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1. Introduction
 Core-collapse supernovae are one of the most energetic explosions in the 
universe. The explosion mechanism of them is a 
long-lasting problem in the astrophysics for 

more than 40 years. The “delayed explosion 
scenario”, in which the neutrino heating process 
is essencial, is the most promising mechanism. 
In this scenario, the neutrino heating induced by 
the copious neutrinos emitted from proto-
neutron star (PNS) dominates the neutrino 
cooling in the gain region (between the shock 
wave and gain radius; see figure 1).  In order to 
calculate this process, we should solve neutrino 
radiative transfer with hydrodynamic equations. 
By solving these equations simultaneously, we 
have recognized that 1D (spherically 
symmetric) simulations could not reproduce the 
explosion despite the existence of neutrino 
heating. However, recent studies suggest that 
multi-dimensional effects (e.g., convection, 
Standing Accretion Shock Instability (SASI)) 
help the neutrino heating and have possibility to 
produce successful explosion. We have 
developed a numerical code that solves the 
neutrino-radiation hydrodynamics in 1D and 2D (axial symmetry) (see Suwa et al. 
2010, 2011 for details).

PNS

shock front

gain radius

2. Method
Basic equations:
      We solve following hydrodynamic equations using ZEUS-2D (Stone & Norman 
1992),

where P, v, e, !, Q", d/dt, are the gas pressure including the radiation pressure from 
neutrino’s, the fluid velocity, the total energy density, the gravitational potential, the 
neutrino heating/cooling rate, and Lagrange derivative, respectively. We employ 
Lattimer & Swesty (1991) equation of state with incompressibility K=180 MeV.

Neutrino transfer:
       We solve the neutrino radiative transfer for electron-type  neutrinos and anti-
neutrinos using Isotropic Diffusion Source Approximation (IDSA) scheme, which is 
developed in Liebendörfer et al. (2009).

Progenitor and grid setting:
       We employ 15 solar mass star by Woosley and Weaver (1995) as an initial 
model. The simulations are performed on a grid of 300 logarithmically spaced radial 
zones from the center up to 5000 km and 128 equidistant angular zones covering 0 < 
! < ". For neutrino transport, we use 20 logarithmically spaced energy bins reaching 
from 3 to 300 MeV.

Validity of the code:
        We have checked that numerical results of our code is identical with those of 
AGILE in spherical symmetry (see Suwa et al. 2011). In addition, the total energy 
conservation remains within 3x1049 erg, which is ~0.03% of gravitational binding 
energy (~1053 erg) that is sufficient and required accuracy for supernova physics.
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ABSTRACT
In this paper we present one- and two-dimensional numerical simulation of core-collapse supernova

including neutrino radiation transfer. We aim to examine the influence of the equation of state (EOS)
for the dense nuclear matter. We employ two sets of EOSs, that is, those by Lattimer and Swesty (LS)
and Shen et al. We reconfirm that both EOSs do not produce an explosion in spherical symmetry,
which is consistent with previous works. In addition, we perform simulations with amplified charged
current to induce explosion and find that Shen EOS is harder to obtain explosion than any LS EOSs.
In two-dimensional simulation, we find that LS EOSs can produce explosions, but Shen EOS does
not. This difference comes from the stiffness of EOSs.
Subject headings:

1. INTRODUCTION

Core-collapse supernovae are one of the most violent
explosions in the universe. The explosion is triggered by
the enormous gravitational energy released by the tran-
sition from the massive stellar core to a neutron star
(NS). The most central part of these events reaches as
dense as the nuclear density, ρnuc ≈ 3 × 1014 g cm−3 so
that the equation of state (EOS) of nuclear matter is sig-
nificantly important to uncover the dynamical features.
Phenomenologically, there are (at least) two parameters
describing the characteristics of EOSs, that is, the in-
compressibility and the symmetry energy. The incom-
pressibility is important quantity above nuclear density,
while the symmetry energy affects the thermodynamical
quantities, especially the pressure, for the neutron-rich
matter. As for the NS, the incompressibility changes the
maximum mass and the symmetry energy varies both the
maximum mass and radius.

