2211.07158v1 [astro-ph.HE] 14 Nov 2022

arxXiv

General-relativistic neutrino-radiation magnetohydrodynamics simulation of
seconds-long black hole-neutron star mergers: Dependence on initial magnetic field
strength, configuration, and neutron-star equation of state

Kota Hayashi!, Kenta Kiuchi®!, Koutarou Kyutoku®"4, Yuichiro Sekiguchi®!, Masaru Shibata?!
! Center for Gravitational Physics, Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan

2Mazx Planck Institute for Gravitational Physics (Albert Einstein Institute),
Am Mdihlenberg 1, Postdam-Golm 14476, Germany
3 Department of Physics, Kyoto University, Kyoto 606-8502, Japan

4 Interdisciplinary Theoretical and Mathematical Sciences Program (iTHEMS), RIKEN, Wako, Saitama 351-0198, Japan

® Department of Physics, Toho University, Funabashi, Chiba 274-8510, Japan
(Dated: November 15, 2022)

Numerical-relativity simulations for seconds-long black hole-neutron star mergers are performed
to obtain a self-consistent picture starting from the inspiral and the merger throughout the post-
merger stages for a variety of setups. Irrespective of the initial and computational setups, we
find qualitatively universal evolution processes: The dynamical mass ejection takes place together
with a massive accretion disk formation after the neutron star is tidally disrupted; Subsequently,
the magnetic field in the accretion disk is amplified by the magnetic winding, Kelvin-Helmholtz
instability, and magnetorotational instability, which establish a turbulent state inducing the dynamo
and angular momentum transport; The post-merger mass ejection by the effective viscous effects
stemming from the magnetohydrodynamics turbulence sets in at ~ 300-500ms after the merger
and continues for several hundred ms; A magnetosphere near the black-hole spin axis is developed
and the collimated strong Poynting flux is generated with its lifetime of ~ 0.5-2s. The model of no
equatorial-plane symmetry shows the reverse of the magnetic-field polarity in the magnetosphere,
which is caused by the dynamo associated with the magnetorotational instability in the accretion
disk. The model with initially toroidal fields shows the tilt of the disk and magnetosphere in the
late post-merger stage because of the anisotropic post-merger mass ejection. These effects could

terminate the strong Poynting-luminosity stage within the timescale of ~ 0.5-2s.

I. INTRODUCTION

The first direct detection of gravitational waves from
a binary black hole merger, referred to as GW150914 [I],
opened the era of gravitational-wave astronomy. To date,
advanced LIGO and advanced Virgo have observed ~ 80
binary black hole merger events [2, B]. Several neutron-
star merger events have also been observed in addition
to the binary black hole mergers. A remarkable event is
GW170817 [4], the first binary neutron star merger event.
Associated with this event, a wide variety of electromag-
netic counterparts were successfully observed [B] [6], and
provided us with invaluable information for understand-
ing the processes of the neutron-star merger and its post-
merger evolution. The electromagnetic observations also
opened the era of multi-messenger astronomy including
gravitational-wave observation.

In the latest observational run (O3b), gravitational
waves from black hole-neutron star binaries, referred to
as GW200105 and GW200115 [7], were observed. These
events surely indicate that black hole-neutron star bina-
ries exist in nature. Although no electromagnetic coun-
terpart is observed for them, it is natural to expect that
electromagnetic counterparts will be observed in future
events, if the binary parameters are suitable for inducing
tidal disruption of neutron stars. A number of numerical-
relativity simulations for black hole-neutron star binaries
predict that the neutron star could be disrupted by the
tidal force of the companion black hole if the black-hole

mass is relatively small and/or the black-hole spin is high
(e.g., Refs. [8,9]). The tidal disruption is accompanied by
disk formation and mass ejection, which will result in the
r-process nucleosynthesis for synthesizing heavy neutron-
rich elements [I0] [TT]. If the remnant black hole is rapidly
spinning and surrounded by a massive magnetized disk
or torus, an ultra-relativistic jet could be launched and
drive a short-hard gamma-ray burst [ITHI3]. Powered
by thermal energy generated by the radioactive decay of
synthesized heavy neutron-rich elements, the ejecta will
shine with high luminosity as kilonovae [14] [15].

The sensitivity of the gravitational-wave detectors is
being improved for the forthcoming observational runs
(O4 and O5) [I6]. Also, large-scale telescopes such as
JWST and Vera Rubin telescopes will be in operation
during such runs [I7, [I8]. It is quite natural to expect
simultaneous detection of gravitational waves and elec-
tromagnetic counterparts from black hole-neutron star
mergers if the source is within a distance of several
hundred Mpc from the earth. This implies that black
hole-neutron star mergers are among the most promising
sources for multi-messenger astronomy in the near future.
In view of this situation, it is urgent to theoretically de-
velop the entire evolution scenario from the merger to the
post-merger stages, in order to predict observable signals
and to make a reliable model for the interpretation of the
forthcoming observational data.

In the last 16 years, a variety of numerical-relativity
simulations for black hole-neutron star mergers have been



performed [T9H55]. By improving the input physics and
grid resolution, the previous studies have extensively ex-
plored the process of the tidal disruption, accretion disk
formation, dynamical mass ejection, gravitational-wave
emission, and neutrino emission. However, most of the
previous works have focused only on the evolution from
the inspiral to early post-merger stages; the evolution
was followed at longest for a few hundred ms after the
merger. Hence, the long-term seconds-long evolution of
the system has not been explored deeply. In order to
compensate for this deficiency, i.e., to explore the entire
post-merger evolution processes, many long-term numeri-
cal simulations for black hole-accretion disk systems have
also been performed, including viscous hydrodynamics
or magnetohydrodynamics effects [56H71]. These simula-
tions have qualitatively clarified the evolution processes
in the post-merger stage such as the post-merger mass
ejection and jet launch. For example, it is now widely
accepted that the post-merger mass ejection is likely to
be driven by an effective viscous effect induced by the
magnetohydrodynamics turbulence. The jet outflow is
also likely to be powered by the Blandford-Znajek mech-
anism [72] by magnetic fields penetrating a rapidly spin-
ning black hole. However, in this approach, an ad-hoc
initial condition is always employed. In particular, an
idealized magnetic-field configuration, which may not be
appropriate for studying the post-merger stage of black
hole-neutron star binaries, is often provided. Therefore,
the quantitative details of the post-merger process have
not been obtained yet.

In order to overcome these deficiencies and acquire
the self-consistent evolution scenario of the black hole-
neutron star merger starting from the inspiral stage to
the late post-merger stage, in a previous paper, we per-
formed seconds-long merger simulations including dy-
namical general-relativity effect, neutrino-radiation ef-
fect, and magnetohydrodynamics effect altogether [55].
We found that the post-merger mass ejection is indeed
driven by the magnetically-induced viscous effect at sev-
eral hundred milliseconds after the onset of the merger.
This post-merger mass ejection is triggered by the de-
crease of the temperature and neutrino luminosity in the
accretion disk, as previous viscous hydrodynamics stud-
ies have clarified (e.g., Refs. [56] [66] [T0]). We also con-
firmed that the electron fraction of the post-merger ejecta
is not very low, typically with Y, ~ 0.2-0.3. We also
found the development of the magnetosphere near the
spin axis of the remnant black hole as a result of the in-
fall of the amplified magnetic flux from the disk into the
black hole. The intensity of the outgoing Poynting flux
in the magnetosphere is high and is consistent with that
of short-hard gamma-ray bursts.

Although the results of our previous work showed a
self-consistent evolution picture of black hole-neutron
star binaries, some questions remain to be answered.
First, our previous work assumed initially strong mag-
netic fields with its maximum strength > 3 x 106 G.
The high magnetic-field strength was given in order to

get a high field strength at the formation of the accre-
tion disk and to enable numerical computation to resolve
the magnetorotational instability (MRI) [73] [74] in the
disk right after the disk formation. We should clarify
whether, at least qualitatively, the same evolution is ob-
tained even if we assume a much lower strength of the
initial magnetic field. Second, our previous work assumed
a poloidal magnetic field confined in the neutron star as
an initial condition. It is quite natural to ask whether
the result is qualitatively changed or not if we employ
different magnetic-field configuration in the neutron star
as the initial condition. Third, in our previous work, we
imposed the equatorial-plane symmetry on all the simu-
lations. It is necessary to understand what happens in
the absence of such a symmetry. Finally, our previous
work only used the DD2 equation of state (EOS) [75] to
model the neutron star. We should investigate how the
evolution process depends quantitatively on the EOSs
employed.

The paper is organized as follows. In Sec. [T} we briefly
describe the method and initial setup for the numerical
simulation. In Sec. [[TT] we present the numerical results
focusing on the entire evolution process, mass ejection
mechanisms, and collimated electromagnetic outflow de-
veloped near the spin axis of the black hole. We pay
particular attention to the quantitative difference among
the numerical results with different initial conditions and
with different computational setups. Finally, we conclude
this work in Sec. [V} Throughout this paper, we use the
geometrical units in which G = ¢ = 1, where G and
c are the gravitational constant and the speed of light,
respectively.

II. NUMERICAL METHODS

The numerical scheme for the present simulation is the
same as that summarized in Ref. [55] for which the read-
ers may refer to.

For modeling the neutron-star matter, we employ two
nuclear-theory-based finite-temperature EOSs referred to
as DD2 [75] and SFHo [76] for a high-density range and
Helmholtz EOS [77] for a low-density range. As initial
data, we prepare black hole-neutron star binaries in a
quasi-equilibrium state assuming the neutrinoless beta-
equilibrium cold state [44]. The initial gravitational mass
of the neutron star is set to be Myg = 1.35M, following
Ref. [B5]. For the DD2 and SFHo EOSs, the circum-
ferential radius of the isolated spherical neutron star of
mass 1.3-1.4My is =~ 13.2km and ~ 11.9km, respec-
tively. These EOSs satisfy constraints imposed by the
observation of gravitational waves for GW170817 [4] and
by the X-ray observation by NICER [78].

