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Self-consistent picture of the mass ejection from a one second-long binary neutron
star merger leaving a short-lived remnant in general-relativistic neutrino-radiation
magnetohydrodynamic simulation
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We perform a general-relativistic neutrino-radiation magnetohydrodynamic simulation of a one
second-long binary neutron star merger on Japanese supercomputer Fugaku using about 72 million
CPU hours with 20,736 CPUs. We consider an asymmetric binary neutron star merger with masses
of 1.2 and 1.5M¢ and a ‘soft’ equation of state SFHo. It results in a short-lived remnant with the
lifetime of =~ 0.017s, and subsequent massive torus formation with the mass of =~ 0.05M after
the remnant collapses to a black hole. For the first time, we confirm that after the dynamical
mass ejection, which drives the fast tail and mildly relativistic components, the post-merger mass
ejection from the massive torus takes place due to the magnetorotational instability-driven turbulent
viscosity and the two ejecta components are seen in the distributions of the electron fraction and

velocity with distinct features.

Intorduction—GW170817/AT 2017gfo/GRB 170817A
heralded the beginning of multimessenger astrophysics [,
] and showed that binary neutron star (BNS) mergers
are among the central observational targets in such an
era [3]. By the observations of this merger event, the
nuclear equation of state (EOS) of NS matter was con-
strained for the first time through the measurement of the
tidal deformability in gravitational waves (GW) [1, 4—
]. The elements heavier than iron were indicated to
be synthesized via the rapid neutron capture process
(r-process) nucleosynthesis in the neutron-rich matter
ejected from the BNS merger [7—10]. This BNS merger
drove a short gamma-ray burst (SGRB) [2, ], which
is a ‘smoking’ gun for the merger hypothesis of the central
engine [9, 14-16].

By comparing the observational data with theoreti-
cal models of BNS mergers, we have managed to draw
an overview about the merger process [2, 5, 11-13, 17—

|. However, it does not mean that we have a con-
sensus picture for this event. In particular, there
is no consensus about the detailed mass ejection pro-
cesses [22, 32-34, 18, ], although neutron-rich mat-
ter was likely to be ejected during the BNS merger pro-
cess [04] because the electromagnetic signals associated
with the so-called kilonova/macronova emissions were de-
tected [7, 65, 66]. Also, there is no theoretical consensus
about how the BNS merger drove the relativistic jet in
this event [36, 41, 67-69]. All these situations encourage
us to build a reliable theoretical model of BNS mergers.

Numerical relativity is the chosen tool to explore BNS

mergers from inspiral to post-merger phases theoretically.
Recent studies for the BNS merger remnants have in-
dicated that it is mandatory to perform a simulation
in which the neutrino-radiation transfer and mangne-
tohydrodynamics are taken into account at least for
O(1)s to explore the entire mass ejection and relativis-
tic jet launching processes [41, 68—74] . This simulation
timescale is also required by the time lag of =~ 1.7s ob-
served between GW170817 and GRB 170817A [1, 2].

However, all the previous works suffer from the limita-
tion such as the short simulation time of ~ 0.1s [34,

, 75—82], non-self-consistent initial conditions of the
merger remnants constructed by equilibrium configura-
tion of massive tori around a black hole (BH) [41, 62,

, 72, 77], or a phenomenological prescription to model
turbulent viscosity induced by the magnetorotational in-
stability (MRI [83]) [70-73, 75, 79, 841]. To obtain a self-
consistent picture for the merger and post-merger evo-
lution of BNSs, it is necessary to perform a neutrino-
radiation magnetohydrodynamics simulation in full gen-
eral relativity at least for one second.

We tackle this problem using Japanese supercomputer
Fugaku. Specifically, we focus on a BNS merger leav-
ing a short-lived remnant as suggested to be the case
for GW170817 by the absence of a strong radio emis-
sion [46, 48, 55], and also to be typical cases by the
universality of the r-process elemental abundance [70].
We delineate a comprehensive picture of the BNS merger
from the inspiral to post-merger phases. In this Letter,
we report the mass, the chemical property, and the veloc-



ity profile for both the dynamical and post-merger ejecta
in a self-consistent simulation for the first time.

Numerics, model, and grid steup.— We employ a
neutrino-radiation magnetohydrodynamics code in nu-
merical relativity [85] for the BNS merger simulation.
We solve Einstein’s equation by the BSSN-puncture for-
mulation together with the Z4c constraint propagation
prescription [36-90] using 4th-order accurate finite differ-
ence in time and space. We also employ the HLLD Rie-
mann solver [91] together with the constrained transport
solver [92] to evolve the equations for relativistic magne-
tohydrodynamics. The neutrino-radiation field is solved
with the truncated moment formalism [93] together with
a general relativistic leakage prescription to handle the
neutrino cooling [94, 95]. The neutrino heating is also
taken into account [96].

