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Supernova 1987A

Kam-II  (11 evts.) 
IMB-3  (8 evts.) 
Baksan (5 evts.) 

24 events total 

Water Cherenkov
Kamiokande-II 

(1kton)
IMB-3 (8kton)

Liquid Scintillator
Baksan

23rd Feb. 1987, 7:35 (UT), @50kpc



If it happens now?
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50kton Water Cherenkov detector
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Super-Kamiokande

Expected number of event

Livermore simulation 
Totani, Sato, Dalhed, Wilson, ApJ. 496 (1998) 216

~7300 ev (inverse beta decay) 
~100 ev (16O CC) 
~300 ev (νe elastic scattering) 
~360 ev (16O NC γ)

at 10kpc, 4.5MeV energy threshold

charged 
particle θ

18

on the solar parameter space.
Figure 33 shows the allowed region in (θ12, θ13) space

obtained from the global solar analysis and our Kam-
LAND analysis. As shown in the figure, in the global
solar contour, the larger value of θ13 prefers the larger
value of θ12, while in the KamLAND contour the larger
value of θ13 prefers the smaller value of θ12. The
global solar analysis finds that the best fit values at
sin2 θ12 = 0.31±0.03 (tan2 θ12 = 0.44±0.06) and∆m2

21 =
6.0+2.2

−2.5 × 10−5eV2. Combined with the KamLAND re-
sult, the best-fit oscillation parameters are found to be
sin2 θ12 = 0.31+0.03

−0.02 (tan2 θ12 = 0.44+0.06
−0.04) and ∆m2

21 =

7.7± 0.3× 10−5eV2. The best fit value of sin2 θ13 is 0.01,
and an upper bound is obtained, sin2 θ13 < 0.060 at the
95% C.L., for the global solar analysis. Combining with
the KamLAND contour, the best fit value of sin2 θ13 is
0.025+0.018

−0.016 and the 95% C.L. upper limit of the sin2 θ13
is found to be 0.059.
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FIG. 32: Allowed region in solar parameter space (θ12,∆m2)
obtained by the three-flavor analysis. The thick lines and
the star mark show the allowed regions and the best fit point
of the global solar analysis. The thin lines and the square
mark show the allowed regions and the best fit point of our
KamLAND analysis. The filled areas and the filled circle
mark show the allowed regions and the best fit point of the
combined analysis. For all regions, the innermost area (red),
the middle area (green) and the outermost area (blue) show
68.3, 95, 99.7 % C.L. respectively.

The flux value of 8B neutrinos can be extracted using
the oscillation parameters obtained from the fitting of
the global solar and KamLAND result. As in Equation
4.1, β is a free parameter to minimize the χ2 and there
is no constraint from the SSM prediction in χ2

SK+SNO.
Table VII summarizes the scaled 8B flux values by us-
ing βm at the best fit point obtained by the global solar
analysis and the global solar + KamLAND analyses in
both two and three flavor analyses. The size of the error
corresponds to the maximum and minimum flux values
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FIG. 33: Allowed region in (θ12, θ13) space obtained by the
three-flavor analysis. The definitions of marks and lines are
same as in Figure 32.

8B flux (×106cm−2s−1)
Global solar (2 flavor) 5.3 ±0.2
Global solar + KamLAND (2 flavor) 5.1 ±0.1
Global solar (3 flavor) 5.3 ±0.2
Global solar + KamLAND (3 flavor) 5.3 +0.1

−0.2

TABLE VII: 8B neutrino flux obtained from the oscillation
parameter fitting.

among the 1σ oscillation parameter region. As shown in
the table, the 8B flux agrees well with the latest SSM
prediction [32], and the size of the uncertainty is 2 ∼ 3%
which is consistent with the SNO result [20].

V. CONCLUSION

Super-Kamiokande has measured the solar 8B flux to
be (2.32± 0.04(stat.)± 0.05(sys.))× 106 cm−2sec−1 dur-
ing its third phase; the systematic uncertainty is smaller
than for SK-I. Combining all solar experiments in a
two flavor fit, the best fit is found to favor the LMA
region at sin2 θ12 = 0.30+0.02

−0.01 (tan2 θ12 = 0.42+0.04
−0.02)

and ∆m2
21 = 6.2+1.1

−1.9 × 10−5eV2. Combined with the
KamLAND result, the best-fit oscillation parameters are
found to be sin2 θ12 = 0.31±0.01 (tan2 θ12 = 0.44±0.03)
and ∆m2

21 = 7.6± 0.2× 10−5eV2, in excellent agreement
with previous solar neutrino oscillation measurements.
In a three-flavor analysis combining all solar neutrino ex-
periments and the KamLAND result, the best fit value
of sin2 θ13 is found to be 0.025+0.018

−0.016 and an upper bound
is obtained as sin2 θ13 < 0.059 at 95% C. L..

