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We explore the collapsar scenario for long gamma-ray bursts by performing axisymmetric neutrino-
radiation magnetohydrodynamics simulations in full general relativity for the first time. In this
paper, we pay particular attention to the outflow energy and the evolution of the black-hole spin.
We show that for a strong magnetic field with an aligned field configuration initially given, a jet is
launched by magnetohydrodynamical effects before the formation of a disk and a torus, and after
the jet launch, the matter accretion onto the black hole is halted by the strong magnetic pressure,
leading to the spin-down of the black hole due to the Blandford-Znajek mechanism. The spin-down
timescale depends strongly on the magnetic-field strength initially given because the magnetic-field
strength on the black-hole horizon, which is determined by the mass infall rate at the jet launch,
depends strongly on the initial condition, although the total jet-outflow energy appears to be huge
> 1053 erg depending only weakly on the initial field strength and configuration. For the models in
which the magnetic-field configuration is not suitable for quick jet launch, a torus is formed and after
a long-term magnetic-field amplification, a jet can be launched. For this case, the matter accretion
onto the black hole continues even after the jet launch and black-hole spin-down is not found. We
also find that the jet launch is often accompanied with the powerful explosion of the entire star with
the explosion energy of order 1052 erg by magnetohydrodynamical effects. We discuss an issue of
the overproduced energy for the early-jet-launch models.

I. INTRODUCTION

The collapsar model [1, 2] is the widely accepted model
for explaining the central engine of long gamma-ray
bursts. In this model, one supposes a massive, rotating,
and magnetised progenitor star that collapses into a black
hole. After the formation of a spinning black hole, one
assumes that the black hole is penetrated by a poloidal
magnetic field with a sufficiently high field strength, with
which the Poynting luminosity by the Blandford-Znajek
mechanism [3] is sufficiently high. Motivated by this idea,
a number of general relativistic magnetohydrodynamics
simulations (in the fixed black-hole spacetime) have been
performed in the last two decades (e.g., Refs. [4–10]), and
indicated that jets are indeed launched in the presence of
strong poloidal magnetic fields that penetrate a spinning
black hole, which are hypothetically assumed.

In the force-free approximation, the Poynting luminos-
ity associated with the Blandford-Znajek mechanism is
approximately written as (e.g., Ref. [11])

dE

dt
≈ 4

3
(Br)2M4

BHr̂
2
+(r̂+ + 2)ω(ΩBH − ω), (1)

where Br is the typical value of the (lab-frame) radial
magnetic-field strength on the black-hole horizon, MBH

is the black-hole mass, r̂+ = 1 +
√

1− χ2 with χ be-
ing the black-hole spin and MBHr̂+ being the radius of
the black-hole horizon in the Boyer-Lindquist coordinates
(e.g., Ref. [12]), ω is the angular velocity of the magnetic
field lines, and ΩBH is the angular velocity of the black

hole written as (e.g., Refs. [12, 13])

ΩBH =
χ

2MBHr̂+
. (2)

To derive Eq. (1) we assume that Br and ω are con-
stant on the black-hole horizon. Throughout this paper
we use the geometrical units in which c = 1 = G where
c and G are the speed of light and gravitational con-
stant, respectively. We note that dMBH/dt = −dE/dt in
the absence of matter accretion onto the black hole, and
that the source of the Poynting luminosity is the rota-
tional kinetic energy of the black hole. We also note that
Eq. (1) is valid only when the poloidal magnetic field pen-
etrates the entire surface of the black-hole horizon. If the
poloidal magnetic field penetrates a part of the surface,
the luminosity is lower.
Although ω is a function of spatial coordinates deter-

mined by the detailed magnetic-field profile, we assume it
as a constant for simplicity and set it as ω = fΩBH where
f is assumed to be a constant as well because previous
numerical studies often showed that f is ∼ 1/2 (see, e.g.,
Ref. [11]). Then, Eq. (1) is written as

dMBH

dt
≈ −f(1− f)

3
(BrMBHχ)

2
(r̂+ + 2)

≈ −1.1× 1050 f1/2
1− f

1/2

(
MBH

10M⊙

)2

×
(

Br

1014 G

)2 ( χ

0.7

)2( r̂+ + 2

4

)
erg/s, (3)

where f1/2 = f/(1/2). In the following we suppose the

typical values of Br, MBH, and χ as 1014 G, ∼ 10M⊙, and
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≳ 0.5 because with these values, the typical luminosity
of long gamma-ray bursts can be reproduced assuming
that the conversion efficiency of the Poynting luminosity
to gamma-ray luminosity is of order 10% and an opening
angle of the jet is 5◦–10◦.

Associated with the energy extraction, the angular
momentum of the black hole is also extracted with the
rate (e.g., Ref. [11])

dJBH

dt
≈ −4

3
(Br)2M4

BHr̂
2
+(r̂+ + 2)(ΩBH − ω)

= −2(1− f)

3
(Br)2(r̂+ + 2)r̂+M

3
BHχ. (4)

Before proceeding, a relation between the loss of the
angular momentum and mass of the black hole is derived.
From Eqs. (3) and (4), we obtain

JBH
dJBH

dt
=

2M3
BHr̂+
f

dMBH

dt
, (5)

where we used JBH = M2
BHχ. Because r̂+ depends only

weakly on MBH and JBH for moderately spinning black
holes, we here approximate that it is constant and inte-
grate Eq. (5) in time, giving

∆J2
BH ≈ r̂+

f
∆M4

BH, (6)

where ∆J2
BH and ∆M4

BH are the total changes of J2
BH and

M4
BH during the black-hole evolution by the Blandford-

Znajek mechanism. Setting MBH = M0 + ∆M where
M0 is the initial black-hole mass and M0 ≫ |∆M |
with ∆M < 0 is always satisfied, we obtain ∆M4

BH ≈
4M3

0∆M .
If a substantial amount of the angular momentum is

extracted from the black hole, ∆J2
BH may be approxi-

mated by J2
0 where J0 is the initial value of JBH. Then,

we obtain

|∆M | ≈ f

4r̂+

(
J0
M2

0

)2

M0

≈ 5.5× 1053 f1/2

(
r̂+
2

)−1 ( χ0

0.7

)2( M0

10M⊙

)
erg,

(7)

where χ0 = J0/M
2
0 . Thus, the total energy budget for

the spinning black holes with typical mass of M0 ≳ 4M⊙
is larger than 1053 erg for χ0 ≳ 0.5 if f1/2 ∼ 1. The to-
tal energy of gamma-ray bursts (including the afterglow
and associated supernova) are less than 1053 erg (typi-
cally ≲ 1052 erg) for the majority [14], so that the spin
angular momentum of the black hole should not be en-
tirely transferred to the matter surrounding the black
hole during the stages of the prompt gamma-ray emis-
sion, its afterglow, and associated supernova (unless the
factor f is extremely small); otherwise, they had to be
extremely bright.

From the spin angular momentum of the black hole,
JBH = M2

BHχ, and the angular-momentum extraction
rate of Eq. (4), we can estimate the timescale of the spin-
down as

τ :=
JBH

|dJBH/dt|
=

3

2(1− f)(Br)2r̂+(r̂+ + 2)MBH

≈ 1.0× 104
(
1− f

1/2

)−1(
Br

1014 G

)−2

×
(

MBH

10M⊙

)−1(
r̂+(r̂+ + 2)

8

)−1

s. (8)

For the duration of a gamma-ray burst of ∆t, the
spin angular momentum of the black hole decreases to
J0 exp(−∆t/τ), and thus, for ∆t ≪ τ ,

|∆J2
BH| = J2

0 [1− exp(−2∆t/τ)] ≈ 2J2
0 (∆t/τ), (9)

where we assumed that τ is approximately constant.
Hence,

|∆M | ≈ f1/2∆t

4r̂+τ

(
J0
M2

0

)2

M0

≈ 1.1× 1052 f1/2

(
1− f

1/2

)(
∆t

102 s

)(
Br

1014 G

)2

×
(
r̂+ + 2

4

)( χ0

0.7

)2( M0

10M⊙

)2

erg, (10)

yielding the typically required magnitude for the long
gamma-burst energy with the typical duration of ∆t =
10–100 s. This analysis suggests that if a few percent
(i.e., ∆t/τ) of the rotation kinetic energy of a spinning
black hole is liberated, the total energy of long gamma-
ray bursts can be explained assuming that the Blandford-
Znajek mechanism is the primary mechanism of the cen-
tral engine.
In recent papers [15, 16], the authors suggest that

the black hole may spin down significantly within a
timescale of order 10 s in the context of the collapsar
scenario. However, as we illustrated above, if the black
hole is formed with an appreciable spin magnitude of
χ ≳ 0.5, the total rotational kinetic energy available
for the extraction by the Blandford-Znajek mechanism
is ≳ 1053 erg, which is too large to explain the observed
energy of long gamma-ray bursts (and afterglows) with
the typical luminosity of dE/dt ∼ 1050 erg/s. Our analy-
sis suggests that only a fraction of the rotational kinetic
energy and angular momentum of a black hole should be
extracted to reproduce typical long gamma-ray bursts
and afterglows.
To examine how much spin angular momentum is ex-

tracted from spinning black holes during stellar collapse,
we perform a neutrino-radiation magnetohydrodynam-
ics simulation in full general relativity. For the magne-
tohydrodynamics simulations we employ an axisymmet-
ric numerical-relativity code developed in Refs. [17, 18]
with a modification by which the spin angular momen-
tum of black holes is better resolved (see Appendix B of
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Ref. [19]). For the initial condition, we employ a model
from stellar evolution, which results in a rapidly rotating
progenitor star of Ref. [20], and construct an initial data
composed of a spinning black hole and infalling matter
with weak poloidal magnetic fields by using the method
developed in our previous paper [19]. We will show that
only when the initial magnetic-field strength is high in the
vicinity of black holes and the field is aligned well with
the spin axis of the black hole, the timescale of the black-
hole spin-down becomes very short with≤ 100 s, while for
a reasonable choice of the initial field strength, the spin-
down timescale is much longer than the typical duration
of long gamma-ray bursts or the spin-up by the matter
accretion onto the black hole overcomes the spin-down by
the Blandford-Znajek mechanism. We also show that the
magnetic-field strength on the horizon at the jet launch is
determined by the mass infall rate (i.e., the ram pressure)
at the launch time, and thus, for the later jet-launch mod-
els, the magnetic-field strength on the black-hole horizon
is lower and the spin-down timescale becomes longer.

