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Neutron star: multi-physics object

2

All known interactions are involving and playing important roles
Strong Weak

Electromagnetic Gravitational

- nuclear equation of state 
- structure of neutron stars 

RNS~10-15 km 
max(MNS)> 2 M⊙ 

- nucleosynthesis

- neutrino interactions 
σν~10-44 cm2(Eν/mec2)2 

- ~99% of energy is emitted by ν’s 
- cooling of protoneutron star 
- heating of postshock material

- energy budget 
EG~3.1x1053 erg(M/1.4M⊙)2(R/10km) -1 
      ~0.17M⊙c2 

- inducing core collapse 
- making general relativistic objects  

(NS/BH)

- Coulomb collision of p and e 
- "nal remnants are 

pulsars (B~1012 G) 
magnetars (B~1014-15 G) 

   magnetic "elds a#ect dynamics
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Neutron star: multi-messenger observation

3

電磁波

中性子星合体 
(中性子星の死)

ニュートリノ

重力波

重力相互作用

強い相互作用

超新星 
(中性子星誕生)

電磁相互作用

弱い相互作用

中性子星進化
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Standard scenario of core-collapse supernovae

4

Fe

Si
O,Ne,Mg
C+O
He
H

ρc~109 g cm-3
ρc~1011 g cm-3 ρc~1014 g cm-3

Final phase of stellar 
evolution

Neutrinosphere formation 
（neutrino trapping）

Neutron star formation 
(core bounce）

shock stall shock revival Supernova!

Neutrinosphere
Neutron 
Star

Fe

Si
O,Ne,Mg
C+O
He
H
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Energy budget

Gravitational energy 

Kinetic energy of ejecta 

Radiation energy (“supernova”)

5

Eg ∼ GM2
rmNS

RrmNS
= 2.6 × 1053 erg ( MNS

M⊙ )
2

( RNS
10km )

−1

EK ∼ 1
2 Mejv2

ej = 1051 erg (
Mej

10M⊙ ) ( vej

3000 km/s )
2

Eγ ∼ MNic2 × fNi→Fe = 2 × 1049 erg ( M56Ni

0.1M⊙ ) ( fNi→Fe
0.013 % )

Eg ≈ Eν ≫ EK ≫ Eγ

“Supernova”
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“Optical depth”

6

        photosphere

 ν-sphere

PNS GW

ν

γ
Easy to escape

Easy to detect
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Multi-messenger time domain astronomy of CCSN

7

2 K. Nakamura et al.
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Figure 1. Time sequence for neutrino (red lines), GW (blue lines), and electromagnetic (EM, black lines) signals based on our neutrino-
driven core-collapse simulation of a non-rotating 17M� progenitor. The left (right) panel x-axis shows time before (after) core bounce.
Emissions of pre-CCSN neutrinos as well as the core-collapse neutrino burst are shown as labeled. For the EM signal, the optical output
of the progenitor, the SBO emission, the optical plateau, and the decay tail are shown as labeled. The GW luminosity is highly fluctuating
during our simulation and the blue shaded area presents the region between the two straight lines fitting the high and low peaks during
3 – 5 seconds postbounce. The hight of the curves do not reflect the energy output in each messenger; total energy emitted after bounce
in the form of neutrino, photons, and GW is ⇠ 6⇥ 1052 erg, ⇠ 4⇥ 1049 erg, and ⇠ 7⇥ 1046 erg, respectively. See the text for details.

LIGO (aLIGO), Advanced Virgo (adVirgo), and KAGRA
are expected to be able to detect CCSN GW out to a few
kpc from the Earth, while future detectors such as the Ein-
stein Telescope (ET) can reach the entire Milky Way.

In order to exploit these potentials, a multi-messenger
observing strategy is necessary. In this context, the neutrino
signal is particularly important. The neutrino emission in
fact starts before the core collapse even begins. Neutrinos
emitted during the final states of silicon burning can reach
⇠ 5⇥ 1050 erg for a massive star (Arnett et al. 1989), which
can be detected by Hyper-K out to a few kpc away (Odrzy-
wolek et al. 2004), thereby providing an early warning signal.
During the first ⇠ 10 seconds after the core collapse, a co-
pious ⇠ 3 ⇥ 1053 erg of energy is emitted as neutrinos as
was confirmed in SN 1987A (Hirata et al. 1987; Bionta et al.
1987; Sato & Suzuki 1987).

In addition to signaling unambiguously the occurrence
of a nearby core collapse, the detected neutrinos will point
to within an error circle of a few degrees in the sky the lo-
cation of the core collapse (Beacom & Vogel 1999; Tomas
et al. 2003; Bueno et al. 2003). This pointing information is
particularly important for electromagnetic signals, which re-
main a crucial component of studies of CCSNe in the Milky
Way and nearby galaxies. A few hours to days after the core
collapse, the supernova shock breaks out of the progenitor
surface, suddenly releasing the photons behind the shock in
a flash bright in UV and X-rays, known as shock breakout
(SBO) emission (Matzner & McKee 1999; Blinnikov et al.
2000; Tominaga et al. 2009; Gezari et al. 2010; Kistler et al.
2013). Although the SBO signal provides important informa-
tion about the CCSN, such as the radius of the progenitor,
detection is di�cult because of its short duration. Know-
ing where to anticipate the signal will dramatically improve
its detection prospects. In addition to the SBO, more tradi-

tional studies of CCSN properties (e.g, energy, composition,
velocity) and its progenitor are important diagnostics of a
CCSN, and a well-observed early light curve is important for
accurate reconstruction of the CCSN evolution (e.g., Tomi-
naga et al. 2011).

