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Massive stars M > 8 M   stars
Fe core formation and core collapse (CC)

Low-mass end ONe core formation 
  and an electron capture (EC) supernova (SN)

Advanced evolution of a 15 M  star
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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 dto 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 neutrinos from a nearby SN (at hundreds pc) are detectable.
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PreSN neutrino events can be SN alarms.
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Pioneering studies

PreSN neutrino spectra using detailed stellar structure and evolution

Supernova alarm

e.g., Odrzywołek et al. (2004); Misiaszek et al. (2006); Odrzywołek et al. (2007);
Odrzywołek (2009)

Odrzywołek & Heger (2010); Kato et al. (2015); Yoshida et al. (2016); 
Kato et al. (2017); Patton et al. (2017a,b), Yoshida et al. (2019a, in prep.)

Asakura et al. (2016); Yoshida et al. (2016)
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Pair neutrinos for days to minutes
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Neutrino sources of a 15M  star 4
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FIG. 3. Contours of the average energy of νe (red lines) and
ν̄e (blue lines) emitted by pair neutrino process in units of
MeV on the log ρ – log T plane. The Ye value is assumed to
be 0.5. Black numbers indicate the energy value of both of
νe and ν̄e. Red and blue numbers indicate the values of the
corresponding contours of νe and ν̄e, respectively.

the average energies of νe and ν̄e. At a given density,
the average energies of νe and ν̄e increase with temper-
ature. The average energy of νe is larger than that of
ν̄e. When the electron degeneracy is small, the difference
of the average νe energy and ν̄e energy is small. The
difference becomes larger for larger the electron degen-
eracy. The higher νe energy is due to the fact that the
forward emission of νe against electrons is favored in the
pair neutrino process [33]. In the temperature range of
the Si core burning (9.5 ! log TC ! 9.6) the average ν̄e

temperature is less than the threshold energy 1.8 MeV of
p(ν̄e, e+)n reaction.

III. PROPERTIES OF NEUTRINOS EMITTED
FROM PRESUPERNOVA STARS

A. 15 M⊙ model

The evolution of the central core during the final stage
is qualitatively in common among 12–20 M⊙ stars. We
present neutrino spectra and the structure in five differ-
ent stages listed in Table II in the 15 M⊙ model.

1. Time evolution of neutrino emission

First, we show the contributions of the neutrino emis-
sion processes adopted in the 15 M⊙ stellar evolution
models to the energy loss by neutrinos. Figure 4 shows
the time variation of the neutrino luminosity by the above
neutrino emission processes from the central Ne burning
to the collapse. Pair neutrino process dominates the neu-
trino luminosity for most of the advanced stellar evolu-
tion. For last several minutes, the luminosity of weak in-
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FIG. 4. Time evolution of neutrino luminosity until the onset
of the core-collapse (log TC = 9.8) of the 15 M⊙ model. The
dotted line indicates the total luminosity. Red, blue, pink,
green, and orange lines are the contributions of pair neutrinos,
photo neutrinos, neutrino Bremsstrahlung, plasma neutrinos,
and weak interactions of nuclei. Triangle and rectangle corre-
spond to the ignition and termination of the Si core burning,
respectively.

teraction reactions of nuclei exceeds that of pair neutrino
process. Note that pair neutrino process produces all fla-
vors of neutrinos. However, weak interactions of nuclei
mainly produce νe because electron captures rather than
β−-decays occur in the collapsing iron core. Since cur-
rent neutrino detectors such as KamLAND and Super-
Kamiokande mainly detect ν̄e events through p(ν̄e, e+)n
reaction, the main sources of the neutrino events from
preSN stars will be pair neutrinos. Investigating proper-
ties of neutrinos produced through weak interactions of
nuclei is beyond the scope of this study.