For the initial black-hole mass, we choose Mg, =
5.4Mg; the mass ratio of the black hole to the neu-
tron star is Q := Mgu,0/Mns = 4. The initial dimen-
sionless spin parameter of the black hole is set to be
x = 0.75. This setting is the same as one of our pre-



vious settings [55]. With such a spin and a mass ratio,
tidal disruption of the neutron star with Myg = 1.35M¢
takes place for both EOSs. The initial orbital angular
velocity g is set to be meQy = 0.056 for Q = 4 where
mo = MBH,O + MNS = 135(Q + 1)M® With this initial
setup, the binary spends about three orbits before the
merger.

We initially superimpose a poloidal or toroidal mag-
netic field confined in the neutron star. For the poloidal
field case, following our previous work [42], the magnetic
field is given in terms of the vector potential as

Aj = {~ynsd;" +ansd,’}
x Ap max(P/Ppax — 1073,0)2 (1)

For the toroidal field case, the vector potential is given
as

Aj = {(ens(zis — BXs))d;” + (yns(2ks — RI%IS))éjy

_(ZNS(xQNs + ylz\IS - R2NS))5]’Z}
><Ab(1 + COS(TNS/0.95RN3))
(TNS < 0.95RNS). (2)

Here, (zns, Yns, 2ns) denote the coordinates with respect
to the neutron-star center (location of the maximum
rest-mass density), rng is the radius with respect to the
neutron-star center, and Rygs is the coordinate radius of
the neutron-star. P is the pressure, Ppa.x is the maxi-
mum pressure, and j = z,y, and z. A, is a constant
and is chosen so that the initial maximum magnetic-field
strength bp max is 3 X 10'® G or 5 x 10'® G. These val-
ues are chosen to obtain a strong magnetic field in the
remnant disk formed shortly after the tidal disruption of
the neutron star. The strong magnetic field in the rem-
nant disk is required to resolve the fastest growing mode
of the MRI [73| [74] in the limited grid resolution, be-
cause its wavelength is proportional to the magnetic-field
strength. Although such strong fields are not realistic in
orbiting neutron stars, the resulting turbulent state in
the accretion disk established by the MRI is not likely to
depend strongly on the initial magnetic-field strengthﬂ
Thus, it would be reasonable to suppose that the turbu-
lent state with a strong magnetic field will be established
even for the case with much weaker initial magnetic-field
strength if the grid resolution is sufficient. We also note
that even with by max = 5 X 10'6 G, the electromagnetic
energy (of order 1049 erg) is much smaller than the inter-
nal energy and gravitational potential energy (of order
10%3 erg) of the neutron star, and thus, the inspiral and
tidal-disruption stages are not affected significantly.

1 We implicitly assume that the magnetic-field strength would be
increased by the MRI and magnetic winding, and a turbulent
state would be eventually established even if we started a simu-
lation from low magnetic-field strengths (as is often done in this
research field). This is just an assumption, but the result of a
simulation, which is started with a low magnetic-field strength,
illustrates that this is likely to be indeed the case (see Sec. .

We only consider the magnetic field confined in the
neutron star initially, and do not consider a pulsar-like
dipole magnetic field extending to the outside of the neu-
tron star. This is because only the magnetic field con-
fined in the neutron star has a significant effect on the
subsequent evolution of the system. In terms of the accre-
tion disk evolution including the post-merger mass ejec-
tion, only the magnetic field in the disk, which originates
from the magnetic field inside the neutron star, plays
an important role. In terms of the magnetosphere for-
mation, a dipolar magnetic field initially located outside
the neutron star may be amplified linearly due to wind-
ing. However in the disk, the magnetic field is amplified
exponentially by the MRI, and the amplified magnetic
field flux is ejected from the disk to the polar region by
the MRI dynamo and subsequently forms the magneto-
sphere of a high field strength. For the realistic initial
magnetic-field strength lower than 102 G, the magnetic
field amplified by the MRI should dominantly come into
play.

We do not consider the effect of the neutrino viscosity
on the MRI supposing that the magnetic-field strength
could be enhanced to be > 10 G due to the rapid
winding in the main region of the accretion disk (see
Sec. even if the early growth of the MRI could
be suppressed [79] [80].

The simulation is performed using a fixed-mesh refine-
ment (FMR) algorithm. The i-th refinement level covers
a half or full cubic box of [—L; : L;] X [—L; : L;] x [0 : L;]
or [-L;: L;] x [=L; : L;] x [-L; : L;], where L; = NAx;
and Az; is the grid spacing for the i-th level. For the
half-cubic box case, the plane-symmetric boundary con-
dition on the z = 0 plane (equatorial plane) is imposed.
The grid spacing for each level is determined by Az; =
2A$i+1 (Z = 172,' . 7imax — 1) with Al‘imax = 400 m
for the DD2 models and Az, = 250m for the SFHo
model. That is, we perform lower-resolution simulations
for the DD2 EOS models, because high-resolution simu-
lations require an extremely high computational cost for
simulating the seconds-long merger processes. In addi-
tion, as we showed in our previous paper [55], the results
for the lower-resolution runs are quantitatively similar
to those for the corresponding high-resolution runs (with
Ax; .. = 270m), and hence, we consider that a fair con-
vergence would be achieved even with the present choice.
imax 18 chosen to be 11 for the DD2 models and 10 for
the SFHo model. The values of N are 170 for the DD2
models and 243 for the SFHo model, respectively (cf. Ta-
ble [I)).

In this paper, we perform four new simulations varying
the EOS, the value of by max, the magnetic-field configu-
ration, and the equatorial-plane symmetry. The parame-
ters and quantities for the four models are summarized in
Table[l We compare the new results with those obtained
in our previous paper [55] for the models with the same
values of Mgy,0, Mns, and .

As we already mentioned in our previous paper [55],
during the merger stage, the black hole is kicked mainly



TABLE I. Key parameters and quantities for the initial conditions together with the parameters of grid setup for our numerical
simulations. bomax: the initial maximum magnetic-field strength, Az;_ . : the grid spacing for the finest refinement level, Li:
the location of the outer boundaries along each axis, and the values of N and imax. For all the models, the neutron-star mass is
1.35M g, the initial black-hole mass is 5.4M¢, the initial dimensionless spin of the black hole is 0.75, and the initial ADM mass
Mapm,o is 6.679Me ~ 0.9894mp. The models from our previous paper (Q4B5L and Q4B5H) are also shown for comparison.
The last two columns list Meje,ayn: the dynamical ejecta mass evaluated at ¢ = 20ms, and Meje,pm: the lower bound of the
post-merger ejecta mass in units of M. Since the mass of the post-merger ejecta is still increasing at the termination of all

the runs, we here list the lower bound for it.

model name EOS  bomax [G] bo configuration plane sym. Awz;_,. [m] L [km] N imax  Mejeayn  Meje,pm
Q4B3el5 DD2 3 x 10%° poloidal yes 400 6.98 x 10* 170 11 0.045  >0.030
Q4B5tn DD2 5 x 10'¢ toroidal no 400 6.98 x 10* 170 11 0.045  >0.030
Q4B5n DD2 5 x 10'¢ poloidal no 400 6.98 x 10* 170 11 0.046  >0.033
SFHoQ4B5 SFHo 5 x 106 poloidal yes 250 3.10 x 10* 243 10 0.013  >0.019
Q4B5L [55] DD2 5 x 10*¢ poloidal yes 400 1.74 x 10* 170 9 0.046  >0.035
Q4B5H [55] DD2 5 x 10'° poloidal yes 270 1.62 x 10* 234 9 0.046  >0.028

by the back reaction of the dynamical mass ejection and
the resulting velocity is vk = 200-400km/s in our
present setting. For the SFHo model for which the ejecta
mass is smaller, the kick velocity is lower. In order to
avoid the black hole from running into the FMR bound-
ary, we control the shift vector with the prescription pro-
posed in our previous paper [55].

Following our previous work [55], we stop the time evo-
lution of the gravitational field at a certain moment after
the ratio of the rest mass of the remnant disk to the
black-hole mass drops below 1072. This prescription is
reasonable because the self-gravity of the matter located
outside the black hole can be safely neglected and the
gravitational field is approximately stationary in such a
low-mass disk stage.

III. RESULTS

A. Overview of the evolution

First, we summarize the entire merger and post-merger
processes found in the simulation for model Q4B5tn. For
this model, we initially provide a confined toroidal mag-
netic field with its maximum strength at the center of
the neutron star as 5 x 1016 G. In addition, we do not
impose the equatorial-plane symmetry. The system was
evolved up to ~ 3s for this model. The overall evolution
processes in the merger and post-merger stages are qual-
itatively the same as our previous findings in Ref. [55] as
we summarize below.

Figure [1| displays the three-dimensional snapshots for
model Q4B5tn with the length scale of ~ 10*km at
t ~ 150, 1200, 1700, and 2900 ms. For each time, the
left panel shows the ejecta, which is colored for the elec-
tron fraction Y;; the middle panel shows the rest-mass
density p(g/cm?) (contours) with magnetic-field lines
(pink lines), unbound outflow (white color) and its veloc-
ity (green arrows); the right panel shows the magnetic-
field strength defined by b = ,/b*b, (G) where b is

the magnetic field in the frame comoving with fluid.
Figure [2| displays the two-dimensional (2D) snapshots
for model Q4B5tn on the y-z plane with a region of
[—2000 km : 2000 km] for both y and z at ¢t ~ 150,
350, 550, 800, and 1700 ms. For each time, the first, sec-
ond, third, and fourth panels show the rest-mass density,
the electron fraction, the entropy per baryon s in units
of the Boltzmann constant k, and —hu; — Ay, respec-
tively. Here, u; is the lower time component of the four
velocity, h is the specific enthalpy, and A, is the min-
imum specific enthalpy for a given electron fraction. In
the fourth panel, unbound matter, which is identified by
—hug—hpin > 0, is (non-black) colored and bound matter
is colored by black. Figure |3| displays the 2D snapshots
for model Q4B5tn on the z-y plane at ¢ ~ 30, 250, and
800 ms. For each time, the first, second, third, and fourth
panels show the rest-mass density, the electron fraction,
the entropy per baryon, and the inverse of the plasma
beta, b? /4w P, respectively.

