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            Abstract
Half of all of the elements in the Universe that are heavier than iron were created by rapid neutron capture. The theory underlying this astrophysical r-process was worked out six decades ago, and requires an enormous neutron flux to make the bulk of the elements1. Where this happens is still debated2. A key piece of evidence would be the discovery of freshly synthesized r-process elements in an astrophysical site. Existing models3,4,5 and circumstantial evidence6 point to neutron-star mergers as a probable r-process site; the optical/infrared transient known as a â€˜kilonovaâ€™ that emerges in the days after a merger is a likely place to detect the spectral signatures of newly created neutron-capture elements7,8,9. The kilonova AT2017gfoâ€”which was found following the discovery of the neutron-star merger GW170817 by gravitational-wave detectors10â€”was the first kilonova for which detailed spectra were recorded. When these spectra were first reported11,12, it was argued that they were broadly consistent with an outflow of radioactive heavy elements; however, there was no robust identification of any one element. Here we report the identification of the neutron-capture element strontium in a reanalysis of these spectra. The detection of a neutron-capture element associated with the collision of two extreme-density stars establishes the origin of r-process elements in neutron-star mergers, and shows that neutron stars are made of neutron-rich matter13.
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                    Fig. 1: Spectrum of the kilonova AT2017gfo, showing broad absorption features.


Fig. 2: Abundances of elements produced by the r-process.


Fig. 3: Thermal r-process-element transmission spectrum.


Fig. 4: Spectral series of AT2017gfo 1.5â€“4.5 days after the merger.



                


                
                    
                
            

            
                Data availability

              
              Work in this paper was based on observations made with European Space Observatory (ESO) telescopes at the Paranal Observatory under programmes 099.D-0382 (principal investigator E. Pian), 099.D-0622 (principal investigator P. Dâ€™Avanzo), 099.D-0376 (principal investigator S. J. Smartt) and 099.D-0191 (principal investigator A. Grado).Â The data are available at http://archive.eso.org.
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Extended data figures and tables

Extended Data Fig. 1 Synthetic r-process-element transmission spectra.
These spectra were generated using MOOG, in which the relative abundances are based on solar r-process abundances. The spectra were blueshifted, broadened and normalized as in Fig. 3. The solid black line is the total transmission spectrum for an atmosphere containing all the r-process elements (33As to 92U). The dashed black line is the same spectrum, but including only the light r-process elements (33As to 55Cs). The contributions from different subsets of species are also shown. The green dotted line shows the heavy r-process elements (56Ba to 92U); the blue dotted line shows the light r-process elements (33Asâˆ’55Cs) excluding Sr, which is shown as a red dotted line. This plot shows how Sr stands out in absorption, regardless of the composition of the material. The normalization is arbitrary and different to the LTE equivalent in Fig. 3 for display reasons.


Extended Data Fig. 2 Synthetic r-process transmission spectra.
The spectra were generated with MOOG and are similar to those shown in Extended Data Fig. 1, except that all element contributions are displayed individually. The elements that contribute most at the reddest wavelengths are noted within the plotted line.


Extended Data Fig. 3 Thermal transmission spectra for r-process elements plotted individually.
The spectra are based on the lines formed in a gas in local thermal equilibrium. The abundances of elements are scaled to the solar r-process and the spectra are velocity broadened, blueshifted and normalized as in Fig. 3. The spectrum derived from the total solar r-process abundance mix is plotted as a thick black line. The contributions from Sr clearly dominate at around 8,000Â Ã…, with no substantial contribution from any other element.


Extended Data Fig. 4 Evolution of the ejecta expansion velocity.
The velocities were determined independently from the PÂ Cygni absorption line widths (blue points) and the blackbody radius (red points). Uncertainties shown are 1Ïƒ. The correspondence between the two independent estimates is striking.


Extended Data Fig. 5 Comparison of the expansion opacities at modest optical depths for Sr and Ce.
This calculation shows the potential of Sr to dominate the opacity at around 1Â Î¼m at low optical depths. The opacities are based on LTE calculations for a gas at a temperature of 5,000Â K, a mean local density of 8.4Â Ã—Â 10âˆ’17Â gÂ cmâˆ’3 for Sr or Ce, an electron density of 7.6Â Ã—Â 108Â cmâˆ’3, and a 1% atmospheric radius at 1.5 days after the explosion. Line lists used for Sr and Ce are from the Kurucz and VALD databases respectively.


Extended Data Fig. 6 Radiative transfer models from the first four epochs using the TARDIS code.
The blue line is the synthetic TARDIS spectrum using relative solar r-process abundances and including elements from 31Ga to 37Rbâ€”that is, without Sr. The red line also includes 38Sr. The green line is a model including all elements from 31Ga to 92U. These models show that the spectra are well reproduced with elements around the first r-process abundance peak, specifically Sr.
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