ニュートリノ振動
２０００年代

SK
SNO (CC)
SNO (NC)

0 0.25 0.5 0.75 1

νe νx

1000t �� 

SNO

Super-Kamiokande

νe,x + e- → νe,x + e-
電子弾性散乱 (ES)

入射ニュートリノの方向を保存
高統計、高精度の測定
電子ニュートリノ反応断面積は
他のニュートリノの～７倍

νe + d → e- + p + p

太陽内部で
発生時

ニュートリノの種類を区別できる

荷電カレント (CC)

νx + d → νx + n + p
中性カレント (NC)

νe,x + e- → νe,x + e-
電子弾性散乱 (ES)

ニュートリノ振動パラメータ

Phys. Rev. D 83, 052010 (2011)

Solar + KamLAND

12年2月19日日曜日
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KamLAND
1000 ton Liquid scintillator

Expected number of event at 10kpc

~300 ev (inverse beta decay) 
~60 ev (12C CC) 
~20 ev (νe elastic scattering) 
~300 ev (ν+p→ν+p)

✓ Large volume 
✓ Low energy threshold 
✓ Good νe sensitive 
✓ Good energy resolution

7.25%/
�

E/(MeV )

νe!

e+!

p!
n!

γ#p!

γ#

γ#
~200 µ sec.

2.2MeV

0.511MeV
0.511MeV

e-
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IceCUBE

10 kpc

2

with tr = 6 ms, τr = 50 ms and Rmax
ν̄e

= 1.5 × 103 bin−1.
These parameters also provide an excellent fit to the first
100 ms of a numerical model from the Garching group [8]
that is available to us.

We may compare these assumptions with the early-
phase models of Ref. [7]. Lν̄e

rises nearly linearly to
L52 = 1.5–2 within 10 ms. The evolution of ⟨Eν̄e

⟩RMS =
(⟨E3

ν̄e

⟩/⟨Eν̄e
⟩)1/2 is also shown, a common quantity in

SN physics that characterizes, for example, the efficiency
of energy deposition; the IceCube rate is proportional
to ⟨Eν̄e

⟩2RMS. At 10 ms after onset, ⟨Eν̄e
⟩RMS reaches

15 MeV, implying ⟨E3
15⟩/⟨E15⟩ = 1. We thus estimate

10 ms after onset a rate of 280–370 bin−1, to be compared
with 270 bin−1 from Eq. (4). Therefore, our assumed sig-
nal rise is on the conservative side.

Of course, the early models do not fix τr and Rmax
ν̄e

separately; the crucial parameters are tr and Rmax
ν̄e

/τr.
The maximum rate that is reached long after bounce is
not relevant for determining the onset of the signal.

If flavor oscillations swap the ν̄e flux with ν̄x (some
combination of ν̄µ and ν̄τ ), the rise begins earlier be-
cause the large νe chemical potential during the prompt
νe burst does not suppress the early emission of ν̄x [7].
Moreover, the rise time is faster, ⟨E⟩RMS larger, and the
maximum luminosity smaller. We use Eq. (4) also for Rν̄x

with tr = 0, τr = 25 ms, and Rmax
ν̄x

= 1.0 × 103 bin−1.
Flavor oscillations are unavoidable and have been stud-

ied, for early neutrino emission, in Ref. [7]. Assuming
the normal mass hierarchy, sin2 Θ13

>
∼ 10−3, no collec-

tive oscillations,1 and a direct observation without Earth
effects, Table I of Ref. [7] reveals that the νe burst would
be completely swapped and thus nearly invisible because
the νxe− elastic scattering cross section is much smaller
than that of νe. The survival probability of ν̄e would be
cos2 Θ12 ≈ 2/3 with Θ12 the “solar” mixing angle. There-
fore, the effective detection rate would be 2

3 Rν̄e
+ 1

3 Rν̄x
.

We use this case as our main example.

IV. RECONSTRUCTING THE SIGNAL ONSET

A typical Monte Carlo realization of the IceCube signal
for our example is shown in Fig. 1. One can determine
the signal onset t0 within a few ms by naked eye. For a
SN closer than our standard distance of 10 kpc, one can
follow details of the neutrino light curve without any fit.

One can not separate the ν̄e and ν̄x components for
the example of Fig. 1. Therefore, we reconstruct a fit
with a single component of the form Eq. (4), assuming
the zero-signal background is well known and not fitted

1 In the normal hierarchy, collective oscillation effects are usually
absent. It has not been studied, however, if the early neutrino
signal can produce multiple splits that can arise also in the nor-
mal hierarchy [9]. Moreover, for a low-mass progenitor collective
phenomena can be important if the MSW resonances occur close
to the neutrino sphere [10, 11].
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FIG. 1: Typical Monte Carlo realization (red histogram) and
reconstructed fit (blue line) for the benchmark case discussed
in the text for a SN at 10 kpc.

here. Using a time interval until 100 ms post bounce,
we reconstruct t0 = 3.2 ± 1.0 ms (1σ). If we use only
data until 33 ms post bounce we find t0 = 3.0 ± 1.7 ms.
Indeed, if one fits Eq. (4) on an interval that ends long
before the plateau is reached, we effectively fit a second
order polynomial with a positive slope and negative sec-
ond derivative at tr, whereas the plateau itself is poorly
fitted and its assumed value plays little role. Depending
on the distance of the SN one will fit more or fewer details
of the overall neutrino light curve and there may be more
efficient estimators for tr. Our example only provides a
rough impression of what IceCube can do.

