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

いくつのイベントが観測できるか？ 

SN1987AからはKamiokandeで11イベント 

M=2.14 kton (内部タンクの全容量) 

D=51.2 kpc (LMC) 

SK (M=32.5 kton), D=10 kpc => 4400 イベント 
（O(10)% の統計誤差あるもののオーダーは決まる） 

どれくらいの時間観測可能か？ 

SN1987Aでは12.4 秒 

下限のみ。大きな不定性！

いま超新星が起こったら？２つの疑問。



諏訪雄大 @ 第7回超新星ニュートリノ研究会 /182021/1/7

検出数：次の銀河系内超新星からの検出数予想
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Hyper-Kamiokande (water) [15]. Most of the current generation of detectors will also
continue to run.

6. Neutrino mass physics from supernova neutrinos

In this section we will survey prospects for determining neutrino parameters from the
supernova signal. In some cases it is possible to quantify easily the expected sensitivity to a
mass-dependent effect. In others, however, the specific nature of the neutrino flux and
spectrum is not known well enough to do this, even while the qualitative nature of the signal
is generally understood. Self-interaction effects are a particularly egregious example of this.
The reader should be assured, however, that if a signal is harvested from a Milky Way burst,
physicists will be ingenious in squeezing all possible information from the data.

Table 2. Current and proposed supernova neutrino detectors as of the time of this
writing. Neutrino event estimates are approximate for 10kpc; note that there is sig-
nificant variation by supernova model. An asterisk indicates a surface detector; these
have more cosmogenic background. Numbers in parentheses indicate long-string
Cherenkov detectors which do not reconstruct individual interactions.

Detector Type Mass (kt) Location Events Status

Super-Kamiokande H2O 32 Japan 7000 Running
LVD CnH2n 1 Italy 300 Running
KamLAND CnH2n 1 Japan 300 Running
Borexino CnH2n 0.3 Italy 100 Running
IceCube Long string (600) South pole (106) Running
Baksan CnH2n 0.33 Russia 50 Running
HALO Pb 0.08 Canada 30 Running
Daya Bay CnH2n 0.33 China 100 Running
NOνA* CnH2n 15 USA 4000 Running
MicroBooNE* Ar 0.17 USA 17 Running
SNO+ CnH2n 0.8 Canada 300 Near future
DUNE Ar 40 USA 3000 Future
Hyper-
Kamiokande

H2O 374 Japan 75 000 Future

JUNO CnH2n 20 China 6000 Future
RENO-50 CnH2n 18 Korea 5400 Future
PINGU Long string (600) South pole (106) Future

Table 3. Summary of current and future flavor sensitivity.

Flavor Current sensitivity Future sensitivity

Oe Low (ES in SK, Excellent, LAr
HALO) (DUNE)

Ōe Good (SK, Excellent, huge
scintillator) statistics (HK, JUNO)

Ox Low (sub-dominant Good
channels ) (elastic νp scattering,

CEvNS)

J. Phys. G: Nucl. Part. Phys. 45 (2018) 014002 K Scholberg
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@10kpc

Scholberg 2018
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観測時間：現在のシミュレーション時間は不十分
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FIG. 181. Time profiles of the observed inverse beta decay event rate (left) and mean energy of these

events, predicted by supernova simulations [250, 253–258] for the first 0.3 seconds after the onset of a 10 kpc

distant burst with Hyper-K 1 tank.

Because of the finite mass of neutrinos, their arrival times will depend on their energies. This

relation is expressed as

�t = 5.15 msec(
D

10 kpc
)(

m

1 eV
)2(

E⌫

10 MeV
)�2 (24)

where �t is the time delay with respect to that assuming zero neutrino mass, D is the distance to

the supernova, m is the absolute mass of a neutrino, and E⌫ is the neutrino energy. Totani [260]

discussed Super-Kamiokande’s sensitivity to neutrino mass using the energy dependence of the

rise time; scaling these results to the much larger statistics provided by Hyper-K, we expect a

sensitivity of 0.5 to 1.3 eV for the absolute neutrino mass [261]. Note that this measurement of the

absolute neutrino mass does not depend on whether the neutrino is a Dirac or Majorana particle.

