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大質量星の後期進化
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大質量星(初期質量8-10M 以上の星)の後期進化
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15 M  model
大質量星から放出されるニュートリノ

pair neutrinoが主な生成過程
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重力崩壊直前はelectron captureが重要に
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超新星前兆ニュートリノの最近の研究

素過程を元にしたニュートリノスペクトルの計算
pair neutrinos
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2000年代 ~

plasma neutrinos

neutrinos by weak interactions

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

Ordzywolek (2007)

Ordzywolek (2009)
presupernova neutrinoのevent数 (proceedings)

Ordzywolek et al. (2007); Ordzywolek & Heger (2010)
2015年

presupernovaからのneutrinoの生成率とevent数
Kato et al. (2015) Electron capture SNと重力崩壊型SNとの比較
Asakura et al. (2015, arXiv) KamLANDでの観測予測
Patton & Lunardini (2015, arXiv) スペクトルのsnapshot



今日の発表内容
pair neutrino processによるニュートリノ放出

5/28

…温度, 密度依存性
15M  モデルのSi燃焼から重力崩壊に至るまでの
ニュートリノ放出とスペクトルの変化
12, 15, 20M  モデルにおけるニュートリノ放出と
KamLANDによる観測可能性

KamLAND, JUNOによる超新星ニュートリノalert

超新星前兆ニュートリノから燃焼過程を探れるか？
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Pair neutrino process
電子陽電子対消滅によるneutrino放出
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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
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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

charged current反応 νe, νeを放出
neutral current反応 (νe, νe), (νμ, νμ), (ντ, ντ)を放出

neutrino生成率, スペクトルは温度, 電子陽電子数密度に依存

(Misiaszek et al. 2006)



Neutrino spectraの見積もり
pair neutrinoによるneutrino放出

|M|2 = 16GF2(hc)2 {(CA-CV)2(pe-. pν)(pe+. pν) + (CA+CV)2(pe+. pν)(pe-. pν)
             + me2c4 (CA2-CV2)(pν. pν)}

(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

r(εν, εν) = 
16(2π)12h12 fe- fe+ (2π)4δ4(pe-+pe+-pν-pν)c d3pe-d3pe+dΩνdΩνεe-εe+ενεν

|M|2Ⱥ
(Yakovlev et al. 2001)
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neutrino放出率
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CV CA

νe 0.5+2sin2θw 0.5
νμτ -0.5+2sin2θw -0.5

νeの方がνμτよりも放出率が大きい
普通はνe,νμτの方がνe,νμτよりも平均エネルギーが大きい
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単位質量当たりのエネルギー放出率 (erg g-1 s-1)
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a: Si core燃焼

d: Si shell燃焼

e: 重力崩壊
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c: Si core燃焼後のO shell燃焼

15M  model
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νe, νe の平均エネルギー (MeV)
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15M  モデルの後期進化とneutrino放出
15M  モデル
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”Si”

”Fe” O Ne
C

M/M Mf MHe MCO MSi t MFe Si-b (d)
15 12.3 4.66 2.74 1.65 1.50 4.42
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4.42d: Si-burning start

21.4h: Si-burning end

3.60d

20.1h

9.78h

23.8m

最終組成分布

吉田敬　2016年1月6日@第二回超新星ニュートリノ研究会



15M  モデルの後期進化とneutrino放出
15M  モデル
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M/M Mf MHe MCO MSi t MFe Si-b (d)
15 12.3 4.66 2.74 1.65 1.50 4.42
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∫ φν(Eν, Mr)σνe(Eν)dEνdMr

σ(p+νe→n+e+): Strumia & Vissani (2003)
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左図: 質量比分布
中図: ∫ φνe(Eν, Mr)dEνdMr, ∫ φνe(Eν, Mr)σνe(Eν)dEνdMr の分布
右図: neutrino spectra