The reconstruction uncertainty of t0 scales approxi-
mately with neutrino flux, i.e., with SN distance squared.
The number of excess events above background marking
the onset of the signal has to be compared with the back-
ground fluctuations. Therefore, a significant number of
excess events above background requires a longer integra-
tion period if the flux is smaller, explaining this scaling
behavior.

The interpretation of t0 relative to the true bounce
time depends on the flavor oscillation scenario realized in
nature. This is influenced by many factors: The value of
Θ13, the mass ordering, the role of collective oscillation
effects, and the distance traveled in the Earth. Com-
bining the signal from different detectors, using future
laboratory information on neutrino parameters, and per-
haps the very coincidence with a gravitational-wave sig-
nal may allow one to disentangle some of these features.
However, as a first rough estimate it is sufficient to say
that the reconstructed t0 tends to be systematically de-
layed relative to the bounce time by no more than a few
ms. The statistical uncertainty of the t0 reconstruction
does not depend strongly on the oscillation scenario.

Halzen, Raffelt : arXiv : 0908.2317

Onset of neutrino emission 
~3msec precision

Giga-ton detector
Precise measurement of the 
arrival time by dark rate rising
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Physics motivation

第 2章 超新星爆発ニュートリノ 13

発生した衝撃波は原子核を自由核子に分解しながら伝播していく。このとき、電子捕獲の断面積は
原子核よりも自由陽子のほうが大きいので衝撃波の通過している領域では (2.2)の反応により大量
の ∫

e

が作られる。衝撃波がニュートリノ球の内側を進んでいるときは作られたニュートリノは外
に出ることができないがニュートリノ球の外側までくるとニュートリノは自由に外に飛び出し、中
性子化バーストと呼ばれる ∫

e

のバーストを形成する。このバーストの継続時間は衝撃波の伝播時
間に相当し、10msec 以下である。またこのとき放出されるエネルギーは瞬間的には 1053erg/sec
になるものの継続時間が短いため過程全体では 1051erg 程度である。

5. 核表面の爆発 (10msec . t . 1sec)
衝撃波が通過した後の物質は高温の核子・電子対からなり、核心による (陽)電子捕獲反応 (2.2)、
(2.3) 及び電子の対消滅反応 (2.4) から 6種類全てのニュートリノが生成される。また、衝撃波背
後の物質はゆっくりと内部核に降り積もり重力エネルギー～1053erg を熱エネルギーに変換する。
この熱エネルギーをニュートリノが 100msec ～1sec のオーダーで持ち出していく。

6. 原始中性子星の冷却 (1sec . t . 10sec)
内部核とそこに降り積もった物質で原始中性子星ができる。その中ではニュートリノは熱平衡にあ
り、～10sec のオーダーでゆっくり拡散してくる。このときニュートリノはさらに～1053erg の熱
エネルギーとレプトン数を持ち出しその結果中性子星ができるのである。またこのとき、核の質量
が中性子の縮退圧力で支えられる量よりも重ければ、ブラックホールが形成されることとなる。

7. 超新星爆発 (t >数時間)
核表面に到達した衝撃波は、外層を伝播してそれを吹き飛ばしてしまう。外層は温度・密度ともに
低いため衝撃波は衰えることなく進むことができ、外層表面に達した後、星は光始める。中心から
外層表面までは 107 ª 109km 程度の距離なので、重力崩壊が始まってから光り始めるまで数時間
の遅れがある。

図 2.2 Livermore groupのモデルの
超新星爆発ニュートリノ輝度 (上図)

と平均エネルギー (下図)の時間発展。

しかしながら、計算機によるシュミレーションで
この超新星爆発過程を再現するのは難しく、ほとん
どの場合において衝撃波は途中で止まってしまう。
1980 年代にWilson ら [6] は一度止まってしまった
衝撃波に核の中心から逃げ出した一部の高エネル
ギーのニュートリノが (2.2)や (2.3)の左向きの反応
によってエネルギーを与えることで衝撃波が復活し
爆発が起こる“delayed explosion”というモデルを
提唱した。ところがその後の研究により、ニュート
リノだけでは衝撃波の復活を起こすことができない
ことがわかり、ここでモデルの詳細については議論
しないが Livermore group は衝撃波後方での物質の
相互作用をより詳しく計算することで衝撃波を復活
させ強い爆発を引き起こせることを示した [7]。彼ら
のモデルによる超新星爆発ニュートリノ輝度と平均
エネルギーの時間発展を図 2.2 に示す。輝度の時間
発展において中性子化バースト (0.01sec あたりの ∫

e

のピーク)のあと 500msec あたりまで続くピークが
核表面において衝撃波に物質が落ち込むときに放出

What we can learn
Expected time profile (Livermore simulation)

average energy

✓Core collapse physics 
• explosion mechanism 
• proto-neutron star cooling 
• black hole formation 
✓Multi-messenger analysis 

