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Let’s understand these ques$ons  
with the words of physics

• Why are stars so luminous? 

• Why do stars show L ~ M4? 

• Why do stars evolve? 

• Why does the des9ny of stars depend on the mass? 

• Why do some stars explode? 

• Why don’t normal star explode? 

• Why does stellar core collapses? 

• Why is the energy of supernova so huge? 

• …



Neutron star 
or 

Black hole

Collapse 
(< 1 sec)

Supernova!



What triggers the collapse of the star??
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Results of simula$ons (1D)

However, there is also negative feedback in the deleptonization
during collapse (Liebendörfer et al. 2002). Smaller electron cap-
ture rates keep the electron fraction high, which then leads to an
increase of the free proton fraction and consequently to electron
captures after all. The resultant electron fraction turns out to be
not significantly different as we see below.

It is also noticeable that the mass fraction of alpha particles
differs substantially and the abundance of nuclei is slightly re-
duced in model SH. This difference of alpha abundances in the
two models persists during the collapse and even in the post-
bounce phase. The nuclear species appearing in the central core
during collapse are shown in the nuclear chart (Fig. 4). The
nuclei in model SH are always less neutron-rich than those in
model LS by more than several neutrons. This is also due to the
effect of the symmetry energy, which gives nuclei closer to the
stability line in model SH. The mass number reaches up to !80
and!100 at the central density of 1011 g cm"3 ( filled circles) and
1012 g cm"3 (open circles), respectively. In the current simula-

tions, the electron capture on nuclei is suppressed beyond N ¼
40 due to the simple prescription employed here and a difference
in species does not make any difference. However, results may
turn out differently when more realistic electron capture rates are
adopted (Hix et al. 2003). It would be interesting to see whether
the difference found in two EOSs leads to differences in central
cores using recent electron capture rates on nuclei (Langanke &
Martinez-Pinedo 2003). Further studies are necessary to discuss
the abundances of nuclei and the influence of more updated elec-
tron capture rates for the mixture of nuclear species beyond the
approximation of single species in the current EOSs.
The profiles of lepton fractions at bounce are shown in Fig-

ure 5. The central electron fraction in model SH is Ye ¼ 0:31,
which is slightly higher than Ye ¼ 0:29 in model LS. The central
lepton fractions including neutrinos for models SH and LS are
rather close to each other, being YL ¼ 0:36 and 0.35, respec-
tively. The difference of lepton fraction results in a different size

Fig. 3.—Mass fractions in the supernova cores as a function of baryon mass
coordinate at the time when the central density reaches 1011 g cm"3. Solid,
dashed, dotted, and dot-dashed lines show mass fractions of protons, neutrons,
nuclei, and alpha particles, respectively. The results for models SH and LS are
shown by thick and thin lines, respectively.

Fig. 4.—Nuclear species appearing in supernova cores plotted on the nuclear
chart. Stable nuclei and the neutron drip line (Horiguchi et al. 2000) are shown
by open square symbols and a dashed line, respectively. Nuclear species at the
center of the core are marked by filled circles (!c ¼ 1011 g cm"3) and open
circles (!c ¼ 1012 g cm"3). The results for models SH and LS are shown by
thick and thin lines, respectively.

Fig. 2.—Radial positions of shock waves in models SH (thick lines) and LS (thin lines) as a function of time after bounce. The evolution at early (left) and late (right)
times is shown. Small fluctuations in the curves are due to a numerical artifact in the procedure for determining the shock position from a limited number of grid points.
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Why do stars finally explode? 
Why is it difficult to reproduce explosions?
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図 1.4 重力崩壊型超新星の爆発メカニズムの概要．重い星の中心部にある鉄
コアの重力崩壊から始まり，密度・温度が高まる中で発生したニュー
トリノが閉じ込められたまま，コアバウンスが起こり衝撃波が発生し
て，星の爆発に至る．爆発の際には超新星ニュートリノが放出され，周
辺では元素合成が起こり，中心には中性子星が残される．

の伝搬とともに温度上昇による核反応が急激に起こり爆発的元素合成が行なわ
れる．
このシナリオの各要素を物理過程からスタートして概説して，爆発メカニズ
ムについての大枠を理解できるようにしたい，というのが本書の狙いである．
超新星の中身を理解するうえで難しい点は，大きく異なるスケールの対象を扱
うところにある．従って，各スケールでの物理過程を理解したうえで，どれく
らいの大きさ・時間・質量・エネルギー等のスケールなのかを把握できるよう
になるとよい．例えば，星がつぶれ始めてから爆発するまでが約 1秒，超新星
ニュートリノの放出が数 10秒程度，と短い時間に多くのことが起こっている．
この時間スケールは何で決まっているのだろうか．鉄コアの質量は太陽質量程

(C) 原子核から読み解く超新星爆発の世界 
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1D simula$on

