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超新星爆発前のニュートリノ

magnitude smaller than the SN luminosity, the detection of pre-
SN is desired since pre-SN encode information about the late
stages of stellar evolution for high mass stars and could act as a
supernova alert; a more detailed discussion is found in
Section 5.

SN extend to a few tens of MeV. In comparison, the average
energy of pre-SN is low, typically E 2 MeV� . In this energy
range, there are three reactions that can be used to detect these
neutrinos in real time: coherent neutrino scattering, neutrino-
electron scattering, and inverse beta decay(IBD),

p e nēO � l �� . IBD has one of the highest cross sections
for neutrino detection. It also has relatively low backgrounds
due to the easily identifiable delayed coincidence signal created
by the prompt positron annihilation followed by the delayed
neutron capture. Depending on the detector material, coherent
neutrino scattering may have a higher cross section than IBD,
but the signal has never been observed due to the very low
reconstructed energy of the recoiling nucleus. The detection of
pre-SN through neutrino-electron scattering is possible. How-
ever, its cross section is lower than IBD, which reduces the
total number of detected events, and the background rate is
high since there is no coincidence signal. Thus, IBD is the most
promising channel for pre-SN detection.

The energy threshold for IBD is 1.8 MeV. A few days before
the supernova, a significant fraction of ēO exceeds the IBD
threshold and it becomes possible to detect the pre-SN with
IBD. IBD is the main supernova channel for both liquid
scintillator detectors and water-Cherenkov detectors like Super-
Kamiokande. Water-Cherenkov detectors have relatively high
energy thresholds, such as Ee=4.5 MeV(Renshaw
et al. 2014). This limits both the number of IBD prompt
events and the efficiency for detecting the delayed neutron
capture. In comparison, monolithic liquid scintillator detectors
have energy thresholds below 1MeV and are therefore able to
sample a larger fraction of the pre-SN prompt energy spectrum
and effectively detect the neutron capture. Thus, liquid
scintillator detectors have an advantage in detecting pre-SN,
even if they are smaller than typical water-Cherenkov
detectors.

There are two operating monolithic liquid scintillator
detectors with low-energy thresholds, KamLAND and Borex-
ino(Cadonati et al. 2002). The SNO+ detector(Chen 2008) is
expected to come online soon and construction has started on
the 20 kton JUNO detector(Li 2014). In addition, there are
several proposals for multi-kton experiments such as RENO-

50(Kim 2014), HANOHANO(Learned et al. 2008), LENA
(Wurm et al. 2012), and ASDC(Alonso et al. 2014). All of
these detectors would be sensitive to this pre-SN IBD signal. A
large Gd-doped water-Cherenkov detector such as Gd-doped
Super-Kamiokande(Beacom & Vagins 2004) would have
increased sensitivity due to the higher neutron capture detection
efficiency but the higher energy threshold continues to limit the
sensitivity. The Baksan and LVD scintillator detectors are
similarly limited in their sensitivity to pre-SN due to their
relatively high energy thresholds(Novoseltseva et al. 2011;
Agafonova et al. 2015).
In previous studies(Odrzywolek et al. 2004; Odrzywolek &

Heger 2010; Kato et al. 2015), the expected number of IBD
events in several detectors was evaluated without a detailed
detector response model. We focus on KamLAND since it is
currently the largest monolithic liquid scintillator detector. In
this article, we quantify KamLANDʼs sensitivity to pre-SN
using the actual background rates and a realistic detector
response model. We discuss the development of a supernova
alert based on pre-SN. Betelgeuse is a well-known possible
supernova progenitor(Dolan et al. 2014) and we evaluate the
performance of the pre-SN alert based on this astrophysical
object.

