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            Abstract
Long-duration γ-ray bursts (GRBs) originate from ultra-relativistic jets launched from the collapsing cores of dying massive stars. They are characterized by an initial phase of bright and highly variable radiation in the kiloelectronvolt-to-megaelectronvolt band, which is probably produced within the jet and lasts from milliseconds to minutes, known as the prompt emission1,2. Subsequently, the interaction of the jet with the surrounding medium generates shock waves that are responsible for the afterglow emission, which lasts from days to months and occurs over a broad energy range from the radio to the gigaelectronvolt bands1,2,3,4,5,6. The afterglow emission is generally well explained as synchrotron radiation emitted by electrons accelerated by the external shock7,8,9. Recently, intense long-lasting emission between 0.2 and 1 teraelectronvolts was observed from GRB 190114C10,11. Here we report multi-frequency observations of GRB 190114C, and study the evolution in time of the GRB emission across 17 orders of magnitude in energy, from 5 × 10−6 to 1012 electronvolts. We find that the broadband spectral energy distribution is double-peaked, with the teraelectronvolt emission constituting a distinct spectral component with power comparable to the synchrotron component. This component is associated with the afterglow and is satisfactorily explained by inverse Compton up-scattering of synchrotron photons by high-energy electrons. We find that the conditions required to account for the observed teraelectronvolt component are typical for GRBs, supporting the possibility that inverse Compton emission is commonly produced in GRBs.
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                    Fig. 1: Multi-wavelength light curves of GRB 190114C.[image: ]


Fig. 2: Multi-band spectra in the time interval 68–2,400 s.[image: ]


Fig. 3: Modelling of the broadband spectra in the time intervals 68–110 s and 110–180 s.[image: ]
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                Data availability

              
              Data are available from the corresponding authors upon request.

            

Code availability

              
              Proprietary data reconstruction codes were generated at the MAGIC telescope large-scale facility. Information supporting the findings of this study is available from the corresponding authors upon request. Source data for Figs. 2, 3 are provided with the paper.
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Contributions
The MAGIC telescope system was designed and constructed by the MAGIC Collaboration. Operation, data processing, calibration, Monte Carlo simulations of the detector and of theoretical models, and data analyses were performed by the members of the MAGIC Collaboration, who also discussed and approved the scientific results. L. Nava coordinated the collection of the data, developed the theoretical interpretation and wrote the main section and the section on afterglow modelling. E. Moretti coordinated the analysis of the MAGIC data, wrote the relevant sections and, together with F. Longo, coordinated the collaboration with the Fermi team. D. Miceli, Y.S. and S.F. performed the analysis of the MAGIC data. S. Covino provided support with the analysis of the optical data and the writing of the corresponding sections. Z.B. performed calculations for the contribution of prompt emission to the teraelectronvolt radiation and wrote the corresponding section. A. Stamerra, D.P. and S.I. contributed to structuring and editing the paper. A. Berti contributed to editing and finalizing the manuscript. R.M. coordinated and supervised the writing of the paper. All MAGIC collaborators contributed to the editing of and provided comments on the final version of the manuscript. S. Campana and M.G.B. extracted the spectra and performed the spectral analysis of the Swift-BAT and Swift-XRT data. N.P.M.K. derived the photometry for the Swift-UVOT event mode data and the UV grism exposure. M.H.S. derived the image-mode Swift-UVOT photometry. A.d.U.P. was principal investigator of ALMA programme 2018.1A.00020.T, triggered these observations and performed photometry. S. Martin reduced the ALMA Band 6 data. C.C.T., S. Schulze, D.A.K. and M. Michałowski participated in the ALMA DDT proposal preparation, observations and scientific analysis of the data. D.A.P. was principal investigator of ALMA programme 2018.1.01410.T and triggered these observations and was principal investigator of the LT and JCMT programmes. A.M.C. analysed the ALMA Band 3 and LT data and wrote the LT text. S. Schulze contributed to the development of the ALMA Band 3 observing programme. I.A.S. triggered the JCMT programme, analysed the data and wrote the associated text. N.R.T. contributed to the development of the JCMT programme. D.A.K. and C.C.T. triggered and coordinated the X-shooter observations. D.A.K. independently checked the optical light curve analysis. K. Misra was the principal investigator of the GMRT programme 35_018. S.V.C. and V.J. analysed the data. L.R. contributed to the observation plan and data analysis. E. Tremou, I.H. and R.D. performed the MeerKAT data analysis. G.E.A., A. Moin, S. Schulze and E. Troja were principal investigators of ATCA programme CX424. G.E.A., M. Wieringa and J. Stevens carried out the observations. G.E.A., G. Bernardi, S.K., M. Marongiu, A. Moin, R.R. and M. Wieringa analysed these data. J.C.A.M.-J. and L.P. participated in the ATCA proposal preparation and the scientific analysis of the data. The ePESSTO project was delivered by the following, who contributed to managing, executing, reducing, analysing ESO/NTT data and provided comments to the manuscript: J.P.A., N.C.S., P.D’A., M. Gromadzki, C.I., E.K., K. Maguire, M.N., F.R. and S.J.S.; A. Melandri and A. Rossi reduced and analysed REM data and provided comments to the manuscript. J. Bolmer was responsible for observing the GRB with GROND and for the data reduction and calibration. J. Bolmer and J. Greiner contributed to the analysis of the data and writing of the text. E. Troja triggered the NuSTAR TOO observations performed under the DDT programme, L.P. requested the XMM-Newton data, obtained under a DDT programme, and carried out the scientific analysis of the XMM-Newton and NuSTAR data. S. Lotti analysed the NuSTAR data and wrote the associated text. A. Tiengo and G. Novara analysed the XMM-Newton data and wrote the associated text. A.J.C.-T. led the observing BOOTES and GTC programmes. A. Castellón, C.J.P.d.P., E.F.-G., I.M.C., S.B.P. and X.Y.L. analysed the BOOTES data, and A.F.V., M.D.C.-G., R.S.-R., Y.-D.H. and V.V.S. analysed the GTC data and interpreted them accordingly. N.R.T. created the X-shooter and AlFOSC figures. J.P.U.F. and J.J. performed the analysis of the X-shooter and AlFOSC spectra. D.X. and P.J. contributed to the NOT programme and triggering. D. Malesani performed photometric analysis of NOT data. E. Peretti contributed to the development of the code for modelling afterglow radiation. L.I. triggered and analysed the OASDG data, and A.D.D. and A.N. performed the observations at the telescope.
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Extended data figures and tables