For all the models in this work, the neutron star is
tidally disrupted by the black hole before the binary
reaches the innermost stable orbit as found in Ref. [55].
During the merger stage, = 80% of the neutron-star mat-
ter located on the black hole side falls into the black hole
in a short timescale of a few ms (see Fig.|4). The fraction
of the matter that falls into the black hole is larger for
the SFHo EOS model, reflecting the smaller neutron-star
radius for this model. On the other hand, the neutron-
star matter located on the far side from the black hole
forms a one-armed spiral structure. The matter located
on the outer part of this one-armed spiral acquires suf-
ficient angular momentum and energy due to the angu-
lar momentum transport and the dynamical evolution of
the black-hole space-time structure [50], and then, a part
of the matter becomes unbound. This unbound matter
forms the dynamical ejecta, and its formation process is
found at ¢t ~ 150 ms of Fig. [l| (see also Fig. . The dy-
namical ejecta is located only near the equatorial plane
and the electron fraction is as low as Y, ~ 0.05 irrespec-
tive of the models. This is due to the fact that this mass
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FIG. 1. The three-dimensional snapshots for model Q4B5tn with the length scale of ~ 10*km at ¢ ~ 150, 1200, 1700, and
2900 ms. For each time, the lgft panel shows the ejecta, which is colored for the electron fraction Y.; the middle panel shows
the rest-mass density p (g/cm?) (contours) with magnetic-field lines (pink lines), unbound outflow (white color) and its velocity

(green arrows); the right panel shows the magnetic-field strength b = /b#b, (G). See also the following link for the animation:
https://www2.yukawa.kyoto-u.ac.jp/~kota.hayashi/Q4B5tn-3D.mp4l
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ejection is driven primarily by the tidal force of the black
hole, and thus, the ejecta, which is preserved to be in a
low temperature, is not influenced by the weak interac-
tion. The remaining bound matter forms an accretion
disk around the remnant black hole with the timescale
of ~ 10ms. During the disk formation, the one-armed
spiral formed in the tidal-disruption stage is wound up
around the black hole, and shock heating, compression,
and Kelvin-Helmholtz instability take place for the disk
evolution. Up to this stage, the evolution is deeply stud-
ied by a number of numerical-relativity simulations (see
Ref. [9] for a review), and our present results are essen-
tially the same as the previous results [55].

We then pay attention to the evolution of the system
in the post-merger stage. One of the key ingredients that
determine the post-merger evolution is the magnetic-field
strength, which is enhanced at various evolution stages.
First, the significant amplification of the magnetic field
occurs during the tidal disruption by the magnetic wind-
ing. The orbital period near the innermost stable circu-
lar orbit of the black hole is as short as 1-2ms. During
the tidal disruption of the neutron star, the neutron-star
matter which eventually forms the accretion disk experi-
ences the quick winding near the black hole. As a result
of this, the strong toroidal magnetic field is developed
from the preexisting poloidal magnetic fields irrespective
of the initial magnetic field configuration assumed in the
neutron star. We note that even if we give an initially
toroidal magnetic field in the neutron star, a magnetic
field with the poloidal (cylindrical) component is natu-
rally developed during the tidal disruption. Since the
orbital period near the black hole is as short as ~ 1ms,
the toroidal magnetic-field strength in the accretion disk
formed after the merger is amplified by ~ 100 times of
the cylindrical one in the first ~ 10 msEI and eventually,
the magnetic field in the accretion disk becomes toroidal
dominant. This toroidal magnetic field continues to be
amplified by the winding effect even after the accretion
disk formation.

After the sufficient amplification of the toroidal mag-
netic field, an outward expansion of the matter is driven
due to the magnetic-pressure increase and/or magnetic
buoyancy effect. The disk expands both vertically
and horizontally with respect to the equatorial plane
(cf. Fig. . As a result of this expansion, the poloidal
field with its strength comparable to the toroidal field is
naturally generated.

The b?/4n P panels in Fig. |3 show that, in addition
to the winding, the Kelvin-Helmholtz instability induced

2 In the presence of the poloidal magnetic field with the cylindri-
cally radial component B¥ in the Keplerian disk, the strength of
the toroidal magnetic field BT increases by the winding approx-
imately linearly with time until a saturation as (e.g., Ref. [1])

BT ~ §me, (3)
2

where  denotes the local angular velocity.

by the shear motion at the contact surfaces of the spi-
ral arms also amplifies the magnetic-field strength. The
collision between the accretion disk and fall-back matter
associated with the failed dynamical ejecta is also the
origin of the shear motion. Note that a part of the low-
Y. components (green region) extending from the left for
t ~ 250-800ms in the Y, panels of Fig. [3] shows the fall-
back matter associated with the failed dynamical ejecta
component. This magnetic-field amplification induced by
the fall-back continues for = O(100) ms and keeps con-
tributing to the magnetic-field amplification in the accre-
tion disk.

When the poloidal magnetic field is amplified suffi-
ciently, the wavelength for the fastest growing mode of
the MRI becomes ~ 10km and then it can become nu-
merically resolved. Associated with the MRI a turbu-
lent state is subsequently developed in the accretion disk.
Due to this turbulence, effective viscosity is induced and
the angular momentum is transported from the inner
to the outer part of the accretion disk in the viscous
timescale. The matter in the inner region of the disk
loses angular momentum and is accreted onto the black
hole, while the matter in the outer region of the disk
acquires angular momentum and gradually expands. As
the MRI is activated, the MRI dynamo [74] also starts
playing an important role in the disk evolution. During
the cycle of the MRI dynamo activity, fluid elements with
high magnetic-field strength are forced to ascend to the
direction perpendicular to the disk from the equatorial
region due to the magnetic-field buoyancy. Due to this
effect, the poloidal magnetic field in the disk is enhanced
even more. This process of the accretion disk expansion
is found in the rest-mass density panels at ¢t ~ 150-550 ms
in Fig. The decrease in the rest-mass density is also
found in this figure. The timescale of this disk evolu-
tion is several hundred ms, which is considered to be the
timescale of the effective viscous process:

R? « -1 c -1
o~ e~ 660ms (2 ) d
T s H s 0.05 10%cm/s

1 2
X A i . (4)
3 x 106cm 107cm

Here, R and H is the radius and the height of the disk,
respectively, and cs denotes the sound speed. ay, is the
r@ component of the effective viscous tensor, which is
derived in Sec. [ITB3l

In addition to the magnetohydrodynamics effects, neu-
trino cooling plays an important role in the disk evolu-
tion [56 [66, [70]. In the early stage of the accretion disk,
the maximum density is > 1012 g/cm? and the maximum
temperature is several MeV. In such a high-density, high-
temperature stage, the total neutrino luminosity is higher
than 1053 erg/s (see Fig. @, which is comparable to or
higher than the viscous heating rate (i.e., heating rate
by the magnetohydrodynamics turbulence) for a com-
pact disk with a typical magnitude of the viscous param-
eter [66]. Then the generated heat is consumed mostly
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FIG. 2. The 2D snapshots for model Q4B5tn on the y-z plane with a region of [-2000 km : 2000 km] for both y and
z at t ~ 150, 350, 550, 800, and 1700ms. For each time, the first, second, third, and fourth panels show the rest-mass

density p (g/cm?), the electron fraction Ye, the entropy per baryon s, and —hu; — Amin, respectively. In the fourth panel,
unbound matter is (non-black) colored and bound matter is colored by black. See also the following link for the animation:

https://www2.yukawa.kyoto-u.ac.jp/~kota.hayashi/Q4B5tn-2Dyz.mp4.
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See also the following link for the animation: https://www2.yukawa.kyoto-u.ac.jp/~kota.hayashi/Q4B5tn-2Dxy .mp4.

by the neutrino emission and does not contribute to the
mass ejection from the disk significantly. The entropy
panels at ¢ = 150 and 350 ms in Fig. [2| indeed show that
the entropy per baryon at the inner region of the disk
remains low compared to the outer region, and thus, the
accretion disk is convectively stable.

However, as we discussed above, the disk expands in
the viscous timescale, and thus, the rest-mass density
and the temperature of the disk drop gradually. Even-
tually, the neutrino luminosity starts sharply dropping
because the neutrino emissivity is approximately propor-
tional to 7 [82]. As the neutrino luminosity drops below
the heating rate by the magnetohydrodynamics turbu-
lence effects, the generated heat starts contributing to
the disk evolution. The entropy panels for ¢ 2 550 ms
in Fig. 2] show that the entropy per baryon at the inner
region of the disk increases with time, and consequently,
the disk becomes convectively unstable. Due to the con-

vective motion, the blobs of the matter heated at the
innermost region of the disk move to the outer region.
As a result, the matter in the outer region of the disk ob-
tains free energy from the hot matter. When the matter
in the outer part of the disk acquires sufficient energy, it
becomes unbound from the system to be the post-merger
ejecta. This post-merger ejecta is identified in the panels
for ¢ 2 550 ms in Fig. [2| as the unbound matter emerging
from the disk, and the post-merger mass ejection con-
tinues for the timescale of ~ O(1)s (see Fig. [5). This
mechanism is the same as that found in the previous vis-
cous hydrodynamics simulations [56H58, [66, [83] as well
as in our previous paper [55].

The panels for ¢ 2 1200 ms in Fig. [I| show that unlike
the dynamical ejecta, the post-merger ejecta expands in a
quasi-isotropic manner, and it has relatively high electron
fraction of Y, ~ 0.2-0.3 (see Sec. [[IIB4). For model
Q4B5tn, the equatorial-plane symmetry is not imposed,
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and thus, the post-merger ejecta also does not have the
equatorial-plane symmetry as shown in the panels at ¢ ~
800ms in Fig. 2] In addition to the plane asymmetry
of the post-merger ejecta, we also observe a disk tilt for
t 2 1700ms in Fig. 2l These asymmetries are likely due
to the fact that the disk evolution and the post-merger
mass ejection process are dominated by the stochastic

turbulence (see a discussion in Sec. [IITC 4]).

