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Jet from Binary Neutron Star Merger with Prompt Black Hole Formation
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We performed the longest numerical-relativity neutrino-radiation magnetohydrodynamics simulation
for a binary neutron star merger that extends to ~1.5 s after the merger. We consider the binary model that
undergoes the prompt collapse to a black hole after the merger with asymmetric mass 1.25M and 1.65M
and SFHo equation of state. We find the Poynting flux-driven collimated outflow as well as the
gravitational wave emission, neutrino emission, dynamical mass ejection, and postmerger mass ejection
facilitated by magnetorotational instability-driven turbulent viscosity in a single self-consistent binary
neutron star merger simulation. A magnetosphere dominated by the aligned global magnetic field
penetrating the black hole develops along the black-hole spin axis after the turbulence in the remnant disk is

enhanced. A jet with the Poynting flux with isotropic-equivalent luminosity of ~10* erg/s is launched,
and the duration of the high luminosity is expected to be O(1) s.
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Introduction—Multimessenger astrophysics, including
gravitational wave (GW) detection, began with the obser-
vation of GW170817, AT2017gfo, and GRB170817A
from a binary neutron star (BNS) merger [1-6]. The
GWs constrain the nuclear equation of the state (EOS)
of neutron star (NS) matter [1,7-10]. The kilonova emis-
sion indicated that neutron-rich matter is likely ejected
from the system [11-14], with the synthesis of heavy
elements by the r process (rapid neutron capture process)
[15-20]. The detection of a short-hard y-ray burst (SGRB)
indicated that the relativistic jet was launched from the
system [12,21,22].

Two years later, GW190425 revealed that the binary
system with large total mass ~3.4M ; exists [23]. The GW
signal is consistent with BNS merger [though the heavy
component of the system being a black hole (BH) is not
ruled out [24,25] ]. The total mass of the system is larger
than the BNS systems known [26,27] and it is expected to
experience a prompt collapse to the BH after the merger
[28-35]. Since this event was a single detector event, the
sky localization was poor, and an electromagnetic counter-
part associated with this event was not detected [36].
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However, if the mass asymmetry is large, we may expect
that the system undergoes the prompt collapse to a BH with
a massive disk remaining [29,37]. If the GW event from
such a source is detected with sufficient localization, the
associated electromagnetic counterparts could be expected,
as was the case for GW170817.

The theoretical modeling of the entire evolution for the
prompt-collapse BNS merger and the prediction of the
multimessenger signals are highly demanded to interpret
the foreseen observation. For this purpose, it is crucial to
perform numerical relativity simulations incorporating
magnetohydrodynamics and neutrino-radiation transfer.
Further, the simulation has to cover an entire evolution
stage extending O(1) s for the postmerger stage in order to
self-consistently explore the mass ejection and jet launch.

Since 2005, BNS merger simulations with magnetohy-
drodynamics and/or microphysics of the NS matter focus-
ing on the merger and early postmerger stage have been
performed [38-69]. Also, simulations for BNS merger
remnants, focusing on the postmerger stage, have been
recently done [70-87]. However, these simulations have
limitations in that they were not long enough to explore
the entire postmerger evolution, or they employed non-
self-consistent initial data. Only Ref. [88] has successfully
simulated the entire evolution of BNS merger self-
consistently. Concerning the prompt-collapse BNS case,
Ref. [56] has performed general relativistic magnetohy-
drodynamics simulations. It showed that up to ~26 ms after
the merger, there is no evidence for aligned magnetic-field
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formation in the polar region and Poynting flux-driven
outflow. However, this timescale may not be long enough
to explore the jet launch since the event GW170817 and
GRB170817A had a time lag of ~1.7 s [1-3] and black
hole—neutron star (BHNS) merger simulations showed that
it requires 200 ms < ¢ < 3's after the merger for magneto-
sphere formation and Poynting flux launching depending
on the binary models [89,90].

In order to delineate the entire picture of the prompt-
collapse BNS merger, we performed a second-long numeri-
cal-relativity neutrino-radiation magnetohydrodynamics
simulation on the Japanese supercomputer Fugaku. This
Letter reports the multimessenger signals driven by the
prompt-collapse BNS merger focusing especially on the
launch of the Poynting flux-driven collimated outflow,
i.e., jet.

