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Neutrinos from a Presupernova (PreSN) Star

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 15Me and
25Memodels, 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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PreSN neutrino events can be SN alarms. (Asakura et al. 2016)



Neutrino Observatories in the Next Decade

JUNO Collaboration Conceptual Design Report

the size of the chord members is selected to be „273 mm ◊ 8 mm, and the ventral
members are „219 mm ◊ 8 mm. The supporting rods (brace members) between acrylic
and truss are „102 mm ◊ 12 mm, and the columns for supporting truss are designed
to be „400 mm ◊ 20 mm. The final size will be determined in engineering design after
further stress analysis.

2.2.2.2 Single Layer Stainless-Steel Truss

As shown in Fig. 2.3 (a), this single layer truss is made of I-shaped unistrut in both
longitudinal and latitudinal directions. Similar to the double layer truss, the supporting
rods are also used to connect the sphere to the truss. The truss itself is supported on
the base of the water pool by a number of columns. To improve the stability of the
single layer truss and to avoid the possible torsion, a ring of spiral bracings are added
in the truss grids to prevent any occurrence of torsional vibration shape. In addition,
due to space limitation in the pole region of the truss, the square shaped structure
is replaced by a triangle shaped one, so the number of truss members is reduced, as
sketched in Fig. 2.3(b). This optimization gives more space for PMT installation and
keeps the grid size of the truss in a reasonable range.

(a) Single layer stainless-steel truss with spiral
support

(b) Reduction of the number of truss members in
pole region

Figure 2.3: Single layer steel truss

Compared to the double layer truss, the single layer truss can save a significant
amount of space and hence the civil construction cost. Another advantage of this
option is that PMT installation is much easier since there is no interference caused by
the truss members.

2.2.2.3 Equator Supporting Method

This supporting structure is indicated in Fig. 2.4. The acrylic sphere is supported at
the equator area with stainless-steel rings which connect to the wall or bottom of the
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(c) Hyper-Kamiokande CollaborationFukuda et al. (2003)

After considering other locations within Japan,
the Kamioka mine was determined to be the most
suitable location for the experiment for many
reasons. The Kamiokande experiment had been
successfully completed and made significant phy-
sics contributions; the mine was still in operation
with existing facilities (electricity, water, air ducts,
drains, communications); its rock structure was
well known and very stable. A suitable site was
identified within the mine for the new experiment,
close to the existing main tunnel; thus it would
not be necessary to excavate a new tunnel, whose
cost would be a substantial fraction of the total
budget.

The Super-Kamiokande project was approved
by the Japanese Ministry of Education, Science,
Sports and Culture in 1991 for total funding of
approximately $100M. The US portion of the
proposal, which was primarily to build the OD
system, was approved by the US Department of
Energy in 1993 for $3M. In addition the US has
also contributed about 2000 20 cm PMTs recycled
from the IMB experiment.

Excavation of the cavity started in 1991, and
detector construction was completed by Decem-
ber, 1995. Super-Kamiokande was successfully
commissioned and began operations on April 1,
1996, as scheduled. By May 1, 1996, minor initial
problems with the DAQ were cleared up and data
taking began in earnest. While earlier data are
valid, the large number of interrupted runs
collected in April, 1996 are normally discarded
for convenience in physics analyses except for
analyses of upward-going muons. Fig. 3 shows the
construction timeline.

A general view of the detector and other
facilities is shown in Fig. 4. In the inset at the
right bottom corner, a sectional view of Mt.
Ikenoyama is shown, with Super-Kamiokande
almost directly under the peak where the tunnels
merge.

The cavity which houses the 50 kton tank is
located near the mine’s main horizontal truck
tunnel, which is 1800m long at approximately
350m altitude above mean sea level, as shown in
Fig. 5. The Atotsu tunnel, named after the river
near its entrance, provides access to the tank top,
with its electronics huts and calibration equip-

ment, as well as the experiment control room, a
separate cavity housing the water purification
system, toilet facilities, and a parking area for
mine vehicles. A branch tunnel winds downward
around the tank and provides access to the
pressure hatch at the tank bottom. Additional
halls for the electron LINAC located above and
behind the main tank cavity and for equipment
storage are also provided.

The main tunnel also provides access to other
experiments at the Kamioka Observatory such as
KamLAND. As a safety backup the experimental
areas can also be reached by mine train from the
mine company’s surface facilities in Higashi–
Mozumi village.

Electronics Installtion

Excavation

Water Tank

Water Purification

Electronics

PMT Production

PMT Installation

1991 1992 1993 1994 1995 1996 1997

Data Taking

Commissioning

Fig. 3. Super-Kamiokande construction schedule.

Fig. 4. A sketch of the Super-Kamiokande detector site, under
Mt. Ikenoyama.
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Gando et al. (2013)Fig. 2. The PMT support structure (PSUP) shown inside the SNO cavity, surrounding the acrylic vessel, with light- and heavy-water
volumes located as indicated.

A description of the electronic readout chain is
given in Section 6, followed by a description of the
downstream data acquisition hardware and soft-
ware in Section 7. Separate !He neutral-current
detectors, which will be installed at a later date in
the D

"
O volume, are described in Section 8. The

detector control and monitoring system is de-
scribed in Section 9. The calibration system, con-
sisting of a variety of sources, a manipulator,
controlling software, and the analysis of calibration
data, is described in Section 10. The extensive e!ort
to maintain and monitor site cleanliness during and
after construction is described in Section 11. The
large software package used to generate simulated
data and analyze acquired data is described in

Section 12. Brief descriptions of the present de-
tector status and future plans are in Section 13.

2. Water systems

The SNO water system is comprised of two sep-
arate systems: one for the ultrapure light water
(H

"
O) and one for the heavy water (D

"
O). These

systems are located underground near the detector.
The source of water for the H

"
O system is a surface

puri"cation plant that produces potable water for
the mine. Underground, the water is pretreated,
puri"ed and degassed to levels acceptable for the
SNO detector, regassed with pure N

"
, and "nally

J. Boger et al. / Nuclear Instruments and Methods in Physics Research A 449 (2000) 172}207176

Boger et al. (2000) An et al. (2015)

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.
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Neutrinos from preSN stars in neighbors (~200 pc)

Neutrinos from a Presupernova (PreSN) Star

(Kato et al. 2015)

This study
We investigate detailed time evolution of the neutrino emission 
from 12, 15, 20M   preSN stars.

KamLAND

Future large liquid scintillator
  (e.g. JUNO; 20kton)

Hundreds νe events

Detailed time evolution of neutrino events
Observing the evidence for burning processes
 during the final evolution stage

We investigate the time evolution of the neutrino events from preSN 
stars at d = 200 pc by current and future neutrino observatories 
and show the relations to the final evolution of preSN stars.
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A few to tens νe events
(e.g., Odrzywolek et al. 2004; Kato et al. 2015)



Central density and temperature

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  Star Models

12
15

20

8 Yoshida et al.
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Figure 11. Time evolution of the ν̄e emission rate (upper panel)
and the detected ν̄e emission rate (lower panel) of the 12 (blue
line), 15 (red line), and 20 (green line) M! models.

20 M! model. Since the stellar mass dependence of the
emission rate for other flavors is similar to that of ν̄e, we
discuss only the dependence of ν̄e. Both the ν̄e emission
rate and the detected ν̄e emission rate increase with time
for most of the evolution period among the three models.
In the 12 M! model, the ν̄e emission rate is smaller than
the 15 M! model for a given time. The decrease in the
emission rate and the steep increase in the detected rate
are seen at 8.2 days before the last step. At this time the
Si core burning starts. Although this change is also seen
in the 15 M! model, the corresponding time is different.
This is due to longer period of the Si core burning in
the 12 M! model. We also see the decrease in the both
rates in 10 hours and 50 minutes before the last step.
These two decreases correspond to the ignition of the O
shell burning and the Si shell burning. These trends are
similar to the 15 M! model.

