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超新星爆発と大質量星

吉田敬　2015年3月16日@超新星ニュートリノ研究会

大質量星(初期質量8-10M 以上)の
最期に起こる爆発現象

超新星爆発

大量のニュートリノを生成
さまざまな元素の供給源

SN1987Aで観測されたneutrino event
(Hirata et al. 1988)

PTEP 2012, 01A302 H. Umeda et al.
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Fig. 11. Mass fraction distribution of the innermost region of the supernova ejecta evolved from from 15 (a)
and 20 M! (b) stars with a metallicity of Z = 0.02. The explosion energy is set at 1 × 1051 erg.
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Fig. 12. Mass fraction distribution of Li, B, F, Sc, V, and Mn produced through the ν-process in the supernova
ejecta evolved from a 15 M! star with a metallicity of Z = 0.02. Solid and dotted lines indicate the mass
fractions of the elements with and without the ν-process, respectively.

also produces some amount of energy. In summary, previous work has shown that explosive nucle-
osynthesis up to Zn can be described well by instant energy injection models, though hypernova
models over-produce Fe in simple spherically symmetric models.

So far we have not mentioned the effects of the neutrino process (ν-process), but the process is
important for some elements such as Li, B, F, and Mn [38,41–50]. Of course, neutrino emission
depends on the explosion model and thus we have to assume a model to include the effects (see
Ref. [38] for details). Figure 12 shows the mass fraction distribution of Li, B, F, Sc, V, and Mn of
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15M  超新星モデルの元素組成分布
(Umeda, TY, Takahashi 2012)



大質量星進化モデル

300核種(n, H - Br), 対流混合を拡散的に考慮
元素合成とエネルギー生成

大質量星進化モデル

(TY & Umeda 2011; Umeda, TY, Takahashi 2012; Takahashi, TY, Umeda 2013; 
 TY, Okita, Umeda 2014; Takahashi, Umeda, TY 2014)

∂r
∂Mr 4πr2ρ

1=

∂Mr

∂Lr = εnucl - εν + εgrav

min(∇ad, ∇rad)∂ ln T
∂ ln P =

∂P
∂Mr

GMr
4πr4= 1 ∂2r

∂t24πr2

進化の途中での質量放出を考慮
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初期組成 太陽系元素存在度 (Anders & Grevesse 1989)



大質量星の進化
H/He → He → O/C → O/Ne → O/Si → “Si” → “Fe”

15 M  model

H,He,C,N,O,Ne,”Si”,”Fe”

赤色超巨星

主系列星 He

C Ne
O Si

H
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大質量星の進化
15 M  model; logρC ~ 10

He C
Ne

O

“Si”

H
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大質量星の進化
15M  の星の進化
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表面対流層

核燃焼によるheating neutrinoによるcooling

C燃焼: ~ 1600 year
Ne燃焼: ~7 year
O燃焼: ~ 3 year
Si燃焼: ~ 1 week
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νによるエネルギー損失の重要性
10M  CO星の進化におけるνの影響

(Umeda, TY, Takahashi 2012)

対流コアの大きさ

(Ikeuchi, Nakazawa, Murai, Hoshi, Hayashi 1971)

Ne/O燃焼

Si燃焼

C燃焼

νエネルギー損失なし

νエネルギー損失あり

1000yr

星の寿命
preSNの構造

実線: ν損失あり

点線: ν損失なし

(10,000yr)
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I 大質量星におけるニュートリノ生成過程

主要なエネルギー放出過程
(Itoh et al. 1996)

pair neutrinos
e- + e+ → να + να

plasma neutrinos

photo neutrinos

Bremsstrahlung neutrinos

recombination neutrinos

e- + γ → e- + να + να

e- → e-’ + να + να

γplasmon → να + να

weak interactions
AZ + e- → A(Z-1) + νe など
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PTEP 2012, 01A302 H. Umeda et al.
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Fig. 1. Evolution tracks of M = 12, 15, 20, and 25M! stars in terms of central temperature and density. The
mass fraction distributions of a 15M! star denoted by the points a–e are shown in Fig. 2.

paper, the case A mass-loss rate in Ref. [20] is used. In yellow supergiants and red-giant branches,
the metallicity-dependent factor (Z/0.02)0.64 is multiplied to the mass-loss rate. The power index is
the same as that of B supergiants in Ref. [28]. See Ref. [20] for details.

3. Progenitor evolution

The basic properties of massive star evolution have been discussed in many papers (e.g., Refs.
[12,16–19]), so we do not repeat the details here, except for the M " 10−13M! models in the next
subsection. We briefly describe the evolution in the advanced stages of an M = 15M! star as an
example. Figure 1 shows the evolution tracks of M = 12, 15, 20, and 25M! stars in terms of the
central density and temperature. We also show the mass fraction distributions of a 15 M! star at five
stages during its evolution in Fig. 2. Figure 2(a) indicates the mass fraction distribution after core
helium burning. There is a CO core of 2.2 M! in the central region. An He layer of 2 M! and an H-
rich envelope surround the CO core. The He layer consists of ashes from the hydrogen burning. After
core helium burning, shell helium burning produces 12C in the He layer. Then, the carbon ignites at
the center when the central temperature becomes log10 TC(K) ∼ 8.8. The core carbon burning con-
verts 12C into 20Ne and 23Na to form an O/Ne core [Fig. 2(b)]. Some Mg–Si is also produced in the
core.