The paper is organized as follows. In Sec. II, we sum-
marize the setup in the present numerical simulation. In
Sec. III, numerical results are presented focusing on the
mechanism of the jet launch in the present setting, on the
outflow energy, and on the evolution of the black-hole
spin by the Blandford-Znajek mechanism. Section IV
is devoted to a summary and discussion, in particu-
lar on the problem of the overproduced energy by the
Blandford-Znajek mechanism. Throughout this paper,
kB denotes Boltzmann’s constant.

II. SIMULATION SETUP

We employ the same formulation and simulation code
as in Refs. [17, 18] for the present neutrino-radiation mag-
netohydrodynamics study. Specifically, we numerically
solve neutrino-radiation resistive magnetohydrodynam-
ics equations in full general relativity in this code. A
tabulated equation of state referred to as DD2 [21] is
employed, with the extension of the table down to low-
density (ρ ≈ 0.17 g/cm3) and low-temperature (kBT =
10−3 MeV) region; see Ref. [22] for the procedure. In this
paper, we take the ideal magnetohydrodynamics limit by
setting a high conductivity σc with which the resistive
dissipation timescale is much longer than the simulation
time (≫ 10 s).
In the present work, the key ingredient is to accurately

evolve the mass and angular momentum of black holes.
For this purpose, we have modified the treatment inside
black-hole horizons for our Einstein’s equation solver (a
test result for evolving a vacuum black hole with a dimen-
sionless spin parameter of 0.8 is presented in Appendix B
of Ref. [19]). Specifically, in the current setting (grid
spacing ∆x ≤ 0.016MBH; see below), the numerical error
for the mass and dimensionless spin is within 1.5% and
0.5%, respectively, for the time evolution of 5 s. For the
dimensionless spin, the error size is much smaller than

the spin-down fraction shown in Sec. IIID.

Following our recent work [19], we prepare a system of
a spinning black hole with matter infalling to the central
region instead of using the original progenitor star model.
This is partly motivated to save computational costs but
is mainly from the physical consideration. As described
in Eq. (3), the typical magnetic-field strength required on
the horizon is B ∼ 1014 G for the long gamma-ray burst
models. The magnetic pressure for such a field strength
is B2/8π = O(1026) dyn/cm

2
. On the other hand, the

ram pressure of the infalling matter for given values of
the rest-mass density ρ and the infall velocity vinfall is

ρv2infall ≈ 2.2× 1026
(

ρ

106 g/cm3

)(
vinfall
c/2

)2

dyn/cm2.

(11)

This suggests that until the density of the infalling mat-
ter decreases below ∼ 106 g/cm3, the magnetic pressure
cannot overcome the ram pressure to launch a jet or out-
flow by the Blandford-Znajek mechanism (hereafter, we
refer to a small-opening angle outflow along the z-axis
as a jet even if it is not very relativistic inside the star).
In the early stage of the stellar core collapse and black-
hole evolution, the rest-mass density near the black hole
is much higher than 106 g/cm3. For this reason, we start
the simulations from a black hole and infalling matter.
We note that a jet could be launched earlier in the pres-
ence of an extremely strong fossil magnetic field, but we
do not consider this possibility in this paper.

To obtain the initial data we first take the progenitor
models from a stellar evolution calculation of Ref. [20]
for which the black hole is likely to be formed in a short
timescale after core bounce and be evolved simply by the
accretion from the outer region without forming an ac-
cretion disk in an early stage [19]. We then construct
the initial data by solving constraint equations of gen-
eral relativity in the hypothesis that in the early stage
of the black-hole evolution, the system is composed of a
spinning black hole and nearly free-falling matter. In this
paper, we employ the model for which the zero-age main-
sequence mass of the progenitor is MZAMS = 35M⊙ [20]
(i.e., AD35 model of Ref. [19]). This progenitor star is
very compact at the onset of the collapse, and hence, it
is reasonable to assume that a black hole is formed in a
short timescale after the onset of the collapse [23]. We
set up an initial data at a stage just prior to the forma-
tion of a disk. For such a choice, the mass and dimen-
sionless spin of the black hole are MBH,0 = 15M⊙ and
χ0 = 0.66 (see Ref. [19] for a detail), and the rest mass
and angular momentum of the matter outside the black
hole is Mmat = 10.5M⊙ and Jmat = 4.32JBH,0 at the
initial stage. Here, JBH,0 = M2

BH,0χ0, and the mass and
dimensionless spin of the black hole are determined by
analyzing the equatorial and polar circumferential radii,
Ce and Cp, respectively, of apparent horizons (e.g., see
Ref. [24]). Specifically, the mass is determined by the
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TABLE I. List of initial setting: model name, maximum
magnetic-field strength and the type of the magnetic field
configuration initially given, and the value of ϖ0 in units
of 103 km (ϖ0,3). The last two columns show whether a jet
launch is found or not and whether the spin down of the black
hole is found or not in the simulation time, typically, of ∼ 10 s.

Model Bmax (G) Config ϖ0,3 Jet? Spin down?
B11.5 3× 1011 Eq. (13) 1 Yes Yes
B11.3 2× 1011 Eq. (13) 1 Yes Yes
B11.0 1× 1011 Eq. (13) 1 Yes Yes
B10.5 3× 1010 Eq. (13) 1 Yes No
B10.0 1× 1010 Eq. (13) 1 No No
Br11.0 1× 1011 Eq. (14) 1 Yes Yes
Br10.5 3× 1010 Eq. (14) 1 No No
Bq12.5 3× 1012 Eq. (15) 1 Yes No
Bq12.0 1× 1012 Eq. (15) 1 No No
Bq11.0 1× 1011 Eq. (15) 1 No No
Bq11.0b 1× 1011 Eq. (15) 5 Yes No
Bq11.0c 1× 1011 Eq. (15) 10 Yes Yes

relation of

MBH =
Ce

4π
, (12)

and the dimensionless spin is determined from Cp/Ce,
which is a monotonic function of the dimensionless spin,
χ, for Kerr black holes and can be used to identify the
value of χ. We also check that the mass and spin ob-
tained by them satisfy the relation of the area, AAH =

8πM2
BH(1 +

√
1− χ2), with high accuracy (the error is

less than 0.1%). We cut out the matter outside 105 km
because the computational domain in our simulation is
105 × 105 km for ϖ and z where ϖ is the cylindrical co-
ordinate. As shown in our paper [19], the matter infall
onto the black hole with no disk formation proceeds for
the first ≈ 2 s for this model, illustrating that our as-
sumption is valid.

We also performed several simulations employing the
MZAMS = 20M⊙ model of Ref. [20] and found that
the results are qualitatively very similar to those for
the MZAMS = 35M⊙ model. For the MZAMS = 20M⊙
model, the matter infall rate is lower than that for
MZAMS = 35M⊙, and hence, a jet can be launched with
a lower magnetic-field strength. Besides this quantita-
tive difference, we do not find a significant modification
about the conclusion of this paper.

We superimpose a poloidal magnetic field, with which
the electromagnetic energy density is initially much
smaller than the rest-mass density, to the spinning black
hole and infalling matter. Because it is not clear what
kind of the magnetic-field profile in the infalling mat-
ter around a massive black hole is developed in the stel-
lar core collapses, we choose a rather ad hoc poloidal
field configuration in the present numerical experiment,
although it is a strong assumption to initially give an
aligned poloidal field. We primarily prepare the magnetic
field only of the z component and

√
γBz is a function

only of ϖ where γ is the determinant of the three metric

γij . Here, we set that (Bz)2(ϖ) is approximately pro-
portional to the pressure on the equatorial plane, which
results in

Bz =
B0

ϖ
√
γ

d

dϖ

(√
ϖ2

0

ϖ2 +ϖ2
0

ϖ2

)
, (13)

where ϖ0 is a constant with a fiducial value of 103 km,
which is ≈ 45MBH,0, and B0 is a constant which de-
termines the magnetic-field strength. With this setting,
the divergence-free condition of the magnetic field is au-
tomatically satisfied. Because the magnetic-field lines
are aligned with the spin axis of the black hole and the
magnetic-field strength does not decrease with z, this
setting is quite favorable for launching a jet along the
spin axis; we intentionally choose this setting to study
a jet launch, subsequent spin-down of black holes, de-
pendence of the spin-down rate on the initial magnetic-
field strength, and Poynting luminosity by the Blandford-
Znajek mechanism.
For several models, we also choose

Bϖ = − B0

ϖ
√
γ

∂

∂z

(√
ϖ2

0

r2 +ϖ2
0

ϖ2

)
,

Bz =
B0

ϖ
√
γ

∂

∂ϖ

(√
ϖ2

0

r2 +ϖ2
0

ϖ2

)
, (14)

and

Bϖ = − B0

ϖ
√
γ

∂

∂z

(
ϖ2

0

r2 +ϖ2
0

ϖ2

)
,

Bz =
B0

ϖ
√
γ

∂

∂ϖ

(
ϖ2

0

r2 +ϖ2
0

ϖ2

)
, (15)

where r =
√
ϖ2 + z2. With these settings, the magnetic-

field strength on the horizon can be set to be initially
identical with that with Eq. (13), but the field strength in
the outer region becomes weaker. Specifically, the mag-
netic field strength along the z axis for the distant region
is ∝ z0, ∝ z−1, and ∝ z−2 with Eqs. (13), (14), and
(15), respectively. We will illustrate that the evolution
of the magnetic-field strength on the horizon depends
strongly on the initial field configurations. In particular,
in the initial condition of Eq. (15) with ϖ0 = 103 km,
the magnetic-field strength on the horizon does not in-
crease significantly with time due to the matter accretion
in the central region, and hence, even for an initially high
magnetic-field strength, a jet is not quickly launched. For
Eq. (15), the magnetic pressure along the z-axis is pro-
portional to z−4 for the distant region, which is steeper
than that for the gas pressure. This is also disadvanta-
geous for launching a jet along the z-axis. For the choice
of Eq. (15), we also perform simulations varying the value
of ϖ0 to confirm that higher values of ϖ0 are advanta-
geous for the jet launch.
We specify the models by the maximum magnetic-field

strength, Bmax. We choose it as Bmax = 3×1011, 2×1011,
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1×1011, 3×1010, and 1×1010 G for the magnetic field of
Eq. (13), and each model is referred to as models B11.5,
B11.3, B11.0, B10.5, and B10.0. For Eq. (14), we choose
Bmax = 1× 1011 and 3× 1010 G, and refer to each model
as Br11.0 and Br10.5. For Eq. (15), we choose Bmax =
3 × 1012, 1 × 1012, and 1 × 1011 G, and refer to each
model as Bq12.5, Bq12.0, and Bq11.0 for ϖ0 = 103 km.
For Eq. (15) with Bmax = 1011 G, we also prepare the
models with ϖ0,3 = ϖ0/10

3 km = 5 and 10, which are
referred to as Bq11.0b and Bq11.0c. Table I summarizes
the models and their parameters.

