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Supernovae are made by neutron star formation

2
Baade & Zwicky (1934)
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SN1987A
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Properties of nuclear matter and neutron stars
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FIG. 13 (color online) Slope parameter of the symmetry en-
ergy L versus value of the symmetry energy J at normal nu-
clear matter density. The dark gray region is the constraint
of Lattimer and Lim (2013), the light gray region is taken
from Fig. 8. The different symbols show the values of the nu-
cleon interactions of Table IV that are applied in the general-
purpose EoSs of Table III. FSU2.1 gives the same value as
FSUgold.

pions. The latter models are labeled “STOSQxxxn” for
the one with quarks and “STOSπQxxxn” for the one with
quarks and pions. Nakazato et al. (2013) calculated ad-
ditional hybrid EOS tables for B1/4 = 162 and 184 MeV.
Because the corresponding maximum masses of 1.54 and
1.36 M⊙ are well below the observed pulsar masses, in
the following we consider only the table with B1/4 = 209
MeV as an representative example of the hybrid EoSs of
Nakazato et al. (2008, 2013). The thermodynamic prop-
erties are strongly influenced by the possible existence
of quark matter at high densities and temperatures, and
in particular the phase transition can have an important
effect on the dynamics of CCSNe, see Sec. VI.B.1.

3. Compatibility with experimental and observational
constraints

In this subsection we compare the results of the general
purpose EoSs presented above with several constraints,
that have been introduced in Sec. IV. As can be seen
from Table IV, most of the employed interactions give
reasonable properties for compressibility, saturation den-
sity and binding energy of symmetric matter, except that
LS180 has a compressibility at the lower end of the al-
lowed range and LS375 and TMA have values above the
allowed range. However, some models give symmetry en-
ergies and slopes far off the best present constraints, see
Fig. 13, i.e., the dependence of the EoS on Yq is prob-
ably not correctly described. DD2, SFHo, IUFSU and
FSUgold(2.1) are in best agreement.
NS masses, see Fig. 14, Fig. 15, and Table III, probably

represent the presently most reliable observational con-
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straint on the compact star EoS. LS180 and the models
based on FSUgold give too low masses and HS(IUFSU)
is only marginally compatible. It should be noted that
the maximum mass does depend only very little on the
treatment of the inhomogeneous part of the EoS, such
that all models with the same nuclear interaction give
essentially the same maximum mass. This is not the case
for the radii of intermediate mass NSs, which are more
sensitive to the treatment of the crust. Here slight dif-
ferences can be observed, e.g., between HS(TM1), STOS
and FYSS, which are all based on the TM1 interaction,
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is only marginally compatible. It should be noted that
the maximum mass does depend only very little on the
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ferences can be observed, e.g., between HS(TM1), STOS
and FYSS, which are all based on the TM1 interaction,

Oertel+ (2016)

Nuclear matter → cf. symmetry energy Neutron-star → M-R relation
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Supernova simulations

5

input: ρ(r), T(r), Zi(r), vr(r)
stellar evolution

Gravity
general relativity
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Nuclear equation of state
strong interaction

Numerical table based on nuclear physics 
e.g.) 103 g cm-3 < ρ < 1015 g cm-3 

0.1 MeV < T < 100 MeV 
0.03 < Ye <0.56

Neutrino transfer
weak interaction

Number of interactions; 
pe- <-> nνe, ne+ <-> pνe̅ 

νe± <-> νe±, νA <-> νA, νN <-> νN 
νν ̅<-> e-e+, NN <-> ννN̅N, νν ̅<->νν̅

as first-principles as possible. 
parameter free simulation!

(Magneto-)hydrodynamics
electro-magnetic interaction
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Supernova simulations and nulear equation of state

Explodability 
success / failure of supernova explosion depends on EOS 
“softer” EOS is better to produce explosion, since faster NS contraction 
Marek+ (2009); Suwa+ (2013); Couch (2013); Harada+ (2020) 

Black hole (BH) formation 
if a supernova fails, a BH is formed instead of a NS 
“softer” EOS leads to faster BH formation 
Liebendörfer+ (2004); Sumiyoshi+ (2006); O’Connor & Ott (2011); Pan+ (2018); Nakazato+ (2021) 