Numerical methods and model—The numerical method
used in this work is the same as that summarized in
Ref. [48]. We solve Einstein’s equation by a puncture-
Baumgarte-Shapiro-Shibata-Nakamura formalism [91-95]
with the Z4c constraint propagation prescription [96-98].
The fourth-order finite differentiation in space and time
discretizes the equation. The magnetohydrodynamics equa-
tions are solved using the HLLD Reimman solver [99]
with the constrained transport scheme [100] and the
divergence-free- and magnetic-flux-preserving mesh
refinement scheme [101,102]. Our code implements the
gray M1 + Leakage scheme for the neutrino radiation
transfer to take into account the neutrino cooling and
heating [77,86,103—-105].

The NS matter is modeled by nuclear-theory-based
finite-temperature EOS, SFHo [106], for a high-density
range and Helmholtz EOS [107] for a low-density range.
The maximum mass of the isolated nonrotating NS with
SFHo is 2.06M . The LORENE library [108] is employed
to prepare an asymmetric irrotational BNS with mass
M, =125My and M, = 1.65M in quasiequilibrium,
assuming the neutrinoless f-equilibrium cold state, as
the initial data. The initial orbital frequency € is set to
be QymoG/c® = 0.025, where my, = M, + M, c the speed
of light, and G gravitational constant.

We initially superimposed a poloidal magnetic field
confined inside the NS. The magnetic field is given in
terms of the vector potential as

A= {=(y = yns)8} + (x = xn5)67 }
X A max(P/P . —2 % 1074,0)03, (1)

where xyg and yyg are the coordinate center of each NS, P
and P, are the pressure and its maximum value, respec-
tively, and A, is constant and set so that the maximum
magnetic-field strength becomes 103 G. This definition is
similar to that which is in, e.g., Refs. [47,88], but differs for

the power index 0.5 instead of 2 used in the previous works.
We intended both NSs to have a strong magnetic field that
extends to their surface. Even for the realistic initial
magnetic field, we expect the Kelvin-Helmholtz instability
to be activated at the shear structure appearing at the contact
interface of the spiral arm and amplify the magnetic field in
a short timescale. With this, a strong magnetic field remains
in the massive disk formed after the prompt BH formation.
The strong initial magnetic field is essential to resolve
magnetorotational instability (MRI) in the remnant disk
with limited grid resolution.

This simulation is performed on a fixed-mesh refinement
domain with 14 refinement levels. The grid resolution in
the finest level is Ax;; = 150 m and the coarser domain
has the resolution of Ax; = 2Ax;,, where [ =1,...,13.
The finest domain covers [—38.1 km,38.1km]* and the
whole computational domain is [-312,115.2 km, 312,
115.2km]? in the Cartesian coordinates.

We set the atmosphere with the rest-mass density 103 g/cm?
for the finest domain and 103(r/38.1 km)~3 g/cm? for the
coarser domains where r is the radial coordinate. We assume
the constant density once the atmosphere density reaches
~0.166 g/cm®. We set the temperature and the electron
fraction of the atmosphere to be 1073 MeV and 0.5,
respectively.

The computational cost is about 130 x 10° CPU hours.
Each job was carried out using 20 736-82 944 CPUs on
Fugaku.

Inspiral and merger—The BNS merger can be charac-
terized by three stages: inspiral, merger, and postmerger
stages. In the present simulation, the system inspirals for
five orbits before the merger. In this stage, the magnetic
field plays essentially no role since the ratio of the
electromagnetic field energy to the internal energy is
less than 107°. Since the total mass of the system is high
mgy = 2.9M, the merged NSs collapse promptly in the
merger stage [28-30,32,109,110], forming a BH with its
mass ~2.77M and dimensionless spin ~0.76 [111].

We define the merger time #¢roer = 16.4 ms at which the
amplitude of GWs becomes maximum. Since the binary is
highly asymmetric, a massive disk is formed around the BH
after the merger [29,37]. The baryonic mass of the disk at
I = herger & 20 ms is 6.2 X 1072M,.