Since the initial electromagnetic pressure is weaker
than the gas pressure and ram pressure of the infalling
matter for these choices, the effect of the magnetic field
is always negligible in the early stage of the simulations;
in other words, the total electromagnetic energy is much
smaller than the internal and kinetic energies. The choice
of Bmax ≤ 3 × 1012 G is likely to be reasonable, because
the maximum magnetic-field strength for neutron stars
is typically 1011–1013 G [25] and the black hole is likely
to be formed through a shorter-term protoneutron star
stage, although we have to keep in mind that it is not
very clear whether an aligned poloidal magnetic field is
established during the evolution of the black hole by the
matter accretion. We also note that in the presence of
a strong magnetic field, the explosion may take place in
the protoneutron-star stage [26–29] or in an early evolu-
tion stage of a new-born black hole. The present choice
of the relatively weakly magnetic fields stems partly from
excluding this possibility.

For Bmax ≳ 1 × 1011 G with Eqs. (13) and (14) or
with Eq. (15) and ϖ0,3 = 10, a jet is generated by the
Blandford-Znajek mechanism before a torus (geometri-
cally thick disk) is developed around the black hole. For
this case, the initially-given magnetic field is amplified
by the winding associated with the black-hole spin and
by the compression of the magnetic field associated with
the infalling matter motion. Thus, this is considered to
be the models that a fossil magnetic field, which is strong
enough, induces the jet. This scenario is possible only in
the presence of the strong fossil poloidal magnetic field
in the progenitor star. For some of other models (B10.5,
Bq12.5, and Bq11.0b), a jet is launched after the forma-
tion of a disk and a torus. For this case, the evolution of
the torus partly plays a role for enhancing the strength
of the magnetic fields that penetrate the horizon. These
models indicate the importance of the co-evolution of the
torus and black-hole magnetosphere, which is the key to
an eventual jet launch.

For the even smaller initial field strength or with the
initial condition of Eq. (15) with Bmax ≤ 1012 G and
ϖ0,3 = 1, we do not find the launch of a jet/outflow
in the simulation time although it may be driven after
long-term torus evolution in reality (see the discussion
in Sec. III A 2). Since our simulation is carried out as-
suming axisymmetry and thus it cannot fully follow the
magnetorotational-instability (MRI) turbulence [30] due
to the anti-dynamo theorem [31], the enhancement of the

magnetic-field strength on the horizon is limited. It is
natural to suppose, in reality, that a turbulence should be
developed after the disk/torus formation, magnetic-field
strength is quickly amplified in the disk/torus, and even-
tually a strong poloidal magnetic field that penetrates the
black hole and can be the source of the Blandford-Znajek
mechanism is developed (see, e.g., Refs. [22, 32, 33] for
related issues). This scenario may be more realistic, but
we cannot study it in the present setting.

III. NUMERICAL RESULTS

As in our recent paper [19], the simulation is per-
formed on a two-dimensional domain of ϖ and z (see
also Refs. [34, 35]). For the ϖ and z directions, the
following non-uniform grid is employed for the present
numerical simulations: For x ≲ 7GMBH,0/4c

2 (x = ϖ
or z), a uniform grid is used, while outside this re-
gion, the grid spacing ∆xi is increased uniformly as
∆xi+1 = 1.01∆xi, where the subscript i denotes the
i-th grid. The black-hole horizon (apparent horizon)
is always located in the uniform grid zone, and the
outer boundaries along the ϖ and z axes are located
at ≈ 105 km. The grid resolution of the uniform grid
zone is ∆x = 360m ≈ 0.016GMBH,0/c

2, which is chosen
to derive a reliable result for the black-hole spin evo-
lution (see Appendix B of Ref. [19]). For two models
(B11.5 and B11.3) we perform higher resolution runs with
∆x = 300m ≈ 0.0135GMBH,0/c

2 to confirm that the
rate of the spin-down of black holes are computed in a
fair accuracy irrespective of the grid resolution. We refer
to these models as B11.5hi and B11.3hi, respectively.

A. Jet launch or not

For our present setting, a mildly relativistic jet is found
except for (i) the models for which the initial magnetic-
field strength is too weak (B10.0 and Br10.5) and the
field amplification is not large enough in the simulation
time (∼ 10 s), and (ii) the models with the initial field
configuration of Eq. (15) with Bmax ≤ 1 × 1012 G and
ϖ0 = 103 km. The mechanism for launching the jet de-
pends on the initial magnetic-field strength and configu-
ration (see Ref. [36] for a related topic). Thus, we will
describe it separately.

1. Strong initial field cases

For the initial conditions with strong magnetic fields
aligned well with the black-hole spin axis, a jet is
launched in a short timescale after the magnetic-field am-
plification near the black hole by the winding associated
with the black-hole spin and by the compression due to
the matter infall onto the black hole.
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FIG. 1. Snapshots of the rest-mass density (top-left), entropy per baryon (top-right), temperature (bottom-left), and electron
fraction (bottom-right) on the ϖ-z plane are shown at selected time slices for model B11.5. Note that for each panel (except for
the first two panels), the regions displayed are different. The black filled circles in the first two panels denote the region inside
the black hole. An animation for this model is found at https://www2.yukawa.kyoto-u.ac.jp/~sho.fujibayashi/share/

B11.5-multiscale.mp4

Figure 1 displays the snapshots for the rest-mass den-
sity, temperature, entropy per baryon, and electron frac-
tion at 6 selected time slices for model B11.5 for which the
initial magnetic-field strength is high enough to launch
a jet in a short timescale (∼ 0.4 s). We note that the
displayed range is wider for the later-stage snapshots in
this figure.

For this model, the magnetic field is quickly amplified
by the winding associated with the black-hole spin far
before the formation of a disk around the black hole (note
that the pancake structure for the rest-mass density at
the second panel of Fig. 1 does not imply the formation
of the orbiting disk, because it is compact enough to be
subsequently swallowed by the black hole). Since the
angular velocity of the black hole is approximately

ΩBH ≈ 2.8× 103
( χ

0.7

)( MBH

15M⊙

)−1(
r̂+
1.7

)
rad/s,

(16)

and the magnetic-field strength can increase approxi-
mately in proportional to ΩBHt near the black hole, the
maximum field strength can increase by 103 times in
∼ 0.4 s. Indeed, the maximum magnetic-field strength

in the polar region of the black hole exceeds 1014 G
at t ≈ 0.4 s, leading to high magnetic pressure of
≈ 4 × 1026(B/1014 G)2 dyn/cm2. On the other hand,
the ram pressure of the infalling matter is ρv2infall =
4× 1026 dyn/cm2 for ρ = 106 g/cm3 and vinfall = 2c/3 ≈
2×105 km/s (see Eq. (11)). Thus, when the density of the
infalling matter decreases below ∼ 106 g/cm3, the mag-
netic pressure overcomes the ram pressure in this case.
Indeed, for model B11.5, the rest-mass density along the
z-axis is a few times 106 g/cm3 at the launch of the jet
(cf. the second panel of Fig. 1).

Once the jet is launched, subsequently, it quickly goes
outward because the ram pressure decreases with the ra-
dius while the magnetic-field strength does not steeply
decrease for this model. The magnetic-field strength near
the black-hole horizon also becomes strong enough to halt
the mass accretion from the equatorial direction as well as
from the polar direction. Thus, a magnetically arrested
disk (MAD) [8, 37, 38] structure is established after the
jet launch. Indeed, the dimensionless MAD parameter

https://www2.yukawa.kyoto-u.ac.jp/~sho.fujibayashi/share/B11.5-multiscale.mp4
https://www2.yukawa.kyoto-u.ac.jp/~sho.fujibayashi/share/B11.5-multiscale.mp4
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FIG. 2. The same as Fig. 1 but for model B10.5. An animation is found at https://www2.yukawa.kyoto-u.ac.jp/~sho.

fujibayashi/share/B10.5-multiscale.mp4

FIG. 3. The magnetic-field lines and field strength in an inner region of 300 km×300 km are shown for the stage at which the
outgoing jet is established for models B11.5 (left), B11.0 (middle), and B10.5 (right) on the ϖ-z plane.

defined by

ϕAH :=
ΦAH√

4πG2c−3ṀBH,∗M2
BH

, (17)

is high ϕBH ≳ 20 up to ≳ 103 after the jet launch
(cf. Fig. 7). Here, ΦAH is the magnetic flux that pen-
etrates the black-hole horizon (practically apparent hori-

zon) and ṀBH,∗ denotes the rest-mass infall rate across

the horizon. In later stages, ṀBH,∗ becomes quite low

≲ 10−4M⊙/s for models B11.5, B11.3, and Bq11.0c.
We also find similar jet generation mechanisms for

model B11.3, for which |ΦAH| is only slightly smaller than
that for model B11.5 (cf. Fig. 7). Since the magnetic-field
strength near the horizon for given time is higher for
models with higher initial field strength, the jet launch is
earlier for higher values of Bmax. In other words, the jet
launch is delayed until the formation of a disk at t ∼ 2 s,
if Bmax is smaller than a threshold value.
Models B11.0 and Br11.0 have values of Bmax which

https://www2.yukawa.kyoto-u.ac.jp/~sho.fujibayashi/share/B10.5-multiscale.mp4
https://www2.yukawa.kyoto-u.ac.jp/~sho.fujibayashi/share/B10.5-multiscale.mp4
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FIG. 4. The first 5 panels are the same as Fig. 1 and the panel in the bottom right is the same as Fig. 3 but for model Bq11.0b.
An animation is found at https://www2.yukawa.kyoto-u.ac.jp/~sho.fujibayashi/share/Bq11.0b-multiscale.mp4

are close to such a threshold value, and hence, the jet
launch times (t ∼ 2 s) are appreciably later than those
for models B11.5 and B11.3. However, a jet is launched
before the disk formation for these models. It is worthy
to emphasize again that for higher values of Bmax, the
magnetic-field strength on the horizon is higher after the
jet launch (cf. Fig. 3). This stems from the fact that the
ram pressure at the jet launch is higher for the earlier jet-
launch case (i.e., for larger values of Bmax). This results
in higher Poynting luminosity by the Blandford-Znajek
mechanism during the jet propagation for larger values
of Bmax (see below).