The NS is modeled with the SFHo EOS [97], for which
the maximum mass of spherical NSs is 2.06Mg. We
here consider an asymmetric binary with mass of 1.2 and
1.5Mg. The LORENE liberary [98] is employed to con-
struct a quasi-equilibrium configuration of the BNS with
the initial orbital frequency of GmoQg/c® = 0.025 where
mo = 2.7Mg is the total mass and an orbital eccentricity
of O(1073) [99]. We extend the original SFHo EOS table
to the low-density and temperature with the Helmholtz
EOS [100]. The floor values for the density and temper-
ature are 0.166 g cm™3 and 1073 MeV, respectively.

To cover a wide dynamic range of the problem, we
employ a fixed mesh refinement (FMR) in the Carte-
sian coordinates [85] with the reflux prescription and the
divergence-free- and magnetic-flux-preserving prolonga-
tion for the magnetic field [101]. The number of the FMR
domain is set to be 13. The grid resolution in a coarser
FMR domain is twice as large as that in an adjacent finer
domain; Ax;_y = 2Az; with [ = 2,--- /13. The size
of the finest domain is L1z € [—37.875 km, 37.875 km]
with the grid spacing Az;3 = 150 m in the z, y, and
z directions. The z = 0 plane is the orbital plane (see
Supplement Material for the detailed setup).

A poloidal magnetic field is initialized by the vector
potential prescription [102, |:

A(‘P) = AmaX(P —2 X 1074Pma)(70)27 (01)

where P and P,ax are the pressure and its maximum
value, respectively. A is set to be such that the initial
maximum magnetic-field strength is 10'® G. Although
the initial magnetic field is stronger than those observed
in binary pulsars [104], the Kelvin-Helmholtz instabil-
ity is likely to amplify the magnetic-field strength to the
magnetar level in a very short time at the onset of merger
in reality [102, , ], and thus, the numerical
results should not depend strongly on the initial field
strength as far as the grid resolution is sufficiently high.

Overview.—Figure 1 plots the profiles of the rest-mass
density p, the magnetic-field strength, the magnetization
parameter defined by op = b*b,/ pc? with the magnetic

field in the fluid rest frame b*, unboundedness defined by
the Bernoulli criterion, the electron fraction Y., the tem-
perature, the entropy per baryon, and Shakura-Sunyaev
ay parameter [109] due to the Maxwell stress defined
by amy = (—b(r)b(w)/P> on the y — yag = 0 plane at
t — tmerger = 1.1 5. yan denotes the location of the punc-
ture point in the y direction. We define the merger time
tmerger at Which the GW amplitude becomes maximum.
(-) denotes the time average over the time interval of
1 ms. Figure 2 plots GWs for [ = m = 2 mode with a
hypothetical distance to the source of 100 Mpc. The fol-
lowing describes how the system evolves toward the final
state (see also Supplement Material).

Magnetic-field amplification and MRI dynamo.—In
the present simulation, a short-lived hypermassive NS
(HMNS) is formed after the five-orbit inspiral and
merger. The magnetic field is amplified after the merger
(see Fig. 3 (a)) due to the Kelvin-Helmholtz instabil-
ity, subsequent magnetic winding, and non-axisymmetric
MRI [105]. The HMNS collapses to a BH at ¢ — tierger =~
0.017 s [70, 85, 110].

During the HMNS phase, the non-axisymmetric den-
sity structure of the star exerts a gravitational torque on
the fluid elements. As a result, the angular momentum
is transported outward. Thus, a massive torus is formed
at the BH formation. The mass of the torus is ~ 0.05M,
at t — tmerger ~ 0.04 s at which the electromagnetic en-
ergy saturates. The mass and dimensionless spin of the
BH are =~ 2.55M; and =~ 0.65, respectively. The mag-
netic field is amplified inside the torus due to the mag-
netic winding and subsequent radial motion of the fluid
elements resulting from the enhanced magnetic pressure
just after the BH formation as shown in Fig. 3 (a) [105].
The fastest growing mode of the axisymetric MRI [111]
starts to be resolved for ¢t — tmerger 2 0.02 s in the high-
density region of the torus. The electromagnetic energy
saturates at &~ 1 % of the internal energy of the torus.
Subsequently, the electromagnetic energy decreases with
time due to mass accretion.

