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The mergers of neutron star (NS) binary systems are multi-messenger events and provide a wide
range of observables, which can be used to explore and constrain the incompletely known Equation
of State (EoS) at very high densities as well as stellar properties of neutron stars. These events
can result in the formation of a black-hole (BH) due to a gravitational collapse. For a sufficiently
high total binary mass the gravitational collapse to a BH occurs immediately after merging. This
is called a prompt collapse and occcurs if the total mass exceeds a so called threshold mass. The
threshold mass depends on the EoS and parameters of the binary systems like the mass ratio and
intrinsic spin. In NS merger simulations the NSs are often assumed to be irrotational since their
spin period are considered slow compared to the orbital period at merging of about 2ms. But
spins of NSs in binary system have been measured in the range of a few tens of milliseconds and
therefore should also be included in simulations to study the effect of such spins. The rotation
of the NSs in binary systems changes the total angular momentum of the system depending on
the orientation of the spin angular momentum relative to the orbital angular momentum. Spin
of NSs can have an significant impact on the observables and dynamics of the merger like the
gravitational wave (GW) signal, dynamical ejecta, kilonova emission as well as properties of the
remnant and thus also affect the threshold mass. To systematically investigate this influence on
the threshold mass we discuss simulations of NS mergers with multiple spin configurations for
equal-mass systems and different EoSs. We find a linear dependence of the threshold mass on the
spin and observe an increase of 0.2-0.25 Mg, for the considered parameter space.
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1. Introduction

Neutron stars (NSs) are compact objects from supernova explosions of stars with a mass of more
than 8 solar masses and have a mass of ~ 1-2 M, and radius between 10-15km [1]. This leads to
supra-nuclear densities, which is why neutron stars provide the opportunity to study the Equation of
State (EoS) at high densities. The merger of binary NS systems are multi-messenger events that can
be observed with the detection of gravitational waves (GWs) and their electromagnetic counterpart
[2-4]. They provide a wide range of information, which can be used to constrain the EoS and stellar
properties of NSs. Furthermore, they are thought to be a source for the formation of heavy elements
through the rapid neutron-capture process (r-process) and short gamma-ray bursts, as discussed in
e.g. Ref. [5]. So far two NS-NS merger events have been observed with GWs: GW 170817 [2] and
GW190425 [4].

2. Threshold mass

Mergers of binary NS systems result in either a massive NS remnant or a black hole (BH) through
gravitational collapse while the outcome dominantly depends on the total mass of the system
Mot = M| + M, with the mass of the heavier NS M, and the mass of the lighter NS M;. Here,
mass refers to the gravitational mass in isolation and the mass of the binary is the sum over the
gravitational masses of the binary components at infinite separation. To quantify the collapse
behaviour the so called threshold mass Ms is used and if My > Mipees the system will undergo
a direct gravitational collapse, which is also called a prompt collapse, and form a BH. For systems
with Myt < Minres @ massive NS remnant results from the merger, which might collapse to a BH
through a delayed collapse at a later time. The threshold mass systematically depends on the EoS
and the mass ratio ¢ = M, /M and decreases with higher mass asymmetry as discussed in Ref. [6].
Furthermore, the dependence of M5 On ¢ itself depends on the EoS.

3. Spin in NS binary systems

Generally, for neutron stars in binary systems the spin period is estimated to be in the order a few
seconds to milliseconds [7, 8]. The spin of the individual neutron stars depends on the origin and
evolution of the binary system. The heavier NS in the binary system usually possess a higher spin
since it can be spun up through the accretion of matter and angular momentum from its companion
star [8, 9]. The spin also depends on the duration of this accretion process and spin periods in the
range of a few milliseconds are possible. Due to the spin-down effect the NSs slow down but the
heavier NS shows a slow spin-down, which can lead to spin periods in the range of milliseconds at
the time of the merger depending on the accretion process and spin period thereafter. The lighter
NS spins-down faster to a final spin period of a few seconds. Further details about the spin-down
effect of the NSs are discussed in Ref. [7-9].