QCD phase transition / crossover (cf. Hatsuda-san’s talk) 
quark-hadron phase transition / crossover can change supernova dynamics 
Takahara & Sato (1988); Yasutake+ (2007); Nakazato+ (2008); Fischer+ (2011, 2018); Zha+ (2020); Kuroda+ (2022); 
Lin+ (2022); Jakobus+ (2022)

6
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Multimessenger observations  and nuclear EOS

Gravitational waves (GWs) 
many theoretical estimates available, but not useful to constrain EOS  (too complicated) 

GW asteroseismology would provide  (cf. Sotani-san’s talk) 
Andersson & Kokkotas (1998); Sotani+ (2016+); Torres-Forné+ (2018+) 

Neutrinos 
many theoretical estimates available, but not useful to constrain EOS (too complicated) 
necessary to connect observables with EOS, but no good way yet 

Q: How accurately can neutrinos alone constrain EOS?

f(MαRβ)

7
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What can we extract from neutrino observations?

8

Properties of neutron stars 
Binding energy 

important for energetics, done with SN1987A  

 

Mass 

important for discriminating final 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

The latest SN found in our Galaxy, G1.9+0.3 (<150 years old) © NASA
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Long-term evolution is necessary

9

Neutrinos from SN 20XX
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Current status of area
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For the next Galactic supernova

For optical observations of supernova explosions 
1. building optical telescopes 
2. taking light curves with telescopes 
3. extracting physical values (ex, Eexp, Mej, MNi) with simplified analytic model 
4. performing detailed numerical simulations for spectral analysis 

The same strategy applies to neutrino observations 
building neutrino detectors 
taking data (just waiting) 
simplified analytic model 
detailed numerical simulations (but only short period and limited numbers)

11
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Kyoto U.: R. Wendell (Experiment)

NIT, Numazu: K. Sumiyoshi (Theory)

Kyushu U.: K. Nakazato (Theory)

Okayama U.: Y. Koshio, M. Harada, F. Nakanishi (Experiment)

Riken: A. Harada (Theory) 
U. Tokyo: Y. Suwa, M. Mori (Theory/Experiment)

nuLC collaboration

12

“nuLC” 
=neutrino Light Curve

Papers: 
1. Suwa, Sumiyoshi, Nakazato, Takahira, Koshio, Mori, Wendell, ApJ, 881, 139 (2019) 
2. Suwa, Harada, Nakazato, Sumiyoshi, PTEP, 2021, 013E01 (2021) 
3. Mori, Suwa, Nakazato, Sumiyoshi, Harada, Harada, Koshio, Wendell, PTEP, 2021, 023E01 (2021) 
4. Nakazato, Nakanishi, Harada, Koshio, Suwa, Sumiyoshi, Harada, Mori, Wendell, ApJ, 925, 98 (2022) 
5. Suwa, Harada, Harada, Koshio, Mori, Nakanishi, Nakazato, Sumiyoshi, Wendell, ApJ, 934, 15 (2022)
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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

A&A 517, A80 (2010)
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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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highly uncertain  
(Expl. mechanism, accretion, 
muti-D effects, ν-osc., etc.)

less uncertain
(NS mass, temperature)

Late cooling phase is simpler and more understandable than early phase

13

Tamborra+ 2014

Fischer+ 2010

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 

(diff. 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 

14

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. 

• Simplified 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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Numerical simulations
Hydro. simulation (t<0.3s) 

dynamical, GR, Boltzmann neutrino transport, nuclear EOS, 1D 
Yamada 1997, Sumiyoshi+ 2005 

PNS cooling simulation (t>0.3s) 
static (TOV), FLD neutrino transport, nuclear EOS, 1D  
Suzuki 1993 

Connection 
Interpolate two results with 
trevive=100, 200, 300 ms  
(appox. explosion time) 
Nakazato+ 2013 

Progenitor 
13, 20, 30, 50 M⊙  
Umeda+ 2012
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Observing SN Neutrinos 5
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Figure 1. Neutrino luminosities (top panels) and average energies (bottom panels) as a function of time after bounce for model
13M�, Z = 0.02, trevive = 300 ms.