Poynting flux-driven outflow—Figure 1 displays the 3D
snapshot at 7 — fpereer ¥ 1.3 s in a domain of ~103 km

and ~10? km. The rest-mass density, magnetic-field lines
penetrating the apparent horizon, and the outflow in the
magnetically dominated region are shown. We find that
along the BH spin axis, the magnetosphere is developed
due to the large-scale magnetic field produced by the MRI-
driven a2 dynamo [112-114]. In this magnetosphere, we
find an outgoing Poynting flux with its isotropic-equivalent
luminosity ~10* erg/s and its duration of ~O(1) s that
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FIG. 1. The 3D snapshot at 7 — ;e # 1.3 s in @ domain of
~10% km and ~10%> km. The rest-mass density (contours), mag-
netic-field lines penetrating the apparent horizon (lines), and the
outflow in the magnetosphere (arrows) are shown. The black
sphere at the center shows the apparent horizon. See also the
animation [115] and interactive 3D snapshot [116].

could power an SGRB (see below for more details). The
luminosity is lower than the typically observed SGRBs
[21,22], but the duration is consistent. Below we describe
the magnetosphere formation process in detail.

After the merger in the remnant disk, the magnetic field
is amplified by the winding [117] and MRI [118,119]. The
fastest growing mode of the MRI is sufficiently resolved for
p < 10" g/cm? and £ — ferger 2 0.02 s, and fully resolved
for whole disk for 7 — e 2 0.1 s (see Supplemental
Material [120]). Figure 2 plots the azimuthally averaged
toroidal magnetic field along the polar direction at
r = 50 km. In addition, the animation [126] displays the
azimuthally averaged rest-mass density, poloidal magnetic
field, MRI quality factor, and the Shakura-Sunyaev param-
eter on the r—6@ plane. They show that as the MRI is
resolved, a magnetic field with the opposite polarity is
periodically generated near the equatorial plane in the disk.
The generated magnetic field ascends to the polar region
and accumulates there. As the magnetic field with the
opposite polarity propagates, they cancel out each other
and dissipate away due to the reconnection. The period for
the polarity flips at r~ 50 km is ~0.03 —0.04 s which
agrees with the period derived by the a€2 dynamo theory
[112-114] =~0.03 s. The detailed analysis of the aQ
dynamo will be reported in a separate paper [127].
These facts show that the MRI-driven a2 dynamo is
activated, and the large-scale magnetic field with a length
scale comparable to the size of the disk is generated.
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FIG. 2. The azimuthally averaged toroidal magnetic field along
the polar direction at r ~ 50 km.

Once a part of the mean magnetic field in the polar
region plunges into the BH, the BH spin can further amplify
the toroidal magnetic field by the winding. This enhances
the magnetic pressure at the polar region, and the magnetic
field expands vertically to the disk. Along with this, the
rest-mass density at this region decreases due to the
accretion into the BH or expansion due to the aforemen-
tioned magnetic pressure. Eventually, a large-scale helical
magnetic field around the spin axis is developed, and the
magnetization parameter b>/47p exceeds the unity forming
a magnetosphere. Since this system undergoes the prompt
collapse, the rest-mass density along the BH axis after the
merger is lower than the nonprompt collapse case due to the
lack of the fallback matter, and thus, it is easier to develop
a magnetosphere compared to the nonprompt collapse
case [88]. In this magnetically dominated region, the
outgoing Poynting flux is launched and drives an outflow.
By contrast, the Poynting flux-driven outflow was not
launched until 7 = fyereer & 1.1 s in the nonprompt collapse
case [88]. The magnetosphere developed is supported and
collimated by the gas pressure from the matter.

Figure 3(a) plots the isotropic-equivalent Poynting lumi-
nosity evaluated on the sphere at r ~ 500 km and opening
angle of 10° for the north and south hemispheres. It shows
that the luminosity reaches Lig, 500 m.100 & 10% erg/s at
I = Imerger # 0.3 s and 0.13 s for the north and south
hemispheres, respectively. Since the magnetosphere is
formed after at least ~3 periods of the €2 dynamo cycle,
it contributes to the launch of the Poynting flux. We found
that this Poynting luminosity is powered by the Blandford-
Znajek mechanism [128] by magnetic fields penetrating
a rapidly spinning BH. Figure 3(a) also plots the
Poynting luminosity Lsg k.10 confined in a region within
0 <10° at r~500 km and the Poynting luminosity
Ly, =10 €valuated at the region with ¢ap jocar > 10 On

the apparent horizon. Here, ¢ap jocar 18 the local MADness
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FIG. 3. The quantities related to the magnetically driven out-
flow. The top panel plots the Poynting luminosity Lsgg km. 100
and isotropic-equivalent luminosity Lis, 500 km.10c €valuated at
r ~ 500 km and opening angle with 10°. It also plots the Poynting
luminosity Ly, .o evaluated at the region with g joca > 10.
The dotted line emphasizes the decreasing trend of the Poynting
luminosity for f—fyeeer 2 1. The bottom panel plots the
angular distribution of the Poynting luminosity per steradian
evaluated on the sphere at r ~ 500 km for the north hemisphere.
See also the animation [129].

