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We perform a systematic study of binary neutron star mergers using relativistic hydrodynamical
simulations with neutrinos, varying the total mass, mass ratio, and equation of state within the
range of permissible values inferred from GW170817 [1, 2]. Additionally, we conduct four
long-term simulations at a fixed total mass, employing different equations of state and mass
ratios. We find that asymmetric mergers systematically lead to lower dominant post-merger
oscillation frequencies, larger ejecta masses, higher temperatures, and more neutron-rich outflows.
By extracting the trajectories of ejected particles, we perform nucleosynthesis calculations to
determine elemental yields and find a relative increase in lanthanide production in asymmetric
mergers.
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1. Motivation

The detection of the first unambiguous binary neutron star (BNS) merger event, GW 170817 [1],
along with the subsequent observation of the kilonova AT2017gfo [3], provided definitive evidence
that BNS mergers are a site of r-process nucleosynthesis in the Universe. The extensive data
obtained from this event imposed several constraints on key parameters, including the total mass
of the system, the mass ratio, equation of state (EOS) and ejected mass [2, 4]. However, despite
these constraints, the allowed parameter space still encompasses a diverse range of possible BNS
configurations. To better understand the influence of these parameters on BNS merger outcomes,
it is crucial to conduct a systematic study of BNS merger simulations by varying these parameters
within their allowed ranges.

2. Simulation setup

In this paper, we conduct extensive 3D relativistic BNS merger simulations using a smoothed
particle hydrodynamics (SPH) code that includes neutrinos with an advanced leakage scheme and
takes into account both equilibration and absorption of neutrinos [5, 6]. We consider five different

total masses: 2.6Mg, 2.7Mg, 2.75Mg, 2.8 My, and 2.9M, along with two mass ratios g = 1
M
M,

components of the binary system, respectively. The BNS configurations are modelled using both
the soft SFHo EOS [7, 8] and the stiff DD2 EOS [9, 10], resulting in a total of 20 distinct BNS
merger simulations, as listed in Tab. 1. Due to the high computational cost, all simulations are run

and g = 0.75, where ¢ is defined as with M| and M, representing the lighter and heavier

up to 20 milliseconds after the merger except for models which collapse into a black hole (BH).
Beyond these 20 simulations, we also conduct long-term simulations for four selected models with
a fixed total mass of 2.75M, (reflecting the more precise mass constraint from GW170817) using
the two different EOSs and mass ratios. The long-term simulations are extended to several tens of
milliseconds after the merger or until the system collapses into a BH, as listed in Table 2.

3. Gravitational wave emission

When the total mass of a given BNS configuration does not exceed the threshold mass,
rotational and thermal pressure provide sufficient support to prevent the merger remnant from
promptly collapsing into a BH. In such scenarios, the remnant forms a rotating double-core structure
during the post-merger phase and undergoes strong oscillations. By decomposing the GW signal
into its frequency components, we identify a single dominant post-merger frequency, fpeak, Which
corresponds to the primary oscillation mode of the central remnant [11, 12]. This frequency has
been shown to scale closely with key neutron star properties, including the cold neutron star radius,
tidal deformability and maximum density pmax Within the remnant [11, 12]. In Figs. 1(a) and 1(b),
we present the dominant oscillation frequency of the GW spectra for all BNS merger simulations
that do not collapse into a BH, plotted as a function of the total mass of the system.

We observe that the dominant oscillation frequency systematically increases with the total mass
of the binary system and for a constant total mass decreases as the mass asymmetry increases. We
find that, for a given total mass, the central neutron star remnant formed in asymmetric mergers
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Table 1: List of BNS merger simulations run up to 20 ms after the merger. The columns indicate the EOS,
individual neutron star masses M, M>, mass ratio g, total mass My, the dominant post-merger oscillation
frequency fpeak, €jecta mass calculated at 20 ms after the merger, mass-averaged electron fraction of the
ejecta at the end of the simulation (¥2")®, maximum temperature within the simulation period Ty, and the
mass-averaged radial velocity of the ejecta.