et al. 2015).5 To construct these models, we perform
new simulations in the same way as in Nakazato et al.
(2018) adopting the initial profiles of entropy and elec-
tron fraction given by

s(mb) =

8
>>>>>><

>>>>>>:

s1 (0  mb  0.4M�)
s1(0.7M� �mb) + s2(mb � 0.4M�)

0.3M�

(0.4M�  mb  0.7M�)

s2 (0.7M�  mb  Mb)

,

(1a)

Ye(mb) =
0.3(Mb �mb) + 0.05mb

Mb
, (1b)

where s(mb) and Ye(mb) are an entropy per baryon and
an electron fraction, respectively, at the baryon mass co-
ordinate mb. In this study, we consider two cases for the
values of entropy; (s1, s2) = (1kB , 4kB) and (2kB , 6kB)
are chosen for low-entropy and high-entropy cases, re-
spectively. In Fig. 2, the profiles of Eq. (1) are shown
with the initial condition of PNS cooling in Nakazato
et al. (2018). For model names, we use MXY, in which
X=1 and 2 denote Mb = 1.29M� and Mb = 2.35M�,
and Y=L and H denotes low- and high-entropy cases,
respectively.
Fig. 3 indicates the neutrino ⌫̄e’s luminosity and av-

erage energy evolution for models described above. The
blue lines that have a massive PNS of Mb = 2.35M�

5 A theoretical estimation of the minimum mass of neutron star
is consistent with the observation (Suwa et al. 2018).
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Figure 2. Profiles of entropy (upper) and electron fraction
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both panels, thick solid lines are for the model in Nakazato
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upper panel, thin dotted and thick dashed lines correspond
to the models with (s1, s2) = (2kB , 6kB) (H) and (1kB , 4kB)
(L), respectively. In the lower panel, the red dot-dashed and
the blue dot-dot-dashed lines correspond to the models with
Mb = 1.29M� (M1) and Mb = 2.35M� (M2), respectively.

show longer emission of neutrinos than the red lines that
have a less massive PNS of Mb = 1.29M�. Though the
models with a higher initial entropy (indicated by thin
dotted lines) imply longer emission, the impact is mi-
nor compared to the mass dependence. It means the
neutrino emission timescale would provide us the infor-
mation of proper values of PNS (e.g. mass).

13M⊙, trevive=300 ms

Supernova Neutrino Database 
http://asphwww.ph.noda.tus.ac.jp/snn/
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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
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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.

 0

 50

 100

 150

 200

 0  0.05  0.1  0.15  0.2  0.25  0.3

E
v

en
t 

ra
te

 /
 1

0
 m

s

Time (s)

13M�

20M�

30M�

50M�

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.

 0

 50

 100

 150

 200

 0  0.05  0.1  0.15  0.2  0.25  0.3

E
v

en
t 

ra
te

 /
 1

0
 m

s

Time (s)

trevive=300ms

200ms100ms

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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neutrinos can be observed more than 30 s. More pre-
cisely, it is 33.2–40.1 s depending on the initial entropy.
For the highest mass PNS known so far (⇡ 2.0M�, see
Antoniadis et al. 2013) it is 107–129 s.
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Figure 10. Reverse cumulative event numbers as function
of time from PNSC calculations. Black lines are models from
§2.2 and gray lines are from Nakazato et al. (2013).

Fig. 11 gives the relation between the observable
timescale of neutrinos and the distance to supernovae.
It is apparent that we will observe longer time with
neutrinos for more nearby supernovae. Colors show
the detector size dependence, i.e. red is for SK (32.48
kton for the full volume of the inner tank), blue is
for Kamiokande-II (2.14 kton), and green is for Hyper-
Kamiokande (220 kton). Each detector has a range,
which shows model dependence, that is, the lowest
model has MNS,g = 1.20M� and initially low entropy
(M1L), while the highest has 2.05M� and the initially
high entropy (M2H) (see §2.2). The black point gives
the location of SN1987A whose distance is 51.2±3.1 kpc
(Panagia et al. 1991) and the duration is ⇠ 12.4 s (Hi-
rata et al. 1987), which is consistent with the canonical
model with K-II (the middle dotted line in blue region).
Note that the total event number is also consistent with
the observed number (11 or 12). Note also that the
current estimation is given by the threshold energy of
5 MeV for the kinetic energy, but K-II observation in
Hirata et al. (1987) employed 7 MeV. We repeat then
same calculation with the threshold energy of 7 MeV
and find no significant di↵erence from one with 5 MeV.

