PHYSICAL REVIEW D 111, 123017 (2025)
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A resistive magnetohydrodynamics simulation with a dynamo term is performed for modeling the
collapsar in full general relativity. As an initial condition, a spinning black hole and infalling stellar matter
are modeled based on a stellar evolution result, superimposing a weak toroidal magnetic field. After the
growth of a massive torus around the black hole, the magnetic field is amplified in it, developing poloidal
fields via dynamo. In an early stage of the torus growth, magnetic fluxes that fall to the vicinity of the
central black hole are swallowed by the black hole and global poloidal magnetic fields that can be the
source of the Blandford-Znajek mechanism are not developed. However, in a later stage in which the ram
pressure of the infalling matter becomes weak, the magnetic field amplified by the black hole spin via the
winding becomes large enough to expel the infalling matter by the magnetic pressure, and subsequently, a
global poloidal magnetic field that penetrates the black hole is established, launching a jet along the spin
axis by the Blandford-Znajek mechanism with the luminosity suitable for explaining typical long gamma-
ray bursts. Together with the jet launch, the effectively viscous effect in the inner region of the torus and the
magnetocentrifugal effect drive the stellar explosion with the explosion energy comparable to typical or
powerful supernovae. We also find large amounts of synthesized °Ni and Zn associated with the stellar
explosion. In the presence of jet launching, r-process elements are weakly synthesized. The numerical
results of the explosion energy, ejecta mass, and *°Ni mass are in a good agreement with those for observed
broad-lined type Ic supernovae. Our result illustrates a self-consistent scenario for the gamma-ray-burst-

associated broad-lined type Ic supernovae.

DOI: 10.1103/msy2-fwhx

I. INTRODUCTION

The collapsar model [1-3] is one of the most promising
models for explaining the central engine of long gamma-ray
bursts (GRBs) (see also Refs. [4,5] for areview). This model
supposes the presence of a massive, rotating, and magnet-
ized progenitor star that collapses into a spinning black hole
surrounded by a massive torus. The black hole is often
supposed to be penetrated by a poloidal magnetic field with a
sufficiently high field strength >10'* G, with which the
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Poynting luminosity by the Blandford-Znajek mechanism
[6] is high enough to explain the luminosity of long GRBs.
The formed massive torus is supposed to be in a turbulent
state due to the magnetohydrodynamical instability and the
resulting heating by the effectively viscous process could be
an engine for the stellar explosion [7-10], which is often
associated with long GRBs [11]. This model has stimulated
a number of general relativistic magnetohydrodynamics
simulations (in the fixed black-hole spacetime) in the last
two decades (e.g., Refs. [12—18]), which indicated that jets
are indeed launched in the presence of strong poloidal
magnetic fields that penetrate a spinning black hole, which
are hypothetically assumed. The jet could also be the source
of the stellar explosion (e.g., Refs. [19,20]), although the
observational results may not support this idea [21].

In our previous paper [22], we performed axisymmetric
ideal-magnetohydrodynamics simulations for modeling
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collapsar incorporating a neutrino-radiation transfer in full
general relativity for the first time. In that work, we
employed a stellar evolution model developed for collap-
sars [23] and focused on the stage after the formation of a
spinning black hole. We assumed the presence of a poloidal
magnetic field and investigated the evolution of the black
hole and magnetic fields by the infalling stellar envelope
taking fully into account the self-gravity of the matter
infalling toward the central region. Simulations were
performed for a timescale of 10-20 s to follow the winding
of the magnetic fields associated with the black-hole spin.
We found the following results: (i) a jet' starts launching
at the moment that the enhanced magnetic pressure exceeds
the ram pressure of the infalling matter, i.e., when the
condition

BZ

o > Pinf Uiznf (1)

is approximately satisfied in the vicinity of the spin axis of
the black hole. Here B denotes the magnetic-field strength
in the polar region near the black hole, which is enhanced
by the winding associated with the black-hole spin, and p;,¢
and v;,; are the rest-mass density and infall velocity of the
matter; (i) the magnetic-field strength on the horizon is
approximately preserved after the onset of the jet launch (a
magnetically arrested state [16,24,25] is established), and
the Poynting flux associated with the Blandford-Znajek
mechanism remains approximately constant; (iii) as a result
of the continuous extraction of the rotational kinetic energy
of the black hole, its spin decreases with time, if the matter
infall onto the black hole is negligible. For the models in
which a jet is launched in an earlier stage, the magnetic-
field strength is stronger because of a higher value of p,
and the spin-down timescale can be shorter than or as short
as the typical time duration of long GRBs ~10-100 s; and
(iv) for such models, the total energy extracted from the
black hole can be much larger than 10°3 erg, which is larger
than the typical energy of long GRBs, its afterglow, and
supernovae (SNe) often associated with them (see also
Refs. [26,27]). From these results, we concluded that it is
not very likely that progenitor stars of collapsars have
strong poloidal magnetic fields before the formation of an
accretion disk around a black hole, and speculated that the
strong poloidal magnetic field for the collapsars should be
developed in the disk/torus surrounding the black hole by
magnetohydrodynamics instabilities such as magnetorota-
tional instability (MRI) and Kelvin-Helmholtz instability,
which induce turbulent motion [28], and by the subsequent
accretion of poloidal magnetic fields accompanied with the
matter infall onto the black hole.

'In this paper we refer to a collimated outflow propagated
along the spin axis of black holes as a jet even if it is not
ultrarelativistic.

To verify this hypothesis, we have to follow the turbu-
lent motion resulting from the magnetohydrodynamical
dynamo process in the disk/torus resolving MRI (and
other magnetohydrodynamical instabilities) with an initial
condition of weak or negligible poloidal magnetic field.
For this purpose, a three-dimensional simulation with the
timescale of much longer than 10 s is required, if we rely on
the ideal magnetohydrodynamics. Although such a simu-
lation should be one of the goals in relativistic astrophysics,
unfortunately, it is not feasible in the current computational
resources. Thus, in this paper, following our previous
paper [29], we perform axisymmetric resistive magneto-
hydrodynamics simulations adding a dynamo term, which
enables us to take into account the turbulence effect in the
disk/torus phenomenologically. This method is not suitable
for deriving quantitatively accurate results for the explosion
energy and Poynting flux associated with the Blandford-
Znajek mechanism. However, it is still useful for devel-
oping the qualitative and semiquantitative picture for
the mechanism of the jet launch and stellar explosion in
the collapsar scenario. Furthermore, the assumption of the
axisymmetry enables us to perform fully general relativistic
simulations for a sufficiently long term, i.e., 30-50 s, which
is necessary to clarify the mechanisms of the stellar
explosion and jet launch self-consistently.

It is also worth referring to the recent works of long-term
simulations for neutron-star mergers in general relativity
[30-33]. These works follow the long-term evolution of
remnants of neutron star mergers, which are composed of a
spinning black hole and accretion disk by general relativ-
istic ideal magnetohydrodynamics simulations. They found
that in the accretion disks, a turbulence is developed by the
MRI and associated @ — Q dynamo, which subsequently
enhance the magnetic-field strength in the disk and induce
mass ejection. Subsequent magnetic-flux accretion, asso-
ciated with the matter accretion from the disk, onto the
black hole constructs a magnetosphere near the spin axis of
the black hole. For the case that the matter density near the
spin axis is low, they also found the Poynting-flux-driven
collimated outflow along the spin axis [30,31,33]. Hence,
assuming the development of the turbulent state by the
dynamo action in the disk/torus around a black hole, which
can be the source of the subsequent powerful phenomena,
is quite reasonable.

In the present setup, we indeed find that a poloidal
magnetic field that penetrates the spinning black hole is
formed and a jet may be launched after the development of
a torus in a turbulent state. This turbulent state of the torus
also becomes the engine for the entire stellar explosion with
the explosion energy as high as or higher than typical
SNe of 10°! erg [9]. Thus, in this scenario, long GRBs that
accompany powerful SNe are self-consistently explained
(see Sec. III E for details).

The paper is organized as follows. In Sec. II, we describe
the setup of the present numerical simulations. In Sec. III,
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numerical results are shown focusing on the mechanisms of
the stellar explosion and jet launch as well as on the energy
of the stellar explosion and Poynting flux. We also perform
a nucleosynthesis calculation to show that the explosion
accompanies a large amount of *Ni production as found in
our viscous hydrodynamics simulations [9] and that jet
launching can accompany a weak r-process nucleosynthe-
sis [34]. Section IV is devoted to a summary and dis-
cussion. Throughout this paper, we use the geometrical
units of ¢ = 1 = G where ¢ and G denote the speed of light
and gravitational constant, respectively. kg denotes
Boltzmann’s constant.

II. SET UP

We employ the same formulation and simulation code
as in Refs. [29,35] for the present neutrino-radiation
resistive magnetohydrodynamics study. Specifically, we
numerically solve neutrino-radiation resistive magneto-
hydrodynamics equations with a dynamo term in full
general relativity in this code. A tabulated equation of
state, DD2 [36], is employed, with the extension of the
table down to low-density (p~0.17 g/cm?®) and low-
temperature (kg7 = 1073 MeV) region; see Ref. [30] for
the procedure. We note that in the present context, in which
the matter density is always lower than the nuclear-
saturation density, the high-density part of the equation
of state does not play an important role. Neutrino radiation
transfer is incorporated using the leakage plus M1 transport
scheme [37,38]. This code can take into account the
neutrino pair annihilation process approximately, but in
the present context, this is a subdominant effect compared
with the magnetohydrodynamics effects, so we switch it
off. The electromagnetic energy, explosion energy, ejecta
mass, and Poynting flux are evaluated by the same methods
as in our previous paper [22].

TABLE L

A. Dynamo term

Following Ref. [29], the simulations are performed
incorporating the terms which phenomenologically excite
the a — Q dynamo in the torus formed around the black
hole. The dynamo action is determined by a dimensionless
dynamo term a4 and a conductivity o.. In this paper, we
employ ag = 107 or 3x 107 and o, = 10* s™' with
k =17,8, and 9, assuming that the turbulence and dynamo
are excited by the MRI (see Sec. II B of Ref. [29] for the
derivation of the plausible values of a4 and o; see also, e.g.,
Refs. [39-41] for a plausible value of ay, which is obtained
from numerical experiments). We note that we do not make a
particular fine-tuning on the choice of these parameters, but
by a variety of choice of these parameters, it is found that for
higher values of a4 the amplification of the magnetic field
proceeds more quickly and for lower values of o, the
dissipation of the magnetic field proceeds more quickly.

In addition to these parameters, we introduce a cutoff
density, pu, to suppress the dynamo action in a low-density
region, in which the magnetic pressure is comparable to or
larger than the gas pressure (i.e., for magnetosphere).
Specifically, the dynamo coefficient is modified as

g = ad[l - exp(_p/pcut)]’ (2)

where p.,, is primarily chosen to be 10° g/cm? and partly
10® g/cm? (see Table I for the parameters of each model).
This cutoff prescription is necessary to avoid a spurious
appearance of the polarity change in the magnetosphere
around the rotational axis of the black hole where the
dynamo effect should be absent.

We here emphasize again that adding the dynamo
prescription is a phenomenological method for getting a
disk/torus in a magnetohydrodynamics turbulent state. We
believe that this is an effective way to gain qualitative
insight for developing the collapsar scenario. However, the

Parameters for each model. Model name, initial maximum magnetic-field strength, the values of oy, o,

Peut> and the grid spacing in the central region Ax. The last two columns show whether we find the stellar explosion
and jet launch. The last four rows list the data for high-resolution runs and a viscous hydrodynamics run. The model
name refers to 10g,o By 10%ay, 1og,o 0., and high or low value of py,.

Model B (G) ay G Peut (g/cm?) Ax (m) Explosion Jet
B11.1.8h 10" 1074 108 108 360 Yes Yes
B12.1.8h 1012 10~ 108 108 360 Yes Yes
B12.1.81 1012 10~ 108 10° 360 Yes Yes
B12.3.81 1012 3x 1074 108 106 360 Yes Yes
B12.1.71 1012 104 107 10° 360 Yes Weak
B12.1.91 1012 10~ 10° 10° 360 Yes Yes
B12.1.81-H 1012 1074 108 106 300 Yes Yes
B12.3.81-H 1012 3x 107 108 100 300 Yes No
B12.1.71-H 1012 10~ 107 10° 300 Yes Weak
Viscous 360 Yes No
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results will not be quantitatively very reliable. To obtain a
more reliable quantitative result, a first-principle three-
dimensional simulation with a sufficient grid resolution is
required in future.