In the 20 M! model, the ν̄e emission rate is generally
larger than the 15 M! model and the neutrino emission
rate has some properties different from the other stellar
models. We see the decrease in the emission rate is seen
at 0.9 days before the last step. However, the steep in-
crease in the detected ν̄e emission rate is not seen at that
time. The ν̄e emission rate slightly decreases at 6.5 and
2.4 hours before the last step. The corresponding de-
creases of the detected ν̄e emission rate are small. This
seems to be due to differences of burning processes in the
advanced evolution. In the 20 M! model, the convective
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Figure 12. Time evolution of the average ν̄e energy of the 12
(blue line), 15 (red line), and 20 (green line) M! models.

shell of the O shell burning before the Si core burning
extended to 1.5 M! and the oxygen in this region has
been exhausted. The Si shell grows up to 1.59 M! when
the Si core burning ended. Then, the O shell burning oc-
curs in the region of Mr ! 1.6M!. However, this burning
scarcely prevents the core contraction and, thus, the neu-
trino emission rate scarcely decreases. We do not see the
decrease in the central temperature at this time. We note
that, in the 12 and 15 M! models, the O and Si-enriched
region remains outside Mr ∼ 1.36M! even after the Si
core burning and, then, the O shell burning in this region
is stronger. The decrease at 2.4 hours before the last step
corresponds to the Si shell burning. The Si shell burning
occurs at Mr ∼ 0.7M! that is deeper than the 12 and 15
M! models. We consider that stronger Si shell burning
prevents decreasing the neutrino emissivity.

We show the time evolution of the average ν̄e energy
〈εν〉 of these three models in Fig. 12. Before the Si core
burning, all models indicate the average energy with less
than ∼ 1 MeV. When the Si core burning ignites, the
neutrino emission from the center increases and the av-
erage energy becomes large for the 12 and 15 M! models.
The average energy of the 20 M! model also increases
more steeply than before, although the steepness is less
than the less massive models. The average energy dur-
ing the Si core burning is lower for more massive star
models. As shown in Fig. 1, the evolution track of more
massive one passes through a lower density and higher
temperature path. The average ν̄e energy is higher in
higher density for a given temperature. Thus, we con-
sider that lower density structure of more massive star
provides lower average ν̄e energy during the Si burning.
The average energy becomes small during the O shell
burning. The main region of the neutrino emission is the
O burning shell, where the temperature and density is
lower than the center. During the Si shell burning to
collapse, we do not see clear dependence on the stellar
mass. This is partly due to the difference of the con-
traction time scale in these models. For a given central
temperature after the ignition of the Si shell burning, the
average energy is smaller for more massive model.

We showed that the time evolution of the neutrino
emission rate and the detected neutrino emission rate
from the Si core burning to the core collapse is influ-
enced by burning processes in the central region of mas-

νe emission rate

Si-burning start

Si-burning end

4.42d 8.60d
1.11d

1.25d

21.4h10.4h

12
1520

O-shell

Si-shell

Si-core
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FIG. 9. Same as Fig. 6 but for the stage at 23.8 minutes before the last step (point (d) in Figs. 1 and 5).
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FIG. 10. Same as Fig. 6 but for the last step (point (e) in Figs. 1 and 5).

8 that the mass fractions of Si and O are almost con-
stant between 1.36 and 1.66 M!. The convective O shell
burning occurs in this region. The temperature in this
region rises owing to the O shell burning and the high
temperature raises the neutrino emissivity.

The center panel indicates that the neutrino emissiv-
ity is not concentrated to the center and it is broadly
distributed. We also see a peak in the O shell burning
region. The emission ratio of the Fe core decreases to
0.52. The ratio between 1.3 and 1.6 M! becomes 0.40.
However, the distribution of the detected neutrino emis-
sion ratio has a peak at the center. The contribution of
the convective Si/O layer is small, i.e., the ratio is only
6%. This is because the electron antineutrinos emitted
from the central region have higher energy than the ones
from the Si/O layer. The right panel shows the neutrino
spectra at this time. Comparing with the spectra in the
previous stage, we do not see clear difference in the max-
imum value for each neutrino flavor. On the other hand,
the spectra become less energetic from the previous stage.
This is due to the contribution of the neutrinos from the
Si/O layer. Thus, when the O shell burning starts during
the Fe core contraction, the neutrino energy spectra be-
come less energetic and the detectability of the neutrino
events will decrease.

Stage (d) is at 23.8 minutes before the last step. After
stage (c), the O shell burning ceases, the star contracts
again, and the Si shell burning ignites at Mr ∼ 1M!.

The Fe core and the surrounding Si layer grow up through
the shell burnings. The left panel of Fig. 9 shows the
mass fraction distribution at this time. The Fe core mass
and the outer boundary of the Si layer become 1.37 and
1.65 M!, respectively. We also see the O/Si-rich and
O/Ne-rich layers outside the Si layer.

For the neutrino emission ratio, we see two peaks at
Mr ∼ 1 and 1.4 M! in the center panel. At this stage,
the central temperature is log TC = 9.66 and there are
two peaks at Mr = 1.02 and 1.36 M! in the tempera-
ture distribution. At Mr = 1.02M! the temperature is
log T = 9.64 and the density is log ρ = 6.79. The high
temperature and low density in this region produce the
large neutrino emission ratio. The emission rate of the
neutrinos from this region is much larger than the neu-
trinos from the center (see Fig. 2). Different from the
stage (c), we also see the peak of the detected neutrino
emission ratio in this region. The ratio between 1.0 and
1.2 M! is 56%. The region inside the Si shell also con-
tributes to the detected neutrino emission; the ratio is
33%. The right panel shows the energy spectra at this
time. The neutrino emission rate increases to the order of
1051 s−1. Although the neutrino emission rate decreases
when the Si shell burning starts, the star has turned to
the contraction at this stage. The neutrino spectra shift
to higher energy from the previous stage. This is also
due to the contraction after the O and Si shell burnings.

Stage (e) is the last step of the stellar evolution cal-

Final Evolution of a 15M  Star 
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”Fe” O
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C

Si core burning end

”Si”
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C
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FIG. 6. Mass fraction distribution and neutrino properties during the central Si burning (3.60 days before the last step; point
(a) in Figs. 1 and 5). Left panel: mass fraction distribution in Mr ≤ 2.0M!. Black, red, sky-blue, blue, pink, green, and
orange lines indicate H, He, C, O, Ne, “Si”, and “Fe”, respectively. Center panel: the neutrino emission ratios. Black line
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FIG. 7. Same as Fig. 6 but for the stage after the central Si burning (20.1 hours before the last step; point (b) in Figs. 1 and
5).
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FIG. 8. Same as Fig. 6 but for the stage at 9.78 hours before the last step (point (c) in Figs. 1 and 5).

been formed. The intermediate elements denoting “Si”
has been exhausted through the Si core burning. The
surrounding layer enriched in “Si” extends to 1,37 M!.
The O mass fraction increases outwards there. Electron
antineutrinos of 89% are emitted from the Fe core. The
center panel shows that the detected neutrino emission
ratio of Mr ≤ 0.5M! exceeds 0.9. Thus, most of ν̄e is
emitted from the Fe core and the detected ones are from
the central region of the core. The right panel indicates
that the neutrino emission rate increases by a factor of

four from the previous stage. The average energy slightly
increases from the Si core burning but is still smaller than
the threshold energy of p(ν̄e, e+)n.

Stage (c) is at 9.78 hours before the last step. Be-
fore this time Oxygen ignited at Mr ∼ 1.36M! and the
convective Si/O layer extended outwards. The O shell
burning expands the star and the central temperature
and density decrease (see the range between (b) and (c)
in Fig. 1). The neutrino emission rate also decreases at
that time (see Fig. 5). We see in the left panel of Fig.
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FIG. 6. Mass fraction distribution and neutrino properties during the central Si burning (3.60 days before the last step; point
(a) in Figs. 1 and 5). Left panel: mass fraction distribution in Mr ≤ 2.0M!. Black, red, sky-blue, blue, pink, green, and
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FIG. 7. Same as Fig. 6 but for the stage after the central Si burning (20.1 hours before the last step; point (b) in Figs. 1 and
5).
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FIG. 8. Same as Fig. 6 but for the stage at 9.78 hours before the last step (point (c) in Figs. 1 and 5).

been formed. The intermediate elements denoting “Si”
has been exhausted through the Si core burning. The
surrounding layer enriched in “Si” extends to 1,37 M!.
The O mass fraction increases outwards there. Electron
antineutrinos of 89% are emitted from the Fe core. The
center panel shows that the detected neutrino emission
ratio of Mr ≤ 0.5M! exceeds 0.9. Thus, most of ν̄e is
emitted from the Fe core and the detected ones are from
the central region of the core. The right panel indicates
that the neutrino emission rate increases by a factor of

four from the previous stage. The average energy slightly
increases from the Si core burning but is still smaller than
the threshold energy of p(ν̄e, e+)n.