The comparison study using some EOSs are done by
some authors in spherical symmetry (e.g., Thompson
et al. 2003; Sumiyoshi et al. 2005; Fischer et al. 2010;
O’Connor & Ott 2011; Hempel et al. 2011). In addi-
tion, there are several studies of the EOS dependences for
multi-dimensional (multi-D) simulations (Kotake et al.
2004; Marek & Janka 2009; Scheidegger et al. 2010) fo-
cusing on the prompt phase just after the core bounce.
However, there is no study about the EOS dependence on
the successful exploding models. The successful explod-
ing models obtained by the neutrino-heating mechanism
(so-called “delayed explosion scenario”) are all done by
EOS of Lattimer & Swesty (1991) with the incompress-
ibility K = 180 MeV, which is a little bit soft EOS (Buras
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et al. 2006; Marek & Janka 2009; Suwa et al. 2010). In
addition, Marek & Janka (2009) performed 2D simula-
tion using stiffer EOS by Hillebrandt et al. (1984), and
found that softer EOS is preferred for successful explo-
sion. However, their simulation with stiffer EOS is only
done in shorter timescale than softer EOS, so that the
final decision is not completed7. Further, they employed
only two EOSs, which have different incompressibility
and symmetry energy. Thus, the meaning of “stiff” is
not clear because both parameters can make the higher
pressure for the same density than the different parame-
ter set.

In this study, we perform 1D and 2D simulations using
four EOSs with energy-dependent neutrino-radiation-
hydrodynamic code (Suwa et al. 2010, 2011). We employ
three variants of Lattimer & Swesty (LS) EOS (Lattimer
& Swesty 1991) for incompressibility of K =180, 220,
and 375 MeV, and Shen EOS (Shen et al. 1998), which
has the different incompressibility and symmetry energy
from any LS EOSs. With these EOSs, we can figure out
the impacts of EOS in more systematic way.

This paper is organized as following...

2. NUMERICAL METHODS

2.1. Hydrodynamics
The basic evolution equations are written as follows,

dρ

dt
+ ρ∇ · v = 0, (1)

ρ
dv
dt

= −∇P − ρ∇Φ (2)

de∗

dt
+ ∇ · [(e∗ + P )v] = −ρv ·∇Φ + Qν , (3)

% Φ = 4πGρ, (4)

where P,v, e∗, Φ, Qν , d
dt , are the gas pressure including

the radiation pressure from neutrino’s, the fluid velocity,
the total energy density, the gravitational potential, the

7 In fact, there is an objection, which indicates that the harder
EOS is better for the explosion (see Pejcha & Thompson 2011).

Reference
Suwa, Y. et al., PASJ, 62, L53 (2010)
Suwa, Y. et al., ApJ (2011) in press (arXiv:1106.5487)

Lattimer, J. M. & Swesty, F. D., Nucl. Phys. A, 535, 331 (1991)
Liebenörfer, M. et al., ApJ, 698, 1174 (2009)
Stone, J. M. & Norman, M. L., ApJS, 80, 753 (1992)
Woosley, S. E. & Weaver, T. A., ApJS, 101, 181 (1995)

3. Results
Spherical collapse (1D simulation):
      The evolution can be separated into the phases of collapse, bounce, prompt 
shock propagation, neutrino burst, and accretion phase, which in some cases 
accompanied by a transient shock expansion. Our 1D simulation does not yield a 
prompt or delayed explosion, which is consistent with previous works. This is 
because the neutrino cooling rate is large to decrease the kinetic energy of shock 
wave and the heating rate is not high enough to relaunch the stalled shock.

Axisymmetric collapse and explosion (2D simulation):
    Our 2D simulations result in 

successful explosions driven by the 
neutrino heating aided by SASI and 
convection. SASI is an instability of 
shock wave, which deforms the 
morphology of the shock wave from 
sphere (l=0) to unipolar (l=1), 
bipolar (l=2), etc. The convection 
induce the non-radial motion 
between the shock wave and the 
gain radius, in which the entropy 
profile is convectively unstable. In 
figure 2, the density (left panel) and 
the entropy (right panel) profiles are 
shown. The shock wave is  
deformed due to SASI and 
propagates outside the iron core 
(~1000km radius). The high entropy 
region has butterfly like shape due to 
the convective motion.

     The mass trajectories of 1D 

(grey) and 2D (orange) are shown 
in figure 3. In addition, the shock 
trajectories of 1D (black) and 2D 
(red) are also presented. 
Apparently, the 1D simulation fails 
to explode, while the 2D 
simulation succeeds to push the 
shock wave out of the iron core. 
     The problem of our results are 
the smallness of the explosion 

energy, which does not reach as 
large as 1051 erg (canonical 
observational explosion energy), but 
1050 erg. In addition, the mass 
accretion onto the proto-neutron star 
does not cease even after the launch 
of the shock wave (see figure 3). In 

order to solve these problem, we suggest the possibility of the corrective neutrino 
oscillation to energetize the weak expanding shock wave (Suwa et al. 2011).
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Fig. 3. Snapshots of the density (left half) and the entropy (right half) for models M13-2D (left panel) and M13-rot (right panel) at the epoch when the
shock reaches to 1000 km, corresponding to !470 ms after a bounce in both cases.