parameter [90] defined as ¢y ioca == |B"/v/p«v"c|. They
exhibit essentially the same time evolution, which indicates
that the magnetically dominated region on the BH provides
the Poynting flux in the magnetosphere.

Figure 3(b) plots the angular distribution of the Poynting
luminosity per steradian evaluated on the sphere at

r~ 500 km. It shows that the ring-shaped Poynting flux
with ~10% erg/s/str exists along the BH spin axis with a
collimation angle of <10°. The launching of the Poynting
flux is in great contrast to the previously reported prompt
collapse case [56]. We deduce that the discrepancy may
be attributed to the shortness of their simulation of
= Ierger < 0.1 s and/or the different BNS model.

Figure 3(a) shows that for 7 — fereer 2 1 8 the isotropic-
equivalent Poynting luminosity starts decreasing from
10% erg/s. This is caused likely by the postmerger mass
ejection [89,90]: the disk expands as the mass ejection
proceeds, and the gas pressure around the funnel region
decreases. The magnetic pressure in the magnetosphere
remains because the magnetic flux does not significantly
dissipate in the ideal magnetohydrodynamics. Since
the collimated funnel structure of the magnetosphere is
maintained by the balance of the magnetic pressure in
the magnetosphere and the gas pressure from the disk,
the opening angle of the magnetosphere increases. As the
opening angle increases [130,131], the collimation of the
magnetic flux becomes loosened, and the Poynting flux
gradually decreases (see the animations [129,132]). We
expect that in a few seconds, a substantial fraction of the
disk matter will be ejected, and then, the magnetically
driven Poynting flux will damp significantly.

Gravitational wave, neutrino, and kilonova—In addition
to the Poynting flux-driven outflow, we also analyze the
GW emission, neutrino emission, and ejection of neutron-
rich matter in this simulation.

Figure 4(a) plots the gravitational waveform for the
[ =m =2 mode characterized by the inspiral and sub-
sequent quasinormal ringdown [133]. Figure 4(b) plots the
neutrino luminosity for the electron, antielectron, heavy
lepton, and total. The luminosity becomes maximum after
the merger with ~10% erg/s. At f— fyee ~0.1's, the
luminosity shows another peak since the MRI started to
be fully resolved in the disk and the viscous heating driven
by the MRI turbulent enhances the temperature (see
Supplemental Material [120]). After this, the disk expan-
sion and accretion onto the BH proceed, and the luminosity
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FIG. 4. The quantities related to multimessenger signals. Left: gravitational waveform for / = m =2 mode. Middle: neutrino
luminosity for the electron, antielection, heavy lepton, and the total. Right: the baryonic mass of the matter remaining outside the
apparent horizon (dashed), the disk (solid), the total ejecta (dotted), and the postmerger ejecta (dash-dotted).
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decreases due to the temperature decrease because the
neutrino energy emission rate is approximately propor-
tional to 7° [134]. As the neutrino luminosity steeply drops,
the energy generated by the turbulent viscous heating can
then be used for disk expansion and induces postmerger
mass ejection [84,85,87,135-137]. Figure 4(c) plots the
baryonic mass of the remnant, disk, total ejecta, and
postmerger ejecta. During the merger stage, the dynamical
ejecta with its mass ~1.6 x 103M is launched. At
I = I'merger ® 0.1 s disk mass starts decreasing steeply due
to the MRI-driven turbulent viscosity, and postmerger mass
gjection sets in at f — fyerger & 0.4 8. At the end of the
simulation, the disk mass decreases to ~1.6 x 10°M and
the postmerger ejecta reaches 4.7 x 1073 M, which is ~8%
of the disk mass at 7 — #,¢reer ~ 0.02 s, making a total ejecta
mass 6.3 x 1073 M. This indicates that the kilonova light
curve would be similar to that of the BNS merger leaving a
short-lived hypermassive neutron star (HMNS) presented
in Refs. [87,138] and is too faint to explain the observation
of AT2017gfo.