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.


Extended Data Fig. 2 MAGIC time-integrated SEDs in the time interval 62–2,400 s after T0.
The green (yellow, blue) points and band show the results of the Monte Carlo (MC) simulations for the nominal and the varied light scale cases (+15%, −15%), which define the limits of the systematic uncertainties. The contour regions are drawn from the 1σ error of their best-fit power-law functions. The vertical bars of the data points show the 1σ errors on the flux.


Extended Data Fig. 3 Afterglow light curves of GRB 190114C.
Flux density at different frequencies as a function of the time since the initial burst, T − T0. a, Observation in the NIR, optical and UV bands. The flux has been corrected for extinction in the host and in our Galaxy. The contribution of the host galaxy and its companion has been subtracted. Fluxes have been rescaled (except for the r-band filter). b, Radio and submillimetre observations from 1.3 GHz to 670 GHz. ‘Instr.’, instrument.


Extended Data Fig. 4 Images of the localization region of GRB 190114C.
a, All-sky image captured with the CASANDRA-1 camera at the BOOTES-1 station. The image (30 s exposure, unfiltered) was taken at T0 + 14.8 s, and was severely affected by the moon. At the GRB190114C location (red dot) no prompt optical emission is detected. Inset, magnification (inverted colours) containing a 10′-diametercircle centred on the optical position. b, Three-colour image of the host of GRB 190114C, obtained with the HST. The host galaxy is a spiral galaxy, and the green circle indicates the location of the transient close to its host nucleus. The image is 8″ across; north is up and east is to the left. c–e, Images of the GRB 190114C field taken with the HST, obtained with the F850LP filter (covering roughly the region from 800 to 1,100 nm). Two epochs, 11 February and 12 March 2019, are shown (images are 4″ across); the right-most image is the result of the difference image. A faint transient is visible close to the nucleus of the galaxy, and we identify this as the late-time afterglow of the burst.


Extended Data Fig. 5 Optical–NIR spectra of GRB 190114C.
a, NOT/AlFOSC spectrum obtained at mid-time (i.e., the epoch corresponding to a half of the exposure length) 1 h post-burst. The continuum is afterglow-dominated at this time, and shows strong absorption features of Ca ii and Na i (in addition to telluric absorption). b, Normalized GTC (+OSIRIS) spectrum obtained on 14 January 2019, 23:32:03 ut with the R1000B and R2500I grisms. The emission lines of the underlying host galaxy are noticeable, besides the Ca ii absorption lines in the afterglow spectrum. c, Visible-light region of the VLT–X-shooter spectrum obtained approximately 3.2 d post-burst, showing strong emission lines from the star-forming host galaxy.


Extended Data Fig. 6 SEDs from radio frequencies to X-rays at different epochs.
The synchrotron frequency νm crosses the optical band, moving from higher to lower frequencies. The break between 108 and 1010 Hz is caused by the self-absorption synchrotron frequency, νsa. Optical (X-ray) data have been corrected for extinction (absorption). The data points are taken from the following telescopes (from lower to higher frequencies): filled and empty triangle symbols, GMRT and MeerKAT; stars, ATCA; violet filled circle, ALMA, down arrows, JCMT 1σ upper limits; filled circles, LT (yellow) and GROND (all the other colours). Error bars for all data points define the 1σ error. Coloured stripes show the best fit of the XRT data extrapolated to the time of each SED. Their vertical width is obtained from the error (90% confidence level) on the best-fit normalization. Solid lines show the model SEDs for the case s = 2.


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.


Extended Data Table 1 MAGIC spectral-fit parameters for GRB 190114CFull size table


Extended Data Table 2 GROND photometryFull size table


Extended Data Table 3 LT, NOT and UVOT observationsFull size table


Extended Data Table 4 Observations of the host galaxyFull size table


Extended Data Table 5 Observations of GRB 190114C by ATCA and JCMT SCUBA-2Full size table





Source data
Source Data Fig. 2

Source Data Fig. 3
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