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Basic facts:

§ GRB180720B, GRB 190114C are classical long GRBs (z ~ 0.6 and ~ 0.4)

§ GRB 190829A is a low-luminosity long GRB at very low redshift (z ~ 0.08)

Only three cases but already some diversity among the long GRB population.

§ No VHE information yet on short GRBs

§ A lesson from the first detections:

Low z + « suitable » observing conditions
rather than
special intrinsic properties?

MAGIC 2004-2019:
follow-up of 105 GRBs,
only four at z<1 with delay < 1h and
good observing conditions.

Article
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.

Teraelectronvolt emission from the γ-ray burst GRB 190114C, MAGIC collaboration; Nature 575, 455-458 (2019)
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Basic facts: GRB180720B and GRB190114C 

§ GRB180720B:
- Redshift: z = 0.653 – Duration: T90 ~ 50 s

(long cosmological GRB)
- Eiso = 6.0 ± 0.1 1053 erg (50-300 keV)
- Detected by GBM & BAT (trigger), LAT (during 12 min), XRT and many others
- Afterglow detectable for ~ 30 days
- HESS: VHE detection 10 hours after the burst: afterglow phase
- Fermi/GRM: 7th brightest GRB ; Swift/XRT: 2nd brightest afterglow

§ GRB190114C:
- Redshift: z = 0.4245 – Duration: T90 ~ 116 s (GBM) – 362 s (BAT)

(long cosmological GRB)
- Eiso = 3 1053 erg (1-10000 keV)
- Detected by BAT & GBM (trigger), INTEGRAL, LAT (during 12 min), AGILE,

XRT and many other
- MAGIC: VHE detection (0.2-1 TeV) 1 minute after the burst

at 50 sigmas during the first 20 min – observed for 40 min

at 80 s: 3 1049 erg/s (0.3-1 TeV) = most luminous source known at VHE

Total observation: 4 1051 erg (0.3-1 TeV)



GRB 180720B (HESS)
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αLAT is at about 1σ from the mean value of the distribution of the  
decay indices of long GRBs detected by Fermi-LAT14 (α = 0.99 ± 0.04LAT , 
σ = 0.80 + 0.07α ) and such deviation could largely depend on the time 
range in which αLAT is fitted, potentially in agreement with αXRT  
and αoptical.

The detection of VHE γ-ray emission indicates the presence of very 
energetic particles in the GRB afterglow. This discovery is consistent 
with efficient γ-ray emission seen in other astrophysical sources with 
relativistic plasma outflow, for example, pulsar wind nebulae or jets 
emerging from the nuclei of active galaxies. In the case of a GRB after-
glow, the particle acceleration probably occurs at the forward shock15 
(the compression shock wave propagating through the circumburst 
material), which should be capable of efficient electron and proton 
acceleration. As proton radiation processes are characterized by 
long energy-loss timescales relative to the dynamical timescale, the 
detected γ-ray emission is probably produced by accelerated elec-
trons (see Methods). Therefore, two radiation processes are the most 

plausible dominant contributions to the VHE spectrum: synchrotron 
emission of an electron population in the local magnetic field16 and 
synchrotron self-Compton (SSC) scattering17,18. In the latter case, the 
synchrotron photons, which are thought to dominate the target radia-
tion19, are inverse-Compton-scattered to higher energies by the same 
electron population.

The SSC and synchrotron emission origin scenarios2 place distinctly 
different demands on the source acceleration efficiency. Whereas an 
SSC origin requires electrons with only multi-gigaelectronvolt ener-
gies, a synchrotron origin requires an extreme accelerator potentially 
accelerating beyond petaelectronvolt energies20 (see Methods). Fur-
thermore, for GRBs to operate as 1020 eV cosmic-ray sources, they must 
achieve extreme acceleration21. One key distinguishing characteristic 
between these two emission origins is that SSC predicts the presence 
of two bumps in the spectral-energy distribution with their height 
ratio depending on the energy densities of both the electrons and the 
magnetic field, whereas a synchrotron model implies only a broad 
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Fig. 1 | Multi-wavelength light curve of GRB 180720B. a, Energy-flux light 
curve detected by Fermi-GBM (band fit; green), Fermi-LAT (power law; blue), 
H.E.S.S. (power-law intrinsic; red) and the optical r-band (purple). The Swift-
BAT spectra (15 keV–150 keV) are extrapolated to the XRT band (0.3–10 keV) to 
produce a combined light curve (grey) and an upper limit (95% confidence 

level) for the second H.E.S.S. observation window (power-law intrinsic,  
red arrow). The black dashed line indicates a temporal decay with α = −1.2.  
b, Photon index of the Fermi-LAT, Swift and H.E.S.S. spectra. Error bars 
correspond to 1σ.
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Fig. 2 | Very-high-energy γ-ray image of GRB 180720B. Significance map of 
GRB 180720B field, as observed by H.E.S.S. a, Observation made at T0 + 10.1 h 
for 2 h. b, The same region of the sky, as observed during consecutive nights 

between T0 + 18.4 d and T0 + 24.4 d. The red cross indicates the position 
reported by the optical telescope ISON-Castelgrande12.

GRB180720B: light-curve

A very-high-energy component deep in the γ-ray burst afterglow, H.E.S.S. collaboration; Nature 575, 464-467 (2019)

aXRT ~ aopt ~ -1.3/-1.2
aLAT ~ -1.8 ; gLAT ~ -2.1 



GRB180720B: VHE spectrum

A very-high-energy component deep in the γ-ray burst afterglow, H.E.S.S. collaboration; Nature 575, 464-467 (2019)

Article

Extended Data Fig. 1 | VHE spectral fit of GRB 180720B. H.E.S.S. spectral fit to 
the measured emission in the energy range 100–440 GeV. a, Fit using a simple 
power-law model (with photon index γobs). b, Fit with a power-law model (with 
photon index γint) with EBL attenuation for a source at z = 0.653 (ref. 13). In both 

cases the residual data points with 1σ uncertainties are obtained from the 
forward-folded method. The shaded areas show the statistical and systematic 
uncertainties in each fit (1σ confidence level). The bottom panels show the 
significance of the residuals between the fitted model and the data points.

Extended Data Fig. 2 | EBL absorption coefficient. Absorption coefficient e−τ(E) for a source emitting at a redshift of 0.653. The values are shown in the energy 
range of the detected emission of GRB 180720B (100–440 GeV) for the four EBL models considered13,39–41.