In parallel with the disk evolution, a magnetosphere
is developed in the low rest-mass density region along
the spin axis (z-axis) of the black hole and disk (see the
panel at ¢t ~ 1700 ms in Fig. . The magnetic-field lines
that form the magnetosphere penetrate the surface of
the apparent horizon with a helical structure. The for-
mation mechanism of the magnetosphere is described in
the following manner: After the tidal disruption of the
neutron star by the black hole, a low rest-mass density
region is naturally formed near the z-axis because the
matter is ejected primarily toward the equatorial-plane
direction. During the subsequent post-merger evolution,
the magnetohydrodynamics effect drives mass outflow to-
ward the direction perpendicular to the disk. However,
the density in the vicinity of the rotation axis of the disk
is still preserved to be low because of the presence of
the centrifugal force for the ejected matter. Due to the
subsequent magnetic-field amplification by the winding
and MRI, the magnetic pressure increases, and also the
magneto-centrifugal effect [84] is enhanced. As a result,
the matter in the accretion disk is expelled toward the
direction perpendicular to the disk, and a funnel struc-
ture is developed around the rotation axis of the disk.
On the other hand, the matter located near the black
hole along the rotation axis falls into the black hole to-
gether with the magnetic fluxes with a high field strength
achieved in the disk. If the outgoing and infalling mat-
ter is connected with a magnetic-field line, the global
magnetic fields with a high field strength penetrating the
black hole are developed. Because the field strength of
the magnetic-field lines penetrating the black hole is fur-
ther amplified by the winding due to the black-hole spin,
the magnetosphere, i.e., the region where the magnetic-
field energy density is much higher than the rest-mass
energy density, is eventually established.

The shape of the magnetosphere funnel is determined
by the balance of the magnetic pressure in the magne-
tosphere and the gas pressure of the outer region of the
torus. In other words, the size and shape of the mag-
netosphere are determined by the structure of the thick
torus. This feature is found on the panels at ¢t =~ 800 and
1700 ms in Fig [2] the latter of which show a tilt of the
magnetosphere and mass outflow associated with the tilt
of the accretion disk (torus).

The magnetic-field lines penetrate the black hole which
is spinning rapidly with the dimensionless spin = 0.8.
Hence, the system is subject to the Blandford-Znajek
mechanism [72] by which the rotational kinetic energy of
the black hole is converted to the outgoing Poynting flux
(see Sec. . After the magnetosphere is developed,

the extracted energy is transported in the form of elec-
tromagnetic waves propagating in the magnetosphere. If
the conversion of the electromagnetic energy to the ki-
netic energy of the low-density matter occurs efficiently, a
gamma-ray burst jet may be launched. Since the magne-
tosphere has a collimated structure, the electromagnetic
emission is also collimated. We may observe the colli-
mated emission when the magnetosphere is collimated
and directed toward the earth.

We note that the evolution of the disk leading to
the post-merger mass ejection and the emergence of the
Poynting flux accompanying the formation of the mag-
netosphere are qualitatively universal phenomena for the
black hole-neutron star merger leading to the tidal dis-
ruption of the neutron star, regardless of the model se-
tups. Our present analysis reconfirms the conclusion of
our previous paper [55].

B. The evolution of the accretion disk and
post-merger mass ejection

1. Disk evolution and ejecta

In this subsection, we present quantitative details on
the evolution of the accretion disk and on the post-merger
mass ejection. Figure [4] shows the time evolution of the
rest mass of the matter located outside the apparent hori-
zon Ms an (dashed curves) and the accretion disk mass
Magisk (solid curves). Figure |5| shows the time evolution
of the rest mass of the unbound matter (ejecta) Meje.
For both figures, the new results obtained in this paper
are compared with the previous results of Ref. [55].

The quantities shown in Figs. [4] and [f] are defined by

M>AH = / p*d?’J? + Mesc, (5)
T>TAH

Mo = / ol + Mae,  (6)
—hut>hmin,r>7AH
Mgigx = M an — Meje, (7)

where p,. := py/—gu’ with g the determinant of the space-
time metric, g,,,, u’ the time component of the four veloc-
ity, u*, and ray denotes the coordinate radius of the ap-
parent horizon with respect to the position of the black-
hole puncture. My, denotes the rest mass of the matter
escaping from the computational domain calculated by

Mg = j{p\/fguidsi, (8)

t
Mesc ::/ Mescdt- (9)

The surface integral is performed at the outer boundaries
of the computational domain. The ejecta component is
identified by considering the Bernoulli criterion; we iden-
tify the matter located outside the apparent horizon that
satisfies hu; < —Amin as the unbound component.
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(bottom panel). The results for models Q4B5L and Q4B5H
of our previous paper [55] are also shown for comparison.

Our new results for Ms an, Maisk, and M. show that
the dependence of these quantities on the initial mag-
netic field setup and equatorial symmetry imposed is
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FIG. 5. The same as Fig. [d] but for the time evolution of the
rest mass of the unbound matter.

weak. Also, the results for the SFHo EOS model are
qualitatively similar to those for the DD2 model, al-
though for the SFHo model, Msam, Maisk, and Meje
are smaller than those for the DD2 model reflecting the
smaller neutron-star radius for the SFHo model.

M= ap decreases steeply at ~ 10ms at which the
merger occurs and the majority of the neutron-star mat-
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FIG. 6. The same as Fig. [d] but for the time evolution of the
total neutrino luminosity. The post-merger mass ejection sets
in at t ~ 300-500 ms at which L, ~ 10°'-10°'® erg/s.

ter plunges into the black hole. After that, M~ sy contin-
ues to decrease gradually due to the matter accretion into
the black hole induced by the angular-momentum trans-
port from the magnetohydrodynamics effect. Mgisi right
after the merger is Mgjsk,0 = 0.28 Mg and ~ 0.22M, for
the DD2 and SFHo models, respectively.
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The evolution of M. clearly shows that two distinct
components of the ejecta exist. One is the dynamical
ejecta, for which the mass steeply increases right after
the merger spending only for a few ms. The rest mass
for this component is ~ 0.046My and ~ 0.013My for
DD2 and SFHo models, respectively. After this increase
by the dynamical mass ejection, Mejo remains approx-
imately constant for several hundred ms. Then, Meje
starts increasing again at ¢ ~ 300-600 ms. This com-
ponent is the post-merger ejecta driven by the heating
associated with MRI turbulence after the neutrino lumi-
nosity decreases below the heating rate (see Fig. @, ie.,
L, decreases below 10°1-10°!% erg/s. The rest mass for
this component is ~ 0.030Mg and ~ 0.019M for the
DD2 and SFHo models at the termination of the sim-
ulations, respectively. EI These values are about 10% of
Maisk,0- The result for the DD2 model shows good agree-
ment with our previous results [55].

The only significant quantitative difference is found in
the onset time of the post-merger mass ejection. For
example, for model Q4B3el5 which has the low initial
magnetic field strength, the onset time of the post-merger
mass ejection is ¢ ~ 600 ms, i.e., ~ 200 ms behind a high
initial magnetic-field strength model Q4B5L. The reason
for this is that for the model with the low initial field
strength it takes a longer time until the magnetic-field
strength is enhanced enough for the disk to be in the
equipartition state and for numerical computation to re-
solve the fastest growing mode of the MRI. It results in
the delay of the development of the MRI-induced tur-
bulence in the accretion disk. Note, however, that this
delay may not be present in the realistic case, in which
the MRI is resolved even for the weak fields. Besides
this difference, the process leading up to the post-merger
mass ejection is qualitatively the same as that found in
our previous paper [55].

2. Magnetic-field evolution

Figures [7] and [§| show the time evolution of the electro-
magnetic energy, Fg, and the ratio of the electromagnetic
energy to the internal energy, Fi,:, respectively. Here,
Ep and FEy, are defined, respectively, by

1 .

Eg:=— ut\/—g b, b dx, (10)
8 T>TAH

Ein ::/ pred’z, (11)
T>TAH

3 Strictly speaking we can provide only the lower bound of the
post-merger ejecta mass because at the termination of the sim-
ulations, the mass is still increasing slightly. Note, however,
that the possible additional increase is less than 0.01M¢ because
the disk mass at the termination of the simulation is less than
0.01Mg.
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where ¢ denotes the specific internal energy. In this pa-
per the energy-momentum tensor for the ideal magneto-
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hydrodynamics is written as

Ty = phuyu, + Pgp,
1

1
+ o <babauﬂuy + §babagl“, - bubu) . (12)

The evolution feature of Eg and Eg/FEiy is qualita-



tively the same as in our previous paper [55]: During the
merger stage, the magnetic-field strength in the accre-
tion disk is increased quickly by the magnetic winding
in the timescale of O(10) ms (cf. footnote 2). After this
initial amplification, the ratio Fg/FE;, reaches 0.01-0.1,
and then, the magnetic-field amplification is saturated.
After the saturation, the disk matter gradually falls into
the black hole due to the angular-momentum transport,
and associated with this, the total electromagnetic en-
ergy (as well as the disk mass and internal energy) also
decreases. However, the ratio Eg/FEi,; ~ O(1072) is pre-
served. This indicates that the accretion disk settles into
a quasi-steady equipartition state by the turbulent dy-
namo activity.

A quantitative difference is found for models Q4B3el5
and Q4B5nt at ¢ < 100ms, which corresponds to the
stage where the disk is not yet in the equipartition state.
For model Q4B3el5, the initial magnetic field is weak
and the magnetic-field amplification by winding during
the merger stage is insufficient to reach the saturation.
For this case, the magnetic-field energy keeps increasing
until ¢ ~ 60 ms at which the disk settles eventually into
an equipartition state, and thus, the magnetic-field am-
plification saturates. The main contributor to this ampli-
fication is clearly understood to be the magnetic winding
because Ep increases in proportion to t? approximately
for ¢ =~ 20-60ms. In this model, the MRI is not well
resolved until ¢ ~ 200 ms because of the insufficient grid
resolution and/or the insufficient magnetic-field strength
(see below), so that we can only find the effect of winding
in the magnetic-field amplification. However, for a real
system (or in an ideal computation with an infinite grid
resolution), the MRI should take place significantly from
an earlier stage after the merger. In such realistic cases,
we expect that the disk would achieve the equipartition
state earlier.

For model Q4B5tn, we find another remarkable behav-
ior right after the merger: During the merger stage Eg is
amplified up to ~ 4 x 10°! erg/s, but it rapidly drops by
an order of magnitude to ~ 4 x 105" erg/s. We do not see
this drop for other models. Our interpretation for this
drop is that the magnetic-field dissipation by reconnec-
tion near the equatorial plane occurs. For this model, we
initially embed a strong magnetic field with opposite po-
larities across the equatorial plane. This magnetic-field
configuration causes the magnetic-field reconnection. Af-
ter this drop, E'p starts increasing again by winding, al-
though we do not find the clear power law proportional
to t? because the magnetic-field energy is close to satura-
tion. At t ~ 40ms Eg reaches saturation and starts de-
creasing again. After the saturation, Eg/Ejy, approaches
asymptotically ~ 1072 as in other models.