• with gravitational wave, 
gamma-ray, X-ray, telescope.. 
✓Neutrino physics 

• neutrino oscillation

Measurements of neutrino 
flavor, energy, time profile 

are the key points

νe

νx

νe

Luminosity



Workshop for neutrino program in Japan6th Aug. 2015 10

How often in our Galaxy?Online Supporting Information: Radioactive 26Al and massive stars in the Galaxy 

Star Formation Rate (SFR) and Supernova Rate (SNR) Estimates 
for the Galaxy 

Authors SFR  
[M

~
y-1] 

SNR  
[century-1]

Comments 

Smith et al. 1978 5.3 2.7  
Talbot 1980 0.8 0.41  
Guesten et al. 1982 13.0 6.6  
Turner 1984 3.0 1.53  
Mezger 1987 5.1 2.6  
McKee 1989 3.6 (R)  

2.4 (IR) 
1.84  
 1.22 

 

van den Bergh 1990 2.9 ± 1.5 1.5 ± 0.8 „the best estimate“ 

van den Bergh & Tammann 1991 7.8 4 extragalactic scaling 

Radio Supernova Remnants 6.5 ± 3.9 3.3 ± 2.0 very unreliable 

Historic Supernova Record 11.4 ± 4.7 5.8 ± 2.4 very unreliable 

Cappellaro et al. 1993 2.7 ± 1.7 1.4 ± 0.9 extragalactic scaling 

van den Bergh & McClure 1994 4.9 ± 1.7 2.5 ± 0.9 extragalactic scaling 

Pagel 1994 6.0 3.1  

McKee & Williams 1997 4.0 2.0 used for calibration 

Timmes, Diehl, Hartmann 1997 5.1 ± 4 2.6 ± 2.0 based on 26Al method 

Stahler & Palla 2004 4 ± 2 2 ± 1 Textbook 

Reed 2005 2-4 1-2  

Diehl et al. 2005 3.8 ± 2.2 1.9 ± 1.1 this work 
Table 1: Star formation and core-collapse supernova rates from different 
methods.  
 
Generically, the SFR is obtained from a tracer that can be corrected for 
observational selection effects and is understood well enough so that possible 
evolutionary effects can be taken into account. One either deals with a class of 
residual objects, such as pulsars or supernova remnants, or with reprocessed 
light, such as free-free, H-alpha, or IR emission that follows from the ionization 
and heating of interstellar gas and its dust content in the vicinity of the hot and 
luminous stars. One must be careful to include time-dependent effects. The 
“after-glow” of an instantaneous starburst behaves differently than the steady-
state output from a region with continuous star formation. We are concerned 
with an average star formation rate for the recent/current state of the Galaxy. 
We selected referenes for this table where either a supernova rate or a star 
formation rate is directly determined. The primary result in each paper is printed 
in bold.  
 

Diehl et. al. 0601015

Generally a few per century.

Adams et. al. 1306.0559

Latest estimate of galactic 
core-collapse supernova rate 
is 3.2+7.3-2.6 per century.

cf. 28.45 years since SN1987A

31.25 years per SN
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EXECUTIVE SUMMARY

FIG. 1. Schematic view of the Hyper-Kamiokande detector.

12

Expected number of event
~168000 ev (νe IBD) 
~2300 ev (16O CC) 
~7000 ev (ν-e es) 
~8300 ev (16O NC γ)

at 10kpc, 4.5MeV energy threshold

Hyper-Kamiokande
Water Cherenkov detector 

(Full volume 0.74Mton)
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FIG. 54. Expected number of supernova burst events for each interaction as a function of the distance to a

supernova. The band of each line shows the possible variation due to the assumption of neutrino oscillations.
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FIG. 55. Angular distributions of a simulation of a 10 kpc supernova. The plots show a visible energy range

of 5-10 MeV (left-top), 10-20 MeV (right-top), 20-30 MeV (left-bottom), and 30-40 MeV (right-bottom).

The black dotted line and the red solid histogram (above the black dotted line) are fitted contributions of

inverse beta and ⌫e-scattering events. Concerning the neutrino oscillation scenario, the no oscillation case

is shown here.
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EXECUTIVE SUMMARY

FIG. 1. Schematic view of the Hyper-Kamiokande detector.

Determine starting time 
with ~0.03 msec precision.

13

Expected number of event
~168000 ev (νe IBD) 
~2300 ev (16O CC) 
~7000 ev (ν-e es) 
~8300 ev (16O NC γ)

at 10kpc, 4.5MeV energy threshold

Time profile
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FIG. 56. Inverse beta event rate (left) and mean energy of ⌫̄e (right) predicted by supernova simulations

[83–87] for the first 0.3 seconds after the onset of a 10 kpc distant burst.

of neutrinos. Note that inverse beta events directly provide a very precise measurement of the

temperature of ⌫̄e. 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.