Next, we show the time evolution of the pair neutrino
emission rate. The top panel of Fig. 5 shows the time
evolution of the emission rate for ν̄e and ν̄µ,τ produced
through pair neutrino process. Note that the neutrino
emission rate of ν̄µ,τ is the sum of the rates of ν̄µ and
ν̄τ . The neutrino emission rates increase with time for
most of the time because the star gradually contracts
and the temperature in the central region rises. On
the other hand, the rates decreases temporally when the
main burning process changes. The Si core burning ig-
nites before point (a). The O shell burning starts be-
tween points (b) and (c). The Si shell burning around
Mr ∼ 1M⊙ starts at a time just before point (d). At
the ignitions of the Si core burning, the O shell burning,
and the Si shell burning, the ν̄e emission rate decreases
by factors of 1.2, 1.6, and 1.1, respectively.

The neutrino event rate is determined by the multi-
ple of the neutrino emission rate and the neutrino cross
section. Most current and future neutrino detectors de-
tect ν̄e from preSN stars through the p(ν̄e, e+)n reaction.
Therefore, it is useful to evaluate the quantity consider-
ing the weight of the neutrino cross section to the neu-
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as shown in the legend. Note that for en in the collapse phase
we show only the total luminosity, since it is all that the
transport calculations produce. The nuclear weak processes
are considered in the NSE regions alone, and as a result, they
arise only after the temperature reaches T 5 1092 ´ K. It is
found that ECs on heavy nuclei and free protons are dominant
in the emissions of en during the progenitor phase, while the
emissions of en̄ occur mainly via electron–positron pair
annihilation until around a few hundreds of seconds before
collapse and thereafter b- decay dominates, which is a new
finding in this paper. Although en overwhelms en̄ in the collapse
phase as expected, this is also true in the progenitor phase. It is
particularly the case at ∼100 s prior to collapse when the ECs
on free protons become appreciable.

Figure 6 is the same as Figure 5 but for the 12 M: progenitor
model. The results are similar to those of the 15 M: model
except that the numbers of emitted en and en̄ are slightly smaller
for the 12 M: model than for the 15 M: model because the Fe
core of the 12 M: model has slightly higher densities and lower
temperatures compared to the 15 M: model (see Figure 3).

Figure 7 shows, on the other hand, the temporal evolutions
of the number luminosities in the 9 M: progenitor model, in
which the ONe core collapses to produce an ECSN. The strong
degeneracy of electrons suppresses electron–positron annihila-
tion in this case, and as a result, the plasmon decay dominates
initially until 60 ms after we switch to the hydrodynamical
simulation when Ne and O are ignited at the center and the
deflagration wave starts to propagate outward to produce NSE
behind it. The yellow region corresponds to this O+Ne
deflagration phase in the figure. Then, en̄ emissions by b- decay
and en emissions via ECs on heavy nuclei as well as on free
protons overtake those via plasmon decay.

In Figure 8, we present the radial profiles of the energy
emissivities, QE

n, from different processes for the 15 M:
progenitor model at different times before collapse. The top
panels display the results at a very early time in the progenitor
phase (log g cm 9.1c10

3r =-[ ] ), with both the radius (left) and
mass coordinate (right) being employed as the horizontal axis.
We define the Fe core as the region where the electron fraction

satisfies Y 0.495e < , and show it in yellow. It is seen that all
emissions occur rather uniformly in the region r 2 10 cm71 ´
in this early phase. As the density increases with time, the en̄
emissions are all suppressed toward the center, and the peaks in
the emissivities appear off center and shifted to the peripheral,
r 5 10 cm7~ ´ , as shown in the bottom panels of the figure,
which correspond to a later time (log g cm 10.3c10

3r =-[ ] ).
This is both due to the depletion of positrons in the initial state
and to the Fermi-blocking of electrons in the final state as a
consequence of the electron degeneracy. As for en emissions,
such a suppression does not occur, and the emissivities are
greatest in the central region.
Figure 9 exhibits the differential luminosities or the energy

spectra normalized by the corresponding total luminosities. The
colors and types of lines are the same as those in Figure 5. One
can see that the en̄ emitted via PC on heavy nuclei (orange solid
lines) have the highest average energies at all times. Recall,
however, that the luminosity is very low for this process (see
Figures 5–7). It should also be mentioned that the transport is
not solved for en̄ , which will not be justified at high densities
(log g cm 11c10