2. Pre-SN SIGNAL

The first calculation of the number of detected pre-SN is
found in Odrzywolek et al. (2004) and updates can be found in
Odrzywolek & Heger (2010) and Kato et al. (2015). We use the
pre-SN spectra t E d, ;M e( )¯G O as a function of time and energy
from Odrzywolekʼs results corrected for the distance d to the
pre-supernova star. We use this to calculate KamLANDʼs
sensitivity to pre-SN with two example stars of M=15Me
and M=25Me. Figure 2 shows the time evolution of the ēO
luminosity in the top panel and the averaged ēO energy in the
middle panel during the 48 hr before the collapse. The
integrated ēO luminosity over the last 48 hr preceding collapse
is 1.9×1050 erg and 6.1×1050 erg, respectively, for the two
star masses. They correspond to 1.2×1056 ēO and 3.8×1056 ēO ,
respectively. The weighed differential luminosity by energy,
E dL dE dL d Eloge e e¯ ¯ ¯_O O O , is also shown in the bottom of
Figure 2 with the SN for reference. The average energies of the
integrated ēO flux are 1.4 and 1.2 MeV for the 15Me and
25Memodels, respectively.

Figure 1. Time evolution of the ēO luminosity of pre-SN just before collapse(Odrzywolek & Heger 2010) and of SN after collapse(Nakazato et al. 2013). Note the
timescale of the horizontal axis, which is linear after the collapse but logarithmic before collapse.
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近傍にある超新星候補天体
太陽系近傍(数100pc)の進化した大質量星 (Asakura et al. 2016など)
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近傍にある超新星候補天体
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大質量星の質量による進化の違い
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大質量星の質量による進化の違い

6

Si燃焼開始

Si燃焼の時間が星の質量に依存 超新星前兆ニュートリノに影響

10M最高温度

10M中心温度
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研究経過
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広い初期質量範囲(9.8 - 100M  )の星から放出される
超新星前兆ニュートリノについて調べる

> 40 M  の星はWolf-Rayet星へ進化

off centerでのNe/O/Si燃焼9.8 - 11 M

12 - 20 M 標準的な超新星
> 25 M 短時間でのSi燃焼 (1日未満)

pair neutrino processによるニュートリノ放出を仮定
(e.g., Yakovlev et al. 2001)

This part of the process produces only electron neutrinos.
Using the Fierz transformation,

 !a!!""1# !5$%b !c!!""1# !5$%d
& # !a!!""1# !5$%d !c!!""1# !5$%b; (3)

we may write (2) as1

 # iGF!!!
2
p !u#!$"1# !5$v# !ve!$"1# !5$ue: (4)

The Z0 boson exchange (neutral current) gives

 # iGF!!!
2
p !u#!$"1# !5$v# !ve!$"gV # gA!5$ue ; (5)

where

 gV & #1
2' 2sin2%W; gA & #1

2:

By adding (4) to (5) we obtain the total annihilation
amplitude

 M & # iGF!!!
2
p !u#!$"1# !5$v# !ve!$"CfV # CfA!5$ue: (6)

Here GF & 1:166 37"1$ ( 10#5 GeV#2 is the Fermi con-
stant of weak interactions [9]. The parameters CfV and CfA
(f & e, ", &-neutrino flavor) in the standard model of the
electroweak interactions are: for electron neutrinos:

 CeV & 1
2' 2sin2%W; CeA & 1

2 (7)

for " and & neutrinos:

 C";&V & #1
2' 2sin2%W; C";&A & #1

2; (8)

where %W , the Weinberg angle, is sin2%W & 0:222 80)
0:000 35 [9].

As the pair-annihilation into electron neutrinos proceeds
via both charged and neutral currents, we have

 CeV & C";&V ' 1; CeA & C";&A ' 1: (9)

Annihilation into " and & neutrinos proceeds via the
neutral current only.

In general, the entire spin-averaged information2 on the
e'e# annihilation process (1) is included in the spin-
averaged ('i-spin states) squared annihilation matrix M2:

 M2 * jMj2 & 1
2

1
2

X
'e' ;'e#

X
'#;' !#

jMj2: (10)

The amplitude M2 can be calculated using e.g. the
Casimir trick:
 

M2 & 8GF
2f"CfA # C

f
V$2P1 +Q1P2 +Q2 ' "CfA ' C

f
V$2

( P2 +Q1P1 +Q2 'me
2""CfV$2 # "CfA$2$Q1 +Q2g

(11)

where P1 & "E1;p1$, P2 & "E2;p2$, Q1 & "E1;q1$ Q2 &
"E2;q2$ is, respectively, the four-momentum of the elec-
tron, positron, neutrino, and antineutrino.