For models B11.3, B11.0, and Br11.0, we followed the
evolution of the collapsing envelope for a long timescale
and found that the star entirely explodes together with
the jet propagation (see, e.g., Refs. [6, 39–41] for related
issues). For these models, poloidal magnetic-field lines
that penetrate the spinning black hole are present not
only along the polar region but also for the other re-
gions. In such a situation, the magneto-centrifugal force
associated with the black-hole spin plays an important
role in transporting the angular momentum from the in-
ner to the outer region, which can be an engine of the
stellar explosion. Also strong toroidal magnetic fields
enhanced by the winding associated with the black-hole
spin can be the source of the Tayler instability [42–44].

The Tayler instability can induce a convective motion for
redistributing the entropy and the angular momentum of
the fluid elements [45], and hence, it may also contribute
to the stellar explosion. The Tayler instability appears
to play a more important role for the models with an ini-
tially large cylindrical component of the magnetic fields,
e.g., for models Br11.0, Br10.5, Bq12.5, and Bq11.0b (see
below).
In the presence of efficient neutrino cooling, the jet

propagation may be decelerated by the reduction of the
thermal pressure. However, for the early jet-launch mod-
els considered in this subsection, the maximum neutrino
luminosity is of order 1050 erg/s, which is smaller than
the Poynting luminosity associated with the Blandford-
Znajek mechanism (cf. Sec. III C). Hence, it is unlikely
that the neutrino cooling gives a seriously negative ef-
fect for the jet launch. It should be also mentioned that
the jets are driven by the magnetohydrodynamical effect,
and hence, the thermal pressure does not play a primary
role.

2. Weak initial field cases

For the models with initially weak magnetic fields
such as models B10.5, B10.0, Br10.5, Bq12.5, Bq12.0,

https://www2.yukawa.kyoto-u.ac.jp/~sho.fujibayashi/share/Bq11.0b-multiscale.mp4
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FIG. 5. The same as Fig. 4 but for model Br10.5, for which the jet launch was not found in the simulation time of 12 s. An
animation is found at https://www2.yukawa.kyoto-u.ac.jp/~sho.fujibayashi/share/Br10.5-multiscale.mp4

and Bq11.0b, a jet is generated after the formation of a
disk/torus or no jet formation is found in the simulation
time. Also, the evolution process is qualitatively differ-
ent from that for the initially strong-field cases discussed
in the previous subsection.

Figure 2 displays the same plots as Fig. 1 but for
model B10.5. For this case, a jet is not driven before
the formation of a disk around the black hole, and for an
early stage, the formation of a disk and a torus proceeds
(see the first panel). Because the disk/torus evolves only
quasi-steadily and orbits the black hole with less angular
velocity than ΩBH, the magnetic stress is enhanced due
to the winding of the magnetic-field lines connecting be-
tween a black hole and orbiting matter and also the angu-
lar momentum is transformed from the black hole to the
matter1. At the formation of the torus (see the first panel
of Fig. 2), in addition, an oblique shock is formed around
its surface and enhances the matter flow toward the po-
lar region. This also enhances the magnetic-flux inflow

1 For slowly spinning black holes with χ ≲ 0.36, the angular veloc-
ity of the matter orbiting the black holes can be larger than ΩBH,
and hence, the angular momentum may not be transported out-
ward. In this case, the orbiting matter may contribute to spin-up
of the black holes.

toward the black hole, and consequently, the magnetic-
field strength near the polar region of the black hole is
increased. When the magnetic pressure exceeds the ram
pressure at t ≳ 2.6 s near the horizon, a jet is driven from
the vicinity of the black hole toward the polar region (cf.
the second and third panels of Fig. 2).

However, for this case, the magnetic-field strength on
the horizon achieved until the jet launch is not as high
as those for models B11.5, B11.3, B11.0, Br11.0, and
Bq11.0c (cf. Fig. 3), and hence, the jet is once deceler-
ated on the way of the propagation (cf. the third and
fourth panels of Fig. 2). During this stage, the opening
angle of the jet is widen to the equatorial region and the
magnetic flux on the horizon decreases (see Fig. 7). Nev-
ertheless, the winding of the magnetic-field lines by the
black-hole spin continuously enhances the magnetic pres-
sure near the polar region and, at the same time, the ram
pressure of the infalling matter decreases with time. This
eventually causes the revival of the jet (cf. the fifth and
sixth panels of Fig. 2) although the propagation speed is
much lower than those for models B11.5, B11.3, B11.0,
Br110.0, and Bq11.0c.

The situation for models Bq12.5 and Bq11.0b is similar
to that of model B10.5 although the disk/torus evolution
stage is longer (see Fig. 4 for model Bq11.0b). For these
models, due to the angular momentum transport associ-

https://www2.yukawa.kyoto-u.ac.jp/~sho.fujibayashi/share/Br10.5-multiscale.mp4
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ated with magneto-centrifugal effects by the black-hole
spin (around the equatorial plane) and orbital motion,
the torus expands gradually with time, in particular to-
ward the equatorial direction. Also due to the matter in-
fall, the black-hole mass and spin increase with time. For
models B10.5, Bq12.5, and Bq11.0b, the MAD parame-
ter is ∼ 5–10 in the late stage of the jet propagation (see
Fig. 7) because the magnetic flux on the horizon is by one
order of magnitude smaller than those for models B11.5
and B11.3. The evolution processes for models B10.5,
Bq12.5, and Bq11.0b indicate that in the presence of a
poloidal magnetic field that penetrates a spinning black
hole, a jet may be always generated after long-term wind-
ing of the magnetic-field lines even if the initial magnetic
field strength is not very strong.

Figure 3 displays the magnetic-field lines and field
strength in the vicinity of the black hole on the ϖ-z plane
for the stages at which a jet was already launched for
models B11.5, B11.0, and B10.5 (see also the bottom-
right panel of Fig. 4). This clearly shows that for higher
initial magnetic-field models (i.e., for earlier jet-launch
models), the magnetic fields around the black hole are
stronger reflecting the ram pressure at the jet launch.
For model B10.5, the magnetic-field strength is highest
around the equatorial plane at the selected time slice be-
cause a torus is present there and the magnetic field is
amplified by the winding and partly by the MRI (note
that due to the anti-dynamo nature in the axisymmetric
simulation [31], the MRI dynamo cannot be developed
in this simulation). For model B11.0, an orbiting disk is
not formed around the black hole before the jet launch,
but mass accretion proceeds from the equatorial region,
gradually increasing the black-hole mass (cf. Fig. 10).

For models B10.0, Br10.5, and Bq12.0, neither a jet
nor an outflow is launched in the simulation time of
∼ 10 s. For these models, the magnetic-field strength
on the black-hole horizon is not enhanced enough to
launch a jet during the torus formation, and the torus
is simply evolved around the black hole (see Fig. 5 for
model Br10.5). In particular for the initial condition
with Eq. (15) with ϖ0 ≤ 5 × 103 km, the magnetic-field
strength on the black hole does not significantly increase
with time in the early stage before the torus formation
even for very high values of Bmax (cf. Figs. 6 and 7).
Only for a high value of ϖ0, e.g., 10

4 km, a jet is quickly
launched even for Eq. (15) with Bmax ≳ 1011 G (this is
likely to be also the case for very high values of Bmax

with ϖ0 = 103 km). This indicates that the magnetic-
field strength on the horizon before the formation of a
disk/torus depends strongly on the field profile in the
progenitor star. In the present axisymmetric simulation,
the dynamo mechanism does not work, and hence, the
poloidal magnetic fields are not amplified sufficiently in
the torus and on the black hole in a short timescale. As
a consequence, the strong poloidal magnetic field that
penetrates the black hole and launches a jet, is not de-
veloped quickly in the absence of initially strong fields
(compare the last panel of Fig. 5 with Fig. 3). In these

cases, the poloidal magnetic field is not well aligned near
the rotation axis.
However, in reality (i.e., in non-axisymmetric simu-

lations in which dynamo and resultant turbulence can
be modelled), a strong poloidal field could be devel-
oped after the formation of a disk/torus within a cer-
tain timescale and we may expect that a jet is launched
eventually (see, e.g., Refs. [22, 32, 33] for recent relevant
works). An accretion disk/torus for which the equiparti-
tion is established in the turbulent state would have the
relation (e.g., Ref. [22])

B2
disk

8π
∼ feqρdiskc

2
s, (18)

where Bdisk is the typical magnetic-field strength inside
the disk/torus, cs is the typical sound speed, and feq is
approximately constant with 0.02–0.05 for disks/tori in
equipartition. Hence, for the typical values at the inner
region of the disk/torus, we expect the magnetic-field
strength

Bdisk ∼ 1× 1014
(

feq
0.04

)1/2(
ρdisk

1010 g/cm3

)1/2

×
(

cs
109 cm/s

)
G. (19)

Thus, by the accretion of the turbulent matter onto
the black hole with a coherent magnetic-field polarity,
a poloidal magnetic field that penetrates the black hole
with B ∼ Bdisk ∼ 1014 G can be formed as illustrated in
recent simulation works [22, 32, 33]. This can be strong
enough to launch a jet if the density of the infalling mat-
ter is low enough, satisfying B2/8π > ρinfallv

2
infall, near

the black hole, i.e.,

ρinfall < feqρdisk

(
cs

vinfall

)2

. (20)

Indeed this condition is satisfied in the late stage, e.g., for
models Br10.5 and B10.0 if feq = O(0.01), i.e., ρinfall ≲
10−4ρdisk assuming cs/vinfall ∼ 0.1. Therefore, for the
initially weak field cases, a jet may be launched after a
turbulent state is established in the disk/torus.
Models Bq12.5 and Bq11.0b show not only a jet launch

but also an explosion of the entire star (cf. Fig. 4) . As
in the cases of the torus-formed models such as B10.0,
Br10.5, and Bq12.0, initially a disk and subsequently a
torus are developed in the early stage of the evolution
for these models. Then, the magneto-centrifugal force
associated with the black-hole spin around the equato-
rial plane appears to play an important role for develop-
ing a gradually expanding torus because the magnetic-
field strength is high around the equatorial plane. Sub-
sequently, the toroidal magnetic field is amplified by the
winding associated with the black-hole spin and inside
the torus. A convective motion resulting from the Tayler
instability [42, 45] is also seen. As a result of these effects,
the torus starts exploding approximately simultaneously
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FIG. 6. Evolution of the electromagnetic energy for the models with Eq. (13) (left) and with Eqs. (14) and (15) (right). We
stopped the simulation for model Bq11.0 at t ≈ 4.3 s because the evolution path looks similar to that for model Bq12.0 after
the disk formation.

with the jet launch. This explosive motion is accelerated
with the decrease of the ram pressure of the infalling mat-
ter. This result suggests that, although the explosion was
not observed for the models such as B10.0, Br10.5, and
Bq12.0, in the longer-term evolution, these models may
lead to the explosion eventually by the long-term winding
of the magnetic field lines as well.

