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Odrzywolek & Heger (2010)

超新星爆発の前兆現象観測

(e.g. Odrzywolek et al. 2004; Odrzywolek & Heger 2010;
 Kato et al. 2015, 2017, 2019, 2020; Asakura et al. 2016, 
Yoshida et al. 2016; Patton et al. 2017ab; Simpson et al.
 2019; Mukhopadhyay et al. 2020)

Neutrino Signatures of Dying Massive Stars: From Main Sequence . . . 1623

Fig. 8. Neutrinos BEFORE and AFTER collapse.

2.6. Stage 6: early and late cooling of the proto-neutron star
After core collapse and shock breakout the star enters a stage which

is the essence of modern neutrino astrophysics, because of the detection of
the ⌫ from SN 1987A6.

Roughly speaking, a newly born PNS (Proto Neutron Star) eventually
becomes NS by neutrino cooling slowly on a time scale of ⇠ 100 seconds
while contracting from an initial radius of ⇠ 60 km to ⇠10 km. An enor-
mous gravitational binding energy of the order of a few times 1053 ergs
(cf. Table II) is released in the form of neutrinos of all flavors.

This, however, is not the end. The neutron star continues to cool by
neutrinos emission for thousands, or even millions of years. We observe
this indirectly due to a drop of surface temperature that corresponds to an
energy loss much faster than the thermal emission from the surface of the
neutron star7.

For some EOS (Equation Of State), e.g., kaon condensate [65], some PNS
(depending on mass) might collapse to a black hole after⇠ 100 seconds delay,
and in this case the neutrino flux would abruptly go to zero [66, 67]. This
could be one possible explanation why the search for the neutron star in

6
See http://sn1987a-20th.physics.uci.edu/ for historical perspective review and

excellent talks on a new developments.
7

See http://www.astro.umd.edu/ miller/nstar.html and [64] for a review.

 超新星爆発直前のニュートリノ
Lν̄e

< 1048 [erg s−1]

 近傍 (< 1kpc) 超新星で観測可能
～

 超新星前兆ニュートリノ

重力崩壊直前の大質量星内部の直接観測
超新星爆発数日前からの観測可能性 超新星のさまざまな観測に備える

時間変化, スペクトルから大質量星最深部の変化を探る
重力崩壊型(CC)と電子捕獲型(EC)超新星の区別, 対流shell燃焼の観測

Review:
Kato, C., Ishidoshiro, K., & Yoshida, T.
Annu. Rev. Nucl. Part. Sci. 2020. 70:121-145.
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大質量星の進化
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大質量星の進化 (H-R diagram)
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The evolution of exemplary binary models in the HR
diagram in Figure 2 helps reveal the origin of the MS features.
Binaries that undergo mass transfer while both stars fuse
hydrogen in their cores (Case A mass transfer) evolve into
semi-detached systems. This occurs because Case A mass
transfer comprises a nuclear timescale mass-transfer phase,

whereas otherwise mass transfer occurs on the much shorter
thermal or even on the dynamical timescale. As shown in
Figure 1, the semi-detached models do not give rise to a sharp
feature in the HR diagram, since their locations are quite spread
out, and overlap strongly with those of the mergers and post-
mass-transfer systems. These together produce the TBF. They

Figure 2. Evolution of both components of three example binary models in the HR diagram (left panels), with a zoom of the MS region (right panels). All three
models start with the same primary model (donor star, green lines) of 15.85 :M . The initial mass of the secondary stars (mass gainer, blue lines) is 12.68 :M in the
top two systems, and :M9.51 in the third. The dashed lines in the right panels represent single-star isochrones for 8, 12, and 15 Myr, and solid dots on the
evolutionary tracks with the corresponding colors mark the positions of the binary components at these ages. The black star symbols mark the pre-supernova position
of the primary stars. The gray triangles in the bottom panels mark the merger event. The donor stars in the top and the bottom models start mass transfer during core
hydrogen burning (Case A mass transfer), and the donor in the middle model starts mass transfer after core hydrogen exhaustion (Case B mass transfer).

4

The Astrophysical Journal Letters, 888:L12 (8pp), 2020 January 1 Wang et al.

単独星の例 (Z!) 近接連星の例

!

1 R! 10 R! 100 R! 1000 R!

SN17.7 M!

10.3 M!

H層消失 23.2 M!

17.3 M!

13.6 M!

10.9 M!

重力崩壊直前の星の構造
単独星 赤色超巨星 : 半径大, 表面温度低

質量放出が大きいとWolf-Rayet星など(半径小)
連星系 連星相互作用による質量放出に強く依存

Wang et al. (2020)

Set LA in Yoshida et al. (2019)
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Thermal pair emission
Electron-positron pair annihilation

Nuclear weak interactions

Electron capture

Plasmon decay
Photo neutrino
Bremsstrahlung

β+ decay
Positron capture
β- decay

e+ + e− → ν + ν̄
γ* → ν + ν̄

e− + γ → e− + ν + ν̄
e− + (Z, A) → e− + (Z, A) + ν + ν̄

(Z, A) + e− → (Z − 1,A) + νe

(Z, A) → (Z − 1,A) + e+ + νe
(Z, A) + e+ → (Z + 1,A) + ν̄e
(Z, A) → (Z + 1,A) + e− + ν̄e
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大質量星の温度, 密度進化とニュートリノ放出
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ニュートリノ放出率とスペクトル
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pair neutrinoで縮退が効かない時は と の違いは小さいνe ν̄e