3 2r -[ ] ) for these high-energy en̄ . Regardless,
the dominant process in the en̄ emission is either electron–
positron annihilation or b- decay, and they both have average
energies of 2–5MeV at most, which may justify ignoring the

Figure 5. Time evolution of the neutrino number luminosity for the M15 :
progenitor model. The origin of the horizontal axis corresponds to the time the
dynamical simulation is started. Dotted and solid lines show the results for en
and en , respectively. Colors distinguish the different reactions. In the collapse
phase, only the total luminosity is shown for en (pink dotted), since it is the
quantity that the dynamical simulation provides. Note that the same number of

en and en̄ is produced from electron–positron pair annihilations (red solid).

Figure 6. Same as Figure 5 but for the 12 M: progenitor model.

Figure 7. Same as Figures 5 and 6 but for the 9 M: progenitor model. The
yellow region corresponds to the phase in which the O+Ne deflagration takes
place.
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Evolution of spectra of pair neutrinos produced in a 15M  star

Spectra of Pair Neutrinos 
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Core Si burning (4.4 days)
O-shell burning (16—11 hours)

Si-shell burning and core collapse (1 h~)
Decrease in ν flux

KamLAND Threshold
HHeCONeSi“Fe”

(Yoshida et al. 2016)



Neutrino Spectra in Collapse 
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Neutrino spectra in the collapsing stage of a 15M  star

as shown in the legend. Note that for en in the collapse phase
we show only the total luminosity, since it is all that the
transport calculations produce. The nuclear weak processes
are considered in the NSE regions alone, and as a result, they
arise only after the temperature reaches T 5 1092 ´ K. It is
found that ECs on heavy nuclei and free protons are dominant
in the emissions of en during the progenitor phase, while the
emissions of en̄ occur mainly via electron–positron pair
annihilation until around a few hundreds of seconds before
collapse and thereafter b- decay dominates, which is a new
finding in this paper. Although en overwhelms en̄ in the collapse
phase as expected, this is also true in the progenitor phase. It is
particularly the case at ∼100 s prior to collapse when the ECs
on free protons become appreciable.

Figure 6 is the same as Figure 5 but for the 12 M: progenitor
model. The results are similar to those of the 15 M: model
except that the numbers of emitted en and en̄ are slightly smaller
for the 12 M: model than for the 15 M: model because the Fe
core of the 12 M: model has slightly higher densities and lower
temperatures compared to the 15 M: model (see Figure 3).

Figure 7 shows, on the other hand, the temporal evolutions
of the number luminosities in the 9 M: progenitor model, in
which the ONe core collapses to produce an ECSN. The strong
degeneracy of electrons suppresses electron–positron annihila-
tion in this case, and as a result, the plasmon decay dominates
initially until 60 ms after we switch to the hydrodynamical
simulation when Ne and O are ignited at the center and the
deflagration wave starts to propagate outward to produce NSE
behind it. The yellow region corresponds to this O+Ne
deflagration phase in the figure. Then, en̄ emissions by b- decay
and en emissions via ECs on heavy nuclei as well as on free
protons overtake those via plasmon decay.

In Figure 8, we present the radial profiles of the energy
emissivities, QE

n, from different processes for the 15 M:
progenitor model at different times before collapse. The top
panels display the results at a very early time in the progenitor
phase (log g cm 9.1c10

3r =-[ ] ), with both the radius (left) and
mass coordinate (right) being employed as the horizontal axis.
We define the Fe core as the region where the electron fraction

satisfies Y 0.495e < , and show it in yellow. It is seen that all
emissions occur rather uniformly in the region r 2 10 cm71 ´
in this early phase. As the density increases with time, the en̄
emissions are all suppressed toward the center, and the peaks in
the emissivities appear off center and shifted to the peripheral,
r 5 10 cm7~ ´ , as shown in the bottom panels of the figure,
which correspond to a later time (log g cm 10.3c10