5.2. Backward time analysis

We propose backward time analysis to explore the dif-
ference of models. Since the late time properties of neu-
trinos are depending on a small number of parameters
(e.g., mass, radius, and temperature of PNS), which is
completely di↵erent from the early epoch in which var-
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Figure 11. The relationship between the observable time
and the distance to a supernova. Red, blue, and green
shaded regions show Super-Kamiokande, Kamiokande-II,
and Hyper-Kamiokande. The bottom, top and middle lines
in each color correspond to the models of PNS with low mass
and small entropy (bottom), high mass and high entropy
(top) and canonical mass and entropy (middle), respectively.
SN1987A is shown as a black point with errors of 1 s and 3.1
kpc, which fits quite well with KII region.

ious physics (e.g., convection, SASI, mass accreion onto
the PNS, the time of explosion onset) should be taken
into account to model neutrino light curves.
Fig. 12 presents the reverse cumulative event number

as a function of backward time measured from the ex-
pected last event (i.e. the time at N(> t) = 1). The
shaded region shows a statistical error assumed by the
Poisson distribution. It is clearly seen that model groups
with di↵erent PNS mass are separated (the models M1L
and M1H have and MNS,g = 1.20M�, while the mod-
els M2L and M2H have MNS,g = 2.06M�, respectively).
It indicates that we will be able to measure the PNS
mass formed by a supernova within 10 kpc with neu-
trino event count alone. Of course, the nuclear EOS
is also an important key physics for characterizing the
neutrino light curves, which will be discussed elsewhere
(see Nakazato & Suzuki, in prep, for instance).
To investigate the impact of neutrino oscillation, we

perform the same calculations by exchanging ⌫̄e and ⌫X
completely. This treatment is definitely extreme, but
the reality should fall within the original calculations
and extreme calculations. Fig. 13 shows the same plot
as Fig. 12 but for comparison with (thick lines) and
without (thin lines) neutrino oscillation. It is found that
the luminosity and spectrum of ⌫̄e and ⌫X become rather
similar for the late time, so that the reverse cumulative
event number for tback . 20 s are independent on the
existence of the neutrino oscillation.

6. DATA ANALYSIS STRATEGY
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neutrinos can be observed more than 30 s. More pre-
cisely, it is 33.2–40.1 s depending on the initial entropy.
For the highest mass PNS known so far (⇡ 2.0M�, see
Antoniadis et al. 2013) it is 107–129 s.
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Figure 10. Reverse cumulative event numbers as function
of time from PNSC calculations. Black lines are models from
§2.2 and gray lines are from Nakazato et al. (2013).

Fig. 11 gives the relation between the observable
timescale of neutrinos and the distance to supernovae.
It is apparent that we will observe longer time with
neutrinos for more nearby supernovae. Colors show
the detector size dependence, i.e. red is for SK (32.48
kton for the full volume of the inner tank), blue is
for Kamiokande-II (2.14 kton), and green is for Hyper-
Kamiokande (220 kton). Each detector has a range,
which shows model dependence, that is, the lowest
model has MNS,g = 1.20M� and initially low entropy
(M1L), while the highest has 2.05M� and the initially
high entropy (M2H) (see §2.2). The black point gives
the location of SN1987A whose distance is 51.2±3.1 kpc
(Panagia et al. 1991) and the duration is ⇠ 12.4 s (Hi-
rata et al. 1987), which is consistent with the canonical
model with K-II (the middle dotted line in blue region).
Note that the total event number is also consistent with
the observed number (11 or 12). Note also that the
current estimation is given by the threshold energy of
5 MeV for the kinetic energy, but K-II observation in
Hirata et al. (1987) employed 7 MeV. We repeat then
same calculation with the threshold energy of 7 MeV
and find no significant di↵erence from one with 5 MeV.