To quantify how the fastest growing mode of the MRI is
well resolved, we define the volume-averaged MRI quality
factor with a density cutoff peut by
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where Avyrr = 2767/ (y/ph + b#b,Q) with h the specific
enthalpy and Q the angular velocity. Figure 3 (b) plots
QMRI,pew, With peut = 107891011 o e =3 and it clearly
shows that the MRI is well resolved in a bulk region of
the torus for ¢ — tmerger 2 0.1 5.

Once the MRI sets in, the MRI-driven turbulence is
developed. As a result, effective turbulent viscosity is
enhanced. The turbulent viscosity facilitates the angular
momentum transport and heats up the matter due to the
viscous heating. As a result, the torus expands outward,



and the mass accretion onto the BH is facilitated (see
Fig. 1 and Fig. 3 (e)). The bottom-right panel of Fig. 1
shows that the estimated Shakura-Sunyaev ay; parame-
ter has the spatial distribution with ~ 1073-10~"! in the
bulk region of the torus, and ~ 107! in the vicinity of
the torus surface. Figure 3 (c) plots the evolution of ayp
foliated in terms of the rest-mass density pgor:
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It shows that the MRI-driven turbulent viscosity is gen-
erated once the MRI is resolved, and the saturation value
varies in the range of ~ 1072-3 x 10~2 depending on py,).

The MRI-driven turbulence is sustained by the MRI
dynamo [111]. To show the MRI-dynamo activity, we
generate a butterfly diagram of the azimuthally-averaged
toroidal magnetic field measured on a meridional line
with a radius of ~ 50 km in Fig. 4. It clearly shows
the sign-flip pattern which lasts until the end of the sim-
ulation.

As the torus expands, the temperature decreases by
the adiabatic cooling. As a result of this, the neutrino
luminosity decreases with time as shown in Fig. 3 (d)
because the neutrino emissivity is approximately propor-
tional to T [112].

Mass ejection.—Due to the angular momentum trans-
port and heating facilitated by the MRI-driven turbu-
lent viscosity, a part of the torus is ejected as the post-
merger ejecta. Figure 3 (e) plots the mass ejection rate
measured on a sphere with a radius of ~ 3,000 km.
We identify the ejecta as the fluid elements which sat-
isfy the Bernoulli criterion with the positive radial ve-
locity [70]. The plot shows the rapid rise of the ejec-
tion rate around t — tmerger = 0.01 s. The ejection
rate peaks at ¢ — tmerger & 0.03-0.04 s, and it decreases
with time. This component corresponds to the dynam-
ical ejecta composed of the fast tail with the terminal
velocity vs, = 0.96¢ [70, | and the mildly relativistic
component with the average velocity of v, & 0.25¢ [114].
At t — tmerger ~ 0.3 5, a new component emerges, which
corresponds to the post-merger ejecta. We find that the
major driving force of this component is not the Lorentz
force, but the MRI-driven turbulent viscosity because the
plasma beta is much larger than unity when the ejecta is
launched (see also Supplement Material).

The top-right panel of Fig. 1 shows the morphology
of this post-merger ejecta. It is initially driven along
the torus surface. Subsequently, the outer part of the
torus is ejected to the equatorial direction (see Fig. 1
in Supplement Material). The turbulent viscosity-driven
post-merger ejection still lasts for ¢ — tmerger 2 1 8.

The mass ejection rate exceeds the mass accretion rate
for t—tmerger 2 0.8 s, and the neutrino luminosity steeply
decreases for t — tmerger 2 0.7 s, which indicates the neu-
trino cooling becomes inefficient and most of the tur-
bulent viscous heating energy can be used for the torus

expansion [70, 71]. Table I shows the mass of the dynam-
ical and post-merger ejecta, as well as the torus mass at
t — tmerger ~ 1.1 s. Figure 3 (f) also plots the evolu-
tion of the baryonic mass outside the apparent horizon
and the ejecta mass. Because the mass ejection rate and
accretion rate at ¢ — tperger & 1.15 is & 6 X 10_3M®/S
and ~ 1073 Mg, /s, respectively, we expect that the post-
merger mass ejection will continue for another O(0.1-1) s.
Although the post-merger ejecta is dominant in the total
ejecta mass, its mass is within twice of the dynamical
ejecta mass as indicated in [70]. .