3r =-[ ] ).
This is both due to the depletion of positrons in the initial state
and to the Fermi-blocking of electrons in the final state as a
consequence of the electron degeneracy. As for en emissions,
such a suppression does not occur, and the emissivities are
greatest in the central region.
Figure 9 exhibits the differential luminosities or the energy

spectra normalized by the corresponding total luminosities. The
colors and types of lines are the same as those in Figure 5. One
can see that the en̄ emitted via PC on heavy nuclei (orange solid
lines) have the highest average energies at all times. Recall,
however, that the luminosity is very low for this process (see
Figures 5–7). It should also be mentioned that the transport is
not solved for en̄ , which will not be justified at high densities
(log g cm 11c10

3 2r -[ ] ) for these high-energy en̄ . Regardless,
the dominant process in the en̄ emission is either electron–
positron annihilation or b- decay, and they both have average
energies of 2–5MeV at most, which may justify ignoring the

Figure 5. Time evolution of the neutrino number luminosity for the M15 :
progenitor model. The origin of the horizontal axis corresponds to the time the
dynamical simulation is started. Dotted and solid lines show the results for en
and en , respectively. Colors distinguish the different reactions. In the collapse
phase, only the total luminosity is shown for en (pink dotted), since it is the
quantity that the dynamical simulation provides. Note that the same number of

en and en̄ is produced from electron–positron pair annihilations (red solid).

Figure 6. Same as Figure 5 but for the 12 M: progenitor model.

Figure 7. Same as Figures 5 and 6 but for the 9 M: progenitor model. The
yellow region corresponds to the phase in which the O+Ne deflagration takes
place.
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and en̄ . We give the results in Figure 11, in which the time
evolution of the number luminosities as well as the energy
spectra at three different epochs are displayed in the upper and
lower panels, respectively. It is observed that their luminosities
are much lower than those of en as expected and are somewhat
lower even compared with en̄ . This is simply because μ- and
τ-type neutrinos lack charged-current reactions and are produced
solely from electron–positron annihilation. The average energies
are 2 MeV, much lower than those of en and as a result, the
opacities for these heavy-lepton neutrinos are smaller, justifying
the neglect of transport in their calculations.

Figures 12–14 present the time evolutions of the event rates
(top) and cumulative numbers of detection events (bottom) for
different detectors in the progenitor (left) and collapse (right)
phases for the three progenitors. For the 9 M: model, only the
collapse phase is shown, since the progenitor phase will not be
observed even at a distance as close as 200 pc (Paper I). The
normal (inverted) hierarchy is assumed in the upper (lower)
half of the top panels in each figure. All of the detectors except
DUNE, which will detect en , will mainly observe en̄ . From a
comparison of the left and right panels, we find that the
progenitor phase is dominant over the collapse phase for en̄ ,
with the latter contributing only a few percent. This is due to
the electron degeneracy, which suppresses both b- decay via
Fermi-blocking of the electron in the final state and electron–
positron annihilation through the depletion of the positron in
the initial state.

In the case of en , the collapse phase is much more important
although it lasts for much shorter periods. This is because both
the luminosity and average energy increase with density. The
detections of en̄ in the pre-bounce phase are hence more suitable
as an alert of an imminent supernova (Asakura et al. 2016;
Yoshida et al. 2016). In fact, we may be able to issue an alert a

few days before core collapse for Fe-core progenitors if
neutrinos obey the normal mass hierarchy. The en emissions
from the ONe-core progenitor, on the other hand, are much
shorter than those from the Fe-core progenitors presented in
Figure 14. They become appreciable only after NSE is
established in the collapsing core by the passage of the
deflagration wave. DUNE will only detect en less than 100 ms
prior to bounce, and may hence make it possible to distinguish
between the two types of progenitors by the time of the first
detection of en .
Depending on the mass hierarchy, the neutrino oscillations