5.2. Backward time analysis

We propose backward time analysis to explore the dif-
ference of models. Since the late time properties of neu-
trinos are depending on a small number of parameters
(e.g., mass, radius, and temperature of PNS), which is
completely di↵erent from the early epoch in which var-
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Figure 11. The relationship between the observable time
and the distance to a supernova. Red, blue, and green
shaded regions show Super-Kamiokande, Kamiokande-II,
and Hyper-Kamiokande. The bottom, top and middle lines
in each color correspond to the models of PNS with low mass
and small entropy (bottom), high mass and high entropy
(top) and canonical mass and entropy (middle), respectively.
SN1987A is shown as a black point with errors of 1 s and 3.1
kpc, which fits quite well with KII region.

ious physics (e.g., convection, SASI, mass accreion onto
the PNS, the time of explosion onset) should be taken
into account to model neutrino light curves.
Fig. 12 presents the reverse cumulative event number

as a function of backward time measured from the ex-
pected last event (i.e. the time at N(> t) = 1). The
shaded region shows a statistical error assumed by the
Poisson distribution. It is clearly seen that model groups
with di↵erent PNS mass are separated (the models M1L
and M1H have and MNS,g = 1.20M�, while the mod-
els M2L and M2H have MNS,g = 2.06M�, respectively).
It indicates that we will be able to measure the PNS
mass formed by a supernova within 10 kpc with neu-
trino event count alone. Of course, the nuclear EOS
is also an important key physics for characterizing the
neutrino light curves, which will be discussed elsewhere
(see Nakazato & Suzuki, in prep, for instance).
To investigate the impact of neutrino oscillation, we

perform the same calculations by exchanging ⌫̄e and ⌫X
completely. This treatment is definitely extreme, but
the reality should fall within the original calculations
and extreme calculations. Fig. 13 shows the same plot
as Fig. 12 but for comparison with (thick lines) and
without (thin lines) neutrino oscillation. It is found that
the luminosity and spectrum of ⌫̄e and ⌫X become rather
similar for the late time, so that the reverse cumulative
event number for tback . 20 s are independent on the
existence of the neutrino oscillation.

6. DATA ANALYSIS STRATEGY
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[ Nakazato, Nakanishi, Harada, Koshio, Suwa, Sumiyoshi, Harada, Mori, Wendell, ApJ, 925, 98 (2022)]

long-term evolution of the neutrino emission and not its early
phase, which is affected by other uncertain processes, such as
mass accretion onto the PNS, convection processes, and
hydrodynamical instabilities that may lead to shock revival.
Although the expected event number of neutrinos in the late
phase is smaller than that in the early phase, the difference
among models may be statistically significant as presented in
the next sections.

4.2. Backward Time Analysis of the Event Number

We use the reverse cumulative event number in Equation (6)
to estimate how long the neutrinos are detectable. We define
the time of the last expected event, tlast, as N(> tlast) = 1. As
seen from Table 1, neutrino detection persists for about
40–170 s, where the duration depends on the PNS mass and the
EOS. In particular, the EOS dependence is more drastic than
the mass dependence, and the Togashi EOS models have a
much longer duration than the Shen EOS models. The duration
of the LS220 EOS models is similar to that of the T+S EOS
models when the PNS mass is the same. While the T+S EOS
has a longer cooling timescale in the Kelvin–Helmholtz phase,
it has a steeper decline in event rate than the LS220 EOS after

the transition to transparency. For each EOS model, the
difference in tlast is subtle between the models with (Mb,
MZAMS) = (1.62Me, 15Me) and (1.62Me, 40Me) and is
attributed to the initial entropy. Note that because the event rate
of supernova neutrinos at around tpb = tlast is still higher than
the background rate of Super-Kamiokande after the spallation
cut (defined below), our estimation does not suffer significantly
from systematic errors on the background (see Section 5.2 for
details).
In order to explore the properties of the PNS, representing

the cumulative event number as a function of time measured
backward from tlast was proposed in Paper I. The backward
time analysis of the event number is useful to disentangle PNS
properties that are washed out in the early phase by
uncertainties such as that of the initial entropy profile. In
Figures 8 and 9 the backward cumulative event numbers with
Poisson statistical uncertainties are compared for different EOS
models. We see that the cumulative event numbers of the
Togashi EOS models have a shallow slope while those of the
Shen EOS and T+S EOS models show a steep gradient around
the time origin. The event rate of the Togashi EOS models
varies slowly even in the late phase because the surface
temperature of the PNS is high due to its abundance of heavy

Figure 8. EOS dependence of the cumulative event number for models with the 15 Me progenitor. The lines correspond (from top to bottom) to the models with the
Shen EOS, T+S EOS, LS220 EOS, and Togashi EOS. Here time is measured backward from the last expected event, and the shaded region shows the variation in the
prediction assuming statistical uncertainties.
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different nuclear 
equation of state

supernova neutrinos with large detectors would therefore
provide important clues as to the properties of the hot and
dense nuclear matter in the dying star.