B. Initial condition

Following our recent work [9], for the initial condition,
we prepare a system of a spinning black hole and infalling
matter instead of using the original progenitor star model.
To obtain the initial data, specifically, we take the progen-
itor models from a stellar evolution calculation of Ref. [23].
In this work we employ the 35M star model in their paper
(AD35 model of Ref. [9]), which is very compact at the
onset of the stellar core collapse, and hence, it is reasonable
to assume that a black hole is formed in a short timescale
after the onset of the core collapse [42]. Since the angular
momentum in the inner region of the progenitor star is
not very large, the black hole should be evolved by the
accretion from the outer region without forming an accre-
tion disk for a while [9]. We select such a stage to construct
the initial data by solving constraint equations of general
relativity in the hypothesis that the system is momentarily
composed of a spinning black hole and nearly free-falling
matter. Since we set up the initial data at a stage prior to the
formation of a disk, the mass and dimensionless spin of
the black hole are high as Mgy, = 16M¢ and y, = 0.70,
and the rest mass outside the black hole is M, = 9.5M .
Here, the initial angular momentum of the black hole is
Jeno = MzBH,()Z0~ We note that in typical progenitor stars
for collapsar models [23] a high initial spin with y 2 0.6 is
a prerequisite for the subsequent formation of a massive
torus (see, e.g., the results of [9]).

The mass and dimensionless spin of the black hole are
determined by analyzing the equatorial and polar circum-
ferential radii, C, and C), respectively, of apparent hori-
zons (e.g., see Ref. [43]). Specifically, the mass is
determined by the relation of

C
Mgy = —=, 3
=4 G)

and the dimensionless spin is determined from C,/C,,
which is a monotonic function of the dimensionless
spin, y, for Kerr black holes and can be used to identify
the value of y. We also confirm that the mass and spin
obtained by them satisfy the relation of the area, Ay =
8aM3,(1 + /1 — x?), within the error of 0.1%. We cut
out the matter outside the radius of 103 km because the
computational domain in our simulation is 103 x 103 km
for w and z where w is the cylindrical coordinate.

C. Initial condition for the magnetic-field

We superimpose a toroidal magnetic field with which the
electromagnetic energy is initially much smaller than the

internal energy and kinetic energy. Specifically we give

B = BO\/max(P —107°P 0, 0) f(x) f (|2

) (4)

where P denotes the gas pressure with P, its maximum, y
is the toroidal direction in the x-z plane, B is a constant,
and

2

SO = m

L, (5)

with, Ry = 10 km. Note that f(x)f(|z|) is necessary to
guarantee the regularity relation of the magnetic field at the
symmetric axis and on the equatorial plane (we impose the
equatorial-plane symmetry in the simulation). The initial
magnetic field strength is controlled by the value of B, and
in this work, we choose it so that the maximum field
strength becomes 10'% or 10'! G. With the initial condition
of Eq. (4) the ratio of the magnetic pressure to the gas
pressure is approximately constant except for the region
near the symmetric axis and equatorial plane.

Since the magnetic pressure is much weaker than the gas
pressure in the present setting, the magnetic field effects
play no role before the dense disk/torus is established.
Also, because of the absence of the initial poloidal
magnetic field, the Blandford-Znajek mechanism is negli-
gible in the early stage of the evolution of the system, i.e.,
before the development of a turbulence in the disk/torus.
The magnetic field effect including the Blandford-Znajek
mechanism plays an important role only after a turbulent
state of the disk/torus is established; artificially enhanced
Blandford-Znajek effect is absent in this setting. An
advantage of this work is that we do not have to set up
a strong poloidal field initially, which is often prepared for
the ideal magnetohydrodynamics simulations to guarantee
resolving the fastest growing mode of MRI in the disk
and/or to save the computational time for observing a jet
resulting from the Blandford Znajek mechanism.

As discussed in our previous paper [22] the magnetic-
field strength required on the horizon is B ~ 10'* G for
typical long GRB jets because the luminosity in the
Blandford-Znajek mechanism is written as

Mg \2/ B, \2/ 7 \2
LBZzlxlom(lOE{@) <1014PG> (ﬁ) erg/s, (6)

where B, is the poloidal magnetic-field strength on the
horizon while B denotes the total field-strength. The
magnetic pressure for such a field strength is B?/87z =
0(10%) dyn/cm?, which has to be larger than the ram
pressure of the infalling matter at the jet launch. For given
values of the rest-mass density p;,; and the infall velocity
Ving, the ram pressure is written as
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. S\ 2
20822 x 1020 (Lt ) (T} Gonsem2, (7
Thus a jet is likely to be launched in a late stage of the
system in which the density of the infalling matter
decreases below ~10° g/cm?.

D. Computational domain and time

The computational region is prepared in the same manner
as in Ref. [22]. The simulation is performed on a two-
dimensional domain of w and z (see also Refs. [44,45]). For
the @ and z directions, a nonuniform grid is employed: For
xS 7GMBH’0/4CZ (x = w or z), a uniform grid is used,
while outside this uniform region, the grid spacing Ax; is
increased uniformly as Ax;;; = 1.01Ax;, where the sub-
script i denotes the ith grid. The black-hole horizon
(apparent horizon) is always located in the uniform grid
zone, and the outer boundaries along the w and z axes
are located at ~10° km. The grid resolution of the uniform
grid zone is Ax =360 m=~0.0152GMpy/c? for the
standard runs (see Appendix B of Ref. [9] for the validity
of this choice). For three models (B12.1.71, B12.1.8],
and B12.3.8]) higher resolution runs with Ax = 300 m =~
0.0127GMgy o/ c¢? is performed to examine the dependence
of the numerical results on the grid resolution. A high-
resolution simulation was also performed for a4 =
3x 107 and 6, = 107 s7! (referred to as B12.3.71-H in
the following), but the result is similar to model B12.3.8I-
H, and hence, we do not discuss the results in this paper. We
also perform a viscous hydrodynamics simulation for
comparison with the same setup as the magnetohydrody-
namics simulation with grid resolution of 360 m. In this
paper we start the viscous hydrodynamics simulation with
Mgy = 16M (in Ref. [9] Mgy = 15M) and choose
the dimensionless alpha parameter as a, = 0.03 (see
Ref. [9] for the definition of it). Table I lists the setup
information for all the models discussed in this paper.

For each model, the system was evolved for 30-50 s.
Each run was performed on the Sakura or Momiji clusters
at the Max Planck Computing and Data Facility. Typical
computational costs were 3 million cpu hours.

III. NUMERICAL RESULTS

A. Mechanism of stellar explosion and jet launch

For all of the models simulated in this paper, we find the
stellar explosion although the energy of the stellar explo-
sion depends strongly on the parameters (a4, o.) chosen.
The stellar explosion is driven primarily by the magneto-
hydrodynamics activity of the torus. Jet launch is also
found for many of the models but for some of the models,
we do not find the establishment of a strong jet along the
axis of the black hole spin (see Table I and the discussion
below for the reason for this). We here first summarize the

evolution process until the stellar explosion and jet launch
describing the entire evolution process for model B11.1.8h
(see Figs. 1 and 2), for which we find both the successful
stellar explosion and jet launch. We note that for other
models in which the explosion and jet launch are found, the
evolution process is qualitatively identical.

For the first ~1.5 s after the start of the simulation, the
mass infall onto the black hole simply proceeds with no
disk formation, and as a result, the mass and dimensionless
spin of the black hole monotonically increase with time
(cf. Fig. 3). The situation changes at r ~ 1.5 s, at which the
disk and subsequently geometrically thick torus are devel-
oped around the black hole due to the infall of the matter
with relatively high specific angular momentum (see the
second and third panels of Fig. 1), although the mass infall
onto the black hole still proceeds steadily from the polar
region. The total mass and radial extent of the torus as well
as the mass and spin of the black hole monotonically
increase with time for ~10 s, and then, due to the dynamo
action, a turbulent state is developed in the torus, enhancing
the magnetic-field strength (see Fig. 4 for the growth and
saturation of the electromagnetic energy). However, in the
early stage of the torus evolution, i.e., for the first ~10 s for
model B11.1.8h, the ram pressure of the infalling matter is
still larger than the electromagnetic forces, and hence, the
expansion of the torus is suppressed although the torus
gradually expands in the radial direction due to the angular
momentum transport as well as the infall of the matter with
high specific angular momentum from the outer envelope.
We note that all these processes universally proceed for all
the models studied in this paper.

After the turbulent state is developed in the torus, the
mass accretion from the torus onto the black hole also
proceeds due to the associated angular momentum trans-
port process. By this process, magnetic fluxes fall onto the
black hole, and hence, the poloidal magnetic fields that
penetrate the black hole could be developed. Our numerical
simulations show that the typical field strength in the torus
is determined by the equipartition relation between the
magnetic energy density and internal energy density, which
is approximately written as B>/8z = npc? where p denotes
the typical density of the torus, ¢, the typical sound
velocity, and # is a constant of 0.01-0.1. In the vicinity
of the black hole, the typical density and sound velocity are
10°-10'° g/cm® and 0.1c(= 3 x 10° cm/s) before the
stellar explosion and jet launch. Then we have

B—1ix10G(— " )" -
’ 10° g/cm? 3x10° g/cm?

x <$> " (8)

This field strength is a good number to produce typical
GRBs if the poloidal magnetic field that penetrates the
black hole is developed through the magnetic-flux
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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 @w — z plane at selected time slices for model B11.1.8h. Note that for each snapshot (except for the first two
snapshots), the regions displayed are different. An animation for this model is found at [46].
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FIG.2. The same as Fig. 1 but for the magnetic-field strength (color) and poloidal field lines. An animation for this model is found at [47].
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accretion from the torus [see Eq. (6)] and if the conversion
efficiency of the Poynting flux to gamma-rays is suffi-
ciently high.

In the early stage of the evolution (for model B11.1.8h,
until ~19 s), the ram pressure by the infalling matter is still
higher than the electromagnetic force near the spin axis of
the black hole, and thus, a seed of the poloidal magnetic
field is swallowed by the black hole before a sufficient
amplification by the winding associated with the black-hole
spin. In such a situation, it is not possible to construct a
robust large-scale magnetosphere that can be responsible for
the Blandford-Znajek mechanism. We note that the duration
for this stage, i.e., until the establishment of a large-scale
magnetosphere, depends strongly on the dynamo parameters
and cutoff density.

However, the ram pressure decreases with time due to the
decrease of the density of the infalling matter. As a result,
the electromagnetic forces can eventually overcome the
ram pressure [cf. Eq. (1)], leading to a mass ejection from
the torus and to a jet launch (see the third and fourth panels
of Figs. 1 and 2). The mass ejection power of the torus is
prominent in particular from its inner edge (close to the
black hole) for which the electromagnetic force is strongest.
This mass ejection power is not still large enough to induce
the stellar explosion in an early stage, but the expansion
of the torus is accelerated by this activity. The expansion
of the torus can block the mass accretion onto the black
hole from the envelope, and thus, by this activity, the ram
pressure near the black hole is reduced. Under such a
situation, if a poloidal magnetic field, which is supplied
from the torus, is amplified by the winding associated with
the black-hole spin and the resulting electromagnetic force
overcomes the ram pressure of the infalling matter, a jetlike
outflow is driven from the polar surface of the black hole
(see the fourth panel of Fig. 1). After the launch of the
outflow, a funnel structure with low density and high
entropy per baryon is established in the polar region (see
the fourth—sixth panels of Fig. 1), and the Poynging flux
associated with the Blandford-Znajek mechanism starts

TABLE II.

being propagated outward (see the fourth panel of Fig. 2),
leading to the development of the jet structure near the
spin axis.

Approximately at the same time, entire stellar explosion
also sets in for model B11.1.8h (and for other jet-launching
models). This results from the magnetohydrodynamics
activity and strong shock heating at the inner region of
the torus close to the black hole (see fifth and sixth panels
of Figs. 1 and 2). The magnetocentrifugal force associated
with the black hole spin and differential rotation of the torus
may partly contribute to the mass ejection from the torus.
The jet developed near the spin axis also contributes to the
explosion in particular near the polar region. Due to the
mass ejection associated with the jet, an outflow is driven
from the inner region of the torus, and then, some of the
ejected matter has relatively low values (0.3-0.4) of the
electron fraction, Y., because the inner region of the torus
has high density, i.e., the electron degeneracy is high, for this
model (note that this may not be the case for other models).
The star entirely explodes at ¢ ~30 s for B11.1.8h.