Fig. 4. Time evolution of the diagnostic energy versus postbounce
time for 2D models with and without rotation.

the 2D models with and without rotation. Although the diag-
nostic energies depend on the numerical resolutions quantita-
tively, they show a continuous increase for the rotating models.
The diagnostic energies for the models without rotation, on the
other hand, peak at around 180 ms when the neutrino-driven
explosion sets in (see also figure 1), and show a decrease later
on. With values of order 1049 erg it is not yet clear whether
these models will also eventually lead to an explosion.

The reason for the greater explosion energy for models with
rotation is due to the bigger mass of the exploding material.
This is because a north–south symmetric (` = 2) explosion can
expel more material than a unipolar explosion can. In fact,
the mass enclosed inside the gain radius is shown to be larger
for the rotating models (e.g., table 1). The explosion energies

when we terminated the simulation were less than .1050erg for
all of the models. For the rotating models, we are tempted to
speculate that they could become as high as ! 1051 erg within
the next 500 ms by a linear extrapolation. However, in order
to unquestionably identify the robust feature of an explosion
in the models, a longer-term simulation with improved input
physics would be needed.

Our numerical results are qualitatively consistent with the
results of Marek and Janka (2009) in the sense that in
a relatively early postbounce phase the model with rotation
shows a more clear trend of explosion than the nonrotating
models do.

4. Summary and Discussion

Performing 2D core-collapse simulations of a 13 Mˇ star
with spectral neutrino transport via the isotropic diffusion
source approximation, we found a strong dependence of the
expansion of the shock radius and the likelihood for an explo-
sion on the initial rotation rate. In all cases the shock was
driven outward by the neutrino-heating mechanism aided by
multi-D effects, such as the SASI and convection. We have
shown a preponderance of a bipolar explosion for 2D models
with rotation. We have pointed out that the explosion energy
can become larger for models with bipolar explosions.

The conclusion with respect to the effects of rotation
obtained in this study differs from that of Marek and Janka
(2009), who suggested that the rotation has a negative
impact on the explosion. They obtained the expansion of
the shock wave only for the rotating model (M15LS-rot),
while the nonrotating model did not show an expansion due
to the short simulation time (see figure 6 in their paper).
Therefore, because they could not compare the expanding

Abstract
 Core-collapse supernovae are violent explosion of massive stars at their end of life. The standard model of the supernova explosion is so-called ``delayed explosion 
scenario'', in which the neutrino heating plays an important role. In order to investigate whether this model works properly, we must solve radiation hydrodynamic equations 
incorporating the neutrino radiative transfer with detailed microphysics. By performing axisymmetric hydrodynamic simulations of core-collapse supernovae with spectral 
neutrino transport based on the isotropic diffusion source approximation scheme, we support the assumption that the neutrino-heating mechanism aided by the standing 
accretion shock instability and convection can initiate an explosion of 15 M⦿ stars. In this poster, we present our recent works.

Figure 1 The schematic picture of 
the radial profiles of neutrino 
cooling (blue) and heating (red). 
Above the gain radius, the neutrino 
heating dominates the cooling.

Figure 2 The density (left) and entropy (right) 
profile at 470 ms after the core bounce.

Figure 3 The mass trajectories as functions of 
time for 1D (grey) and 2D (orange). Thick 
lines in red (2D) and black (1D) show the 
position of shock waves, noting for 2D that the 
maximum (top) and average (bottom) shock 
positions are shown. 2D simulation results in 
the shock expansion up to ~1000km.
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1. Introduction
 Core-collapse supernovae are one of the most energetic explosions in the 
universe. The explosion mechanism of them is a 
long-lasting problem in the astrophysics for 

more than 40 years. The “delayed explosion 
scenario”, in which the neutrino heating process 
is essencial, is the most promising mechanism. 
In this scenario, the neutrino heating induced by 
the copious neutrinos emitted from proto-
neutron star (PNS) dominates the neutrino 
cooling in the gain region (between the shock 
wave and gain radius; see figure 1).  In order to 
calculate this process, we should solve neutrino 
radiative transfer with hydrodynamic equations. 
By solving these equations simultaneously, we 
have recognized that 1D (spherically 
symmetric) simulations could not reproduce the 
explosion despite the existence of neutrino 
heating. However, recent studies suggest that 
multi-dimensional effects (e.g., convection, 
Standing Accretion Shock Instability (SASI)) 
help the neutrino heating and have possibility to 
produce successful explosion. We have 
developed a numerical code that solves the 
neutrino-radiation hydrodynamics in 1D and 2D (axial symmetry) (see Suwa et al. 
2010, 2011 for details).
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2. Method
Basic equations:
      We solve following hydrodynamic equations using ZEUS-2D (Stone & Norman 
1992),

where P, v, e, !, Q", d/dt, are the gas pressure including the radiation pressure from 
neutrino’s, the fluid velocity, the total energy density, the gravitational potential, the 
neutrino heating/cooling rate, and Lagrange derivative, respectively. We employ 
Lattimer & Swesty (1991) equation of state with incompressibility K=180 MeV.