According to the definition of the cross section d', the
number of collisions dN occurring in volume dV in time dt
is [11]

 

dN
dVdt

& d'vdn1dn2; (12)

where dn1;2 are particle densities. In the case of two
incoming particles, the differential cross section can be
computed from the Fermi golden rule formula and is given
by the expression [12]:
 

d'v & 1
2E1

1
2E2

1

"2($2

( )4"P1 ' P2 #Q1 #Q2$
d3q1

2E1

d3q2

2E2
M2: (13)

Hence, if M2 is known, the total neutrino emissivity
from e'e# plasma can be calculated by performing appro-
priate integrations [13]:

 

4

"2($8
Z d3p1

2E1

d3p2

2E2

d3q1

2E1

d3q2

2E2
"f1f2)4"P1 ' . . .$M2:

(14)

Substituting into the integrand of (14) the appropriate
expression for the factor " we obtain formulas for the
number emissivity (" & 2), the total emissivity (the en-
ergy carried by neutrinos and antineutrinos) (" & E1 '
E2 & E1 ' E2), the antineutrino emissivity (" & E2), etc.
Functions f1, f2 are the Fermi-Dirac distributions for
electrons and positrons, respectively,

 f1 &
1

e"E1#"$=kT ' 1
; f2 &

1

e"E2'"$=kT ' 1
; (15)

where " is the electron chemical potential (including the

e+

e− νe

ν̄e

W ±

e+

e−

ν̄e,   ,

Z0

µ τ

νe,   ,µ τ

FIG. 1. Feynmann diagrams leading to the first-order ampli-
tude for e'e# annihilation into neutrinos. Electron neutrinos are
produced via both diagrams, while " and & neutrinos only by
‘‘Z0 decay.’’

1We are dealing here with the field operators, not numerical
spinors, so the overall minus sign in Eq. (3) disappears [8].

2If electrons are polarized then we have to calculate M2 using
the density matrix for polarized fermions [10].

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

043006-2

(Misiaszek et al. 2006)

吉田敬　2017年3月5日@第3回超新星ニュートリノ研究会



大質量星進化の計算

8

9.5 - 100M  の大質量星の進化を計算
9.5, 9.8, 10, 11, 12, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100 M

Yoshida et al. (2016)からの変更点
RSGでの質量放出率
対流(overshoot)の扱い
M ≧ 12 M  のモデルについては48核種の核反応ネットワーク

吉田敬　2017年3月5日@第3回超新星ニュートリノ研究会

pair neutrino過程によるニュートリノ生成の温度, 密度範囲の拡張

pair neutrino過程によるニュートリノ生成
10, 15, 30, 40, 100 M  モデルについての現状報告

(他のモデルは300核種)



9.8, 10, 11, 12, 15, 20, 25, 30, 40,  50, 60, 70, 80, 90, 100 M

超新星爆発直前の星の性質

9

爆発直前の星の質量とHe, COコア質量
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点線は Yoshida et al. (2016) のモデル

吉田敬　2017年3月5日@第3回超新星ニュートリノ研究会



9.8, 10, 11, 12, 15, 20, 25, 30, 40,  50, 60, 70, 80, 90, 100 M

超新星爆発直前の星の性質

10

爆発直前の星のSi, Feコア質量

点線は Yoshida et al. (2016) のモデル
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10, 15, 30, 40, 100 M  モデル
ニュートリノ放出について調べるモデル

11

15M モデルは Yoshida et al. (2016) から採用
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ニュートリノ放出率
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10, 30 M  の星からの超新星前兆ニュートリノの放出率
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(15 M  モデルはYoshida et al. 2016から)