While considerable effort has been devoted to modeling
supernova dynamics in its early stage (up to ∼2 s after the
bounce) in order to elucidate the explosion mechanism (see
Janka 2017; Müller 2019, for neutrinos from supernovae and
its relation with hydrodynamics), the neutrino emission during
the late phase is also important to understand the supernova
energetics and the compact object formation. Pioneering work
in this direction was done by Totani et al. (1998), who studied
the detection statistics for Super-Kamiokande using Monte
Carlo (MC) simulations based on a single model of long-term
supernova neutrino emission, known as the Wilson model
(Bethe & Wilson 1985). Recently, some long-term simulations
have been done with modern hydrodynamical evolution
(Hüdepohl et al. 2010; Fischer et al. 2012; Suwa 2014; Li
et al. 2021; Mori et al. 2021; Nagakura et al. 2021) and quasi-
stationary evolution (Keil & Janka 1995; Nakazato et al. 2013;
Camelio et al. 2017) techniques. To predict neutrino observa-
tions from the next Galactic supernova, detailed knowledge of
hot and dense matter, as well as the relevant uncertainties,
needs to be included in sophisticated numerical simulations.
These details may affect the neutrino signal by influencing the
properties of the PNS (Burrows 1988; Sumiyoshi et al. 1995;
Pons et al. 1999; Roberts et al. 2012; Nakazato et al. 2018a;
Sumiyoshi et al. 2019; Nakazato & Suzuki 2019).

In Suwa et al. (2019, hereafter Paper I), we systematically
performed PNS cooling calculations over 10 s by changing
both the PNS mass from ∼1.2 to 2.05 Me and the initial
entropy profile by taking into account the explosion details and

the early PNS thermodynamic profile. Based on these
calculations we evaluated the supernova neutrino signals
expected in Super-Kamiokande with a focus on the last
observable event. We demonstrated that the duration of the
neutrino observation strongly depends on the mass of the PNS
born in the supernova. Furthermore, we proposed a novel
backward-in-time analysis focused on the late phase of the
neutrino light curve to extract properties of the PNS
independent of the early-time evolution. However, the EOS
dependence of the neutrino light curve was not discussed in
Paper I. In this paper, we investigate the impact of the nuclear
EOS on this backward time analysis.
The late-time behavior of the supernova neutrino burst is

sensitive to the nuclear EOS. Nakazato & Suzuki (2019, 2020)
systematically simulated the PNS cooling process using
parameterized EOS models. Finding that the neutrino light
curve is characterized by the gravitational mass, MNS,g, and
radius, RNS, of the resulting neutron star, they proposed a
method to estimate these parameters. Because the binding
energy of the neutron star determines the total energy of emitted
neutrinos and depends on MNS,g and RNS (Lattimer &
Prakash 2001), properties of the nascent neutron star can be
extracted from neutrino observations. Note that the mass–radius
relation of neutron stars is mainly determined by the EOS at
supranuclear densities. On the other hand, the EOS at subnuclear
densities affects the average energy of emitted neutrinos because
heavy nuclei residing in this regime efficiently interact with
neutrinos via coherent effects (Nakazato et al. 2018a). Accord-
ingly, the average neutrino energy is higher for an EOS with a
larger mass number of heavy nuclei.
This paper presents the first attempt to include the EOS

dependence of the late-phase supernova neutrino event rate. In
Section 2 we briefly review the nuclear EOS and introduce the
models adopted in the present study. Neutrino emission from
the cooling PNS is described in Section 3.1 and a procedure to
estimate the neutrino event rate at Super-Kamiokande is
explained in Section 3.2. Our main results are presented in
Section 4, where we confirm that the nuclear EOS strongly
affects the event rate and average event energy. Using the
backward time analysis, it is possible to extract both the PNS
mass and EOS. Furthermore, we introduce a new proposal for
an improved backward time analysis that incorporates the
information on the average event energy. The data analysis
strategy proposed in this study is summarized in Section 5.1
and the detector background is described in Section 5.2. We
devote Section 6 to our conclusions.