Stage (c) is at 9.78 hours before the last step. Be-
fore this time Oxygen ignited at Mr ∼ 1.36M! and the
convective Si/O layer extended outwards. The O shell
burning expands the star and the central temperature
and density decrease (see the range between (b) and (c)
in Fig. 1). The neutrino emission rate also decreases at
that time (see Fig. 5). We see in the left panel of Fig.
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FIG. 9. Same as Fig. 6 but for the stage at 23.8 minutes before the last step (point (d) in Figs. 1 and 5).
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FIG. 10. Same as Fig. 6 but for the last step (point (e) in Figs. 1 and 5).

8 that the mass fractions of Si and O are almost con-
stant between 1.36 and 1.66 M!. The convective O shell
burning occurs in this region. The temperature in this
region rises owing to the O shell burning and the high
temperature raises the neutrino emissivity.

The center panel indicates that the neutrino emissiv-
ity is not concentrated to the center and it is broadly
distributed. We also see a peak in the O shell burning
region. The emission ratio of the Fe core decreases to
0.52. The ratio between 1.3 and 1.6 M! becomes 0.40.
However, the distribution of the detected neutrino emis-
sion ratio has a peak at the center. The contribution of
the convective Si/O layer is small, i.e., the ratio is only
6%. This is because the electron antineutrinos emitted
from the central region have higher energy than the ones
from the Si/O layer. The right panel shows the neutrino
spectra at this time. Comparing with the spectra in the
previous stage, we do not see clear difference in the max-
imum value for each neutrino flavor. On the other hand,
the spectra become less energetic from the previous stage.
This is due to the contribution of the neutrinos from the
Si/O layer. Thus, when the O shell burning starts during
the Fe core contraction, the neutrino energy spectra be-
come less energetic and the detectability of the neutrino
events will decrease.

Stage (d) is at 23.8 minutes before the last step. After
stage (c), the O shell burning ceases, the star contracts
again, and the Si shell burning ignites at Mr ∼ 1M!.

The Fe core and the surrounding Si layer grow up through
the shell burnings. The left panel of Fig. 9 shows the
mass fraction distribution at this time. The Fe core mass
and the outer boundary of the Si layer become 1.37 and
1.65 M!, respectively. We also see the O/Si-rich and
O/Ne-rich layers outside the Si layer.

For the neutrino emission ratio, we see two peaks at
Mr ∼ 1 and 1.4 M! in the center panel. At this stage,
the central temperature is log TC = 9.66 and there are
two peaks at Mr = 1.02 and 1.36 M! in the tempera-
ture distribution. At Mr = 1.02M! the temperature is
log T = 9.64 and the density is log ρ = 6.79. The high
temperature and low density in this region produce the
large neutrino emission ratio. The emission rate of the
neutrinos from this region is much larger than the neu-
trinos from the center (see Fig. 2). Different from the
stage (c), we also see the peak of the detected neutrino
emission ratio in this region. The ratio between 1.0 and
1.2 M! is 56%. The region inside the Si shell also con-
tributes to the detected neutrino emission; the ratio is
33%. The right panel shows the energy spectra at this
time. The neutrino emission rate increases to the order of
1051 s−1. Although the neutrino emission rate decreases
when the Si shell burning starts, the star has turned to
the contraction at this stage. The neutrino spectra shift
to higher energy from the previous stage. This is also
due to the contraction after the O and Si shell burnings.

Stage (e) is the last step of the stellar evolution cal-
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FIG. 6. Mass fraction distribution and neutrino properties during the central Si burning (3.60 days before the last step; point
(a) in Figs. 1 and 5). Left panel: mass fraction distribution in Mr ≤ 2.0M!. Black, red, sky-blue, blue, pink, green, and
orange lines indicate H, He, C, O, Ne, “Si”, and “Fe”, respectively. Center panel: the neutrino emission ratios. Black line
indicates the neutrino emission ratio and red line indicates the detected neutrino emission ratio. See text for details. Right
panel: spectra of νe (orange dashed line), νµ,τ (sky-blue dashed line), ν̄e (red solid line), and ν̄µ,τ (blue solid line).
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FIG. 7. Same as Fig. 6 but for the stage after the central Si burning (20.1 hours before the last step; point (b) in Figs. 1 and
5).
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FIG. 8. Same as Fig. 6 but for the stage at 9.78 hours before the last step (point (c) in Figs. 1 and 5).

been formed. The intermediate elements denoting “Si”
has been exhausted through the Si core burning. The
surrounding layer enriched in “Si” extends to 1,37 M!.
The O mass fraction increases outwards there. Electron
antineutrinos of 89% are emitted from the Fe core. The
center panel shows that the detected neutrino emission
ratio of Mr ≤ 0.5M! exceeds 0.9. Thus, most of ν̄e is
emitted from the Fe core and the detected ones are from
the central region of the core. The right panel indicates
that the neutrino emission rate increases by a factor of

four from the previous stage. The average energy slightly
increases from the Si core burning but is still smaller than
the threshold energy of p(ν̄e, e+)n.

Stage (c) is at 9.78 hours before the last step. Be-
fore this time Oxygen ignited at Mr ∼ 1.36M! and the
convective Si/O layer extended outwards. The O shell
burning expands the star and the central temperature
and density decrease (see the range between (b) and (c)
in Fig. 1). The neutrino emission rate also decreases at
that time (see Fig. 5). We see in the left panel of Fig.
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FIG. 6. Mass fraction distribution and neutrino properties during the central Si burning (3.60 days before the last step; point
(a) in Figs. 1 and 5). Left panel: mass fraction distribution in Mr ≤ 2.0M!. Black, red, sky-blue, blue, pink, green, and
orange lines indicate H, He, C, O, Ne, “Si”, and “Fe”, respectively. Center panel: the neutrino emission ratios. Black line
indicates the neutrino emission ratio and red line indicates the detected neutrino emission ratio. See text for details. Right
panel: spectra of νe (orange dashed line), νµ,τ (sky-blue dashed line), ν̄e (red solid line), and ν̄µ,τ (blue solid line).
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FIG. 7. Same as Fig. 6 but for the stage after the central Si burning (20.1 hours before the last step; point (b) in Figs. 1 and
5).
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FIG. 8. Same as Fig. 6 but for the stage at 9.78 hours before the last step (point (c) in Figs. 1 and 5).

been formed. The intermediate elements denoting “Si”
has been exhausted through the Si core burning. The
surrounding layer enriched in “Si” extends to 1,37 M!.
The O mass fraction increases outwards there. Electron
antineutrinos of 89% are emitted from the Fe core. The
center panel shows that the detected neutrino emission
ratio of Mr ≤ 0.5M! exceeds 0.9. Thus, most of ν̄e is
emitted from the Fe core and the detected ones are from
the central region of the core. The right panel indicates
that the neutrino emission rate increases by a factor of

four from the previous stage. The average energy slightly
increases from the Si core burning but is still smaller than
the threshold energy of p(ν̄e, e+)n.

Stage (c) is at 9.78 hours before the last step. Be-
fore this time Oxygen ignited at Mr ∼ 1.36M! and the
convective Si/O layer extended outwards. The O shell
burning expands the star and the central temperature
and density decrease (see the range between (b) and (c)
in Fig. 1). The neutrino emission rate also decreases at
that time (see Fig. 5). We see in the left panel of Fig.
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FIG. 9. Same as Fig. 6 but for the stage at 23.8 minutes before the last step (point (d) in Figs. 1 and 5).
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FIG. 10. Same as Fig. 6 but for the last step (point (e) in Figs. 1 and 5).

8 that the mass fractions of Si and O are almost con-
stant between 1.36 and 1.66 M!. The convective O shell
burning occurs in this region. The temperature in this
region rises owing to the O shell burning and the high
temperature raises the neutrino emissivity.