10 M  モデルからの放出率は小さい
30 M  モデルではSi燃焼まで放出率は相対的に大きい
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ニュートリノ平均エネルギー
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10, 30 M  の星からの超新星前兆ニュートリノの平均エネルギー

νe νμτ

(15 M  モデルはYoshida et al. 2016から)

10 M  モデルの平均エネルギーは他のモデルよりも高め
νμτ の方が νe よりも平均エネルギーがやや高め
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ニュートリノ検出指標
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10, 30 M  の星からの超新星前兆ニュートリノの放出率

10-3

10-2

10-1

100

101

102

100 101 102 103 104 105 106 107

dN
ν/d
t (

10
51

 s
-1

)

Time to collapse (s)

10M
15M
30M

10-3

10-2

10-1

100

101

102

100 101 102 103 104 105 106 107

dN
ν/d
t (

10
51

 s
-1

)

Time to collapse (s)

10M
15M
30M

100
101
102
103
104
105
106

100 101 102 103 104 105 106 107

d[
N
νσ

ν]/
dt

 (1
04  c

m
2  s

-1
)

Time to collapse (s)

10M
15M
30M

100
101
102
103
104
105
106

100 101 102 103 104 105 106 107
d[
N
νσ

ν]/
dt

 (1
04  c

m
2  s

-1
)

Time to collapse (s)

10M
15M
30M

∫ φν(Eν, Mr)σνe(Eν)dEνdMr σ(p+νe→n+e+): Strumia & Vissani (2003)
反応断面積で重みづけをした放出率
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(15 M  モデルはYoshida et al. 2016から)

10 M  モデルは他のモデルよりも単調に放出率が増加
30 M  モデルではSi燃焼まで放出率は相対的に大きい
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ニュートリノ放出率

15

40, 100 M  の星からの超新星前兆ニュートリノの放出率

νe νμτ

(15 M  モデルはYoshida et al. 2016から)

40, 100 M  モデルともに15 M  モデルよりも放出率が大きい
100 M  モデルでは燃焼による放出率の変動が目立たない
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40, 100 M  の星からの超新星前兆ニュートリノの平均エネルギー

νe νμτ

(15 M  モデルはYoshida et al. 2016から)

同じ燃焼過程では大質量の星の方が低い平均エネルギーとなる
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40, 100 M  の星からの超新星前兆ニュートリノの放出率

∫ φν(Eν, Mr)σνe(Eν)dEνdMr σ(p+νe→n+e+): Strumia & Vissani (2003)
反応断面積で重みづけをした放出率

νe νμτ

(15 M  モデルはYoshida et al. 2016から)

爆発1日前くらいで放出率が相対的に大きくなる
100 M  モデルでは燃焼による放出率の変動が目立たない
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超新星前兆ニュートリノ観測の予測

p + νe → n + e+

n + p → d + γ (2.2 MeV: tagging) 

νe event rate

scintillator (LS), which comprises the neutrino interaction
target (Fig. 1). The LS is contained in a 13 m diameter
spherical balloon made of 135 !m thick transparent
nylon/EVOH (ethylene vinyl alcohol copolymer) compos-
ite film. The balloon is suspended in nonscintillating puri-
fied mineral oil contained inside an 18 m diameter stainless
steel tank. The LS consists of 80% dodecane and 20%
pseudocumene (1,2,4-trimethylbenzene) by volume, and
1:36! 0:03 g=liter PPO (2,5-diphenyloxazole) as a fluor.
The scintillation light is viewed by an array of 1325
specially developed fast 20 inch diameter photomultiplier
tubes (PMTs) masked to 17 inch diameter, and 554 older
unmasked 20 inch PMTs, providing 34% solid-angle cov-
erage in total. This inner detector (ID) is surrounded by a
3.2 kton water-Cherenkov outer detector that serves as a
cosmic-ray muon veto counter.