Figure 56 shows inverse beta event rates and mean ⌫̄e energy distributions predicted by various

models [83–87] for the first 0.3 sec after the onset of a burst. The statistical error of Hyper-K is

much smaller than the di↵erence between the models, and so Hyper-K should give crucial data

for comparing model predictions. The left plot in Fig. 56 shows that about 300-1000 events are

expected in the first 20 millisecond bin. This means that the onset time can be determined with

an accuracy of about 0.03 ms. This is precise enough to allow examination of the infall of the core

in conjunction with the signals of neutronization (see below) as well as possible data from future

gravitational wave detectors.

We can also use the sharp rise of the burst to make a measurement of the absolute mass of

neutrinos. 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

(7)

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 [88]

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⇠1.3 eV for the absolute neutrino mass [89]. Note that this measurement of the
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FIG. 56. Inverse beta event rate (left) and mean energy of ⌫̄e (right) predicted by supernova simulations

[83–87] for the first 0.3 seconds after the onset of a 10 kpc distant burst.

of neutrinos. Note that inverse beta events directly provide a very precise measurement of the

temperature of ⌫̄e. 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.

Figure 56 shows inverse beta event rates and mean ⌫̄e energy distributions predicted by various

models [83–87] for the first 0.3 sec after the onset of a burst. The statistical error of Hyper-K is

much smaller than the di↵erence between the models, and so Hyper-K should give crucial data

for comparing model predictions. The left plot in Fig. 56 shows that about 300-1000 events are

expected in the first 20 millisecond bin. This means that the onset time can be determined with

an accuracy of about 0.03 ms. This is precise enough to allow examination of the infall of the core

in conjunction with the signals of neutronization (see below) as well as possible data from future

gravitational wave detectors.

We can also use the sharp rise of the burst to make a measurement of the absolute mass of

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

This relation is expressed as

�t = 5.15 msec
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(7)

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 [88]

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⇠1.3 eV for the absolute neutrino mass [89]. Note that this measurement of the
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indicate the neutrino oscillation scenarios of no oscillation, N.H., and I.H., respectively.

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

A sharp timing peak at the moment of neutronization is expected in ⌫e-scattering events as

shown in Fig. 57. The expected number of ⌫e-scattering events at the neutronization burst is ⇠20,

⇠56, and ⇠130 for N.H., I.H., and no oscillation, respectively, for a supernova at 10 kpc. Although

the number of inverse beta events is ⇠345 (N.H.), ⇠700 (I.H.), and ⇠190(no oscillation) in the

10 ms bin of the neutronization burst, the number of events in the direction of the supernova is

typically 1/10 of the total events. So, the ratio of signal events (⌫e-scattering) to other events

(inverse beta) is expected to be about 20/33 (N.H.), 52/70 (I.H.) and 130/19 (no oscillation).

Thus, the ⌫e scattering events can be identified with high statistical significance thanks to the

directionality of ⌫e-scattering.

Neutrino oscillations could be studied using supernova neutrino events. There are many papers

which discuss the possibility of extracting signatures of neutrino oscillations free from uncertainties

of supernova models [81, 90–98]. One big advantage of supernova neutrinos over other neutrino

sources (solar, atmospheric, accelerator neutrinos) is that they inevitably pass through very high

density matter on their way to the detector. This gives a sizable e↵ect in the time variation of

the energy spectrum even for small sin2 ✓
13

[81, 91, 99]. As an example, figures from the paper

by Fogli et al. [81] are shown in Fig. 58. The propagation of the supernova shock wave causes

time variations in the matter density profile through which the neutrinos must travel. Because of

(130)

(56)

(20)

(700) (345)

(190)
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FIG. 58. Time variation of the neutrino event rate a↵ected by neutrino conversion by matter due to shock

wave propagation (reproduced from [81]). Left (right) plot shows the time variation of inverse beta events

for the energy range of 20±5 MeV (45±5 MeV). Solid black, dashed red, and blue dotted histograms show

the event rates for I.H. with shock wave propagation, I.H. with static matter density profile, and N.H.,

respectively. It has been assumed that sin2 ✓13 = 10�2.

neutrino conversion by matter, there might be a bump in the time variation of the inverse beta

event rate for a particular energy range (i.e., 45±5 MeV as shown in Fig. 58(right)) while no change

is observed in the event rate near the spectrum peak (i.e., 20±5 MeV as shown in Fig. 58(left)).

This e↵ect is observed only in the case of inverted mass hierarchy; this is one way in which the

mass hierarchy could be determined by a supernova burst.

In Hyper-K, it could be possible to detect burst neutrinos from supernovae in nearby galaxies.