Neutrino transfer:
       We solve the neutrino radiative transfer for electron-type  neutrinos and anti-
neutrinos using Isotropic Diffusion Source Approximation (IDSA) scheme, which is 
developed in Liebendörfer et al. (2009).

Progenitor and grid setting:
       We employ 15 solar mass star by Woosley and Weaver (1995) as an initial 
model. The simulations are performed on a grid of 300 logarithmically spaced radial 
zones from the center up to 5000 km and 128 equidistant angular zones covering 0 < 
! < ". For neutrino transport, we use 20 logarithmically spaced energy bins reaching 
from 3 to 300 MeV.

Validity of the code:
        We have checked that numerical results of our code is identical with those of 
AGILE in spherical symmetry (see Suwa et al. 2011). In addition, the total energy 
conservation remains within 3x1049 erg, which is ~0.03% of gravitational binding 
energy (~1053 erg) that is sufficient and required accuracy for supernova physics.
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1. INTRODUCTION

Core-collapse supernovae are one of the most violent
explosions in the universe. The explosion is triggered by
the enormous gravitational energy released by the tran-
sition from the massive stellar core to a neutron star
(NS). The most central part of these events reaches as
dense as the nuclear density, ρnuc ≈ 3 × 1014 g cm−3 so
that the equation of state (EOS) of nuclear matter is sig-
nificantly important to uncover the dynamical features.
Phenomenologically, there are (at least) two parameters
describing the characteristics of EOSs, that is, the in-
compressibility and the symmetry energy. The incom-
pressibility is important quantity above nuclear density,
while the symmetry energy affects the thermodynamical
quantities, especially the pressure, for the neutron-rich
matter. As for the NS, the incompressibility changes the
maximum mass and the symmetry energy varies both the
maximum mass and radius.

The comparison study using some EOSs are done by
some authors in spherical symmetry (e.g., Thompson
et al. 2003; Sumiyoshi et al. 2005; Fischer et al. 2010;
O’Connor & Ott 2011; Hempel et al. 2011). In addi-
tion, there are several studies of the EOS dependences for
multi-dimensional (multi-D) simulations (Kotake et al.
2004; Marek & Janka 2009; Scheidegger et al. 2010) fo-
cusing on the prompt phase just after the core bounce.
However, there is no study about the EOS dependence on
the successful exploding models. The successful explod-
ing models obtained by the neutrino-heating mechanism
(so-called “delayed explosion scenario”) are all done by
EOS of Lattimer & Swesty (1991) with the incompress-
ibility K = 180 MeV, which is a little bit soft EOS (Buras
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et al. 2006; Marek & Janka 2009; Suwa et al. 2010). In
addition, Marek & Janka (2009) performed 2D simula-
tion using stiffer EOS by Hillebrandt et al. (1984), and
found that softer EOS is preferred for successful explo-
sion. However, their simulation with stiffer EOS is only
done in shorter timescale than softer EOS, so that the
final decision is not completed7. Further, they employed
only two EOSs, which have different incompressibility
and symmetry energy. Thus, the meaning of “stiff” is
not clear because both parameters can make the higher
pressure for the same density than the different parame-
ter set.

In this study, we perform 1D and 2D simulations using
four EOSs with energy-dependent neutrino-radiation-
hydrodynamic code (Suwa et al. 2010, 2011). We employ
three variants of Lattimer & Swesty (LS) EOS (Lattimer
& Swesty 1991) for incompressibility of K =180, 220,
and 375 MeV, and Shen EOS (Shen et al. 1998), which
has the different incompressibility and symmetry energy
from any LS EOSs. With these EOSs, we can figure out
the impacts of EOS in more systematic way.

This paper is organized as following...

2. NUMERICAL METHODS

2.1. Hydrodynamics
The basic evolution equations are written as follows,

dρ

dt
+ ρ∇ · v = 0, (1)

ρ
dv
dt

= −∇P − ρ∇Φ (2)

de∗

dt
+ ∇ · [(e∗ + P )v] = −ρv ·∇Φ + Qν , (3)

% Φ = 4πGρ, (4)

where P,v, e∗, Φ, Qν , d
dt , are the gas pressure including

the radiation pressure from neutrino’s, the fluid velocity,
the total energy density, the gravitational potential, the

7 In fact, there is an objection, which indicates that the harder
EOS is better for the explosion (see Pejcha & Thompson 2011).
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3. Results
Spherical collapse (1D simulation):
      The evolution can be separated into the phases of collapse, bounce, prompt 
shock propagation, neutrino burst, and accretion phase, which in some cases 
accompanied by a transient shock expansion. Our 1D simulation does not yield a 
prompt or delayed explosion, which is consistent with previous works. This is 
because the neutrino cooling rate is large to decrease the kinetic energy of shock 
wave and the heating rate is not high enough to relaunch the stalled shock.