In September 2011, the KamLAND-Zen neutrinoless
double beta-decay search was launched [15]. This search
makes use of KamLAND’s extremely low background and
suspends a "" source, 13 tons of Xe-loaded liquid scin-
tillator (Xe-LS), in a 3.08 m diameter inner balloon (IB) at
the center of the detector, as shown in Fig. 1. To avoid
backgrounds from the IB and its support material, the !#e

analysis reported here is restricted to events occurring well
outside the IB.

Electron antineutrinos are detected through the inverse
"-decay reaction, !#e þ p ! eþ þ n, which yields a
delayed coincidence (DC) event pair signature that pro-
vides a powerful tool to suppress backgrounds. The prompt
scintillation light from the eþ gives a measure of the
incident !#e energy, E# ’ Ep þ !En þ 0:8 MeV, where Ep

is the sum of the eþ kinetic energy and annihilation $
energies, and !En is the average neutron recoil energy,
Oð10 keVÞ. The mean time for capture of the neutron
in the LS is 207:5! 2:8 !s [16]. The scintillation light
from the capture $ constitutes the delayed event of the
DC pair.

V. ANTINEUTRINO CANDIDATE EVENT
SELECTION

The data reported here are based on a total live-time
of 2991 days, collected between March 9, 2002 and
November 20, 2012. The data set is divided into three
periods. Period 1 (1486 days live-time) refers to data taken
up to May 2007, at which time we embarked on a LS
purification campaign that continued into 2009. Period 2
(1154 days live-time) refers to data taken during and after
the LS purification campaign, and Period 3 (351 days live-
time) denotes the data taken after installing the IB. We
removed periods of low data quality and high dead time
that occurred during LS purification and KamLAND-Zen
IB installation. The LS purification reduced the dominant
Period 1 background for !#e’s,

13Cð%; nÞ16O decays, by a
factor of %20. The high-quality data taken after LS
purification accounts for 50% of the total live-time.
Using a spherical fiducial scintillator volume with a
6.0 m radius, the number of target protons is estimated to
be ð5:98! 0:13Þ & 1031, resulting in a total exposure of
ð4:90! 0:10Þ & 1032 target-proton-years. The reduced
fiducial volume in Period 3 is accounted for in the detec-
tion efficiency; it contributes negligible additional fiducial
volume uncertainty for Period 3.
Event vertex and energy reconstruction is based on the

timing and charge distributions of scintillation photons
recorded by the ID PMTs. The reconstruction is calibrated
with 60Co, 68Ge, 203Hg, 65Zn, 241Am9Be, 137Cs, and
210Po13C radioactive sources. The achieved vertex resolu-

tion is %12 cm=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E ðMeVÞ

p
, and the energy resolution is

6:4%=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E ðMeVÞ

p
. The nonlinear, particle-dependent con-

version between deposited (real) energy and KamLAND’s
prompt energy scale is performed with a model incorpo-
rating Birks quenching and Cherenkov emission. The
model parameters are constrained with calibration data,
and contribute a 1.8% systematic uncertainty to the mea-
sured value of "m2

21. Using calibration data taken through-
out the fiducial volume during Period 1, we find that the
deviation of reconstructed vertices from the actual deploy-
ment locations is less than 3 cm. Incorporating a study of
muon-induced 12B=12N decays [17], the fiducial volume
uncertainties are 1.8% for the pre-purification data and
2.5% for the post-purification data.
For the DC event pair selection, we apply the following

series of cuts: (i) prompt energy, 0:9< Ep ðMeVÞ< 8:5;
(ii) delayed energy, 1:8< Ed ðMeVÞ< 2:6 (capture on p),
or 4:4<Ed ðMeVÞ< 5:6 (capture on 12C); (iii) spatial
correlation of prompt and delayed events, "R< 2:0 m;
(iv) time separation between prompt and delayed events,
0:5< "T ð!sÞ< 1000; (v) fiducial volume radii, Rp,
Rd < 6:0 m; (vi) and for Period 3, delayed vertex position,
Rd > 2:5 m and &d > 2:5 m, Zd > 0 m (vertical central
cylinder cut at the upper hemisphere) to eliminate back-
grounds from the KamLAND-Zen material. To maximize
the sensitivity to !#e signals, we perform an additional event

FIG. 1 (color). Schematic diagram of the KamLAND detector.
The shaded region in the liquid scintillator indicates the volume
for the !#e analysis after the inner balloon was installed.