Figure 5 plots the mass histogram of the ejecta as a
function of the electron fraction, entropy per baryon, and
terminal velocity at ¢ — tmerger &~ 1.1 s for the total,
dynamical, and post-merger components, respectively.
The electron fraction profile has two distinct peaks at
Y, ~ 0.03 and Y, ~ 0.24. This profile is similar to our
previous result based on the viscous hydrodynamics for
the post-merger ejecta [70] although a slight difference
is also found between two models. The entropy profile
also shows the multimodal structure, which has peaks
at s/kp =~ 3, 10, and 20. The low-Y. component cor-
responds to two peaks at s/kg =~ 3 and 10. They rep-
resent the dynamical ejecta, and the s/kg =~ 3 and 10
peaks correspond respectively to the tidal- and shock-
driven components [110, ]. The high-Y, component
corresponds to s/kg =~ 20, and this represents turbu-
lent viscosity-driven post-merger ejecta. The peak value
of Y, for the post-merger ejecta is determined when the
weak interaction freezes out [70]. The terminal velocity
profile also shows that the dynamical ejecta extends up
to &~ 0.96 c and the post-merger ejecta exhibits a peak
around =~ 0.08-0.1c.

Absence of magnetic tower outflow.— We do not find
the launch of the Poynting-flux dominated outflow to
the polar direction due to the Blandford-Znajek mecha-
nism [115] throughout the simulation. It is in contrast to
our recent BH-NS merger simulations [116], which show
the launch of the Poynting-flux dominated outflow. The
possible reasons for this qualitative difference are: (i) the
BH spin is not very high compared to the BH-NS merger
remnants; the dimensionless BH spin is ~ 0.84 — 0.85
in Ref. [116]. Moderately rapidly spinning BH found in
this simulation can not wrap the magnetic field efficiently
(see also Supplement Material for the spurious BH spin-
down). (ii) for the BNS merger, the morphology of the
dynamical ejecta is quasi-spherical. In particular, the
shocked component is driven to the polar direction [110],
which is absent for the BH-NS merger. A part of the
shocked component falls back to the BH [51], and the
ram pressure due to the fallback material prevents earlier
outflow by the magnetic pressure. We find that op ~ 1
at most in the polar direction at the end of the simu-
lation. However, the density of the polar region is still
decreasing at the end of the simulation. We also monitor
the so-called MADness parameter [117] and find that it



TABLE I. Mass of the dynamical ejecta, the turbulent-driven
post-merger ejecta, and the torus at ¢t — tmerger ~ 1.1 s.

Meje,dyn (MG) Meje,post (M(D) Mtorus (M(D)
6x107° 8x 1077 2x107°

is smaller than the critical value of the MAD state [117]
at the end of the simulation. However, it still increases
with time due to the suppression of the mass accretion
rate (see also Supplement Material). Therefore, the cur-
rent simulation time may not be long enough to launch
the Poynting-flux dominated outflow.

Summary.—We performed the neutrino-radiation mag-
netohydrodynamic simulation of the BNS merger in nu-
merical relativity for one second, focusing on the short-
lived HMNS formation in an asymmetric binary merger,
which results in the massive torus formation after col-
lapsing to a BH. We confirmed the development of the
MRI dynamo inside the torus, which produces a fully
turbulent state. The resultant turbulent viscosity facili-
tated the angular momentum transport and generated a
quasi-steady heating source. The merger remnant com-
posed of the BH and a massive torus was evolved up to
~ 1.1 s after the merger.

We found that the dynamical ejecta was driven by the
tidal force and shock heating at the merger and the sub-
sequent post-merger mass ejection was driven primarily
by the MRI-driven turbulent viscosity from the torus af-
ter the neutrino cooling becomes inefficient. The ejecta
contains the dynamical component with Y, cac ~ 0.03
and speak/kB ~ 3 and = 10, and the post-merger compo-
nent with Y, peak = 0.24 and speax/kp =~ 20. Because the
peak value of Y, for the post-merger ejecta is lower than
the critical value of ~ 0.25 of the r-process nucleosyn-
thesis for the lanthanide elements [118], it could result in
the efficient lanthanide element production.

Our simulation draws a self-consistent picture of the
mass ejection from the BNS merger leaving a short-lived
HMNS. We did not find the Poynting-flux dominated out-
flow to the polar direction within the simulation time
perhaps because of the only moderately rapid BH spin
and the ram pressure due to the fallback motion of the
dynamical ejecta. With a longer-term run, in which the
rest-mass density in the polar region would decrease, it
might be possible to find the launch of the strong Poynt-
ing flux. A simulation with a timescale much longer than
1s is a remaining issue.
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FIG. 1. Profiles for rest-mass density (top-left), magnetic-field strength (top-second from left), magnetization parameter (top-
second from right), unboundedness defined by the Bernoulli criterion (top-right), electron fraction (bottom-left), temperature
(bottom-second from left), entropy per baryon (bottom-second from right), and Shakura-Sunyaev am parameter (bottom-right)
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