The center panel indicates that the neutrino emissiv-
ity is not concentrated to the center and it is broadly
distributed. We also see a peak in the O shell burning
region. The emission ratio of the Fe core decreases to
0.52. The ratio between 1.3 and 1.6 M! becomes 0.40.
However, the distribution of the detected neutrino emis-
sion ratio has a peak at the center. The contribution of
the convective Si/O layer is small, i.e., the ratio is only
6%. This is because the electron antineutrinos emitted
from the central region have higher energy than the ones
from the Si/O layer. The right panel shows the neutrino
spectra at this time. Comparing with the spectra in the
previous stage, we do not see clear difference in the max-
imum value for each neutrino flavor. On the other hand,
the spectra become less energetic from the previous stage.
This is due to the contribution of the neutrinos from the
Si/O layer. Thus, when the O shell burning starts during
the Fe core contraction, the neutrino energy spectra be-
come less energetic and the detectability of the neutrino
events will decrease.

Stage (d) is at 23.8 minutes before the last step. After
stage (c), the O shell burning ceases, the star contracts
again, and the Si shell burning ignites at Mr ∼ 1M!.

The Fe core and the surrounding Si layer grow up through
the shell burnings. The left panel of Fig. 9 shows the
mass fraction distribution at this time. The Fe core mass
and the outer boundary of the Si layer become 1.37 and
1.65 M!, respectively. We also see the O/Si-rich and
O/Ne-rich layers outside the Si layer.

For the neutrino emission ratio, we see two peaks at
Mr ∼ 1 and 1.4 M! in the center panel. At this stage,
the central temperature is log TC = 9.66 and there are
two peaks at Mr = 1.02 and 1.36 M! in the tempera-
ture distribution. At Mr = 1.02M! the temperature is
log T = 9.64 and the density is log ρ = 6.79. The high
temperature and low density in this region produce the
large neutrino emission ratio. The emission rate of the
neutrinos from this region is much larger than the neu-
trinos from the center (see Fig. 2). Different from the
stage (c), we also see the peak of the detected neutrino
emission ratio in this region. The ratio between 1.0 and
1.2 M! is 56%. The region inside the Si shell also con-
tributes to the detected neutrino emission; the ratio is
33%. The right panel shows the energy spectra at this
time. The neutrino emission rate increases to the order of
1051 s−1. Although the neutrino emission rate decreases
when the Si shell burning starts, the star has turned to
the contraction at this stage. The neutrino spectra shift
to higher energy from the previous stage. This is also
due to the contraction after the O and Si shell burnings.

Stage (e) is the last step of the stellar evolution cal-
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FIG. 9. Same as Fig. 6 but for the stage at 23.8 minutes before the last step (point (d) in Figs. 1 and 5).
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FIG. 10. Same as Fig. 6 but for the last step (point (e) in Figs. 1 and 5).

8 that the mass fractions of Si and O are almost con-
stant between 1.36 and 1.66 M!. The convective O shell
burning occurs in this region. The temperature in this
region rises owing to the O shell burning and the high
temperature raises the neutrino emissivity.

The center panel indicates that the neutrino emissiv-
ity is not concentrated to the center and it is broadly
distributed. We also see a peak in the O shell burning
region. The emission ratio of the Fe core decreases to
0.52. The ratio between 1.3 and 1.6 M! becomes 0.40.
However, the distribution of the detected neutrino emis-
sion ratio has a peak at the center. The contribution of
the convective Si/O layer is small, i.e., the ratio is only
6%. This is because the electron antineutrinos emitted
from the central region have higher energy than the ones
from the Si/O layer. The right panel shows the neutrino
spectra at this time. Comparing with the spectra in the
previous stage, we do not see clear difference in the max-
imum value for each neutrino flavor. On the other hand,
the spectra become less energetic from the previous stage.
This is due to the contribution of the neutrinos from the
Si/O layer. Thus, when the O shell burning starts during
the Fe core contraction, the neutrino energy spectra be-
come less energetic and the detectability of the neutrino
events will decrease.

Stage (d) is at 23.8 minutes before the last step. After
stage (c), the O shell burning ceases, the star contracts
again, and the Si shell burning ignites at Mr ∼ 1M!.

The Fe core and the surrounding Si layer grow up through
the shell burnings. The left panel of Fig. 9 shows the
mass fraction distribution at this time. The Fe core mass
and the outer boundary of the Si layer become 1.37 and
1.65 M!, respectively. We also see the O/Si-rich and
O/Ne-rich layers outside the Si layer.

For the neutrino emission ratio, we see two peaks at
Mr ∼ 1 and 1.4 M! in the center panel. At this stage,
the central temperature is log TC = 9.66 and there are
two peaks at Mr = 1.02 and 1.36 M! in the tempera-
ture distribution. At Mr = 1.02M! the temperature is
log T = 9.64 and the density is log ρ = 6.79. The high
temperature and low density in this region produce the
large neutrino emission ratio. The emission rate of the
neutrinos from this region is much larger than the neu-
trinos from the center (see Fig. 2). Different from the
stage (c), we also see the peak of the detected neutrino
emission ratio in this region. The ratio between 1.0 and
1.2 M! is 56%. The region inside the Si shell also con-
tributes to the detected neutrino emission; the ratio is
33%. The right panel shows the energy spectra at this
time. The neutrino emission rate increases to the order of
1051 s−1. Although the neutrino emission rate decreases
when the Si shell burning starts, the star has turned to
the contraction at this stage. The neutrino spectra shift
to higher energy from the previous stage. This is also
due to the contraction after the O and Si shell burnings.

Stage (e) is the last step of the stellar evolution cal-
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FIG. 9. Same as Fig. 6 but for the stage at 23.8 minutes before the last step (point (d) in Figs. 1 and 5).
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FIG. 10. Same as Fig. 6 but for the last step (point (e) in Figs. 1 and 5).

8 that the mass fractions of Si and O are almost con-
stant between 1.36 and 1.66 M!. The convective O shell
burning occurs in this region. The temperature in this
region rises owing to the O shell burning and the high
temperature raises the neutrino emissivity.

The center panel indicates that the neutrino emissiv-
ity is not concentrated to the center and it is broadly
distributed. We also see a peak in the O shell burning
region. The emission ratio of the Fe core decreases to
0.52. The ratio between 1.3 and 1.6 M! becomes 0.40.
However, the distribution of the detected neutrino emis-
sion ratio has a peak at the center. The contribution of
the convective Si/O layer is small, i.e., the ratio is only
6%. This is because the electron antineutrinos emitted
from the central region have higher energy than the ones
from the Si/O layer. The right panel shows the neutrino
spectra at this time. Comparing with the spectra in the
previous stage, we do not see clear difference in the max-
imum value for each neutrino flavor. On the other hand,
the spectra become less energetic from the previous stage.
This is due to the contribution of the neutrinos from the
Si/O layer. Thus, when the O shell burning starts during
the Fe core contraction, the neutrino energy spectra be-
come less energetic and the detectability of the neutrino
events will decrease.

Stage (d) is at 23.8 minutes before the last step. After
stage (c), the O shell burning ceases, the star contracts
again, and the Si shell burning ignites at Mr ∼ 1M!.

The Fe core and the surrounding Si layer grow up through
the shell burnings. The left panel of Fig. 9 shows the
mass fraction distribution at this time. The Fe core mass
and the outer boundary of the Si layer become 1.37 and
1.65 M!, respectively. We also see the O/Si-rich and
O/Ne-rich layers outside the Si layer.

For the neutrino emission ratio, we see two peaks at
Mr ∼ 1 and 1.4 M! in the center panel. At this stage,
the central temperature is log TC = 9.66 and there are
two peaks at Mr = 1.02 and 1.36 M! in the tempera-
ture distribution. At Mr = 1.02M! the temperature is
log T = 9.64 and the density is log ρ = 6.79. The high
temperature and low density in this region produce the
large neutrino emission ratio. The emission rate of the
neutrinos from this region is much larger than the neu-
trinos from the center (see Fig. 2). Different from the
stage (c), we also see the peak of the detected neutrino
emission ratio in this region. The ratio between 1.0 and
1.2 M! is 56%. The region inside the Si shell also con-
tributes to the detected neutrino emission; the ratio is
33%. The right panel shows the energy spectra at this
time. The neutrino emission rate increases to the order of
1051 s−1. Although the neutrino emission rate decreases
when the Si shell burning starts, the star has turned to
the contraction at this stage. The neutrino spectra shift
to higher energy from the previous stage. This is also
due to the contraction after the O and Si shell burnings.