Already, various aspects of multi-messenger physics of
Galactic and nearby CCSNe have been investigated. For ex-
ample, signal predictions of neutrino and GW messengers
have been investigated by many authors. In particular, the
first ⇠ 500 milliseconds following core collapse is thought
to be critical for a successful explosion, and has been stud-
ied with three dimensional hydrodynamics and three-flavor
neutrino transport by various authors (e.g., Kuroda et al.
2012; Ott et al. 2013; Hanke et al. 2013; Tamborra et al.
2014). On the other hand, the long-term neutrino emis-
sion characteristics have been investigated by several groups
based on spherically symmetric general relativistic simula-
tions using spectral three-flavor Boltzmann neutrino trans-
port (e.g., Fischer et al. 2010). Similarly, while there are a
number of multi-dimensional core-collapse simulations with
GW predictions (e.g., Müller et al. 2012; Kuroda et al. 2014;
Yakunin et al. 2015), detailed detectability studies have been
limited (see, however, Hayama et al. 2015; Gossan et al.
2015). The importance of the SBO and their connections
to multi-messenger observations have been investigated by,
e.g., Kistler et al. (2013). Recently, Adams et al. (2013) re-
visited the investigation of dust attenuation of Galactic CC-
SNe. Using modern models of the Galactic dust distribution,
they present the distributions of the observed V-band and
near-infrared (NIR) band magnitudes of Galactic CCSNe.
They also emphasize the importance of neutrino warning
and pointing, as well as the need for a wide-field IR detector
for ensuring the detection of the early CCSN light curve.

In this paper, we revisit the implementations of multi-

MNRAS 000, 1–20 (2016)

Nakamura+ 2016
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Theoretical prediction: neutrino signals are robust

8
It seems that the onset of shock revival is delayed from the

time of the turning point (see Figure 4(b)). This is because the
mass accretion rates in Figure 4(b) are evaluated at 300 km
from the center, and it takes some time until it influences the
postshock dynamics. Note also that the development of shock
oscillations needs some time. It should be mentioned, however,
that s40 will probably fail to explode when we take into
account general relativity, which is neglected in this paper.
O’Connor & Ott (2011) observed in their 1.5D general
relativistic simulation that the same progenitor formed a BH
at around 550 ms after bounce (similar results were obtained by
Sumiyoshi et al. [2006] and Fischer et al. [2009], but with
different progenitors). Since this time of BH formation is much
earlier than the shock revival time we found in s40, the
progenitor leads most likely to a BH formation instead of the
very late explosion observed here. Note, however, that s40 is
an outlier anyway, having a very large compactness and a very
late occurrence of the turning point.
Panel (a) of Figure 10 exhibits the abundance of 28Si (red

line) and 16O (green line), as well as the density (blue line) of
model s80. One can find that there are two density jumps at
1.66 and 2.17Me in mass coordinates. Panel (b)of this figure
displays as gray lines the trajectories of mass shells at the mass
coordinates of 1–1.85 Me with an interval of 0.01Me. Three
thin black lines represent the mass coordinates of 1.66, 1.7, and
1.75 Me. Note that 1.66Me corresponds to the interface
between Si- and oxygen-burning shells (see also panel (a)). It is
interesting to see what happens when this mass shell accretes
onto the shock (thick black line). It is evident that several
oscillations ensue and the standing shock is finally converted to
the expanding shock at ∼400 ms after the bounce. This is a
clear demonstration that the transition in the mass accretion rate
triggers shock revival.
Although this is not relevant for the main focus of this paper,

we show in Figure 11 for reference the so-called diagnostic

Figure 5. Neutrino luminosities (thick lines) and rms energy (thin lines). Solid lines represent νe, and dashed lines give Oē.

Figure 6. Model trajectories in the OM L˙ – plane. The mass accretion rate is
evaluated at 300 km from the center.

Figure 7. Model trajectories in the OM L˙ – plane for selected models with
various points representing the times after bounce. The colors of lines are the
same as those in Figure 6. Each model evolves from right (high accretion rate)
to left (low accretion rate).
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Figure 3. Neutrino luminosities (top panels) and average energies (bottom panels) plotted as a function of postbounce time for all 32 models of Woosley & Heger
(2007). The top set of panels shows results obtained with the LS220 EOS. The bottom panel shows the same for the HShen EOS, but includes, for reference, two
LS220 models: s12WH07 and s40WH07. The left, center, and right panels show results for νe , ν̄e , and νx , respectively. The curves are color- and line-weight-coded
with increasing compactness (ξ1.75), the mapping from color to compactness parameter is shown on the right. There is a clear trend in all luminosities and average
energies with compactness parameter. The progenitor with the highest compactness, s40WH07, forms a black hole at 503 ms after bounce. None of these models
explode, but the onset of an explosion in any of these models may lead to a sudden deep drop (strongest for νe and ν̄e) in the luminosities and average energies (Fischer
et al. 2010), although this is likely suppressed by multidimensional effects. The smaller drop observed for most models here is due to the sudden decrease of the
accretion rate when the silicon–oxygen interface reaches the stalled shock.
(A color version of this figure is available in the online journal.)
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energies with compactness parameter. The progenitor with the highest compactness, s40WH07, forms a black hole at 503 ms after bounce. None of these models
explode, but the onset of an explosion in any of these models may lead to a sudden deep drop (strongest for νe and ν̄e) in the luminosities and average energies (Fischer
et al. 2010), although this is likely suppressed by multidimensional effects. The smaller drop observed for most models here is due to the sudden decrease of the
accretion rate when the silicon–oxygen interface reaches the stalled shock.
(A color version of this figure is available in the online journal.)
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Theoretical prediction: gravitational waves are not robust

9

Abbott+, LRR (2020)

bounce w/ rapid rot.