Axisymmetric collapse and explosion (2D simulation):
    Our 2D simulations result in 

successful explosions driven by the 
neutrino heating aided by SASI and 
convection. SASI is an instability of 
shock wave, which deforms the 
morphology of the shock wave from 
sphere (l=0) to unipolar (l=1), 
bipolar (l=2), etc. The convection 
induce the non-radial motion 
between the shock wave and the 
gain radius, in which the entropy 
profile is convectively unstable. In 
figure 2, the density (left panel) and 
the entropy (right panel) profiles are 
shown. The shock wave is  
deformed due to SASI and 
propagates outside the iron core 
(~1000km radius). The high entropy 
region has butterfly like shape due to 
the convective motion.

     The mass trajectories of 1D 

(grey) and 2D (orange) are shown 
in figure 3. In addition, the shock 
trajectories of 1D (black) and 2D 
(red) are also presented. 
Apparently, the 1D simulation fails 
to explode, while the 2D 
simulation succeeds to push the 
shock wave out of the iron core. 
     The problem of our results are 
the smallness of the explosion 

energy, which does not reach as 
large as 1051 erg (canonical 
observational explosion energy), but 
1050 erg. In addition, the mass 
accretion onto the proto-neutron star 
does not cease even after the launch 
of the shock wave (see figure 3). In 

order to solve these problem, we suggest the possibility of the corrective neutrino 
oscillation to energetize the weak expanding shock wave (Suwa et al. 2011).
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Fig. 3. Snapshots of the density (left half) and the entropy (right half) for models M13-2D (left panel) and M13-rot (right panel) at the epoch when the
shock reaches to 1000 km, corresponding to !470 ms after a bounce in both cases.

Fig. 4. Time evolution of the diagnostic energy versus postbounce
time for 2D models with and without rotation.

the 2D models with and without rotation. Although the diag-
nostic energies depend on the numerical resolutions quantita-
tively, they show a continuous increase for the rotating models.
The diagnostic energies for the models without rotation, on the
other hand, peak at around 180 ms when the neutrino-driven
explosion sets in (see also figure 1), and show a decrease later
on. With values of order 1049 erg it is not yet clear whether
these models will also eventually lead to an explosion.

The reason for the greater explosion energy for models with
rotation is due to the bigger mass of the exploding material.
This is because a north–south symmetric (` = 2) explosion can
expel more material than a unipolar explosion can. In fact,
the mass enclosed inside the gain radius is shown to be larger
for the rotating models (e.g., table 1). The explosion energies

when we terminated the simulation were less than .1050erg for
all of the models. For the rotating models, we are tempted to
speculate that they could become as high as ! 1051 erg within
the next 500 ms by a linear extrapolation. However, in order
to unquestionably identify the robust feature of an explosion
in the models, a longer-term simulation with improved input
physics would be needed.

Our numerical results are qualitatively consistent with the
results of Marek and Janka (2009) in the sense that in
a relatively early postbounce phase the model with rotation
shows a more clear trend of explosion than the nonrotating
models do.

4. Summary and Discussion

Performing 2D core-collapse simulations of a 13 Mˇ star
with spectral neutrino transport via the isotropic diffusion
source approximation, we found a strong dependence of the
expansion of the shock radius and the likelihood for an explo-
sion on the initial rotation rate. In all cases the shock was
driven outward by the neutrino-heating mechanism aided by
multi-D effects, such as the SASI and convection. We have
shown a preponderance of a bipolar explosion for 2D models
with rotation. We have pointed out that the explosion energy
can become larger for models with bipolar explosions.

The conclusion with respect to the effects of rotation
obtained in this study differs from that of Marek and Janka
(2009), who suggested that the rotation has a negative
impact on the explosion. They obtained the expansion of
the shock wave only for the rotating model (M15LS-rot),
while the nonrotating model did not show an expansion due
to the short simulation time (see figure 6 in their paper).
Therefore, because they could not compare the expanding
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Figure 1 The schematic picture of 
the radial profiles of neutrino 
cooling (blue) and heating (red). 
Above the gain radius, the neutrino 
heating dominates the cooling.

Figure 2 The density (left) and entropy (right) 
profile at 470 ms after the core bounce.