The evolution process after the magnetic field sat-
urates is qualitatively identical irrespective of the ini-
tial magnetic-field strength, configuration, neutron-star
EOS, and equatorial-plane symmetry. Thus, we conclude
that the evolution process shown here is the universal one
for black hole-neutron star mergers that experience tidal
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disruption of neutron stars.
Figure [0 shows the evolution of an MRI quality factor,
defined by

Q- = (|A:/AZ]) e s (13)
b 27

Apim ——
\Amph + brb,, 2

where (2 is the local angular velocity, z-direction is the
direction of the rotation axis, and (---)ay. denotes the
spatial average with the weight of the rest-mass density
for the region with p > 10°g/cm3. For Q. > 10, we
interpret that the MRI is numerically well-resolved. It is
found that for most of the models, @, > 10 is achieved
for t 2 20-50ms, while for model Q4B3el5, @, > 10
is achieved only for t 2 250 msE| This illustrates that
for the model with lower initial magnetic-field strengths,
it takes a longer time until the fastest growing mode of
the MRI can be well resolved. As we already remarked,
this is an artifact due to the insufficient grid resolution
in numerical computation, and hence, in real systems,
the MRI turbulence would be developed from an earlier
stage.

(14)

3. Effective viscosity

Associated with the development of the MRI turbu-
lence and dynamo, effective viscosity is enhanced in the
accretion disk. We here analyze an effective viscosity ten-
sor by evaluating the ratio of the magnetohydrodynam-
ical anisotropic stress to the pressure, which is defined

by
1 . 1
Q5 1= <‘P <phuzuj — szbj) ‘>ave . (15)

We also evaluate the ratio of the Maxwell stress to the
pressure defined by

1 1

Here, i # j (i, j = x,y,2) and (- - - ) ave denotes the spatial
average with the weight of the rest-mass density for the
region with p > 107 g/cm3. 4; is defined by u; — (u;)¢ ave
where (u;)1 ave denotes the local time average of u;. The
time average needs to be subtracted from u; to eliminate
the contribution of coherent motion (not random motion)
for evaluating the anisotropic stress associated with the
turbulent motion.

Figure [10| plots the time evolution of the off-diagonal
components of a;; and oM. This shows that for ¢t <
100ms a;; > O(0.1), but we interpret that this is not

4 A steep increase of @, takes place at ¢t ~ 200 ms, and thus, the
MRI activity is also partly visible already for ¢ 2> 200 ms in this
model.
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a physical value, nor associated with the magnetohydro-

dynamics effect: The remnant matter shows the non-



axisymmetric structure for < 100ms after the merger,
and in such a case, the value of a;;, specifically the
contribution from the Reynolds stress part, cannot be
evaluated properly. Thus we focus only on the stage for
t 2 100ms for which the non-axisymmetric structure is
not very appreciable and the MRI turbulence is devel-
oped.

When the disk is in a MRI turbulent stage, we find
that the r¢ and zy components are ~ 0.05-0.1, and
zz and yz components are ~ 0.02-0.05. Hence, the or-
der of the magnitude of «;; agrees with the often-used
value of the alpha viscous parameter for the accretion
disk [85], although the magnitude for each component of
a;; has anisotropy. Our interpretation for this anisotropy
is that not only the MRI turbulence but also the effects
by the global magnetic fields such as magneto-centrifugal
effects [84] contribute to the angular momentum trans-
port because a;; for r¢ and xy components are larger
than the others. We also note that the dominant part
of a;; stems from the Maxwell stress; the contribution
of the Reynolds stress, which originates from the fluid
turbulent motion, is ~ 0.01 irrespective of the model and
component. This trend is universally found for all the
models.

Model Q4B3el5, which has a low initial magnetic-field
strength, shows a factor of ~ 2 smaller value than for the
other models, but this is relatively minor compared to the
difference in the initial magnetic field strength (the initial
magnetic field is smaller than the other models by a fac-
tor of ~ 17). This result suggests that for this model, the
fastest growing mode of the MRI might be only partly
resolved. Indeed, for this model, a delay with ~ 200 ms
in the magnetic-field amplification as well as in all the
processes of the disk evolution is found. This indicates
that the disk expansion due to the angular momentum
transport is delayed due to the weaker turbulence vis-
cosity. As a result of this delay, the drop of the disk
temperature and neutrino luminosity delays, and thus,
the post-merger mass ejection is delayed by ~ 200 ms.
Note, however, that the delay could be the artifact due
to the insufficient grid resolution.

4. Property of ejecta

Now, we turn our attention to the properties of the
ejecta. Figures [I1] and [I2] show the rest-mass histogram
as a function of the electron fraction Y, and velocity v for
the ejecta component, respectively. The ejecta velocity v
is defined by

V= \/1—I‘(;2,

I = —huy/hmin, (17)

where I', is interpreted as the terminal Lorentz factor
under the assumption that the internal energy is con-
verted completely to the kinetic energy of the ejecta in
the far region.
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There are two distinctive Y, components for the ejecta
as found in our previous work [55]. One is the dynam-
ical ejecta for which Y, ~ 0.03-0.07 irrespective of the
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FIG. 12. The same as Fig. [L1| but for the mass histogram as
a function of the velocity of the ejecta.

simulation setups. However, the range of Y, for the dy-
namical ejecta depends slightly on the EOS: For model
SFHoQ4B5, Y, ~ 0.03-0.06, while for model Q4B5H with
DD2 EOS, Y, ~ 0.03-0.07 [44]. The electron fraction of
the dynamical ejecta directly reflects the neutron rich-
ness of the neutron star because the dynamical ejecta is
affected only weakly by the thermal and weak-interaction
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process in the merger and post-merger stages. Thus,
the difference in the distribution of Y, for the dynami-
cal ejecta between models SFHoQ4B5 and Q4B5H comes
directly from the difference in the neutron star EOSs.

For the post-merger ejecta, the electron fraction is
higher as 0.1 < Y, < 0.4 and has a peak at Y, ~ 0.25
for the models with the DD2 EOS and Y, ~ 0.3 for the
model with the SFHo EOS. We note that irrespective
of the initial magnetic-field setups and equatorial-plane
symmetry, approximately the same distribution is found
for the DD2 models. However, the difference in the EOS
makes a quantitative difference. Comparing the high-
resolution models SFHoQ4B5 and Q4B5H, we find that
model SFHoQ4B5 has a distribution with higher Y, val-
ues. In our interpretation, this is due to the fact that the
neutron star modeled by the SFHo EOS is tidally dis-
rupted at an orbit closer to the black hole because it has a
smaller neutron-star radius. Then the matter that forms
the one-armed structure right after the merger and sub-
sequently forms an accretion disk experiences stronger
compression and shock heating between the inner and
the outer spiral arms. As a result, the disk temperature
is enhanced right after the tidal disruption and the value
of Y. is also enhanced (see also Ref. [44]).

There are also two components in the mass histogram
as a function of the velocity of the ejecta (see Fig. .
The high-velocity component with v/¢ 2 0.1 stems pri-
marily from the dynamical ejecta, while the low-velocity
component stems primarily from the post-merger ejecta.
For the DD2 models, the velocity histogram has approx-
imately identical distributions irrespective of the setups,
and it also agrees with previous results [55]. For the
SFHo model, the low-velocity component has a higher
fraction than that for the DD2 models, because the dy-
namical ejecta mass is smaller while the post-merger
ejecta mass is comparable with that of the DD2 mod-
els.

C. DMagnetic field in the funnel region and the
relation to the short-hard gamma-ray burst

1. Formation mechanism of the black-hole magnetosphere

In addition to the aforementioned ejected matter (dy-
namical and post-merger ejecta), we find a launch of an
outflow of the matter and Poynting flux in the narrow-
shaped magnetosphere established near the spin axis
of the black hole irrespective of the models, as in our
previous simulations [55]. In particular, the isotropic-
equivalent Poynting luminosity estimated is compara-
ble to the typical luminosity of short-hard gamma-ray
bursts [12} [I3]. In this section, we discuss the quantita-
tive details on this result.

Irrespective of the initial setups, tidal disruption of the
neutron star takes place in our present setting and a mag-
netized accretion disk is formed around the central black
hole. Due to the MRI, winding, and Kelvin-Helmholtz



instability, the magnetic field in the accretion disk is am-
plified, and then, a turbulent state is established within ~
100-200 ms after the tidal disruption. The magnetic-field
strength in the disk is determined by an equipartition
state, i.e., by the internal energy density of the matter,
which is typically pc? where ¢ is the sound speed of order
10° cm/s in the dense region of the disk. Since Eg/Eiy
is of O(1072) in the equipartition state, the magnetic-
field strength can be approximated as ~ 0.14/8mpc2 ~
5x 10" (p/10'? gcm™3)1/2(¢,/10? cms™!) G near the in-
ner edge of the accretion disk.