Stage (e) is the last step of the stellar evolution cal-
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FIG. 6. Mass fraction distribution and neutrino properties during the central Si burning (3.60 days before the last step; point
(a) in Figs. 1 and 5). Left panel: mass fraction distribution in Mr ≤ 2.0M!. Black, red, sky-blue, blue, pink, green, and
orange lines indicate H, He, C, O, Ne, “Si”, and “Fe”, respectively. Center panel: the neutrino emission ratios. Black line
indicates the neutrino emission ratio and red line indicates the detected neutrino emission ratio. See text for details. Right
panel: spectra of νe (orange dashed line), νµ,τ (sky-blue dashed line), ν̄e (red solid line), and ν̄µ,τ (blue solid line).
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FIG. 7. Same as Fig. 6 but for the stage after the central Si burning (20.1 hours before the last step; point (b) in Figs. 1 and
5).
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FIG. 8. Same as Fig. 6 but for the stage at 9.78 hours before the last step (point (c) in Figs. 1 and 5).

been formed. The intermediate elements denoting “Si”
has been exhausted through the Si core burning. The
surrounding layer enriched in “Si” extends to 1,37 M!.
The O mass fraction increases outwards there. Electron
antineutrinos of 89% are emitted from the Fe core. The
center panel shows that the detected neutrino emission
ratio of Mr ≤ 0.5M! exceeds 0.9. Thus, most of ν̄e is
emitted from the Fe core and the detected ones are from
the central region of the core. The right panel indicates
that the neutrino emission rate increases by a factor of

four from the previous stage. The average energy slightly
increases from the Si core burning but is still smaller than
the threshold energy of p(ν̄e, e+)n.

Stage (c) is at 9.78 hours before the last step. Be-
fore this time Oxygen ignited at Mr ∼ 1.36M! and the
convective Si/O layer extended outwards. The O shell
burning expands the star and the central temperature
and density decrease (see the range between (b) and (c)
in Fig. 1). The neutrino emission rate also decreases at
that time (see Fig. 5). We see in the left panel of Fig.
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FIG. 6. Mass fraction distribution and neutrino properties during the central Si burning (3.60 days before the last step; point
(a) in Figs. 1 and 5). Left panel: mass fraction distribution in Mr ≤ 2.0M!. Black, red, sky-blue, blue, pink, green, and
orange lines indicate H, He, C, O, Ne, “Si”, and “Fe”, respectively. Center panel: the neutrino emission ratios. Black line
indicates the neutrino emission ratio and red line indicates the detected neutrino emission ratio. See text for details. Right
panel: spectra of νe (orange dashed line), νµ,τ (sky-blue dashed line), ν̄e (red solid line), and ν̄µ,τ (blue solid line).
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FIG. 7. Same as Fig. 6 but for the stage after the central Si burning (20.1 hours before the last step; point (b) in Figs. 1 and
5).
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FIG. 8. Same as Fig. 6 but for the stage at 9.78 hours before the last step (point (c) in Figs. 1 and 5).

been formed. The intermediate elements denoting “Si”
has been exhausted through the Si core burning. The
surrounding layer enriched in “Si” extends to 1,37 M!.
The O mass fraction increases outwards there. Electron
antineutrinos of 89% are emitted from the Fe core. The
center panel shows that the detected neutrino emission
ratio of Mr ≤ 0.5M! exceeds 0.9. Thus, most of ν̄e is
emitted from the Fe core and the detected ones are from
the central region of the core. The right panel indicates
that the neutrino emission rate increases by a factor of

four from the previous stage. The average energy slightly
increases from the Si core burning but is still smaller than
the threshold energy of p(ν̄e, e+)n.

Stage (c) is at 9.78 hours before the last step. Be-
fore this time Oxygen ignited at Mr ∼ 1.36M! and the
convective Si/O layer extended outwards. The O shell
burning expands the star and the central temperature
and density decrease (see the range between (b) and (c)
in Fig. 1). The neutrino emission rate also decreases at
that time (see Fig. 5). We see in the left panel of Fig.
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FIG. 9. Same as Fig. 6 but for the stage at 23.8 minutes before the last step (point (d) in Figs. 1 and 5).
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FIG. 10. Same as Fig. 6 but for the last step (point (e) in Figs. 1 and 5).

8 that the mass fractions of Si and O are almost con-
stant between 1.36 and 1.66 M!. The convective O shell
burning occurs in this region. The temperature in this
region rises owing to the O shell burning and the high
temperature raises the neutrino emissivity.

The center panel indicates that the neutrino emissiv-
ity is not concentrated to the center and it is broadly
distributed. We also see a peak in the O shell burning
region. The emission ratio of the Fe core decreases to
0.52. The ratio between 1.3 and 1.6 M! becomes 0.40.
However, the distribution of the detected neutrino emis-
sion ratio has a peak at the center. The contribution of
the convective Si/O layer is small, i.e., the ratio is only
6%. This is because the electron antineutrinos emitted
from the central region have higher energy than the ones
from the Si/O layer. The right panel shows the neutrino
spectra at this time. Comparing with the spectra in the
previous stage, we do not see clear difference in the max-
imum value for each neutrino flavor. On the other hand,
the spectra become less energetic from the previous stage.
This is due to the contribution of the neutrinos from the
Si/O layer. Thus, when the O shell burning starts during
the Fe core contraction, the neutrino energy spectra be-
come less energetic and the detectability of the neutrino
events will decrease.

Stage (d) is at 23.8 minutes before the last step. After
stage (c), the O shell burning ceases, the star contracts
again, and the Si shell burning ignites at Mr ∼ 1M!.

The Fe core and the surrounding Si layer grow up through
the shell burnings. The left panel of Fig. 9 shows the
mass fraction distribution at this time. The Fe core mass
and the outer boundary of the Si layer become 1.37 and
1.65 M!, respectively. We also see the O/Si-rich and
O/Ne-rich layers outside the Si layer.

For the neutrino emission ratio, we see two peaks at
Mr ∼ 1 and 1.4 M! in the center panel. At this stage,
the central temperature is log TC = 9.66 and there are
two peaks at Mr = 1.02 and 1.36 M! in the tempera-
ture distribution. At Mr = 1.02M! the temperature is
log T = 9.64 and the density is log ρ = 6.79. The high
temperature and low density in this region produce the
large neutrino emission ratio. The emission rate of the
neutrinos from this region is much larger than the neu-
trinos from the center (see Fig. 2). Different from the
stage (c), we also see the peak of the detected neutrino
emission ratio in this region. The ratio between 1.0 and
1.2 M! is 56%. The region inside the Si shell also con-
tributes to the detected neutrino emission; the ratio is
33%. The right panel shows the energy spectra at this
time. The neutrino emission rate increases to the order of
1051 s−1. Although the neutrino emission rate decreases
when the Si shell burning starts, the star has turned to
the contraction at this stage. The neutrino spectra shift
to higher energy from the previous stage. This is also
due to the contraction after the O and Si shell burnings.

Stage (e) is the last step of the stellar evolution cal-

[20.1 hours] [9.78 hours] [23.8 minutes] [0 minutes]

(log TC, log ρC) = 
(9.60, 7.90) (9.57, 8.24) (9.66, 8.85) (9.81, 9.46)
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FIG. 6. Mass fraction distribution and neutrino properties during the central Si burning (3.60 days before the last step; point
(a) in Figs. 1 and 5). Left panel: mass fraction distribution in Mr ≤ 2.0M!. Black, red, sky-blue, blue, pink, green, and
orange lines indicate H, He, C, O, Ne, “Si”, and “Fe”, respectively. Center panel: the neutrino emission ratios. Black line
indicates the neutrino emission ratio and red line indicates the detected neutrino emission ratio. See text for details. Right
panel: spectra of νe (orange dashed line), νµ,τ (sky-blue dashed line), ν̄e (red solid line), and ν̄µ,τ (blue solid line).
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FIG. 7. Same as Fig. 6 but for the stage after the central Si burning (20.1 hours before the last step; point (b) in Figs. 1 and
5).
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FIG. 8. Same as Fig. 6 but for the stage at 9.78 hours before the last step (point (c) in Figs. 1 and 5).

been formed. The intermediate elements denoting “Si”
has been exhausted through the Si core burning. The
surrounding layer enriched in “Si” extends to 1,37 M!.
The O mass fraction increases outwards there. Electron
antineutrinos of 89% are emitted from the Fe core. The
center panel shows that the detected neutrino emission
ratio of Mr ≤ 0.5M! exceeds 0.9. Thus, most of ν̄e is
emitted from the Fe core and the detected ones are from
the central region of the core. The right panel indicates
that the neutrino emission rate increases by a factor of

four from the previous stage. The average energy slightly
increases from the Si core burning but is still smaller than
the threshold energy of p(ν̄e, e+)n.