For this model, a torus component with its rest-mass
lower than p, remains even at the stellar explosion. This is
an artifact for the choice of the high cutoff density to the
dynamo parameter, below which density turbulence of the
disk/torus is inactive. For the lower cutoff density, the mass
of the left-over torus is much smaller and the ejecta mass is
larger (cf. Table II; e.g., compare the results of models
B12.1.81 and B12.1.8h). For the low cutoff density, the
initial mass minus the sum of the final black hole mass and
ejecta mass is less than 1M for many models, and hence,
we consider that the effect for the artificial choice of the
cutoff density is likely to be minor for p., = 10% g/cm?.

For the present choices of the dynamo parameters, the
features described above are also observed for many
models. However, for a few runs (B12.1.71, B12.1.71-H,
and B12.3.81-H), the jet power is weak or jet is not seen
until the termination of the simulation, although the stellar
explosion with the explosion energy larger than 10°! erg is
universally achieved by the torus activity (cf. Table II). For

Key results. From left to right, approximate time at which the explosion sets in, ejecta mass, explosion

energy, Poynting luminosity integrated over simulation time, and total energy emitted by neutrinos, respectively.

Model lexp (5) My (M) Eeyp (109" erg) Egy (10°! erg) E, (107 erg)
B11.1.8h 17.0 1.56 1.68 1.20 3.96
B12.1.8h 14.3 1.58 1.33 0.87 3.16
B12.1.81 11.7 3.20 5.40 1.20 2.73
B12.3.81 7.6 4.90 11.6 1.59 1.86
B12.1.71 17.4 1.77 1.67 0.22 3.18
B12.1.91 20.7 2.86 2.97 0.51 3.16
B12.1.81-H 10.1 2.40 3.98 0.83 3.53
B12.3.81-H 7.1 3.55 4.65 0.93 1.85
B12.1.71-H 15.0 1.95 1.92 0.20 3.12
Viscous 52 4.80 8.31 e 0.34
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Left: evolution of the mass and dimensionless spin of the black holes for models B11.1.8h, B12.1.8h, B12.1.81, B12.3.8],

B12.1.71, and B12.1.91 as well as for a viscous hydrodynamics model. Right: the same as the left panel but for models B12.1.8],
B12.3.81, B12.1.71 (dashed curves), and their high-resolution runs (solid curves).

these runs, the poloidal magnetic field that penetrates the
black hole is not established well. Our interpretation for
this is as follows: First, the magnetic field enhancement is
achieved by the turbulent process, i.e., a stochastic process.
Even if a seed poloidal magnetic field penetrates the black
hole, it could pair-annihilate due to the infall of a magnetic
flux with a different polarity from the torus. This process
could prevent the swift formation of a large-scale poloidal
field. Note that the poloidal magnetic field and resultant jet
power become weak if the global poloidal magnetic field is
established in a late stage; see Eq. (1). This is the case for
models B12.1.71 and B12.1.71-H. For these models, the
dissipation efficiency of the magnetic field is high, and this
may affect the jet launch timing. Second, a strong poloidal
field should be developed when the density and gas
pressure of the torus are high enough, i.e., the magnetic
field strength is high enough [cf. Eq. (8)]. For the case that
the value of a is large (and o, is not very low), the dynamo
can be efficiently activated, resulting in a quick increase of
the thermal energy and expansion of the torus. In such a
situation, the mass ejection from the torus can be driven in a
relatively early stage, while the accretion of the magnetic
flux with a strong magnetic field onto the black hole is
prevented. Then, a stellar explosion with large energy from
the torus engine is possible, but the jet launch can be
inactive. This is seen for model B12.3.81-H.” As a conse-
quence, this model is similar to the viscous hydrodynamics
model in which only a high-energy stellar explosion (no jet
launch) is the result (cf. Table II).

By contrast, for some models like B12.1.81 and B12.3.8l,
the energies of both the stellar explosion and the jet are
high. For these models, a large-scale poloidal magnetic
field that penetrates the black hole is established in a
relatively early stage, leading to a high field strength [see

’See an animation for this model at https://www2.yukawa
.kyoto-u.ac.jp/~sho.fujibayashi/share/B12.3.81-H-multiscale.mp4.

Eq. (1)]. For these early jet-launch models, the stellar
explosion also sets in at earlier time with large explosion
energy (cf. Table II). All these results illustrate that for
strong jet launching, a good combination of the dynamo
parameters, i.e., a suitable activity for the dynamo, is
required.

Stellar explosion was also found in our viscous hydro-
dynamics simulation [9] and in our ideal magnetohydro-
dynamics simulation [22]. For the viscous hydrodynamics
case, the explosion mechanism is qualitatively similar to
that found in this paper; the viscous heating in the torus in
the vicinity of the black hole can be the primary engine for
the explosion. On the other hand, the explosion mechanism
in our previous ideal magnetohydrodynamics simulation is
different from those of the viscous hydrodynamics and
present magnetohydrodynamics ones because, in the pre-
vious ideal magnetohydrodynamics, the turbulence in the
torus was not excited. For that case, the magnetocentrifugal
force resulting from the black-hole spin or the differential
rotation in the torus together with a high field strength is the
primary engine. Since relatively strong poloidal magnetic
fields were initially assumed in Ref. [22], such a mecha-
nism can work for inducing the stellar explosion (i.e., in a
sense, the result is determined by the assumption/initial
setting). In the present study in which the initial poloidal
magnetic field is not extremely strong at the formation of
the torus, this mechanism is subdominant.

B. Evolution of the black hole

Figure 3 shows the evolution of the mass and dimen-
sionless spin of the black holes for models B11.1.8h,
B12.1.8h, B12.1.81, B12.3.81, B12.1.71, and B12.1.91 (left)
and for models B12.1.81, B12.3.81, B12.1.7], and their
high-resolution runs (right). For comparison, we also plot
the results of a new viscous hydrodynamics simulation in
which we also find the stellar explosion (but no jet launch;
see Ref. [9] for the results in a similar setting). As we
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already mentioned, these quantities increase monotonically
and steadily with time in an early stage of the evolution (for
t <10 s). After the development of a massive torus, their
increase rates decrease, and after the onset of the stellar
explosion, the values of these quantities approximately
relax to constants, as Mgy =~ 20-22M and y =~ 0.78-0.84.
The feature is also quite similar to that in our previous
paper [22], although the stellar explosion mechanism in
that paper, which was caused solely by the magneto-
centrifugal effects, is different from that in the present
paper; from the evolution curves of the black hole, the
mechanism of the explosion cannot be distinguished.

We here stress that in the present work, the poloidal
magnetic-field strength at the black-hole horizon that
accounts for the jet launch is ~10'* G, and as a result,
the spin-down timescale associated with the Blandford-
Znajek mechanism is much longer than 100 s in contrast to
those in the strongly magnetized models of Ref. [22]. In the
present result, the spin-up by the mass accretion always
dominates over the spin-down by the Blandford-Znajek
mechanism.

By a close look at the final values of Mgy and y, we find
that for models in which earlier explosion is induced, the
resulting mass and dimensionless spin of the black holes
are smaller. This makes it possible to eject larger mass and
to synthesize more Ni (cf. Tables II and III).

For the viscous hydrodynamics result, both the final
mass and dimensionless spin of the black hole are
smaller than those of many of the magnetohydrodynamics
results. The reason for this is that in our viscous hydro-
dynamics, the viscosity turns on from 7 = 0, and hence,
soon after the development of the massive disk/torus, the
viscous activity is enhanced, leading to an earlier stellar
explosion. On the other hand, in the present magneto-
hydrodynamics simulations, it takes more time until the
magnetic field strength is sufficiently enhanced and a
turbulent state is established. Thus, the stellar explosion
and jet launch are induced in later stages.

TABLE III.

C. Evolution of the electromagnetic energy

We confirm that the strength of the poloidal magnetic
field that penetrates the black hole becomes higher for
the earlier jet launch model as Eq. (1) indicates. This is
reflected in the high Blandford-Znajek Poynting flux for
models such as B12.1.81, B12.1.81-H, and B12.3.81 (see the
next subsection).

By contrast, the evolution curves of the electromagnetic
energy and the ratio of the electromagnetic energy to the
kinetic energy do not show noticeable differences among
the models. Figure 4 displays the evolution of the electro-
magnetic energy with time. Before the formation of a disk
att ~ 1.5 s, itnever grows but rather slightly decreases with
time during the matter infall due to the toroidal nature of
the initial magnetic-field profile. Once the disk (and sub-
sequently a torus) is developed, the dynamo effect enhances
the magnetic-field strength significantly until the saturation
is reached. The saturation time is ~10 s irrespective of the
models. After the saturation, the electromagnetic energy is
kept in average of order 10°° erg, and at the onset of the
stellar explosion, it starts decreasing with time because the
magnetic-field strength becomes weaker as the explosion
progresses.

The ratio of the electromagnetic energy to the kinetic
energy, displayed in Fig. 5, steeply increases at t ~ 1.5 s
and subsequently until 7~ 10 s, it gradually increases to
~1072. Our interpretation of this slow increase is due to the
fact that before ¢ ~ 10 s, the kinetic energy of the infalling
matter (not the rotational kinetic energy of the torus)
contributes primarily to the total kinetic energy. How-
ever, for t > 10 s, this ratio relaxes to ~1072, indicating that
the torus is massive, turbulent, and in an equipartition state,
which seems to be a prerequisite for the subsequent jet
launch and stellar explosion from the torus.

We here touch on the convergence of the numerical
results. In the right panels of Figs. 3-5, we compare
the numerical results with two different grid resolutions.

Mass of ejecta components that experienced above 5 GK and the masses of 4474, 56N, 5'Ni, Zn, Sr, Te, and lanthanides

plus actinides in units of M. The values in the brackets (4th and last columns) show the ratio of the *°Ni mass with respect to the mass of
the matter which experienced T, > 5 GK and the ratio of the mass of lanthanides plus actinides with respect to the total ejecta mass.

Model > 5GK 44T SONj SNi Zn Sr Te Lan. + act.
B12.1.8h 0.32 29x 1075 0.17 (0.51) 21x1072 12x1072 43x1073  12x107 1.6x 107 (8.6 x 1079)
B12.1.81 1.60 1.8x10™* 1.08 (0.68) 23x102 83x1073 3.1x107 24x10° 52x107° (1.5x107°)
B12.3.81 1.51 1.9%x10™* 087 (0.57) 72x103 19x10% 15x10% 97x108 52x1077 (1.0 x 1077)
B12.1.71 0.36 29%x 1075 0.16 (0.46) 43 %103 22x102 36x1073 57x10° 22x1075 (1.0 x 1079)
B12.1.91 1.19 8.0x 1075 0.84 (0.70) 29x1072 9.1x107 36x102 1.1x10* 1.0x107° (1.4 x107?)
B12.1.81-H 1.09 9.6x 1075 050 (0.46) 1.0x1072 3.6x102 14x1072 12x107 51x107* (1.8 x 1074
B12.3.81-H 1.22 1.1x10* 079 (0.65) 21x102 1.0x1073 7.0x107° 0 0
B12.1.71-H 0.54 501x 1075 0.23(043) 43x1072 42x107%2 26x1073  22x107* 6.7x 1075 (2.8 x 1079)
Viscous 1.00 55x 1075 042 (042) 1.6x102 58x10* 1.8x10710 0 0
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FIG. 4. Left: evolution of the electromagnetic energy for models B11.1.8h, B12.1.8h, B12.1.81, B12.3.81, B12.1.71, and B12.1.91.
Right: the same as the left but for models B12.1.81, B12.3.81, B12.1.71 (dashed curves), and their higher-resolution runs (solid curves).
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These figures indicate that numerical convergence is well
achieved before the turbulence in the torus is excited. On
the other hand, after the development of the turbulence,
the convergence is fair. This is reasonable because the
stochastic motion is dominant in the stage in which the
turbulence is excited. Thus, the results in this paper for the
explosion and jet are qualitatively and semiquantitatively
reliable. However we have to keep in mind that quanti-
tatively the numerical results in the explosion energy,
ejecta mass, and Poynting luminosity, which will be
shown in the next subsection, would have an uncertainty
of a factor of a few. This is in particular the case for the
quantity associated with the jet driven by the Blandford-
Znajek mechanism because the magnetosphere around the
spin axis of the black hole is established after the
turbulence is significantly excited in the torus. For
example, for model B12.3.81 we find a jet launch whereas
for model B12.3.81-H we do not find, although for both
models we find the stellar explosion with high explosion
energy: This reflects the fact that for B12.3.81-H, the
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The same as Fig. 4 but for the ratio of the electromagnetic energy to the kinetic energy of the matter.

electromagnetic power from the torus is predominantly
used for the stellar explosion toward the direction different
from the spin axis.

