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When neutron stars merge, an explosive kilonova transient is produced and the heaviest (r-process)
elements in the Universe are synthesised. By studying kilonovae we have an opportunity to un-
derstand r-process nucleosynthesis. To interpret kilonova observations, however, requires detailed
modelling. In this article we discuss our simulation efforts towards interpreting kilonova observa-
tions and we highlight a number of uncertainties and challenges still to be addressed in kilonova
modelling. We find that our simulation shows reasonable agreement with the observations of
AT2017gfo, allowing us to identify that kilonova spectral features are likely blends of different
features due to Doppler broadening. We also highlight the need to carry out 3D kilonova simula-
tions. Further modelling is still required to understand kilonova observations.
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1. Introduction

When neutron stars merge through the emission of gravitational waves, a bright electromagnetic
counterpart is produced, called a kilonova. The extreme neutron rich conditions during the merger
allow rapid neutron capture (the r-process) to occur and large abundances of radioactive r-process
material are synthesised which power the optical and infrared transient counterpart. The r-process
is responsible for producing around half of all elements in the Universe heavier than iron and
kilonovae provide an opportunity to study the r-process, since signatures of these elements are
present in the observations. In principle, kilonova observations should also contain information
about the underlying high density equation of state, however, to study this as well as r-process
nucleosynthesis, kilonova observations must be interpreted using simulations. In this article we
show our efforts towards producing self-consistent kilonova models, and motivate the necessity of
these sophisticated simulations in studying kilonovae and the r-process.

The first spectroscopically confirmed kilonova (AT2017gfo8,10) detected simultaneously with
the emission of gravitational waves (GW1708171) was observed in 2017. It was found to be
an extremely rapidly evolving transient, initially showing blue colours and then quickly evolved to
redder colours. The bolometric (UV – IR) light curve of AT2017gfo showed a decline rate consistent
with the decay of r-process material, providing observational evidence of the r-process2,8. A number
of spectral features have been identified in the spectra of AT2017gfo, also providing evidence for
r-process nucleosynthesis in kilonovae. The strongest spectral feature in AT2017gfo has been
identified as Sr ii11. In addition to AT2017gfo, a number of kilonova candidates have been
proposed following gamma-ray bursts (GRBs). Among these, AT2023vfi (associated with GRB
230307A)4,12 had spectra taken with JWST, showing a strong spectral feature with Te iii proposed
as an identification4. To verify spectral feature identifications in AT2017gfo and other kilonova
candidates, as well as identify additional features requires radiative transfer modelling.

2. Methods

 Christine Collins      |    1

3D kilonova modelling pipeline

Figure 1: Approach to kilonova modelling: We take a hydrodynamical neutron star merger simulation as
the ejecta model. Following the merger simulation, r-process nuclear network calculations are carried out to
calculate elemental abundances and the energy released (image credit: EMMI, GSI/Different Arts). These
are input to the radiative transfer simulation (shown is the density structure of the ejecta snapshot through
which simulated photons are propagated thorugh). The radiative transfer simulation produces light curves
and spectra that can be compared to kilonova observations. Shown are light curves simulated with artis
compared to AT2017gfo.

A model for kilonovae requires a number of inputs – an assumption about the underlying
merger ejecta, r-process nucleosynthesis, atomic data of r-process elements and radiative transfer.
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We describe our approach to this problem; namely using a forward modelling approach to compare
simulated binary neutron star merger ejecta to the kilonova light curves and spectra. Our simulation
pipeline is illustrated in Figure 1 and is carried out as follows: The 3D ejecta from a merger
simulation combined with nuclear network calculations to simulate the r-process nucleosynthesis
are input to a 3D radiative transfer simulation. The radiative transfer is carried out using artis3,5–7.
Atomic data is also input to artis (atomic levels and A values) enabling spectral features to be
predicted and directly associated with the elemental species responsible for forming the features.

Artis is a 3D, time-dependent Monte Carlo radiative transfer code. It calculates line-by-line
opacities using the Sobolev approximation. A nuclear decay network is coupled to artis to follow
the radioactive decays of r-process nuclei to calculate the energy deposition in the merger ejecta and
to update the elemental abundances following the decays6. Monte Carlo "packets" of energy are
tracked as they propagate through the merger ejecta. The packets can represent atomic processes
(e.g., emission, absorption, scattering) and when packets of radiation (photons) escape the ejecta
these form the synthetic spectra.

We note that the calculations carried out so far assume local thermodynamic equilibrium (LTE),
and therefore ionisation and excitation can be calculated using the Saha and Boltzmann equations.
In non-LTE, the ionisation and excitation must be calculated from the radiative and collisional rates,
for which we require more atomic data (radiative and collisional cross-sections) that is currently
unknown for many r-process elements.