Figure 3 The mass trajectories as functions of 
time for 1D (grey) and 2D (orange). Thick 
lines in red (2D) and black (1D) show the 
position of shock waves, noting for 2D that the 
maximum (top) and average (bottom) shock 
positions are shown. 2D simulation results in 
the shock expansion up to ~1000km.
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Systematics in supernova simulations

Dimensionality of hydrodynamics
General relativity
Neutrino physics
Scheme to solve Boltzmann equation

Interaction rate

Collective oscillation

Nuclear equation of state
Initial condition
progenitor structure (mixing, wind...)

rotation / magnetic field
3

Iwakami+ 08, Nordhaus+ 10, Hanke+ 11, 
Takiwaki+ 12

Liebendörfer+01, Müller+ 12, Kuroda+ 12,

Ott+ 08, Shibata+ 11, Sumiyoshi & Yamada 12

Langanke+ 03, Arcones+ 08, Lentz+ 12

Lattimer & Swesty 91, H. Shen+ 98, G. 
Shen+ 10, Furusawa+ 11, Hempel+ 12

Nomoto & Hashimoto 88, Woosley & 
Weaver 95, Woosley+ 02, Limongi & Chieffi 
06, Woosley & Heger 07, Yoshida+ 12

Raffelt & Smirnov 07, Duan+ 10, 
Dasgupta+ 10

Our Goal: Produce Successful Explosion! of ~1051 erg
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Systematics in supernova simulations

Dimensionality of hydrodynamics
General relativity
Neutrino physics
Scheme to solve Boltzmann equation

Interaction rate

Collective oscillation

Nuclear equation of state
Initial condition
progenitor structure (mixing, wind...)

rotation / magnetic field
3

Iwakami+ 08, Nordhaus+ 10, Hanke+ 11, 
Takiwaki+ 12

Liebendörfer+01, Müller+ 12, Kuroda+ 12,

Ott+ 08, Shibata+ 11, Sumiyoshi & Yamada 12

Langanke+ 03, Arcones+ 08, Lentz+ 12

Lattimer & Swesty 91, H. Shen+ 98, G. 
Shen+ 10, Furusawa+ 11, Hempel+ 12

Nomoto & Hashimoto 88, Woosley & 
Weaver 95, Woosley+ 02, Limongi & Chieffi 
06, Woosley & Heger 07, Yoshida+ 12

Raffelt & Smirnov 07, Duan+ 10, 
Dasgupta+ 10

Nuclear equation of state

Our Goal: Produce Successful Explosion! of ~1051 erg
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Standard scenario of core-collapse supernovae

4

Fe

Si
O,Ne,Mg
C+O
He
H

ρc~109 g cm-3
ρc~1011 g cm-3 ρc~1014 g cm-3

星の進化の最終段階 ニュートリノ球形成
（ニュートリノトラップ）

中性子星形成
（コアバウンス）

衝撃波の停滞 衝撃波の復活 超新星爆発！

ニュートリノ球 中性子星

Fe

Si
O,Ne,Mg
C+O
He
H
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1D simulations: fail to explode
Rammp & Janka 00

Sumiyoshi+ 05Thompson+ 03

Liebendörfer+ 01

By including all available physics to simulations, we 
concluded that the explosion cannot be obtained in 1D!
(The exception is an 8.8 M⦿ star; Kitaura+ 06)

5
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Neutrino-driven explosion

6

Recently, we have successful exploding models driven by neutrino heating 
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Buras+ 06 (11.2M⦿)
Marek & Janka 09 (15M⦿)

Suwa+ 10, 11 (13M⦿)

Suwa+ 12 (15M⦿)

Neutrino heating is amplified 
due to multi-D effects such as
Convective motion behind 
the shock wave
Standing Accretion Shock 
Instability (SASI)
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Convection and SASI

driven by entropy and/or chemical 
composition distribution

from small scale to large scale

7

Blondin & Mezzakappa 06

© NASA

Convection SASI

disturbance of spherical shock

intrinsically large scale 
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3D simulation with neutrino transfer

8

Takiwaki, Kotake, YS, ApJ, 749, 98 (2012)
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Finite temperature EOSs
Lattimer & Swesty (LS) (1991)
based on compressible liquid drop model

variants with K=180, 220, and 375 MeV

H.Shen et al. (1998, 2011)
relativistic mean field theory (TM1)

including hyperon component (~2011)

9

incompressibility
K [MeV]

symmetry energy
J (S) [MeV]

slope of symmetry energy
L [MeV]

LS 180, 220, 375 29.3 73.8 
(from Steiner+ 2012)

HShen 281 36.9 111

HW 263 32.9 ---

GShen 271.5 (NL3)
230.0 (FSU)

37.29 (NL3)
32.59 (FSU)

118.2 (NL3)
60.5 (FSU)

Hempel 318 (TMA)
230 (FSU)

30.7 (TMA)
32.6 (FSU)

90 (TMA)
60 (FSU)