For all the massive disk/torus-formation models con-
sidered in this subsection, neutrino luminosity is en-
hanced to ∼ 2 × 1052 erg/s, and in the presence of the
stellar explosion, it subsequently decreases with time.
The energy source for this neutrino emission is the shock
heating on the shock surface around the torus. This neu-
trino cooling may not play an important role in the jet
launch that can be driven primarily by the magnetohy-
drodynamical effect. However, it can decelerate the stel-
lar explosion because the neutrino luminosity is much
higher than the Poynting luminosity by the Blandford-
Znajek mechanism which is smaller than 1051 erg/s for
the disk/torus-formation models (see Fig. 8). This fact
indicates that, for the stellar explosion found in the cur-
rent study, not the thermal pressure but the magnetohy-
drodynamical effect associated with the extraction of the
rotational kinetic energy of the black hole plays a major
role.

B. Magnetic-field energy and magnetic flux on the
horizon

Figure 6 shows the evolution of the electromagnetic
energy EB. Here the electromagnetic energy is defined in
the same way as in Ref. [18]. For all the models with
the initial magnetic-field configuration by Eq. (13) or
(14), EB monotonically increases with the compression
due to the matter infall and winding in an early stage.
For initially strong and well-aligned magnetic-field mod-

els (B11.5, B11.3, B11.0, Br11.0, and Bq11.0c), a jet
is launched along the z-axis before the formation of a
disk/torus by this magnetic-field amplification. The jet
subsequently makes a cocoon around it and a convective
motion is developed. Associated with this motion, the
magnetic fields are wound and compressed, and hence,
the magnetic energy is quickly enhanced until a satura-
tion is reached. Here, at the saturation the electromag-
netic energy becomes comparable to the rotational ki-
netic energy of the matter, 1050–1051 erg. The saturated
values of EB are slightly larger for higher initial field
strengths reflecting the ram pressure at the jet launch.

For initially weaker magnetic-field models (B10.5,
Br10.5, and B10.0) with Eq. (13) or (14) and models
with Eq. (15) and ϖ0 ≤ 5× 103 km, a significant ampli-
fication of the electromagnetic energy found at t ≳ 2 s
takes place due to the formation of a disk and a torus,
in which the magnetic fields are amplified by the com-
pression and winding. When the torus (geometrically
thick disk) is formed, the matter velocity vector con-
verges to the spin-axis direction, and hence, the mag-
netic flux is also converged, leading to the enhancement
of the magnetic-field strength. Also, the magnetic field
in the torus has a substantial fraction of the ϖ compo-
nent, which plays an important role in the magnetic-field
amplification by the winding. In addition, the MRI may
partly play a role for the magnetic-field amplification af-
ter the z-component of the magnetic field becomes high
enough to resolve the fastest growing mode of the MRI
in the limited grid resolution. As already mentioned, a
torus is developed from a geometrically thin disk and
the oblique shock on the shock surface around the torus
enhances the matter and magnetic-flux accretions onto
the black hole. After the magnetic flux that penetrates
the black hole becomes high enough, a slowly-expanding
jet can be eventually launched from the vicinity of the
black hole, although this is found only for models B10.5,
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FIG. 7. Evolution of the magnetic flux on apparent horizons (top) and resultant MAD parameter (bottom) as functions of time.
The left and right panels show the results for the models with Eq. (13) (left) and with Eqs. (14) and (15) (right), respectively.
To see the trend clearly, moving averages are taken with the time interval 0.2 s. Note that for model Bq11.0 |ϕAH| is smaller
than 0.3.

Bq12.5, and Bq11.0b. After the jet launch, a cocoon and
associated convective motion are developed until a sat-
uration at which the electromagnetic energy relaxes to
∼ 1050 erg, which is comparable to the rotational kinetic
energy of the matter as well.

For the initial magnetic field of Eq. (15), a steep in-
crease of the electromagnetic energy is not found in an
early stage. For this case, the magnetic-field strength
rather decreases with time in the vicinity of the black
hole because the magnetic flux decreases with the mat-
ter infall due to the magnetic-field configuration initially
given (see also Fig. 7). Only for model Bq11.0c, for which
ϖ0 is large (104 km), a steep increase of the electromag-
netic energy takes place, leading to an early jet launch.
This result illustrates that the timing and mechanism of
the jet launch depend strongly on the initial magnetic-
field configuration.

For the initially weak magnetic-field models with the
initial configurations of Eq. (13) or (14) and for most of
the models with Eq. (15) (except for model Bq11.0c), the
electromagnetic energy in the torus contributes substan-
tially to the total one. This is developed mainly by the
magnetic winding. Because of the anti-dynamo nature in
the axisymmetric simulation, the poloidal magnetic field

in the torus does not increase with time significantly.

Figure 7 displays the evolution of the magnetic flux,
ΦAH, on apparent horizons and resultant MAD param-
eter, ϕAH, as functions of time. It is found that for
the models with the initial magnetic-field profiles given
by Eqs. (13) and (14) the magnetic flux on the horizon
steeply increases soon after the onset of the simulations
and eventually approaches a relaxed value. Only if the
magnetic flux exceeds ≈ 1× 1029 Gcm2 a jet is launched
before the disk formation in the present stellar model.
For most of the models with the initial field configuration
of Eq. (15) (except for model Bq11.0c), the magnetic flux
relaxes to low values. In particular, for model Bq12.5, the
magnetic flux appreciably decreases for t ≲ 3 s. This is
the reason why we do not find the quick jet launch for
this model in spite of the large initial field strength on
the horizon.

The condition of the jet launch can be also discussed in
terms of the MAD parameter [8]. In the present study,
jets are launched for the models only with |ϕAH| ≳ 5.
The MAD parameter is high for the models with the ini-
tial field configuration of Eq. (13), and for models B11.5,
B11.3, and Bq11.0c, it can be extremely high ≳ 103, re-
flecting that the mass accretion onto the black hole is sig-
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FIG. 8. Poynting luminosity measured on apparent horizons as a function of time for selected models. The left and right
panels show the results of the models with the initial magnetic field given by Eq. (13) (left) and by Eqs. (14) and (15) (right),
respectively. We note that for models Bq12.0 and Bq11.0, LBZ is smaller than 1048 erg/s.

nificantly halted. For models B11.0 and Br11.0 in which
the initial magnetic-field strength is weaker, the MAD
parameter is typically 10–100 and jets are steadily gen-
erated from a relatively early stage. For model B10.5, by
contrast, the jet (or outflow along the rotation axis) is
launched in the early stage but it is stalled in the mid-
dle of the outward propagation. This may be interpreted
as an insufficient MAD parameter ∼ 1 in such a stage.
In the later stage of this model, the MAD parameter in-
creases to ∼ 10, in which the outward propagation of the
jet/outflow is observed. The situation is similar to those
of models Bq12.5 and Bq11.0b, in which a jet is launched
after the MAD parameter increases beyond ∼ 5.

As we find from Fig. 7, the magnetic flux on the hori-
zon and MAD parameter are good indicators to deter-
mine whether a jet can be launched or not. This clearly
shows that the magnetic flux on the horizon is one of the
crucial quantities. To obtain the high value of the mag-
netic flux on the horizon in the collapsar model, we may
need a suitable initial magnetic-field profile. However,
this does not give us the comprehensive scenario for gen-
erating jets from black holes because the magnetic-field
strength and configuration should have a wide variety in
the progenitor stars. The other possibility to universally
generate the strong poloidal magnetic field that pene-
trates black holes is the mechanism throughout the en-
hancement of the magnetic-field strength in the torus due
to the MRI turbulence and accretion of the strong mag-
netic flux onto the horizon. In the axisymmetric study,
we cannot explore this possibility due to the anti-dynamo
nature, and thus, obviously we need a simulation in which
the dynamo effect is taken into account (a high-resolution
three-dimensional simulation or a phenomenological sim-
ulation; e.g., Ref. [18]) to confirm this possibility.

For higher resolution runs of models B11.5 and B11.3,
the magnetic-field energy and field strength on the hori-
zon are larger than those for the corresponding lower res-
olution runs in later stages. Our interpretation for this
is that for the lower grid resolution, the numerical dis-

sipation and diffusion of the magnetic field are stronger.
This results in lower Poynting luminosity and slower spin-
down of the black hole with the lower resolution runs (see
below).