Extended Data Fig. 2 | EBL absorption coefficient. Absorption coefficient e−τ(E) for a source emitting at a redshift of 0.653. The values are shown in the energy 
range of the detected emission of GRB 180720B (100–440 GeV) for the four EBL models considered13,39–41.



GRB180720B: VHE spectrum

A very-high-energy component deep in the γ-ray burst afterglow, H.E.S.S. collaboration; Nature 575, 464-467 (2019)

Article

Extended Data Fig. 1 | VHE spectral fit of GRB 180720B. H.E.S.S. spectral fit to 
the measured emission in the energy range 100–440 GeV. a, Fit using a simple 
power-law model (with photon index γobs). b, Fit with a power-law model (with 
photon index γint) with EBL attenuation for a source at z = 0.653 (ref. 13). In both 

cases the residual data points with 1σ uncertainties are obtained from the 
forward-folded method. The shaded areas show the statistical and systematic 
uncertainties in each fit (1σ confidence level). The bottom panels show the 
significance of the residuals between the fitted model and the data points.

Extended Data Table 1 | VHE spectral information from GRB 180720B

Spectral parameters of the fits to the H.E.S.S. observed emission in the energy range 100–440 GeV. The intrinsic spectrum with γ = 2.0 (third row) is provided as a reference to the Fermi-LAT 
mean photon index detected in several other GRBs at high energies14. All reported uncertainties are statistical and systematic, in that order.



§ Afterglow / Forward Shock

§ Dominant: accelerated electrons
- Direct synchrotron: unlikely

Needs G>1000 at 10h!

- SSC
(VHE photons produced by
IC scatterings of IR-UV photons
by electrons at the highest energy)

Klein-Nishina attenuation?

Detailed modelling is required…

§ Weak proton emission?

GRB180720B: interpretation
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single component. A second difference between these processes is 
the maximum photon energy achievable.

Considering a synchrotron origin of the broadband afterglow energy 
spectrum, the highest energy for synchrotron emission from electrons 
in a maximally efficient accelerator is22 E Γmc α Γ= 9 /(4 ) ≈ 100 MeVsync

max 2
F  

(with αF the fine-structure constant and Γ the bulk Lorentz factor of the 
forward shock). Thus, for electron synchrotron emission to reach ener-
gies beyond 100 GeV 10 h after the prompt emission, a late-time Γ in 
excess of 1,000 appears to be required. Such a scenario is difficult to 
realize, with robust expectations suggesting a value of Γ ≈ 20 at 10 h 
(see Methods). Alternatively, circumvention of this synchrotron max-
imum energy limit is possible for scenarios in which either the coher-
ence length of the magnetic turbulence is very small, or different 
magnetic-field strengths are present in the acceleration and emission 
zones, or some non-ideal process is responsible for the particle accel-
eration (see Methods). Regardless of this challenge, this could explain 
the similarity in the photon index and level of energy flux of the emis-
sion seen both at early times by Fermi-LAT and Swift-XRT and at  
late times by H.E.S.S. and Swift-XRT (Fig. 1). However, the strong require-
ments for synchrotron emission to extend up to the VHE regime  
disfavours such origin and the potential onset of a new SSC component 
should be considered.

The SSC scenario has the advantage that the emission up to VHE 
at late times is energetically much more easily achievable23, leading 
to the expectation of a new spectral component at VHE. The H.E.S.S. 
spectral-fit constraints (Extended Data Fig. 1) are consistent with such 
a possibility within the present uncertainties. Despite this advantage, 
the potential onset of inverse Compton emission within the Klein–
Nishina regime faces challenges (see Methods). Specifically, beyond 
the γ-ray energy where this sets in, a softer spectral slope and a differ-
ent brightness evolution of this component24 are expected. However, 
interestingly, the presence of synchrotron emission with a hard pho-
ton index extending below kiloelectronvolt energies can sufficiently 
delay the onset of the full Klein–Nishina transition to higher energies 
(see Methods), beyond that of the VHE detection. The detection of 
this hard extended synchrotron emission component thus delivers 
additional supporting evidence for an SSC origin.

This VHE discovery undoubtedly opens a key channel to the under-
standing of the GRB afterglow phenomena. This measurement proves 
to be complementary to the VHE-afterglow emission detected in GRB 
190829A25 and the prompt-to-early afterglow emission measured in 
GRB 190114C by the MAGIC telescopes26, providing insight into the 
nature of GRBs and their VHE detectability. We estimate that future 
instruments, such as the Cherenkov Telescope Array27, will allow up 
to three more GRB afterglow detections per year in the VHE domain 
than previously anticipated (see Methods), considerably improving 
our understanding of GRBs over a diverse range of timescales.

Online content
Any methods, additional references, Nature Research reporting  
summaries, source data, extended data, supplementary informa-
tion, acknowledgements, peer review information; details of author  
contributions and competing interests; and statements of data  
and code availability are available at https://doi.org/10.1038/s41586-
019-1743-9.
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of the magnetic-field strength, Bem > 102Bac, particle acceleration to 
operate in the non-ideal magnetohydrodynamic regime, or a combina-
tion of these factors. Proton synchrotron emission alleviates these 
requirements, but at the expense of a significantly lower radiation 
efficiency. Whereas proton synchrotron emission dominates over other 
hadronic radiation processes in terms of efficiency18, its efficiency is 
still considerably smaller than that of electrons. Thus proton synchro-
tron emission is expected to give rise only to a subdominant emission 
component within the VHE band.

Energy of particles emitting in the VHE regime
The energy of particles emitting in the VHE regime depends on the 
dominant radiation mechanism and the properties of the ejecta. In the 
case of a synchrotron origin scenario, the particle energy is determined 
by three important factors: the shock Lorentz factor, the strength of 
the magnetic field and the turbulence scale. The first factor, Γ ≈ 20, is 
relatively well defined by the epoch of the H.E.S.S. observation, but the 
magnetic-field strength and the possibility of small-scale turbulence 
remain highly uncertain. The internal energy density, ~0.1(Γ/20)2n0 J m−3, 
suggests that a Gauss-strength magnetic field is expected for the case 
of energy equipartition between the magnetic field and particles. We 
note, however, that substantially smaller plasma magnetization is 
reported in the literature62, corresponding to weaker magnetic fields 
by several orders of magnitude. Assuming that synchrotron emission 
beyond the 100 MeV energy limit in the co-moving frame can be 
achieved, the energy of the emitting electrons can be estimated  
as E E Γ B η≈ 4[ /(100 keV)] ( /20) [ /(0.1 G)] TeVe

1/2 −1/2 −1/2
turb
−1/2 . The produc-

tion of 100-GeV γ-rays through a synchrotron scenario therefore 
requires electrons of ultrahigh-energy, Ee ≈ 4 PeV, unless a configuration 
with a very-small-scale turbulence is present. The energy of particles 
that provide the dominant contribution to the inverse Compton emis-
sion depends strongly on the spectrum of the target photons and the 
bulk Lorentz factor. An electron with energy Ee up-scatters a target 
photon with energy Et to an energy of min{Et[Ee/(mec2)]2, ΓEe}. For target 
photons detected in the X-ray energy band, Et ≈ 1 keV, electrons with 
energy of Ee ≈ 10 GeV, which in the laboratory frame have an energy of 
hundreds of gigaelectectronvolts, can produce γ-rays that are detected 
in the VHE band.