D. Explosion energy, ejecta mass, and Poynting
luminosity

The approximate onset time of the explosion 7y, total
ejecta mass M., explosion energy E.,, and Poynting
energy associated with the Blandford-Znajek mechanism
Egy are summarized in Table II. Note that in the explosion
energy, the electromagnetic energy is included but it is
always subdominant. Figure 6 shows the evolution of the
gjecta mass, M, and explosion energy, E.,,, as functions
of 1 — 1., for all the models simulated in this paper. It is
found that M and E., increase gradually with time after
the sudden increase at the onset of the explosion irrespec-
tive of the models. The engine of this increase is the long-
term magnetohydrodynamical activity of the torus.

Broadly speaking, for earlier explosion models, i.e.,
B12.1.81, B12.1.81-H, and B12.3.81, M, E,, and Egy

123017-10



SELF-CONSISTENT SCENARIO FOR JET AND STELLAR ...

PHYS. REV. D 111, 123017 (2025)

10!
- W0
s
—10-1 L il ]
10 il —— BIL1sh BI2.1.71
= S B12.18h B12.1.9]
—2 L - -- Bl218l viscous |
10 T B12.3.8]
iy 1
101 L
E@ » _
E? 100 L v,"fy‘f?f?S?ttivzjjjzzr=<""‘
2101 b/
Shall
10-2 L : : . s
0 5 10 15 20 25

E toy (5

10!

M (N[LD)

--- BI218l —— BI218-H

o [ B12.3.81 B1238LH |

10 ! B12.1.71 B12.1.7-H
.

Eexp (1051 (‘,I’g)

10 15 20 25
t—texp (5)

FIG. 6. Left: time evolution of the ejecta mass (top panel) and explosion energy (bottom panel) for all the standard-resolution models
as well as for the viscous model. The time origin for each model is chosen to be the time of the onset of the explosion, i.e., 7.,,. Right:

comparison of the results in two different grid resolutions.

are all relatively large (this is also the case for the viscous
hydrodynamics model for which the explosion always
sets in earlier), while for late-explosion models such as
B12.1.8h and B12.1.71, they tend to become relatively
low. This is reasonable because for the late-explosion
models, the matter located outside the black hole is smaller
at the onset of the explosion, and the poloidal magnetic
field established at the jet launch is weaker [see Eq. (1)].
However, the explosion energy is always comparable to
or larger than ordinary SNe, i.e., >10°! erg, for all our
models, as in our viscous hydrodynamics models [9]. In
particular for models B12.1.81, B12.1.81-H, B12.3.81, and
B12.3.81-H, for which the explosion sets in relatively
earlier, the explosion energy is much higher than those
of the ordinary SNe and comparable to the energetic SNe
such as broad-lined type Ic (type Ic-BL) SNe [11] (see
below). For these models (except for B12.3.81-H for which
no jet is launched), the total energy of the Poynting flux,
Egy, is also comparable to the energy required for long
GRBs [48], and hence, these are good models for GRB-SN
events. It should be also mentioned that for other models,
Epgy is still of order 10°° erg, which can account for some of
long GRBs.

The explosion energy, E.,y, is always larger than Egy. In
particular, for high-explosion energy models, E,, is by a
factor of several larger than Eg,. This suggests that the
stellar explosion energy would be much larger than the
energy of GRBs in our present scenario. This result is
consistent with the finding of Ref. [21].

The filled markers of Fig. 7 show the correlation between
the ejecta mass and explosion energy. The open markers
denote the inferred values from the observations of type
Ic-BL SNe [49]. The gray crosses denote the results of
viscous hydrodynamics simulations [9]. The stars denote
the results of the runs with a higher grid resolution. It is
found that as in the viscous hydrodynamics results of

Refs. [9] (see also Refs. [8,10,50]), the present results,
which are obtained purely from the results of the numerical
simulations with no fine tuning, are in a good agreement
with the observational results. It is worth stressing that the
correlation between the explosion energy and ejecta mass is
quantitatively reproduced. This suggests that the present
collapsar scenario can be a good candidate for interpreting
the observational data of the energetic SNe.

We here note that the diversity of M; and E.,;, in viscous
hydrodynamics simulations of Ref. [9] arose from the
variation of the progenitor’s angular momentum; for the
higher value of the progenitor’s angular momentum, these
values are larger. For the present work, on the other hand,
the diversity of M; and E.,, arises from the variety of the
dynamo parameters, i.e., from the degree of the dynamo
activity. If the progenitor model is in addition varied
for a wide variety, the diversity of M and E, would
be even wider.

Another point to be noted is that the ejecta mass in our
result is always smaller than 5M o, and hence, our models
cannot explain the observational data with ejecta mass of
25M . In our present choice of the progenitor model, the
total baryon mass at the initial condition is <10M, and
thus, it is in principle impossible to reproduce the obser-
vational data with M; > 10M . To reproduce the data with
a high value of the ejecta mass, thus, different progenitor
models are necessary.

In our resistive magnetohydrodynamics simulations, the
strength of the poloidal magnetic fields that penetrate
the black hole decreases gradually over time because the
magnetic fluxes with different polarities are ejected from
the torus and weaken the magnetic-field strength in the
magnetosphere via reconnection. The top panel of Fig. 8
shows the Poynting flux extracted from the black hole as a
function of 7 — 7, for selected models with high lumi-
nosity (B12.1.81 and BI12.1.8]1-H) and low luminosity
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FIG. 7. Correlation between the ejecta mass and explosion energy (filled markers). The open markers denote the inferred values from
the observations of type Ic-BL SNe [49]. The gray crosses denote the results of viscous hydrodynamics simulations of Ref. [9]. The
diamonds and circles denote the models with high and low cutoff density p., respectively. The stars denote the results of the runs with a
higher grid resolution. Note that in Ref. [9], progenitor’s angular momentum was varied for a wide variety and the diversity of M; and

E.yp reflects this variation.

(B12.1.71 and B12.1.71-H). We note that for other models
the results have quantitatively similar dependence on Egy.
Soon after the jet launch, the peak is reached with Ly, ~
10°! erg/s for B12.1.81 and BI12.1.81-H and with
~10°%3 erg/s for B12.1.71 and B12.1.71-H. For ~10 s,
the peak values of Lg; are kept to be =10 erg/s for
B12.1.81 and B12.1.81-H, but subsequently, it decreases
with time. This is due to the decrease of the poloidal
magnetic-field strength via the reconnection. For B12.1.71
and B12.1.71-H, the values of Lg; drops more quickly after
the first peak.

The middle panel of Fig. 8 shows the absolute value of
the poloidal magnetic flux that penetrates the black hole,
@,y It is found that this quantity decreases gradually over
time for ¢ > 7., as well. We find that the magnetic fluxes
for models B12.1.81 and B12.1.81-H are higher than those
for models B12.1.71 and B12.1.71-H. The reason for this is
that the magnetosphere along the spin axis is developed
earlier for models B12.1.81 and B12.1.81-H [see Table II
and Eq. (1)]. We find an oscillation for @,y with time
irrespective of the models. This is caused by the magnetic
polarity changes with time due to the dynamo action of the
accretion torus and resulting reconnection of the magnetic
field in the magnetosphere. This mechanism suppresses
the over-extraction of the rotational kinetic energy of the
black holes by the Blandford-Znajek mechanism, leading
to a reasonable value of the total extracted energy of order
10°! ergs (see Table II). We note that the result obtained
in this paper is quite different from that in our previous

ideal-magnetohydrodynamics work [22] for which high
luminosity is preserved for much longer timescales,
because in the previous axisymmetric and ideal magneto-
hydrodynamics work no dynamo effect was taken into
account.

The bottom panel of Fig. 8 plots the evolution of the
MADness parameter defined by

q)AH

$an = -
\/47TG2C_3MBH,*M]23H

) 9)

where MBH!* is the rest-mass accretion rate onto the black
hole. It is found that this value is at most ~5, which is much
smaller than the critical value for establishing the fully
magnetically arrested disk (MAD) state ~50 [16,25]. The
reason for this is that the MAD state is established only
locally (near the spin axis of the black hole) in our present
models. In our models the condition for launching a jet with
certain strength is ¢y = 5; for model B12.1.71, the jet is
weak. This condition is quantitatively similar to that found
in Ref. [22] as well as that found in black hole-neutron star
merger simulations [30,31].

As found from the middle and bottom panels of Fig. 8, in
the present simulations, the steady poloidal magnetic-field
structure cannot be developed. The reason for this is that in
the presence of the dynamo action, the polarity of the
magnetic fields change in the torus in a short timescale
quasiperiodically, and hence, the poloidal magnetic field
developed in the magnetosphere is soon damaged by a
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FIG. 8. Time evolution of the Poynting luminosity (top), the
magnetic flux at the apparent horizon (middle), and MADness
parameter (bottom) for models B12.1.81 (high-luminosity
model), B12.1.71 (low-luminosity model), and their higher-
resolution runs. For each panel, the thick curves denote their
moving average with a time interval of 0.2 s. The thin curves
denote the original data of higher-resolution runs sampled with a
time interval of 0.5 ms. In the bottom panel, the horizontal dotted
line denotes |pay| = 5.

magnetic flux with a different polarity coming from the
torus [51]. No establishment of a quasisteady magneto-
sphere with aligned poloidal magnetic fields in the polar
region may be due to our very simple modeling of the
dynamo process, because an aligned and quasisteady
poloidal magnetic field is often established for a longer

timescale in other ideal magnetohydrodynamics works
(e.g., Refs. [30,33,52]). A simulation with more sophisti-
cated dynamo modeling is an issue left for the future.

E. Nucleosynthesis, nickel mass, and r-process elements

For nucleosynthesis calculations, we use a tracer particle
method to obtain the thermodynamical histories of ejecta.
The details of the method were described in Refs. [9,53].

An order of 10* particles is generated for each calculation.

1. Conditions for nucleosynthesis

Before moving onto the nucleosynthesis results, we first
review the general trends of physical conditions found in
each of our models. Figure 9 shows the distributions of the
electron fraction (top) and the entropy per baryon (middle)
in the ejecta components which experienced the temper-
ature with > 5 GK (here GK = 10° K), and the cumulative
distributions of the maximum temperature, T, that the
ejecta ever experienced (bottom). Broadly speaking, for
high cutoff density (p., = 10® g/cm?; models B11.1.8h
and B12.1.8h), the Y, distribution is extended to a low
value of Y, <0.3, while for p,, = 10° g/cm?® (the other
models with the letter “I” in their names), the lowest
value of Y, is at smallest ~0.3. The reason for this is that,
with the high value of p.,., the turbulence is not excited
in the relatively low-density region of the torus with
p <108 g/cm?, and hence, the torus with p < 10% g/cm?
survives over a long timescale. Because the components
with such density have low values of Y, due to the presence
of degenerate electrons, the more low-Y, components can
be ejected from the torus for the models with the higher
value of p.,. Thus, the appearance of the low-Y, compo-
nents for the models with p., = 10® g/cm?® might be an
artifact due to our parameter setting, and hence, in the
following, we focus mainly on the analysis for the models
with pg, = 10% g/cm?.

The top panels of Fig. 9 also show that the Y, distribution
depends on the dynamo parameter oy (for a given value of
o.); for ay = 3 x 107* (models B12.3.81 and B12.3.81-H),
the Y values of the ejecta are narrowly distributed between
~0.45 and ~0.55, while for a4 =1x107* (models
B12.1.81 and B12.1.81-H) the range becomes wider
(~0.35-0.55 for the standard resolution-run and
~0.30-0.55 for the higher resolution run). Our interpreta-
tion for this is that for the high value of ay, the dynamo is
enhanced more efficiently in the torus, forming a more
spread and higher temperature torus. We note that a similar
systematic difference was also found in the comparison
between models B12.1.71-H and B12.3.71-H for which we
do not present the results in this paper.