< 103 s でnuclear weak interactionが卓越
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Figure 2
(a) Time evolution of number luminosities for the emission processes of ν̄es (solid) and νes (dashed) in the left panel and for νxs and ν̄xs in
the right panel for the Kato model (16). All luminosities of heavy-lepton (anti-)neutrinos are summed up. Time is measured from core
bounce, and different colors denote different emission processes. We switch from the quasi-static calculation of stellar evolution to the
hydrodynamical simulation for the core-collapse phase at t ≈ 0.1 s. For νes in the collapse phase, only the total luminosity is shown
because it is all that the transport calculations produce. (b) Snapshots of the energy spectra for ν̄es (red, solid) and νes (black, dotted) at
t = 3.8 × 10−3, 0.15, and 400 s. They are normalized by the number luminosities LνN at each time point. Neutrino oscillations are not
included in either panel of this !gure. Abbreviations: EC, electron capture; PC, positron capture.

models with 15M!. Here, we focus on the evolution until core collapse. We !nd that the num-
ber luminosities of the Kato and Patton models are larger than those of the other two because of
nuclear weak interactions. Even though both the Kato and Patton models take the same nuclear
weak interactions into account, their luminosities and average energies have large differences at
t < 100 s. This seems to be due to the different treatments of the mass fractions of nuclei. In the
Patton model, mass fractions derived from solving nuclear networks with 204 isotopes in both
NSE and non-NSE regions have been adopted, whereas the Kato model adopts NSE composi-
tions recalculated for 3,928 nuclei with the Furusawa equations of state (58) in postprocessing.
The Odrzywolek and Yoshida models, in which only pair annihilation is included, have similar
number luminosities except for at t < 5 s. The deviations in number luminosities and average en-
ergies between the twomodels at t< 5 s seemingly come from the difference in progenitormodels,
but detailed investigation is necessary to make conclusive remarks. We also !nd two peaks in the
number luminosities at t ≈ 5 × 103 and 5 × 104 s, which correspond to the Si shell and O shell
burning, respectively (see Section 4.2). Features such as amplitudes and widths of peaks depend
on the pre-SN neutrino models. Because these peaks will be con!rmed by pre-SN neutrino ob-
servations (15), a detailed comparison of shell burning among these models is required. It should

www.annualreviews.org • Review of Pre-SN Neutrinos 129
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大質量星進化モデルによる違い

9

異なるshell燃焼の経過
いずれのモデルでも超新星ニュートリノよりも数は少ない

Kato et al. (2020)
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Figure 3
Time evolution of number luminosities (top) and average energies (bottom) of ν̄es for four presupernova
neutrino models (15, 16, 52, 53). Neutrino oscillations are not included.

be noted that the origin of the time may be changed because of the theoretical uncertainties in
the de!nition of core collapse.

In any case, pre-SN neutrinos are smaller in number and have lower energies compared with
SN neutrinos, for which LνN ≈ 1058 s−1 and 〈Eν〉 is on the order of tens of MeV (59). Therefore,
we need detectors with high sensitivity to low-energy neutrinos and with a low background for
the detection of pre-SN neutrinos.

2.4. Neutrino Oscillations
Neutrinos have small but !nite mass (e.g., 60–62) and can convert their "avor during propagation
when mass eigenstate and "avor eigenstate do not match. This phenomenon is called a neutrino
oscillation and affects neutrino "uxes. Its behavior depends on the surrounding conditions. Two
types of oscillation—vacuum oscillation and the Mikheyev–Sumirnov–Wolfenstein (MSW) effect
via electron forward-scattering (63)—should be taken into account in the prebounce phase. In
the MSW effect, the effective mixing angles depend on the electron number density and reach
their maximum at resonance points. They are located near the boundaries of the C–He and He–
H layers. Neutrinos are mainly produced inside the resonance points and certainly pass through
them. The mass eigenstate of ν̄es is ν̄m1 and ν̄m3 at birth in the normal and inverted mass order-
ings, respectively, where ν̄mi is the i-th mass eigenstate of antineutrinos. In the prebounce phase,
the density scale height at the resonance points is longer than the oscillation length. The adi-
abatic approximation is therefore available, and the transition of mass eigenstates never occurs,
irrespective of the progenitor types (14). Note that collective oscillation (e.g., 64) induced by neu-
trino self-interaction is negligible here because neutrinos can freely escape from a star, and the
self-interaction hardly occurs.

If we take two oscillations into account, the "ux of pre-SN ν̄es on the Earth is shown as (65)

Fν̄e (Eν , t, d ) = pF0
ν̄e
(Eν , t, d ) + (1 − p)F0

ν̄x
(Eν , t, d ), 10.

130 Kato • Ishidoshiro • Yoshida
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peak at -t 2.5� hr, which marks the beginning of core silicon
burning. For the 30 M: model, the neutrino signal exceeds ;100
events at t=−2hr. The number of events then increases
steadily and rapidly, leading to a cumulative number of events
that is larger than in the 15 M: model.

For the detector background, we follow the event rates
estimated in An et al. (2016) (see also Yoshida et al. 2016) for
JUNO: -r 2.66 hrBkg

on 1� and -r 0.16 hrBkg
off 1� in the reactor-on

and reactor-off cases respectively. In addition to reactor neutrinos,
other backgrounds are due, in comparable amounts (about one
event per day each), to geoneutrinos, cosmogenic 8He/9Li, and
accidental coincidences due to various radioactivity sources, like
the natural decay chains, etc. For the latter, it is assumed that an
effective muon veto will be in place, see An et al. (2016) for
details.5 Roughly a signal is detectable if the number of events
expected is at least comparable with the number of background
events in the same time interval ( 2N Nbkg). Using the reactor-
on background rate, the most conservative presupernova event
rate in Figure 1, and the fact that the number of signal events
scales like -D 2, we estimate that a presupernova can be
detected to a distance D 1max � kpc.