PNS convection

ν-driven convection

anisotropic ν radiation
NB) both frequency and amplitude are 

highly model dependent   
(cf. dimensionality, EOS, neutrino 

interactions)
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Ideal scenario

1. ν discovery (Si burning phase, neutronization burst, PNS cooling phase) 
angular resolution ~ degree 

circulate detection worldwide 

2. γ con"rm (shock breakout, di!usion cooling, Co decay) 
delay for ~ mins to days, depending on progenitor radius 

follow up from radio to gamma-ray 

3. GW physics (bounce, PNS convection, quasi-periodic oscillation, memory e!ect) 
time coincidence with ν (and spacial coincidence?) 

even non-detection can put constraint on explosion mechanism

10
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Requirement for observational facilities

Neutrino: SK-Gd, KamLAND, IceCube 
promising signal ! 
high duty cycle strongly demanded  

Good time resolution is necessary for GW 

Good position resolution is necessary for γ 

Photon: Optical (Subaru, etc.), X-ray (MAXI, etc.) 
necessary to con"rm as an astronomical object  

Due to di!erent spacial resolutions and FOV, the blind search might be necessary for large telescopes  

Gravitational wave: KAGRA 
necessary to see the innermost part 
smoking gun judging the explosion mechanism 

burst search method should be improved to put a strong constraint

11
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Neutrino detectors: current and future

12

current

future

Water Cherenkov Liquid Scintillator Liquid Ar
Super-Kamiokande (1996~)

Hyper-Kamiokande (2027~)

Borexino (2007~)KamLAND (2002~)

DUNE (2029~)

JUNO (2023~)SNO+  (202?~)
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SN1987A
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© NASA/ESA
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SN1987A
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How many and long can we observe ν now?

14

The latest SN found in our Galaxy, G1.9+0.3 (<150 years old) © NASA

How many? 
11 events from SN1987A with Kamiokande 

M=2.14 kton (full volume of inner tank) 

D=51.2 kpc (LMC) 

SK (M=32.5 kton), D=10 kpc => 4400 events 
（with O(10)% of statistical error） 

How long? 
12.4 s for SN1987A 
How long can we observe neutrinos from a Galactic SN?  
No conclusive estimation so far!
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What can we extract from neutrino observations?

Properties of neutron stars 
Binding energy 

important for energetics, done with SN1987A 

 

Mass 

important for discriminating !nal object (NS or BH) 

Radius 
important for discriminating nuclear equation of state 

Eb ≈ GM2
NS

RNS
= ((1053)erg ( MNS

1.4M⊙ )
2

( RNS
10km )

−1

15

The latest SN found in our Galaxy, G1.9+0.3 (<150 years old) © NASA
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=neutrino Light Curve
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FIG. 1: Luminosity of the ⌫e, ⌫̄e and ⌫x species for our 27M�
simulation as measured by a distant observer with angular
coordinates close to the plane of the spiral mode in the first
SASI period.

occurs after a period clearly dominated by convective
overturn. On the other hand, the 11.2M� model does
not exhibit any clear evidence of SASI motions but devel-
ops the typical signatures of postshock convective over-
turn in the neutrino-heating layer.

We will usually show neutrino flux characteristics as
they would be seen by a distant observer located at cho-
sen angular coordinates in the coordinate system of the
SN simulation. For any angular position, the neutrino
luminosity reaching the observer is given by the super-
position of the projected fluxes emitted under di↵erent
angles, as described in Appendix A. Therefore, the ob-
servable neutrino fluxes are weighted hemispheric aver-
ages performed such as to include flux projection e↵ects
in the observer direction. The hemispheric averages, as
expected, show smaller time variations than specific an-
gular rays.

As a benchmark example, we show in Fig. 1 the lumi-
nosity for ⌫e, ⌫̄e and ⌫x = ⌫µ, ⌫⌧ , ⌫̄µ or ⌫̄⌧ as a function of
time, as seen by a distant observer with angular coordi-
nates close to the plane of the SASI spiral mode. Large-
amplitude, near-sinusoidal modulations of the neutrino
signal occur in the interval 120–260 ms as imprinted by
SASI. For 260–410 ms this is followed by a convective
phase, followed by another SASI episode on a di↵erent
plane with respect to the previous one. SASI modula-
tions have a similar amplitude for ⌫e and ⌫̄e, while they
are somewhat smaller for ⌫x.

Figure 2 shows the properties of our 27M� simula-
tion, averaged over all directions, to mimic an equivalent
spherically symmetric case. Of course, this average does
not depend on observer-related projection e↵ects. For
the species ⌫e, ⌫̄e and ⌫x, we show the luminosity, average
energy, and shape parameter ↵ of the assumed spectral
Gamma distribution (Appendix B). The fast time varia-
tions here have very small amplitude, i.e., convection and
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FIG. 2: Neutrino flux properties of our 27M� case after in-
tegrating over all directions. For ⌫e, ⌫̄e and ⌫̄x we show the
luminosity, average energy and shape parameter ↵ from 3D
(in black, blue and red respectively) and 2D (in grey) sim-
ulations for comparison. The single-OM IceCube rate r in
the bottom panel is without dead time for a SN distance of
10 kpc. Blue line: based on ⌫̄e flux without flavor oscillations.
Red line: based on ⌫̄x, i.e., assuming full flavor swap ⌫̄e $ ⌫̄e.

