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The detection of GW170817 and its electromagnetic counterpart AT2017gfo confirmed the ex-
pectation that a kilonova would accompany the merging of binary neutron stars, and subsequently
there has been much interest in simulating kilonova emission to better understand the observations
of AT2017gfo. The majority of models considered when predicting kilonova emission have been
1D, or even idealised toy models. Few simulations have been based on realistic merger simu-
lations, and fewer have carried out full 3D simulations of the merger and subsequent kilonova
emission. We present 3D radiative transfer simulations based on the dynamical ejecta from 3D
smoothed-particle hydrodynamics neutron star merger simulations, including a sophisticated neu-
trino treatment. Nucleosynthesis calculations following the SPH trajectories provide the energy
released due to radioactive decays of r-process material. We discuss the predicted light curves in
different lines of sight, as well as the influence of the assumptions we make on the light curve
evolution. This includes our assumption of opacities based on the electron fraction of the material,
which is predominantly responsible for the distribution of r-process elements synthesised. We

find that the light curves show a modest viewing angle dependence.
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1. Introduction

A kilonova is the electromagnetic counterpart accompanying the merging of binary neutron stars.

25.29 was coin-

This has recently been unambiguously observed for the first time, where AT2017gfo
cident with the gravitational wave signal GW 170817 which was consistent with a binary neutron
star merger. When binary neutron stars merge, the neutron rich environment allows r-process nu-
cleosynthesis to take place. The radioactive decays of freshly synthesised r-process elements power
an optical kilonova transient. To better understand kilonovae, we require detailed binary neutron
star merger simulations, and self-consistent radiative transfer calculations to compare simulations
directly to observations. Binary neutron star mergers show strong asymmetries in the ejecta’,
necessitating multi-dimensional radiative transfer simulations to produce line of sight dependent
synthetic observables. Many previous works have carried out radiative transfer simulations based
on analytical models described by simplified physics (e.g. power-law density structures or idealised
geometries)>/~%16:18:22.3032 " Of the radiative transfer simulations considering real merger simula-
tions, most have been carried out in 2D '?~'>, with only a few in 3D '*?’. Here we present a 3D
radiative transfer simulation based on a 3D binary neutron star merger simulation. We compare the
viewing-angle dependent light curves to observations of AT2017gfo (see Collins et al.© for further
details).

2. Overview of simulations
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Figure 1: Self-consistent modelling pipeline for comparing kilonova simulations to observations. A binary
neutron star merger simulation is carried out (image from S. Blacker), followed by detailed nuclear network
calculations for each SPH particle trajectory (image credit: EMMI, GSI/Different Arts). Radiative transfer
calculations are carried out using a snapshot of the simulated ejecta, which can be directly compared to
observations (shown are the light curves of AT2017gfo by Villar et al. >”).

The aim of this research is to predict synthetic observables for a realistic neutron star merger
simulation. We use the 3D Monte Carlo radiative transfer code ARTIS'7?*?* to predict angle
dependent light curves. We consider a merger simulation of equal mass binary neutron stars (BNS),
each 1.35 Mg, which is simulated by a 3D general relativistic smoothed-particle hydrodynamics
(SPH) code, that includes an advanced neutrino treatment (ILEAS?). We use a self-consistent
modelling pipeline to directly compare simulations to observations (see Fig. 1). After the BNS
merger simulation, nuclear network calculations are carried out for each of the SPH particle
trajectories that were gravitationally unbound. A snapshot of merger ejecta is taken (and mapped
to a Cartesian grid) as the input to the radiative transfer calculation, and the energy powering the
kilonova is taken from the nuclear network calculations. The radiative transfer simulation produces
light curves, which can be directly compared to observations.
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The BNS merger simulation predicts highly asymmetric ejecta, where the polar directions have

much lower densities than equatorial lines of sight. Here we only consider dynamical ejecta, expelled

on timescales of milliseconds after the merger (20 milliseconds after both stars touched). The total

mass of the dynamical ejecta mapped onto the radiative transfer simulation grid is 0.0051 Me.

d
assume grey absorption cross sections based on the electron

We assume a grey approximation in the radiative transfer’* an

fraction (Y,) of the ejecta (see Table 1). A low Y, produces a
high lanthanide fraction, and therefore high opacities while a
high Y, produces a low lanthanide fraction and lower opacities.
In our model, the polar directions show a higher Y, than the
equatorial directions.

The kilonova is powered by radioactive S-decays, a-decays
and fission. The nuclear network calculations show that most
of the heating in this model takes the form of B-decays, and
therefore we assume that all heating in our simulation is from
B-decays. The emitted neutrinos are not expected to thermalise,
and we assume 35% of the total energy is lost to neutrinos. We
assume 7y-rays account for 45% of the -decay energy, and S-
particles account for 20% of the energy*. We include a y-ray
transport scheme for estimated y-ray energies*, and assume f3-

Table 1: Mass absorption cross sec-
tions («x) adopted in this study for
each electron fraction Y, range’®.
*The lowest Y, opacity is under-
estimated due to lack of complete
atomic data for actinides”®.