What nearby stars could possibly undergo core collapse in
the next few decades? To answer this question, we compiled a
new list of 31 core collapse supernova candidates; see the
Appendix and Table A1. Figure 2 gives an illustration of their
names, positions, distances, masses, and colors. Figure 3 shows
the equatorial coordinate system positions of the same stars,
colored by distance bins, in a Mollweide projection. These
candidates lie near the Galactic plane, with clustering in
directions associated with the Orion A molecular cloud
(Großschedl et al. 2019) and the OB associations Cygnus
OB2 and Carina OB1 (Lim et al. 2019). We find that for the
stars in Table A1 the minimum separation (i.e., the separation
of a star from its nearest neighbor in the same list) is, on
average, qáD ñ n10 .4� , and that 70% of the candidate stars
have qD n1 12 .8 (see Table A2). Therefore, a sensitivity of

;10° is desirable for complete disambiguation of the
progenitor with a neutrino detector.

3. Angular Resolution and Sensitivity

Here we discuss the angular sensitivity of a liquid scintillator
detector for realistic numbers of presupernova neutrino events.
We consider two cases: a well tested liquid scintillator
technology (henceforth LS) based on Linear AlkylBenzene,
as is used in SNO+ (Andringa et al. 2016) and envisioned for
JUNO; and a hypothetical setup where a Lithium compound is
dissolved in the scintillator for enhanced angular sensitivity
(henceforth LS-Li), as discussed for geoneutrino detection
(Tanaka & Watanabe 2014). As a notation definition, let us
assume that the total number of events in the detector is

= +N N NS Bkg, where NS is the number of signal events and
NBkg is the number of background events.
The IBD process in LS is illustrated in Figure 4. Overall, the

sensitivity of this process to the direction of the incoming
neutrino is moderate, with the emitted positron (neutron)
momentum being slightly backward (forward)-distributed, see
Beacom & Vogel (1999) and Vogel & Beacom (1999) for a
detailed overview. Here, we follow the pointing method
proposed and tested by the CHOOZ collaboration (Apollonio
et al. 2000), which we describe briefly below.
Let us first consider a background-free signal, =N 0Bkg . For

each detected neutrino ni ( =i 1, 2, K, N ), we consider the
unit vector X

i
pn

ˆ ( )
that originates at the positron annihilation

location and is directed toward the neutron capture point. Let θ
be the angle that X

i
pn

ˆ ( )
forms with the neutrino direction (see

Figure 4). The unit vectors X
i

pn
ˆ ( )

carry directional information—
albeit with some degradation due to the neutron having to
thermalize by scattering events before it can be captured—and
possess a slightly forward distribution. The angular distribu-
tions expected for LS and LS-Li are given by Tanaka &
Watanabe (2014) (in the context of geoneutrinos) in graphical
form; we find that they are well reproduced by the following
functions:

q q
q q

+
+-

f
f

cos 0.2718 0.2238 exp 0.345 cos
cos 0.1230 0.3041 exp 1.16 cos . 1

LS

LS Li

( ) ( )
( ) ( ) ( )

�
�

Figure 2. Illustration of nearby ( -D 1 kpc) core collapse supernova candidates. Each star’s spectral type, name, mass, and distance is shown in labels. See Table A1
for details and references.

5 Although we use detector-specific background rates, we emphasize that our
results are given as a function of the forward−backward asymmetry of the data
set at hand, and therefore are broadly applicable to different detector setups.
See Section 3.

3

The Astrophysical Journal, 899:153 (12pp), 2020 August 20 Mukhopadhyay et al.
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近傍の超新星候補天体

11

Mukhopadhyay et al. (2020)

推定質量がある < 1kpc の 31 超新星候補天体

 < 1kpc の 41 赤色超巨星
(Nakamura et al. 2016; Kato et al. 2020)
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Gando et al. (2013)

Super-Kamiokande with Gadolinium

 JUNO

KamLAND

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

http://www-sk.icrr.u-tokyo.ac.jp/whatsnew/2020/08/sk-gd.html
(c) Kamioka Observatory, ICRR(Institute for Cosmic Ray Research), The University of Tokyo

 Inner detector : 32 kton
 ~1 kton 液体シンチレータ

Inverse beta decay (IBD)
p + ν̄e → n + e+

 MeV for delayed coincidence (DC)
 MeV for single neutron events

Eν̄e
> 5

Eν̄e
> 1.8

 MeVEν̄e
> 1.8

 ~20 kton 液体シンチレータ
 MeVEν̄e

> 1.8

(Simpson et al. (The S-K Collaboration) 2019)
prompt signal

~200μs
(Eγ = 2.2 MeV)
delayed signal

d
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Collapseまでの12時間に前兆ニュートリノを検出できる距離
(Simpson et al. (The S-K Collaboration) 2019)

choice needs to be made on what FPR is acceptable. Note that
an SN within 1kpc is a rare occurrence—on the order of 1 in
10,000 yr based on historical data (Adams et al. 2013). FPR
levels shown in this paper are 1peryear and 1percen-
tury(cy.), and are assumed to be set by Poisson fluctuations
only. Range is defined as the point at which alarm efficiency is
50%. By formulating the problem in terms of FPR, a trials
factor is incorporated.