Due to the magnetic buoyancy, the magnetic fluxes
with the high field strength ascend toward the vertical
direction from the equatorial region, which subsequently
creates the global poloidal field. As a result of the infall
of the matter that is connected to the global magnetic
fields, the poloidal magnetic-field lines, for which the
strength is > 104 G at the horizon and which penetrate
the black hole, are developed. Here, the infalling mag-
netic fluxes are not well-aligned because the turbulence
in the accretion disk determines the accretion process,
and hence, the magnetic-field strength on the horizon
does not monotonically increase. On the other hand, the
poloidal magnetic fields in the polar region are twisted by
the black-hole spin, and hence, the field strength could
be larger than that for the accretion disk in the presence
of a rapidly spinning black hole. Due to the twisting as-
sociated with the black-hole spin, the toroidal magnetic
field is amplified, and thus, the magnetic pressure is also
enhanced. However, such amplified magnetic fields do
not immediately form a global magnetosphere, because a
dense atmosphere with p ~ 107 g/cm? is formed in the
polar region by the matter expelled by the shock heat-
ing in the spiral arm and the turbulent activity in the
accretion disk. The decrease of the rest-mass density of
this atmosphere in the polar regions is necessary for the
formation of the magnetosphere. A part of the matter
in the polar region near the black hole eventually falls
into the black hole, while a certain fraction of the matter
is expelled outward by the magnetic force. For expelling
the matter outward, the toroidal magnetic field amplified
by the twisting due to the black-hole spin plays an im-
portant role, because a tower-like outflow is driven from
the neighborhood of the black hole by this magnetic ef-
fect [46]. During this process, the helical magnetic-field
lines also expand outward. Hence, eventually, the ratio
of the electromagnetic energy density to the rest-mass
energy density increases to 10-100 in the polar region
of the black hole, and a funnel-shaped magnetosphere
is formed. In the magnetosphere, the rotational kinetic
energy of the black hole is extracted by the Blandford-
Znajek mechanism [72] and transformed into the Poynt-
ing flux which propagates outward. At the funnel wall,
the magnetic pressure balances with the gas pressure of
the surrounding thick torus and envelope, and hence, the
magnetosphere is sustained by the surrounding matter.
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2. Poynting luminosity and magnetic field in the funnel
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FIG. 13. The time evolution of isotropic-equivalent Poynting
luminosity Liso for models Q4B3el5 (top panel), Q4B5n and
Q4B5tn (middle panel), and SFHoQ4B5 (bottom panel). The
results for models Q4B5L and Q4B5H of our previous paper
[65] is also shown for comparison. The characters “u” and “1”
denote the upper and lower hemispheres, respectively.

Figure shows the time evolution of Lis,: an
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r ~ 1500 km as

2
Liso := ———————1L o ras m; 18
1= cos(10°) §<10°,r21500 k (18)
where
Ly<100,r~1500 km := —/ T(EM)tr\/ —gdS,.
9<10°,r21500 km
(19)

T(EDM ) denotes the electromagnetic part of the energy-
momentum tensor. The polar angle is defined by 6 =
tan=1(y/22 4+ y2/z). A particular value (10°) is chosen
for the surface integral because the opening angle of the
funnel region is initially as narrow as ~ 10°. We always

assume an observer located along the z-axis for evaluat-
ing Liso'

For models Q4B5n, and Q4B5tn, the typical maximum
value of Lis, is O(10°%)erg/s. The high-Poynting lumi-
nosity stage, which is designated by Lis, = 3 x 10° erg/s
in this paper, is identified for ¢ ~ 300-2500ms for model
Q4B5n. For model Q4B5tn, the high-Poynting luminos-
ity stage for the upper and lower hemispheres is identi-
fied for t ~ 500-1500ms and ~ 1000-1600 ms, respec-
tively. During the high-Poynting luminosity stage, Liso
varies with time by more than an order of magnitude for
these models, reflecting the variation of the magnetic-
field strength and configuration. The reason for this vari-
ability is that the magnetic fields with high field strengths
are often provided from the disk to the black hole by
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the MRI dynamo activity. Figure shows the aver-
age value of the toroidal field bg.ve as a function of
time and polar angle € for models Q4B3el5, Q4B5n, and
Q4B5tn. Here, z, y, and z are defined with respect to
the black-hole center (the location of the puncture). The
toroidal field is defined by by = (zby, — ybs)/\/2? + y>.
The average is performed with respect to the azimuthal
angle ¢ = tan~!(y/x) at the selected radius of r :=
Va2 +y2+ 22 ~ 150km. Figure displays the so-
called butterfly structure [86]; the polarity of the toroidal
magnetic field flips in a quasi-periodic manner with the
period of ~ 20 local orbital periods. Also, the strong
magnetic-field fluxes continuously ascend from the equa-
torial plane to the surface of the accretion disk.

Although this butterfly structure induced by the MRI
dynamo was already found in our previous models [55],
we find an interesting new feature in our current model;
the MRI dynamo activity in the accretion disk deter-
mines the magnetic-field structure in the magnetosphere.
In the dynamo activity, the magnetic fields often ascend
from the disk to the vertical and polar regions. For most
of the cases, they do not cancel out or alternate the
fields originally stayed there, and thus, the polarity of
the magnetosphere is unchanged. However, for excep-
tional cases, the inversion of the polarity is achieved. For
model Q4B5n, this occurs at ¢ ~ 1.1s and 1.4s (see the
middle panel of Fig. . For t < 1.1s, the polarity of
bz,ave is positive in the polar region of the upper hemi-
sphere. Then at t ~ 1.1s, the polarity flips to negative,
following the polarity flip at an inner region of the ac-
cretion disk. Subsequently, at ¢ ~ 1.4s, the polarity flips
back to positive. For Lis, of this model, there are three
characteristic peaks at ¢t ~ 0.3s, 1.3s, and 1.5s. These
peaks reflect the variation of the butterfly structure at
the polar region: During the polarity flips in progress,
the intensity of the outgoing Poynting flux and Lis, nat-
urally drop, because the magnetic field in the polar region
is not aligned and the magnetosphere loses a coherency
with respect to the magnetic-fields lines.

This polarity flip in the magnetosphere is also found
in the snapshots of the magnetic-field structure. Fig-
ure shows the toroidal and poloidal magnetic field
structures on the x-z plane at ¢t ~ 0.3s, 1.3s, 1.5s, and
2.7 s for model Q4B5n. The first three panels correspond
to the snapshots at which Lis, is at local peaks. The
figure clearly shows the polarity flip of both poloidal
and toroidal magnetic fields in the magnetosphere. The
magnetic fields ascending from the disk reconnect the
originally-existing fields in the magnetosphere, and sub-
sequently, the polarity is changed.

The middle and bottom panels of Fig. also show
the magnetic-field polarity flip near the polar region for
t > 2.5s of model Q4B5n and for ¢ ~ 1.0s on the upper
hemisphere of model Q4B5tn. However, for these stages,
no peak in Lis, is found and its typical value is lower
than ~ 10% erg/s, which is an order of magnitude lower
than the peak luminosity. Our interpretation for this is
that the magnetic fields ascending from the disk due to
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the MRI dynamo activity disturb or deform the magne-
tosphere, but are not strong enough or aligned enough to
replace the polarity of the field completely and reform the
magnetosphere that can launch a high-intensity Poyting
flux with Lig, ~ 10% erg/s.

We note that the polarity flip was already reported
in magnetohydrodynamics simulations for the accretion
disks around a spinning black hole [64] 87]. For these
simulations, the authors also found a turbulent state of
the accretion disks. Thus, the polarity flip is likely to oc-
cur often, if magnetic fluxes with high field strengths are
ejected from the inner region of the disks in a turbulent
state.

For both models Q4B3el5 and SFHoQ4B5, the max-
imum value of Lis, is ~ 5 x 10%*° erg/s, which is slightly
lower than those of other models for which typically
Liso ~ 107 erg/s in the bright stages. Our interpretation
is that this is due to the lower magnetic-field strength
in the magnetosphere. For these models, the rest-mass
density in the disk at the time when the magnetosphere
is formed is lower. The reason for model Q4B3el5 is
that it takes a longer time to form the magnetosphere
than for the other DD2 models and the reason for model
SFHoQ4B5, the disk mass is smaller than for the DD2
models. As we already mentioned, the field strength in
the magnetosphere is determined by the field strength
of the disk at which the equipartition state is achieved.
For model Q4B3el5, the equipartition is achieved in the
relatively late stage, at which the rest-mass density and
internal energy of the disk are relatively low. This leads
to a lower magnetic-field strength in the magnetosphere
for these two models. As a result of the lower field
strength, the Poynting luminosity, which is powered by
the Blandford-Znajek mechanism, becomes lower. The
lower maximum value of Lis, for model SFHoQ4B5 is
understood as the physical result, while that for model
Q4B3e15 could be the numerical artifact due to the in-
sufficient grid resolution.

The high-Poynting luminosity stage for model
Q4B3el5 starts at ~ 2600ms and lasts for ~ 400 ms,
entering the fading stage at ~ 3000ms. For model
SFHoQ4B5, the high-Poynting luminosity stage starts
at ~ 1100ms. We do not find a clear fading stage for
this model, but L;,, appears to gradually decrease to
~ 10% erg/s at the termination of the simulation. We in-
deed find for this model that the opening angle increases
with a timescale of a few seconds, and thus, we expect
that Lis, will eventually drop in this timescale.

The isotropic-equivalent Poynting luminosity of Lig, ~
100 erg/s together with the opening angle of § ~ 10°
(cf. Fig. 1) fairly agrees with those for short-hard gamma-
ray bursts (or at least for low-luminosity short-hard
gamma-ray bursts) in the assumption that the conver-
sion efficiency of the Poynting flux to the gamma-ray
radiation is sufficiently high (i.e., close to unity) [12] 13].



8. MADness parameter

- Q4B3el5
[ Q4B5L

DAH

10 100 1000

1025"""| T T T T T T
§Q4B5nil

OAH

SFHo}QI4B5 —
Q4B5

109 3

PAH

102 3

10—3-..... N N L .
10 100 1000

t [ms]

FIG. 16. The time evolution of the MADness parameter for
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Figure shows the time evolution of the so-called
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where
M= §py=guids,
AH
~ j{ psv"r? sin OdOdep, (21)
r=max (rAH)
and
[N BKﬁdSZ
AH
~ ?{ B"r?% sin 0dfdp. (22)
r=max (ran)

It is found that for all the models ¢papy < 10 within the
simulation time. Thus, the accretion disks in our sim-
ulations do not satisfy the often-referred condition for
the magnetically-arrested disk (MAD), ¢an = 50 [88].
However, as we have already described, a high-intensity
Poynting flux is generated even if the condition for the
MAD is not satisfied. Thus, the MADness parameter
¢au may not be suitable for assessing whether the jet is
launched in the context of neutron-star mergers.