Hillebrandt & Wolff (1985)
Hartree-Fock calculation

G.Shen et al. (2010, 2011)
relativistic mean field theory (NL3, FSUGold)

Hempel et al. (2012)
relativistic mean field theory (TM1, TMA, 
FSUGold)

New equations of state in core-collapse supernova simulations 5

avoid the minor inconsistency to also use the table of
Geng et al. (2005), which is based on the TMA parame-
terization. For FSUgold we take a mass table which was
calculated by X. Roca-Maza, which was also applied in
Roca-Maza and Piekarewicz (2008). This table contains
1512 even-even nuclei, from the proton to the neutron
drip, with 14 ≤ A ≤ 348 and 8 ≤ Z ≤ 100. Odd nuclei
are not included in this table. The nuclei were calcu-
lated only with spherical symmetry and the pairing is
introduced through a BCS approach with constant ma-
trix elements. The constant matrix element for neutrons
has been fitted to reproduce the experimental binding in
the tin isotopic chain and the constant matrix element
for protons to the experimental binding in the N = 82
isotonic chain.
To describe nuclei in the supernova environment, we

not only need binding energies, but have to account for
medium and temperature effects. For the screening of the
Coulomb field of the nuclei in the uniform background of
electrons we use the most basic expression: for each nu-
cleus we assume a spherical Wigner-Seitz (WS) cell at
zero temperature. More elaborated approaches for the
Coulomb energy of a multi-component plasma at finite
temperature can e.g. be found in Nadyozhin and Yudin
(2005); Potekhin et al. (2009); Potekhin and Chabrier
(2010). However, we leave this for future studies as the
Coulomb energy becomes only important at low temper-
atures so that the simplest expression is sufficient for our
purposes.
Finite temperature leads to the population of excited

states of the nuclei. Here we use the temperature depen-
dent degeneracy function of Fái and Randrup (1982). It
is the same analytic expression as in the original reference
of the HS model (Hempel and Schaffner-Bielich 2010),
but now we consider only excitation energies below the
binding energy of the corresponding nucleus, in order to
represent that the excited states still have to be bound
(see, e.g., Röpke (1984)). We note that the inclusion of
excited states up to infinite energies had only a minor
influence on the composition but would lead to an un-
physically large contribution of the excited states to the
energy density and entropy at very large temperatures.
We describe nuclear matter as a chemical mixture of

the different nuclear species and nucleons. As we distin-
guish between nuclei and the surrounding interacting nu-
cleons we still have to specify how the system is composed
of the different particles. Our thermodynamic model is
built on two main assumptions: First, we assume for un-
bound nucleons that they are not allowed to be situated
inside of nuclei, whereas nuclei are described as uniform
hard spheres at saturation density n0

B. Second, for nu-
clei (with mass number A ≥ 2) we assume that they must
not overlap with any other baryon in the system (nuclei
or unbound nucleons). Thus we take the volume which
is available for the nucleons to be the part of the total
volume of the system which is not excluded by nuclei.
This is described by the filling factor of the nucleons

ξ = 1−
∑

A,Z

A nA,Z/n
0
B , (3)

(here and in the following, we mean A ≥ 2). The free
volume in which a nucleus can move is the total volume
minus the volume filled by nuclei and nucleons. This is

incorporated via the free volume fraction

κ=1− nB/n
0
B , (4)

with the total baryon number density nB, which includes
the contributions of unbound neutrons and protons:

nB =nn + np +
∑

A,Z

A nA,Z . (5)

Based on these two main assumptions, the EOS is
derived in a consistent way, using the non-relativistic
Maxwell-Boltzmann description for nuclei and the full
Fermi-Dirac integrals for nucleons (solved with the rou-
tines from Aparicio (1998) and Gong et al. (2001)). We
obtain modifications of all thermodynamic quantities due
to the excluded volume. Here we give the thermody-
namic potential, the free energy density f , as an exam-
ple:

f =
∑

A,Z

f0
A,Z(T, nA,Z) +

∑

A,Z

fCoul
A,Z

−T
∑

A,Z

nA,Z ln(κ)

+ξf0
RMF (T, nn/ξ, np/ξ) , (6)

The first term in Eq. (6) is the summed ideal gas ex-
pression of the nuclei. The Coulomb free energy of the
nuclei appears in addition. The second line in Eq. (6) is
the direct contribution from the excluded volume. Be-
cause of this term, as long as nuclei are present, the free
energy density goes to infinity when approaching satu-
ration density, because the free volume of nuclei goes to
zero, κ → 0. Thus, nuclei will always disappear before
saturation density is reached. The RMF contribution of
the nucleons f0

RMF is weighted with their filling factor ξ,
as the free energy is an extensive quantity. If nuclei are
absent, ξ = 1, and we get the unmodified RMF descrip-
tion, as it should be. The excluded volume correction for
the nuclei represents a hard-core repulsion of the nuclei
at large densities close to saturation density. Instead the
modification of the free energy of the unbound nucleons
is purely geometric and just describes that the nucleons
fill only a fraction of the total volume. In this sense, the
two aforementioned model assumptions for the excluded
volume are essential, as they lead to the desired limiting
behavior of the EOS.