The top panels of Fig. 10 compare the time evolution of
the plasma beta, 87P/B?, in the equatorial plane for two
models (B12.3.81 and B12.1.81). The region with small
plasma beta <10 indeed tends to spread to larger radii at a
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FIG. 9. Mass histogram of electron fraction (top panels), entropy per baryon (middle panels), and cumulative distribution of the
maximum temperature that the ejecta ever experienced (bottom panels). The left panels show the results for all the standard-resolution
runs, and the right panels compare the results with different grid resolutions.

given time for model B12.3.81 than that for B12.1.81. At the
explosion and jet formation, the density at the inner region
of the torus, which subsequently becomes ejecta, is lower
while the temperature is higher for model B12.3.81. As a
result, the electron degeneracy is weaker, resulting in the
ejection of the matter with higher values of Y.. This
behavior is clearly seen in the second-, third-, and last-
row panels of Fig. 10, in which we compare the mid-plane
entropy per baryon, electron degeneracy parameter
(He — mec?)/kT, and electron fraction, respectively (u
and m, are chemical potential and mass of electron).

We note that this trend is seen irrespective of the grid
resolution (see, e.g., the top right panel of Fig. 9). The
results shown here indicate that the Y, distribution of the
ejected matter depends strongly on the dynamo activity.
Specifically, to get low Y, ejecta components, a compact
torus with strong magnetic fields that ejects the high-
density matter in the torus is necessary.

As the present numerical simulations illustrate, the Y,
distribution for Y, < 0.3 depends strongly on the details of
the dynamo activity. This shows that to obtain more
quantitative information on the Y. distribution, we need
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FIG. 10. Time evolution of various quantities in the equatorial plane. The vertical axis shows the radial coordinate. Top to bottom, the
panels show plasma beta, entropy per baryon, electron degeneracy parameter, and electron fraction. The left and right panels correspond
to the results for models B12.1.81 and B12.3.8], respectively. The vertical line in each panel marks the explosion time, and the dotted

curve indicates the location of the apparent horizon. k denotes kg.

to perform a self-consistent three-dimensional magneto-
hydrodynamics simulation.

For ay = 1 x 1074, a relatively low Y, component is
ejected irrespective of the values of o.. This component
comes from a region of the torus with a relatively
high density, for which Y, is appreciably lower than 0.5,
by the electromagnetic force. The mechanism is essentially
the same as that pointed out in a recent paper [34], but
we do not find very low Y, components in our simulation
with po = 10° g/cm?. This is likely because the poloidal
magnetic-field strength is not as high as that in Ref. [34], in

which a strong poloidal field is initially given and the mass
ejection is artificially enhanced in an early stage of the torus
evolution.

The middle panels of Fig. 9 shows that a fraction of the
ejecta experiences a high-entropy-per baryon state with
2 100kg. This is a key to synthesizing a certain amount of
r-process elements (see the next subsection). We note that
for the weak-jet power models, this component is minor
and the r-process nucleosynthesis becomes weaker. The
bottom panels of Fig. 9 shows that an appreciable fraction
of the ejecta experiences a high-temperature state with
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T > 5 GKirrespective of the models. This indicates that
a large fraction of 3Ni can be produced in the ejecta [54]
(see the next subsection).

The right panels of Fig. 9 also indicate that a fair
convergence of the numerical results with respect to the
grid resolution is achieved. One exception is for model
B12.1.81. For the high-resolution run of this model
(B12.1.81-H), an appreciable fraction of the low-Y, with
Y. <0.35 is ejected, while for B12.1.81 such low-Y,
components are absent. The low-Y, components come
from a deep inside of the torus in a relatively early stage
of its evolution at which the density is high (and thus the
electron degeneracy is high). For B12.1.81-H, a strong
poloidal magnetic field seems to accidentally penetrate
the deep inside of the torus, leading to the ejection of the
low-Y,. component. We have to keep in mind that the
convergence of the numerical results might be poor for
other models as well. The poor convergence is associated
with the fact that the magnetic field strength and structure
are determined by the stochastic turbulence state in this
problem.

2. Nucleosynthesis results

Based on the thermodynamical histories obtained by the
particle tracing method, nucleosynthesis calculations are
performed in postprocessing. We use a nuclear reaction
network code NET [55]. The network consists of about
6300 nuclear species with atomic number Z = 0-110,
which are connected by relevant reactions. Each nucleo-
synthesis calculation starts when the temperature decreases
to 10 GK. The initial abundance is set 1 — Y, and Y, for
free neutrons and protons, respectively. Choosing such a
simple initial composition is justified because the nuclear
composition settles into that in nuclear statistical equilib-
rium (NSE) quickly due to the initial high temperature. If
the temperature of a tracer particle never reaches 10 GK, the
nucleosynthesis calculation starts at the initial time of the
simulation. In such a case, the initial composition is set to
be that of the precollapse star at the radius to which the
particle is traced back.

Table III lists several important quantities of the nucleo-
synthesis results. The mass of the synthesized 3*Ni amounts
t0 0.1 — 1.1M, reflecting the mass of the matter for which
Tmax = 5 GK. The ratio My; /M- 5 gk spans from ~0.35 to
~0.7. This difference in the production efficiency of °Ni
stems from the difference in the entropy and electron
fraction of the ejecta; the conditions with low entropy
and high electron fraction (Y, 2 0.49) are favored for the
efficient **Ni production.

Broadly speaking, the °Ni mass is larger for more
energetic explosion models with larger values of M,
and E,. Figure 11 plots correlations between the ejecta
mass and the >Ni mass (top), between the explosion energy
and the *Ni mass (middle), and between the ejecta velocity
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FIG. 11. Correlations of °Ni mass with the ejecta mass,

explosion energy, and ejecta velocity. The open markers denote
the inferred values from the observations of type Ic-BL SNe [49].
The gray crosses denote the results of viscous hydrodynamics
simulations [9]. The diamonds and circles denote the models with
high and low cutoff density p.,, respectively. The stars denote the
results of the runs with a higher grid resolution.

and the °Ni mass (bottom). Here, the ejecta velocity is
defined by

Y- V112, (10)

c

where I' := E,,/M; is the terminal Lorentz factor of the
ejecta, and we find 10* km/s < ve; S 1.5 x 10* km/s in
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our present models. Together with the numerical data,
the inferred values from the observations of type Ic-BL
SNe [49] as well as the result of viscous hydrodynamics
simulations [9] are also plotted. As in Fig. 7, it is found
that our results are in a good agreement with the obser-
vational results for M~ 1-5M g, Eey, ~ 1012107 erg,
and v ~ 10*-1.5 x 10* km/s, indicating that our explo-
sion scenario (explosion launched from a massive torus
around a spinning black hole) is a robust model for
interpreting the energetic SNe.

Given that our models represent at least in part the
observed type Ic-BL SNe, radioactive isotopes other than
Ni, such as **Ti and >'Ni, are expected to play a role
in the late-time light curves as in the case of SN 1987A
(from ~2000 and ~1000 days for the former and the latter,
respectively [56]). Our models predict the **Ti mass
between 3 x 107°M, and 2 x 10™*M, which is consistent
with the inferred amounts for SN 1987A ((3.1 £0.8) x
10*My [57]) and Cas A ((1.25 £0.3) x 10~*M [58])
by gamma-ray spectroscopy. Our models also predict the
ratio of ’Ni/>*Ni ~ 0.01-0.04, or [*’'Ni/>*Ni] = [M(*'Ni)/
M(>®Ni)]/[M(>"Fe)/ M (>%Fe)], ~ 0.6-1.7 (M(Q) is the
mass of the indicated isotope (), which is consistent
with the inferred value for SN 1987A ([>’Ni/>Ni] =
1.5 £ 0.3 £ 0.2%% [59]). To confirm the presence of
these radioactive isotopes in the late-time light curves of
type Ic-BL SNe, a long duration of observations over a
few 1000 days will be needed (e.g., the data only up to
~500 days exist for SN 1998bw [60]).

Figure 12 shows the abundance distributions obtained
from our nucleosynthesis calculations. The left panel dis-
plays the ejecta masses of synthesized nuclei as functions
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of atomic mass number A for all models, which are
compared to the r-process residuals to the solar abundance
[61] (scaled to match the result for B11.1.8h at A = 90).
Note that the dominance of a elements for A < 40 reflects
the adopted initial composition of the precollapsing star,
not due to the result of explosive nucleosynthesis. We find
that the presence of a jet (see the last column in Table I)
appears to be essential in synthesizing trans-iron species. In
fact, no trans-iron nuclei are produced in the nonjet models
(B12.3.81-H and viscous), while some r-process nuclei are
synthesized in the other models. However, the r process is
overall very weak, forming only up to the second peak of
A ~ 130, which is similar to our previous work for the
postneutron-star-merger remnants [45] but different from
the prediction in Ref. [62]. Note that a strong r process can
occur in the models with jets under moderately low-Y,
(~0.3-0.49) conditions because of the presence of the
high-entropy (> 100kg per baryon) components [45,63].
However, because of the small masses of such high-entropy
components (the middle panels of Fig. 9), the mass-
averaged abundances exhibit weak r-processlike abun-
dance trends.

The 6th column in Table III lists the ejected mass of Zn
(Z = 30) for all models. The astrophysical origin of Zn is
still unknown [65,66], although hypernovae [67,68] and
electron-capture SNe [69,70] are suggested to be possible
production sites. It is noteworthy that our models predict
quite large amounts of Zn (mostly ®Zn, ~0.001-0.04M ),
in which the lower bound is consistent with those suggested
in the previous studies [67—70]. We find the higher Zn mass
for the models with jets, in which the high entropy leads to
a strong alpha-rich freeze-out, resulting in the appreciable
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FIG. 12. Left: ejected masses of nuclei in units of M, for all models as a function of atomic mass number A shown by the solid curves
with different colors indicated in the legend. The dotted curves show the results for the standard-resolution runs corresponding to the
high-resolution runs indicated by “-H.” The circles show the r-process residuals to the solar abundances [61], which are vertically shifted
to match the result for B11.1.8h at A = 90. Right: elemental abundances for all models normalized by those of Fe. The circles with error
bars are the measured stellar abundances of J0931 + 0038, which is suggested to have been polluted by a single explosive event with the

initial progenitor mass > 50M, [64].
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production of %Zn. Thus, our result implies that type Ic-BL
SNe (or hypernovae) might be (in part) the astrophysical
sources of Zn.

The three last columns in Table III list the ejecta mass
of Sr (Z =38, as representative of the first r-process
peak nuclei), Te (Z = 52, as representative of the second
r-process peak nuclei), and the sum of lanthanides and
actinides. We find a variation of r-process productivity
among different models with a tendency of a larger amount
of r-process nuclei for the high-p., models (B11.1.8h and
B12.1.8h), although model B12.1.81-H exhibits a similar
productivity to these models. It is interesting to note that the
r-process nuclei are absent in the viscous model, which is
similar to the result of a dynamo model B12.3.81-H with no
jet formation. Thus, our result implies that the jet formation
is the key to synthesizing r-process nuclei and the emission
line of Te might be detected in the light curves of GRB-
associated type Ic-BL SNe as in the cases of the two
kilonovae with the Te feature [71,72], while such a feature
would be absent for those with no GRB. However, because
of the small amounts of lanthanides and actinides (typically
with the mass fraction below 10~%; the last column, in the
brackets of Table III), the type Ic-BL SNe represented by
our models would not be observed as kilonovalike red
transients, which is consistent with the indication of no or
very little amounts of r-process elements in the ejecta of
GRB-associated type Ic-BL SNe [73]. Our present results
suggest that the source of the kilonova associated with the
long-duration GRB 230307A [71] is unlikely a collapsing
massive star but probably a neutron-star merger.

The right panel of Fig. 12 displays the elemental
abundance Y (number per baryon) as a function of atomic
number Z, which is normalized by that of Fe for each
model. We find a bifurcation of productivity beyond iron;
no r process for the models without jets (B12.3.81-H and
viscous) and a weak r process for the models with jets. The
abundance pattern of such a weak r process can be an
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explanation for the descending trend of trans-iron elements
found in Galactic metal-poor stars [74]. It is interesting to
note that model B12.3.81 exhibits the abundance distribu-
tion in between this bifurcation of trans-iron production. In
fact, the result for this model is in a reasonable agreement
with the very unusual abundance pattern of a recently
discovered metal-poor star JO931 + 0038 [64]. It is sug-
gested that the unusual abundance trend in this star, namely,
an extreme odd-even pattern, the high abundance of Zn, and
the small abundances of r-process elements, reflects the
single nucleosynthetic event of a star with initial mass
>50M, either of a pair-instability SN or a type Ic-BL
SN (hypernova) [64]. Our result suggests that a type Ic-BL
SN with similar conditions to model B12.3.8] might be the
source of this unusual abundance pattern. More examples of
such rare abundance patterns in metal-poor stars in upcom-
ing spectroscopic surveys will serve to constrain our models.