SASI activity do not strongly modulate the overall neu-
trino emission parameters—the modulations in various
directions essentially cancel out.
The hierarchy of fluxes and average energies as well as
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Fig. 14. Neutrino luminosities and mean energies with respect to time after bounce for the 8.8 M! O-Ne-Mg-core from Nomoto (1983, 1984,
1987) (left panel) and the 10.8 M! (middle panels) and 18 M! (right panel) Fe-core progenitor models from Woosley et al. (2002), measured in
the co-moving reference frame at a distance of 500 km.

in correlation with the more massive PNSs and the hence larger
number of neutrinos emitted. However, the difference between
electron-neutrino and electron-antineutrino luminosities found
in the present investigation is significantly lower than the differ-
ence in Woosley et al. (1994). During the initial explosion phase
until about 300 ms after the onset of the explosion, the electron
antineutrino luminosity is slightly higher than the electron neu-
trino luminosity by about 1 × 1050 erg/s which in our models
explains the electron fraction of Ye > 0.5 of the early explosion
ejecta. After about 900 ms post-bounce, the luminosities can
hardly be distinguished where during the initial neutrino-driven
wind phase after about 1 s after bounce the electron neutrino lu-
minosity becomes higher than the electron antineutrino luminos-
ity by about 1 × 1050 erg/s. This difference reduces again at later
times at about 6 s post-bounce and the electron flavor neutrino
luminosities become more and more similar (see Fig. 14).

Even more different are the values and the behavior of
the mean neutrino energies, see Fig. 14 and compare with
Fig. 2 of Woosley et al. (1994). They found (µ/τ)-neutrino en-
ergies of about 35 MeV which remained constant with respect
to time. Their electron-antineutrino energies increased slightly
from about 20 MeV to 22 MeV where the electron-neutrino en-
ergies decrease from 14 MeV to 12 MeV. This increasing dif-
ference between the electron neutrino and antineutrino spectra
favored neutron-rich material, which was consistent with their
findings of Ye < 0.5 for the material ejected in the neutrino-
driven wind in Woosley et al. (1994). We cannot confirm these
results for the mean neutrino energies nor the evolution of
the spectra. In contrast, all mean neutrino energies decrease
with respect to time for all our models. This is a consequence
of lepton number and energy loss of the central PNS where
the neutrinos diffuse out. The electron (anti)neutrino energies
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FIG. 1: Luminosity of the ⌫e, ⌫̄e and ⌫x species for our 27M�
simulation as measured by a distant observer with angular
coordinates close to the plane of the spiral mode in the first
SASI period.

occurs after a period clearly dominated by convective
overturn. On the other hand, the 11.2M� model does
not exhibit any clear evidence of SASI motions but devel-
ops the typical signatures of postshock convective over-
turn in the neutrino-heating layer.

We will usually show neutrino flux characteristics as
they would be seen by a distant observer located at cho-
sen angular coordinates in the coordinate system of the
SN simulation. For any angular position, the neutrino
luminosity reaching the observer is given by the super-
position of the projected fluxes emitted under di↵erent
angles, as described in Appendix A. Therefore, the ob-
servable neutrino fluxes are weighted hemispheric aver-
ages performed such as to include flux projection e↵ects
in the observer direction. The hemispheric averages, as
expected, show smaller time variations than specific an-
gular rays.

As a benchmark example, we show in Fig. 1 the lumi-
nosity for ⌫e, ⌫̄e and ⌫x = ⌫µ, ⌫⌧ , ⌫̄µ or ⌫̄⌧ as a function of
time, as seen by a distant observer with angular coordi-
nates close to the plane of the SASI spiral mode. Large-
amplitude, near-sinusoidal modulations of the neutrino
signal occur in the interval 120–260 ms as imprinted by
SASI. For 260–410 ms this is followed by a convective
phase, followed by another SASI episode on a di↵erent
plane with respect to the previous one. SASI modula-
tions have a similar amplitude for ⌫e and ⌫̄e, while they
are somewhat smaller for ⌫x.

Figure 2 shows the properties of our 27M� simula-
tion, averaged over all directions, to mimic an equivalent
spherically symmetric case. Of course, this average does
not depend on observer-related projection e↵ects. For
the species ⌫e, ⌫̄e and ⌫x, we show the luminosity, average
energy, and shape parameter ↵ of the assumed spectral
Gamma distribution (Appendix B). The fast time varia-
tions here have very small amplitude, i.e., convection and
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FIG. 2: Neutrino flux properties of our 27M� case after in-
tegrating over all directions. For ⌫e, ⌫̄e and ⌫̄x we show the
luminosity, average energy and shape parameter ↵ from 3D
(in black, blue and red respectively) and 2D (in grey) sim-
ulations for comparison. The single-OM IceCube rate r in
the bottom panel is without dead time for a SN distance of
10 kpc. Blue line: based on ⌫̄e flux without flavor oscillations.
Red line: based on ⌫̄x, i.e., assuming full flavor swap ⌫̄e $ ⌫̄e.

SASI activity do not strongly modulate the overall neu-
trino emission parameters—the modulations in various
directions essentially cancel out.
The hierarchy of fluxes and average energies as well as
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Fig. 14. Neutrino luminosities and mean energies with respect to time after bounce for the 8.8 M! O-Ne-Mg-core from Nomoto (1983, 1984,
1987) (left panel) and the 10.8 M! (middle panels) and 18 M! (right panel) Fe-core progenitor models from Woosley et al. (2002), measured in
the co-moving reference frame at a distance of 500 km.

in correlation with the more massive PNSs and the hence larger
number of neutrinos emitted. However, the difference between
electron-neutrino and electron-antineutrino luminosities found
in the present investigation is significantly lower than the differ-
ence in Woosley et al. (1994). During the initial explosion phase
until about 300 ms after the onset of the explosion, the electron
antineutrino luminosity is slightly higher than the electron neu-
trino luminosity by about 1 × 1050 erg/s which in our models
explains the electron fraction of Ye > 0.5 of the early explosion
ejecta. After about 900 ms post-bounce, the luminosities can
hardly be distinguished where during the initial neutrino-driven
wind phase after about 1 s after bounce the electron neutrino lu-
minosity becomes higher than the electron antineutrino luminos-
ity by about 1 × 1050 erg/s. This difference reduces again at later
times at about 6 s post-bounce and the electron flavor neutrino
luminosities become more and more similar (see Fig. 14).