最終stepまで 3.60 days (Si core 燃焼中)
log TC = 9.53, log ρC = 7.85

”Si”
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O Ne

C
φνe
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左図: 質量比分布
中図: ∫ φνe(Eν, Mr)dEνdMr, ∫ φνe(Eν, Mr)σνe(Eν)dEνdMr の分布
右図: neutrino spectra

最終stepまで 20.1 hours (core Si 燃焼後)
log TC = 9.70, log ρC = 7.91
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左図: 質量比分布
中図: ∫ φνe(Eν, Mr)dEνdMr, ∫ φνe(Eν, Mr)σνe(Eν)dEνdMr の分布
右図: neutrino spectra

最終stepまで 9.78 hours (O shell 燃焼中)
log TC = 9.57, log ρC = 8.24
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左図: 質量比分布
中図: ∫ φνe(Eν, Mr)dEνdMr, ∫ φνe(Eν, Mr)σνe(Eν)dEνdMr の分布
右図: neutrino spectra

最終step
log TC = 9.81, log ρC = 9.47
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12, 15, 20M  モデルの後期進化
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Si-burning start

Si-burning end

4.42d 8.60d
1.11d

1.25d

21.4h10.4h
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νe放出率 ∫ φνe(Eν, Mr)σνe(Eν)dEνdMr

M/M Mf MHe MCO MSi t MFe Si-b (d)
12 10.6 3.52 1.82 1.52 1.38 8.60
15 12.3 4.66 2.74 1.65 1.50 4.42
20 14.3 6.86 4.64 2.11 1.44 1.11

12, 15, 20M  モデルの後期進化とneutrino放出
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Electron capture SN progenitorからのneutrino
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Electron capture (EC) SN progenitorからのneutrino放出
主にplasma neutrinoによって放出
(Kato et al. 2015; ApJ 808, 168)

8.4M  : ECSN
12, 15M  : 重力崩壊型SN

owing to thermally activated neutrino emissions. The ONe core
contracts on the Kelvin–Helmholtz timescale as a result. The
shell Heburning increases the mass of the core, which is now
supported by degenerate electrons. As the core becomes fatter,
the central density and, as a consequence, the chemical
potential of electrons also rise there. The M8.4 : model is
massive enough to exceed the density threshold

10 g cm9.88 3S � � for the electron capture on Mg24 . The
electron capture enhances the contraction of the ONe core.
Since the electron captures are exothermic, the temperature
increases rather rapidly in this phase. When the central density
reaches 10 g cm10.3 3S � � , Ne20 starts to capture electrons,
further accelerating the core contraction. When the central
temperature reaches 10 K9.2 , the O+Ne burning takes place.
Then the temperature rises quickly and the nuclear statistical
equilibrium, or NSE, is established at T 5 10 K9q⩾ . The
NSE region expands at 10 km s3 1_ � as the burning of O+Ne
propagates outward as a deflagration. Electron captures on iron
group elements and on free protons occur in the NSE region
just as in the Fe core of FeCCSNe and finally lead to a rapid
collapse of the core.

In the case of more massive progenitors of 12 and M15 :, the
ONe cores achieve high enough temperatures to ignite Ne and
subsequently O and Si stably with electrons being nondegene-
rate, to produce Fe cores finally. The masses of these cores
grow in time as the Si burning continues and the gravitational
collapse is induced normally by photodissociations of heavy
nuclei at T 10 K9.72 . It is a rule of thumb that the more
massive the progenitor is, the higher temperature they have for
a given density. This is particularly so, however, when
comparing 12 and M15 : models with the M8.4 : model. In
the latter model, the core is much cooler until the O+Ne
deflagration produces NSE, a fact that has consequences in the
neutrino emissions in the pre-supernova stages, as shown later.
The neutrino emissions in the pre-supernova stages from
massive stars that produce Fe cores were studied by some
authors (Odrzywolek et al. 2004). In this paper we are
concerned with the neutrino emissions from the ONe cores that
will yield ECSNe later. We employed the 12 and M15 : models
mainly for comparison to elucidate qualitative differences that
the ONe cores may make.