Hyper-K can also statistically extract an energy distribution of ⌫e + ⌫X(X = µ, ⌧) events

using the angular distributions in much the same way as solar neutrino signals are separated from

background in Super-K. Although the e↵ect of neutrino oscillations must be taken into account,

the ⌫e + ⌫X spectrum gives another handle on the temperature of neutrinos. Hyper-K will be able

to evaluate the temperature di↵erence between ⌫̄e and ⌫e + ⌫X . This would be a valuable input to

model builders. For example, the prediction from many of the models that the energy of ⌫e is less

than ⌫X can be confirmed. The temperature is also critical for the nucleosynthesis via supernova

explosion [262].

From recent computer simulation studies, new characteristic modulations of the supernova

Hyper-Kamiokande Design Report, arXiv:1805.04163

Takiwaki, Kotake, Suwa (2014)
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超新星ニュートリノは10秒以上検出される
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Time (s)

ニュートリノ光度 (erg/s)

1 10 1000.1

1053

1052

1051

1050

不定性大 
（爆発機構、中性子星質量・温度、物質降
着、多次元効果、ニュートリノ振動など）

不定性小 
（中性子星質量・半径・温度）

ニュートリノ後期放射はパラメータが少ない
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以下の方針が有効であろう： 
• 不定性の小さい後期放射から、爆発後に残される中性子星 
パラメータ絞り込み（初期放射の第0近似を与える） 

• 不定性の大きな初期放射の変動成分（第0近似からの差分） 
から、爆発機構などに迫る 
観測から物理を引き出すには、後期放射の理解が不可欠！
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nuLC コラボレーション
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京産大: 諏訪 (理論) 

京都大: 森,  Wendell, 芦田 (実験)

東京大: 原田 (理論)

沼津高専: 住吉 (理論)

九州大: 中里 (理論)

岡山大: 小汐, 高平, 原田, 中西 (実験)

“nuLC” 
=neutrino Light Curve

Papers: 
1. Suwa, Sumiyoshi, Nakazato, Takahira, Koshio, Mori, Wendell, ApJ, 881, 139 (2019) 
2. Suwa, Harada, Nakazato, Sumiyoshi, PTEP, arXiv:2008.07070 
3. Mori, Suwa, Nakazato, Sumiyoshi, Harada, Harada, Koshio, Wendell, PTEP, arXiv:2010.16254 
4. Nakazato et al. in prep. （次の中里さんの講演参照）
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数値シミュレーション
流体計算 (t<0.3s) 

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

PNS冷却計算 (t>0.3s) 
static (TOV), FLD neutrino transport, nuclear EOS, 1D 
Suzuki 1993 

2つの計算を滑らかに接続 
trevive=100, 200, 300 ms  
Nakazato+ 2013 

親星 
13, 20, 30, 50 M⊙ 
Umeda+ 2012
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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
(lower) as a function of the baryonic mass coordinate mb. In
both panels, thick solid lines are for the model in Nakazato
et al. (2018) with the EOS by Shen et al. (2011). In the
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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イベントレート

20秒まで計算 
ニュートリノ光度とスペクトル 

SKの内部タンク全容量を仮定(32.5kt)、10kpc 

逆ベータ崩壊のみ ( )  

イベントレートは親星質量ではなく、PNS質量と強い相関

ν̄e + p → e+ + n

10

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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20秒よりも長いシミュレーションが必要
爆発後20秒でも、イベントレートは高い。長時間計算が必要。 
既知の中性子星の質量領域もさらに広い: 1.17～2.01M⊙ 
Demorest+ 2010, Antoniadis+ 2013, Martinez+ 2015 
(see also Cromartie+ 2020 for a recent update) 

追加PNS冷却計算。より長く、より広いパラメータ領域。 
MNS=1.20、1.35、2.05M⊙ 

初期エントロピー構造も2通り（典型的爆発モデルよりも広く） 

最後の検出可能イベントまで

11
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超新星ニュートリノ観測可能時間はいかほど？

12

[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.