Stage (c) is at 9.78 hours before the last step. Be-
fore this time Oxygen ignited at Mr ∼ 1.36M! and the
convective Si/O layer extended outwards. The O shell
burning expands the star and the central temperature
and density decrease (see the range between (b) and (c)
in Fig. 1). The neutrino emission rate also decreases at
that time (see Fig. 5). We see in the left panel of Fig.
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FIG. 6. Mass fraction distribution and neutrino properties during the central Si burning (3.60 days before the last step; point
(a) in Figs. 1 and 5). Left panel: mass fraction distribution in Mr ≤ 2.0M!. Black, red, sky-blue, blue, pink, green, and
orange lines indicate H, He, C, O, Ne, “Si”, and “Fe”, respectively. Center panel: the neutrino emission ratios. Black line
indicates the neutrino emission ratio and red line indicates the detected neutrino emission ratio. See text for details. Right
panel: spectra of νe (orange dashed line), νµ,τ (sky-blue dashed line), ν̄e (red solid line), and ν̄µ,τ (blue solid line).

10-4

10-3

10-2

10-1

100

 0  0.5  1  1.5  2

M
as

s 
Fr

ac
tio

n

Mr/M!

0
0.1
0.2
0.3
0.4
0.5
0.6

 0  0.5  1  1.5  2

Em
is

si
on

 ra
tio

s

Mr/M!

0

1

2

3

4

5

 0  1  2  3  4  5  6  7dN
ν/d
td
ε ν

 (1
050

 M
eV

-1
 s

-1
)

εν (MeV)

FIG. 7. Same as Fig. 6 but for the stage after the central Si burning (20.1 hours before the last step; point (b) in Figs. 1 and
5).
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FIG. 8. Same as Fig. 6 but for the stage at 9.78 hours before the last step (point (c) in Figs. 1 and 5).

been formed. The intermediate elements denoting “Si”
has been exhausted through the Si core burning. The
surrounding layer enriched in “Si” extends to 1,37 M!.
The O mass fraction increases outwards there. Electron
antineutrinos of 89% are emitted from the Fe core. The
center panel shows that the detected neutrino emission
ratio of Mr ≤ 0.5M! exceeds 0.9. Thus, most of ν̄e is
emitted from the Fe core and the detected ones are from
the central region of the core. The right panel indicates
that the neutrino emission rate increases by a factor of

four from the previous stage. The average energy slightly
increases from the Si core burning but is still smaller than
the threshold energy of p(ν̄e, e+)n.

Stage (c) is at 9.78 hours before the last step. Be-
fore this time Oxygen ignited at Mr ∼ 1.36M! and the
convective Si/O layer extended outwards. The O shell
burning expands the star and the central temperature
and density decrease (see the range between (b) and (c)
in Fig. 1). The neutrino emission rate also decreases at
that time (see Fig. 5). We see in the left panel of Fig.
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FIG. 9. Same as Fig. 6 but for the stage at 23.8 minutes before the last step (point (d) in Figs. 1 and 5).
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FIG. 10. Same as Fig. 6 but for the last step (point (e) in Figs. 1 and 5).

8 that the mass fractions of Si and O are almost con-
stant between 1.36 and 1.66 M!. The convective O shell
burning occurs in this region. The temperature in this
region rises owing to the O shell burning and the high
temperature raises the neutrino emissivity.

The center panel indicates that the neutrino emissiv-
ity is not concentrated to the center and it is broadly
distributed. We also see a peak in the O shell burning
region. The emission ratio of the Fe core decreases to
0.52. The ratio between 1.3 and 1.6 M! becomes 0.40.
However, the distribution of the detected neutrino emis-
sion ratio has a peak at the center. The contribution of
the convective Si/O layer is small, i.e., the ratio is only
6%. This is because the electron antineutrinos emitted
from the central region have higher energy than the ones
from the Si/O layer. The right panel shows the neutrino
spectra at this time. Comparing with the spectra in the
previous stage, we do not see clear difference in the max-
imum value for each neutrino flavor. On the other hand,
the spectra become less energetic from the previous stage.
This is due to the contribution of the neutrinos from the
Si/O layer. Thus, when the O shell burning starts during
the Fe core contraction, the neutrino energy spectra be-
come less energetic and the detectability of the neutrino
events will decrease.

Stage (d) is at 23.8 minutes before the last step. After
stage (c), the O shell burning ceases, the star contracts
again, and the Si shell burning ignites at Mr ∼ 1M!.

The Fe core and the surrounding Si layer grow up through
the shell burnings. The left panel of Fig. 9 shows the
mass fraction distribution at this time. The Fe core mass
and the outer boundary of the Si layer become 1.37 and
1.65 M!, respectively. We also see the O/Si-rich and
O/Ne-rich layers outside the Si layer.

For the neutrino emission ratio, we see two peaks at
Mr ∼ 1 and 1.4 M! in the center panel. At this stage,
the central temperature is log TC = 9.66 and there are
two peaks at Mr = 1.02 and 1.36 M! in the tempera-
ture distribution. At Mr = 1.02M! the temperature is
log T = 9.64 and the density is log ρ = 6.79. The high
temperature and low density in this region produce the
large neutrino emission ratio. The emission rate of the
neutrinos from this region is much larger than the neu-
trinos from the center (see Fig. 2). Different from the
stage (c), we also see the peak of the detected neutrino
emission ratio in this region. The ratio between 1.0 and
1.2 M! is 56%. The region inside the Si shell also con-
tributes to the detected neutrino emission; the ratio is
33%. The right panel shows the energy spectra at this
time. The neutrino emission rate increases to the order of
1051 s−1. Although the neutrino emission rate decreases
when the Si shell burning starts, the star has turned to
the contraction at this stage. The neutrino spectra shift
to higher energy from the previous stage. This is also
due to the contraction after the O and Si shell burnings.

Stage (e) is the last step of the stellar evolution cal-
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FIG. 9. Same as Fig. 6 but for the stage at 23.8 minutes before the last step (point (d) in Figs. 1 and 5).
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8 that the mass fractions of Si and O are almost con-
stant between 1.36 and 1.66 M!. The convective O shell
burning occurs in this region. The temperature in this
region rises owing to the O shell burning and the high
temperature raises the neutrino emissivity.

The center panel indicates that the neutrino emissiv-
ity is not concentrated to the center and it is broadly
distributed. We also see a peak in the O shell burning
region. The emission ratio of the Fe core decreases to
0.52. The ratio between 1.3 and 1.6 M! becomes 0.40.
However, the distribution of the detected neutrino emis-
sion ratio has a peak at the center. The contribution of
the convective Si/O layer is small, i.e., the ratio is only
6%. This is because the electron antineutrinos emitted
from the central region have higher energy than the ones
from the Si/O layer. The right panel shows the neutrino
spectra at this time. Comparing with the spectra in the
previous stage, we do not see clear difference in the max-
imum value for each neutrino flavor. On the other hand,
the spectra become less energetic from the previous stage.
This is due to the contribution of the neutrinos from the
Si/O layer. Thus, when the O shell burning starts during
the Fe core contraction, the neutrino energy spectra be-
come less energetic and the detectability of the neutrino
events will decrease.

Stage (d) is at 23.8 minutes before the last step. After
stage (c), the O shell burning ceases, the star contracts
again, and the Si shell burning ignites at Mr ∼ 1M!.

The Fe core and the surrounding Si layer grow up through
the shell burnings. The left panel of Fig. 9 shows the
mass fraction distribution at this time. The Fe core mass
and the outer boundary of the Si layer become 1.37 and
1.65 M!, respectively. We also see the O/Si-rich and
O/Ne-rich layers outside the Si layer.

