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The kilonova AT2017gfo that resulted from the merger of two neutron stars has provided new
insights into the rapid neutron capture process that is responsible for producing many of the nuclei
that are heavier than iron. As with supernovae, progress in understanding kilonova spectra can be
achieved either by using simplified models to connect spectral features with particular elements,
or by attempting to construct detailed simulations that capture all of the relevant physics. In
the forward modelling approach, we require a theoretical simulations of the merger and ejection
physics, r-process nucleosynthesis, radioactive energy deposition, and radiative transfer. We
plan to calculate synthetic spectra for a three-dimensional merger and r-process nucleosynthesis
simulation using the ARTIS Monte Carlo radiative transfer code. Here, we describe current
progress in developing the code to handle energy deposition from §- and @-decay reactions and

thermalisation of decay particles.
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1. Introduction

The gravitational wave signal GW170817 from a merger of two neutron stars has been com-
plemented by a rich dataset of electromagnetic signals from the associated kilonova, AT2017gfo 2.
Simple analysis of the luminosity decline rate of AT2017gfo indicates decaying material that has
undergone rapid neutron captures, a regime responsible for producing many of the elements beyond
Fe.

The time-series spectra of the kilonova in the first few days after the merger in principle provide
a high level of detail about the ejecta composition and physical conditions, if we have the tools to
interpret them. Detailed interpretation of these spectra requires knowledge of a large amount of
relevant atomic and nuclear data, and numerical modelling tools to make the connections between
the initial conditions, subsequent evolution, and the emitted spectra for comparison to observations.

2. NSM model and radiative transfer method

To produce synthetic light curves (in future, spectra), we compute radiative transfer for a
neutron star merger (NSM) simulation of two 1.35 Mg neutron stars. The NSM has been calculated
with a 3D general relativistic smoothed-particle hydrodynamics code that includes an advanced
neutrino treatment, ILEAS? and the nuclear abundances are calculated as a post-processing step
with an advanced r-process network. Three-dimensional radiative transfer calculations for the same
NSM simulation have been published*. Here, we also use the Planck-mean opacities as a function
of electron fraction by Tanaka et al.”, but we enforce spherical symmetry on the model to simplify
the computational requirements while developing more advanced decay and thermalisation physics.

We use the Monte Carlo radiative transfer code ARTIS ®-®, with extended capabilities to handle
kilonova ejecta. ARTIS handles energy deposition by tracking radioactive decay reactions that
follow from an initial snapshot of the composition and density throughout the model (in this work,
0.05 days after merger). The snapshot abundances are taken from a calculation with a detailed
nuclear network, as the complex nuclear reactions other than simple decays mostly take place
within the first few minutes after the merger. The density profile is taken from the hydrodynamic
model, after which which ejecta are assumed to evolve simply by homologous (ballistic) expansion.
This avoids the need for expensive calculations of hydrodynamics to be performed simultaneously
with the radiative transfer.

In contrast with thermonuclear supernovae, which require electron-capture and 8* decays from
just a few nuclei, treating the decays of the NSM material from 0.05 days requires thousands of @ and
B~ reactions. Models presented here use 2591 nuclides with @ and 8~ reaction data (gamma-decay
spectra and mean emitted particle kinetic energy) from ENDV/B-VIIL.1°*. This set of decays (and
the solution of the Bateman equation) series is able to maintain close tracking of the energy release
rates from the full network calculation (see Figure 1).

We use « and S-particle loss rate approximations that are a constant factor of the density by
Barnes et al.'’. The initial kinetic energy of each emitted & and S-particle is set by the average
particle energy for the particular decay reaction that emitted the particle. It is assumed that magnetic
fields keep the particles from crossing significant fraction of the ejecta before losing their energy.

*conveniently redistributed via https:/github.com/hotokezaka/HeatingRate
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Figure 1: Comparison of energy release rates of the ARTIS treatment versus the output of the full nuclear
network calculation. The tracking error remains small, and although fission reactions are not included, this
has a negligible effect on the total energy release rates during the simulation.

In our treatment, the 8 and « particles thermalise over time and deposit their energy locally at the
same location as they were emitted.

3. Results

The time evolution of thermalisation ratios in Figure 2 show reasonable agreement between
our model and the analytical approximation of Barnes et al'’. One difference compared to the
analytical prediction is that we find a larger variation between the o and S-particle thermalisation
ratios, with B-particles being more efficiently thermalised in our model.

The bolometric light curve of the model is shown in Figure 3. The luminosity initially declines
gradually in the optically-thick phase, followed by a change in slope near the transition to the
free-streaming regime (virtually no gamma deposition or photon trapping). Beyond this transition
point, the luminosity converges to the S-particle deposition rate.

The bolometric luminosity of our model is much lower than AT2017gfo, mainly because our
total mass (with only dynamical ejecta) of 0.005 Mg, is about ten times lower than the estimated
mass of AT2017gfo’. It is interesting to observe the changes when simply multiplying the densities
by a factor of ten to obtain a total mass similar to that inferred for AT2017gfo. Figure 4 shows such
a model, and the transition to free-streaming now takes place at a later time is quite similar to the
change in slope of the AT2017gfo light curve.

4. Future work

The models presented here use a simple wavelength-independent (‘grey’) opacity as a function
of the electron fraction. We will soon present models that use a Sobolev treatment for tens of
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Figure 2: Thermalisation ratios over time for gamma-rays, 8~, and « particles in ARTIS versus the analytical

approximation of Barnes '°.
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Figure 3: Bolometric (combined ultraviolet, optical, and infrared) luminosity, deposition rate from gamma
rays, emission and deposition rates for S~ particle kinetic energy, and the inferred bolometric light curve for
AT2107¢gfo!. The lighter blue parts of the ARTIS light curve may be underestimated due to light travel time
effects and the simulation start and end time cutoffs.
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Figure 4: Similar to Figure 3 except for an ARTIS model in which the densities have been multiplied by ten.
The total ejecta mass is 0.05 Mg.

millions of individual transition lines (with data from the Japan-Lithuania database® and new
calculations from our collaborators). ARTIS can also compute the radiative transfer in three-
dimensions, although this greatly increases the computing time and memory requirements. Through
new performance optimisations and a large investment of computing resources, we have recently
calculated angle-dependent spectra for a 3D LTE (local thermodynamic equilibrium) model of the
dynamical NSM ejecta at around one day after the merger, which we intend to publish soon. It
may eventually also be possible to extend these models to include non-LTE effects that become
important at later times, although this might require us to work in only one or two dimensions, or
limit the full non-LTE treatment to particular elements.
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