2 Suwa et al. [Vol. ,

simulations (Burrows et al. 2006; Burrows et al. 2007a).
Although the additional energy input from sound appears
to be robust enough to explode even the most massive
progenitors (Burrows et al. 2007a), it remains a matter of
vivid debate and has yet to be confirmed by other groups.
Also exotic physics in the core of the PNS may have a
potential to trigger explosions (e.g., Sagert et al. 2009).
In this Letter, we present axisymmetric explosion mod-

els for a 13 M! progenitor model of Nomoto & Hashimoto
(1988) in support of the theory that neutrino-heating
aided by multi-D effects is able to cause supernova ex-
plosions. We choose the progenitor with a smaller iron
core (∼ 1.20M!), anticipating an explosion since the pro-
genitor mass lies between 11.2 M! (Buras et al. 2006)
and 15M! (Marek & Janka 2009). We perform 2D
core-collapse simulation with spectral neutrino transport
by the isotropic diffusion source approximation (IDSA)
scheme currently developed by Liebendörfer et al. (2009).
By comparing four exploding models with and without
rapid rotation to one non-exploding 1D model, we point
out that models that produce a north-south symmetric
bipolar explosion can lead to larger explosion energies
than for the corresponding unipolar explosions. Our re-
sults show that the explosion geometry is more likely to
be bipolar in models that include rotation.

2. Numerical Methods and Models

Our 2D simulations are performed using a newly de-
veloped code which implements spectral neutrino trans-
port using the IDSA scheme (Liebendörfer et al. 2009)
in a ZEUS-2D code (Stone & Norman 1992). Following
the spirit of the so-called ray-by-ray approach, the IDSA
scheme further splits the neutrino distribution into two
components, both of which are solved using separate nu-
merical techniques. Although it does not yet include
heavy lepton neutrinos such as νµ,ντ (ν̄µ, ν̄τ ) and the in-
elastic neutrino scattering with electron, the innovative
approach taken in the scheme saves a significant amount of
computational time compared to the canonical Boltzmann
solvers (see Liebendörfer et al. 2009 for more details).
Expecting a bigger chance to produce explosions (Marek
& Janka 2009), we employ the soft equation of state (EOS)
by Lattimer & Swesty (1991) with a compressibility mod-
ulus of K = 180 MeV. The self gravity is implemented by
solving the Poisson equation by the Modified Incomplete
Cholesky Conjugate Gradient (MICCG) method (Kotake
et al. 2003), but without relativistic corrections.
The simulations are performed on a grid of 300 loga-

rithmically spaced radial zones up to 5000 km. To test
the sensitivity with respect to angular resolution, the grid
is varied to consist of 64 or 128 equidistant angular zones
covering 0≤ θ ≤ π. For the neutrino transport, we use 20
logarithmically spaced energy bins reaching from 3 to 300
MeV.
All supernova calculations in this work are based on

the 13M! model by Nomoto & Hashimoto (1988). The
computed models are listed in the first column of Table
1, in which one calculation (model M13-1D) is conducted
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Fig. 1. Time evolution of Models M13-1D and M13-2D, vi-
sualized by mass shell trajectories in thin gray and orange
lines, respectively. Thick lines in red (for model M13-2D)
and black (model M13-1D) show the position of shock waves,
noting for 2D that the maximum (top) and average (bottom)
shock position are shown. The red dashed line represents the
position of the gain radius, which is similar to the 1D case
(not shown).

in spherical symmetry. Other models are 2D simulations
with or without rotation (indicated by rot) with different
numerical resolution in the lateral direction (64 or 128,
denoted by ”hr” (high resolution) in Table 1). For the ro-
tating models, we impose rotation on the progenitor core
with initially a constant angular frequency of Ω0=2 rad/s
inside the iron core with a dipolar cut off (∝ r−2) outside,
which corresponds to β ∼ 0.18% with β being the ratio of
the rotational to the gravitational energy. This rotation
rate is fairly large and may lead to a spiral mode of the
SASI (Yamasaki & Foglizzo 2008). In addition, this strong
rotation may induce a strong magnetic field due to wind-
ing and the magneto-rotational instability and produce a
jet-like outflow (Kotake et al. 2006). Although these ef-
fects could modify the dynamics of the postbounce phase,
the approximate treatment in this study (axisymmetry
without magnetic fields) does not allow us to investigate
them in this article.

3. Results

Figure 1 depicts the difference between the time evolu-
tions of model M13-1D (thin gray lines) and model M13-
2D (thin orange lines), visualized by mass shell trajecto-
ries. Until ∼ 100 ms after bounce, the shock position of
the 2D model (thick red line) is similar to the 1D model
(thick black line). Later on, however, the shock for model
M13-2D does not recede as for M13-1D, but gradually ex-
pands and reaches 1000 km at about 470 ms after bounce.
Comparing the position of the gain radius (red dashed
line) to the shock position of M13-1D (thick black line)
and M13-2D (thick red line), one can see that the ad-
vection time of the accreting material in the gain region
can be longer in 2D than 1D. This longer exposure of
cool matter in the heating region to the irradiation of
hot outstreaming neutrinos from the PNS is essential for
the increased efficiency of the neutrino heating in multi-D
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E ~ 1050 erg  (smaller than observa$ons by 1 order of magnitude)