Even more different are the values and the behavior of
the mean neutrino energies, see Fig. 14 and compare with
Fig. 2 of Woosley et al. (1994). They found (µ/τ)-neutrino en-
ergies of about 35 MeV which remained constant with respect
to time. Their electron-antineutrino energies increased slightly
from about 20 MeV to 22 MeV where the electron-neutrino en-
ergies decrease from 14 MeV to 12 MeV. This increasing dif-
ference between the electron neutrino and antineutrino spectra
favored neutron-rich material, which was consistent with their
findings of Ye < 0.5 for the material ejected in the neutrino-
driven wind in Woosley et al. (1994). We cannot confirm these
results for the mean neutrino energies nor the evolution of
the spectra. In contrast, all mean neutrino energies decrease
with respect to time for all our models. This is a consequence
of lepton number and energy loss of the central PNS where
the neutrinos diffuse out. The electron (anti)neutrino energies
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Strategy: 
• Extracting NS parameters from late cooling phase with small uncertainties 

 (→ 0-th approx. of early phase neutrinos) 
• Exploring explosion mechanism etc. from variation component of early phase 

(di!. from 0-th approx.) 
Understanding late cooling phase is essential ! 
(kind of  time-reversal of compact object coalescence strategy)
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3 Steps 

18

step 1

NUMERICAL SIMULATIONS

• Cooling curves of PNS 

• Detailed physics included 

• Discrete grid of data set 

• Computationally expensive

step 2

f(x)

ANALYTIC SOLUTIONS

• Analytic cooling curves 

• Calibrated w/ numerical sol. 

• Simpli#ed but essential 

physics included 

• Fast and continuous

step 3

DATA ANALYSIS

• Mock sampling 

• Analysis pipeline for real 

data 

• Error estimate for future 

observations
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Event rate evolution

Event rate evolution is calculated up to 20 s 
with neutrino luminosity and spectrum  
with full volume of SK’s inner tank (32.5 kton) 
from an SN at 10 kpc 

only with inverse beta decay ( )  

Event rate is not related to progenitor mass, but PNS mass

ν̄e + p → e+ + n

19

Observing SN Neutrinos 7

Table 1. Event numbers for a supernova at 10kpc.

Model MZAMS trevive MNS,g Ntot N(0  t  0.3) N(0.3  t  1) N(1  t  10) N(10  t  20) N(20  t)

(M�) (ms) (M�)

N13t100 13 100 1.39 3067.2 1210.5 (39.5%) 475.9 (15.5%) 1087.2 (35.4%) 293.6 ( 9.6%) — ( — )

N13t200 13 200 1.46 3676.6 1672.8 (45.5%) 507.6 (13.8%) 1165.2 (31.7%) 331.1 ( 9.0%) — ( — )

N13t300 13 300 1.50 4246.4 1807.2 (42.6%) 895.2 (21.1%) 1192.4 (28.1%) 351.7 ( 8.3%) — ( — )

N20t100 20 100 1.36 2890.6 1089.7 (37.7%) 468.7 (16.2%) 1052.7 (36.4%) 279.4 ( 9.7%) — ( — )

N20t200 20 200 1.42 3342.3 1437.8 (43.0%) 481.5 (14.4%) 1113.4 (33.3%) 309.6 ( 9.3%) — ( — )

N20t300 20 300 1.45 3669.8 1525.7 (41.6%) 695.1 (18.9%) 1126.7 (30.7%) 322.4 ( 8.8%) — ( — )

N30t100 30 100 1.49 3807.4 1649.9 (43.3%) 550.1 (14.4%) 1252.6 (32.9%) 354.8 ( 9.3%) — ( — )

N30t200 30 200 1.66 5551.4 2952.4 (53.2%) 691.9 (12.5%) 1453.5 (26.2%) 453.6 ( 8.2%) — ( — )

N30t300 30 300 1.78 7332.8 3363.4 (45.9%) 1919.6 (26.2%) 1533.4 (20.9%) 516.4 ( 7.0%) — ( — )

N50t100 50 100 1.52 3788.9 1542.3 (40.7%) 553.2 (14.6%) 1314.8 (34.7%) 378.5 (10.0%) — ( — )

N50t200 50 200 1.63 4883.1 2399.6 (49.1%) 616.1 (12.6%) 1428.4 (29.3%) 439.0 ( 9.0%) — ( — )

N50t300 50 300 1.69 5952.3 2657.4 (44.6%) 1352.7 (22.7%) 1466.4 (24.6%) 475.9 ( 8.0%) — ( — )

147S — — 1.35 2205.4 — ( — ) 434.3 (19.7%) 1278.5 (58.0%) 345.1 (15.6%) 147.5 ( 6.7%)

M2H — — 2.05 8032.8 — ( — ) 1554.6 (19.4%) 2998.7 (37.3%) 1268.3 (15.8%) 2211.2 (27.5%)

M1H — — 1.20 2390.7 — ( — ) 825.5 (34.5%) 1173.9 (49.1%) 288.0 (12.0%) 103.3 ( 4.3%)