2.4. EOS characteristics & constraints

Table 2 lists some characteristic saturation properties
of uniform bulk nuclear matter for the three different
RMF parameterizations. We also include the LS EOS
with the compressibility of K = 180 MeV in the table.
The quantities shown in Table 2 correspond to the co-
efficients of the following power-series expansion of the
binding energy per baryon at T = 0 around the satura-
tion point:

E(x,β)=−E0 +
1

18
Kx2 +

1

162
K ′x3 + ...

+β2

(

J +
1

3
Lx+ ...

)

+ ... , (7)

with x = nB/n0
B−1 denoting the relative deviation from

the saturation density, and the asymmetry parameter β
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Equation of state

10

The “standard” equations of state (EOS) in supernova community
・Lattimer & Swesty EOS (liquid drop)
・Shen EOS (relativistic mean field)
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Studies on EOS dependence

There are several works, which investigated the 
EOS dependence with 1D simulation

Since 1D simulations fail to produce explosion, 
the representable physical quantities in these 
studies are

BH formation time

neutrino luminosity/spectrum evolution

How about the explosion? Does it produce 1051 erg 
explosion?

11
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Numerical simulation
EOS: LS180, (LS220,) LS375, and Shen

Axisymmetric simulation (ZEUS-2D; Stone & Norman 92)

Hydrodynamics + Neutrino transfer

Isotropic Diffusion Source Approximation (Liebendörfer+ 09)

electron-type neutrino/antineutrino

progenitor: 15 M⦿ (Woosley & Weaver 95)

12

(Lindquist 1966; Castor 1972; Mezzacappa & Bruenn 1993)
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Results in 1D simulation
Evolution of shock radius YS, Takiwaki, Kotake, Fischer, Liebendörfer, Sato arXiv:1206.6101
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Entropy evolution

14

LS180 Shen
YS, Takiwaki, Kotake, Fischer, Liebendörfer, Sato arXiv:1206.6101
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Shock radius

15

LS180 and LS375 succeed the explosion
Shen EOS fails

maximum

minimum

average

YS, Takiwaki, Kotake, Fischer, Liebendörfer, Sato arXiv:1206.6101

More rapid contraction of NS is 
better for the explosion!
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Summary and discussion

We perform axisymmetric simulations of a 
core-collapse supernova driven by the 
neutrino heating and investigate the 
dependence on the equation of state

Lattimer & Swesty EOS: explosion

Shen EOS: failure

16

The EOS with faster contraction of the neutron star is better for the 
explosion

In order to make the complete understanding of EOS impacts, a more 
systematic study is strongly required!
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新学術領域「重力波天体」

マルチメッセンジャーが旗印
重力波との同時観測のためのシステム作り
様々な「目」を使って複合的に現象を「視る」

17
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超新星からの重力波

ニュートリノ駆動型爆発
対流
非球対称ニュートリノ放射

磁場駆動型爆発
強回転による歪んだ中性子星形成

音波駆動型爆発
中性子星振動

重力波を使って
爆発メカニズムを探る
核物質状態方程式を探る

18

Logue+ 12
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連星中性子星合体からの重力波と状態方程式

数多くの EOS を用いて系統的にシミュ
レーションすることが可能に

重力波波形から中性子星半径の情報

M-R 関係に対する新しい制限に成りうる

19

Hotokezaka+ 11

8 10 12 14 16 18
0

0.5

1

1.5

2

2.5

3

M
 [M

su
n]

R [km]

9 10 11 12 13 14 15

2

2.5

3

3.5

R
max

 [km]

f pe
ak

 [k
H

z]

-0.2

-0.15

-0.1

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 5  10  15  20  25  30

D
h(

t)
/m

0

t (ms)

(1a) type III

APR4-27
T4  1e-24

 1e-23

 1e-22

 1e-21

 1000  10000

h e
ff 

(1
00

M
pc

)

f [Hz]

(1b) type III

APR4-27
advLIGO (b)

LCGT
ET
T4

Bauswein & Janka 11

©仏坂氏（京大）



新学術領域「中性子星核物質」キックオフシンポジウム＠理研 /202012/10/27

連星中性子星合体からの重力波と状態方程式
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まとめ

20

中性子星の引き起こす
ダイナミカルな天体現象

中性子星の形成
（超新星爆発） 中性子星の合体