Target photons
Target photons of very different energies can be up-scattered to γ-rays 
of the same energy. This can be of particular relevance for VHE γ-rays 
detected from GRBs, where both the target photons and non-thermal 
electrons probably have broad energy distributions. Assuming a power-
law distribution for the target photon flux, n E Ed /d ∝ γ

t t
− , and for elec-

trons, n E Ed /d ∝ γ
e e e

− e , one finds that the relative contribution to the 
γ-ray emission depends on the electron energy as E E Γ E∝{1 − [ /( )]} γ γ

e e
2 − e.  

For simplicity, just a single high-energy term in the cross-section was 
accounted for (resulting in the factor 1 − [E/(EeΓ)]), which is sufficient 
for a qualitative study. However, the obtained dependence shows that 
for a reasonable range of photon and electron indices, 1.5 < γ, γe < 3, the 
highest-available-energy electrons may provide an important contri-
bution to the γ-ray energy band by up-scattering photons with energies 
within the infrared-to-ultraviolet range.

Klein–Nishina cutoff
The Klein–Nishina cutoff is a substantial reduction of the Compton 
cross-section that occurs when E E Γ m c≳e t e

2 4 , where Ee and Et are the 
electron and target photon energies in the co-moving frame and the 
laboratory system, respectively. This results in a softening of the γ-ray 
spectrum that occurs for E ≳ 50(Γ/20)2[Et/(1 keV)]−1 GeV. Because typi-
cally the GRB synchrotron spectral-energy distribution peaks in the 
kiloelectronvolt band, the inverse Compton component detected at 
late afterglow phases may be affected by the Klein–Nishina cutoff, 
resulting in reduced fluxes and steeper spectra. This may appear to 

contradict the relatively hard intrinsic spectral index of γint ≈ 1.6 inferred 
from the H.E.S.S. measurement. There are, however, two effects that 
can result in spectral hardening at energies around the cutoff: (i) the 
up-scattering of low-energy infrared-to-ultraviolet photons, which 
give an intrinsic VHE component with the same slope as that seen in 
the hard-X-ray band and (ii) the hardness of the electron spectrum at 
gigaelectronvolt energies, where adiabatic losses probably render the 
electron spectrum hard. The search for consistency within this frame-
work of the hard VHE spectrum with the SSC scenario, however, requires 
detailed dedicated simulations, which are beyond the scope of this 
observational paper.

Data and code availability
The raw H.E.S.S. data and the code used in this study are not public, 
but belong to the H.E.S.S. collaboration. All derived higher-level data 
that are shown in the plots will be made available on the H.E.S.S. col-
laboration’s website upon publication of this study. Data and analysis 
code from the Fermi-GBM and LAT instruments are publicly available. 
Links to the data and software are provided in the Methods section. 
This work also made use of data supplied by the UK Swift Science Data 
Centre at the University of Leicester (http://www.swift.ac.uk/archive/).
 
28. Hofverberg, P. et al. Commissioning and initial performance of the H.E.S.S. II drive 

system. In Proc. of the 33rd International Cosmic Ray Conference (ICRC 2013), 3092 
(Curran Associates, 2013).

29. Bathelmy, S. GCN: The gamma-ray burst coordinates network http:/gcn.gsfc.nasa.gov 
(2019).

30. Holler, M. et al. Observations of the Crab Nebula with H.E.S.S. Phase II. PoS Proc. Sci. 
ICRC2015, 847 (2016).

31. Berge, D., Funk, S. & Hinton, J. Background modelling in very-high-energy gamma-ray 
astronomy. Astron. Astrophys. 466, 1219–1229 (2007).

32. Parsons, R. D. & Hinton, J. A. A Monte Carlo template based analysis for air-Cherenkov 
arrays. Astropart. Phys. 56, 26–34 (2014).

33. Parsons, R. D., Murach, T. & Gajdus, M. HESS II data analysis with ImPACT. PoS Proc. Sci. 
ICRC2015, 826 (2015).

34. Murach, T., Gajdus, M. & Parsons, R. D. A neural network-based monoscopic 
reconstruction algorithm for H.E.S.S. II. PoS Proc. Sci. ICRC2015, 1022 (2015).

35. de Naurois, M. & Rolland, L. A high performance likelihood reconstruction of γ-rays for 
imaging atmospheric Cherenkov telescopes. Astropart. Phys. 32, 231–252 (2009).

36. Li, T. P. & Ma, Y. Q. Analysis methods for results in gamma-ray astronomy. Astrophys. J. 
272, 317–324 (1983).

37. Piron, F. et al. Temporal and spectral gamma-ray properties of Mkn 421 above 250 GeV 
from CAT observations between 1996 and 2000. Astron. Astrophys. 374, 895–906 (2001).

38. Abdalla, H. et al. Gamma-ray blazar spectra with H.E.S.S. II mono analysis: the case of PKS 
2155-304 and PG 1553+113. Astron. Astrophys. 600, A89 (2017).

39. Domínguez, A. et al. Extragalactic background light inferred from AEGIS galaxy-SED-type 
fractions. Mon. Not. R. Astron. Soc. 410, 2556–2578 (2011).

40. Finke, J. D., Razzaque, S. & Dermer, C. D. Modeling the extragalactic background light 
from stars and dust. Astrophys. J. 712, 238–249 (2010).

41. Gilmore, R. C. et al. Semi-analytic modelling of the extragalactic background light and 
consequences for extragalactic gamma-ray spectra. Mon. Not. R. Astron. Soc. 422,  
3189–3207 (2012).