M2L — — 2.05 4734.9 — ( — ) 674.5 (14.2%) 2008.3 (42.4%) 867.1 (18.3%) 1185.0 (25.0%)

M1L — — 1.20 1382.8 — ( — ) 376.5 (27.2%) 824.7 (59.6%) 148.4 (10.7%) 33.2 ( 2.4%)

Note— MZAMS is the zero-age main sequence mass of the progenitor model. trevive is the shock revival time. MNS,g is the
gravitational mass of PNS. These three numbers are taken from Nakazato et al. (2013). Ntot is the total number of neutrinos.
N(tmin  t  tmax) gives event numbers between tmin and tmax, which are in seconds. The number in brackets are percentage
by the total number. For models N??t???, since the data for t < 20s is only available, the event number afterward is not given.

For models M??, since the only PNS cooling phase is calculated, the event number before 0.3 s is not given.
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Figure 4. Expected number of IBD events as a function of
time after bounce in the early phase for the supernova at 10
kpc in the 13, 20, 30, 50M� models with red, blue, green
and purple lines, respectively (Z = 0.02, trevive = 300 ms).
The error bar is given by the square root of the event rate
(Poisson distribution).

When the event rate of the neutrinos drops depends
on the shock revival time, which is shown in Fig. 5. If
the shock wave stalls until trevive = 300 ms, the event
rates stay at a certain level with continuing accretion.
In the case of trevive = 100 ms or 200 ms, the event rates
rapidly decrease because the accretion ends due to the

shock revival in our model. By the transition from the
accretion phase to the di↵usion phase, we see the drop
of event rates at the timing of transition.
We expect to detect such a transition of luminosity

(event number) from observation when the shock wave
revives and the accretion halts from the light curve of
neutrinos. Although the current set of database is based
on the 1D core-collapse dynamics and PNS cooling mod-
els, we envisage occurrence of the transition even under
more complicated situations as seen in modern 2D/3D
simulations. We remark that one expects more varia-
tions such as oscillating event numbers in the 2D/3D
simulations through hydrodynamical instabilities and
non-uniform accretion with deformed shock geometry
(e.g., Tamborra et al. 2013; Takiwaki & Kotake 2018).
Our analysis here is the basis to extract such hydro-
dynamical complications by setting the standard curve
obtained from spherical dynamics.
In the late phase of the time evolution for 20 sec, the

neutrino signals reflect the properties of cooling PNSs.
Gradual decrease of the neutrino luminosity originates
from the di↵usion of neutrinos from the central part.
The luminosity depends mainly on the mass of PNS
born in the collapse of the progenitor. In Fig. 6, the
time profile of expected number of events is shown for
the progenitor models of 13–50M� with trevive = 300 ms.

8 nuLC collab.
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Figure 5. Same as Fig. 4, but for the expected number of
IBD events as a function of time after bounce in the early
phase for the supernova at 10 kpc in the 50M� model (Z =
0.02) for trevive = 100, 200, 300 ms with dotted, dashed and
solid line, respectively.

The slope of time profiles are similar among 4 models
and its amplitude depends on the PNS mass. The num-
ber of events is largest for 30M� model having the grav-
itational mass of 1.78M� for the remnant neutron star
and smallest for 20M� model with 1.45M�.
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Figure 6. Expected number of IBD events as a function
of time after bounce in the late phase for the supernova at
10 kpc in the 13, 20, 30, 50M� models with dashed, dotted,
dash-dotted and solid line, respectively (Z = 0.02, trevive =
300 ms).

The number of events depends on the shock revival
time, which determines the remnant mass through the
cease of accretion, for the same progenitor model. In
Fig. 7, we see that the expected number of events de-
pends on the shock revival time for the 50M� model.
The di↵erence among three cases comes from di↵er-
ent PNS masses of 1.52M�, 1.63M� and 1.69M� for
trevive =100, 200, 300 ms, respectively. The case of

largest PNS mass leads to the largest number of events
because of the largest energy release of gravitational en-
ergy. Therefore, the late phase of light curve of neutrinos
is important to extract the properties of compact object.
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Figure 7. Expected number of IBD events as a function
of time after bounce in the late phase for the supernova at
10 kpc in the 50M� model (Z = 0.02) for trevive =100, 200,
300 ms with dotted, dashed and solid line, respectively.

Note that the profiles of the remnant is in princi-
ple determined by the complicated explosion mechanism
through the collapse and bounce of progenitors. The
shock revival time is in this sense a simplified guide to
construct a series of PNSs in the 1D explosion mod-
els. In order to extract the remnant properties from the
observations, one needs to carefully explore unknown
parameters of remnant in the time profile of event num-
ber. To distinguish various di↵erences, we explore fur-
ther longer time in the late phase in later sections.
In Fig. 8, we show the expected total number of IBD

events as a function of the distance to the source of
supernova neutrino burst. The total number is obtained
by the time integral of the event rates up to 20 s at
the end time in database. Each line corresponds to the
total number for a model (progenitor mass, metallicity,
shock revival time) in the supernova neutrino data base.
The total number typically amounts to ⇠ 4⇥103 events
for the distance of 10 kpc. Its magnitude ranges by
a factor of 5 depending on the remnant mass coming
from the progenitor. Among the models, the largest
case is the 30M� model with trevive = 300 ms. The
smallest case is the 20M� model with trevive = 100 ms.
The corresponding PNS masses range from 1.36M� to
1.78M� in the database.