predominantly affect either en or en̄ . In fact, in the normal
hierarchy, the spectrum of en is exchanged with that of nt in the
adiabatic MSW oscillation and is further mixed among three
flavors in the vacuum oscillations, whereas the spectrum of en̄ is
mixed with those of nm¯ and nt¯ only in the vacuum oscillations.
The situation is the other way around in the case of the inverted
hierarchy, in which MSW also affects en̄ . Recall that the
luminosities of xn and xn̄ are lower than those of en and en̄ .
As a consequence, the chance to observe en̄ is higher for the

normal hierarchy, and JUNO will see more than 850 of them in
the progenitor phase from as early as a few days prior to
collapse, which is roughly the end of O burning, if the 15 M:
progenitor is located 200 pc from the Earth. The event number
will be reduced by a factor of ∼4 in the case of inverted
hierarchy. The detection of en by DUNE will be more plausible
for the inverted hierarchy and, in fact, the expected event
number may exceed 2000 if the distance to the source is again
200 pc, i.e., the distance to Betelgeuse and the energy threshold
is optimistically assumed to be 5MeV. The first en may be
observed several tens of minutes before collapse, which
corresponds to the end of Si burning. In the normal hierarchy,
on one hand, the number of detections will be reduced by more

Figure 9. Spectra of neutrinos emitted from the entire star at indicated times for the three progenitor models. They are normalized by the corresponding number
luminosities. Colors indicate different emission processes as in Figure 5. Note that the scale of the horizontal axes is different among the three models.
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EC SN progenitor (9 M  star)

as shown in the legend. Note that for en in the collapse phase
we show only the total luminosity, since it is all that the
transport calculations produce. The nuclear weak processes
are considered in the NSE regions alone, and as a result, they
arise only after the temperature reaches T 5 1092 ´ K. It is
found that ECs on heavy nuclei and free protons are dominant
in the emissions of en during the progenitor phase, while the
emissions of en̄ occur mainly via electron–positron pair
annihilation until around a few hundreds of seconds before
collapse and thereafter b- decay dominates, which is a new
finding in this paper. Although en overwhelms en̄ in the collapse
phase as expected, this is also true in the progenitor phase. It is
particularly the case at ∼100 s prior to collapse when the ECs
on free protons become appreciable.

Figure 6 is the same as Figure 5 but for the 12 M: progenitor
model. The results are similar to those of the 15 M: model
except that the numbers of emitted en and en̄ are slightly smaller
for the 12 M: model than for the 15 M: model because the Fe
core of the 12 M: model has slightly higher densities and lower
temperatures compared to the 15 M: model (see Figure 3).

Figure 7 shows, on the other hand, the temporal evolutions
of the number luminosities in the 9 M: progenitor model, in
which the ONe core collapses to produce an ECSN. The strong
degeneracy of electrons suppresses electron–positron annihila-
tion in this case, and as a result, the plasmon decay dominates
initially until 60 ms after we switch to the hydrodynamical
simulation when Ne and O are ignited at the center and the
deflagration wave starts to propagate outward to produce NSE
behind it. The yellow region corresponds to this O+Ne
deflagration phase in the figure. Then, en̄ emissions by b- decay
and en emissions via ECs on heavy nuclei as well as on free
protons overtake those via plasmon decay.

In Figure 8, we present the radial profiles of the energy
emissivities, QE

n, from different processes for the 15 M:
progenitor model at different times before collapse. The top
panels display the results at a very early time in the progenitor
phase (log g cm 9.1c10

3r =-[ ] ), with both the radius (left) and
mass coordinate (right) being employed as the horizontal axis.
We define the Fe core as the region where the electron fraction

satisfies Y 0.495e < , and show it in yellow. It is seen that all
emissions occur rather uniformly in the region r 2 10 cm71 ´
in this early phase. As the density increases with time, the en̄
emissions are all suppressed toward the center, and the peaks in
the emissivities appear off center and shifted to the peripheral,
r 5 10 cm7~ ´ , as shown in the bottom panels of the figure,
which correspond to a later time (log g cm 10.3c10