10
-1

10
0

10
1

10
2

10
3

10
4

 0.1  1  10  100

N
(>

t)

t (s)

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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超新星ニュートリノ観測可能時間はいかほど？
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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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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

[Suwa, Sumiyoshi, Nakazato, Takahira, Koshio, Mori, Wendell, ApJ, 881, 139 (2019)]
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長時間ニュートリノをどう解析するといいのか？
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Figure 12. Reverse cumulative event number as a function
of the backward time measured from the expected last event.
The shade region shows a Poisson fluctuation.
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Figure 13. The same as Fig. 12, but for the comparison
with and without neutrino oscillation. Thick lines are calcu-
lated from ⌫̄e directly and thin lines are calculated from ⌫X
that is assumed to be converted to ⌫̄e completely. Note that
two lines are almost identical for the last O(100) events.

The expected scenario is as follows: the

7. SUMMARY

Supernova neutrinos are crucially important to probe
the final phase of massive star evolution. In particular,
the mass and radius of neutron star just after the explo-
sion will be able to be extracted from neutrino observa-
tions. To perform such an analysis for the next Galactic
supernova, we need comprehensive methodology to an-
alyze whole timescale of neutrinos. Although there are
a number of modern simulations of neutrino-radiation
hydrodynamics, which are interested in the early phase

(less than 1 s after the bounce), the late phase (more
than 1 s after the bounce) has not been studied system-
atically yet.
In this study, with database of Nakazato et al. (2013)

we investigated neutrino properties observable by Super-
Kamiokande up to 20 s after the bounce. We also added
five more models by performing new PNS cooling cal-
culations and studied the observable duration of neutri-
nos. We found that we will be able to observe neutrinos
more than 30 s for low-mass neutron star (1.20M� in
the gravitational mass) and more than 100 s for high-
mass neutron star (2.05M�), both for an supernvoa at
10 kpc.
In addition, we indicated that the neutron star mass

can be measured with the reverse cumulative neutrino
events as a function of reverse time from the last event.
The neutrino oscillation e↵ect was also investigated and
having no influence because at the late time the neutrino
luminosities and spectra are almost flavor independent.
There are a few caveats. In this study, we employed

only one nuclear EOS. As well known, the EOS is still
under debate and it changes the relationship between
neutron star mass and radius so that neutrinos’ aver-
age energy and total energy are EOS dependent. We
leave EOS dependencies for the next systematic study,
in which the way to resolve the degeneracy of mass and
radius for neutrino properties. In addition, the system-
atic error from detailed neutrino interaction rates and
the method of neutrino radiation transfer are also issues
to be solved in the next study.
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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

ニュートリノボルツマン方程式を解析的に解いた 

光度:    

平均エネルギー:   

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

ニュートリノ光度曲線の解析解
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[Suwa, Harada, Nakazato, Sumiyoshi, PTEP in press., arXiv:2008.07070]
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観測量の解析的表式

イベントレート（SN@10kpc） 

 

陽電子の平均エネルギー 

 

PNS半径 

 

consistency relation （解析解の妥当性を与える） 

ℛ ≈ 720 s−1 ( Mdet

32.5 kton ) ( D
10 kpc )

−2

( MPNS

1.4M⊙ )
15/2

( RPNS

10 km )
−8

( gβ
3 )

5

( t + t0
100 s )

−15/2

Ee+ ≈ 25 MeV ( MPNS

1.4M⊙ )
3/2

( RPNS

10 km )
−2

( gβ
3 ) ( t + t0

100 s )
−3/2

RPNS = 10 km ( ℛ
720 s−1 )

1/2

( Ee+

25 MeV )
−5/2

( Mdet

32.5 kton )
−1/2

( D
10 kpc )

ℛ ··ℛ
·ℛ2

=
17
15

17

[Suwa, Harada, Nakazato, Sumiyoshi, PTEP in press., arXiv:2008.07070]



諏訪雄大 @ 第7回超新星ニュートリノ研究会 /182021/1/7

まとめ
次の銀河系内超新星ニュートリノ（1秒以降の後期放射）
について理論と観測をつなげる計算 
Take home messages 

検出数：O(103)、MPNSと相関。 
検出時間：O(10)s、>100s もありえる 
最後のイベントからの時間逆向き解析の有用性 
イベント解析にも使える後期放射の解析解 

Next step 

スペクトル解析 
核物質の状態方程式

18

次の中里さんの講演}