EOS M, M, g | Mot | frek | MejQ0ms) | (Y%)F | Tinax (v )
[Mo] | [Mo] [Mo] | [KHz] | 107°[Mo] | (20ms) | [MeV] | (20 ms) [c]
SFHo 1.3 1.3 1 2.6 3.229 3.800 0.302 112 0.217
1.35 1.35 1 2.7 3.372 5.224 0.293 119 0.210
1.375 1.375 1 2.75 3.431 6.274 0.296 120 0.218
1.4 14 1 2.8 3.561 9.751 0.296 131 0.200
1.45 1.45 1 2.9 - - - -
1.11428 1.48571 0.75 2.6 3.074 10.369 0.266 122 0.182
1.15714 | 1.54286 | 0.75 2.7 3.221 18.761 0.261 132 0.164
1.17857 1.57143 | 0.75 2.75 3.304 15.064 0.277 135 0.188
1.2 1.6 0.75 2.8 3.412 15.046 0.283 149 0.194
1.24286 | 1.65714 | 0.75 2.9 - - - -
DD2 1.3 1.3 1 2.6 2.581 3.679 0.328 92 0.158
1.35 1.35 1 2.7 2.639 4.072 0.306 96 0.190
1.375 1.375 1 2.75 2.662 3.709 0.304 99 0.198
1.4 1.4 1 2.8 2.685 4.346 0.299 103 0.211
1.45 1.45 1 2.9 2.749 4.786 0.294 106 0.226
1.11428 1.48571 0.75 2.6 2.524 8.336 0.236 93 0.174
1.15714 | 1.54286 | 0.75 2.7 2.580 9.758 0.242 97 0.184
1.17857 1.57143 | 0.75 2.75 2.601 9.346 0.240 101 0.189
1.2 1.6 0.75 2.8 2.627 10.830 0.252 114 0.182
1.24286 | 1.65714 | 0.75 2.9 2.680 11.586 0.262 123 0.184

Table 2: List of long-term simulations with a fixed total mass 2.75M. The columns are similar to the ones
in Tab. 1, with additional information of the simulation period ty. It is denoted by "BH" in the ¢, column,
if the specific model collapses to a black hole within the simulation period.

EOS M, M, q Mot Lsim M,; (Yemavg )C‘i <v;navg >Cj
[Mo] [Mo] [Mo] [ms] 1072[Mo] [c]
SFHo 1.375 1.375 1 2.75 74.73 3.252 0.338 0.109
1.17857 1.57143 0.75 2.75 41.25 (BH) 3.904 0.260 0.122
DD2 1.375 1.375 1 2.75 99.96 2.818 0.371 0.100
1.17857 1.57143 0.75 2.75 99.97 12.754 0.261 0.084

is less massive due to enhanced ejecta production and torus formation. This leads to a reduction
in the angular momentum profile, while the remnant temperature remains high. Consequently, the
overall lower angular momentum in asymmetric mergers [13] results in a decrease in the energy
and angular momentum emitted via gravitational radiation, thereby reducing the GW frequencies.

4. Dynamical mass ejection

Following the merger of neutron stars, a hypermassive neutron star remnant forms, and mass
ejection occurs through multiple channels on different timescales. These include shock-driven
mechanisms, tidal forces, neutrino-driven winds, and viscous-driven outflows [15]. In systems with
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Figure 1: The dominant postmerger GW oscillation frequency as a function of the total mass of the binary
system, shown for SFHo EOS (left column) and DD2 EOS (right column). For a given total mass, frequencies
are represented by crosses for symmetric mergers and plus signs for asymmetric mergers [14].
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Figure 2: Top panel: Time evolution of the ejecta mass for BNS merger models using (a) SFHo EOS, (b)
DD2 EOS, and (c) long-term models. Symmetric models are represented by solid lines, while asymmetric
models are shown with dashed lines. Time zero corresponds to the moment of merging. Bottom panel:
Scaled mass distribution of the total ejecta mass binned as a function of the Y. values within 0.02 interval
histograms. For visualisation purposes, we plot the data bins with lines instead of histograms. Since the
total ejecta mass varies significantly across simulations due to differences in total mass and mass ratio, we
normalize the mass distribution by the total ejected mass of each system. The vertical lines indicate the
weighted average of the distribution, providing an estimate of how the distribution shifts across different

