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            Abstract
GW170817 was the first gravitational-wave detection of a binary neutron-star merger1. It was accompanied by radiation across the electromagnetic spectrum and localized2 to the galaxy NGC 4993 at a distance of 40 megaparsecs. It has been proposed that the observed Î³-ray, X-ray and radio emission is due to an ultra-relativistic jet being launched during the merger (and successfully breaking out of the surrounding material), directed away from our line of sight (off-axis)3,4,5,6. The presence of such a jet is predicted from models that posit neutron-star mergers as the drivers of short hard-Î³-ray bursts7,8. Here we report that the radio light curve of GW170817 has no direct signature of the afterglow of an off-axis jet. Although we cannot completely rule out the existence of a jet directed away from the line of sight, the observed Î³-ray emission could not have originated from such a jet. Instead, the radio data require the existence of a mildly relativistic wide-angle outflow moving towards us. This outflow could be the high-velocity tail of the neutron-rich material that was ejected dynamically during the merger, or a cocoon of material that breaks out when a jet launched during the merger transfers its energy to the dynamical ejecta. Because the cocoon model explains the radio light curve of GW170817, as well as the Î³-ray and X-ray emission (and possibly also the ultraviolet and optical emission)9,10,11,12,13,14,15, it is the model that is most consistent with the observational data. Cocoons may be a ubiquitous phenomenon produced in neutron-star mergers, giving rise to a hitherto unidentified population of radio, ultraviolet, X-ray and Î³-ray transients in the local Universe.
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                    Figure 1: The radio light curve of GW170817.[image: ]


Figure 2: Schematic of the various possible jet and dynamical ejecta scenarios in GW170817.[image: ]


Figure 3: Off-axis jet models.[image: ]


Figure 4: Quasi-spherical ejecta models.[image: ]
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Extended data figures and tables

Extended Data Figure 1 GW170817 radio image cut-outs.
Image cut-outs (30â€³?Ã—?30â€³) from uGMRT (a, d), VLA (b, e) and ATCA (c, f) are shown, centred on NGC 4993. The position of GW170817 is marked by two black lines. aâ€“c, Images from Augustâ€“September 2017, using the data reported in ref. 12. dâ€“f, Data from October and December 2017. The flux density is indicated by the colour scale in each column. The synthesized beam is shown as an ellipse in the lower right corner of each image. Dec, declination; RA, right ascension.


Extended Data Figure 2 Confidence region for the radio spectral and temporal indices.
Joint confidence contours for Î± (the spectral power-law index) and Î´ (the temporal power-law index) are shown. The contours are 1Ïƒ, 2Ïƒ and 3Ïƒ confidence contours, and the location of the best-fit values, Î±?=?âˆ’0.61?Â±?0.05 and Î´?=?0.78?Â±?0.05, is indicated by the red cross.


Extended Data Figure 3 Radio-only spectral indices of GW170817.
Radio spectral indices between 0.6 GHz and 15 GHz spanning multiple epochs (colour-coded) are shown. The corresponding days after the merger was detected and spectral indices are given in the legend. Error bars are 1Ïƒ. The joint analysis of all radio data (Methods) implies Î±?=?âˆ’0.61?Â±?0.05.


Extended Data Figure 4 Comparison between the radio and X-ray flux densities of GW170817.
The X-ray data are compared to the radio upper limits (arrows) and detections (filled symbols) at different epochs (colour-coded, see legend, and marked with different symbols). The difference epochs are 2017 August 19, August 26â€“28, September 2â€“3 and November 18 (2 days, around 10 days, around 15 days and 93 days after the merger was detected, respectively). Error bars are 1Ïƒ. The spectral index Î±?=?âˆ’0.60?Â±?0.03 and corresponding electron power-law index p?=?2.20?Â±?0.06 (assuming that the cooling frequency is beyond 1018?Hz, as expected for a mildly relativistic outflow) between 3 GHz and 1018?Hz, as derived from the September 2â€“3 data, are consistent with the radio-only spectral indices, and shown here as a dashed grey line. This indicates that the radio and X-ray emission originate from the same synchrotron source. The corresponding predicted soft-X-ray flux density on November 18 (0.3â€“2.2 nJy) is shown as an open magenta circle with an error bar. Note that the Chandra X-ray observations from December 3â€“6, reported after the submission of this paper, confirm this prediction. The flux densities in the ultraviolet (around 1015?Hz) and near-infrared (around 1014 Hz) bands, which are dominated by thermal emission at early times, are shown for reference.


Extended Data Table 1 Radio data for GW170817Full size table
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