C. Poynting luminosity, ejecta mass, and outflow
energy

Figure 8 shows the Poynting luminosity, LBZ, ex-
tracted from the spinning black hole by the Blandford-
Znajek mechanism. The surface integral of the Poynting
flux is performed on apparent horizons. Only the por-
tion that the outgoing energy flux including the matter
energy flux is positive (i.e., net energy is extracted from
the black hole) contributes to the surface integral (see
Appendix A for the definition of LBZ). LBZ is naturally
higher for higher values of |ΦAH| (see Fig. 7) for the mod-
els in which a jet is launched.
Figure 8 illustrates that, broadly speaking, the Poynt-

ing flux is steadily generated for the early-jet-launch
models with the luminosity of ≳ 1051 erg/s. This reflects
that the poloidal magnetic field that penetrates the black
hole is in a quasi-steady state during the jet generation.
It is also found that the Poynting luminosity is higher
for the higher initial field strength, which results in the
higher strength of the magnetic field that penetrates the
black hole during the jet generation: For models B11.5,
B11.3, and Bq11.0c, for which a jet is launched in early
stages of the evolution, the Poynting luminosity can be
much higher than 1051 erg/s after the jet launch, and for
models B11.0 and Br11.0, LBZ ∼ 1051 erg/s.
However, the total energy carried away by the Poynt-

ing flux seems to depend only weakly on the initial field
strength, because the spin-down timescale of the black
hole is shorter for the higher initial field strength (see
Sec. IIID). Irrespective of the initial condition, the pre-
dicted total energy emitted by the Poynting flux, i.e.,
∆E =(the average Poynting luminosity)×(spin-down
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TABLE II. Average increase rates of the ejecta mass, Ṁej, and explosion energy, Ėexp, the Poynting luminosity, LBZ, and
the ratio, LBZ/Ėexp, for the models in which a jet is launched. The quantities are averaged over the last 5 seconds of each
simulation. The last two columns list the approximate spin-down timescale and expected total electromagnetic energy carried
by the Blandford-Znajek mechanism for models in which the spin-down is found. † specifies the models for which a jet is
launched after the formation of a disk/torus and the spin-down is not found.

Model ⟨Ṁej⟩ (M⊙/s) ⟨Ėexp⟩ (1051 erg/s) ⟨LBZ⟩ (1051 erg/s) ⟨LBZ⟩/⟨Ėexp⟩ τ (s) ⟨LBZ⟩ τ (1053 erg)
B11.5,hi 0.90 5.2 5.0 1.0 30 1.5
B11.3,hi 0.57 4.2 3.5 0.8 60 2.1
B11.5 0.86 4.2 3.2 0.8 50 1.6
B11.3 0.88 4.0 2.4 0.6 70 1.8
B11.0 0.60 1.3 1.1 0.9 175 2.0
B10.5† 0.34 1.1 0.07 0.1 – –
Br11.0 0.68 1.4 0.7 0.5 250 1.7
Bq12.5† 0.49 1.5 0.20 0.1 – –
Bq11.0b† 0.62 0.41 0.10 0.2 – –
Bq11.0c 0.76 2.4 1.9 0.8 75 1.4
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FIG. 9. Mej, Eexp (top panels), Ṁej, and Ėexp (bottom panels) for the models with Eq. (13) (left) and with Eqs. (14) and (15)
(right), respectively. We note that for models Bq12.0 and Bq11.0, the jet launch and stellar explosion are not found, and hence,
dMej/dt and dEexp/dt are smaller than 10−2M⊙/s and 1048 erg/s, respectively.

timescale of Sec. IIID), is 1.4–2.1×1053 erg, if the Poynt-
ing luminosity is assumed to be approximately constant
in the spin-down timescale (see Table II). Taking into
account the uncertainty for the value of f and for the
validity of the force-free approximation, the order of the

magnitude for this is consistent with Eq. (7), indicating
that the estimate carried out in Sec. I is good.

The estimated values of ∆E are about 20–30% of the
result from Eq. (7). The primary reason for this is that
the poloidal magnetic field coherently penetrates only a
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portion of the black-hole horizon (see, e.g, Fig. 3) so that
the Poynting luminosity should be smaller than that of
Eq. (3). Near the equatorial plane the magnetic-field
lines are not very coherently aligned and moreover the
force-free condition is not well satisfied because of the
presence of infalling matter. Even with such magnetic-
field lines, the angular momentum of the black hole can
be extracted because the angular velocity of the black
hole is larger than that of the matter around the black
hole, while the energy extraction may be less efficient
in the presence of dense matter (see, e.g., Fig. 9 of
Ref. [11] and Ref. [46] for a discussion on the matter
effect). It should be also pointed out that LBZ is appre-
ciably smaller than Lfull

BZ (see Appendix A): On a large
portion of the surface of apparent horizon, the total en-
ergy flux (matter plus electromagnetic energy flux) out-
going from the horizon is negative. Thus, the effect of the
matter infall plays a significantly negative role for the ex-
traction of the rotational kinetic energy of the black hole
in the collapsar scenario.

However, the total amount of the outgoing energy is
still larger than 1053 erg, which is much larger than the
typical energy of gamma-ray bursts (including the after-
glow and associated supernova). This suggests that the
energy injection from the black hole has to be stopped
before the entire spin-down of the black hole (see a dis-
cussion in Sec. IV).

Figure 9 shows the evolution of the ejecta mass, Mej,
and outflow energy (including the explosion energy of
the star), Eexp, as well as the increase rates of the ejecta
mass and outflow energy for selected models. The ejecta
mass and outflow energy are calculated using the simi-
lar formulae as in Ref. [47] with the extraction radius of
1 × 105 km (see Appendix A for the formulae). In the
present context, the contribution from the jet is appre-
ciable in the ejecta mass and outflow energy. Since these
quantities increase monotonically with time until the end
of the simulations in the present study (i.e., they do not
relax to constants), we also plot the time derivative of

them, i.e., Ṁej and Ėexp, in Fig. 9. Table II also shows

average values of Ṁej and Ėexp as well as of LBZ.

It is found that Ėexp is of the same order of magni-
tude as LBZ for models B11.5, B11.3, B11.0, Br11.0, and
Bq11.0c for which a jet is launched before the disk for-
mation. For these models, thus, the Blandford-Znajek
mechanism is the major central engine for the jet launch.
For models B11.3, B11.0 and Br11.0, we confirmed that
the entire star explodes, indicating that the Blandford-
Znajek mechanism can also be the engine of the stel-
lar explosion (but see discussions in Sec. IV). It is also
found that the mass ejection rate is quite high for these
models as ∼ M⊙/s. Since the total mass outside the
black hole in the present models is Menv ∼ 10M⊙, and

hence, Menv/Ṁej ∼ 10 s is much shorter than the spin-
down timescale by the Blandford-Znajek mechanism (see
Sec. IIID for the spin-down timescale). Thus, in the
late stage of the evolution of the system, the Poynting
flux will be used to accelerate the ejected matter if the

Blandford-Znajek mechanism works until the complete
spin-down of the black hole.
For models B10.5, Bq12.5, and Bq11.0b for which a

jet is launched after the formation of the disk and torus,
LBZ ∼ 1050 erg/s, which is by one or two orders of mag-
nitude lower than those for the early-jet-launch models
such as B11.5 and B11.3. For these models, the magnetic-
field strength is weaker around the polar region on the
horizon (see Fig. 7), and thus, this result is quite reason-

able. However, Ėexp for these models is not very small,

and thus, the ratio of LBZ/Ėexp is much lower than those
for the early-jet-launch models. The reason for this is
that for these models the magnetohydrodynamical effects
such as magneto-centrifugal effect and Tayler instability
play an important role not only in the jet launch but
also in the stellar explosion for a substantial fraction of
the stellar envelope. Specifically, the angular momentum
transport from the black hole to matter around the equa-
torial region through the winding of the magnetic-field
lines associated with the black-hole spin (like a propeller
effect by a rotating neutron star [48]) appears to play
an important role for extracting the angular momentum
(and rotational kinetic energy) of the black hole (see, e.g.,
Ref. [49] for the related issue).
As already mentioned, the dynamo effect is not taken

into account in the present axisymmetric modelling. In
reality, the dynamo and resulting turbulence that effec-
tively generate the viscous effect will contribute to the
activity of the torus, likely leading to more efficient mass
ejection and energetic explosion [19]. In addition, an en-
hanced magnetic-field strength on the horizon would in-
crease the Poynting luminosity. Thus, for models B10.5,
Bq12.5, and Bq11.0b, the values of LBZ and Eexp may
be even higher in reality. Since Eexp was already much
higher than the typical supernova energy (∼ 1051 erg) at
t = 10 s, these can be models for powerful supernovae
with the explosion energy higher than ≳ 1052 erg (but
the overproduced energy by the extraction of huge rota-
tional kinetic energy of spinning black holes can be an
issue as well; see a discussion in Sec. IV).

D. Spin evolution of black holes

Figure 10 shows the evolution of the mass and dimen-
sionless spin of black holes for the models with the initial
magnetic-field configuration of Eq. (13) (top left) and
with those of Eqs. (14) and (15) (top right). For com-
parison, we plot results in viscous-hydrodynamics sim-
ulations with the alpha parameters of 0.03 and 0.10 of
Ref. [19]. For the better view of the spin-down, we also
plot the evolution of the dimensionless spin focusing only
on the models for which the spin eventually decreases
with time (bottom panel).
For all the models, both the mass and dimensionless

spin initially increase with time due to the matter accre-
tion onto the black hole. For models B11.5 and B11.3
for which the magnetic-field lines are well aligned with
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FIG. 10. Top left: Evolution of the mass (upper panel) and dimensionless spin (lower panel) of spinning black holes for all the
models with the initial conditions of Eq. (13) as well as a viscous-hydrodynamics model with the alpha parameter of 0.03 (solid
curve) and 0.10 (dotted curve) of Ref. [19]. Top right: The same as top left panel but for the selected models with the initial
configuration of Eqs. (14) and (15). The curves for models Br10.5 and Bq12.0 are accidentally very similar. Bottom: Zoom-up
of the spin evolution for the selected models as a function of t− tsd where tsd denotes the approximate time at which the spin
starts decreasing.

the black-hole spin axis and its strength is very high ini-
tially, a MAD state is quickly established as a result of
the amplification of the magnetic field that penetrates
the black hole and launches a jet (cf. Fig. 7). The evolu-
tion process of the black hole for model Bq11.0c is similar
to these models. For this model, the cylindrical compo-
nent of the magnetic field is present from the beginning,
and thus, the strong magneto-centrifugal force also plays
a role in halting the matter accretion from the equa-
torial direction. After the jet launch for these models,
the mass accretion onto the black hole essentially ceases
except for an intermittent accretion from the equatorial
direction, leading to a state of dMBH/dt < 0.1M⊙/s.
For this stage, the black hole is evolved primarily by the

Blandford-Znajek mechanism, and the dimensionless spin
decreases with time (see the bottom panel of Fig. 10 for
the zoom-up view). We note that for model B11.3 (stan-
dard resolution run), an intermittent spin-up stage is seen
at t ∼ 4.7–5.0 s at which the MAD state was disrupted
for a while. This is due to an accidental large-mass ac-
cretion from the equatorial region. However, for t ≳ 5 s,
the MAD state is recovered and the dimensionless spin
steadily decreases again.