2. Nuclear Equation of State

The properties of nuclear matter relevant to the description
of the supernova core and PNS have been studied for decades.
The incompressibility of symmetric nuclear matter, which has
equal numbers of neutrons and protons, has been deduced from
measurements of the isoscalar giant monopole resonance in
some nuclei (Garg & Colò 2018). Heavy-ion collision data,
particularly those describing the collective flow of nucleons
and nuclear fragment yields, provide constraints on the EOS at
supranuclear densities not only for symmetric nuclear matter
(Le Fèvre et al. 2016) but also for neutron-rich matter (Jhang
et al. 2021). The density dependence of symmetric energy,
which corresponds to the difference in energy per nucleon
between pure neutron matter and symmetric nuclear matter, has

Figure 1. Mass–radius relations of cold neutron stars for the EOS models
adopted in this study. Solid (black), dotted–dashed (red), dashed (green), and
dotted (blue) curves are for the Shen EOS (S), LS220 EOS (L), Togashi EOS
(T), and T+S EOS (U), respectively. The T+S EOS is constructed by
connecting the Togashi EOS at high densities and the Shen EOS at low
densities including the nonuniform phase. Filled and open contours correspond
to constraints from the gravitational-wave and X-ray observations, respectively.
Horizontal lines represent mass measurements of heavy neutron stars.

2
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Data is available from               : 
Paper I → zenodo.4632494  
Paper II → zenodo.5778223
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PNS is assumed as Lane-Emden solution with n=1 

 

Neutrino transport with diffusion approximation 
,    

Neutrino luminosity with given entropy 

 

Time evolution  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Analytic model
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[Suwa, Harada, Nakazato, Sumiyoshi, PTEP, 2021, 0130E01 (2021)]

MPNS: PNS mass 
RPNS: PNS radius 
s: entropy 
α=RPNS/π

ε: energy density of neutrinos 
F: flux of neutrinos 
κt: opacity

g: surface density correction (~0.1) 
β: opacity boost by coherent scattering 
Eth: total thermal energy of PNS
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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)

analytic 
w/ 2 components 
• early: free nucleons 
• late: heavy nuclei

Solve neutrino transport eq. analytically  
Neutrino luminosity  
  

Neutrino average energy   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Analytic solutions
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[Suwa, Harada, Nakazato, Sumiyoshi, PTEP, 2021, 0130E01 (2021)]
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Observables with analytic solutions

Event rate w/ SK from SN @10kpc 
 

Positron average energy 
 

PNS radius  
 

Consistency relation of analytic model 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[Suwa, Harada, Nakazato, Sumiyoshi, PTEP, 2021, 0130E01 (2021)]
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Mock sampling

23

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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100 realizations
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Parameter uncertainty
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Figure 3. Probability density function (PDF) determined
by Eq. (6) for the simulation in Fig. 2. Contours with solid
and dashed lines correspond to P/Pmax = 1/e (0.368, cor-
responding to 1σ) and 1/e2 (0.135, 2σ), respectively, where
Pmax is the maximum value of the PDF. Colored lines give
results using both the event rate and average energy of the
positrons, while grey lines give those from the fit with the
event rate alone.

the number of bins N = 20, such that A ≈ 1.206. To
calculate the χ2 in Eq. (5) the central value of the time
bin (ti − 0.5∆ti) is used as shown in Figure 2. Error
bars in the figure indicate the Poisson statistical error
on the event rate and the standard deviation of energies
in each bin for the average energy plot. Two solid lines
(red and grey) show the time evolution of the event rate
and average energy using the best fit parameters. The
gray line is calculated by the event rate alone, but the
red line is calculated by both the event rate and the
average energy data. For the latter the χ2 is estimated
by the simple sum of the contributions at each time step
from the event rate and average energy.
We next estimate the uncertainties of the model pa-

rameters with the PDF of Eq. (6). Figure 3 shows
the distribution of P . In this figure contours with solid
and dashed lines correspond to P/Pmax = 1/e (0.368,
corresponding to 1σ) and 1/e2 (0.135, 2σ), respectively,
where Pmax is the maximum value of P . Colored lines
give results with both R and Ee+ , but gray lines give
those with R alone. Due to the parameter degeneracy,
the allowed regions in M and R are rather large and
elongated for the case with R alone. However, Etot can
be estimated precisely even using only R. We can draw
the same conclusion from the marginalized PDFs shown
in the top panel of each column. Note that the uncer-
tainties shown here are for a single realization. Since the
observed data are subject to fluctuations due to Poisson
statistics, it is necessary to perform Monte Carlo cal-
culations for multiple realizations in order to evaluate

