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            Abstract
The merger of two neutron stars has been predicted to produce an opticalâ€“infrared transient (lasting a few days) known as a â€˜kilonovaâ€™, powered by the radioactive decay of neutron-rich species synthesized in the merger1,2,3,4,5. Evidence that short Î³-ray bursts also arise from neutron-star mergers has been accumulating6,7,8. In models2,9 of such mergers, a small amount of mass (10âˆ’4â€“10âˆ’2 solar masses) with a low electron fraction is ejected at high velocities (0.1â€“0.3 times light speed) or carried out by winds from an accretion disk formed around the newly merged object10,11. This mass is expected to undergo rapid neutron capture (r-process) nucleosynthesis, leading to the formation of radioactive elements that release energy as they decay, powering an electromagnetic transient1,2,3,9,10,11,12,13,14. A large uncertainty in the composition of the newly synthesized material leads to various expected colours, durations and luminosities for such transients11,12,13,14. Observational evidence for kilonovae has so far been inconclusive because it was based on cases15,16,17,18,19 of moderate excess emission detected in the afterglows of Î³-ray bursts. Here we report optical to near-infrared observations of a transient coincident with the detection of the gravitational-wave signature of a binary neutron-star merger and with a low-luminosity short-duration Î³-ray burst20. Our observations, taken roughly every eight hours over a few days following the gravitational-wave trigger, reveal an initial blue excess, with fast optical fading and reddening. Using numerical models21, we conclude that our data are broadly consistent with a light curve powered by a few hundredths of a solar mass of low-opacity material corresponding to lanthanide-poor (a fraction of 10âˆ’4.5 by mass) ejecta.
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                    Figure 1: Localizations of the gravitational wave, the Î³-ray burst and the kilonova on the sky.[image: ]


Figure 2: LCO discovery image of the kilonova AT 2017gfo in the galaxy NGC 4993.[image: ]


Figure 3: LCO light curves of the kilonova AT 2017gfo.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Timeline of the discovery and the observability of AT 2017gfo in the first 24â€‰h following the merger.
The curved lines denote the airmass and altitude (in degrees above the horizon) of the position of AT 2017gfo on the sky at each LCO Southern Hemisphere site from the start of the night until the hour-angle limit of the LCO 1-m telescopes. The vertical thick lines denote the times when LCO images were obtained (colours correspond to the different filters as denoted in the legend of Fig. 3). AT 2017gfo was observable for approximately 1.5â€‰h at the beginning of the night. Having three Southern Hemisphere sites allowed us to detect the kilonova approximately 6.5â€‰h after the LIGO-Virgo localization, follow it approximately 10â€‰h later, and continue to observe it three times per 24-h period for the following days (Fig. 3). Counterpart announcement is from ref. 31.


Extended Data Figure 2 Blackbody fits.
MCMC parameter distributions (aâ€“f) and spectral energy distributions (luminosity density LÎ» as a function of wavelength) with the blackbody fits (gâ€“l) are shown for the six epochs (noted by their modified Julian dates, MJD) with observations in more than two bands after excluding w-band data. In the parameter distributions, contour lines denote 50% and 90% bounds, the red and blue solid lines overplotted on each histogram denote the mean and median of each parameter distribution (respectively), and the dashed lines denote 68% confidence bounds. Error bars on the luminosity densities denote 1Ïƒ uncertainties.


Extended Data Figure 3 Bolometric luminosity, photospheric radius and temperature deduced from blackbody fits.
Error bars denote 1Ïƒ uncertainties (nâ€‰=â€‰200). The large uncertainties in the later epochs might be due to a blackbody that peaks redward of our available data, so these data points should be considered to be temperature upper limits. Our MCMC fits of an analytical model32 to the bolometric luminosity are shown in blue, and the numerical models21 from Fig. 3 are shown in red in the top panel. The numerical models were tailored to fit Vriw bands, but not the g band, which is driving the high bolometric luminosity at early times.


