn,max
−2

B
3/2

0 k,53
3/4

s
−1/4 −3/4

where Ek,aft = 1053Ek,53 erg, ts is the observer time after the burst in sec-
onds, ϵB is the fraction of energy in magnetic fields relative to that dis-
sipated behind the shock, and η is a factor of order 1 that characterizes 
the acceleration timescale. Even when assuming optimistic values of 
ϵB = 0.5 and η = 1, realizing εpsyn,max ≳ 1 TeV at t ≈ 100 s for a GRB at z = 0.42 
requires n0Ek,53 ≳ 104, which is a very high value for the product of the 
blastwave energy and the external medium density.

Even more severe is the requirement to reproduce the observed 
teraelectronvolt flux and spectrum. Assuming a power-law energy dis-
tribution with index −p for the accelerated protons, their synchrotron 
emission is expected to have a single power-law spectrum with photon 
index αint = −(p + 1)/2, extending from a minimum energy
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with differential energy flux

f ε ε ξ ϵ n E D z( = ) = (1.3 × 10 erg cm s Hz ) × (1 + ) (3)m
−28 −2 −1 −1
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1/2

k,53 28
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up to ε = εpsyn,max, where ξp is the fraction of the number of protons swept 
up by the shock that are accelerated, ϵp is the fraction of the energy of 
the accelerated protons relative to that dissipated behind the shock, 

and D = 1028D28 cm is the luminosity distance of the GRB. The observed 
intrinsic spectral index αint ≈ −2 at t ≈ 100 s implies p ≈ 3. If p = 3 and the 
spectrum extends to ε = 1 TeV without a cutoff, the energy flux at 1 TeV is

F ε

ϵ ξ ϵ n E D t z

( = 1 TeV) =(1.1 × 10 erg cm s )
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With optimistic assumptions of ϵB = 0.5, η = 1, ϵp = 0.5 and ξp = 0.1, 
accounting for the observed 0.3–1  TeV flux at t  ≈  100  s of 
F ≈ 4 × 10−8 erg cm−2 s−1 necessitates n E ≳ 100

1/2
k,53
3/2 11. Even in the extreme 

case of a GRB occurring at the centre of a dense molecular cloud with 
n = 106 cm−3, the blastwave energy must be Ek,aft > 2 × 1059 erg, greatly 
exceeding the energy available for any plausible GRB progenitor2. This 
conclusion is qualitatively valid regardless of how the electron syn-
chrotron emission is modelled or whether the external medium has a 
density profile characteristic of a progenitor stellar wind. Although 
proton synchrotron emission may possibly explain the gigaelectronvolt 
emission observed in some GRBs50, it is not favoured as the origin of 
the luminous teraelectronvolt emission observed in GRB 190114C, 
owing to its low radiative efficiency. A more plausible mechanism may 
be inverse Compton emission by accelerated electrons9–11,51.

Past teraelectronvolt-band observations of GRBs with MAGIC 
and other facilities
Although the search for teraelectronvolt γ-rays from GRBs has contin-
ued over many years using a variety of experimental techniques, no 
clear detections had been previously achieved52–63. Designed with the 
primary goal of GRB follow-up observations, MAGIC has been respond-
ing to GRB alerts since 15 July 2004. For the first five years, MAGIC oper-
ated as a single telescope (MAGIC-I), reacting mainly to alerts from 
Swift. After the second telescope (MAGIC-II) was added in 2009, GRB 
observations have been carried out in stereoscopic mode. Excluding 
cases when useful data could not be taken owing to hardware problems 
or adverse weather conditions, 105 GRBs were observed from July 2004 
to February 2019. Of these, 40 have determined redshifts, among which 
8 and 3 have redshifts lower than 1 and 0.5, respectively. Observations 
started less than 30 min after the burst for 66 events (of which 33 lack 
redshifts) and less than 60 s for 14 events; the small number of events in 
the latter case is mainly due to bad weather conditions or observational 
criteria not being fulfilled at the time of the alert.

Despite 15 years of dedicated efforts, no unambiguous evidence for 
γ-ray signals from GRBs had been seen by MAGIC before GRB 190114C. 
The flux upper limits for GRBs observed in 2005–2006 were found to 
be consistent with simple power-law extrapolations of their low-energy 
spectra when EBL attenuation was taken into account64. More detailed 
studies were presented for GRB 08043065 and GRB 09010266, which 
were observed simultaneously with MAGIC and other instruments 
in different energy bands. Since 2013, GRB observations have been 
performed with the new automatic procedure described above37,38. 
In addition, for some bright GRBs detected by Fermi-LAT, late-time 
observations have been conducted up to one day after the burst to 
search for potential signals extended in time.

The case of GRB 190114C can be compared with other GRBs followed 
up by MAGIC under similar conditions. Aside from the intrinsic spec-
trum, the main factors affecting the detectability of a GRB by IACTs are 
the redshift z (stronger EBL attenuation for higher z), the zenith distance 
(higher energy threshold for higher zenith distance), the external light 
conditions and the delay time Tdelay between the GRB and the beginning 
of the observations. If we select GRBs with z < 1 and Tdelay < 1 h, only 
four events remain, as listed in Extended Data Table 5. Except for GRB 
190114C, these are all short GRBs, which is not surprising as they are 
known to be distributed at redshifts appreciably lower than those of 
long GRBs67. A few other long GRBs with z < 1 and Tdelay < 1 h were fol-
lowed up by MAGIC, but the observations were not successful owing 
to technical problems or adverse observing conditions. There is also 
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a fair fraction of events without measured redshifts. Assuming that 
they follow the known z distribution of long GRBs, ~20% of the events 
are expected at z < 1 (ref. 68). Since 30 long GRBs without redshifts were 
observed by MAGIC with Tdelay < 1 h, only a few events with observing 
conditions and z similar to that of GRB 190114C are expected to be 
observed during the whole MAGIC GRB campaign .