Shell carbon burning is followed by core carbon burning. This converts the O/C layer into an
O/Ne layer. However, 12C of 0.09 by mass fraction remains even after shell carbon burning. When
the central temperature becomes log10 TC(K) ∼ 9.2, core neon burning starts and an O/Si core
forms [Fig. 2(c)]. After Ne burning, oxygen ignites at the center with a central temperature of
log10 TC(K) ∼ 9.3. Core oxygen burning produces a ∼ 1M! Si core [Fig. 2(d)]. The main compo-
nents of the Si core are 28Si, 32S, and 34S, and the electron fraction decreases by electron capture. The
Si core extends through the subsequent shell oxygen burnings and the central temperature increases
by contraction. When the central temperature is log10 TC(K) ∼ 9.55, Si burning starts and an Fe core
forms [Fig. 2(e)]. The composition in the O layer also gradually changes through shell burnings.
After Fe core formation, the Fe core extends with shell Si burning and finally collapses to explode
as a supernova.

Here we stress that one of the most important factors in massive star evolution is the carbon abun-
dance after core helium burning, XC(12C). In general, a smaller carbon abundance leads to a larger
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(Umeda, TY, Takahashi 2012)
大質量星の進化経路



Si燃焼におけるNeutrino spectra
pair neutrinoによるneutrino spectra

(Odrzywolek et al. 2004; Misiaszek et al. 2006)

Therefore we may take advantage of the Monte Carlo
integration performance, and compute spectrum much
more than 10 times faster. For theoretical considerations,
we however recommend use of the much more reliable
Cuhre algorithm.

In Fig. 4 we can see clearly differences between !e, !!e,
!";#, and !!";# neutrino spectra. The main goal of the
GADZOOKS! detector is detection of the electron antineu-
trino spectrum [6], which has lower mean energy and tail
than others, e.g. electron neutrino spectrum and mu/tau
neutrino/antineutrino spectra.

The quality of the results computed using PSNS [23] may
be judged using data from Table I, where a numerically
obtained spectrum was integrated to get average neutrino
energy (columns 4–7). Effectively this means that 4-
dimensional integrals have been computed. Mean energies
were computed again using results from Sec. III D, as a
combination of Fermi-Dirac integrals (21) with accuracy
of at least 10!7 (columns 8–11, only 4 digits are shown).
No significant discrepancies were found. Moreover, for
"" kT or "# kT, asymptotic expansions (28) and
(30), respectively, (columns 2–3), may be used as a very
good estimate.

D. Neutrino energy moments

Fortunately, we were lucky to express moments of the
neutrino spectrum by the Fermi-Dirac integrals (21). With
the moments given, one is able to approximate the spec-
trum with the aid of an appropriate analytical formula.

Neutrino and antineutrino energy moments are com-
puted as integrals

 J1;2
n $

Z E%

E!
dE1;2

Z
d3p1d3p2

d$v
dE1;2

f1f2En1;2: (39)

Unexpectedly, integration over the neutrino energy dE1
and the angle between p1 and p2 in (39) can be done
analytically for any integer value5 of n. However, we are
unable to find general expression valid for any n similar to
Eq. (23).

For n $ 0, due to (36), Eq. (39) reduces to Eq. (23) with
n $ m $ 0. Physically, it expresses the fact that the reac-
tion rate is equal to the number of emitted neutrinos or
antineutrinos per unit volume and per unit time.

For n $ 1, Eq. (39) is equal to the neutrino (antineu-
trino) emissivity. For convenience, we express it in the
form

 J1;2
1 & Q1;2 $

Q
2
' "Q; (40)

where Q is the total emissivity (24) and "Q is
 

"Q$GF
2

36%
CVCA(4)G!1 G%1=2!G%1 G!1=2*

%4)G!0 G%!1=2!G%0 G!!1=2*!)G!1 G%!1=2!G%1 G!!1=2*
!7)G!0 G%1=2!G%0 G!1=2*+: (41)FIG. 4. On semilog plot differences between neutrino spectra

of electron neutrinos (dashed line), electron antineutrinos (solid
line), " (#) neutrinos (dotted line), and " (#) antineutrinos
(dash-dotted line) are clearly visible. All four spectra are nor-
malized to 1. T and " are the same as in Fig. 2.