F. Neutrino emission and memory gravitational waves

The left panel of Fig. 13 shows the total neutrino
luminosity for selected models. The sudden rise seen at
t = 1.5 s for all these models is due to the hot and massive
torus formation. Until 1 = 5 s, they show similar behaviors
of the luminosity. The luminosity begins to fluctuate when
the turbulence is significantly excited inside the torus and
after the stellar explosion, the neutrino luminosity sharply
drops (see the circles).

A correlation is found between the neutrino luminosity
and the mass accretion rate of the black hole (see the right
panel of Fig. 13). Broadly speaking, before the stellar
explosion, the rate of the mass accretion onto the black
hole remains high, but after the explosion sets in, it drops.
As a consequence, the neutrino luminosity drops as well.
For models with earlier explosion such as B12.3.8] and
B12.3.81-H, this feature is clearly seen. For such models
the total energy emitted by neutrinos becomes small
(see Table II).
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Left: total neutrino luminosity for selected models, in which the explosions set in at earliest (B12.3.8]), latest (B12.1.91), and

middle (B12.1.81 and B12.1.8h), respectively. The results for high-resolution runs are also shown if present. Right: mass accretion rate
onto the black hole for the same models as the left panel. For both panels, the circles indicate the explosion time.
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The neutrino luminosity remains high, between
1031-10° erg/s, before the jet launch and explosion set
in. This implies that they occur even when the neutrino
cooling is active. In this problem, the jet launch and explosion
are driven when the ram pressure from the infalling matter
decreases below a certain level and the electromagnetic force
overcomes the ram pressure [cf. Eq. (1)] depending weakly
on the neutrino cooling. Thus the mechanism is different
from the postmerger mass ejection for the remnant disk of
neutron star mergers, for which the mass ejection sets in
when the neutrino cooling efficiency decreases below the
viscous heating efficiency (see, e.g., Ref. [44]). Therefore,
the neutrino cooling is a subdominant effect in this
problem, although a change of the efficiency (e.g., by
the change of the numerical scheme of the neutrino transfer)
could modify the onset timing of the jet and mass ejection.

The entire evolution of the light curve of the neutrino
luminosity from the onset of the core collapse to the stellar
explosion should be unique in the present collapsar
scenario: It is expected that at the formation of a proto-
neutron star, a neutrino burst with the total luminosity of
order 103 erg/s should take place, and the high-luminosity
stage would continue until the formation of a black hole
(e.g., Refs. [75-77]); for the next few tens seconds, the
black hole simply grows without the formation of a disk/
torus, and hence, the neutrino luminosity is expected to be
much lower than 1032 erg/s; however, after the formation
of a massive torus, a high-luminosity state appears again as
shown in Fig. 13 (see also the middle panel of Fig. 4 of
Ref. [78] for the neutrino light curve). If this unique
luminosity curve for neutrinos could be detected in future,
it can be an evidence for the collapsar scenario described in
this paper.

After the formation of a massive torus, the neutrino
luminosity is enhanced beyond 10°% erg/s. This high
neutrino luminosity stage continues for Af = 10-20 s until
the onset of the stellar explosion, and thus, the total radiated
energy can be beyond 10°* erg (see Table II). The neutrinos
are emitted from the torus of an anisotropic structure and
the emission direction should be naturally anisotropic. In
the presence of the anisotropic emission of radiation,
memory-type gravitational waves are emitted (see
Refs. [79-81]). An order of the magnitude estimation gives
the amplitude of gravitational waves as

200 M E -
had s 10724 (200 Mpe : Cani ) (11)
D 3x 103 erg/ \ 107!

where D is the distance to the source, E, the total energy
emitted by neutrinos, and ¢,,; the degree of the anisotropy
of the emission. The typical frequency of the gravitational
waves is 1/Ar < 0.1 Hz. The frequency is too low to be the
source of ground-based gravitational-wave detectors such as
advanced LIGO. However, this can be a source for a future
high-sensitivity space detector such as DECIGO [82].

TABLE 1V. Order of the relevant timescales after the onset of
the collapse in the collapsar scenario presented in this paper. PNS
denotes protoneutron star.

Order of timescale (s)

Core bounce/PNS formation 0(0.1)
Black hole formation o(1)
Onset of disk formation 0(10) = 74
Jet and explosion 0(10) + 74
Reconnection <100 s

IV. SUMMARY AND CONCLUSION

We reported the results for the collapsar models, which
were obtained by performing neutrino-radiation resistive
magnetohydrodynamics simulations with a dynamo term
for a massive rotating progenitor star. For many of our
models, we found the jet launch and stellar explosion
together. Both the jet launch and stellar explosion were
induced after the development of a magnetohydrodynam-
ical turbulent state of the torus, for which 10-20 s evolution
after the onset of the disk/torus formation is necessary.
A summary for the order of the timescales from the onset
of the collapse through the core bounce, the black hole
formation, the disk/torus formation, jet launch, and stellar
explosion is presented in Table IV. In this scenario, the
onset of the stellar explosion takes place at 210 s after the
onset of the stellar core collapse in contrast to ordinary
SNe, for which the explosion would be induced within 1 s
after the onset of the stellar core collapse.

As we discussed in our previous paper [22], the
extraction of the rotational kinetic energy of a spinning
black hole could continue as long as the poloidal magnetic
fields that penetrate the black hole is present. Since the
rotational kinetic energy of black holes with moderate
magnitude of spin is beyond 103 erg, which is much larger
than the typically emitted total energy of GRBs including
the afterglow and stellar explosion, the extraction process
has to be stopped before the entire rotational kinetic energy
of the black hole is extracted. This would require the decay
of the poloidal magnetic field that penetrates the black hole.
Since the typical duration of the long GRBs is at most
100 s, the decay should occur in a similar timescale (see a
discussion in Ref. [22]). We infer that the decay will be
achieved by a reconnection process of magnetic field lines,
which is also listed in Table IV.

The detailed mechanisms of the jet launch and stellar
explosion found in this paper are summarized as follows:
After the formation of a massive torus, a turbulent state is
developed by the dynamo action, and as a result, the
magnetic-field strength is enhanced in it. Together with the
angular momentum transport associated with the effective
viscosity resulting from the turbulence and the growth of
the torus due to the matter infall from the outer envelope,
the torus expands due to the (effective) viscous heating
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with time. However, in an early stage, the explosion by the
heating in the torus is suppressed by the ram pressure of
the infalling matter. Matter accretes from the torus to the
black hole, and associated with this, the magnetic flux is
provided to the black hole. However, in the early stage of
the evolution, the ram pressure of the matter infalling onto
the black hole is so strong that the magnetic field is
swallowed into the black hole without developing a
magnetosphere that is suitable for launching an energetic
jet via the Blandford-Znajek effect.

These situations change in a later stage in which the
density of the infalling matter decreases. As a result of
this, its ram pressure decreases and the torus expansion is
enhanced. In particular the magnetohydrodynamics effect
and (effectively) viscous heating in the region close to the
black hole play a central role in the energy injection. Also,
developing a geometrically thick torus, which can block the
matter infall to the central region near the black hole,
becomes possible. When the electromagnetic force (such
as magnetic pressure) near the black hole, enhanced by the
magnetic winding associated with the black hole spin,
overcomes the ram pressure, a jet is eventually launched,
leading to the development of a magnetosphere. Also,
the stellar explosion associated primarily with the viscous
heating in the torus is induced after the ram pressure from
the infalling matter onto the torus becomes sufficiently low.
The mechanism for the stellar explosion is qualitatively
identical with that in viscous hydrodynamics [9].

For the present models, the explosion energy of the star
is 10°'-10°? ergs depending on the parameters of the
dynamo term. For the models in which a jet is launched
earlier (in ~10 s after the formation of a disk), the
explosion energy is much higher than 10°! erg and can
explain luminous SNe such as type Ic-BL. SNe (or hyper-
novae) [11]. For such models, the synthesized >°Ni mass far
exceeds 0.1M, suitable for the model of type Ic-BL SNe.
Even for late-time explosion models for which the explo-
sion energy is relatively low, the 3Ni mass becomes
0.1 —0.2M, which can account for bright SNe. We also
found a large amount of Zn production (~0.001-0.04M ).
Our result suggests the astrophysical origin for Zn being
such energetic SNe.

We found that only in the presence of a jet, r-process
elements could be synthesized, because low-Y, and high-
entropy matter is ejected from a dense region of the torus
by the magnetohydrodynamical effect. However, in our
present models, the r-process is so weak that the elements
are likely to be sufficiently synthesized only up to the
second peak; only a small amount of lanthanoids and
actinides are likely to be synthesized. This suggests that the
red-kilonova-type observation would not be expected in
our collapsar model. Thus, our models cannot explain
a recently discovered kilonovalike transient associated
with the long-duration GRB 230307A [71]. Such weak
r-processlike abundance trends with large amounts of Fe

and Zn can be explanations for some peculiar abundance
patterns found in metal-poor stars [64].

Recent analysis for the observational results of SNe [83]
shows that a large fraction of type Ic SNe does not
accompany the relativistic motion such as jets. Thus, our
model presented in the present paper does not represent the
general mechanism for the type Ic-BL. SNe. However, the
energy injection from a massive torus is still a viable
mechanism. Thus, some of type Ic SNe may be powered by
the massive torus surrounding a black hole, with no jet
launching.

Because of the simplification for the modeling of the
dynamo effect, the development of the magnetosphere after
the jet launch might not be well modeled because the
magnetic-field strength decays with time of order 10 s in
the polar region. As a result, the Poynting luminosity might
be underestimated in the current model. Nevertheless, the
total energy of the Poynting luminosity can be
10°°-10°" ergs for all the models, which are suitable values
for explaining long GRBs [48].

In any case, a simulation with more sophisticated model-
ing for the dynamo effect or a three-dimensional ideal
magnetohydrodynamics simulation in which the dynamo
effect is captured is necessary for a more quantitative under-
standing of the collapsar scenario in the future. Our recent
neutron-star merger simulations have shown [30,31,33] that
a jet can be driven after the magnetic field penetrating a
spinning black hole, which is provided from the postmerger
accretion disk in magnetohydrodynamics turbulent, is devel-
oped and the ram pressure of the matter infalling to the
remnant black hole decreases below the electromagnetic
force associated with the Blandford-Znajek effect. The
similar scenario is found for the collapsar model in this
paper, and therefore, it is natural to expect that essentially
the same result will be also derived in the future three-
dimensional magnetohydrodynamics simulation.

ACKNOWLEDGMENTS

We thank David Aguilera-Dena for providing their stellar
evolution models. We also thank Alessandra Corsi, Kenta
Hotokezaka, and Kohta Murase for useful discussions.
Numerical computation was performed on Sakura and
Momiji clusters at Max Planck Computing and Data
Facility. This work was in part supported by Grant-in-Aid
for Scientific Research (Grants No. 20H00158 and
No. 23H04900) of Japanese MEXT/JSPS.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available upon publication because it is not
technically feasible and/or the cost of preparing, depositing,
and hosting the data would be prohibitive within the terms
of this research project. The data are available from the
authors upon reasonable request.

123017-20



SELF-CONSISTENT SCENARIO FOR JET AND STELLAR ...

PHYS. REV. D 111, 123017 (2025)

[1] S.E. Woosley, Gamma-ray bursts from stellar mass accre-
tion disks around black holes, Astrophys. J. 405, 273
(1993).

[2] B. Paczynski, Are gamma-ray bursts in star-forming re-
gions?, Astrophys. J. Lett. 494, L45 (1998).

[3] A.I. MacFadyen and S. E. Woosley, Collapsars: Gamma-
ray bursts and explosions in “failed supernovae”, Astrophys.
J. 524, 262 (1999).

[4] T. Piran, The physics of gamma-ray bursts, Rev. Mod. Phys.
76, 1143 (2004).

[5] B. Zhang and P. Meszaros, Gamma-ray bursts: Progress,
problems & prospects, Int. J. Mod. Phys. A 19, 2385 (2004).

[6] R.D. Blandford and R. L. Znajek, Electromagnetic extrac-
tion of energy from Kerr black holes, Mon. Not. R. Astron.
Soc. 179, 433 (1977).

[7] K. Kohri, R. Narayan, and T. Piran, Neutrino-dominated
accretion and supernovae, Astrophys. J. 629, 341 (2005).