Table 1. Expected values and statistical errors

Median 68% 95%

MPNS (M⊙) 1.532 +0.079
−0.075

+0.163
−0.147

RPNS (km) 11.69 +0.48
−0.48

+0.98
−0.93

Etot (1053 erg) 1.009 +0.032
−0.030

+0.066
−0.059

the expected parameter sensitivity (expected error) in
anticipation of an actual observation.

4. PARAMETER SENSITIVITY

The expected parameter sensitivity is evaluated using
100 realizations of the model above. Figure 4 shows the
resulting PDFs of MPNS, RPNS, and Etot, respectively,
for each realization. The bold lines indicate their av-
erages. Each Monte Carlo calculation produces various
best-fit values according to Poisson statistics, but the
average line shows that the input values are the most
plausible and that values far from the input result in a
predominant drop in the probability density. Note that
the average PDF taken over 1,000 realizations shows al-
most the same distribution. Our estimate of the ex-
pected parameter sensitivity uses the median value of
the average PDF as the central value and 68% and 95%
uncertainties given by the parameter range represent-
ing those probability contents (taken about the median).
The results are summarized in Table 1.
Figure 5 shows a histogram of the distribution of best-

fit values for 100,000 realizations, with the average PDF
shown as a red line. From this figure, we can see that
the average PDF of 100 realizations is roughly equiva-
lent to the best-fit fluctuations of the larger statistics.
The slight deviation of the maximum of the best-fit value
distribution from the input suggests that the fitting con-
tains some bias. Since the goal of this paper is to demon-
strate a simple model analyzed in a simple manner, we
will not go into depth here.
Here we have only demonstrated the expected sensi-

tivity for a specific choice of MPNS, RPNS, and Etot.
Calculations performed for 1.2M⊙ < MPNS < 1.8M⊙

and 10 km< RPNS <14 km,2 however, yield similar pa-
rameter uncertainties. This can be understood from the
limited dependence ofMPNS andRPNS on the total num-
ber of events, as given by Equation (3).

5. SUMMARY

In this paper, we performed Monte Carlo sam-
pling calculations of neutrino events observed in Super-
Kamiokande from a Galactic supernova explosion. The
analytical solution from Suwa et al. (2021) was used as

2 Etot is not changed since it is strongly related to the early phase.

True values: 
• MPNS = 1.52M⨀ 
• RPNS = 11.8 km 
• Etot = 1053 erg

[Suwa, Harada, Harada, Koshio, Mori, Nakanishi, Nakazato, Sumiyoshi, Wendell, ApJ, 934, 15 (2022)]
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Time (s)

Neutrino luminosity (erg/s)

1 10 1000.1

1053

1052

1051

1050

highly uncertain  
(Expl. mechanism, accretion, 
muti-D effects, ν-osc., etc.)

less uncertain
(NS mass, temperature)

Toward physics in the next Galactic supernova

Properties of neutron stars 
Binding energy 

important for energetics, done with SN1987A  

 

Mass 

important for discriminating final object (NS or BH) 
measurable with next SN 

Radius 
important for discriminating nuclear equation of state 
measurable with next SN

Eb ≈ GM2
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Neutrino constraint on M-R relation

28
Sotani-Nishimura-Naito (2022)
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Summary

Neutrinos from the next Galactic SN are studied 

Take home messages 
O(103) ν will be detected, correlated to MNS 
Observable time scale is O(10)s, even > 100s 
Simple analytic expressions are available 
M and R can be measured independently

30

Strategy of neutrino observations 
building neutrino detectors 
taking data (Monte-Carlo) 
making use of simplified analytic model 
detailed numerical simulations

 