6. Results

Figure 9 shows the distance to the pre-SN star at which the
null hypothesis would be rejected before core collapse.
Figure 10 shows the largest amount of time before core
collapse at which a pre-SN is expected to be detected. The
width of the bands shows uncertainty due to levels of
background and the difference between models of γ-ray

emission from TNC on Gd. The distances at which alarm
efficiency is above 50% are summarized in Table 2.
Results depend on the neutrino mass ordering (normal NO or

inverted IO), the ZAMS mass of the star, the distance to the
star, and the background level in SK-Gd. Questions of detector
model uncertainty will be resolved by in situ measurements
once SK-Gd is loaded. An inverted neutrino mass ordering is
detrimental to this analysis as it reduces the ne fraction of the
pre-SN flux.
Discussions of pre-SN stars often focus on α-Ori (Betel-

geuse) as an example of a nearby massive star, although α-Sco
(Antares) has a similar mass and distance. For the purpose of
this study α-Ori is assumed to be 200pc from Earth, with a
mass between 15and25Me. Estimates of Betelgeuse’s mass
are correlated with its distance (Dolan et al. 2016), so two
extremes chosen for benchmarking performance are that it is
150pc away and 15Me, or 250pc away and 25Me. These

Figure 9. Expected maximum range of detection in the final 12 hr before collapse, for 15Me and 25Me stars. The width of the bands shows uncertainty due to levels
of background in SK-Gd, and the difference between models of γ-ray emission from TNC on Gd.
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FPR: False positive rate

Normal ordering

Inverted ordering
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15 M! model, d = 200 pc

SK-Gd KamLAND
Tw = 12 h

Tw = 24 h

Tw = 48 h

Tw = 12 h

Tw = 24 h

Tw = 48 h

 2

 2.5

 3

 3.5

 4

 4.5

 0.01  0.1  1  10  100

Alarm time (hours)

 2

 2.5

 3

 3.5

 4

 4.5

 0.01  0.1  1  10  100

Alarm time (hours)

Data from Table 2 in Kato et al. (2020)
Kato, Yoshida, Odrzywolek, Patton Normal ordering

Inverted ordering

Alarm time: the false alarm rate = 1 event per year.
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超新星前兆ニュートリノのDC detection number
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15 M! model, d = 200 pc
Kato, Yoshida, Odrzywolek, Patton

SK-Gd KamLAND
Tw = 12 h

Tw = 24 h

Tw = 48 h

Tw = 12 h

Tw = 24 h

Tw = 48 h

 2

 2.5
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 3.5

 4

 4.5

 0  10  20  30  40  50  60

DC detection number (t = 0.01 h)
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Data from Table 2 in Kato et al. (2020)
Normal ordering
Inverted ordering

Ns(t, d) = NP ∫
t+Tw

t
Fν̄e

(Eν, t′ , d)σ(Eν)dEνdt′ 
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(SK, LVD, IceCube, KamLAND, Borexino, Daya Bay, and HALO). It aims to provide the as-
tronomy community with a prompt alarm for galactic SNe, since neutrino signals emerge in the
early stages of an SN explosion. SNEWS is scheduled for an upgrade to SNEWS2.0, in which
pre-SN neutrinos will be covered.

4. FINDINGS FROM FUTURE OBSERVATIONS
As discussed in the previous section, observations of pre-SN neutrinos have come into view. In
this section, we move on to a discussion of what we can learn from future observations of pre-SN
neutrinos.We introduce three !ndings: distinction of progenitormodels, restriction on convective
properties, and determination of neutrino mass ordering.

4.1. Distinction of Progenitor Models for Core-Collapse Supernovae
A CCSN’s progenitor type is one of the key determinants of its stellar evolution. There are two
types of progenitors that lead to ECSNe and FeCCSNe, as discussed in Section 2.1.The boundary
for the initial mass between the two progenitors is still unknown (22, 24, 29). The thermal evolu-
tion of their cores is quite different because of the degree of degeneracy of electrons. In Figure 1,
the 9M! ECSN progenitor is cooled via neutrino emission ef!ciently after carbon burning, and
the central temperature becomes much lower than those in the 12, 15, and 20M! progenitors of
FeCCSNe, for which the central temperatures increase continuously up to the onset of collapse.
The temperature rises rapidly in association with the O+Ne de"agration, which is a key feature
of the ECSN progenitor.

Kato et al. (14) employed state-of-the-art stellar evolution models and calculated pre-SN
emissivity via pair annihilation and plasmon decay. In a follow-up article (16), they broadened the
scope to include all "avors of neutrinos emitted from the prebounce phase. The time evolution
of the number luminosity for the 15M! FeCCSN progenitor and the 9M! ECSN progenitor
is shown in Figures 2 and 6, respectively. The number luminosity in the FeCCSN progenitor

Time to core bounce (s)

Lν
N  

(s
–1

)

1047

1049

1051

1053

1055

1057

 0  0.05  0.1  0.15  0.2

Total νe
Total –νe
PC
β–

Pair
Plasmon

Figure 6
Time evolution of number luminosities for the 9M! ECSN progenitor (16). The gray area represents the
de"agration phase. Neutrino oscillations are not included. Abbreviations: ECSN, electron-capture
supernova; PC, positron capture.

138 Kato • Ishidoshiro • Yoshida
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9 M!の星(ECSN親星)からのニュートリノ
ごく短い時間(~0.1 s)のみニュートリノを観測可能
大量のνeが放出

Kato et al. (2020)

Normal Inverted Normal Inverted

SK 0.93 0.03 89.9 20.3

KamLAND 0.05 0.002 44.3 10.1

HK 11.6 0.42 363 37.7

JUNO 0.98 0.04 894 204

DUNE 
(5 MeV)

1765 22685 169 2142

DUNE
(10.8 MeV)

1238 15910 69.3 895

イベント数@200 pc
9 M! 15 M!