As described above, we expect to observe a very large number of neutrino events from a galactic

supernova. However, galactic supernovae are expected to happen once per 30-50 years. So, we

cannot count on seeing many galactic supernova bursts. In order to examine a variety of supernova

bursts, supernovae from nearby galaxies are useful even though the expected number of detected

events from any single such burst are small. Furthermore, in order to fully understand the spectrum

of supernova relic neutrinos (see next sub-section), collecting an energy spectrum without the

complications of varying red-shift e↵ects is highly desirable. The supernova events from nearby

galaxies provide a reference energy spectrum for this purpose. The supernovae in nearby galaxies

was discussed by S. Ando, J. F. Beacom and H. Yüksel [100]; a figure from their paper is shown

in Fig. 59(left). It shows the cumulative supernova rate versus distance and indicates that if

Hyper-Kamiokande can see signals out to 4 Mpc then we could expect a supernova about every

three years. It should also be noted that the paper says recent, more sensitive astronomical
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FIG. 58. Time variation of the neutrino event rate a↵ected by neutrino conversion by matter due to shock

wave propagation (reproduced from [81]). Left (right) plot shows the time variation of inverse beta events

for the energy range of 20±5 MeV (45±5 MeV). Solid black, dashed red, and blue dotted histograms show

the event rates for I.H. with shock wave propagation, I.H. with static matter density profile, and N.H.,

respectively. It has been assumed that sin2 ✓13 = 10�2.

neutrino conversion by matter, there might be a bump in the time variation of the inverse beta

event rate for a particular energy range (i.e., 45±5 MeV as shown in Fig. 58(right)) while no change

is observed in the event rate near the spectrum peak (i.e., 20±5 MeV as shown in Fig. 58(left)).

This e↵ect is observed only in the case of inverted mass hierarchy; this is one way in which the

mass hierarchy could be determined by a supernova burst.

In Hyper-K, it could be possible to detect burst neutrinos from supernovae in nearby galaxies.

As described above, we expect to observe a very large number of neutrino events from a galactic

supernova. However, galactic supernovae are expected to happen once per 30-50 years. So, we

cannot count on seeing many galactic supernova bursts. In order to examine a variety of supernova

bursts, supernovae from nearby galaxies are useful even though the expected number of detected

events from any single such burst are small. Furthermore, in order to fully understand the spectrum

of supernova relic neutrinos (see next sub-section), collecting an energy spectrum without the

complications of varying red-shift e↵ects is highly desirable. The supernova events from nearby

galaxies provide a reference energy spectrum for this purpose. The supernovae in nearby galaxies

was discussed by S. Ando, J. F. Beacom and H. Yüksel [100]; a figure from their paper is shown

in Fig. 59(left). It shows the cumulative supernova rate versus distance and indicates that if

Hyper-Kamiokande can see signals out to 4 Mpc then we could expect a supernova about every

three years. It should also be noted that the paper says recent, more sensitive astronomical
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Neutrino and gravitational wave

Probing core rotation -motivation-

21

No core rotation
No GW signal from core bounce

GW from prompt convection after 
Neutronization burst 

Strong core rotation
Strong GW signal from core bounce

GW from core bounce before
 Neutronization burst 

GW waveform

Neutrino luminosity

GW from prompt convection 
after Neutronization burst 

GW from core bounce 
before Neutronization burst 

Neutronization burst

Core bounce time : 0.196[s] 

0.16          0.18          0.2          0.22         0.24           0.16         0.18          0.2          0.22         0.24 

No core rotation case (0[rad/s]) core rotation case(pi[rad/s]) 

No GW signal from core bounce
Core bounce time : 0.181[s] 

 - Submitted to ApJ (arXiv : 1410.2050)
 - Focus on GW observed time(t_obs_gw) and Neutronization burst time(t_obs_nburst)
 - Supernova detection simulation with KAGRA and EGADS/SK+Gd detector

+δt -δt

Strong GW signal from core bounce

0.16          0.18          0.2          0.22         0.24           0.16         0.18          0.2          0.22         0.24 
Time from gravitational collapse[s]

• Both detectors placed in the same mountain is good 
for the time domain multi-messenger astronomy. 
• Realistic detector simulation showed the potential to 
estimate the progenitor core rotation.

 T.Yokozawa’s et.al.
arXiv 1410:2050
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Nearby Galaxy
SN Distance vs Detection Probability with N Hit Threshold 
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Supernova relic neutrino
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THE COSMIC CORE-COLLAPSE SUPERNOVA RATE DOES NOT MATCH THE MASSIVE-STAR FORMATION RATE
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ABSTRACT
We identify a “supernova rate problem”: the measured cosmic core-collapse supernova rate is a factor of

∼ 2 smaller (with significance ∼ 2σ) than that predicted from the measured cosmic massive-star formation
rate. The comparison is critical for topics from galaxy evolution and enrichment to the abundance of neutron
stars and black holes. We systematically explore possible resolutions. The accuracy and precision of the star
formation rate data and conversion to the supernova rate are well supported, and proposed changes would
have far-reaching consequences. The dominant effect is likely that many supernovae are missed because they
are either optically dim (low-luminosity) or dark, whether intrinsically or due to obscuration. We investigate
supernovae too dim to have been discovered in cosmic surveys by a detailed study of all supernova discoveries
in the local volume. If possible supernova impostors are included, then dim supernovae are common enough
by fraction to solve the supernova rate problem. If they are not included, then the rate of dark core collapses is
likely substantial. Other alternatives are that there are surprising changes in our understanding of star formation
or supernova rates, including that supernovae form differently in small galaxies than in normal galaxies. These
possibilities can be distinguished by upcoming supernova surveys, star formation measurements, searches for
disappearing massive stars, and measurements of supernova neutrinos.
Subject headings: galaxies: evolution – galaxies: starburst – stars: formation – supernovae: general