Figures 1–3 present the evolutions of these three progenitor
models in different ways. Figure 1 is the H-R diagram, in
which the temporal changes in the luminosities L L: and

effective temperatures Teff are shown as trajectories. It is found
that the more massive the star is, the more luminous it is;
otherwise, the evolutions are similar to each other. The left
panel of Figure 2 shows the temporal changes in the central
densities and temperatures as trajectories in the TS� diagram.
It is evident that three evolutionary paths are not very different
from each other initially up to 10 g cmc

6 3S _ � . As mentioned
above, the M8.4 : star gets cooled via neutrino emissions
efficiently after Cburning, and the central temperature
becomes much lower than those in the other two models, for
which the central temperatures increase continuously up to the
onset of collapse. In the lightest model, the temperature rises
rapidly at 10 g cmc

10 3S _ � , at which the electron captures first
on Mg and then on Ne enhance the core contraction and the O
+Ne burning commences at some point, producing the NSE
core and heating up the matter in it. After NSE is established,
the central temperature becomes comparable to or a bit higher
than those in the Fe cores of 12 and M15 : models. The
electron captures on heavy elements accelerate the gravitational
collapse that leads to core bounce in the M8.4 : model, whereas
the photodissociations of iron groupelements trigger the
collapse in the other two models. Figure 3 shows the changes
in various quantities at the center as functions of time. Note that
the horizontal axis is the time to collapse. Since it is not easy to
define the times of the onset of collapse unambiguously, we
choose them simply as the final times in the stellar evolution
models, at which 10 g cmc

11.0 3S � � and T 10 Kc
9.9� for the

M8.4 : model, whereas 10 g cmc
9.7 3S � � and T 10 Kc

9.9� for
the M12 : model and 10 g cmc

10.3 3S � � and T 10 Kc
10.0� for

the M15 : model. It is clear again that the M8.4 : model is
different from the other two qualitatively. This is most manifest
in the third panel, in which the degeneracy of electrons k Tce BN
is shown. Reflecting the fact that the core is much cooler in this
model, electrons are strongly degenerate after Cburning. We
will find later that this feature will cause qualitative differences
in the neutrino emissions from these progenitors. It is
incidentally pointed out that the electron fraction Ye drops
rather rapidly in the M8.4 : model once the NSE core is formed
by the O+Ne deflagration and electron captures on heavy
elements take place.
Figures 4–6 give the radial profiles of density, temperature,

electron degeneracy, and electron fraction at five different

Figure 1. Trajectories in the H-R diagram of the progenitors employed in this
paper. The red, blue, and green curves correspond to 8.4, 12, and M15 :
models, respectively.

Figure 2. Trajectories of the central density cS and temperature Tc for the
progenitors employed in this paper. The red, blue, and green curves correspond
to 8.4, 12, and M15 : models, respectively. Also shown are the boundaries of
domains, in which different processes are dominant as indicated (Itoh
et al. 1996).
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Electron capture SN progenitorからのneutrino
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Electron capture (EC) SN progenitorからのneutrino放出
主にplasma neutrinoによって放出
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The error of this fitting formula is less than 5% in the regime,
where the plasmon decay dominates in the cooling over other
processes. We compared the energy-loss rate obtained by our
formula and that given by Equation (28) in the right panel of
Figure 9, in which the temperature is fixed to T 10 K10� just
as in the pair annihilation case. Again the contribution from
electron-type neutrinos is taken into account in this compar-
ison. It is apparent that they agree with each other excellently.
Note that the plasmon decay is dominant at Y 10 g cme

10 32S �

(Itoh et al. 1996; Figure 2).

4. RESULTS

In the following we present the main results: the number and
energy luminosities, as well as the spectra for different neutrino
flavors as functions of the time to collapse. Based on them, we
then estimate the expected numbers of detection events for
different terrestrial neutrino detectors.