4.2. Results for new PNS cooling models

We further investigate the event rates of neutrino
bursts using the PNS models in §2.2 to determine the

MPNS= 
1.78M⊙ 
1.69M⊙ 
1.50M⊙ 
1.45M⊙

[Suwa, Sumiyoshi, Nakazato, Takahira, Koshio, Mori, Wendell, ApJ, 881, 139 (2019)]
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the total energy emitted by all flavors of neutrinos Etot. Note that the boosting factor

β is time-dependent because the heavy nuclei in the crust are absent for the early phase

and appear later once the temperature decreases below the Coulomb energy of the lattice

structure [11]. Therefore, we propose a two-component model to reproduce numerical models

of neutrino-light curves. The first component represents the early time without coherent

scattering (β = 3) and the second component represents the late time with the opacity boost

by the coherent scattering (β ! 1). The neutrino luminosity is given by the total luminosity

of two components, L1 + L2, and the average energy is estimated by the harmonic mean,
L1 + L2

L1/ 〈E1〉+ L2/ 〈E2〉
, where Li and 〈Ei〉 give the luminosity and average energy of i-th

components.
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Fig. 1 Luminosity (red) and average energy (blue) evolution for a flavor of neutrinos. The

first component is a model with β = 3 and Etot = 4× 1052 erg and the second component

is a model with β = 40 and Etot = 1× 1053 erg. For both components, MPNS = 1.5M!,

RPNS = 12 km, and g = 0.04. Grey lines are luminosity and average energy of ν̄e of the

model 147S in Ref. [12].

Figure 1 shows a comparison of the analytic model given here (colored lines) and the

numerical model 147S presented in Ref. [12] (grey lines), which is a numerical solution of

PNS cooling calculation that solves neutrino transfer equation with a nuclear-physics based

equation of state as well as the general relativistic hydrostatic equation. For the analytic

model, we employ the early-time solution (dashed lines) and the late-time solution (dotted

lines). The early-time solution indicates the cooling curve without the solid crust composed

of heavy nuclei (i.e., low β), while the late-time solution includes it (i.e., high β). The solid

red line is the total luminosity of the early-time and the late-time solutions, and the solid blue

line is the harmonic mean of the two average energies. The general profiles of the detailed

numerical solutions are reproduced well by the simple analytic solutions presented in this

paper. In the very early phase (t ! 1 s), the PNS contracts so that the gravitational energy

8/12

numerical 
(Suwa+ 2019)

Solve neutrino transport eq. analytically  
Neutrino luminosity 

  

Neutrino average energy   

  

two-component model  
early cooling phase (β=3) 
late cooling phase (β=O(10))

L = 3.3 × 1051 erg s−1 ( MPNS
1.4M⊙ )

6

( RPNS
10 km )

−6

( gβ
3 )

4

( t + t0
100 s )

−6

⟨Eν⟩ = 16 MeV ( MPNS
1.4M⊙ )

3/2

( RPNS
10 km )

−2

( gβ
3 ) ( t + t0

100 s )
−3/2

Analytic solutions

20

[Suwa, Harada, Nakazato, Sumiyoshi, PTEP, 2021, 0130E01 (2021)]



Yudai Suwa (UT/YITP) /2613/9/2022

Mock sampling

21

events from SN @ 10 kpc

background in SK 
(Mori, 2021, PhD thesis)

[Suwa, Harada, Harada, Koshio, Mori, Nakanishi, Nakazato, Sumiyoshi, Wendell, ApJ, 934, 15 (2022)]
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χ2 fit and probability density function
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Combining Super-Kamiokande and KamLAND

23

Super-Kamiokande

•  
→ sensitive to  

• large statistics 
• good for late phase 

(%avor independent)

ν̄e + p → e+ + n
ν̄e

KamLAND

•  
→ %avor independent 

• low threshold energy 
• good for early phase 

(strong %avor dependency)

ν + p → ν + p
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Combining neutrinos and GWs

Neutrinos 
luminosity and average energy don’t depend on 
rotation of the iron core 
→ expected event rate evolution are same 

Gravitational waves 
onset time strongly depends on rotation 
(existence of bounce signal) 

Onset time of ν and GW tells rotation 

 → rotating 

→ non-rotating 

Timing accuracy is essential, detectors at 
the same place (Kamioka) is perfect

τν > τGW

τν < τGW

24

at 0.2 kpc (red) and 1.0 kpc (blue), and GADZOOKS! for
explosions at 10 kpc (green).

4.2.2. Extracting Neutronization Burst Time

The neutronization burst time, ,O, is obtained via the
following steps. (i) Open the 6 ms sliding window. (ii) Count
the number of observed neutrinos. (iii) Shift 1 ms and calculate
again. (iv) If the maximum observed number of neutrinos
exceeds three events, we define this as an observation of the
neutronization burst. (v) The center of the time window
containing the maximum observed number of neutrinos is
defined as ,O. If there are multiple candidates for ,O, the
leftmost timing window is defined as ,O. Figure 12 shows the
maximum observed number of neutrinos for each model. As
already shown in Figure 10, the model dependence is small.
Figure 13 shows the ,O distributions for the 1.0π rad s−1

model at 0.2 and 1.0 kpc as seen by the EGADS detector, and
at 10 kpc and distributed throughout the galaxy as seen by the
GADZOOKS! detector. For close SN explosions, the resulting
,O distribution is quite narrow, and the ,O is estimated as
expected. But as the SN distance becomes greater, the number
of observed neutrinos per burst becomes smaller, proportional
to the usual �r 2, with r being the distance. Therefore, the ,O
distribution fluctuates, and statistical uncertainties become
larger with increasing distance to the progenitor.