Figure [17] shows the time evolution of ®5p: the mag-
netic flux penetrating the apparent horizon. For mod-
els Q4B5n and Q4B5tn, the magnetic fluxes penetrating
the upper and lower hemisphere of the apparent horizon
are shown separately, although these two components ap-
proximately agree with each other. For most of the mod-
els, the magnetic flux on the apparent horizon reaches
its peak in the timescale similar to that for achieving the
equipartition in the accretion disk. Since ®ay does not
increase after the peak, the decrease of the accretion rate
is the only path for the increase of the MADness param-
eter for such models. For model Q4B5tn, which initially
has the toroidal magnetic field in the neutron star, ®ay
is low for the early post-merger stage (¢ < 50ms) and it
increases gradually in the entire simulation time. For this
case, field lines starting from a point in each hemisphere
always end in the same hemisphere for the early stage.
However, due to the MRI turbulence and dynamo, the
poloidal field is developed and subsequently penetrates
the black-hole horizon, resulting in the increase of ®ay.
By contrast, for the pure poloidal initial field, the black
hole horizon is penetrated by the poloidal field from the
early stage.

Because the MADness parameter defined on the en-
tire horizon surface might not be a good indicator for
assessing the launch of the strong Poynting flux, instead
of it, we propose another parameter based on the local
quantities. The point is that the magnetic-field lines that
generate the strong Poynting flux do not penetrate the
black-hole horizon in the vicinity of the equator, at which
dense matter infalling from the accretion disk is always
present and the (low-beta) magnetosphere is not formed.
This suggests that focusing on the polar region on the
apparent horizon for evaluating the MADness-like quan-
tity would be a better strategy. Thus, we introduce a
“local MADness parameter ¢am,jocal”, Which is defined
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Figure [18| shows the azimuthal-average value of the local
MADness parameter ¢am, local @ a function of time and
polar angle 0 for models Q4B3el5, Q4B5n, and Q4B5tn.
For all the models, we find time intervals with Lis, 2
3 x 10% erg/s, and for such time intervals we always find
A local 2, 100 at polar region of the apparent horizon.
This suggests that the black hole has the ability to form
a magnetosphere and launch a jet if the value of ¢an 1ocal
at the polar region exceeds 100, even if the value of ¢y
is smaller than 50.

We note here that ¢an1ocal only gives us the neces-
sary condition for the launch of a jet with high-Poynting
luminosity. The disturbance or the deformation of the
magnetosphere far from the horizon associated with the
evolution of the accretion disk could result in a low value
of Lis,. For example the local MADness parameter ex-
ceeds 100 at ¢ = 1700 ms but Ly, falls below 10%9 erg/s
for Q4B5tn model. This is due to the deformation (tilt)
of the magnetosphere induced by the post-merger mass
ejection. The details of this behavior are given in the
next subsection.

Focusing on the polarity, the local MADness param-
eter for model Q4B5n shows interesting behavior. As
we already pointed out in this subsection, this model
shows a clear butterfly structure of bz .ve extending to
the polar region due to the flip of the magnetic-field
polarity, and this flip occurs at the peaks of Lis,. A
similar flip is also observed for the local MADness pa-
rameter for ¢ = 1000-1500ms (see Fig. [18). Thus, we
conclude that the complete flip of the magnetic-field po-
larity in the magnetosphere is the result of this polarity
flip on the apparent horizon. Just like in the MRI dy-
namo and butterfly structure of bg ave in the accretion
disk, the polarity flip starts in the vicinity of the equa-
torial plane and propagates to the polar region. This is
because the value of @am 1ocal is lower than 10 near the
equatorial plane and the fluid dynamics dominates over
the magnetic-field dynamics. This feature enables the
matter accretion from the disk to occasionally carry the
magnetic field with opposite polarity. Then, the mag-
netic tower effect enhances the magnetic-field strength
along the polar direction. In this process, the preexisting
magnetic field near the pole is dissipated away due to the
reconnection by the magnetic field with opposite polar-
ity ascending from the equatorial region, which replaces
the polarity of the field penetrating the polar region of
the horizon. Once the magnetic tower effect is in action,
the magnetic field is amplified by the winding (associated
with the black-hole spin) and the matter is pushed out-
ward. As a result, a high-@a 10cal Tegion is realized near
the pole, where the magnetic-field strength is high and
the rest-mass accretion rate is low. In the high-¢an 1ocal
region, the magnetic-field dynamics dominates the fluid
dynamics, and hence, the polarity flip cannot start in the
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polar region.

4.  Time duration for high Poynting luminosity

The stage with a high value of Lis, continues for ~ 400
2200 ms and subsequently start decreasing. This is par-
ticularly clear for models Q4B3el5, Q4B5n, and Q4B5tn.
For these models, we confirmed that the value of Lig,
decreases by nearly two orders of magnitude in the fad-
ing stage. This is consistent with the duration of the
short-hard gamma-ray bursts, whose typical duration is
~1s [12).

In our previous paper, we discussed that the decrease of
Lis, is due to the increase in the opening angle of the fun-
nel region and the decrease of the magnetic-flux density
in the magnetosphere. The opening angle of the strong
Poynting-flux region increases from < 10° to ~ 20° and
the intensity of the Poynting flux becomes low with time.
This is directly related to the accretion disk evolution.
The location of the funnel wall is determined by the bal-
ance between the gas pressure of the thick torus and the
magnetic pressure at the funnel wall. In the seconds-long
evolution of the torus (disk), the rest-mass density and
the gas pressure at the funnel wall gradually decrease
due to the post-merger mass ejection and matter accre-
tion onto the black hole. On the other hand, the magnetic
pressure in the magnetosphere and at the funnel wall does
not decrease significantly, in particular for the late stage
of the evolution. Thus the magnetic pressure can even-
tually exceed the gas pressure at the original position of
the funnel wall, resulting in the gradual expansion of the
funnel region. As discussed previously, this mechanism
could be one of the ingredients that determine the time
duration of short-hard gamma-ray bursts.

For the SFHoQ4B5 model, the opening angle also in-
creases with time but with a longer timescale. As a result,
we do not find the clear fading stage of L;g, for this model
in our simulation time. Due to the high computational
cost, we terminated the simulation at ¢t ~ 2500 ms, but if
we evolve the system longer, the fading stage is likely to
be present.

From the results for models Q4B3el5, Q4B5n, and
Q4B5tn, we find two additionally possible mechanisms
for the fade-away of the Poynting luminosity, which
could also explain the short time duration of short-hard
gamma-ray bursts. For both mechanisms, the non-trivial
evolution of the magnetosphere associated with the evo-
lution of the accretion disk is essential.

For models Q4B3el5 and Q4B5n, in the very late stage
of our simulation, the aligned magnetic field is dissi-
pated away, and as a result, the magnetosphere with
aligned magnetic fields disappears. Figure [L5|shows that
for ¢ < 1550ms the poloidal magnetic-field lines in the
polar region are aligned and approximately directed to
the direction of the black-hole spin axis (z-axis); i.e.,
a magnetosphere is present. In the magnetosphere, the
magnetic-field lines are clearly helical and maintain the
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high-intensity Poynting flux. However, it is found that
at t &~ 2730 ms the magnetic field in the polar region is
not aligned anymore. Moreover, the magnetic-field dy-
namics cannot govern the fluid dynamics and the clear
magnetosphere disappears. In the absence of the well-
ordered magnetic field, the system cannot maintain the
high-intensity Poynting flux.

Figure [14] shows that for model Q4B5n with ¢ ~ 1500~
2500 ms for which the high Poynting luminosity is main-
tained (see Fig. , the polarity of the poloidal magnetic
field at the polar region remains to be preserved and does
not reverse. However, for ¢ 2 2500 ms, the Poynting lu-
minosity decreases. For this late stage, the polarity in the
polar region frequently reverses in response to the polar-
ity reversal in the disk near the equatorial plane. The lo-
cal MADness parameter in Fig. [I§ also shows similar be-
havior. We interpret that the disappearance of the mag-
netosphere and the decrease of the Poynting flux stem
from the MRI dynamo activity in the accretion disk. Due
to the MRI dynamo activity, the polarity of the magnetic
field in the accretion disk is reversed quasi-periodically
and the magnetic flux continuously ascends toward the
polar region from the equatorial region. If the magnetic
field ascending from the disk has the polarity different
from that in the magnetosphere and its field strength is
high enough, the magnetic field that is originally located
in the magnetosphere could be dissipated away by the
magnetic-field reconnection. This is what is observed for
t 2 2500ms of model Q4B5n, and for ¢ = 3000ms of
Q4B3el5 model. If the strength of the ascending mag-
netic field is even stronger, then it could replace the po-
larity completely and reform the magnetosphere again.
This is what is observed for ¢ ~ 1000-1500 ms of model
Q4Bb5n. However, we expect that the magnetosphere for-
mation will not occur again after the disappearance of the
strong magnetic fields for models Q4B3el5 and Q4B5n
because as already discussed, the magnetic-field strength
in the disk is determined by the rest-mass density (and
thus internal energy density) achieved for the equiparti-
tion relation. Since the rest-mass density decreases as a
result of the disk expansion, the post-merger mass ejec-
tion, and the mass accretion onto the black hole, the
magnetic-field strength in the disk also decreases. There-
fore, the revival of a magnetosphere with strong magnetic
fields is not possible in the late stage of the disk. In the
absence of strong magnetic fields, the Poynting luminos-
ity is low because the Blandford-Znajek Poynting lumi-
nosity is proportional to the square of the magnetic-field
strength [72].

Model Q4B5tn shows the second mechanism. In
this mechanism, the magnetosphere still exists, but the
Poynting luminosity becomes apparently low if we mea-
sure along a particular direction. The mechanism of this
is the tilt of the accretion disk and magnetosphere. Fig-
ure shows the angular distribution of the Poynting
flux per steradian defined by —7}y/—g/sinf on a sphere
of r ~ 1500km for model Q4B5tn. For ¢ < 1300ms
the strong Poynting-flux region is approximately aligned



with the polar direction (z-axis direction). However, at
t ~ 2000 ms the strong Poynting-flux region starts devi-
ating from the polar region clearly, and at ¢ ~ 2900 ms it
is tilted by 25°—40° from the z-axis direction in the y-z
plane. The isotropic-equivalent luminosity is defined by
the integration for 0° < # < 10° and 170° < § < 180° on
the upper and lower hemispheres, respectively, and thus,
it decreases significantly by the tilt. We note here that
the black-hole spin axis is aligned with the z-axis during
the entire simulation time. As Fig. 2] shows, the system
approximately has the equatorial-plane symmetry in the
early stage of the post-merger evolution. However, later,
the system loses the symmetry; the accretion disk mis-
aligns with the equatorial plane and the major axis of
the magnetosphere also deviates from the z-axis direc-
tion. This is due to the asymmetric nature of the post-
merger mass ejection resulting from the turbulent state
of the accretion disk. Specifically, in this model, the post-
merger ejecta carries a large amount of the y-component
of the angular momentum and this breaks the symmetry
of the accretion disk. Indeed, the remnant accretion disk
has the y-component of the angular momentum, and as
a result, the system tilts in the y-z plane.