1. INTRODUCTION

Core-collapse supernovae (CC SNe) are extremely im-
portant to many areas of astrophysics. They are re-
sponsible for the majority of heavy elements (e.g.,
Matteucci & Greggio 1986), are associated with dust produc-
tion (e.g., Todini & Ferrara 2001), and could dominate winds
and feedback in galaxy formation (e.g., Ferrara & Ricotti
2006). Observations of CC SNe and their progenitors test our
understanding of stellar evolution (see, e.g., the progenitor-
SN map of Gal-Yam et al. 2007), and the extreme densities
and temperatures reached in CC SNe offer the opportunity
to study the physics of weakly interacting particles, forma-
tion of compact objects, and related nuclear physics (see,
e.g., Raffelt 1990, 2000; Kotake et al. 2006; Janka et al. 2007;
Lattimer & Prakash 2007, for recent reviews). However, there
is much that is not yet understood.

One of the outstanding questions is the initial conditions
corresponding to optically luminous, dim, and dark CC SNe
(see, e.g., Janka et al. 2007). It is expected that some CC SNe
will be intrinsically dim or even dark in the optical bands.
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1 Dept. of Physics, The Ohio State University, 191 W. Woodruff Ave.,

Columbus, OH 43210
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One possibility is the collapse of stars near the 8M⊙ threshold
via an electron capture trigger (Miyaji et al. 1980; Nomoto
1984; Poelarends et al. 2008). Another possibility is the col-
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    (see Figure 2)

Prediction from cosmic SFR

Cosmic SNR measurements

FIG. 1.— Comoving SNR (all types of luminous core collapses including
Type II and Type Ibc) as a function of redshift. The SNR predicted from
the cosmic SFR fit and its supporting data (Hopkins & Beacom 2006), as
well as that predicted from the mean of the local SFR measurements, are
plotted and labeled. The fit to the measured cosmic SNR, with a fixed slope
of (1 + z)3.4 taken from the cosmic SFR, is shown with the uncertainty
band from the LOSS measurement. The predicted and measured cosmic SNR
are consistently discrepant by a factor ∼ 2: the supernova rate problem.
However, rates from SN catalogs in the very local volume do not show such
a large discrepancy (see Figure 3).
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FIG. 1. Schematic view of the Hyper-Kamiokande detector.
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FIG. 1. Schematic view of the Hyper-Kamiokande detector.
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T. Yano, 3rd open
 meeting for HK.
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Solar neutrino
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Solar neutrino

n n 

4p    →   4He + 2 e+ + 2 νe+ 26.7MeV 

thermal 
energy 

p p 

p p 
p 
p 

+ + + 

	
~6.6x1010 neutrinos /sec/cm2���

How does the Sun shine? Nuclear fusion reaction in the sun

Temp. ~ 15.5 million K 
Density ~ 146 g/cm3

This reaction is actually realized 
via pp-chain and CNO cycle.

→ ~107years radiated from the center to the surface.

Photon-measured luminosity

✓Measurement of the current 
status in the center of the sun 
✓Study of 

• a mechanism of the energy 
generation in the sun 
• a property of neutrinos
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Standard solar model

Solar neutrino energy spectrum
Serenelli, Haxton, Pena-Garay 

ApJ, 743, 24 (2011)

hep

8B ±14%

±30%

pep
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7Be ±7%
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7Be
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p + p → �H�e++	
	�           p + e�+ p → ��H +	
	�� 

2H + p → 3He + γ 
 

  �He+ �He →α+ 2p   �He +α → 7Be +γ   �He + p → 4He + e++ ν	 
 

7Be + e� → 7Li + ν	�������������� 7Be + p → 8B + γ 
 

 7Li + p  → 2α������������������8B → 8Be* + e�+ ν	  
 

                                                                                                         
8Be* → 2α 

�

0.25% 
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pp-chain

CNO cycle
13N 

12C 

15N 14N 

15O 

17O 16O 
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νe 

e+ 

νe 

p 
p p 

p 
4He γ"
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4He 

p 
e+ νe γ"
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Solar neutrino observation
in Water Cherenkov detector

✓Find solar direction 
✓Realtime measurements 

- day-night flux differences 
- seasonal variation 
✓Energy spectrum

ν+ e- → ν+ e-

ID

OD

vertex 55cm hit timing
direction 23deg. hit pattern
energy 14% # of hits.