One of the biggest mystery in modern astrophysics



SN 1987A (in Large Magellanic cloud, 50 kpc)



Neutrino detec$on 
From SN 1987A

Kamiokande

(C) ICRR



Tension between KAMIOKANDE and IMB data

FIG. 2. Contours of constant likelihood which correspond to

68.3%, 90%, and 95.4% confidence regions, and best-fit values for

T
!̄
e
and Eb . Upper panel: Kamiokande and IMB separately. Lower

panel: Joint analysis. Dashed lines mark the 68.3% confidence re-

gions of the separate fit.

Jegerlehner et al., 1996
needs more data with HK

0-13

Enu ~ 1053 erg!! 
=> Founda$on of neutrino-
driven mechanism

Jegerlehner et al. 1996

* Observed energy  
(an$ electron neutrino) x 6



Kamiokande detected 11 neutrino events from SN 1987A. 
By this fact, es$mate total neutrino energy 
that SN 1987A released 

- You can assume the same numbers for all the flavors (6 flavors). 
- protons in water are main reactor (Cross sec$on σ ~ 10-41 cm2 ) 
- Effec$ve volume of Kamiokande 2 kton 
- Distance to the LMC is 50 kpc

Assignment 4

⌫̄e + p ! e+ + n



カミオカンデで11イベントのニュートリノが観測された。 

このことから、SN 1987Aがニュートリノとして放出した 

総エネルギーを概算せよ 

* すべてのフレーバーのニュートリノが同数放出されたと仮定して良い 

* 主な反応は水分子中の陽子 (反応断面積σ ~ 10-41 cm2 ) 

* カミオカンデの有効体積 2 kton 

* 大マゼラン雲までの距離 50 kpc

レポート課題 4

⌫̄e + p ! e+ + n



Summary: Core-collapse supernovae

• Core-collapse 

• Triggered by electron capture and photo dissocia9on 

• Explosion mechanism 

• Core-collapse => Bounce => Shock stalled  
=> neutrino hea9ng 

• Neutrino detec9on from SN 1987A 

• Detailed mechanism is not yet solved 

• Explosive nucleosynthesis 

• 56Ni => hea9ng source of supernova
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Appendix



Timescales of core-collapse supernovae

Core-collapse Bounce Shock revival Breakout

~0.1 sec ~0.1-1 sec ~1 day (~105 sec)

Shock breakout 
t(breakout) = R(RSG)/v(SN)  
                      ~ 1014/109 ~ 105 sec  
                      ~ 1 day

R(RSG) ~ 1000 Rsun 
               ~ 1014 cm 

v(SN) ~ 10,000 km/s  
              (109 cm/s)
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Figure 1
Abundance distribution against an enclosed mass Mr before (a, c) and after (b, d) an explosion of a Population (Pop) III 20-M! star with
E51 = 1 (a, b) and solar metallicity 20-M! star with E51 = 1 (c, d). A Pop III star is more compact. Thus, compared with a solar
metallicity star, each layer is more extended in mass. The ejected Fe is explosively synthesized in the Si and O layers with Ye ∼ 0.5 in
the progenitor star.

collapse is successfully transformed into an explosion, stellar materials undergo shock heating
and explosive nucleosynthesis. In “explosive nuclear burning,” the timescale of the main nuclear
reaction is shorter than the hydrodynamical timescale of an expansion.

The mechanism of transformation from collapse to explosion is not fully understood (e.g.,
Janka 2012, Kotake et al. 2012, Bruenn et al. 2013, Burrows 2013). Thus, simulations of explosive
nucleosynthesis usually need to generate a shock wave at a certain “mass cut” via the introduction of
thermal or kinetic energy. The final kinetic energy of explosion E and the mass cut that separates the
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Figure 1
Abundance distribution against an enclosed mass Mr before (a, c) and after (b, d) an explosion of a Population (Pop) III 20-M! star with
E51 = 1 (a, b) and solar metallicity 20-M! star with E51 = 1 (c, d). A Pop III star is more compact. Thus, compared with a solar
metallicity star, each layer is more extended in mass. The ejected Fe is explosively synthesized in the Si and O layers with Ye ∼ 0.5 in
the progenitor star.

collapse is successfully transformed into an explosion, stellar materials undergo shock heating
and explosive nucleosynthesis. In “explosive nuclear burning,” the timescale of the main nuclear
reaction is shorter than the hydrodynamical timescale of an expansion.

The mechanism of transformation from collapse to explosion is not fully understood (e.g.,
Janka 2012, Kotake et al. 2012, Bruenn et al. 2013, Burrows 2013). Thus, simulations of explosive
nucleosynthesis usually need to generate a shock wave at a certain “mass cut” via the introduction of
thermal or kinetic energy. The final kinetic energy of explosion E and the mass cut that separates the
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