Figure 9. Expected number of interactions in EGADS. The black component
shows electron neutrino-electron elastic scattering, the blue component shows
electron anti-neutrino-electron elastic scattering, and the red component shows
10% of the inverse beta decay interaction. The horizontal axis shows time and
the vertical axis shows units of event/1ms/10 kpc/100 ton.

Figure 10. Model dependence of the expected number of summed interaction
in EGADS. Each color shows one progenitor core rotation model, 0.0π(blue)
and 1.0π(red) rad s−1, respectively. The horizontal axis shows time and the
vertical axis is the sum of the expected interactions in EGADS in units of
event/1ms/10 kpc/100 ton.

Figure 11. Fluctuation of the number of neutrinos observed by EGADS from
distances of 0.2 kpc (red) and 1.0 kpc (blue), and by GADZOOKS! from a
distance of 10 kpc (green). The 1.0 πrad s−1 model is used for this figure.

Figure 12. Number of maximum observed neutrinos used as a threshold. The
GADZOOKS! detector and a burst at 10 kpc are assumed. Colors show the
progenitor core rotation models, 0.0π (blue) and 1.0π (red) rad s−1,
respectively. The horizontal axis is the number of observed events.

Figure 13. Obtained ,O distribution for 0.2 kpc (red) and 1.0 kpc (blue) with
EGADS, and for 10 kpc (green) and the galactic distribution with
GADZOOKS!.
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emission. Figure 4 shows one example of the time variation of
the obtained S/N for each rotation model. The SN distance is
set to 10 kpc and positioned in the optimal orientation for
detection by the KAGRA detector. In this case, each SN
simulation gives ,GW values of 33 ms (0.0π rad s−1, blue) and
−1.0 ms (1.0π rad s−1, red), respectively. We define the detec-
tion threshold for GW analysis as the first local maximum of
the S/N > 8. This threshold corresponds to a false alarm ratio
of about ∼10−6 yr−1.

Figures 5 and 6 show the ,GW distributions for each
explosion rotation model for the four SN scenarios being
simulated: 0.2 kpc (red) and 1.0 kpc (blue) uniformly dis-
tributed, galactic center (green), and galactic distribution
(magenta). The horizontal axis shows the time after core
bounce, when the central progenitor core density reaches
maximum. When the progenitor core is strongly rotating, ,GW
is almost the same time as core bounce, with sharper
distributions for closer SN explosions. Unfortunately, due to
the second peak of h(t) in the 1.0π rad s−1 model that can be
found around 15 ms in Figure 2, some simulations show a mis-
identification of core bounce time.

4.1.4. Model Dependence

To evaluate the uncertainty of GW epoch extraction we
apply the same analysis to SN models provided by Dimmel-
meier et al. (2008). Of these, we select the single centrifugal
bounce models, which are marked with crosses in their Table 3,
because we are interested in fast rotating models. There are 25
models under this classification.

One example of the Dimmelmeier model for GW amplitude
hDim(t) and the time evolution of the maximum density
S tDim,max ( ) is shown in Figure 7. This model is called “e20b-
ls”; the progenitor mass is 20 :M and the initial state is given
by a stellar evolution simulation. Figure 8 shows the extracted
time distributions when applying the above threshold to the 26
Dimmelmeier models. For all such models, the extracted times
are within about −1 ± 2 ms of our 1.0 π rad s−1 model. This
result means that for strong GW models we can extract GW
emission time with a uncertainty of a few milliseconds.

4.2. Neutrino Analysis

We will now present our method for estimating the time
variation of the expected number of neutrino interactions and
the extraction of neutronization burst time.
As an aside, we would like to discuss the effect of neutrino

mass on neutrino speed. If the neutrino mass is assumed to be
0.1 meV, derived from the current direct observational limit,
cosmological limit (Komatsu et al. 2011), and neutrino-less
double beta decay experiment limit (Gando et al. 2012), the
latency versus light speed is of order 0.1 ms for an explosion at
the center of the galaxy. Thus, the mass of neutrinos does not
affect the following discussion.
As a further simplification of the analysis, we do not take

neutrino oscillation effects into account, and only consider the
electron flavor neutrino interactions while neglecting those of
the μ, and τ flavor neutrinos.

4.2.1. Expected Number of Interactions

From the neutrino luminosity, OL t ,( ) and the mean energy,
� §OE t( ) of Figure 1, we obtained an energy distribution,

Figure 4. One example of the time variation of obtained S/N for each model.
Each color shows one progenitor core rotation model, 0.0π(blue) and 1.0π
(red) rad s−1, respectively. The supernova distance is set to 10 kpc and oriented
for optimal detection by the KAGRA detector.

Figure 5. ,GW-extracted start time distribution of GW emission for each
explosion model. The rotation is fixed at 0.0π(red) rad s−1. The horizontal axis
shows the time from core bounce.

Figure 6. ,GW distribution of GW emission for each explosion model. The
rotation is fixed at 1.0π(red) rad s−1. The horizontal axis shows the time from
core bounce.

7
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[Yokozawa, Asano, Kayano, Suwa, Kanda, Koshio, Vagins, ApJ, 811, 86 (2015)]
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Crosscheck with GW asteroseismology

25

Mori, YS, Takiwaki, in prep. 
see poster (Z114b) for simulation details
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Summary

Supernovae are optimal targets of multi-messenger observations 
Neutrinos are robust 

promising signal 
late cooling phase is critical for parameter estimate 
SK and KamLAND are complementary 

Gravitational waves are physics probe (smoking gun!) 
highly model dependent, di&cult to predict 
even non-detection constrains physics 
Many possible synergies with neutrinos (not much discussed) 

Be prepared for the next nearby SN !
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