Detector performance in SK
resolution (10 MeV) information

neutrino-electron elastic scattering

Ee = 8.6 MeV (kin.) 
cosθsun = 0.95
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Super-Kamiokande
SK I ~ IV combined 4869 days

: Data
: Best fit
: Background

~77k signal events 
are observed

8B flux : 
2.341 ± 0.044 [106/cm2/s]

Super-K solar rate measurements are 
fully consistent with a constant solar 

neutrino flux emitted by the Sun.

preliminary

preliminary



Hyper-Kamiokande
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Solar neutrino oscillation
∆

m
2  in

 e
V2 x10-5

1
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2 4 6 8
1σ 2σ 3σ

∆χ2sin2(θ)
0.1 0.2 0.3 0.4 0.5

2
4
6
8

1σ

2σ

3σ

∆
χ2

sin2 �12 = 0.312+0.033
�0.025

sin2 �12 = 0.311+0.014
�0.014

sin2 �12 = 0.308+0.013
�0.013

✓Same ~2σ tension with 
KamLAND in Δm221

sin2θ13=0.0242±0.0026

KamLAND
Solar+KamLAND

Solar

preliminary

The unit of Δm221 
is 10-5 eV2

�m2
21 = 7.54+0.19

�0.18

�m2
21 = 4.85+1.4

�0.59

�m2
21 = 7.50+0.19

�0.18
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sin2(Θ12)=0.304±0.013 ∆m2
21=(7.44+0.20

 -0.19) 10-5eV2
sin2(Θ12)=0.310+0.014

 -0.015 ∆m2
21=(4.86+1.44

 -0.52) 10-5eV2
sin2(Θ12)=0.309+0.040

 -0.029 ∆m2
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 -0.19) 10-5eV2
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-1%

-2%

-3%

-4%
-5%

-10%

KamLAND

6.5MeV (kin.) energy threshold

-2.0% KamLAND best
-3.8% Solar best

Adn = (day-night)/((day+night)/2)

SK combined 
2.7σ to zero

Day-Night asymmetry
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Day-Night asymmetry in SK
sin2θ12=0.314, sin2θ13=0.025

1σ KamLAND1σ Solar

SK-I,II,III,IV combined 1σ range

expected

PRL 112, 091805 (2014)
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5

EXECUTIVE SUMMARY

FIG. 1. Schematic view of the Hyper-Kamiokande detector.

34

Day-Night asymmetry in HK
S

en
si

tiv
ity

 (σ
)

10 years 
(Only statistic error)

current SK site (Mozumi)

HK candidate 
(Tochibora)

Sensitivity for non D/N asym.

Sensitivity for KamLand parameter

BG ratio compared to SK

Possible to be better sensitivity with 
improved spallation cut algorithm
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To see the spectrum up-turn
P(
ν e

 �
 ν

e)

sin2(θ)
0.35
0.28
0.28
0.28
0.22

Δm2 (eV2)
6.3 x 10-5

4.8 x 10-5 
7.2 x 10-5

10.0 x 10-5

7.2 x 10-5

νe survival probability recoil electron spectrum 

sys. error

reduce sys. error
reduce stat. error

Lower threshold

~10% upturn 
should be seen
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Spectrum up-turn
Strongly depends on 
Energy threshold

Energy (MeV)
5 10 15 20

SK
-r

at
e/

M
C

(u
no

sc
ill

at
ed

)

0.4

0.5

���
�������
�����������	
������� 2 

SK-I & II Final data samples 

!   Event rate of SK-II is 
still higher than SK-I. 

!   Dominant BG source 
in low-e region is 
external events from 
outside fiducial 
volume. 

!   Could the energy 
and vertex resolution 
explain the 
difference? 

 
High-e region could be explained by 
  energy resolution 
  vertex resolution at spallation cut 
  different 2nd reduction 

6.5MeV energy threshold 
in 20% photo coverage

To see the spectrum up-turn
Lowering threshold

Huge effort of 
energy calibration

Insert pipe until the endcap goes under water

26
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To see hep neutrinoSolar Neutrino : Hep

small branch

Takeuchi-san’s slide

not detected yet

SK-I energy resolution 
 (40% photo-coverage)

no oscillation 
stat. error only

- Challenge:
large background from  
the tail of 8B solar neutrino

good energy resolution is required

J.N. Bahcall and A.M. Serenelli, Astro. Phys. J. 621, 85 (2005)

difficult to extract the hep signal 
with SK-II energy resolution

7

•  Energy"resolu+on"at"higher"energy"
(~20"MeV)"is"important."

•  It"can"be"seen"with"40%"P.C."cannot"
with"14%"P.C..""

•  ~300"events/"5Mt�years"(>17MeV)"
���



Workshop for neutrino program in Japan6th Aug. 2015 38

Summary

✓When core-collapse supernova happens 
in or nearby our galaxy, Hyper-K has many 
interesting physics potential. 
✓Hyper-K is possible to perform a precise 
measurement of SRN, especially spectrum. 
✓Solar neutrinos; neutrino oscillation, 
solar model, etc. are possible to be studied 
very precisely.
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Summary
A meeting “Astrophysics neutrino observation 
at Hyper-Kamiokande” was held on 15th May, 

2015, at Kobe University.

Supernova"Neutrinos"

•  A"mee+ng"“Astrophysical"neutrino"observa+on"at"
Hyper9Kamiokande”"was"held"at"15th"May."2015,"Kobe"
University."

"

���

•  Several"fruizul"
discussion"was"held,"
especially"for"supenova"
burst"neutrino"and"
supernova"relic"
neutrino"among"
theorists"and"
experimentalists."

Many researchers also 
outside neutrino community 
are interested in and 
support Hyper-K.