Data from Kato et al. (2017)

SKやKamLANDでの イベント数は少ないν̄e
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Shock BreakOut

3298 K. Nakamura et al.

Figure 1. Time sequence for neutrino (red lines for νe and ν̄e and magenta line for νx; νx represents heavy lepton neutrino νµ, ντ , ν̄µ, or ν̄τ ), GW (blue
line), and electromagnetic (EM, black line) signals based on our neutrino-driven core-collapse simulation of a non-rotating 17 M! progenitor. The solid lines
are direct or indirect results of our CCSN simulation, whereas the dashed lines are from literatures or rough speculations. The left-hand (right-) panel x-axis
shows time before (after) core bounce. Emissions of pre-CCSN neutrinos as well as the core-collapse neutrino burst are shown as labelled. For the EM signal,
the optical output of the progenitor, the SBO emission, the optical plateau, and the decay tail are shown as labelled. The GW luminosity is highly fluctuating
during our simulation and the blue shaded area presents the region between the two straight lines fitting the high and low peaks during 3–5 s post-bounce. The
hight of the curves does not reflect the energy output in each messenger; total energy emitted after bounce in the form of antielectron neutrino, photons, and
GW is ∼6 × 1052 erg, ∼4 × 1049 erg, and ∼7 × 1046 erg, respectively. See the text for details.

Table 1. Detectable signals, detectors, and their horizons.

Extremely nearby event @ O(1 kpc) Galactic event @ O(10 kpc) Extragalactic event @ O(1 Mpc)
(see Section 4) (see Section 3) (see Section 5)

Signals Detector Horizon Detector Horizon Detector Horizon

Neutrino Pre-SN ν̄e KamLand <1 kpc – –
HK (20XX-) <3 kpc

ν̄e burst SK Galaxya SK Galaxy HK <a few Mpc
ν̄e burst JUNO (201X-) Galaxy JUNO Galaxy –
νe burst DUNE (20XX-) Galaxy DUNE Galaxy –

GW Waveformc H-L-V-Kd <several kpc
detection H-L-V-K !8.5 kpc ET (20XX-) !100 kpc

EM Optical <1 m class 1–8 m classb <1 m class
NIR <1 m class <1 m class <1 m class

Notes. aDetectable throughout the Galaxy.
b∼25 per cent of SNe are too faint to be detected. (Section 3.4, see also Fig. 9).
cWaveform means detection with sufficient signal to noise to unravel the GW waveform.
dA network of aLIGO Hanford and Livingston, adVirgo, and KAGRA (Section 2.4).

the signals. For example, we demonstrate that the information of the
core bounce timing provided by neutrinos can be used to improve
the sensitivity of GW detection. Importantly, this increases the GW
horizon from some ∼2 to ∼8.5 kpc (based on our numerical model),
which opens up the Galactic Center region to GW detection even
for non-rotating progenitors [GW signals from collapse of rapidly
rotating cores are circularly polarized (Hayama et al. 2016) and
significantly stronger (e.g. Kotake 2013)].

The paper is organized as follows. In Section 2, we summarize
our setup. We describe our core-collapse simulation, methods for
calculating multimessenger signals, and summarize the detectors
we consider and the method for determining signal detections. We
discuss the case of a CCSN in the Galactic Center in Section 3, the

case of an extremely nearby CCSN in Section 4, and the case of
a CCSN in neighbouring galaxies in Section 5. Sections 3–5 are
all similarly organized in the following way: descriptions of the
multimessenger signals separately, followed by a discussion of the
merits and the ideal procedures for their combination. In Section 6,
we conclude with an overall discussion and summary of our results.

2 SE T U P

In this section, we describe the setup of exploring multimessenger
signals from CCSNe. We first describe the setup of our numeri-
cal CCSN calculation, followed by how neutrino, GW, and optical

MNRAS 461, 3296–3313 (2016)
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used the temperature structure of an equilibriumHo! Ñich
di†usion model, which can be appreciably di†erent from
that in our full transport models. We cannot say with cer-
tainty that this fully explains why our results and those of

di†er so much. It could be due to that the expansionHo! Ñich
opacity should be treated di†erently in the energy equation
than is described in (1990 ; see Blinnikov 1996,Ho! Ñich
1997).

There are, of course, uncertainties also in our models. In
particular, the role of NLTE e†ects needs to be further
examined, but we cannot envisage that they are able to
explain the big di†erence between us and (1991) forHo! Ñich
the Ðrst hours after shock breakout. At this epoch the
extinction is totally dominated by electron scattering and
spectral lines are not so important (see Fig. 10). We see
virtually no di†erence in our results for the Ðrst day, when
we treat the lines as fully absorptive or as totally scattering-
dominated. The NLTE e†ects set in later, and are very
important after a couple of weeks (see Baron et al. 1996).
We are therefore conÐdent that our results for this epoch
are more accurate than (1991).Ho! ÑichÏs

We note that even V -Ñux is lower than theHo! ÑichÏs
observed after the new reductions by West & McNaught
(1992). A possible explanation for the discrepancy between
models and observations is that the stars, used to calibrate
the early plates of the supernova by West & McNaught
(1992), are too cool for an object with a color temperature of