We find not only the tilt of the high Poynting-flux re-
gion, but also the widening of the opening angle in Fig.
like in the models of our previous simulations [55]. For
model Q4B5tn in Fig. at ¢t ~ 850 ms, the opening an-
gle is < 10° but it increases to ~ 30° at t ~ 2900 ms.
Thus, the intensity of the Poynting flux decreases si-
multaneously with tilting. This widening of the open-
ing angle results from the decrease of the gas pressure
at the funnel wall due to the post-merger mass ejection
and matter accretion onto the black hole, as we already
described.

We have found the two possible mechanisms for the
decrease of the Poynting luminosity in addition to one
mechanism that we already found in our previous pa-
per [55]. For all the three mechanisms, the evolution
of the accretion disk and the post-merger mass ejection
are critical processes. Our results show that irrespective
of the mechanisms, the timescale of ~ 1s for the high
Poynting-luminosity stage is determined by the evolution
timescale of the accretion disk, which is determined by
the neutrino cooling and magnetohydrodynamics turbu-
lence that control the post-merger mass ejection.

A word of caution is appropriate here. The system,
specifically the accretion disk, is in a turbulent state by
the MRI. That is, the evolution of the disk and MRI
dynamo activity are determined by a stochastic process.
This implies that we cannot precisely predict the strength
of the magnetic field that penetrates the black hole and
forms the magnetosphere and the angular momentum
that is carried away by the post-merger ejecta. It is also

5 We note that the system is still capable of launching a jet to an
off-axis direction. Indeed we still find the strong Poynting-flux
region even after Lis, (in our definition) drops.
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not easy to predict whether the black hole will always be
penetrated by the magnetic field strong enough to form a
magnetosphere and launch the Poynting flux that can ex-
plain typical short-hard gamma-ray bursts. It is also not
easy to predict by which mechanisms the high Poynting-
luminosity stage is terminated. However, our simulation
results show that once the magnetosphere is formed, its
subsequent evolution is determined by the global proper-
ties of the post-merger ejecta and the accretion disk.

IV. CONCLUSION

We have reported the new results of general-relativistic
neutrino-radiation magnetohydrodynamics simulation
for seconds-long black hole-neutron star mergers. We em-
ployed a variety of setups that are different from those
in our previous paper [55], while the mass of the black
hole and neutron star and the black-hole spin are iden-
tical with those of the previous setting so that the neu-
tron star is disrupted by the tidal force of the black hole.
The difference in the setup for the present work from
the previous work is summarized as follows: (1) The
initial maximum magnetic-field strength in the neutron
star is assumed to be 3 x 10'® G, which is by a factor 17
weaker than in the previous simulations. (2) The toroidal
magnetic field is assumed for the initial magnetic-field
configuration in the neutron star. (3) The equatorial-
plane symmetry is removed from the simulation. (4) The
SFHo EOS in addition to the DD2 EOS is employed to
model the neutron star. We performed four new sim-
ulations for ~ 2.5-6s in order to self-consistently fol-
low the dynamical mass ejection, remnant disk evolution,
post-merger mass ejection, and generation of collimated
Poynting flux in the magnetosphere which may drive a
short-hard gamma-ray burst.

We found, irrespective of the difference in the setups
listed above, that the essential part of the merger and
post-merger processes is unchanged. First, the matter
with its mass &~ 0.046 M (DD2 models) or ~ 0.014M
(SFHo model) is dynamically ejected right after the tidal
disruption of the neutron star in the timescale of a
fewms. Then the accretion disk with the initial rest mass
Maisk,0 =~ 0.28M (DD2 models) or ~ 0.22M (SFHo
model) is formed around the remnant black hole. In the
accretion disk, the magnetic field is amplified by mag-
netohydrodynamics effects such as the MRI, winding,
and Kelvin-Helmholtz instability. The MRI turbulence
induces effective viscosity that enhances the angular-
momentum transport. As a result, the mass accretion
and the expansion of the disk are induced. The MRI
dynamo is also activated and the polarity of the mag-
netic field is reversed quasi-periodically. In addition, a
portion of the matter with the strong magnetic fields is
outflowed vertically from the disk. This plays a role in
the disk expansion to the vertical direction. In the tur-
bulent process, thermal energy is generated, but in the
first several hundred ms, the generated heat is dissipated



primarily by the neutrino emission and it does not have
a significant effect on the post-merger mass ejection.

We analyzed the ratio of the anisotropic stress to the
pressure to evaluate the alpha viscous tensor, a;;. It is
found that all the components of «;; have a value be-
tween 1072 and 10~!. However, the value of the ry or
xy components of this tensor is larger than the other
components. This reflects that not only the effective vis-
cous effect but also intrinsic magnetohydrodynamics ef-
fects play a role in the momentum transport. The large
value of a,., suggests that a magnetohydrodynamics ef-
fect associated with global magnetic fields such as the
magneto-centrifugal effects [84] play an important role in
the angular momentum transport.

The disk expands gradually due to the angular momen-
tum transport effects. As a result, the maximum tem-
perature of the disk drops below ~ 3MeV, and the neu-
trino luminosity drops below ~ 10°'-10%!-5 erg/s. Then
the neutrino emission cannot carry away an appreciable
fraction of the thermal energy generated by the turbu-
lent process from the disk, and the generated thermal
energy induces the convective motion in the disk, which
carries the thermal energy generated around the inner
edge of the disk to the outer region. This convective mo-
tion contributes to the heating for the outer part of the
disk, and eventually, induces the post-merger mass ejec-
tion. In our present setups, the mass of the post-merger
ejecta is 2 0.030M 5 (DD2 model), or = 0.018 M, (SFHo
model), which are ~ 10% of Mgk 0-

As in our previous paper [55], we found, irrespective of
the models, that there are two components in the electron
fraction distribution for the ejected matter. One is a
low-electron fraction component (Y, < 0.1) produced by
the dynamical ejecta and the other is a mildly neutron-
rich component (0.1 < Y, < 0.4) produced by the post-
merger ejecta. Also, there are two components in the
velocity distribution. One is a fast component (up to
v ~ 0.4c) produced by the dynamical ejecta and the other
is a relatively slow component (v < 0.1¢) produced by the
post-merger ejecta. These distributions are suitable for
reproducing an elemental abundance pattern similar to
the solar abundance and those of the metal-poor stars.
The nucleosynthesis results will be reported in a separate
paper [89].

We found quantitative differences between the results
for the models with low and high initial magnetic-field
strengths. Because it takes a longer time to amplify the
magnetic field up to saturation and to achieve an equipar-
tition state in the disk from the low initial field strength
(with a limited grid resolution), the evolution of the ac-
cretion disk and post-merger mass ejection are delayed.
However, essentially no differences are found in the prop-
erties of the ejected matter.

Accompanying the turbulent disk formation, a funnel-
shaped magnetosphere with the low rest-mass density
and the aligned helical magnetic-field lines are formed
near the rotation axis of the black hole. This mag-
netosphere is a magnetically dominated region and is
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in an approximate force-free state. The magnetic field
lines that form the magnetosphere penetrate the black
hole and it extracts the rotational kinetic energy of the
rapidly spinning black hole by the Blandford-Znajeck
mechanism [72]. Then, the collimated outgoing Poynting
flux is generated with the opening angle of ~ 10°, and
its isotropic-equivalent luminosity is ~ 10°C erg/s. The
high Poynting luminosity stage continues for ~ 0.5-2s,
and the luminosity subsequently decreases. These prop-
erties are consistent with typical short-hard gamma-ray
bursts [12] [13].

For the model with the SFHo EOS, the Poynting lumi-
nosity is likely to drop due to the spreading of the funnel
wall and the decrease of the magnetic-field strength. The
spreading of the funnel wall is caused by the decrease of
the gas pressure from the torus at the funnel wall. For
this model, the process is qualitatively the same as in the
previous simulations [55]. However, we also found other
two processes that result in the decrease of the Poynt-
ing luminosity in the late stage of the post-merger evolu-
tion. First, for the model with a low initial magnetic-field
strength and the model with no equatorial-plane symme-
try, the Poynting luminosity for a given observer drops
due to the disappearance of the magnetosphere stem-
ming from the reconnection of the magnetic-field lines.
This is caused by the MRI dynamo activity in the ac-
cretion disk, which enforces the magnetic flux with a
variety of the polarity to be ejected quasi-periodically
from the disk to the polar region. When strong magnetic
fields with the polarity opposite to that in the magneto-
sphere emerge from the disk, they pair-annihilate by the
reconnection, and the magnetosphere temporarily disap-
pears. If the magnetic field emerging from the disk is
strong enough by any chance, it replaces the magnetic
field in the magnetosphere. However, this replacement is
only found in the model with no equatorial-plane sym-
metry, and the disappearance occurs for the models with
low initial magnetic-field strength and the model with
no equatorial plane symmetry. Second, for the model
with the initially toroidal magnetic field in the neutron
star, the Poynting luminosity drops due to the tilt of
the magnetosphere. Because the post-merger ejecta oc-
casionally carries the angular momentum component not
parallel to the black hole spin axis, the accretion disk
is enforced to tilt, in particular in the late-time evolu-
tion. Then, it results in the tilt of the magnetosphere
because the funnel structure of the magnetosphere is de-
termined by the gas pressure from the disk (torus). Ir-
respective of these mechanisms, the evolution process of
the accretion disk does determine the evolution process of
the magnetosphere. These three mechanisms all include
stochastic processes, and it is not feasible to precisely
predict which mechanisms determine the evolution pro-
cess of the magnetosphere. However, these three could
be plausible mechanisms to make short-hard gamma-ray
bursts as short as ~ 0.5-2s.
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