For the neutrino emission ratio, we see two peaks at
Mr ∼ 1 and 1.4 M! in the center panel. At this stage,
the central temperature is log TC = 9.66 and there are
two peaks at Mr = 1.02 and 1.36 M! in the tempera-
ture distribution. At Mr = 1.02M! the temperature is
log T = 9.64 and the density is log ρ = 6.79. The high
temperature and low density in this region produce the
large neutrino emission ratio. The emission rate of the
neutrinos from this region is much larger than the neu-
trinos from the center (see Fig. 2). Different from the
stage (c), we also see the peak of the detected neutrino
emission ratio in this region. The ratio between 1.0 and
1.2 M! is 56%. The region inside the Si shell also con-
tributes to the detected neutrino emission; the ratio is
33%. The right panel shows the energy spectra at this
time. The neutrino emission rate increases to the order of
1051 s−1. Although the neutrino emission rate decreases
when the Si shell burning starts, the star has turned to
the contraction at this stage. The neutrino spectra shift
to higher energy from the previous stage. This is also
due to the contraction after the O and Si shell burnings.

Stage (e) is the last step of the stellar evolution cal-
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FIG. 13. Integrated neutrino events detected by KamLAND. Left panel corresponds to the normal mass hierarchy and right
panel does the inverted mass hierarchy. Blue, red, and green lines correspond to the 12, 15, and 20 M! models, respectively.
Dashed lines indicate the cases when the neutrino oscillation is not taken into account.

capture. The low threshold energy enables to detect ν̄e

events from preSN stars with the distance of Betelgeuse
(e.g., [11, 12]).

We calculate the spectrum of the ν̄e events detected by
KamLAND in accordance with [12]:

d2N(t, εp)
dtdεp

= εliveεs(εp)
NT

4πd2
(7)

×
∑

α

∫
d2Nν̄α(t, εν)

dtdεν
P(ν̄α→ν̄e)σp+ν̄e(εν)

×
(

dεν

dε′p

)
R(εp, ε

′
p)dε′p,

where εlive is mean livetime-to-runtime ratio, εs(εp) is
the total detection efficiency, NT = 5.98 × 1031 is the
fiducial proton number of KamLAND, d is the distance
to a preSN star, that is assumed to be 200 pc, ε′p is the
expected energy of the prompt event with the relation of
ε′p = εν − 0.78 MeV, R(εp, ε′p) is the detector response
assumed to be the Gaussian distribution of the energy
resolution of 6.4%/

√
ε′p (MeV). The neutrino event rate

in the energy range εpL ≤ εp ≤ εpU is obtained using

dN(t; εpL : εpU )
dt

=
∫ εpU

εpL

d2N(t, εp)
dtdεp

dεp, (8)

where εpL and εpU are the lower and upper limits of the
event energy.

We discuss the time evolution of the expected neu-
trino events by KamLAND. Here, we consider the neu-
trino events integrated from the last step of the evolution
calculation to a time before the stellar collapse:

N(tr; εpL : εpU ) =
∫ tf

tf−tr

dN(t′; εpL : εpU )
dt′

dt′, (9)

where tf is the time at the last step and tr is equal to
tf − t, i.e., the period from a time to the last-step time.

Figure 13 shows the integrated neutrino events by Kam-
LAND with the energy range of 0 ≤ εp ≤ ∞. It is
convenient to use this figure when we evaluate the neu-
trino events during a given period to the core collapse.
We assume that the effective livetime εlive is 0.903 and
use the average value 0.64 for the detection efficiency εs
[12], which we call “Average efficiency”.

The p(ν̄e, e+)n events integrated for seven days before
SN explosions observed by current and future neutrino
observatories are listed in Table III. We expect the neu-
trino events of 7–14 in the normal mass hierarchy and 4–7
in the inverted mass hierarchy for one week before a SN
explosion if the SN explode at the distance of ∼ 200 pc.
The smaller event number in the inverted mass hierarchy
is due to the fact that almost all electron antineutrinos
have been converted from µ or τ antineutrinos through
the MSW effect and that the emission rate of the µ and τ
antineutrinos is smaller than that of electron antineutri-
nos (see §2 and §3). For more massive stars, the number
of the total neutrino events is larger and the period of
observable neutrino events is shorter. Thus, combined
with these two features, we could constrain the stellar
mass of a SN from the observations of preSN neutrinos.

We show the expected spectrum of neutrino events de-
tected by KamLAND in Fig. 14. Although the average
energy is slightly larger for more massive models, the
stellar mass dependence of the spectrum feature is small.
The difference is mainly the total event number. Owing
to this reason, higher energy events may be observed for
a more massive model.

At present, KamLAND contains an inner balloon for
neutrino-less double beta-decay experiment (KamLAND-
Zen) [41]. K. Asakura et al. (The KamLAND Collabora-
tion) [12] adopted the energy dependent efficiency εs(εp)
due to the Likelihood selection. The main effect of the
efficiency loss is the inner balloon cut [12]. The observed
neutrino events depend on the detection efficiency de-
termined by the current installed system. So, we also

PreSN Neutrino Events by KamLAND and JUNO
Neutrino events from preSNe at 200 pc by KamLAND (solid lines)
p + νe → n + e+ (Eth,ν = 1.8 MeV)

Normal mass hierarchy Inverted mass hierarchy

20M

15M

12M

20M
15M

12M

Neutrino events for one week before the explosion
~ 7, 10, 14 (normal), ~ 4, 5, 7 (inverted)

Detection efficiency (εS = 0.64; εlive = 0.903) (Asakura et al. 2016)

Neutrino events by JUNO (20 kton fiducial mass) for one week
~ 232, 347, 480 (normal), ~ 126, 180, 251 (inverted)

8/12 Takashi Yoshida, May 13, 2016, University of Tokyo, Japan



PreSN Neutrino Events by Hyper-Kamiokande
Neutrino events by Hyper-Kamiokande (solid lines)

Normal mass hierarchy Inverted mass hierarchy

Mfiducial = 380 kton; Eth,ν = 4.79 MeV (Eth,p = 3.50 MeV)

Neutrino events for one week before the explosion
~ 134, 250, 406 (normal), ~ 80, 146, 233 (inverted)

Most of the events will be observed for one day before the explosion.

p + νe → n + e+

9/12 Takashi Yoshida, May 13, 2016, University of Tokyo, Japan

(based on SK-IV; Sekiya et al. 2013)
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FIG. 15. Expected neutrino events per one hour detected by JUNO in 30 hours prior to a SN explosion. Left panel shows the
15 M! model and right panel shows the 20 M! model. Red and blue lines indicate the cases of the normal and inverted mass
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FIG. 16. Expected neutrino events per ten minutes detected
by JUNO in 120 minutes prior to a SN explosion of the 15 M!
model. Red and blue lines indicate the cases of the normal
and inverted mass hierarchies.

the ignition of the O shell burning after the termination
of the Si core burning. In the case the 12 M! model, a
minimum appears around ten hours prior to the explo-
sion. A peak with eight events appears about six hours
prior to the minimum. Since the peak hight is smaller
than the 15 M! model, it is more difficult to observe it.

We also see a minimum of the neutrino events around
seven hours prior to the explosion in the 20 M! model.
This change is less prominent than the 15 M! model but
still we would recognize the change of burning processes
in the central region. The 20 M! model indicates weak
neutrino emission from the O shell. Thus, we could ob-
serve the evolution of burning processes in the central
region of collapsing stars through the preSN neutrino
events and could constrain shell burnings after the Si
core burning.

We present the time evolution of the neutrino events

TABLE V. Expected SN alarm time by JUNO (hours prior
to the explosion).

Model Time prior to the explosion (hr)
Low reactor phase High reactor phase
normal inverted normal inverted

12 M! 19.9 16.1 1.29 0.640
15 M! 23.6 20.0 17.2 1.31
20 M! 16.8 12.6 10.9 8.46

just prior to the SN explosion. Figure 16 shows the ex-
pected neutrino events for ten minutes detected by JUNO
for two hours prior to the explosion in the 15 M! model.
We see a minimum of the event around 50 minutes be-
fore the explosion but the difference of the event num-
ber at the maximum around 70 minutes is small. This
corresponds to the ignition of the Si shell burning at
Mr ∼ 1M!. This signal also would be observed by
Hyper-Kamiokande if low threshold energy is set. The
multiple observations of preSN neutrinos will raise the
reliability of observed neutrino signals. We note that the
neutrino events per ten minutes monotonically increase
for two hours in the 20 M! model. Since the convec-
tion of the Si shell burning of the 20 M! model is not
so strong, the efficiency of the convection would be con-
strained from the preSN neutrino signals.