42. FERMIGBRST – Fermi GBM Burst Catalog https://heasarc.gsfc.nasa.gov/W3Browse/fermi/
fermigbrst.html (2019).

43. GBM Software Tools https://fermi.gsfc.nasa.gov/ssc/data/analysis/rmfit/ (2019).
44. Atwood, W. et al. Pass 8: toward the full realization of the Fermi-LAT scientific potential. In 

2012 Fermi Symposium proceedings, eConf C121028 (2013); preprint at https://arxiv.org/
abs/1303.3514.

45. Fermi LAT Performance http://www.slac.stanford.edu/exp/glast/groups/canda/lat_
Performance.htm (2019).

46. Fermitools-conda-recipe https://github.com/fermi-lat/Fermitools-conda/ (2019).
47. Acero, F. et al. Development of the model of galactic interstellar emission for standard 

point-source analysis of Fermi Large Area Telescope data. Astrophys. J. Suppl. Ser. 223, 
26 (2016).

48. Sasada, M. et al. GCN22977 – Kanata observation. GCN Circulars https://gcn.gsfc.nasa.
gov/gcn3/22977.gcn3 (2018).

49. Itoh, R. et al. GCN22983 – MITSuME Akeno observation. GCN Circulars https://gcn.gsfc.
nasa.gov/gcn3/22983.gcn3 (2018).

50. Reva, I. et al. GCN22979 – TSHAO observation. GCN Circulars https://gcn.gsfc.nasa.gov/
gcn3/22979.gcn3 (2018).

51. Lipunov, V. et al. GCN23023 – MASTER observation. GCN Circulars https://gcn.gsfc.nasa.
gov/gcn3/23023.gcn3 (2018).

52. Kann, D. et al. GCN22985 – OSN observation. GCN Circulars https://gcn.gsfc.nasa.gov/
gcn3/22985.gcn3 (2018).

53. Martone, R. et al. GCN22976 – LCO Haleaka observation of GRB 180720B. GCN Circulars 
https://gcn.gsfc.nasa.gov/gcn3/22976.gcn3 (2018).

54. Zheng, W. et al. GCN23033 – KAIT observation of GRB 180720B. GCN Circulars https://
gcn.gsfc.nasa.gov/gcn3/23033.gcn3 (2018).

�h⌫0 > mec
2

KN limit

h⌫0 �: seed photon : electron



§ Photo-hadronic scenario? 

see e.g. Sahu & Fortin, arXiv:2005.12383

usual problem: low efficiency

GRB180720B: interpretation



GRB 190114C (MAGIC)



GRB190114C: prompt lightcurve
Article

Extended Data Fig. 1 | Prompt-emission light curves for different detectors. 
a–f, Light curves for Super-AGILE (a; 20–60 keV), Swift-BAT (b; 15–150 keV), 
Fermi-GBM (c; 10–1,000 keV), AGILE-MCAL (d; 0.4–1.4 MeV), AGILE-MCAL  

(e; 1.4–100 MeV) and Fermi-LAT (f; 0.1–10 GeV). The light curve of AGILE-MCAL 
is split into two bands to show the energy dependence of the first peak. Error 
bars show 1σ statistical errors.
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Teraelectronvolt emission from the γ-ray burst GRB 190114C, MAGIC collaboration; Nature 575, 455-458 (2019)
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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

–4

–3

–2

–1

P
ho

to
n 

in
de

x b

Fl
ux

 (e
rg

 c
m

–2
 s

–1
)

Lu
m

in
os

ity
 (e

rg
 s

–1
)

10–9

10–8

10–7 1050

1049

1048

10–6

T–T0 (s)
102 103

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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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).

Early times: MAGIC vs BAT

aMAGIC ~ -1.6



GRB190114C: multi-l lightcurve

Observation of inverse Compton emission from a long γ-ray burst, MAGIC collaboration; Nature 575, 459-463 (2019)

a10-1000 keV ~ -1.1 after 5-10 s

aXRT ~ -1.4
aMAGIC ~ -1.5
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but usually occurs at earlier times. The relatively late time at which the 
break appears in GRB 190114C would then imply a very large value of νm, 
placing it in the X-ray band at about 102 s. The millimetre light curves 
(orange symbols) also show an initial fast decay in which the emission 
is dominated by the reverse shock, followed by emission at late times 
with nearly constant flux (Extended Data Fig. 3).

The spectral energy distributions (SEDs) of the radiation detected 
by MAGIC are shown in Fig. 2, where the whole duration of the emission 
detected by MAGIC is divided into five time intervals. For the first two 
time intervals, observations in the gigaelectronvolt and X-ray bands are 
also available. During the first time interval (68–110 s; blue data points 
and blue confidence regions), Swift-XRT, Swift-BAT and Fermi-GBM data 
show that the afterglow synchrotron component peaks in the X-ray 
band. At higher energies, up to 1 GeV, the SED is a decreasing function 
of energy, as supported by the Fermi-LAT flux between 0.1 and 0.4 GeV 
(Methods). On the other hand, at even higher energies, the MAGIC flux 
above 0.2 TeV implies a spectral hardening. This evidence is independ-
ent of the EBL model adopted to correct for the attenuation (Methods). 
This demonstrates that the newly discovered teraelectronvolt radiation 
is not a simple extension of the known afterglow synchrotron emission, 
but a separate spectral component.

The extended duration and the smooth, power-law temporal decay 
of the radiation detected by MAGIC (see green data points in Fig. 1) 
suggest an intimate connection between the teraelectronvolt emission 
and the broadband afterglow emission. The most natural candidate 
is synchrotron self-Compton (SSC) radiation in the external forward 
shock: the same population of relativistic electrons responsible for the 
afterglow synchrotron emission Compton up-scatters the synchrotron 
photons, leading to a second spectral component that peaks at higher 
energies. Teraelectronvolt afterglow emission can also be produced by 
hadronic processes, such as synchrotron radiation by protons acceler-
ated to ultrahigh energies in the forward shock17–19. However, owing 

to their typically low radiation efficiency6, reproducing the luminous 
teraelectronvolt emission observed here by such processes would imply 
unrealistically large power of accelerated protons10. Teraelectronvolt 
photons can also be produced via the SSC mechanism in internal shock 
synchrotron models of the prompt emission. However, numerical mod-
elling (Methods) shows that prompt SSC radiation can account at most 
for a limited fraction ("20%) of the observed teraelectronvolt flux, and 
only at early times (t " 100 s). Henceforth, we focus on the SSC process 
in the afterglow.