[8] O. Just, M. A. Aloy, M. Obergaulinger, and S. Nagataki,
r-process viable outflows are suppressed in global alpha-
viscosity models of collapsar disks, Astrophys. J. Lett. 934,
L30 (2022).

[9] S. Fujibayashi, A. T.-L. Lam, M. Shibata, and Y. Sekiguchi,
Supernovalike explosions of massive rotating stars from
disks surrounding a black hole, Phys. Rev. D 109, 023031
(2024).

[10] C. Dean and R. Fernandez, Collapsar disk outflows: Viscous
hydrodynamic evolution in axisymmetry, Phys. Rev. D 109,
083010 (2024).

[11] Z. Cano, S.-Q. Wang, Z.-G. Dai, and X.-F. Wu, The
observer’s guide to the gamma-ray burst supernova con-
nection, Adv. Astron. 2017, 8929054 (2017).

[12] S.S. Komissarov, Observations of the Blandford-Znajek
and the MHD Penrose processes in computer simulations of
black hole magnetospheres, Mon. Not. R. Astron. Soc. 359,
801 (2005).

[13] J. C. McKinney, General relativistic magnetohydrodynamic
simulations of jet formation and large-scale propagation
from black hole accretion systems, Mon. Not. R. Astron.
Soc. 368, 1561 (2006).

[14] M. V. Barkov and S.S. Komissarov, Stellar explosions
powered by the Blandford-Znajek mechanism, Mon. Not.
R. Astron. Soc. 385, L28 (2008).

[15] S.S. Komissarov and M. V. Barkov, Activation of the
Blandford-Znajek mechanism in collapsing stars, Mon.
Not. R. Astron. Soc. 397, 1153 (2009).

[16] A. Tchekhovskoy, R. Narayan, and J. C. McKinney, Effi-
cient generation of jets from magnetically arrested accretion
on a rapidly spinning black hole, Mon. Not. R. Astron. Soc.
418, L79 (2011).

[17] O. Bromberg and A. Tchekhovskoy, Relativistic MHD
simulations of core-collapse GRB jets: 3D instabilities
and magnetic dissipation, Mon. Not. R. Astron. Soc. 456,
1739 (2016).

[18] O. Gottlieb, A. Lalakos, O. Bromberg, M. Liska, and A.
Tchekhovskoy, Black hole to breakout: 3D GRMHD
simulations of collapsar jets reveal a wide range of tran-
sients, Mon. Not. R. Astron. Soc. 510, 4962 (2022).

[19] N. Tominaga, K. Maeda, H. Umeda, K. Nomoto, M. Tanaka,
N. Iwamoto, T. Suzuki, and P. A. Mazzali, The connection
between gamma-ray bursts and extremely metal-poor stars:

Black hole-forming supernovae with relativistic jets,
Astrophys. J. Lett. 657, L77 (2007).

[20] D. Lazzati, B.J. Morsony, C.H. Blackwell, and M. C.
Begelman, Unifying the zoo of jet-driven stellar explosions,
Astrophys. J. 750, 68 (2012).

[21] M. Eisenberg, O. Gottlieb, and E. Nakar, Observational
signatures of stellar explosions driven by relativistic jets,
Mon. Not. R. Astron. Soc. 517, 582 (2022).

[22] M. Shibata, S. Fujibayashi, A.T.-L. Lam, K. Ioka, and
Y. Sekiguchi, Outflow energy and black-hole spin evolu-
tion in collapsar scenarios, Phys. Rev. D 109, 043051
(2024).

[23] D.R. Aguilera-Dena, N. Langer, J. Antoniadis, and B.
Miiller, Precollapse properties of superluminous supernovae
and long gamma-ray burst progenitor models, Astrophys. J.
901, 114 (2020).

[24] R. Narayan, I. V. Igumenshchev, and M. A. Abramowicz,
Magnetically arrested disk: An energetically efficient ac-
cretion flow, Publ. Astron. Soc. Jpn. §5, L69 (2003).

[25] L. V. Igumenshchev, R. Narayan, and M. A. Abramowicz,
Three-dimensional MHD simulations of radiatively ineffi-
cient accretion flows, Astrophys. J. 5§92, 1042 (2003).

[26] A. Corsi, A. Gal-Yam, S.R. Kulkarni, D. A. Frail, P. A.
Mazzali, S. B. Cenko, M. M. Kasliwal, Y. Cao, A. Horesh,
N. Palliyaguru, D. A. Perley, R.R. Laher, F. Taddia, G.
Leloudas, K. Maguire, P. E. Nugent, J. Sollerman, and M.
Sullivan, Radio observations of a sample of broad-line type
IC supernovae discovered by PTF/IPTF: A search for
relativistic explosions, Astrophys. J. 830, 42 (2016).

[27] Z.-F. Wu, M. Damoulakis, P. Beniamini, and D. Giannios,
Maximal jet energy of gamma-ray bursts through the
Blandford-Znajek mechanism, Astrophys. J. Lett. 980,
128 (2025).

[28] S. A. Balbus and J. F. Hawley, Instability, turbulence, and
enhanced transport in accretion disks, Rev. Mod. Phys. 70, 1
(1998).

[29] M. Shibata, S. Fujibayashi, and Y. Sekiguchi, Long-term
evolution of neutron-star merger remnants in general rela-
tivistic resistive magnetohydrodynamics with a mean-field
dynamo term, Phys. Rev. D 104, 063026 (2021).

[30] K. Hayashi, S. Fujibayashi, K. Kiuchi, K. Kyutoku, Y.
Sekiguchi, and M. Shibata, General-relativistic neutrino-
radiation magnetohydrodynamic simulation of seconds-
long black hole-neutron star mergers, Phys. Rev. D 106,
023008 (2022).

[31] K. Hayashi, K. Kiuchi, K. Kyutoku, Y. Sekiguchi, and M.
Shibata, General-relativistic neutrino-radiation magnetohy-
drodynamics simulation of seconds-long black hole-neutron
star mergers: Dependence on the initial magnetic field
strength, configuration, and neutron-star equation of state,
Phys. Rev. D 107, 123001 (2023).

[32] K. Kiuchi, S. Fujibayashi, K. Hayashi, K. Kyutoku, Y.
Sekiguchi, and M. Shibata, Self-consistent picture of the
mass ejection from a one second long binary neutron star
merger leaving a short-lived remnant in a general-relativistic
neutrino-radiation magnetohydrodynamic simulation, Phys.
Rev. Lett. 131, 011401 (2023).

[33] K. Hayashi, K. Kiuchi, K. Kyutoku, Y. Sekiguchi, and M.
Shibata, Jet from binary neutron star merger with prompt
black hole formation, arXiv:2410.10958.

123017-21


https://doi.org/10.1086/172359
https://doi.org/10.1086/172359
https://doi.org/10.1086/311148
https://doi.org/10.1086/307790
https://doi.org/10.1086/307790
https://doi.org/10.1103/RevModPhys.76.1143
https://doi.org/10.1103/RevModPhys.76.1143
https://doi.org/10.1142/S0217751X0401746X
https://doi.org/10.1093/mnras/179.3.433
https://doi.org/10.1093/mnras/179.3.433
https://doi.org/10.1086/431354
https://doi.org/10.3847/2041-8213/ac83a1
https://doi.org/10.3847/2041-8213/ac83a1
https://doi.org/10.1103/PhysRevD.109.023031
https://doi.org/10.1103/PhysRevD.109.023031
https://doi.org/10.1103/PhysRevD.109.083010
https://doi.org/10.1103/PhysRevD.109.083010
https://doi.org/10.1155/2017/8929054
https://doi.org/10.1111/j.1365-2966.2005.08974.x
https://doi.org/10.1111/j.1365-2966.2005.08974.x
https://doi.org/10.1111/j.1365-2966.2006.10256.x
https://doi.org/10.1111/j.1365-2966.2006.10256.x
https://doi.org/10.1111/j.1745-3933.2008.00427.x
https://doi.org/10.1111/j.1745-3933.2008.00427.x
https://doi.org/10.1111/j.1365-2966.2009.14831.x
https://doi.org/10.1111/j.1365-2966.2009.14831.x
https://doi.org/10.1111/j.1745-3933.2011.01147.x
https://doi.org/10.1111/j.1745-3933.2011.01147.x
https://doi.org/10.1093/mnras/stv2591
https://doi.org/10.1093/mnras/stv2591
https://doi.org/10.1093/mnras/stab3784
https://doi.org/10.1086/513193
https://doi.org/10.1088/0004-637X/750/1/68
https://doi.org/10.1093/mnras/stac2184
https://doi.org/10.1103/PhysRevD.109.043051
https://doi.org/10.1103/PhysRevD.109.043051
https://doi.org/10.3847/1538-4357/abb138
https://doi.org/10.3847/1538-4357/abb138
https://doi.org/10.1093/pasj/55.6.L69
https://doi.org/10.1086/375769
https://doi.org/10.3847/0004-637X/830/1/42
https://doi.org/10.3847/2041-8213/adaeb8
https://doi.org/10.3847/2041-8213/adaeb8
https://doi.org/10.1103/RevModPhys.70.1
https://doi.org/10.1103/RevModPhys.70.1
https://doi.org/10.1103/PhysRevD.104.063026
https://doi.org/10.1103/PhysRevD.106.023008
https://doi.org/10.1103/PhysRevD.106.023008
https://doi.org/10.1103/PhysRevD.107.123001
https://doi.org/10.1103/PhysRevLett.131.011401
https://doi.org/10.1103/PhysRevLett.131.011401
https://arXiv.org/abs/2410.10958

MASARU SHIBATA et al.

PHYS. REV. D 111, 123017 (2025)

[34] D. Issa, O. Gottlieb, B. Metzger, J. Jacquemin-Ide,
M. Liska, F. Foucart, G. Halevi, and A. Tchekhovskoy,
Magnetically-driven neutron-rich ejecta unleashed: Global
3D neutrino-GRMHD simulations of collapsars reveal the
conditions for r-process nucleosynthesis, arXiv:2410
.02852.

[35] M. Shibata, S. Fujibayashi, and Y. Sekiguchi, Long-term
evolution of a merger-remnant neutron star in general
relativistic magnetohydrodynamics: Effect of magnetic
winding, Phys. Rev. D 103, 043022 (2021).

[36] S. Banik, M. Hempel, and D. Bandyopadhyay, New
hyperon equations of state for supernovae and neutron stars
in density-dependent hadron field theory, Astrophys. J.
Suppl. Ser. 214, 22 (2014).

[37] Y. Sekiguchi, K. Kiuchi, K. Kyutoku, and M. Shibata,
Dynamical mass ejection from binary neutron star mergers:
Radiation-hydrodynamics study in general relativity, Phys.
Rev. D 91, 064059 (2015).

[38] S. Fujibayashi, Y. Sekiguchi, K. Kiuchi, and M. Shibata,
Properties of neutrino-driven ejecta from the remnant of a
binary neutron star merger: Pure radiation hydrodynamics
case, Astrophys. J. 846, 114 (2017).

[39] O. Gressel and M. E. Pessah, Characterizing the mean-field
dynamo in turbulent accretion disks, Astrophys. J. 810, 59
(2015).

[40] A. Reboul-Salze, J. Guilet, R. Raynaud, and M. Bugli, A
global model of the magnetorotational instability in proto-
neutron stars, Astron. Astrophys. 645, A109 (2021).

[41] K. Kiuchi, A. Reboul-Salze, M. Shibata, and Y. Sekiguchi,
A large-scale magnetic field produced by a solar-like
dynamo in binary neutron star mergers, Nat. Astron. 8,
298 (2024).

[42] E. O’Connor and C. D. Ott, Black hole formation in failing
core-collapse supernovae, Astrophys. J. 730, 70 (2011).

[43] M. Shibata, Numerical Relativity (World Scientific Publish-
ing Company, Singapore, 2016).

[44] S. Fujibayashi, M. Shibata, S. Wanajo, K. Kiuchi, K.
Kyutoku, and Y. Sekiguchi, Mass ejection from disks
surrounding a low-mass black hole: Viscous neutrino-
radiation hydrodynamics simulation in full general relativ-
ity, Phys. Rev. D 101, 083029 (2020).

[45] S. Fujibayashi, M. Shibata, S. Wanajo, K. Kiuchi, K.
Kyutoku, and Y. Sekiguchi, Viscous evolution of a massive
disk surrounding stellar-mass black holes in full general
relativity, Phys. Rev. D 102, 123014 (2020).