4.1. Luminosity and Spectrum

Since stellar cores are not homogeneous, we need to
calculate the number and energy emissivities per volume and
time, QN

O and QE
O , as well as the number spectra, dQ dEN

O
O , at

each point of the core and integrate them with respect to radius
to obtain the number and energy luminosities, LN

O and LE
O ,

together with the observed number spectra, dL dEN
O

O:

L Q r r dr( ) 4 , (36)N

R

N
0

2¨ Q�O O

L Q r r dr( ) 4 , (37)E

R

E
0

2¨ Q�O O

dL
dE

dQ r
dE

r dr
( )

4 . (38)N
R

N

0

2¨ Q�
O

O

O

O

Here R denotes the radius of the core surface. We evaluate
them at different times so that their time evolutions could be
obtained.
Figure 10 shows the number luminosities of different

neutrino species for the three progenitor models as functions
of the time to collapse. The contributions from the pair
annihilation and the plasmon decay and their sum are plotted
separately for the M8.4 : model, whereas only those from the
pair annihilation are shown for the other two progenitors. The
left panel displays the results for the electron-type neutrinos,
and those for the other types are presented in the right panel.
Since there is no heavy charged lepton in the progenitor cores,
there is no difference between the mu-type and tau-type
neutrinos. To the production of electron-type neutrinos, on the
other hand, not only the neutral current but also the charged
current contribute. The number luminosities of electron-type
neutrinos are hence larger by an order of magnitude than others
in general. This is particularly true of the plasmon decay in the

M8.4 : model. In fact, the number luminosity by the plasmon
decay is larger than by the pair annihilation for the electron-
type neutrinos, whereas the former is much smaller than the
latter for the mu- and tau-type neutrinos. The difference
between the neutrino flavors, although not so drastic, is also
recognized for the pair annihilation.
Much more remarkable in the figure are the qualitative

differences between the ONe core and the Fe cores. Among
other things, the Fe cores emit a substantial amount of
neutrinos from much earlier on than the ONe core. This is
simply due to their higher temperatures as mentioned earlier.
The electron–positron pairs are more abundant, producing
neutrinos copiously. In fact, the ONe core is so cold until the
electron capture on Mg is opened that electrons are strongly
degenerate and, as a consequence, positrons are scarce, making
the neutrino luminosity from the pair annihilation negligibly
small. Unfortunately, the plasmon contribution is also tiny as
long as the temperature is very low, since only a small amount
of plasmons are thermally populated then. It is hence under-
standable that the neutrino luminosity becomes substantial in
the ONe core only after the electron captures and the
subsequent burnings of oxygen and silicon heat it up, which
occur less than a second before collapse. Even after the

Figure 10. Time evolutions of the number luminosities LN
O of electron-type neutrinos (left panel) and of other types (right panel) for three progenitor models.
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ECSN progenitorからのneutrino放出量は非常に少ない
KamLANDでは ~ 0.0015 events

(Kato et al. 2015; ApJ 808, 168)



KamLANDによる超新星前兆neutrino観測
p + νe → n + e+

20/28

n + p → d + γ (2.2 MeV: tagging) 

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

Np
4πd2

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

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 

d = 200 pc : distance to Betelgeuse
(Gando et al. 2013)

(Strumia & Vissani 2003)
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前兆neutrino event数の予測
前兆neutrino@d = 200pc(ベテルギウスの距離)
KamLANDによる検出 p + νe → n + e+

21/28

Normal mass hierarchy Inverted mass hierarchy

20M

15M

12M

20M
15M

12M

一週間でのNeutrino events
~ 12, 18, 24 (normal), ~ 6, 9, 13 (inverted)

吉田敬　2016年1月6日@第二回超新星ニュートリノ研究会



KamLANDによる超新星alert
KamLANDによる通常のneutrino event数
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7.1×10-2 events/day (low)
0.355 events/day (high)

(Asakura et al. 2015)

Low background
一日に 2 event あれば
2σ以上の事象になりうる

Low

High

High background
一日に 3 event あれば
2σ以上の事象になりうる

本田さんポスター



KamLANDによる超新星alert
KamLANDによる24時間での超新星前兆neutrino events
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SN@200pc

low backgroundでは爆発前日-半日前にalert可能
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JUNOとRENO-50
JUNO(中国,EU), RENO-50(韓国)
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~20kt sizeのliquid scintillation neutrino観測装置
JUNOのbackground