A SN alarm using preSN neutrinos is also possible for
JUNO. We consider the time for the SN alarm using the
neutrino events per hour of the three models. The energy
range for the alarm is set to be 0.9 ≤ εp ≤ 3.5 MeV sim-
ilar to KamLAND. Table V lists the expected SN alarm
time given by JUNO. In the low reactor phase, the SN
alarm will be sent earlier than KamLAND. Except for
the case of the inverted mass hierarchy of the 12 M!
model, the alarm will be sent before the star starts the
O shell burning.

Time evolution of preSN neutrino events per hour

20M15M

8 - 17 hours before collapse

Normal
Inverted

Decrease in the neutrino events

Neutrino Events Revealing Burning Processes
~ 100 - 500 neutrino events for one week before the explosion by JUNO

Si core burning → O shell burning

3σ High BG

Low BG

3σ High BG

3σ level of high background (BG) → Reactor neutrino is considered.
BG events are estimated from An et al. (2016).
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FIG. 17. Same as Fig. 13 but for the detection by Hyper-Kamiokande with the neutrino threshold energy of 4.79 MeV. Dashed
and dash-dotted green lines indicate the neutrino events with the neutrino threshold energy of 5.29 and 6.29 MeV, respectively.

We note that the main target of JUNO and RENO-50
experiments is reactor neutrino experiment. The neu-
trino background is much higher during the reactor neu-
trino experiment. Since preSN neutrinos are hidden in
the high background, the identification and sending a SN
alarm will be delayed. In high-reactor phase, it may be
difficult to observe a minimum of the neutrino events af-
ter the Si core burning by JUNO (see Fig. 15). The SN
alarm by JUNO is delayed to KamLAND in the low reac-
tor phase in some cases. Although the power of nuclear
plants for RENO-50 is smaller than JUNO, the SN alarm
time is still similar to KamLAND or worse. So, we con-
sider that monitoring preSN neutrinos and sending an
alarm by KamLAND and SNO+ are also important. In
order to send a SN alarm in an early time before the SN
explosion, monitoring by many neutrino detectors with a
low energy threshold is desirable.

D. Super-Kamiokande and Hyper-Kamiokande

Super-Kamiokande is a water Cherenkov detector lo-
cated in the Kamioka Mine, Japan. In the fourth phase
of solar neutrino experiment, the fiducial volume is 22.5
kton for most of the energy range and the threshold en-
ergy of the recoil electrons reduces to 3.5 MeV [48]. Su-
pernova neutrinos will be detected mainly by p(ν̄e, e+)n
reaction. In this case, the observable threshold for neu-
trinos is 4.79 MeV. Hyper-Kamiokande is proposed as a
next generation water Cherenkov detector. The proposed
fiducial volume has been recently changed to 380 kton.
The threshold energy is expected to be lower than the
previous plan [21]. Here, we estimate the neutrino events
of Super-Kamiokande and Hyper-Kamiokande. We as-
sume for Hyper-Kamiokande that the fiducial volume is
380 kton and the neutrino threshold energy is 4.79 MeV.
The neutrino events of Super-Kamiokande can be esti-
mated by scaling with a factor 22.5/380 = 0.06.
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FIG. 18. Same as Fig. 16 for the detection by Hyper-
Kamiokande with the neutrino energy threshold of 4.79 MeV.

We estimate the integrated ν̄e events by Hyper-
Kamiokande in Fig. 17. The neutrino events for seven
days before the explosion by Super-Kamiokande and
Hyper-Kamiokande are listed in Table III. Most of the
preSN neutrino events will be observed in one day before
the explosion. Although the threshold energy is larger
than liquid-scintillation observatories, the large fiducial
volume makes it possible to observe hundreds neutrino
events. In Super-Kamiokande, several to tens neutrino
events will be observed.

The expected neutrino events strongly depend on the
threshold energy. We also show the integrated ν̄e events
for the 20 M! model in Eν,th = 5.29 and 6.29 MeV in
Fig. 17. The neutrino event number is smaller by factors
of about two and ten. Thus, it is very important for
the observation of preSN neutrino events to achieve low
energy threshold.

Owing to the large fiducial volume, Hyper-Kamiokande

13

 0

 5

 10

 15

 20

 0 5 10 15 20 25 30

Ev
en

ts
 p

er
 h

ou
r

Time to collapse (hours)

 0

 5

 10

 15

 20

 25

 30

 0 5 10 15 20 25 30

Ev
en

ts
 p

er
 h

ou
r

Time to collapse (hours)

FIG. 15. Expected neutrino events per one hour detected by JUNO in 30 hours prior to a SN explosion. Left panel shows the
15 M! model and right panel shows the 20 M! model. Red and blue lines indicate the cases of the normal and inverted mass
hierarchies. Dashed and dash-dotted green lines indicate the background events per hour in high and low reactor phases.
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FIG. 16. Expected neutrino events per ten minutes detected
by JUNO in 120 minutes prior to a SN explosion of the 15 M!
model. Red and blue lines indicate the cases of the normal
and inverted mass hierarchies.

the ignition of the O shell burning after the termination
of the Si core burning. In the case the 12 M! model, a
minimum appears around ten hours prior to the explo-
sion. A peak with eight events appears about six hours
prior to the minimum. Since the peak hight is smaller
than the 15 M! model, it is more difficult to observe it.

We also see a minimum of the neutrino events around
seven hours prior to the explosion in the 20 M! model.
This change is less prominent than the 15 M! model but
still we would recognize the change of burning processes
in the central region. The 20 M! model indicates weak
neutrino emission from the O shell. Thus, we could ob-
serve the evolution of burning processes in the central
region of collapsing stars through the preSN neutrino
events and could constrain shell burnings after the Si
core burning.

We present the time evolution of the neutrino events

TABLE V. Expected SN alarm time by JUNO (hours prior
to the explosion).

Model Time prior to the explosion (hr)
Low reactor phase High reactor phase
normal inverted normal inverted

12 M! 19.9 16.1 1.29 0.640
15 M! 23.6 20.0 17.2 1.31
20 M! 16.8 12.6 10.9 8.46

just prior to the SN explosion. Figure 16 shows the ex-
pected neutrino events for ten minutes detected by JUNO
for two hours prior to the explosion in the 15 M! model.
We see a minimum of the event around 50 minutes be-
fore the explosion but the difference of the event num-
ber at the maximum around 70 minutes is small. This
corresponds to the ignition of the Si shell burning at
Mr ∼ 1M!. This signal also would be observed by
Hyper-Kamiokande if low threshold energy is set. The
multiple observations of preSN neutrinos will raise the
reliability of observed neutrino signals. We note that the
neutrino events per ten minutes monotonically increase
for two hours in the 20 M! model. Since the convec-
tion of the Si shell burning of the 20 M! model is not
so strong, the efficiency of the convection would be con-
strained from the preSN neutrino signals.

A SN alarm using preSN neutrinos is also possible for
JUNO. We consider the time for the SN alarm using the
neutrino events per hour of the three models. The energy
range for the alarm is set to be 0.9 ≤ εp ≤ 3.5 MeV sim-
ilar to KamLAND. Table V lists the expected SN alarm
time given by JUNO. In the low reactor phase, the SN
alarm will be sent earlier than KamLAND. Except for
the case of the inverted mass hierarchy of the 12 M!
model, the alarm will be sent before the star starts the
O shell burning.

PreSN neutrino events per 10 minutes of the 15M   model

About one hour before the explosion

Normal
Inverted

Decrease in the neutrino events

Neutrino Events Revealing Burning Processes

Observations of the time evolution of neutrino events could indicate the 
change of burning processes in the central region of an evolved star.

Ignition of Si shell burning

JUNO Hyper-Kamiokande
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Conclusions
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We investigated the time evolution of the neutrino events by current and 
future neutrino observatories and showed the relations to the final 
evolution of the preSN stars.

12, 15, 20M   preSN star models at d = 200 pc

Expected neutrino events from a preSN star
several - tens neutrino events for KamLAND
Hundreds neutrino events for JUNO and Hyper-Kamiokande

Detailed time evolution of neutrino events from a preSN star

~ one day to the explosion → O shell burning
Decrease in the neutrino event rate 

a few to one hour to the explosion → Si shell burning

Neutrino events from a preSN star could indicate the evidence for the 
change of burning processes in the central region of the star.

Direct observation of the central region of an evolved star