3r =-[ ] ).
This is both due to the depletion of positrons in the initial state
and to the Fermi-blocking of electrons in the final state as a
consequence of the electron degeneracy. As for en emissions,
such a suppression does not occur, and the emissivities are
greatest in the central region.
Figure 9 exhibits the differential luminosities or the energy

spectra normalized by the corresponding total luminosities. The
colors and types of lines are the same as those in Figure 5. One
can see that the en̄ emitted via PC on heavy nuclei (orange solid
lines) have the highest average energies at all times. Recall,
however, that the luminosity is very low for this process (see
Figures 5–7). It should also be mentioned that the transport is
not solved for en̄ , which will not be justified at high densities
(log g cm 11c10

3 2r -[ ] ) for these high-energy en̄ . Regardless,
the dominant process in the en̄ emission is either electron–
positron annihilation or b- decay, and they both have average
energies of 2–5MeV at most, which may justify ignoring the

Figure 5. Time evolution of the neutrino number luminosity for the M15 :
progenitor model. The origin of the horizontal axis corresponds to the time the
dynamical simulation is started. Dotted and solid lines show the results for en
and en , respectively. Colors distinguish the different reactions. In the collapse
phase, only the total luminosity is shown for en (pink dotted), since it is the
quantity that the dynamical simulation provides. Note that the same number of

en and en̄ is produced from electron–positron pair annihilations (red solid).

Figure 6. Same as Figure 5 but for the 12 M: progenitor model.

Figure 7. Same as Figures 5 and 6 but for the 9 M: progenitor model. The
yellow region corresponds to the phase in which the O+Ne deflagration takes
place.
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In this figure, we also mark the initiation points of major
nuclear-burning stages, which are defined to be the points when
the relevant element is ignited at the center; for the case of the
ONe core, more detailed evolutionary stages are indicated as
well, which are defined in Takahashi et al. (2013). We see that
the two types of progenitors are not much different up to the
end of C burning (log g cm 610

3r ~-[ ] ). After that, however,
the evolutionary paths deviate remarkably from each other. The
progenitors with 12 and 15 Me proceed further to burn heavier
nuclei stably under the supports not only of thermal but also of
degenerate pressures, and their central densities and tempera-
tures increase gradually up to the collapse. In the case
of the progenitor with M 9ZAMS = Me, on the other hand, Ne
burning does not occur immediately, since the temperature
does not become high enough after the C burning. The
core is cooled by neutrino emissions, and the central
temperature is lowered as the ONe core grows via shell C
burning, and the central density increases. When it reaches the
critical value (log g cm 9.8810

3r =-[ ] ) for EC on 24Mg, then
the core starts to contract with a shorter timescale and the
central temperature also begins to rise again. The contraction
is considerably accelerated when EC on 20Ne sets in at
log g cm 10.310

3r =-[ ] , accompanied by a rapid rise of the
central temperature. Finally, Ne and O are ignited at the center
almost simultaneously, and the flame front starts to propagate
outward as a deflagration. The temperature increases drastically
and NSE is established soon after the passage of the burning
front.

The evolution of the central density for the three progenitors
is shown in Figure 2. The origin of the time coordinate
corresponds to the time when the hydrodynamical calculations
are initiated. When a new nuclear burning starts, the core
expands and the central density is lowered a bit. It is also
evident in this figure that the pre-collapse evolution of the 9 M:
progenitor is qualitatively different from the other two.

In Figure 3, the radial profiles of the density ρ, temperature
T, electron degeneracy Tem , where em is the chemical potential
of the electron, and electron fraction Ye are plotted. The
horizontal axis is the mass coordinate in solar mass units.