simulations [14].
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higher total mass, the collision is more energetic, leading to greater mass ejection. Conversely,
for a fixed total mass, asymmetric mergers produce larger amounts of ejecta due to enhanced tidal
disruption. This trend is evident in Figs. 2(a) and 2(b), which show that simulations with higher
total masses and more asymmetric mass ratios result in increased ejecta mass.

The elevated temperatures generated during the merger lead to enhanced neutrino irradiation,
which generally increases the electron fraction Y, of the ejecta through weak interactions. However,
neutrino production and its irradiation vary significantly under different merger conditions, resulting
in dynamical ejecta from BNS mergers spanning a wide range of Y. values from its characteristic
low, cold neutrinoless S-equilibrium values to values exceeding~0.5. We find that, for asymmetric
mergers compared to symmetric ones, the Y. distribution of the ejecta shifts toward lower values,
as indicated by the vertical lines in Figs. 2(d) and 2(e).

In long-term simulations, Figs. 2(c) and 2(f) illustrate the evolution of the ejected mass up
to several tens of milliseconds after the merger, and the Y, distribution of the ejecta at the end of
the simulation. We observe that the ejecta mass continues to increase at a steady rate throughout
the simulation period for systems with higher total mass and greater asymmetry. Simultaneously,
the neutron richness of the ejecta exhibits a decline, indicating a slow progressive increase in the
electron fraction due to sustained weak interactions and neutrino irradiation.

5. Network calculations
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Figure 3: (a) Combined total mass-averaged abundance for each BNS system using the SFHo EOS. (b)
Same as (a), but using the DD2 EOS. (c) Same as (a), but for long-term simulations. Symmetric models are
represented by solid lines, while asymmetric models are shown with dashed lines.

At the end of the computational period, we estimate the production of various r-process
elements by extracting the trajectories of individual SPH particles that satisfy the ejecta criterion
(i.e., unbound fluid elements defined by the virial condition in [16]). Using these trajectories, we
perform time-dependent nuclear network calculations and post-processing based on the temperature
of the ejected particle, composition determined by electron fraction Y., and density determined by
assuming expansion with constant velocity [17]. We use the same nuclear reaction network [18]
with nuclear input as in [17].

The nucleosynthesis network calculations provide elemental abundances for each individual
trajectory. By integrating the contributions from all trajectories, we obtain the total mass-averaged
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abundance distribution for SFHo and DD2 based models, which is presented in Figs. 3(a) and 3(b).
Our results indicate that asymmetric mergers generally produce a relatively higher quantity of
lanthanides compared to symmetric mergers. This enhancement can be attributed to the relative
shift of the Y, distribution toward lower values.

In long-term simulations, the disparity in lanthanide production between symmetric and asym-
metric mergers becomes highly significant since the differences between the weighted average Y.
value in Fig. 2(f) for symmetric and asymmetric mergers are much larger. This is highlighted by
solid and dashed lines, using red colour for SFHo based models and purple colour for DD2 based
models in Fig. 3(c).

6. Conclusions

We conducted comprehensive BNS merger simulations incorporating neutrino transport and
performed a systematic study by varying the total mass, mass ratio, and EOS. Additionally, we
carried out long-term simulations for select configurations. Our results show that asymmetric
mergers produce lower post-merger oscillation frequencies, higher ejecta masses, and more neutron-
rich ejecta, leading to increased lanthanide production. We further performed nucleosynthesis
calculations based on the ejecta trajectories, with the resulting yields contributing to advanced
kilonova modelling.
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