Selection IBD efficiency IBD Geo-νs Accidental 9Li/8He Fast n (α, n)
- - 83 1.5 ∼ 5.7× 104 84 - -

Fiducial volume 91.8% 76 1.4 77 0.1 0.05
Energy cut 97.8% 410
Time cut 99.1% 73 1.3 71
Vertex cut 98.7% 1.1
Muon veto 83% 60 1.1 0.9 1.6
Combined 73% 60 3.8

Table 2-1: The efficiencies of antineutrino selection cuts, signal and backgrounds rates.

2.2.2 Background estimation

Accidental background The rate of accidental backgrounds can be calculated as Racc = Rp ·Rd ·
∆T , where Rp and Rd are the rate of prompt and delayed signals, respectively, and ∆T is the time
coincidence window. A fiducial volume cut is essential to significantly suppress such background.
The accidental background consists of mainly three types of random coincidence: (radioactivity,
radioactivity), (radioactivity, cosmogenic isotope) and (radioactivity, spallation neutrons):

• (radioactivity, radioactivity): The singles rate obtained from MC simulation is about 7.6 Hz
after fiducial volume cut (see Sec. 13.4.4),in which the faction of neutron-like signals is ∼8%.
Thus the rate of prompt-delayed coincidence within 1.0 ms is ∼ 410/day. In addition, a toy
MC study gives a factor of 380 suppression by requiring Rp−d <1.5 m, where Rp−d is the
distance between the prompt-delayed pair, thus the accidental background rate is reduced to
1.1/day.

• (radioactivity, cosmogenic isotope): based on the rates of cosmogenic isotopes in Sec. 13.4.3,
the neutron-like singles from cosmogenic isotopes is estimated to be ∼340/day. The rate of
accidental coincidence between radioactivity and those isotopes is <0.01/day after ∆T < 1.0
ms and Rp−d <1.5 m cut.

• (radioactivity, spallation neutrons): Though the total rate of spallation neutrons is 1.8 Hz,
after 1.5 ms muon veto the rate is reduced to ∼45/day. The coincidence between radioactivity
and the residual spallation neutrons is negligible after the time and spatial cut.

Thus the total rate of accidental backgrounds is estimated to be 0.9/day, after taking into account
the efficiency of muon veto. During data taking, the rate of radioactivity can be precisely monitored,
so can the neutron-like events from muon spallation. So the uncertainty of accidental background
rate can be controlled within 1% and the uncertainty of spectrum shape is negligible due to the
large statistics of prompt-like singles.

9Li/8He As noted in Sec. 13.4.3, the β-n decays from cosmogenic 8He and 9Li can mimic IBD
interactions, thus are the most serious correlated background to reactor antineutrinos. The 9Li and
8He production cross section is often modelled empirically as being proportional to E0.74

µ , where
Eµ is the average energy of the muon at the detector. Considering the cross section measured in
the KamLAND detector [109], 2.2×10−7µ−1g−1cm2 for 9Li and 0.7×10−7µ−1g−1cm2 for 8He, the
predicted 9Li and 8He production rate at JUNO is 150 and 50 per day, respectively. The branching
ratio of the β-n decay is 51% for 9Li and 16% for 8He, thus the total rate of β-n decays is 84/day.
Taking into account the fiducial volume cut, the rate is reduced to 77/day. The delayed energy cut

40

(An et al. 2015; arXiv:1507.05613)

High: 60 events/day; Low: 3.8 events/day
High: 2.5 events/hour; Low: 0.16 events/hour



JUNOによる超新星前兆neutrino alert
JUNOによるneutrino event数
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0.158 events/hour (low)
2.5 events/hour (high: 原子炉実験中)

(An et al. 2015)