Different colors correspond to the different times when the
central densities are log g cm 6, 8, 10, 12c10

3r =-[ ] , and 13.
It is clear from the comparison between the progenitors of
FeCCSNe and those of ECSNe that the temperature profiles
become qualitatively different at log g cm 8c10

3r =-[ ] . In the
case of the 9 M: progenitor, the central part of the core is
cooler than the outer part because of neutrino cooling via
plasmon decay. The degeneracy parameter Tem is accordingly
higher than that in the 12 and 15 Me models. Rather high
electron fractions (Y 0.498e ~ ) at early times are a noteworthy
feature for the ECSN progenitor. Although EC reactions trigger
core contraction, the change in Ye is rather minor
( Y 0.008eD ~ ) in this phase, and the main reduction in Ye
occurs only after NSE is established by O+Ne deflagration.

2.2. Core Collapse

Once accelerated gravitational contraction happens after EC
on 20Ne in the core, we have to abandon the quasi-static
approximation and need to solve the hydrodynamical equations
numerically. As explained earlier, interactions of neutrinos with
matter become non-negligible as the density increases and
neutrinos are eventually trapped in the core. Then, we need to
take into account the transport of neutrinos appropriately. We
thus employ the one-dimensional hydrodynamical code with a
Boltzmann solver developed by Nagakura et al. (2014, 2016) to
follow the evolution of the core collapse. The hydrodynamics
solver is explicit and has second-order accuracy in both space
and time, based on the so-called central scheme (Kurganov &
Tadmor 2000; Nagakura & Yamada 2008; Nagakura et al.
2011); spherical coordinates are adopted; and Newtonian self-
gravity is taken into account. The Boltzmann solver adopts the
discrete-ordinate method, or the SN scheme (Mezzacappa &
Bruenn 1993b; Liebendöfer et al. 2004; Sumiyoshi et al. 2005),
finite-differencing both space and momentum space. It is semi-
implicit in time, and special relativity is fully accounted for by
utilizing two different energy grids: the Lagrangian-remapped
and laboratory-fixed grids. Although we normally deploy
12–15 energy grid points spaced logarithmically between 1 and
300MeV in this sort of simulation, we increase the number to

Figure 1. Evolutionary paths of the central density and temperature for three
progenitors. The red, blue, and green curves correspond to the 15, 12, and

M9 : models, respectively. The evolutions in both the progenitor phase (solid
lines) and collapse phase (dotted lines) are presented. The initiation points of
some major nuclear burnings as well as the evolutionary stages defined by
Takahashi et al. (2013) for the ONe-core progenitors are marked with labels.

Figure 2. Evolutions of the central density as functions of time for the three
progenitors. The red, blue, and green curves correspond to the 15, 12, and

M9 : models, respectively. The origin of the horizontal axis corresponds to the
time when the dynamical simulations started. The initiation points of some
major nuclear burnings as well as the evolutionary stages for the ONe-core
progenitors are marked with labels.
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(Takahashi et al. 2019)

plasmon νe

ONe core → Core growth → 20Ne EC → O ignition and deflagration
  → Fe core formation and collapse (~ 0.1 s) → EC SN

Plasma ν: ~10-5 of pair ν from CC SNe
Fe core formation and collapse ( ~ 0.1 s) EC νe and β- νe

yr104yr

(Kato et al. 2017)(Kato et al. 2017)
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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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νe events through p + νe → n + e+

PreSN ν Detection by KamLAND and JUNO

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 þn, 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# ’ Epþ !Enþ 0:8 MeV, where Ep

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

V. ANTINEUTRINO CANDIDATE EVENT
SELECTION

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

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

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

tion is % 12 cm=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E ðMeVÞ

p
, and the energy resolution is

6:4%=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E ðMeVÞ

p
. The nonlinear, particle-dependent con-

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

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

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

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

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

033001-3

(Gando et al. 2013)

NProton = 5.98×1031

Pαe: Transition probability of  να → νe 

       Pee = 0.68 for normal
       Pee = 0.02 inverted

(Gando et al. 2013)

εlive=0.903: mean livetime-to-runtime ratio

KamLAND

Detection efficiency

Average: εS(εp)=0.64

No Baloon: εS(εp) ~ 0.9

JUNO

An et al. (2015)

NProton = 1.19×1033

9/15 Takashi Yoshida, March 9, 2019, Tohoku University

(Asakura et al. 2016)



Initial mass and metallicity: 9 - 40M  , Z = 0.014 (Z  )
9-28, 30, 32, 35, 38, 40 M

HOngo Stellar Hydrodynamics Investigator (HOSHI) code

25 models

(Yoshida et al. 2019b, in prep.)