The timescale of the spin-down is evaluated using
Eq. (9). For the present numerical results, ∆J =
J0 − JBH (∆J > 0) is a small fraction of J0. Thus,
|∆J2

BH| ≈ 2J0∆J , and hence, τ is determined approxi-
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mately by

τ = ∆t
J0
∆J

≈ ∆t
χ0

∆χ
, (21)

where ∆t denotes a time duration in the spin-down stage
and ∆χ = χ0 − χ.
For models B11.5, B11.3, and Bq11.0c for which the

spin-down sets in soon after the jet launch, we find
τ < 100 s from Fig. 10 (see Table II for the results).
These results illustrate that a short-term spin-down, i.e.,
the case that the spin-down timescale is comparable or
shorter than the typical time duration of long gamma-ray
bursts ≲ 100 s, is possible if a MAD state is developed in
an early stage of gravitational collapse. For lower resolu-
tion runs of B11.5 and B11.3, the spin-down timescale is
longer than for the corresponding higher resolution runs.
This is due to a numerical dissipation and diffusion of
the magnetic fields.

For models B11.0 and Br11.0, for which the initial field
strength is high enough to launch a jet before the disk
formation, the mass accretion onto the black hole is also
suppressed due to the strong magnetic pressure near the
horizon after the jet launch. However, the mass accre-
tion still proceeds for a while, and associated with it,
the dimensionless spin increases with time overcoming
the spin-down by the Blandford-Znajek mechanism in an
early stage. Only for late stages the spin-down by the
Blandford-Znajek mechanism overcomes the spin-up by
the mass accretion. For models B11.0 and Br11.0, the
MAD state appears to be developed only for t ≳ 6 s and

4 s, respectively, after which ṀBH is less than 0.1M⊙/s,
although a strong jet is launched earlier, and the spin-
down rate is low: ∆χ ∼ 0.01 for ∆t ∼ 3–4 s, and the
estimated spin-down timescale is longer than 100 s, much
longer than those for models B11.5, B11.3, and Bq11.0c.
This is due to a weaker magnetic-field strength achieved
around the black hole after the jet launch.

For the initially weak magnetic-field models (B10.5,
B10.0, and Br10.5) as well as for most of the models
with the initial magnetic-field configuration of Eq. (15),
for which a MAD state is not achieved or only weakly
achieved in the simulation time, the black-hole mass
increases with the mass accretion from the equatorial
direction and the dimensionless spin does not decrease
even after the jet launch (for models B10.5, Bq12.5, and
Bq11.0b). Even for these models, after the mass ac-
cretion onto the black hole ceases, the black-hole spin
may eventually decrease with time due to the Blandford-
Znajek mechanism. However, for these models the
magnetic-field strength on the horizon is much weaker
than those for models B11.5, B11.3, B11.0, Br11.0, and
Bq11.0c for which the jet is launched after the sufficient
enhancement of the magnetic-field strength before the
disk formation. In reality the magnetic-field strength on
the horizon can be increased if the MRI turbulence in
the disk after its formation is fully resolved. As we esti-
mated at Eq. (19), however, the magnetic-field strength
would not be as high as those for models B11.5, B11.3,

B11.0, Br11.0, and Bq11.0c for such cases. Hence, the
spin-down time scale would be ≫ 100 s.
As we discussed in Sec. I, suppose that a fossil mag-

netic field in the progenitor star is not extremely strong,
it is natural to consider that the strong poloidal magnetic
field that penetrates the black hole and is responsible to
the Blandford-Znajek mechanism should be developed af-
ter the disk formation, in which the magnetic-field am-
plification takes place and from which the magnetic flux
is provided to the black hole. Our present numerical re-
sults indicate that the rapid spin-down is achieved only
for the case that the magnetic-field strength is high even
in the absence of the disk. This suggests that the spin-
down effect of the black hole might be minor in the typi-
cal collapsar scenario during the typical duration of long
gamma-ray bursts of 10–100 s.
For models Br10.5, B10.0, Bq12.5, Bq12.0, and

Bq11.0b, the evolution process of the black hole is similar
to that for viscous hydrodynamics models with different
viscous efficiency. For these models, the dimensionless
spin achieved after the evolution is slightly smaller than
that for the viscous hydrodynamics models, indicating
that the outward angular momentum transport in the
disk/torus becomes more efficient by the magnetohydro-
dynamical effect, e.g., by the magneto-centrifugal effect
associated with the black-hole spin, than by the viscous
effect. This is in particular the case for model Bq12.5.
Nevertheless, the evolution path of the black hole in the
magnetohydrodynamics models is similar to those in the
viscous hydrodynamics models. This suggests that in
the absence of jets by the Blandford-Znajek mechanism,
the evolution of the system is similar irrespective of the
physical mechanisms of the angular momentum trans-
port. On the other hand, in the presence of a strong
jet, the growth of the black hole by the mass accretion
could be suppressed, and hence, amount of the matter
outside the black hole, which could be the ejecta and
energy source of electromagnetic signals, may be larger.

IV. SUMMARY AND DISCUSSION

We performed neutrino-radiation magnetohydrody-
namics simulations in full general relativity in the context
of the collapsar scenario. The simulations were started
from a system of a moderately-rapidly spinning black
hole and infalling matter, which are prepared based on
a stellar evolution model [20]. Poloidal magnetic fields
with a variety of the field strengths and configurations
are superimposed initially. Axial symmetry is assumed
to achieve long-term evolution with ≳ 10 s duration.
We found that the evolution process of the system

depends strongly on the magnetic-field strength and
configuration initially given. For the models with ini-
tially strong magnetic fields of Bmax ≥ 1011 G and with
the field aligned well with the black-hole spin, a jet
is launched due to the Blandford-Znajek mechanism in
a short timescale after the magnetic-field amplification
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FIG. 11. The same as Fig. 3 but for the evolution of the magnetic-field profile for model B11.0.

by the winding associated primarily with the black-hole
spin. For this case, the jet is launched before the forma-
tion of a disk around the black hole and a MAD state
is eventually established after the jet launch due to the
strong magnetic field achieved, which halts the matter ac-
cretion onto the black hole. The black hole subsequently
evolves primarily by the Blandford-Znajek mechanism
with subdominant matter accretion, and its dimension-
less spin decreases with time. The timescale of the spin-
down depends on the field strength initially given, be-
cause the magnetic-field strength at the jet launch, which
is determined by the ram pressure of the infalling mat-
ter, is higher for the stronger initial field strength. For
a sufficiently strong field strength, the timescale of the
spin-down is shorter than 100 s in the present models,
i.e., shorter than or comparable to the typical duration
of long gamma-ray bursts. However, for the models ini-
tially with a lower magnetic-field strength, the timescale
is longer than 100 s.

The expected total energy emitted by the Blandford-
Znajek mechanism depends weakly on the initial profiles
of the magnetic field, because for models with shorter
spin-down timescales the Poynting luminosity is higher.
The expected total energy is about 20–30% of the rota-
tional kinetic energy of black holes that can be liberated
by the Blandford-Znajek mechanism (see Eq. (7) with
f1/2 = 1). The most likely reason for this reduction is
that although the outgoing Poynging flux is generated
on the horizon, the matter infall onto the horizon (pri-
marily from the equatorial region) prevents the outward
emission of electromagnetic waves.

For several models (B10.5, Bq12.5, and Bq11.0b), a
jet is launched after the formation of a disk/torus. For
these models, the strength of the magnetic field that
penetrates the black hole increases by the winding as-
sociated with the black-hole spin and by the accumu-
lation of the magnetic flux from the torus in a long
timescale of ∼ 10 s. Because the matter accretion from
the equatorial region continues even after the jet launch,
the spin-down of the black hole is not found for these
models. For models Bq12.5 and Bq11.0b, an entire stel-
lar explosion after the expansion of the torus is found

together with the jet launch. This results from the wind-
ing of the magnetic-field lines around the equatorial re-
gion associated with the black-hole spin, which enhances
the toroidal magnetic-field strength and the magneto-
centrifugal force to the torus. Because the toroidal mag-
netic fields become very high, the Tayler instability ap-
pears to play an important role in inducing a convective
motion in the torus and infalling matter, which appears
to contribute to the stellar explosion.
For models with initially weak magnetic-field strengths

or with the field configuration of Eq. (15), Bmax ≤
1012 G, and ϖ0 = 103 km, jets are not launched in the
simulation time. For these models, a disk/torus is formed
and its size increases gradually with time due to the mat-
ter infall and magneto-centrifugal effect associated with
the black-hole spin. The mass and dimensionless spin
for the black hole also increase simply with time. For
a very long-term run, a jet launch and stellar explosion
may occur for these models due to the continuous in-
jection of the energy and angular momentum from the
black hole. However, this is likely to be the results as-
sociated with axial symmetry imposed in this work. In
non-axisymmetric simulations, MRI and associated tur-
bulence would be developed, enhancing angular momen-
tum transport, mass ejection, and mass accretion onto
the black hole. Associated with the mass accretion onto
the black hole, a strong poloidal magnetic field that pen-
etrates the black hole is likely to be developed as previous
simulation works demonstrated (e.g., Refs. [22, 32, 33]).
If this is the case, a jet may be driven after the evolution
of the disk/torus in a relatively early stage. However, in
this scenario, the ram pressure at the jet launch should
be weaker than those in the earlier jet-launch models
(models B11.5, B11.3, B11.0, Br11.0, and Bq11.0c), and
hence, the spin-down timescale will be ≫ 100 s (or spin-
down may not be found as in models B10.5, Bq12.5, and
Bq11.0b).
As discussed in Sec. I, the gamma-ray burst energy

had to be much larger than the observed values if a sub-
stantial fraction of the black-hole spin were extracted by
the Blandford-Znajek mechanism and the correspond-
ing rotational kinetic energy is distributed to the mat-
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ter surrounding the black hole. Taking into account
the non-observation of such extremely energetic gamma-
ray bursts, afterglows, and supernovae, the initially
strong magnetic-field models with the short spin-down
timescales are not suitable for the models of long gamma-
ray bursts. This suggests that the magnetic field, which
penetrates black hole and is the source of the Blandford-
Znajek mechanism, is likely to be generated after the
disk/torus formation, its evolution, and subsequent am-
plification of the magnetic field in it in long gamma-ray
bursts. In this scenario, the degree of the black-hole spin-
down during the generation of gamma-ray bursts should
not be appreciable.