Low background
一時間に 2 event あれば
2σ以上の事象になりうる

Low

High

High background
2σ以上の事象になるには 
一時間に 10 event 必要



JUNOによる超新星前兆neutrino alert
JUNOによる1時間での超新星前兆neutrino events
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SN@200pc

low backgroundでは alert はKamLANDとほぼ同時
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超新星前兆neutrinoから最終進化を探る
JUNOによる1時間での超新星前兆neutrino events
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SN@200pc
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まとめ
大質量星のSi燃焼以降におけるニュートリノ放出

15 M  model
neutrino放出率, スペクトルの時間変化

大質量星の最終進化を探る
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星の構造, 燃焼過程の変化を反映
星の質量の違い

neutrino event数, time scaleに依存性
KamLANDによる超新星alert

超新星爆発の半日 - 一日前にalert可能

>10 events/hour程度の観測で燃焼過程の変化を
観測的に示せる可能性
~
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単位体積当たりのエネルギー放出率 (erg/cm3/s)
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12, 15, 20M  モデルの後期進化
M/M Mf MHe MCO MSi t MFe Si-b (d)

12 10.6 3.52 1.82 1.52 1.38 8.60
15 12.3 4.66 2.74 1.65 1.50 4.42
20 14.3 6.86 4.64 2.11 1.44 1.11

Si-burning start

Si-burning end

4.42d
8.60d

1.11d
1.25d

21.4h10.4h
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JUNOとRENO-50
JUNO(中国,EU), RENO-50(韓国)
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~20kt sizeのシンチレーション型neutrino観測装置
原子炉ニュートリノによるニュートリノ振動
パラメータの解明
低threshould

超新星前兆ニュートリノの観測も可能
JUNOのbackground

Selection IBD efficiency IBD Geo-νs Accidental 9Li/8He Fast n (α, n)
- - 83 1.5 ∼ 5.7× 104 84 - -

Fiducial volume 91.8% 76 1.4 77 0.1 0.05
Energy cut 97.8% 410
Time cut 99.1% 73 1.3 71
Vertex cut 98.7% 1.1
Muon veto 83% 60 1.1 0.9 1.6
Combined 73% 60 3.8

Table 2-1: The efficiencies of antineutrino selection cuts, signal and backgrounds rates.

2.2.2 Background estimation

Accidental background The rate of accidental backgrounds can be calculated as Racc = Rp ·Rd ·
∆T , where Rp and Rd are the rate of prompt and delayed signals, respectively, and ∆T is the time
coincidence window. A fiducial volume cut is essential to significantly suppress such background.
The accidental background consists of mainly three types of random coincidence: (radioactivity,
radioactivity), (radioactivity, cosmogenic isotope) and (radioactivity, spallation neutrons):

• (radioactivity, radioactivity): The singles rate obtained from MC simulation is about 7.6 Hz
after fiducial volume cut (see Sec. 13.4.4),in which the faction of neutron-like signals is ∼8%.
Thus the rate of prompt-delayed coincidence within 1.0 ms is ∼ 410/day. In addition, a toy
MC study gives a factor of 380 suppression by requiring Rp−d <1.5 m, where Rp−d is the
distance between the prompt-delayed pair, thus the accidental background rate is reduced to
1.1/day.

• (radioactivity, cosmogenic isotope): based on the rates of cosmogenic isotopes in Sec. 13.4.3,
the neutron-like singles from cosmogenic isotopes is estimated to be ∼340/day. The rate of
accidental coincidence between radioactivity and those isotopes is <0.01/day after ∆T < 1.0
ms and Rp−d <1.5 m cut.

• (radioactivity, spallation neutrons): Though the total rate of spallation neutrons is 1.8 Hz,
after 1.5 ms muon veto the rate is reduced to ∼45/day. The coincidence between radioactivity
and the residual spallation neutrons is negligible after the time and spatial cut.

Thus the total rate of accidental backgrounds is estimated to be 0.9/day, after taking into account
the efficiency of muon veto. During data taking, the rate of radioactivity can be precisely monitored,
so can the neutron-like events from muon spallation. So the uncertainty of accidental background
rate can be controlled within 1% and the uncertainty of spectrum shape is negligible due to the
large statistics of prompt-like singles.