K. (We Ðnd at t \ 0.128 day thatT
c
D 105 T

c
\ 1.14

] 105, 1.05 ] 105, 9.8 ] 104 K for the runs 14E0.7, 14E1,
and 14E1.3, respectively.) The temperature at t \ 0.128 days
decreases with increasing explosion energy because of the
earlier emergence of the shock and the faster adiabatic
cooling. It should be emphasized that our models are much
hotter than equilibrium di†usion models (e.g., Arnett 1988 ;
Woosley 1988 ; Utrobin 1993), and a comparison between
observations and our results is therefore more sensitive to
calibration errors than are equilibrium di†usion models. As
we will see in ° 6.1 our models Ðt the early IUE observations
well, and since these observations are less likely to have the
same error, we cannot exclude calibration errors to be the
cause of the mismatch in V . T his would mean that the early
true V Ñux was lower than hitherto believed. We point out
that we have changed various parameters in our models to
try to make our V Ñux increase faster and thereby Ðt the
observations better. These experiments included enhancing
the iron abundance, and varying the explosion energy and
presupernova model within the limits allowed by the global
light curve. However, none of these attempts reduced the
discrepancy. (See, e.g., the results for two di†erent initial
radii in Fig. 14.)

6. BEFORE AND AFTER THE PEAK OF THE LIGHT CURVE

After the minimum around day D10, the observed bolo-
metric light curve showed an almost exponential increase
up to day D60, and subsequently formed a plateau-like
broad peak around day D100. After a relatively rapid drop,
the luminosity then declined slowly between t \ 120È400
days at the rate of 56Co decay. The energy source
responsible for the broad peak of the light curve, and the
tail, is therefore without doubt the radioactive decay of
56Ni ] 56Co ] 56Fe . The total mass of initial 56Ni in our
models is which is the same mass as in theMNi B 0.078 M

_
,

models of Shigeyama & Nomoto (1990). The theoretical
bolometric light curves for models 14E1, 14E1M, and

FIG. 15.ÈBolometric light curves for 14E1 (with mixed composition),
14E1M (mild mixing of 56Ni), and the unmixed model 14E1U. Squares are
the data of Catchpole et al. (1987), and crosses are those of Hamuy et al.
(1988).

14E1U with a di†erent extent of mixing are shown in Figure
15. It is clearly seen that the shape of the modeled light
curve is strongly dependent on the distribution of hydrogen
and 56Ni in the ejecta, i.e., the amount of mixing that has
occurred.

For the model with standard mixing (14E1 with 56Ni
mixed out to v D 4000 km s~1, Fig. 16), there is signiÐcant
heating of the outer layers owing to radioactivity. The

FIG. 16.ÈAbundance distribution as a function of expansion velocity
for the model 14E1 with mixing.
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FIG. 6.ÈDensity proÐle against radius at t \ 101 days for model 14E1

density in the central parts computed by STELLA is much
smoother than shown in Figure 6 by Shigeyama & Nomoto
(1990).

5. EARLY LIGHT CURVE

After the shock breakout, the early light curve up to
t D 25 days is powered by the di†usive release of the inter-
nal energy of the radiation Ðeld that is established by the
shock wave. The bolometric light curve reaches its
maximum luminosity of ergs s~1 (TableL bol D (4È9) ] 1044
2 and Fig. 7) immediately after shock breakout and then
drops rapidly by many orders of magnitude in D10 days.

The total energy radiated during the Ðrst two days
amounts to D1047 ergs (Table 2), but most of the radiation
is emitted in a soft X-ray/EUV burst and was not observed.
However, the burst had the important e†ect that it ionized
the surrounding gas (e.g., Lundqvist & Fransson 1996 ;
Sonneborn et al. 1997 ; Lundqvist 1999). The resultant ion-
ization of the circumstellar material is commented on
brieÑy in ° 7.1 and will be compared with the observations
in greater detail in Lundqvist, Blinnikov, & Bartunov (in
preparation).

After the burst, the ejecta expand so rapidly that the
interior temperature (both of the matter and radiation)

FIG. 7.ÈVery early bolometric light curve and color and e†ective tem-
peratures for the run 14E1. Realistic scattering-dominated opacity has
been assumed. Solid line shows the temperature of the best blackbody Ðt to
the Ñux (color temperature). Dashed line shows the e†ective temperature
deÐned by the luminosity and the radius of last scattering.

decreases almost adiabatically as r~1. As a result, the bolo-
metric luminosity decreases sharply to L bol D (2È3) ] 1041
ergs s~1 to form a minimum of the bolometric light curve.
Figure 8 demonstrates that the model with E \ 1051 ergs
(i.e., 14E1) gives the best agreement with the observed bolo-
metric Ñux. Note that the agreement for 14E1 is much better
than in Figure 7 of Shigeyama & Nomoto 1990). (Note also
the higher resolution in our Ðgure than in the Ðgure of
Shigeyama & Nomoto 1990.) The light curves computed by
the Ñux-limited di†usion in Shigeyama & Nomoto (1990)
produce a short plateau, D20 days (cf. Figs. 16È19 in
Shigeyama & Nomoto 1990). This is seen neither in the
observations nor in our models. The light curves computed
here by the full radiative transport are in better agreement
with observations for the same models (see Fig. 8), suggest-
ing that the more accurate method of modeling gives results
that are closer to reality.