However we still have an issue. Although the spin-
down timescale of the black hole is likely to be longer
than the typical duration of long gamma-ray bursts, the
spin-down should proceed for a long timescale as long as
the poloidal magnetic field that penetrates the black hole
is present. If a substantial fraction of the rotational ki-
netic energy of the black hole is transported to the matter
surrounding the black hole, an extremely bright electro-
magnetic signal, which has not been observed, had to be
emitted. To avoid this possibility, magnetic fields have
to be dissipated within the spin-down timescale. One
possible mechanism to reduce the poloidal magnetic-field
strength on the horizon is the reconnection around the
equatorial plane [50]. During the jet generation inside
the funnel region, the magnetic pressure balances with
the gas pressure of the infalling matter or torus. In the
late stage of the evolution of the system, the density and
pressure of these matter fields decrease. Then, the open-
ing angle of the magnetic-field lines around the rotational
axis should increase. This can take place after most of the
progenitor-star matter falls onto the central region and
the torus matter are ejected outward or accreted onto
the black hole by a (effectively) viscous process. The
infall process proceeds approximately in the dynamical
timescale of the system as

tff =

√
R3

∗
GM∗

, (22)

where R∗ and M∗ denote the stellar radius and mass of
the progenitor star at the onset of the collapse. In the
current model, they are approximately 3 × 105 km and
27M⊙, and hence, tff ∼ 90 s. The viscous timescale is
much shorter than this timescale assuming that the vis-
cous alpha parameter is of order 10−2 and the torus ra-
dius is smaller than 100MBH (see, e.g., Ref. [19]). Thus,
in ∼ 100 s, the matter density in the vicinity of the black
hole is likely to become low and the opening angle of the
poloidal magnetic field becomes wide. Indeed, in some of
our present models for which the initial field strength is
high, the widening of the poloidal magnetic field configu-
ration is seen (see Fig. 11). This widening could eventu-
ally lead to the magnetic-field configuration similar to the
split monopole and to a magnetic reconnection near the
equatorial plane (see, e.g., Refs. [4, 51, 52]). Exploring

this possibility for the very late stage of stellar collapses
is one of the issues in our future work.

The other possible mechanism is the reconnection re-
sulting from the interaction between the aligned magnetic
fields along the black-hole spin axis and the magnetic
loop ejected from the accretion torus that is in a turbu-
lent state. General relativistic magnetohydrodynamics
simulations have shown that accretion disks/tori around
spinning black holes are in a turbulent state as a result
of the MRI (see, e.g., Ref. [53] for the latest investi-
gation). From such a turbulent disk/torus, the matter
and magnetic loop are ejected, and some of the mag-
netic loops move toward the spin axis of the black hole.
Here, the polarity of the magnetic loops should be quite
random. Hence, if an ejected magnetic loop has a po-
larity different from that of the aligned magnetic field
along the spin axis of the black hole, the magnetic-field
strength becomes weaker by the reconnection. If this
process continuously occurs, the Poynting luminosity as-
sociated with the Blandford-Znajek mechanism may de-
crease with time. Indeed, this process is often observed in
a magnetohydrodynamics simulation with a phenomeno-
logical dynamo term [18].

We note that the same problem (overproduction en-
ergy problem) is present for the short gamma-ray burst
scenario by neutron-star mergers. For the case of binary
neutron star mergers, the formed black hole is likely to
have mass between 2.5M⊙ and 3M⊙ with the dimen-
sionless spin of 0.6–0.8 (e.g., Ref. [24]), while for black
hole-neutron star mergers, the black-hole mass and spin
are likely to be similar to those in the collapsar sce-
nario. In both cases, the total rotation kinetic energy
of the black hole available is larger than 1053 erg (see
Eq. (7)) which is much larger than the typical energy
of short gamma-ray bursts (∼ 1049–1050 erg [54]). The
latest neutrino-radiation magnetohydrodynamics simu-
lations have shown that a strong magnetic field is de-
veloped by magnetohydrodynamics instabilities such as
MRI for the merger remnants irrespective of the binary
type [22, 53, 55]. As Eq. (8) shows, the spin-down
timescale of the black hole is of order 103–104 s, much
longer than the typical timescale of short gamma-ray
bursts. This suggests that to explain the short timescale
(≲ 2 s) of short gamma-ray bursts, we need a mecha-
nism to stop the emission toward the observer direction
associated with the Blandford-Znajek mechanism (e.g.,
Ref. [53]), and in addition, we need a dissipation process
of the magnetic field that penetrates a black hole within
a timescale much shorter than the spin-down timescale
of 103–104 s. In other words, it might not be particu-
larly strange that long gamma-ray bursts took place after
neutron-star mergers [56–62] if the dissipation timescale
of magnetic fields cannot be very short in a class of
neutron-star merger remnants.

The present work is based on an axisymmetric simu-
lation, and as a result, we cannot follow the turbulence,
which should be developed by the MRI in the formed
disk/torus. In its presence, the magnetic-field strength
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is likely to be amplified more in them, the magnetic-flux
supply onto the black hole may be more efficient, and
a jet may be launched earlier. It is also likely that the
turbulence activity develops the effective viscosity in the
disk/torus, which can contribute to the explosion of the
entire star as found in our viscous hydrodynamics sim-
ulation [19]. These are the issues to be pursued in the
next step.
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Appendix A: Definition of LBZ and explosion energy

In the following, the Greek and Latin indices denote
the spacetime and spatial components, respectively.

Our (approximate) definition of the Poynting flux as
well as the total energy flux on the horizon is based on the
energy equation in the lab frame (see, e.g., Eq. (4.144) of
Ref. [24]). By combining the continuity equation for the
rest-mass density ρ, we have

∂tS̄0 + ∂iF
i
0 = α

√
γ(TijK

ij − γijJi∂j lnα), (A1)

where S̄0 = (α2T tt − ραut)
√
γ, Ji = −αT t

i, α is the
lapse function, Kij is the extrinsic curvature, Tµν is the
energy-momentum tensor, uµ is the four velocity of the
fluid, and

F i
0 = S̄0v

i +

(
P − E2 +B2

8π

)
(vi + βi)

√
γ

+
α
√
γ

4π
ϵijkE

jBk

=
√
γρw(hw − 1)vi +

√
γ

(
P − E2 +B2

8π

)
βi

+
α
√
γ

4π
ϵijkE

jBk. (A2)

Here, vi = ui/ut is the three velocity, w = αut, P is
the pressure, h is the specific enthalpy, Ei and Bi are
an electric field and a magnetic field in the lab frame,
βi is the shift vector, and ϵijk is the completely anti-
symmetric tensor in three dimension. Note that Ei and
Bi are defined from the electromagnetic tensor Fµν by

Ei = −αF it and Bi =
1

2
ϵiµνFµν . (A3)

The last term of Eq. (A2) denotes the Poynting flux, and
hence, the Poynting luminosity on the horizon is defined

by

Lfull
BZ =

∮
horizon

α
√
γ

4π
ϵijkE

jBkdSi (A4)

where dSi denotes an area element on the horizon.
Throughout this paper, the surface integral for the
Poynting luminosity is performed on apparent horizons.
For a wide portion of the black-hole horizon, in partic-

ular near the equatorial plane, the net extracted energy
can be negative if the matter inflow onto the black hole
is present. For such a situation, it would not be ap-
propriate to consider that the energy is extracted from
the horizon. Thus, in this paper, we practically define a
Poynting luminosity by

LBZ =

∮
horizon

α
√
γ

4π
ϵijkE

jBkΘ(F l
0nl)dSi, (A5)

where Θ is the Heaviside step function and nl is the spa-
tial unit vector normal to horizons. With the factor of
Θ(F l

0nl), we integrate the Poynting flux only if the to-
tal energy flux on the portion of the surface of apparent
horizon is positive. Thus, LBZ defined in this paper does
not give the entire Poynting luminosity extracted from
the black hole (i.e., LBZ < Lfull

BZ ) but a net one that is
emitted outward.
On the other hand, outflow energy (explosion en-

ergy) is extracted from the quantities in the outer re-
gion. Assuming that (∂t)

µ is a timelike Killing vec-
tor, with which the energy-momentum tensor satisfies
∂µ(

√−gTµ
ν(∂t)

ν) = ∂µ(
√−gTµ

t) = 0, the outflow en-
ergy is defined by

Eexp =

∫ t ∮
r=rext

√−g
[
−T k

t − hminρu
k
]
Θ(ebind)dSkdt

+

∫
r<rext

√−g
[
−T t

t − hminρu
t
]
Θ(ebind)d

3x,

(A6)

where rext denotes an extraction radius, which is chosen
to be ≈ 105 km, ebind is the specific binding energy of a
fluid element defined by

ebind =
−T t

t

ρut
− hmin, (A7)

and hmin = c2 + εmin is the minimum value of the spe-
cific enthalpy for a given equation-of-state table. For the
DD2 equation of state [21] which we employ in this pa-
per, εmin ≈ −0.0013c2. In electromagnetohydrodynam-
ics, the energy and momentum flux densities conserved
in stationary spacetime, −√−gTµ

t, are written as

−√−gT t
t =

√
γρut

[
α(hw − P/ρw)− βkhuk

]
+

√
γ

[
α
E2 +B2

8π
+ βk 1

4π
ϵklmElBm

]
, (A8)
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−√−gT i
t =

√
γρwvi

(
αhw − hukβ

k

)
+
√
γ

[
− α

E2 +B2

8π
βi + βk(EkE

i +BkB
i)

+ α

(
βiβk

α2
+ γik

)
1

4π
ϵklmElBm

]
,

(A9)

where we used Vt = βkVk for a spatial vector Vµ that
satisfies Vµn

µ = 0; i.e., for Eµ, Bµ, and ϵµklE
kBl. The

expression found in the first lines of Eqs. (A8) and (A9)
corresponds to −√−gTµ

t of the ideal fluid [63].
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