REACTOR ON-OFF ANTINEUTRINO MEASUREMENT WITH . . . PHYSICAL REVIEW D 88, 033001 (2013)

033001-3

(Gando et al. 2013)

Np = 5.98×1031 (Gando et al. 2013)

MSW効果 (normal, inverted)

検出効率 (εS = 0.64; εlive = 0.903) (Asakura et al. 2016)
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Pee: Transition probability of  νe → νe 

           Pee = 1 for no mixing
       Pee = 0.68 for normal
       Pee = 0.02 inverted
σ(Eν): neutrino reaction cross section 

(Strumia & Vissani 2003)

KamLAND

SuperKamiokande
Mfiducial = 22.5 kton, Eν,th = 4.79 MeV 
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KamLANDイベント数の予測

Normal mass hierarchy Inverted mass hierarchy

30M

15M

10M
30M 15M

10M

10, 15, 30 M  モデルでの一週間でのニュートリノイベント数
~ 5, 10, 17 (normal), ~ 3, 5, 9 (inverted)

10, 30 M  モデル@ d = 200pc (ベテルギウスの距離)

点線はニュートリノ振動なしの場合
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KamLANDイベント数の予測

Normal mass hierarchy Inverted mass hierarchy

100M

30M

40M 100M

30M
40M

30, 40, 100 M  モデルでの爆発前１日でのニュートリノイベント数
~ 16, 33, 48 (normal), ~ 9, 17, 24 (inverted)

30, 40, 100 M  モデル@ d = 200pc (ベテルギウスの距離)

点線はニュートリノ振動なしの場合
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SKイベント数の予測

Normal mass hierarchy Inverted mass hierarchy

30M

15M
10M

30M

15M

10M

10, 15, 30 M  モデルでの爆発前1日でのニュートリノイベント数
~ 7, 14, 32 (normal), ~ 5, 8, 19 (inverted)

10, 30 M  モデル@ d = 200pc (ベテルギウスの距離)

点線はニュートリノ振動なしの場合
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Mfiducial = 22.5 kton, Eth = 4.79 MeV 



SKイベント数の予測

Normal mass hierarchy Inverted mass hierarchy

100M

30M

40M 100M

30M
40M

30, 40, 100 M  モデルでの爆発前12時間でのニュートリノイベント数
~ 32, 69, 102 (normal), ~ 19, 38, 54 (inverted)

30, 40, 100 M  モデル@ d = 200pc (ベテルギウスの距離)

点線はニュートリノ振動なしの場合
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Mfiducial = 22.5 kton, Eth = 4.79 MeV 



9.8 - 100 M  , Z=0.014 (solar metallicity)
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まとめ

KamLAND

超新星前兆ニュートリノの星の質量に対する依存性

前兆ニュートリノのイベント数 (d = 200pc)

爆発前1日で9 - 48イベント
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広い初期質量範囲の星から放出される超新星前兆ニュートリノ

M ≦ 11 M off centerでのNe/O/Si燃焼
M ≧ 40 M Wolf-Rayet星へ進化
大質量の星ほど進化のタイムスケールが短い

大質量の星ほど高いニュートリノ放出率, 低エネルギー

SuperKamiokande

10 M 爆発前1週間で 3 - 5 イベント
30 - 100 M

大質量の星ほど爆発前の短期間に多いイベント数

爆発前1日で数 ~100イベント
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今後の方針
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観測結果と大質量星の内部進化との対応に関する考察

ニュートリノ検出率の時間変化と燃焼過程との関係
より詳細な星の質量に関する依存性

星の内部構造の不定性に対する超新星前兆ニュートリノの依存性
対流の扱い (対流条件, overshoot)
星の自転の効果

ニュートリノ振動の地球効果