SSC emission has been predicted for GRB afterglows9,12,18,20–27. How-
ever, its quantitative significance has been uncertain because the SSC 
luminosity and spectral properties depend strongly on the poorly 
constrained physical conditions in the emission region (for example, 
the magnetic field strength). The detection of the teraelectronvolt 
component in GRB 190114C and the availability of multi-band obser-
vations offer the opportunity to investigate the relevant physics at a 
deeper level. SSC radiation may have been already detected in very 
bright GRBs, such as GRB 130427A, in which photons with energies 
of 10–100 GeV are challenging to explain by synchrotron processes, 
suggesting a different origin28–30.

We model the full dataset (from the radio band to teraelectronvolt 
energies, for the first week after the explosion) as synchrotron plus SSC 
radiation, within the framework of the theory of afterglow emission 
from external forward shocks. The detailed modelling of the broad-
band emission and its evolution with time is presented in Methods. 
We discuss here the implications for the emission at t < 2,400 s and 
energies above >1 keV.

The soft spectra in the 0.2–1-TeV energy range (photon index ΓTeV < −2; 
see Extended Data Table 1) constrain the peak of the SSC component 
to below this energy range. The relatively small ratio between the spec-
tral peak energies of the SSC (E "200 GeVp

SSC ) and synchrotron 
(E ≈ 10 keVp

syn ) components implies a relatively low value for the elec-
tron Lorentz factor (γ ≈ 2 × 103). This value is hard to reconcile with the 

100 101 102 103 104 105 106

T–T0 (s)

10–13

10–12

10–11

10–10

10–9

10–8

10–7

10–6

10–5

10–4

Fl
ux

 (e
rg

 c
m

–2
 s

–1
) BAT

(15–150 keV)

MCAL (0.4–100 MeV)
GBM (10–1,000 keV)

XRT
(1–10 keV)

NuSTAR
2–10 keV

XMM-Newton (2–10 keV)

97.5 GHz (ALMA, ×109)

20–50 keV

9 GHz (VLA, ATCA, ×109)

(MeerKAT, GMRT, ×109)

1.3 GHz

LAT (0.1–1 GeV)

r
V

K

MAGIC
(0.3–1 TeV)

Fig. 1 | Multi-wavelength light curves of GRB 190114C. Energy flux at different 
wavelengths, from radio to γ-rays, versus time after the BAT trigger, at 
T0 = 20:57:03.19 universal time (UT) on 14 January 2019. The light curve for the 
energy range 0.3–1 TeV (green circles) is compared with light curves at lower 
frequencies. Those for VLA (yellow square), ATCA (yellow stars), ALMA (orange 
circles), GMRT (purple filled triangle) and MeerKAT (purple open triangles) 
have been multiplied by 109 for clarity. The vertical dashed line marks 
approximately the end of the prompt-emission phase, identified as the end of 
the last flaring episode. For the data points, vertical bars show the 1σ errors on 
the flux, and horizontal bars represent the duration of the observation. The 
fluxes in the V, r and K filters (pink, purple and grey filled squares, respectively) 
have been corrected for extinction in the host and in our Galaxy; the 
contribution from the host galaxy has been subtracted.
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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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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 
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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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but usually occurs at earlier times. The relatively late time at which the 
break appears in GRB 190114C would then imply a very large value of νm, 
placing it in the X-ray band at about 102 s. The millimetre light curves 
(orange symbols) also show an initial fast decay in which the emission 
is dominated by the reverse shock, followed by emission at late times 
with nearly constant flux (Extended Data Fig. 3).

The spectral energy distributions (SEDs) of the radiation detected 
by MAGIC are shown in Fig. 2, where the whole duration of the emission 
detected by MAGIC is divided into five time intervals. For the first two 
time intervals, observations in the gigaelectronvolt and X-ray bands are 
also available. During the first time interval (68–110 s; blue data points 
and blue confidence regions), Swift-XRT, Swift-BAT and Fermi-GBM data 
show that the afterglow synchrotron component peaks in the X-ray 
band. At higher energies, up to 1 GeV, the SED is a decreasing function 
of energy, as supported by the Fermi-LAT flux between 0.1 and 0.4 GeV 
(Methods). On the other hand, at even higher energies, the MAGIC flux 
above 0.2 TeV implies a spectral hardening. This evidence is independ-
ent of the EBL model adopted to correct for the attenuation (Methods). 
This demonstrates that the newly discovered teraelectronvolt radiation 
is not a simple extension of the known afterglow synchrotron emission, 
but a separate spectral component.

The extended duration and the smooth, power-law temporal decay 
of the radiation detected by MAGIC (see green data points in Fig. 1) 
suggest an intimate connection between the teraelectronvolt emission 
and the broadband afterglow emission. The most natural candidate 
is synchrotron self-Compton (SSC) radiation in the external forward 
shock: the same population of relativistic electrons responsible for the 
afterglow synchrotron emission Compton up-scatters the synchrotron 
photons, leading to a second spectral component that peaks at higher 
energies. Teraelectronvolt afterglow emission can also be produced by 
hadronic processes, such as synchrotron radiation by protons acceler-
ated to ultrahigh energies in the forward shock17–19. However, owing 

to their typically low radiation efficiency6, reproducing the luminous 
teraelectronvolt emission observed here by such processes would imply 
unrealistically large power of accelerated protons10. Teraelectronvolt 
photons can also be produced via the SSC mechanism in internal shock 
synchrotron models of the prompt emission. However, numerical mod-
elling (Methods) shows that prompt SSC radiation can account at most 
for a limited fraction ("20%) of the observed teraelectronvolt flux, and 
only at early times (t " 100 s). Henceforth, we focus on the SSC process 
in the afterglow.

SSC emission has been predicted for GRB afterglows9,12,18,20–27. How-
ever, its quantitative significance has been uncertain because the SSC 
luminosity and spectral properties depend strongly on the poorly 
constrained physical conditions in the emission region (for example, 
the magnetic field strength). The detection of the teraelectronvolt 
component in GRB 190114C and the availability of multi-band obser-
vations offer the opportunity to investigate the relevant physics at a 
deeper level. SSC radiation may have been already detected in very 
bright GRBs, such as GRB 130427A, in which photons with energies 
of 10–100 GeV are challenging to explain by synchrotron processes, 
suggesting a different origin28–30.

We model the full dataset (from the radio band to teraelectronvolt 
energies, for the first week after the explosion) as synchrotron plus SSC 
radiation, within the framework of the theory of afterglow emission 
from external forward shocks. The detailed modelling of the broad-
band emission and its evolution with time is presented in Methods. 
We discuss here the implications for the emission at t < 2,400 s and 
energies above >1 keV.