[46] https://www2.yukawa.kyoto-u.ac.jp/~sho.fujibayashi/share/
B11.1.8h-multiscale.mp4

[47] https://www?2.yukawa.kyoto-u.ac.jp/~sho.fujibayashi/share/
B11.1.8h-multiscale-B.mp4

[48] E.-W. Liang, J. L. Racusin, B. Zhang, B.-B. Zhang, and
D.N. Burrows, A comprehensive analysis of swift XRT
data. I1I. Jet break candidates in X-ray and optical afterglow
light curves, Astrophys. J. 675, 528 (2008).

[49] F. Taddia et al., Analysis of broad-lined type Ic supernovae
from the (intermediate) palomar transient factory, Astron.
Astrophys. 621, A71 (2019).

[50] L. Crosato Menegazzi, S. Fujibayashi, M. Shibata, A.
Betranhandy, and K. Takahashi, Variety of disc wind-driven
explosions in massive rotating stars. II. Dependence on the
progenitor, Mon. Not. R. Astron. Soc. 537, 2850 (2025).

[51] K. Beckwith, J. F. Hawley, and J. H. Krolik, The influence
of magnetic field geometry on the evolution of black hole
accretion flows: Similar disks, drastically different jets,
Astrophys. J. 678, 1180 (2008).

[52] 1. M. Christie, A. Lalakos, A. Tchekhovskoy, R. Fernandez,
F. Foucart, E. Quataert, and D. Kasen, The role of magnetic
field geometry in the evolution of neutron star merger
accretion discs, Mon. Not. R. Astron. Soc. 490, 4811
(2019).

[53] S. Fujibayashi, S. Wanajo, K. Kiuchi, K. Kyutoku, Y.
Sekiguchi, and M. Shibata, Postmerger mass ejection of
low-mass binary neutron stars, Astrophys. J. 901, 122
(2020).

[54] S.E. Woosley, A. Heger, and T. A. Weaver, The evolution
and explosion of massive stars, Rev. Mod. Phys. 74, 1015
(2002).

[55] S. Wanajo, Physical conditions for the r-process. I. Radio-
active energy sources of kilonovae, Astrophys. J. 868, 65
(2018).

[56] L. R. Seitenzahl, F. X. Timmes, and G. Magkotsios, The light
curve of SN 1987A revisited: Constraining production
masses of radioactive nuclides, Astrophys. J. 792, 10 (2014).

[57] S. A. Grebenev, A. A. Lutovinov, S.S. Tsygankov, and C.
Winkler, Hard X-ray emission lines from the decay of Ti-44
in the remnant of supernova 1987A, Nature (London) 490,
373 (2012).

[58] B. W. Grefenstette et al., Asymmetries in core-collapse
supernovae from maps of radioactive *Ti in Cassiopeia
A, Nature (London) 506, 339 (2014).

[59] J. D. Kurfess, W. N. Johnson, R. L. Kinzer, R. A. Kroeger,
M. S. Strickman, J. E. Grove, M. D. Leising, D. D. Clayton,
D.A. Grabelsky, W.R. Purcel, M.P. Ulmer, R.A.
Cameron, and G. V. Jung, Oriented scintillation spectrom-
eter experiment observations of 57Co in SN 1987A,
Astrophys. J. Lett. 399, L137 (1992).

[60] A. Clocchiatti, N.B. Suntzeff, R. Covarrubias, and P.
Candia, The ultimate light curve of SN 1998bw/GRB
980425, Astron. J. 141, 163 (2011).

[61] N. Prantzos, C. Abia, S. Cristallo, M. Limongi, and A.
Chieffi, Chemical evolution with rotating massive star
yields II. A new assessment of the solar s- and r-process
components, Mon. Not. R. Astron. Soc. 491, 1832 (2020).

[62] D. M. Siegel, J. Barnes, and B. D. Metzger, Collapsars as a
major source of r-process elements, Nature (London) 569,
241 (2019).

[63] R.D. Hoffman, S. E. Woosley, and Y. Z. Qian, Nucleosyn-
thesis in neutrino driven winds: 2. Implications for heavy
element synthesis, Astrophys. J. 482, 951 (1997).

[64] A.P. Ji et al, Spectacular nucleosynthesis from early
massive stars, Astrophys. J. Lett. 961, L41 (2024).

[65] C. Kobayashi, H. Umeda, K. Nomoto, N. Tominaga, and T.
Ohkubo, Galactic chemical evolution: Carbon through zinc,
Astrophys. J. 653, 1145 (2006).

[66] Y. Hirai, T. R. Saitoh, Y. Ishimaru, and S. Wanajo, Enrich-
ment of zinc in galactic chemodynamical evolution models,
Astrophys. J. 855, 63 (2018).

[67] H. Umeda and K. Nomoto, Nucleosynthesis of zinc and
iron-peak elements in pop III type II supernovae: Compari-
son with abundances of very metal-poor halo stars,
Astrophys. J. 565, 385 (2002).

123017-22


https://arXiv.org/abs/2410.02852
https://arXiv.org/abs/2410.02852
https://doi.org/10.1103/PhysRevD.103.043022
https://doi.org/10.1088/0067-0049/214/2/22
https://doi.org/10.1088/0067-0049/214/2/22
https://doi.org/10.1103/PhysRevD.91.064059
https://doi.org/10.1103/PhysRevD.91.064059
https://doi.org/10.3847/1538-4357/aa8039
https://doi.org/10.1088/0004-637X/810/1/59
https://doi.org/10.1088/0004-637X/810/1/59
https://doi.org/10.1051/0004-6361/202038369
https://doi.org/10.1038/s41550-024-02194-y
https://doi.org/10.1038/s41550-024-02194-y
https://doi.org/10.1088/0004-637X/730/2/70
https://doi.org/10.1103/PhysRevD.101.083029
https://doi.org/10.1103/PhysRevD.102.123014
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale-B.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale-B.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale-B.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale-B.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale-B.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale-B.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale-B.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale-B.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale-B.mp4
https://www2.yukawa.kyoto-u.ac.jp/%7Esho.fujibayashi/share/B11.1.8h-multiscale-B.mp4
https://doi.org/10.1086/524701
https://doi.org/10.1051/0004-6361/201834429
https://doi.org/10.1051/0004-6361/201834429
https://doi.org/10.1093/mnras/staf179
https://doi.org/10.1086/533492
https://doi.org/10.1093/mnras/stz2552
https://doi.org/10.1093/mnras/stz2552
https://doi.org/10.3847/1538-4357/abafc2
https://doi.org/10.3847/1538-4357/abafc2
https://doi.org/10.1103/RevModPhys.74.1015
https://doi.org/10.1103/RevModPhys.74.1015
https://doi.org/10.3847/1538-4357/aae0f2
https://doi.org/10.3847/1538-4357/aae0f2
https://doi.org/10.1088/0004-637X/792/1/10
https://doi.org/10.1038/nature11473
https://doi.org/10.1038/nature11473
https://doi.org/10.1038/nature12997
https://doi.org/10.1086/186626
https://doi.org/10.1088/0004-6256/141/5/163
https://doi.org/10.1093/mnras/stz3154
https://doi.org/10.1038/s41586-019-1136-0
https://doi.org/10.1038/s41586-019-1136-0
https://doi.org/10.1086/304181
https://doi.org/10.3847/2041-8213/ad19c4
https://doi.org/10.1086/508914
https://doi.org/10.3847/1538-4357/aaaabc
https://doi.org/10.1086/323946

SELF-CONSISTENT SCENARIO FOR JET AND STELLAR ...

PHYS. REV. D 111, 123017 (2025)

[68] N. Tominaga, H. Umeda, and K. Nomoto, Supernova
nucleosynthesis in population III 13-50 solar mass stars
and abundance patterns of extremely metal-poor stars,
Astrophys. J. 660, 516 (2007).

[69] S. Wanajo, H.-T. Janka, and B. Miiller, Electron-capture
supernovae as the origin of elements beyond iron,
Astrophys. J. 726, L15 (2011).

[70] S. Wanajo, B. Miiller, H.-T. Janka, and A. Heger, Nucleo-
synthesis in the innermost ejecta of neutrino-driven super-
nova explosions in two dimensions, Astrophys. J. 852, 40
(2018).

[71] A.J. Levan et al. JWST Collaboration), Heavy-element
production in a compact object merger observed by JWST,
Nature (London) 626, 737 (2024).

[72] K. Hotokezaka, M. Tanaka, D. Kato, and G. Gaigalas,
Tellurium emission line in kilonova AT 2017gfo, Mon. Not.
R. Astron. Soc. 526, L155 (2023).

[73] J. C. Rastinejad et al., A Hubble Space Telescope search for
r-process nucleosynthesis in gamma-ray burst supernovae,
Astrophys. J. 968, 14 (2024).

[74] S. Honda, W. Aoki, Y. Ishimaru, S. Wanajo, and S. G. Ryan,
Neutron-capture elements in the very metal poor star HD
122563, Astrophys. J. 643, 1180 (2006).

[75] H.-T. Janka, Explosion mechanisms of core-collapse super-
novae, Annu. Rev. Nucl. Part. Sci. 62, 407 (2012).

[76] K. Sumiyoshi, S. Yamada, H. Suzuki, and S. Chiba,
Neutrino signals from the formation of a black hole: A
probe of the equation of state of dense matter, Phys. Rev.
Lett. 97, 091101 (2006).

[77] T. Kuroda and M. Shibata, Failed supernova simulations
beyond black hole formation, Mon. Not. R. Astron. Soc.
526, 152 (2023).

[78] S. Fujibayashi, Y. Sekiguchi, M. Shibata, and S. Wanajo,
Collapse of rotating massive stars leading to black hole
formation and energetic supernovae, Astrophys. J. 956, 100
(2023).

[79] R. Epstein, The generation of gravitational radiation by
escaping supernova neutrinos, Astrophys. J. 223, 1037 (1978).

[80] M. S. Turner, Gravitational radiation from supernova neu-
trino bursts, Nature (London) 274, 565 (1978).

[81] B. Miiller, H.-T. Janka, and A. Marek, A new multi-
dimensional general relativistic neutrino hydrodynamics code
for core-collapse supernovae. II. Relativistic explosion mod-
els of core-collapse supernovae, Astrophys. J. 756, 84 (2012).

[82] S. Kawamura et al., Current status of space gravitational
wave antenna DECIGO and B-DECIGO, Prog. Theor. Exp.
Phys. 2021, 05A105 (2021).

[83] A. Corsi et al., A search for relativistic ejecta in a sample of
ZTF broad-lined type Ic supernovae, Astrophys. J. 953, 179
(2023).

123017-23


https://doi.org/10.1086/513063
https://doi.org/10.1088/2041-8205/726/2/L15
https://doi.org/10.3847/1538-4357/aa9d97
https://doi.org/10.3847/1538-4357/aa9d97
https://doi.org/10.1038/s41586-023-06759-1
https://doi.org/10.1093/mnrasl/slad128
https://doi.org/10.1093/mnrasl/slad128
https://doi.org/10.3847/1538-4357/ad409c
https://doi.org/10.1086/503195
https://doi.org/10.1146/annurev-nucl-102711-094901
https://doi.org/10.1103/PhysRevLett.97.091101
https://doi.org/10.1103/PhysRevLett.97.091101
https://doi.org/10.1093/mnras/stad2710
https://doi.org/10.1093/mnras/stad2710
https://doi.org/10.3847/1538-4357/acf5e5
https://doi.org/10.3847/1538-4357/acf5e5
https://doi.org/10.1086/156337
https://doi.org/10.1038/274565a0
https://doi.org/10.1088/0004-637X/756/1/84
https://doi.org/10.1093/ptep/ptab019
https://doi.org/10.1093/ptep/ptab019
https://doi.org/10.3847/1538-4357/acd3f2
https://doi.org/10.3847/1538-4357/acd3f2

	Self-consistent scenario for jet and stellar explosions in collapsar: General relativistic magnetohydrodynamics simulation with a dynamo
	I. INTRODUCTION
	II. SET UP
	A. Dynamo term
	B. Initial condition
	C. Initial condition for the magnetic-field
	D. Computational domain and time

	III. NUMERICAL RESULTS
	A. Mechanism of stellar explosion and jet launch
	B. Evolution of the black hole
	C. Evolution of the electromagnetic energy
	D. Explosion energy, ejecta mass, and Poynting luminosity
	E. Nucleosynthesis, nickel mass, and r-process elements
	1. Conditions for nucleosynthesis
	2. Nucleosynthesis results

	F. Neutrino emission and memory gravitational waves

	IV. SUMMARY AND CONCLUSION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