The spin of the individual neutron stars is defined with the dimensionless spin parameter y; = J;/ Ml.2
using its spin angular momentum J; and mass M;, note that c = G = 1. Furthermore, the effective
spin yes of the system is the spin parameter that can be measured from the inspiral phase of the
GWs, which is the mass weighted sum of the components of the spins y; along the axis of orbital
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angular momentum. Itis defined as ye.q = (M) x| cos ©1+M; x> cos ©,) /(M) + M;) with the angles
©; between the axis of the spin and orbital angular momenta. For the merger event GW170817
the effective spin was determined to y.g =~ 0 [2, 3]. It should be noted that the effective spin
is degenerate with the mass ratio, which complicates accurate measurements of both parameters,
more details can be found in Ref. [3]. Spin periods in the 10 millisecond range affect the dynamics
of NS binary mergers and have been observed multiple times for pulsars in binary NS systems in
recent years [10—13]. The highest spin observed so far in a binary NS system is of the pulsar PSR
J1946+42052 with a spin period of 17 ms [9, 14]. This systems is expected to merge in 46 Myr, its
chirp mass was measured to 1.0882 M, and the total mass is estimated with (2.50 + 0.04) M. Zhu
et al. (2018) estimated the spin y of this pulsar to be about 0.031 to 0.043 at merging depending
on the model for the spin-down and assuming the mass of the pulsar as 1.25 My [9]. The spin of
this pulsar is still considered slow compared to the orbital period of ~ 2 ms before merging but so
far spin periods less than 10 ms have only been observed in pulsars outside of NS binary systems.
For example, the pulsar PSR J1748-2446ad is the fastest detected pulsar to date with a frequency
of 716 Hz and a dimensionless spin of y < 0.4 [2, 15].

4. Impact of spin on the threshold mass

Intrinsic rotation of the neutron stars in binary systems impacts the dynamics and observables of
merger events. This is due to the change of total angular momentum in the system as it increases for
spins aligned with the orbital angular momentum and decreases for anti-aligned spins. Therefore,
the dynamics are impacted by the spin, which can be observed by various observables like the
GW signal, dynamical ejecta, lifetime and disk size of the remnant and kilonova emission (see
Ref. [10-13, 16] for further information). Furthermore, the remnant is directly influenced through
the additional angular momentum in the system since it further stabilizes the remnant against
gravitational collapse, which in turn changes the threshold mass. Additionally, the dominant
postmerger frequency decreases for aligned spin as the remnant oscillates at a lower frequency since
it is less compact due to the higher angular momentum compared to an irrotational system with the
same total mass [11, 13]. These effects are stronger with faster rotation and become observable
for spin periods of a few milliseconds. For this range the spin angular momentum is roughly more
than 1% of the total angular momentum. Previously, the impact of spin on the threshold mass
was studied by Tootle et al. (2021) and they found an increase of M5 for spins aligned with the
orbital angular momentum and a decrease for anti-aligned spins considering a maximum value for
the effective spin of yes = +0.2 [17]. For systems with one rotating NS they considered one aligned
and one anti-aligned spin setup for each configuration of mass ratio and EoS.

To further study the impact of spinning neutron stars in binary systems and to quantify the impact of
spin on the threshold mass we consider various aligned spins for binary systems with one rotating
neutron star. Similar to Ref. [6], for a given configuration of mass ratio ¢, EoS and spin y; the
threshold mass is determined by increasing the total binary mass stepwise by 0.05 Mg, to find the
heaviest stable and the lightest unstable mass configuration. The merger of systems with stable
mass configurations (Mo = M) result in a massive NS remnant, which might undergo a delayed
collapse, and systems with unstable mass configurations (Mo = Muynstab) Yield a prompt collapse.
This defines the threshold mass with Mipes = 0.5 (Mynstab + Mytap) and leads to an accuracy of
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Figure 1: Threshold mass in dependence of the dimensionless spin y of the rotating NS in equal-mass
systems including an irrotational configuration for four EoSs.

AMipres = £0.5 (Mynstab — Mgap) = £0.025Mg. To determine the outcome of the merger we
consider the minimum lapse function e, and for a prompt collapse i, continuously decreases
while for the formation of a massive NS remnant o, shows several bounces after the merger.
The NS binary mergers are simulated using a general-relativistic smooth particle hydrodynamics
(SPH) code, which solves the Einstein equations using the conformal flatness condition [18-20].
In Figure 1 the threshold mass is shown for configurations with ¢ = 1 and different spins y of the
rotating NS for a set of four EoSs, which includes the SFHO [21], DD2 [22, 23], DD2F [23-25] and
BHBLP EoS [26]. The threshold mass displays a linear increase for aligned spins for all four EoSs.
The increase to the highest considered spin y of ~ 0.3-0.4 is 0.2-0.25 M. This corresponds to an
increase of ~ 7% compared to the threshold mass for the irrotational system with y = 0. These
data show no change of the threshold mass for spin periods in the range of the observed spins in
binary systems with about 17 ms, which equals to a spin of y =~ 0.01-0.03 depending on the EoS
and exact spin period.

5. Conclusion

The spin of NSs in binary systems impacts the dynamics and observables of NS mergers due to
the change in total angular momentum. We showed that the threshold mass increases with aligned
spins in the system and found an increase of 0.2-0.25 M, for the threshold mass for spins y between
0.3 and 0.4 compared to Mies(y = 0) for the considered set of EoSs. Our data suggests a linear
increase of the threshold mass with spin considering equal-mass mergers and the rotation of one
NS in the system. To further quantify and study this effect more configurations of ¢, EoS and y
should be considered in the future including asymmetric mergers and anti-aligned spins.
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