The soft spectra in the 0.2–1-TeV energy range (photon index ΓTeV < −2; 
see Extended Data Table 1) constrain the peak of the SSC component 
to below this energy range. The relatively small ratio between the spec-
tral peak energies of the SSC (E "200 GeVp

SSC ) and synchrotron 
(E ≈ 10 keVp

syn ) components implies a relatively low value for the elec-
tron Lorentz factor (γ ≈ 2 × 103). This value is hard to reconcile with the 
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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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Fig. 3 | Distribution of the number of teraelectronvolt-band γ-rays in time 
and energy for GRB 190114C. The number of events in each bin of energy and 
time are colour-coded (Methods). The vertical line indicates the beginning of 
the data acquisition. The curves show the expected maximum photon energy 
εsyn,max of electron synchrotron radiation in the standard afterglow theory for 
two extreme cases giving high values of εsyn,max. The dotted curve corresponds 
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).

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 & 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, &B 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 
&B = 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
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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, &p 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
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With optimistic assumptions of &B = 0.5, η = 1, &p = 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 

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 
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ε η & 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, &B 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 
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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 

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 
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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
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where Ek,aft = 1053Ek,53 erg, ts is the observer time after the burst in sec-
onds, &B 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 
&B = 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

ε ξ & & E t z= (3.7 × 10 eV) (1 + ) (2)m
−3

p
−2

p
2

B
1/2

k,53
1/2

s
−3/2 1/2

with differential energy flux

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

p B
1/2

0
1/2

k,53 28
−2

up to ε = εpsyn,max, where ξp is the fraction of the number of protons swept 
up by the shock that are accelerated, &p 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

& ξ & n E D t z

( = 1 TeV) =(1.1 × 10 erg cm s )

× (1 + )
(4)

−16 −2 −1

p
2

p
−1

B 0
1/2

k,53
3/2

28
−2

s
−3/2 3/2

With optimistic assumptions of &B = 0.5, η = 1, &p = 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 

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).
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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
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onds, &B 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 
&B = 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.
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teraelectronvolt flux and spectrum. Assuming a power-law energy dis-
tribution with index −p for the accelerated protons, their synchrotron 
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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 
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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 

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 
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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 & 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, &B 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 
&B = 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

ε ξ & & E t z= (3.7 × 10 eV) (1 + ) (2)m
−3

p
−2

p
2

B
1/2

k,53
1/2

s
−3/2 1/2

with differential energy flux

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

p B
1/2

0
1/2

k,53 28
−2

up to ε = εpsyn,max, where ξp is the fraction of the number of protons swept 
up by the shock that are accelerated, &p 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

& ξ & n E D t z

( = 1 TeV) =(1.1 × 10 erg cm s )

× (1 + )
(4)
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With optimistic assumptions of &B = 0.5, η = 1, &p = 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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observation of the synchrotron peak at energies higher than kiloelec-
tronvolt. To explain the soft spectrum detected by MAGIC, it is neces-
sary to invoke scattering in the Klein–Nishina regime for the electrons 
radiating at the spectral peak, as well as internal γ–γ absorption31. 
Although both of these effects tend to become less important with 
time, the spectral index in the 0.2–1-TeV band remains constant in time 
(or possibly evolves to softer values; Extended Data Table 1). This 
implies that the SSC peak energy moves to lower energies and crosses 
the MAGIC energy band. The energy at which attenuation by internal 
pair production becomes important indicates that the bulk Lorentz 
factor is about 140–160 at 100 s.

An example of the theoretical modelling in this scenario is shown 
in Fig. 3 (blue solid curve; see Methods for details). The dashed line 
shows the SSC spectrum when internal absorption is neglected. The 
thin solid line shows the model spectrum including EBL attenuation, 
in comparison to the MAGIC observations (empty circles).

We find that acceptable models of the broadband SED can be obtained 
if the conditions at the source are the following. The initial kinetic 
energy of the blast wave is Ek ≳ 3 × 1053 erg (isotropic-equivalent). The 
electrons swept up from the external medium are efficiently injected 
into the acceleration process and carry a fraction εe ≈ 0.05–0.15 of the 
energy dissipated at the shock. The acceleration mechanism produces 
an electron population characterized by a non-thermal energy distri-
bution, described by a power law with index p ≈ 2.4–2.6, an injection 
Lorentz factor of γm = (0.8–2) × 104 and a maximum Lorentz factor of 
γmax ≈ 108 (at about 100 s). The magnetic field behind the shock conveys 
a fraction εB ≈ (0.05–1) × 10−3 of the dissipated energy. At t ≈ 100 s, cor-
responding to a distance from the central engine of 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 ≈ 0.5–5 G. The latter implies that the magnetic field 
was efficiently amplified from values of a few microgauss, which are 
typical of the unshocked ambient medium, owing to plasma instabilities 
or other mechanisms6. Not surprisingly, we find that εe ≫ εB, which is a 
necessary condition for the efficient production of SSC radiation18,20.

The blast-wave energy inferred from the modelling is comparable 
to the amount of energy released in the form of radiation during the 
prompt phase. The prompt-emission mechanism must then have dis-
sipated and radiated no more than half of the initial jet energy, leaving 
the rest for the afterglow phase. The modelling of the multi-band data 
also allows us to infer how the total energy is shared between the syn-
chrotron and SSC components. The resultant powers of the two compo-
nents are comparable. We estimate that the energy in the synchrotron 
and SSC component are about 1.5 × 1052 erg and around 6.0 × 1051 erg, 
respectively, in the time interval 68–110 s, and about 1.3 × 1052 erg and 
around 5.4 × 1051 erg, respectively, in the time interval 110–180 s. Thus, 
previous studies of GRBs may have been missing a substantial fraction 
of the energy emitted during the afterglow phase that is essential to 
its understanding.

Finally, we note that the values of the afterglow parameters inferred 
from the modelling fall within the range of values typically inferred from 
broadband (radio to gigaelectronvolt) studies of GRB afterglow emis-
sion. This points to the possibility that SSC emission in GRBs may be a 
relatively common process that does not require special conditions to 
be produced, and its power is similar to that of synchrotron radiation.