The luminosity at this phase is lower than for typical
Type II-P supernovae by a factor of 10È20. This is due to

TABLE 2

PREDICTIONS FOR THE FIRST MAXIMUM LIGHT

t L bol T
c

Teff Rq/2@3 /02/d L dt
Run (day) (ergs s~1) (K) (K) (cm) (ergs)

14E0.7 . . . . . . . . . 0.08960 4.217 ] 1044 1.074 ] 106 4.71 ] 105 3.32 ] 1012 1.07 ] 1047
14E1 . . . . . . . . . . . 0.07637 6.751 ] 1044 1.219 ] 106 5.28 ] 105 3.32 ] 1012 1.40 ] 1047
14E1.3 . . . . . . . . . 0.06726 9.466 ] 1044 1.339 ] 106 5.73 ] 105 3.32 ] 1012 1.77 ] 1047
14E1U . . . . . . . . . 0.07692 6.616 ] 1044 1.207 ] 106 5.24 ] 105 3.32 ] 1012 1.41 ] 1047
14E1.2U . . . . . . . 0.07161 7.939 ] 1044 1.268 ] 106 5.49 ] 105 3.32 ] 1012 1.58 ] 1047
14E1.26R . . . . . . 0.05768 8.665 ] 1044 1.428 ] 106 6.18 ] 105 2.74 ] 1012 1.30 ] 1047
14E1.34R . . . . . . 0.05620 9.175 ] 1044 1.451 ] 106 6.26 ] 105 2.74 ] 1012 1.36 ] 1047
14E1.45R . . . . . . 0.05389 1.012 ] 1045 1.497 ] 106 6.42 ] 105 2.74 ] 1012 1.44 ] 1047
14E1.4R6 . . . . . . 0.07520 1.013 ] 1045 1.267 ] 106 5.30 ] 105 3.95 ] 1012 2.38 ] 1047

NOTE.ÈMaximum almost coincides with the peak while maximum is D100 s earlier.Teff L bol , T
c

SN 1987A

(Blinnikov et al. 2000)

光学観測までの時間

親星と爆発の性質に依存
tSBO ∼ R* (

Mej

E )
1/2

衝撃波面が星の表面に達する時間

17pW1-7
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tSBO ∼ 1.3d ( R*
1000R⊙ ) (

Mej

10M⊙ ) ( E
1 × 1051erg )

−1
1/2

 4

 4.5

 5

 5.5

 6

 3.5 4 4.5 5 5.5

lo
g
 L

/L

log Teff

1 R! 10 R! 100 R! 1000 R!

(Blinnikov et al. 2000より)

光学観測(SBO)までの時間 (Mej = 10 M!, E = 1051 erg)

赤色超巨星 (type II) (R* = 1000 R!)
青色超巨星 (SN 1987A) (R* = 50 R!)
Wolf-Rayet星 (type Ibc) (R* = 1 R!)

~ 1.3 day
~ 1.6 hours
~ 2 minutes

!

12 M!

15 M!

20 M!

40 M!

詳細なSBOの計算については、例えばSuzuki et al. (2016, ApJ 825, 92)
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超新星前兆ニュートリノによる親星位置の特定
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JUNOの液体シンチレータ(LS, LS-Li)によるニュートリノ観測を 
用いた親星位置の特定 (Mukhopadhyay et al. 2020)

<D 0.25 kpc (red squares in Figure 8, also see Figure 3)
results in a single presupernova being favored. For LS-Li, the
angular information alone is sufficient to favor 3–4 stars as
likely progenitors already ∼4 hr precollapse. At = -t 1 hr, a
single progenitor can be identified in the case of Antares.

A less fortunate scenario is shown in the left panels in
Figure 9 (details in Table 4) for σ Canis Majoris (distance

D=0.513 kpc). The number of events was calculated
according to the M15 : model in Figure 1. The lower signal
statistics (the number of events barely reaches 60), and the
larger relative importance of the background result in a
decreased angular sensitivity. We find that LS will only
eliminate roughly half of the sky if we use the 68% C.L. error
cone. When combined with an approximate distance estimate,

Figure 8. Angular error cones at 68% C.L. and 90% C.L. for LS (orange and maroon contours), and LS-Li (indigo and black contours) at 4 hr, 1 hr, and 2 minutes
prior to the core collapse. The left panels correspond to Betelgeuse (D=0.222 kpc, M M15� :); the right panels to Antares (D=0.169 kpc, M M15� :). The
presence of background is considered in all cases according to An et al. (2016). The number of events is based on the model by Patton et al. (2017b).

Table 3
Parameters and Results for Antares, Figure 8, Right Panels

LS LS-Li

Time to CC NTotal NSignal NBkg α a 68% C.L. 90% C.L. a 68% C.L. 90% C.L.

4.0 hours 161 146 15 9.73 0.1414 66.27° 101.59° 0.7147 16.44° 23.70°
1.0 hour 333 310 23 13.48 0.1452 51.11° 79.24° 0.7337 11.16° 15.98°
2 minutes 543 518 25 20.72 0.1488 41.02° 62.70° 0.7519 8.54° 12.19°

7
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Betelgeuse 
(222 pc)

Antares 
(169 pc)

LS: 
68%, 90% C.L. 
LS-Li: 
68%, 90% C.L.

15M! modelを仮定

Using these, one can find the forward−backward asymme-
try, which is a measurable parameter:

=
-
+

a N N
N N2

. 2F B

F B

0 ( )

Here NF and NB are the numbers of events in the forward
(q p- 2) and backward (q p> 2) direction respectively. We
obtain a 0.160 � for LS, which is consistent with the
distributions shown in Apollonio et al. (2000), and a 0.780 �
for LS-Li.