Y. K
cm? g~
Y, <0.1 19.5%
0.1 <Y, <0.15 32.2
0.15<Y,<0.2 22.3
02<Y,<0.25 5.60
025<Y,<0.3 5.36
03<Y,<0.35 3.30
Y, >0.35 0.96

particles thermalise instantaneously. The total energy in each model grid cell is determined from
the SPH particle trajectories (allowing for a spatially dependent energy distribution), but we assume
the same rate of energy generation for the entire ejecta, given as the average energy generation rate

of all SPH trajectories.
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The angle-dependent light curves calculated 5 0 8
.. . . -0.2
from our radiative transfer simulation are 104} 04
shown in Fig. 2. Lines of sight in the v M6
polar directions are brighter than equato- I- AT2017gfo (Waxman 2018) -0.8
rial directions, due to lower grey opaci- 10391 100 10T -1
ties and lower densities. The bolometric Time (days)

(Ultraviolet-Infrared) light curves do not rise

to a peak, but instead a ‘shoulder’ is seen as
the bulk ejecta become optically thin. En-
ergy is generated and thermalised in high
velocity, outer regions of the ejecta, where
the optical depths are low, and therefore ra-
diation is able to escape the ejecta from very
early times, leading to the monotonic decline
of the bolometric light curves.

Figure 2: Line of sight bolometric UVOIR light curves.
Each coloured line is the azimuthally averaged light curve
(averaged over each angle bin in cos(6)), while all 100 uni-
formly spaced viewing angle bins are plotted in light grey.
Also marked is the total energy released (on average) by
nuclear reactions, Qy+ﬁ (excluding energy assumed to be
lost to neutrinos), and the energy due to S-particles (Qﬁ).
The bolometric light curve of AT2017gfo>! is plotted for
reference.
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Figure 3: Light curves estimated from radiation temperature. Also plotted are the light curves for
AT2017gfo?’, assuming a distance of 40 Mpc.

The mass of the dynamical ejecta we consider here are less massive than the mass that was
inferred for AT2017gfo”, and therefore less energy is generated and the light curve of our model
is not as bright. The total energy available for heating the ejecta is marked on Fig. 2 (y-ray and -
particle energy, neutrino energy is already excluded from this). Also marked is the energy available
from f-particles. The late time light curve is dependent on the rate of energy thermalising, and
in our model after ~5 days this is entirely dependent on the S-particle rate. For the late time light
curve, accurately calculating the amount of energy from S-particles will be important and should
be investigated in future. We find that y-rays only thermalise at very early times (< 2 hours). After
this time the y-ray light curve is determined solely by the total y-ray energy. No viewing angle
dependence is expected in the y-light curve.

3.1 Approximate spectral-band light curves

We do not calculate any frequency dependence in our simulation, and therefore we can not directly
extract spectral band limited light curves from the simulation. However, we estimate frequencies
from the radiation temperature at the location where radiation was emitted. Specifically, we
randomly sample a frequency from a black body distribution peaking at the radiation temperature.
From this we obtain approximate spectral band-light curves, which are plotted in Fig. 3. Due to the
temperature evolution alone, we find a similar light curve evolution to that shown by AT2017gfo?’,
although on shorter timescales. We also find that the light curves show a rapid blue to red colour
evolution, similar to that shown by AT2017gfo (see Fig. 4).
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3.2 Secular ejecta

In addition to the dynamical ejecta simulation, we
carried out a simulation for a model with combined
dynamical ejecta (as above) and secular ejecta com-
ponents. Mass from the torus and wind compo-
nents of a long term evolution simulation (similar
to Justetal.'!, see Collins et al. ®), which we angle-
averaged, was added to the mass distribution of the
dynamical ejecta model. The extra mass is 0.019
M, giving a total ejecta mass of 0.024 Mg. The
additional mass at the centre of the ejecta (at low
velocities) leads to increased energy deposition in
the central regions of the ejecta. This energy begins
to escape the ejecta around 1 day, visible in the light
curve as the increased brightness of the ‘shoulder’.
The early light curve shows little change due to the
secular ejecta component. This suggests that to
match the brightness of the early time light curve
observed for AT2017gfo more mass is required at
high velocities than in our dynamical ejecta model.

4. Conclusions

We presented viewing-angle dependent bolometric
light curves, based on realistic binary neutron star
merger simulations. The light curves in the polar
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Figure 4: Angle-averaged colour evolution, esti-
mated from radiation temperature. Also plotted
are the colours of AT2017gfo>.

directions are up to a factor of ~2 brighter than equatorial lines of sight. The bolometric light curves
do not rise to a peak, but show a ‘shoulder’ at the time where the bulk ejecta become optically thin.
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Figure 5: Bolometric angle-averaged light curves for
the model including the secular ejecta component and
without. Also plotted is the bolometric light curve of
AT2017gfo>!.

In future, determining the exact energy
fractions going into B-particles, y-rays and neu-
trinos will be important, particularly for the late
time light curve, since after ~5 days the light
curve is dependent on the total energy that ther-
malised in the ejecta. Due to the temperature
evolution, we found a rapid colour evolution
from blue to red, similar to that observed in
AT2017gfo. This suggests that the colour evo-
lution could be driven by cooling, rather than the
elemental composition of the ejecta. Additional
mass is required at high velocities to match the
observed brightness of AT2017gfo, as the early
time light curve brightness is not increased by
low velocity, secular ejecta.
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