A similar analysis for past GRBs observed by other Cherenkov tel-
escopes is not possible, because not all of the relevant ancillary infor-
mation is available. However, summaries of past efforts have been 
reported. Of the 150 GRBs followed up by VERITAS until February 201863, 
50 had observations starting within 180 s from the satellite trigger time. 
H.E.S.S. also conducted several tens of GRB follow-up observations 
until 201758,69. 64 GRBs were observed by HAWC61 until February 2017. 
Milagrito and Milagro observed 54 GRBs from February 1997 to May 
199870 and more than 130 GRBs from January 2000 to March 2008, 
respectively71,72. None of these considerable observational efforts pro-
vided any convincing detection, although some hints at low significance 
have been found. A case of particular interest was the Milagrito result 
for GRB 970417A53, although its statistical significance was not high 
enough to fully rule out a background event.

Data availability
Raw data were generated at the MAGIC telescopes large-scale facility. 
Derived data supporting the findings of this study are available from 
the corresponding authors upon request. Source data for Figs. 1–3 are 
provided with the paper.

Code availability
Proprietary data reconstruction codes were generated at the MAGIC 
telescope large-scale facility. Information supporting the findings of 
this study is available from the corresponding authors upon request.
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Extended Data Fig. 1 | Light curves in the teraelectronvolt and 
kiloelectronvolt bands for GRB 190114C. Photon flux light curve above 
0.3 TeV measured by MAGIC (red; from T0 + 62 s to T0 + 210 s), compared with 
that between 15 keV and 50 keV measured by Swift-BAT73 (grey; from T0 to 
T0 + 210 s) and the photon flux above 0.3 TeV of the Crab Nebula (blue dashed 

line). The errors on the MAGIC photon fluxes correspond to one standard 
deviation. Vertical lines indicate the times when the alert was received 
(T0 + 22 s) by MAGIC, when the tracking of the GRB by the telescopes started 
(T0 + 50 s), when the data acquisition started (T0 + 57 s), and when the data 
acquisition system (DAQ) became stable (T0 + 62 s; dotted line).



Extended Data Fig. 2 | Significance of the γ-ray signal between T0 + 62 s and 
T0 + 1,227 s for GRB 190114C. Distribution of the squared angular distance, θ2, 
for the MAGIC data (points) and background events (grey shaded area). θ2 is 
defined as the squared angular distance between the nominal position of the 
source and the reconstructed arrival direction of the events. The dashed 

vertical line represents the value of the cut on θ2. This defines the signal region, 
where the number of events coming from the source (Non) and from the 
background (Noff) are computed. The errors for ‘on’ events are derived from 
Poissonian statistics. From Non and Noff, the number of excess events (Nex) is 
computed. The significance is calculated using the Li & Ma method42.
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Extended Data Table 1 | Energy flux between 0.3 and 1 TeV in selected time bins for GRB 190114C

Values listed correspond to the light curve in Fig. 1. For each time bin, columns represent the start and end time of the bin, the EBL-corrected energy flux in the 0.3–1 TeV range, and the best-fit 
spectral photon indices. The last row reports the value of the intrinsic spectral index for the time-integrated spectrum (Fig. 2). The reported statistical errors (stat) correspond to one standard 
deviation, whereas systematic errors (sys) are derived from the variation of the light scale by ±15% (see Methods).



Extended Data Table 2 | Number of γ-rays from GRB 190114C in the highest-energy bins

The number of γ-ray counts was estimated from the MAGIC data using the power-law spectral model for the time interval between T0 + 62 s and T0 + 1,227 s.
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Extended Data Table 3 | Observed and expected number of events in estimated-energy bins for GRB 190114C

The number of expected events is calculated from the intrinsic spectrum power-law model, by convolving it with the effect of EBL attenuation and the instrument response function of the  
telescope for these large zenith angles. The energy binning in estimated energy matches the one in true energy (after unfolding) shown in Fig. 2 and Extended Data Table 2. The large  
uncertainty in the number of expected events in the lowest-energy bin is dominated by the uncertainty in the very low effective area of the telescopes close to the energy threshold of this 
analysis. The numbers reported in this table cannot be used directly for any physical inference. The measured spectrum needs to be first unfolded using the energy migration matrix21.



Extended Data Table 4 | Spectral indices for different EBL models

The abbreviations refer to the different EBL model adopted in each case. D11: Dominguez et al.25 (reported also in Extended Data Table 1); F08: Franceschini et al.44; FI10: Finke et al.45; G12: 
Gilmore et al.46. The errors correspond to one standard deviation.
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Extended Data Table 5 | List of GRBs observed under 
adequate technical and weather conditions by MAGIC with 
z < 1 and Tdelay < 1 h

The zenith angle at the beginning of the observations is reported in the last column. All GRBs 
except GRB 061217 were observed in stereoscopic mode. GRB 061217, GRB 100816A and GRB 
160821B are short GRBs, whereas GRB 190114C is a long GRB. Observations of a few other long 
GRBs with the same criteria were also conducted but are not listed here, because they were 
affected by technical problems or adverse observing conditions.
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