(e.g., Takahashi et al. 2016, 2018)

Massive Star Models

4 different convection overshoot treatments
Strong (L) / weak (M) until He burining
On (ov,c) / off ( ) after He burning

Evolution of massive stars from H burning until core collapse

100 massive star models (Lov,c, L, Mov,c, M)
98 core-collapse SN progenitors
(2 white dwarfs from 9 M  stars (models Mov,c and M))

10/15 Takashi Yoshida, March 9, 2019, Tohoku University

Applications to presupernova neutrino events by KamLAND
(Yoshida et al. 2019a, in prep.)



Stellar Mass and Convection Dependence

Normal ordering Inverted ordering

Neutrino events by KamLAND for 48 hours

11/15 Takashi Yoshida, March 9, 2019, Tohoku University

Pair neutrinos

d = 200pc (~ Betelgeuse)

(Yoshida et al. 2019a, in prep.)
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 Efficiency: Average, energy window: 0.9 < εp < 3.5 MeV

Several to tens events ~ 10+ events



SN Alarm by KamLAND

Normal ordering Inverted ordering

12/15 Takashi Yoshida, March 9, 2019, Tohoku University

Three νe events for 48 hour with 0.9 < εp < 3.5 MeV by KamLAND

d = 200pc (~ Betelgeuse)

Normal A few to ~20 hours before core-collapse 

Inverted ~ a few hours before core-collapse 

Detection efficiency: Average

(Yoshida et al. 2019a, in prep.)
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SN Alarm by KamLAND

Normal ordering Inverted ordering

13/15 Takashi Yoshida, March 9, 2019, Tohoku University

Three νe events for 48 hour with 0.9 < εp < 3.5 MeV by KamLAND
d = 200pc (~ Betelgeuse)

 0

 5

 10

 15

 20

 25

 30

 10  15  20  25  30  35  40

Ti
m

e 
to

 c
ol

la
ps

e 
(h

ou
rs

)

M / M
⊙

Lov,c
L
Mov,c
M

 0

 1

 2

 3

 4

 5

 10  15  20  25  30  35  40
Ti

m
e 

to
 c

ol
la

ps
e 

(h
ou

rs
)

M / M
⊙

Lov,c
L
Mov,c
M

Normal
Three events would be observed just before O shell burning. 

Detection efficiency: No Baloon

12Lov,c

(Yoshida et al. 2019a, in prep.)



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.

Time evolution of preSN neutrino events per hour by JUNO

20M15M

8 - 17 hours before collapse

Normal
Inverted

Decrease in the neutrino events

Neutrino Events Revealing Burning Processes

Si core burning → O shell burning

3σ High BG

Low BG

3σ level of high background (BG) → Reactor neutrino is considered.

14/15

Si core O shell

The central burning processes will be observed by neutrinos.

Takashi Yoshida, March 9, 2019, Tohoku University

(Yoshida et al. 2016)d = 200pc (~ Betelgeuse)
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Summary
Neutrinos from neighboring preSN stars (d ~ 200 pc) will be detectable.

Expected neutrino events from a preSN star
Up to several tens neutrino events by KamLAND for 48 hours
Time variation by O shell burning would be observed by JUNO.

Neutrinos from a core collapse SN progenitor
From Si core burning for a few days through pair neutrino process

SN alarm by preSN neutrinos
Up to ~20 hours before SN explosion by KamLAND

Takashi Yoshida, March 9, 2019, Tohoku University

EC νe and β- νe dominate for the last several minutes.
Neutrinos from an electron capture SN progenitor

Time variation by shell burnings would be observed.

EC νe and β- νe dominate for ~ 0.1 s.

Complicated stellar mass dependence

Explosion mechanism may be able to be specified.