Summary and discussion—We performed the first
numerical-relativity simulation for prompt-collapse BNS
merger which included neutrino radiation transfer and
magnetohydrodynamics effects. The simulation lasts for
~1.5 s after the merger, the longest among BNS merger
simulations that self-consistently solve from the inspiral to
the late postmerger stage. We focused on an asymmetric
BNS merger so that the dynamical mass ejection and the
massive disk formation proceed during the merger stage.
We found that the gravitational waveforms, neutrino
luminosity, and mass ejection are consistent with the
previous simulations (e.g., Refs. [88,133]). Though it took
~0.1 s after the merger until the MRI was fully resolved, it
is unlikely to affect the postmerger mass ejection process,
which takes =1 s.

We found that prompt-collapse BNS mergers can
develop the magnetosphere which launches a collimated
Poynting flux-driven outflow like the BNS merger that has
a long-living HMNS as a remnant [114] or BHNS merger
[89,90]. The MRI-driven a€2 dynamo activity in the disk
amplifies the magnetic field and provides an aligned
magnetic field toward the polar region. Then, the BH spin
further amplifies the magnetic field, generating a large-
scale magnetic field due to the tower effect. It requires more
than 0.1 s after the merger until the magnetosphere is
developed and the isotropic-equivalent Poynting flux
reaches as high as 10* erg/s. We note that this timescale
could be accelerated if the MRI is fully resolved right after
the merger. At f— e ® 1 s the isotropic-equivalent
luminosity of the collimated Poynting flux starts decreasing
due to the increase of the opening angle of the magneto-
sphere, which is induced by the postmerger mass ejection.
The conventional global MADness parameter [139] at
the end of the simulation is ~10, and the system does
not yet reach the MAD state. Therefore, we expect to have a

Poynting flux supply from the BH continued [70,140].
However, the magnetosphere will become further less
collimated afterward, and the isotropic-equivalent lumi-
nosity evaluated at the opening angle of 10° is expected to
keep decreasing (see also Supplemental Material [120]).

Our finding on a jet launching via the Blandford-Znajek
mechanism aligns with many previous general relativistic
magnetohydrodynamics simulations starting from an equi-
librium disk around BH [70,73,139,141]. Those simula-
tions showed that once the globally coherent magnetic field
is provided from the disk to penetrate the BH, then the
system launches the magnetically driven outflow. However,
we argue that the origin and properties of such a globally
coherent magnetic field were not well understood since the
simulations mentioned above initialized magnetic fields by
embedding the already globally coherent field. Further,
assuming such a global magnetic field inside the merger
remnant torus could result in an artificially strong relativ-
istic outflow compared to the case in which the premerger
magnetic field is initialized during the inspiral phase
[48,88]. Reference [70] showed that the model with the
purely toroidal magnetic field at the initial setup exhibits
the magnetically driven outflow with its Poynting lumi-
nosity typically reaching ~10*® erg/s about an order of
magnitude higher than the current model. The BH proper-
ties and the disk mass resemble our current model, but the
magnetic-field configuration right after the merger differs
significantly in that the small-scale component is dominant
in the large region (see also Supplemental Material [120]).
We deduce the difference in Poynting luminosity from the
magnetic field penetrating the BH, generated by the MRI-
driven a€2 dynamo from this small-scale magnetic field.

We have to note that in the present simulation, the
maximum value of the initial magnetic-field strength is set
to be 10> G, which is as high as that for magnetars, i.e.,
much higher than observed in binary pulsars [26]. This
treatment is motivated by an expectation that if the MRI is
resolved well, the overall postmerger evolution processes
remain essentially unchanged irrespective of the initial
magnetic-field strength. However, in the simulation with an
initially high magnetic field, not only the MRI but also the
magnetic winding may play a role in enhancing the field
strength in the remnant disk. The butterfly diagram of the
averaged toroidal magnetic field shows that the aligned
magnetic field at the polar region is generated not only by the
periodic magnetic-field amplification due to the a€2 dynamo
but also by the winding of the magnetic field. We expect that
in the system of a realistic magnetic-field strength, MRI-
driven a€2 dynamo activity will solely provide the magnetic
field for magnetosphere formation. The higher-resolution
simulation starting from a weaker premerger magnetic field
should be conducted as future work.
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