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            Abstract
The cosmic origin of elements heavier than iron has long been uncertain. Theoretical modelling1,2,3,4,5,6,7 shows that the matter that is expelled in the violent merger of two neutron stars can assemble into heavy elements such as gold and platinum in a process known as rapid neutron capture (r-process) nucleosynthesis. The radioactive decay of isotopes of the heavy elements is predicted8,9,10,11,12 to power a distinctive thermal glow (a â€˜kilonovaâ€™). The discovery of an electromagnetic counterpart to the gravitational-wave source13 GW170817 represents the first opportunity to detect and scrutinize a sample of freshly synthesized r-process elements14,15,16,17,18. Here we report models that predict the electromagnetic emission of kilonovae in detail and enable the mass, velocity and composition of ejecta to be derived from observations. We compare the models to the optical and infrared radiation associated with the GW170817 event to argue that the observed source is a kilonova. We infer the presence of two distinct components of ejecta, one composed primarily of light (atomic mass number less than 140) and one of heavy (atomic mass number greater than 140) r-process elements. The ejected mass and a merger rate inferred from GW170817 imply that such mergers are a dominant mode of r-process production in the Universe.
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                    Figure 1: Schematic illustration of the components of matter ejected from neutron-star mergers.[image: ]


Figure 2: Models of kilonovae demonstrating the observable signatures of r-process abundances.[image: ]


Figure 3: Models of kilonovae demonstrating the spectral diagnostics of the ejecta velocity.[image: ]


Figure 4: Models demonstrating how kilonova spectral features probe the abundance of individual r-process elements.[image: ]


Figure 5: A unified kilonova model explaining the optical/infrared counterpart of GW170817.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Dependence of model light curves on the ejecta density profile and compositional stratification.
The models all have mass Mâ€‰=â€‰0.025MâŠ™ and velocity vkâ€‰=â€‰0.25c. a, Comparison of models with a homogenous composition to one where the lanthanide mass fraction varies from Xlanâ€‰=â€‰10âˆ’6 at the outer ejecta edge to Xlanâ€‰=â€‰10âˆ’4 in the interior (see equation (7)). b, Comparison of models with different density gradient in the outer layers. A shallower exponent (nâ€‰<â€‰10) leads to a cooler photosphere and suppresses the early ultraviolet and blue emission. The light curves at times tâ€‰â‰¥â€‰1 d and in redder bands are essentially independent of the outer density profile.


Extended Data Figure 2 Multi-dimensional models demonstrating the orientation dependence of asymmetric kilonova light curves.
a, Bolometric light curves of light r-process ejecta (with Mâ€‰=â€‰0.025MâŠ™, vkâ€‰=â€‰0.15c and Xlanâ€‰=â€‰10âˆ’5) distributed in a conical polar region of opening half angle 45Â°. b, Bolometric light curves of an oblate ellipsoidal distribution of heavy r-process ejecta (with Mâ€‰=â€‰0.04MâŠ™, vkâ€‰=â€‰0.1c and Xlanâ€‰=â€‰10âˆ’2) with an axis ratio of aâ€‰=â€‰4. The orientation effects lead to modest variations in the peak brightness. However, these models do not account for both a polar and an ellipsoidal component being present and influencing each other.
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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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