9Li/8He As noted in Sec. 13.4.3, the β-n decays from cosmogenic 8He and 9Li can mimic IBD
interactions, thus are the most serious correlated background to reactor antineutrinos. The 9Li and
8He production cross section is often modelled empirically as being proportional to E0.74

µ , where
Eµ is the average energy of the muon at the detector. Considering the cross section measured in
the KamLAND detector [109], 2.2×10−7µ−1g−1cm2 for 9Li and 0.7×10−7µ−1g−1cm2 for 8He, the
predicted 9Li and 8He production rate at JUNO is 150 and 50 per day, respectively. The branching
ratio of the β-n decay is 51% for 9Li and 16% for 8He, thus the total rate of β-n decays is 84/day.
Taking into account the fiducial volume cut, the rate is reduced to 77/day. The delayed energy cut
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大質量星モデルの違い

対流領域の扱い

対流層の境界で流体速度 = 0

対流層

放射層

overshooting (He燃焼まで)
領域の広さ: dov = αov Hp

dov

大きなovershooting
大きなCOコア

αov: パラメータ

Schwarzschild条件
断熱温度勾配 < 放射温度勾配 対流
Ledoux条件 組成分布の違いも考慮

対流層境界

新しい大質量星モデル



大質量星モデルの違い
対流領域とHe, COコアの時間進化

細線: これまでのモデル
太線: 新しいモデル

He core

CO core

コア対流層
Schwarzschild対流条件
これまでのモデル

αov = 0.005

大きなHe, COコア

新しいモデル

強いovershootingの影響

Ledoux対流条件
αov = 0.005



大質量星モデルの違い
対流領域とFeコアの時間進化

Si燃焼期間
新しい(これまでの)モデル

Si core
Fe core

コア対流層

Si core

Fe core

コア対流層

細線: これまでのモデル
太線: 新しいモデル

~ 2日(~ 7日)

対流はこれまでよりも弱いLedoux条件
大きなCOコア 短時間での収縮



大質量星モデルの違い
15M モデルの最終的な組成分布の違い

HHe

C
N

O
Ne

”Si”

”Fe”

HHe

C
N

O
Ne

”Si”

”Fe”

これまでのモデル

新しいモデル

Mf = 13.3 M

MFe = 1.45 M

Mf = 14.0 M

MFe = 1.51 M

MCO = 2.81 M

MCO = 3.35 M



ニュートリノ生成率とevent数
電子反ニュートリノ生成率

ケイ素燃焼の期間の違い
より多くのニュートリノを放出

KamLANDでのevent数

これまで

新しい

normal mass hierarchy

inverted mass hierarchy

no oscillations

細い線: これまで



他の大質量星モデルとの比較
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Mf = 13.4 M
MCO = 2.85 M
MFe = 1.54 M

MCO = 2.99 M
MFe = 1.39 M

新しいモデルはCOコアが大きめ



大質量星モデルの違い
対流領域の扱い

対流条件が組成分布にも依存

Schwartzschild条件
∇ad < ∇rad 対流層
Ledoux条件
∇ad < ∇rad +     ∇μ 対流層δ

φ



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
初期組成 太陽系元素存在度 (Anders & Grevesse 1989)
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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

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



15, 17, 20, 40 M  modelなど
星の質量, 距離などに対するニュートリノ検出数の依存性

ベテルギウス

アンタレス

γ2 Velorum

d = 180 ± 15% pc

d = 197.2 ± 44.9 pc

(Schröder & Cunz 2007)

(Harper et al. 2008)
log L/L  = 5.12 @ 200 pc

log L/L  = 4.76 ± 0.12

d = 336 +8, -7 pc
d = 368 +38, -13 pc

(North et al. 2007)
(Millour et al. 2007)

MWR = 9.0±0.6 M (North et al. 2007)

(binary)

MMS ~ 17 M

MMS ~ 12 M

Neutrinoで探る超新星progenitor



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

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

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)

我々の見積りよりも多い…進化モデルの依存性?
TABLE 3. Signals for selected neutrino detectors from Betelgeuse. Detection prospects are very good in this case, but
mainly during during last 3 hours before core-collapse. Earlier detection will be possible in the GADZOOKS!, due to
large target mass and detection of ⇠2 MeV neutrinos using Gd-dopped neutron tagging. Of course, any larger and more
advanced detector will perform better, cf. next table.