The SSC component may then be detectable at teraelectronvolt 
energies in other relatively energetic GRBs, as long as the redshift is 
low enough to avoid severe attenuation by the EBL. This also provides 
support to earlier indications for SSC emission at gigaelectronvolt 
energies28–30.
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Fig. 3 | Modelling of the broadband spectra in the time intervals 68–110 s and 
110–180 s. Thick blue curve, modelling of the multi-band data in the 
synchrotron and SSC afterglow scenario. Thin solid lines, synchrotron and SSC 
(observed spectrum) components. Dashed lines, SSC when internal γ–γ 
opacity is neglected. The adopted parameters are: s = 0, εe = 0.07, εB = 8 × 10−5, 
p = 2.6, n0 = 0.5 and Ek = 8 × 1053 erg; see Methods. Empty circles show the 
observed MAGIC spectrum, that is, uncorrected for attenuation caused by the 
EBL. Contour regions and data points are as in Fig. 2.
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observation of the synchrotron peak at energies higher than kiloelec-
tronvolt. To explain the soft spectrum detected by MAGIC, it is neces-
sary to invoke scattering in the Klein–Nishina regime for the electrons 
radiating at the spectral peak, as well as internal γ–γ absorption31. 
Although both of these effects tend to become less important with 
time, the spectral index in the 0.2–1-TeV band remains constant in time 
(or possibly evolves to softer values; Extended Data Table 1). This 
implies that the SSC peak energy moves to lower energies and crosses 
the MAGIC energy band. The energy at which attenuation by internal 
pair production becomes important indicates that the bulk Lorentz 
factor is about 140–160 at 100 s.

An example of the theoretical modelling in this scenario is shown 
in Fig. 3 (blue solid curve; see Methods for details). The dashed line 
shows the SSC spectrum when internal absorption is neglected. The 
thin solid line shows the model spectrum including EBL attenuation, 
in comparison to the MAGIC observations (empty circles).

We find that acceptable models of the broadband SED can be obtained 
if the conditions at the source are the following. The initial kinetic 
energy of the blast wave is Ek ≳ 3 × 1053 erg (isotropic-equivalent). The 
electrons swept up from the external medium are efficiently injected 
into the acceleration process and carry a fraction εe ≈ 0.05–0.15 of the 
energy dissipated at the shock. The acceleration mechanism produces 
an electron population characterized by a non-thermal energy distri-
bution, described by a power law with index p ≈ 2.4–2.6, an injection 
Lorentz factor of γm = (0.8–2) × 104 and a maximum Lorentz factor of 
γmax ≈ 108 (at about 100 s). The magnetic field behind the shock conveys 
a fraction εB ≈ (0.05–1) × 10−3 of the dissipated energy. At t ≈ 100 s, cor-
responding to a distance from the central engine of 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 ≈ 0.5–5 G. The latter implies that the magnetic field 
was efficiently amplified from values of a few microgauss, which are 
typical of the unshocked ambient medium, owing to plasma instabilities 
or other mechanisms6. Not surprisingly, we find that εe ≫ εB, which is a 
necessary condition for the efficient production of SSC radiation18,20.

The blast-wave energy inferred from the modelling is comparable 
to the amount of energy released in the form of radiation during the 
prompt phase. The prompt-emission mechanism must then have dis-
sipated and radiated no more than half of the initial jet energy, leaving 
the rest for the afterglow phase. The modelling of the multi-band data 
also allows us to infer how the total energy is shared between the syn-
chrotron and SSC components. The resultant powers of the two compo-
nents are comparable. We estimate that the energy in the synchrotron 
and SSC component are about 1.5 × 1052 erg and around 6.0 × 1051 erg, 
respectively, in the time interval 68–110 s, and about 1.3 × 1052 erg and 
around 5.4 × 1051 erg, respectively, in the time interval 110–180 s. Thus, 
previous studies of GRBs may have been missing a substantial fraction 
of the energy emitted during the afterglow phase that is essential to 
its understanding.

Finally, we note that the values of the afterglow parameters inferred 
from the modelling fall within the range of values typically inferred from 
broadband (radio to gigaelectronvolt) studies of GRB afterglow emis-
sion. This points to the possibility that SSC emission in GRBs may be a 
relatively common process that does not require special conditions to 
be produced, and its power is similar to that of synchrotron radiation.

The SSC component may then be detectable at teraelectronvolt 
energies in other relatively energetic GRBs, as long as the redshift is 
low enough to avoid severe attenuation by the EBL. This also provides 
support to earlier indications for SSC emission at gigaelectronvolt 
energies28–30.
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Fig. 3 | Modelling of the broadband spectra in the time intervals 68–110 s and 
110–180 s. Thick blue curve, modelling of the multi-band data in the 
synchrotron and SSC afterglow scenario. Thin solid lines, synchrotron and SSC 
(observed spectrum) components. Dashed lines, SSC when internal γ–γ 
opacity is neglected. The adopted parameters are: s = 0, εe = 0.07, εB = 8 × 10−5, 
p = 2.6, n0 = 0.5 and Ek = 8 × 1053 erg; see Methods. Empty circles show the 
observed MAGIC spectrum, that is, uncorrected for attenuation caused by the 
EBL. Contour regions and data points are as in Fig. 2.
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observation of the synchrotron peak at energies higher than kiloelec-
tronvolt. To explain the soft spectrum detected by MAGIC, it is neces-
sary to invoke scattering in the Klein–Nishina regime for the electrons 
radiating at the spectral peak, as well as internal γ–γ absorption31. 
Although both of these effects tend to become less important with 
time, the spectral index in the 0.2–1-TeV band remains constant in time 
(or possibly evolves to softer values; Extended Data Table 1). This 
implies that the SSC peak energy moves to lower energies and crosses 
the MAGIC energy band. The energy at which attenuation by internal 
pair production becomes important indicates that the bulk Lorentz 
factor is about 140–160 at 100 s.

An example of the theoretical modelling in this scenario is shown 
in Fig. 3 (blue solid curve; see Methods for details). The dashed line 
shows the SSC spectrum when internal absorption is neglected. The 
thin solid line shows the model spectrum including EBL attenuation, 
in comparison to the MAGIC observations (empty circles).

We find that acceptable models of the broadband SED can be obtained 
if the conditions at the source are the following. The initial kinetic 
energy of the blast wave is Ek ≳ 3 × 1053 erg (isotropic-equivalent). The 
electrons swept up from the external medium are efficiently injected 
into the acceleration process and carry a fraction εe ≈ 0.05–0.15 of the 
energy dissipated at the shock. The acceleration mechanism produces 
an electron population characterized by a non-thermal energy distri-
bution, described by a power law with index p ≈ 2.4–2.6, an injection 
Lorentz factor of γm = (0.8–2) × 104 and a maximum Lorentz factor of 
γmax ≈ 108 (at about 100 s). The magnetic field behind the shock conveys 
a fraction εB ≈ (0.05–1) × 10−3 of the dissipated energy. At t ≈ 100 s, cor-
responding to a distance from the central engine of 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 ≈ 0.5–5 G. The latter implies that the magnetic field 
was efficiently amplified from values of a few microgauss, which are 
typical of the unshocked ambient medium, owing to plasma instabilities 
or other mechanisms6. Not surprisingly, we find that εe ≫ εB, which is a 
necessary condition for the efficient production of SSC radiation18,20.