FIG. 3. Spectrum of the " and # antineutrinos, computed from
(37) with the use of the Cuhre algorithm implemented in Cuba
library [24] used in our PSNS code [23]. Guaranteed relative
accuracy is everywhere better than 3%. This figure explains why
the Cuhre deterministic algorithm (solid line), in spite of slow
convergence, is recommended to compute the neutrino spectrum.
Failure of Monte Carlo algorithms (dashed and dotted line) is
apparent. However, these failures do not influence energy mo-
ments (mean energy and dispersion of the spectrum) signifi-
cantly leading to errors smaller than those that the Monte Carlo
algorithm produces. Detailed knowledge of the spectrum below
0.1 MeV seems also unimportant from an experimental point of
view. Temperature and chemical potential values are as in Fig. 2.

5At least up to n $ 4 where we stopped calculations.

M. MISIASZEK, A. ODRZYWOLEK, AND M. KUTSCHERA PHYSICAL REVIEW D 74, 043006 (2006)

043006-6

ベテルギウスが超新星爆発を起こしたときのKamLAND, SK, 
GADZOOKSなどでの観測可能性 (Odrzywolek et al. 2007)

plasma neutrino (Odrzywolek 2007)
我々の見積りよりも多い…進化モデルの依存性?

NSE時のweak interaction (Odrzywolek 2009)

(Misiaszek et al. 2006)

pair

νe

νe, νμ, νμ

kT = 0.319 MeV
μ = 0.85+me MeV
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Neutrino spectraの見積もり

pair neutrinoによるneutrino放出

|M|2 ∝ (CA-CV)2 (pe-. qνx) (pe+. qνx) + (CA+CV)2 (pe+. qνx) (pe-. qνx)
             + me2(CA 2-CV 2) (qνx. qνx)

(Odrzywolek et al. 2004の方法を改良)
モンテカルロシミュレーションでν spectraを求める

大質量星の進化を重力崩壊直前まで計算

neutrinoエネルギー放出率の見積もり

(e.g., Umeda, Yoshida, Takahashi 2012; Takahashi, Yoshida, Umeda 2013;
         Yoshida, Okita, Umeda 2014; Takahashi, Umeda, Yoshida 2014)

(Itoh et al. 1996)
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15 M  model
ニュートリノ光度の進化

pair neutrinoが主な生成過程
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plasma neutrinoの重要性 加藤さん
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pair neutrinoによるエネルギー損失率(log εν [erg s-1 g-1])
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pair neutrinoのスペクトル
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Pair neutrinos
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Pair neutrinos
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Pair neutrinos
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Pair neutrinos
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ニュートリノスペクトルの進化(15M  )

νe, νe, νx, νx

H,He,C,N,O,Ne,”Si”,”Fe”

nuclear
nuclear (<0)
pair ν
plasma ν
weak ν

Si
-b sh
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KamLANDにおけるneutrino event数の評価
p + νe → n + e+ のevent数

=             {Pee λνe(Eν) + (1-Pee) λνx(Eν)}σ(Eν) dEν∫dNν
dt

Np
4πd2

Np = 5.98×1031 (KamLANDのproton数)

d: 星までの距離 
Pee: νeの非遷移確率
　Pee = 1 for no mixing
　Pee = 0.68 for normal
　Pee = 0.01 inverted
σ(Eν): 反応断面積
λνα: ναの放出率

Strumia & Vissani (2003)反応断面積
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前兆neutrino event数の予測
15 M  model@d = 200pc(ベテルギウスの距離)

Neutrino検出数は~14個 (normal), ~4個(inverted)

KamLANDによる検出 p + νe → n + e+

normal mass hierarchy

inverted mass hierarchy

no oscillations
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星の不定性による影響
距離の不定性 星の質量の不定性

精度の高い距離測定が望ましい

20M

13M

15M

ベテルギウス

アンタレス17M

ベテルギウス
d = 197±45 pc

(Harper et al. 2008)
log L/L  = 5.10±0.22

MMS ~ 14 - 21 M

星の質量に対する前兆neutrinoの依存性も重要
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Neutrinoで探る超新星progenitor
Neutrino検出時期, 検出数 Si燃焼を反映

前兆neutrinoの観測

20M

13M
40M

15M

Si燃焼
13M  : 9 days
15M  : 7.5 days
20M  : 3.2 days
40M  : 1.4 days

Si燃焼

超新星progenitorのCOコア, Feコアの情報を得る
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まとめ
大質量星の後期進化

Neutrinoによるエネルギー損失が重要

近傍の超新星ならKamLANDで検出可能

大質量星の進化モデルを用いた前兆neutrinoの見積もり

15 M  model@200pc
Nνe ~ 14個 (normal), ~ 4個(inverted)

吉田敬　2015年3月16日@超新星ニュートリノ研究会

pair neutrinos
weak interactions

15 M  modelでO燃焼以降の進化
ニュートリノは主に燃焼領域で生成
(相対的に高温低密度)
event率は時間とともに増加, 高エネルギーに