Detector Target mass Min. n̄e energy
Events 48-24 hours

before collapse
Events 24-0 hours

before collapse
Events 3-0 hours

before collapse

Super-K 32 kt 5 MeV 0.6 173 158

GADZOOKS! 22.5 kt 3.8(1.8) MeV 9 (204) 442 (1883) 345 (1130)

Borexino 0.3 kt 2 MeV 2 22 13
KamLAND 1 kt 2 MeV 11 108 65

Detection of pre-supernova neutrinos

At NNN06 and other recent workshops several interesting neutrino detector concepts were discussed:
• Water Cherenkov detectors

– Super-Kamiokande
– UNO
– Hyper-Kamiokande
– Memphys
– TITAN-D
– ”Underwater balloon”

• Liquid Scintillator detectors
– Borexino
– KamLAND
– SNO+
– HanoHano
– LENA

For the detection of the pre-supernova antineutrinos we ideally need detector which is very large with low ⇠2 MeV
threshold, extremely pure, deep underground (or underwater) and operating for tens of years. While none of the
proposed detectors seems to fulfill all of these conditions, all of them will provide substantial progress in neutrino
detection technology. With a bit of luck, namely relatively close supernova explosion up to few kiloparsecs, they will
also provide some data on pre-supernova stars. For simplicity, we assume that all of them will detect only electron
antineutrinos utilizing Reines-Cowan reaction:

n̄e + p! e+ +n (4)

This reaction provides ultra-relativistic positron emitting Cherenkov radiation, which is detectable if En̄e �5-6 MeV.
At the end of reaction, one should detect e+ +e� annihilation gammas, and additional delayed gammas due to neutron
capture. In the liquid scintillator detectors, these 2.2 MeV gammas are easily detected and produced in such reaction:

n+ p!2 D+ g (5)

In water Cherenkov detectors neutrons are invisible. To detect them we need admixture of GdCl3. Small concentration
of 0.2% is enough to capture 90% of neutrons [79, 80]. To detect both neutron and positron in coincidence, neutrino
energy must be greater than⇠3.8 MeV. However, single neutrons will be also detectable, if produced in large numbers
compared to natural background fluctuations. Signal produced under assumptions above from Betelgeuse (0.13 kpc),
1 kpc and 10 kpc is presented in Tables 3-5. To emphasize importance of Gd admixture, we have presented signals
in ”pure” water Cherenkov detectors (Super-Kamiokande,UNO) and in GdCl3-enhanced detectors represented by
GADZOOKS! and one of the three tanks in Memphys detector. Numbers presented in Tables 3-5 are based on 15 M�
model provided by A. Heger [76]. More detailed new results on neutrino emission from pre-supernova stars will be
published elsewhere. It is important to emphasize two points: (1) neutrino emission from other stars, particularly of
different mass will be different (2) these results are likely to be lower limits on signals as improved stellar models
produce 2-5 times larger neutrino flux [81–83].

CONCLUSIONS

We have shown the ability of the existing and planned neutrino detectors to detect neutrinos from nearby pre-
supernova stars. Almost entire detectable signal is received within last 3 hours before core-collapse, i.e. after all

115

130pcを仮定: 200pcだと0.42倍になる
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ニュートリノ振動の効果



ベテルギウス
d ~ 200 pc
MMS ~ 17 M

アンタレス
d ~ 180 pc
MMS ~ 13 M

Neutrinoで探る超新星progenitor
ニュートリノ検出時期, 検出数

Si燃焼を反映

ほ座γ2(WR星)

MMS ~ 40 M
d ~ 350 pc



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