Let us now generalize to the case with a nonzero
background, and define the signal-to-background ratio,
a = N NS Bkg. For simplicity, the background is modeled as
isotropic and constant in time. Suppose that NS, α, and a0 are
known. In this case, the total angular distribution of the N
events will be a linear combination of two components, one for

the directional signal
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and the other for the isotropic background
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The two distributions have a relative weight of α, which yields
the forward−backward asymmetry as

=
+ - +

+ + +
a N N N N

N N N N2
. 5F S F B S B

F S F B S B
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In the small background limit, lN 0Bkg , then a l ¥ and
la a0. In the large background limit l ¥NBkg , then a l 0

and la 0.
Figure 5 shows the angular distribution for different signal-

to-noise ratios α (see Table 1 for the corresponding values of
a). For LS the a = ¥ curve (blue solid) is taken from
Equation (1), and for LS-Li the a = ¥ curve (red solid) is
taken from Equation (1). For LS-Li, an enhancement in the
directionality is achieved as a result of an improved
reconstruction of the positron annihilation point and a short-
ening of the neutron capture range. Enhancement in the
directionality decreases for LS and LS-Li as the background
becomes larger.
From here on, for all cases we adopt an approximate linear

distribution for the N events in the detector:

q q= +f acos
1
2

1 cos . 6( ) ( ) ( )

This form is accurate—yielding results that are commensurate
with those obtained from the distributions in Figure 5—and it
allows us to describe our results as functions of the varying
parameter a in a general and transparent manner.

Figure 3. Mollweide projection of nearby ( -D 1 kpc) core collapse supernova candidates. Symbols and colors correspond to distance intervals. The dotted line
indicates the Galactic plane. The red square near the center of the map is α Ori, best known as Betelgeuse.

Figure 4. The geometry of inverse beta decay in liquid scintillator. Shown are
the incoming antineutrino (brown), proton (black), outgoing positron and its
annihilation point (blue), outgoing neutron, its subsequent scattering events and
its capture point (red), and the outgoing photon (orange). The vector X i

pn
( )

originates at the positron annihilation location and points in the direction of the
neutron capture point. θ is the angle between X i

pn
( ) and the incoming neutrino

momentum.
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超新星前兆ニュートリノを通したshell燃焼の観測

22

JUNOとSK-Gd (single n)のevent rateの時間変化
(Kato et al. 2020)
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Figure 7
Expected numbers of ν̄e events for the Yoshida model (15) with 15M! at (a) JUNO, (b) SK-Gd, and (c) HK-Gd. Events are measured
per 1 h for JUNO and SK-Gd and per 10 min for HK-Gd. Red and blue bars indicate normal and inverted mass orderings, respectively.
Detector parameters for JUNO and SK are shown in Table 1. The detector ef!ciency for HK is assumed to be 0.5. Abbreviations:
HK-Gd, Hyper-Kamiokande with gadolinium; JUNO, Jiangmen Underground Neutrino Observatory; SK-Gd, Super-Kamiokande
with gadolinium.

events will con!rm the existence of shell burning and provide information regarding this phe-
nomenon (e.g., duration of shell burning).

4.3. Determination of Neutrino Mass Ordering
The observation of pre-SN neutrinos may help in determining the yet-unknown neutrino mass
ordering. Because the behavior of the neutrino oscillation depends on the neutrino mass ordering,
the number of neutrino events differs between the mass orderings. In principle, we will be able to
detect more than a thousand νes at DUNE, if the distance to the source is 200 pc and if neutrinos
have the inverted mass ordering. In contrast, the event numbers are reduced by a factor of ∼10 if
they obey the normal mass ordering (16).

Guo et al. (71) suggested a model-independent method to determine the mass ordering using
the numbers of IBD and ES events,NIBD and NES. Note that IBD is sensitive only to ν̄es, whereas
all "avors can be detected via ES. The NES/NIBD ratio is ∼0.91 and 3.8 at JUNO for the normal
and inverted orderings, respectively, assuming pre-SN neutrinos are emitted from Betelgeuse.
Guo et al. found that this large difference in NES/NIBD ratio between the normal and inverted
orderings is insensitive to stellar models. These facts provide the basis for a model-independent
determination of mass ordering. Although the current background rate for ES events is too high
to perform this method, future reduction of backgrounds will make it possible.

5. SUMMARY AND FUTURE PROSPECTS
5.1. Summary
More than 30 years have passed since the historical SN neutrino events of SN 1987A. Remark-
able progress has been made in neutrino detection techniques, opening neutrino astronomy to a
new target: pre-SN neutrinos, which are mainly emitted from the cores of massive stars before
core bounce. This possibility was !rst pointed out by Odrzywolek et al. (13), followed by many
works with state-of-the-art calculations of stellar evolution. Uncertainties in stellar physics will
be clari!ed by pre-SN neutrino observations because neutrinos freely propagate through stars.
Their signals, moreover, issue an SN alarm a few days before an SN explosion and enable us to
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~ 17 h 前のpeak
観測数が上がればshell燃焼の効果を直接観測できる可能性

O shell燃焼による星の膨張
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Lν̄e
< 1048 [erg s−1]

 近傍 (< 1kpc) 大質量星で観測可能: 超新星前兆ニュートリノ
～

大質量星の進化とニュートリノ放出
ケイ素燃焼以降のニュートリノ

e-e+ pair annihilation, nuclear weak interaction

超新星前兆ニュートリノの観測予測

SK-Gdで < 10 h (NO), < 1h (IO)
15 M! model@200 pc とした時のalarm time

KamLANDで < 40 h (NO), < 8h (IO)

SK-Gdでのcollapseまでの12時間での観測距離
< 650 pc (NO), < 400 pc (IO)

EC SN SK-GdやKamLANDで観測されないことで区別可能
超新星ニュートリノ観測から光学観測までのtime scale
SBOまでの時間は親星の半径に依存
赤色超巨星 ~ 1 d, 青色超巨星 ~ 2 h, Wolf-Rayet星 ~ 2 min
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