Extended Data Figure 4 AT 2017gfo evolves faster than any known supernova, contributing to its classification as a kilonova.
We compare our w-band data of AT 2017gfo (red; arrows denote 5Ïƒ non-detection upper limits reported by others55,56) to r-band templates of common supernova types (types Ia and Ib/c normalized to peaks of âˆ’19â€‰mag and âˆ’18â€‰mag, respectively)50,51, to r-band data of two rapidly evolving supernovae52,53 (SN 2002bj and SN 2010X) and to R-band data of the drop from the plateau of the prototypical type IIP supernova54 SN 1999em (dashed line; shifted by 1â€‰mag for clarity).


Extended Data Figure 5 Peak luminosity and time of AT 2017gfo compared to simple analytical predictions.
The parameters11 from equations (1) and (2) are shown for different values of the ejecta mass Mej (solid lines), the opacity Îº (dashed lines), and for two different ejecta velocities vej (red and blue lines). The rise time and peak luminosity of AT 2017gfo (black arrow) can be reproduced by an ejecta velocity vejâ€‰â‰ˆâ€‰0.3c and a low opacity of Îºâ€‰â‰²â€‰1â€‰cm2â€‰gâˆ’1. Matching the data with higher opacities would require higher ejecta velocities.


Extended Data Figure 6 Parameter distribution for MCMC fits of analytical kilonova models32 to our bolometric light curve.
The contour lines denote 50% and 90% bounds. The red and blue solid lines overplotted on each histogram denote the mean and median of each parameter distribution (respectively). The dashed lines denote 68% confidence bounds. The fits converge on an ejecta mass of (4.02â€‰Â±â€‰0.05)â€‰Ã—â€‰10âˆ’2MâŠ™ but they do not constrain the velocity (converging on the largest possible range) or the geometrical parameters (Î¸ej and Î¦ej), nor do they reproduce the colour evolution of our event (not shown). This indicates that these models may not be entirely valid for AT 2017gfo (although in ref. 59 it is shown that the geometrical parameters cannot be constrained either way). Our numerical models21, on the other hand, which include detailed radiation transport calculations, do provide a good fit to the data (Fig. 3) with Mejâ€‰=â€‰(2â€“2.5)â€‰Ã—â€‰10âˆ’2MâŠ™, vejâ€‰=â€‰0.3c, and a lanthanide mass fraction of Xlanâ€‰=â€‰10âˆ’4.5, corresponding to an effective opacity of Îºâ€‰â‰²â€‰1â€‰cm2â€‰gâˆ’1.


Extended Data Figure 7 Expected kilonova rates in optical transient surveys.
The number of AT 2017gfo-like events per year detectable by r-band transient surveys in two (solid lines), three (dashed lines) and five (dotted lines) epochs before fading from view. The numbers of events refer to the entire sky, and should be multiplied by the fraction of sky covered by the survey. We assume that the intrinsic rate of events is one per year out to 40â€‰Mpc (scaling accordingly to larger distances).
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When neutron stars collide
Merging neutron stars are potential sources of gravitational waves and have long been predicted to produce jets of material as part of a low-luminosity transient known as a 'kilonova'. There is growing evidence that neutron-star mergers also give rise to short, hard gamma-ray bursts. A group of papers in this issue report observations of a transient associated with the gravitational-wave event GW170817â€”a signature of two neutron stars merging and a gamma-ray flashâ€”that was detected in August 2017. The observed gamma-ray, X-ray, optical and infrared radiation signatures support the predictions of an outflow of matter from double neutron-star mergers and present a clear origin for gamma-ray bursts. Previous predictions differ over whether the jet material would combine to form light or heavy elements. These papers now show that the early part of the outflow was associated with lighter elements whereas the later observations can be explained by heavier elements, the origins of which have been uncertain. However, one paper (by Stephen Smartt and colleagues) argues that only light elements are needed for the entire event. Additionally, Eleonora Troja and colleagues report X-ray observations and radio emissions that suggest that the 'kilonova' jet was observed off-axis, which could explain why gamma-ray-burst detections are seen as dim.
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