The blast-wave energy inferred from the modelling is comparable 
to the amount of energy released in the form of radiation during the 
prompt phase. The prompt-emission mechanism must then have dis-
sipated and radiated no more than half of the initial jet energy, leaving 
the rest for the afterglow phase. The modelling of the multi-band data 
also allows us to infer how the total energy is shared between the syn-
chrotron and SSC components. The resultant powers of the two compo-
nents are comparable. We estimate that the energy in the synchrotron 
and SSC component are about 1.5 × 1052 erg and around 6.0 × 1051 erg, 
respectively, in the time interval 68–110 s, and about 1.3 × 1052 erg and 
around 5.4 × 1051 erg, respectively, in the time interval 110–180 s. Thus, 
previous studies of GRBs may have been missing a substantial fraction 
of the energy emitted during the afterglow phase that is essential to 
its understanding.

Finally, we note that the values of the afterglow parameters inferred 
from the modelling fall within the range of values typically inferred from 
broadband (radio to gigaelectronvolt) studies of GRB afterglow emis-
sion. This points to the possibility that SSC emission in GRBs may be a 
relatively common process that does not require special conditions to 
be produced, and its power is similar to that of synchrotron radiation.

The SSC component may then be detectable at teraelectronvolt 
energies in other relatively energetic GRBs, as long as the redshift is 
low enough to avoid severe attenuation by the EBL. This also provides 
support to earlier indications for SSC emission at gigaelectronvolt 
energies28–30.
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Fig. 3 | Modelling of the broadband spectra in the time intervals 68–110 s and 
110–180 s. Thick blue curve, modelling of the multi-band data in the 
synchrotron and SSC afterglow scenario. Thin solid lines, synchrotron and SSC 
(observed spectrum) components. Dashed lines, SSC when internal γ–γ 
opacity is neglected. The adopted parameters are: s = 0, εe = 0.07, εB = 8 × 10−5, 
p = 2.6, n0 = 0.5 and Ek = 8 × 1053 erg; see Methods. Empty circles show the 
observed MAGIC spectrum, that is, uncorrected for attenuation caused by the 
EBL. Contour regions and data points are as in Fig. 2.

Detailed model:

Kinetic energy > 3 1053 erg
Efficiency of prompt phase > 50%

Radius ~ (8-20) 1016 cm at 100 s

Microphysics:
ee ~ 0.05-0.15 ; p ~ 2.4-2.6 ; gm ~ (0.8-2) 104 at 100 s
eB ~ 0.00005-0.001 ; B ~ 0.5-5 G at 100 s

ee >> eB : efficient SSC 
At 100 s: comparable powers syn and IC

Exernal medium:
- Wind does not work
- Uniform: next ~ 0.5-5 cm-3
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Extended Data Fig. 7 | Modelling of broadband light curves. Modelling 
results of forward shock emission are compared to observations at different 
frequencies (see key). The model shown with solid and dashed lines is 
optimized to describe the high-energy radiation (teraelectronvolt, 
gigaelectronvolt and X-ray) and has been obtained with the following 
parameters: s = 0, εe = 0.07, εB = 8 × 10−5, p = 2.6, n0 = 0.5 and Ek = 8 × 1053 erg. Solid 
lines show the total flux (synchrotron and SSC) and the dashed line refers to the 

SSC contribution only. Dotted curves correspond to a better modelling of 
observations at lower frequencies, but fail to explain the behaviour of the 
teraelectronvolt light curve; they are obtained with the following model 
parameters: s = 2, εe = 0.6, εB = 10−4, p = 2.4, A. = 0.1 and Ek = 4 × 1053 erg. Vertical 
bars on the data points show the 1σ errors on the flux, and horizontal bars 
represent the duration of the observation.

Early NIR-V not modeled (RS) – Late radio: not reproduced. 
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Extended Data Fig. 7 | Modelling of broadband light curves. Modelling 
results of forward shock emission are compared to observations at different 
frequencies (see key). The model shown with solid and dashed lines is 
optimized to describe the high-energy radiation (teraelectronvolt, 
gigaelectronvolt and X-ray) and has been obtained with the following 
parameters: s = 0, εe = 0.07, εB = 8 × 10−5, p = 2.6, n0 = 0.5 and Ek = 8 × 1053 erg. Solid 
lines show the total flux (synchrotron and SSC) and the dashed line refers to the 

SSC contribution only. Dotted curves correspond to a better modelling of 
observations at lower frequencies, but fail to explain the behaviour of the 
teraelectronvolt light curve; they are obtained with the following model 
parameters: s = 2, εe = 0.6, εB = 10−4, p = 2.4, A. = 0.1 and Ek = 4 × 1053 erg. Vertical 
bars on the data points show the 1σ errors on the flux, and horizontal bars 
represent the duration of the observation.



Summary:
§ Finally detections!
§ A new window on GRB afterglows
§ Optimistic prospects for CTA

§ Afterglow physics: is the external shock + SSC explanation enough?
Model proposed with the discovery paper is nice but not fully satisfactory.

Things to investigate in the same framework:
effect of pair enrichment in external medium at early times,
possible contribution of the RS (or of the prompt emission at early times), 
etc.

Alternatives: 
- External IC (discussed for 190829A, Zhang et al. 2020)
-Direct synchrotron beyond the burn-off limit?
(e.g. with evolving B from acceleration to emission zone)
-Converter acceleration (Derishev)
- « Pair balance model » (Piran & Derishev)
-Photo-hadronic processes? (low efficiency)
- etc.



Summary:
§ Finally detections !
§ A new window on GRB afterglows
§ Optimistic prospects for CTA

§ Afterglow physics: is the external shock + SSC explanation enough?
Model proposed with the discovery paper is nice but not fully satisfactory.

Things to investigate in the same framework:
effect of pair enrichment in external medium at early times,
possible contribution of the RS (or of the prompt emission at early times), 
etc.

§ Prompt TeV emission?
§ Transition Prompt-Afterglow? 

(IC scatterings of prompt photons by relativistic electrons in FS)

Many possibilities to investigate

§ Diversity among GRBs ? (short vs long, …)
GRB190829A (HESS) = low-luminosity burst
See Fabian Schüssler’s presentation