3. Results: Implications and Insights

In the following sections we show simulated kilonova synthetic observables calculated using
our simulation pipeline.

3.1 Kilonova spectral features are complex blends

The simulated spectra show blended features owing to the extremely high expansion velocities
of the ejecta. This can be seen in the simulated artis spectrum in Figure 2. In the artis simulation,
we track the last species to interact with a Monte Carlo packet (representing photons) before it
escapes the simulation. The relative contributions from individual species are indicated in Figure 2.
Each of these features is Doppler broadened. The relative contributions to absorption are shown on
the negative axis, indicating the last process to absorb a Monte Carlo packet out of the line of sight.

The artis spectrum shown in Figure 2 shows a resemblance to the observed spectra of
AT2017gfo (also shown in Figure 2). The simulation shows a strong feature ranging from ∼ 7500 Å
to∼ 12000 Å which is also present in the observed spectra. In the observations, this feature has been
identified as Sr ii11, and can be explained by only this ion. The radiative transfer simulation shows
that while Sr ii contributes significantly to this feature, there are also blended contributions from
other species, including Y ii and Zr ii. To identify that the feature is blended requires sophisticated
radiative transfer simulations. Our line-by-line approach enables us to identify the specific ions
contributing to each spectral feature. Multiple contributions to spectral features make inferring
abundances from observations challenging, and therefore simulations that account for line blending
such as these are needed to infer r-process abundances from kilonova observations.
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Figure 2: Left: simulated spectra (figure adapted from figure 3 of ref.6). Right: observed spectra of
AT2017gfo, where the highlighted feature has been identified as Sr ii (figure taken from ref.9). Both the
simulated and observed spectra show a strong absorption feature ranging from ∼ 7500 Å to ∼ 12000 Å. In
the simulation the feature is predominantly Sr ii but also has blended contributions from additional species
(predominantly Y ii and Zr ii).

3.2 Importance of multi-dimensional simulations

In order to test the importance of carrying out 3D kilonova simulations, we also carry out
a 1D simulation where we consider a spherical average of the same ejecta model, and compare
the syntheitc observables predicted from each simulation. In Figure 3 the light curves of the 1D
simulation compared to the 3D simulation are shown. Similarly to AT2017gfo, the 3D simulation
initially peaks in the bluest bands and later peaks in the redder bands, showing a blue to red colour
evolution. Note that all directions in the 3D model show this blue to red colour evolution, even
though equatorial directions contain lower electron fraction (Y𝑒) material. Naively it would be
expected that the equatorial directions would show redder colours than near the polar directions,
owing to the higher abundances of low Y𝑒 material and therefore the higher opacities (e.g. see
ref.2). The 1D simulation is much redder initially than all direction in the 3D simulation and ∼ 2
mag fainter in g-band. This shows that whether the simulation is 3D or 1D can have a much greater
effect on the colour of the light curves than the composition of the ejecta. Even the bolometric (UV
– IR) light curves do not match between the 1D and 3D models until late times when the ejecta are
optically thin and the light curve follows the thermalisation rate of the radioactive decay energy.
These simulations show that multi-dimensional simulations are important not only for investigating
viewing-angle effects, but also for calculating the spectral energy distribution.

4. Conclusions

We have carried out kilonova radiative transfer simulations based on hydrodynamical neu-
tron star mergers, enabling interpretation of kilonova observations. Our self-consistent modelling
pipeline allows us to minimise the choice of free parameters which are otherwise required for
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Figure 3: Light curves for a 1D model (black line) with spherically averaged ejecta compared to the 3D
model (with directions indicated by the coloured lines). The 1D model does not resemble any of the directions
in the 3D model. For comparison, the observed light curves of AT2017gfo are shown10. The models shown
here are the 1D AD1 and 3D AD1 models from ref.6.

kilonova modelling. We use a line-by-line opacity scheme in our radiative transfer calculations
which allows us to directly associate simulated spectral features with the species responsible for
their formation. With this approach, we have identified that kilonova spectral features are likely
a blend of multiple features owing to Doppler broadening and overlapping spectral lines. To in-
fer abundances of r-process elements from kilonova observations this must be considered. We
have discussed that sophisticated, multi-dimensional radiative transfer simulations are needed to
interpret observations. A 1D simulation using a spherically averaged model produces completely
different synthetic observables than the full 3D model, highlighting the importance of 3D kilonova
simulations. The interpretation of AT2017gfo (and new kilonova candidates) is still ongoing, and
further detailed modelling is still required to fully understand what kilonova observations tell us
about the underlying physics.
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