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Neutrino Sources

Cosmological v

Solar

Terrestrial anti-v

Supernova burst (1987A)

\

__-Reactor anti-v

Background from old supernovae

Atmospheric v

v from AGN
Cosmogenic
v
10% 107 1 10° 10° 10° o= [ ke 10"
pueV.  meV eV keV MeV GeV TeV PeV EeV

Katz & Spiering (2012, Progress in Particle

Neutrino energy

and Nuclear Physics, 67, 651)



Neutrinos from Supernovae (SNe)

Nearby core collapse SNe
Relic SNe

Failed SNe

Precursors of SNe
(Supergiant Stars)



Nearby Core Collapse SNe
e Neutrino comes out first from the core collapse (CC)

e supernova energy
* 99% comes as neutrinos
* ~1% comes as kinetic energy
« ~0.01% optical emission

e Neutrino telescope can give fast alert to optical and other
A observatories = need arrival time + direction

e Sciences from SN early detection
- progenitors
- explosion mechanism
- fast decay optical transients



Stellar Evolution

e Mass, Mass loss = final stages

e Low-mass stars - White Dwarfs (WDs), binary system - SN Ia
e Massive (=8 M) stars > core-collapse SN

Planetary Nebula

Small Star Red Giant

s

White Dwarf

PP 5

y b
\_._. » L2

Supernova

Red Su iant
RELgan Neutron Star
Large Star i

. I
Stellar Cloud " . \

with
Protostars

IMAGES NOT TO SCALE Black Hole




Supernova (SN) types

« Supernovae : Brightest objects in galaxies (M, = -14 ~ -22)

- Typical types
No H lines (pop IT) > Type Ia Ib Ic H lines (pop I) > Type II

L4
.

WD + Giant/MS/He * WD + WD Core CO”GPSC
(Single Degenerate, SD) (Double Degenerate, DD)
SNe Ia (thermonuclear stellar explosion) CC SNe
(WD originated SNe)

= ANl A

SHAMOf A D& =AM =4 =4lH

il

http://dujs.dartmouth.edu/2008/05/type-ia-supernovae-properties-models-and-theories-of-their-progenitor-systems
http://wwwmpa.mpa-garching.mpg.de/mpa/research/current_research/hl2013-8/h12013-8-en.html

http://spiff.rit.edu/richmond/sdss/sn_survey/sn_survey.html
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Supernova (SN) types

« Supernovae : Brightest objects in galaxies (M, = -14 ~ -22)

- Typical types
No H lines (pop IT) > TypeTa) H lines (pop I) > Type II

. Tb

b - IC
WD + Giant/MS/He * WD + WD Cor-e CO”GPSC
(Single Degenerate, SD) (Double Degenerate, DD)
SNe Ia (thermonuclear stellar explosion) @Ne

(WD originated SNe)

BHAHQ A1 J| 2 AN BE EAA
http://dujs.dartmouth.edu/2008/05/type-ia-supernovae-properties-models-and-theories-of-their-progenitor-systems
http://wwwmpa.mpa-garching.mpg.de/mpa/research/current_research/hl2013-8/h12013-8-en.html
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Figure 2. The detailed classification of SNe requires not only the identification
of specific features in the early spectra, but also the analysis of the line profiles,

Hypernovae

luminosity and spectral evolutions
Cappellaro & Turatto (astro-ph/0012455)
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SNe : Ia vs CC

« SN Ia : maximum brightness (peak luminosity)
My ~ -19.30+0.03 + 5 log (H,/60)

» A good distance indicator
« Rising time ~ 20 days

Number ratio

Ia:CC=24:

Volume-limited sample
D < 60 Mpc (CC SNe)
D < 80 Mpc (SNe Ia)

Ia:CC=79@

Percent of total SNe

Magnitude-limited sample
(observed rates)

Li et al. 2011, MNRAS 412 1441

—_ N W
o o © o
L4 T 017T LS

—
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n
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o

SO N e OO oo on
LB Ty T 170 T L RARR] LELEL I

o
1 LI
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——— Interval = 1d
————— Interval = 30 d

——— |Interval = 360 d

oo
LA LA

—
L4 T

15

—15 -16 -17 -18 -19

Absolute Magnitude

SN Ia : intrinsically
brighter than CC SNe
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Milky Way SN Rate (ber century)

Historical SN 3.4 %73  14%* 46 Adams+13 ApJ

' -0.8

/78 164
SN statistics 2.30+0.4 0.54+0.1 2.84+0.6  W.Li+11 MN 412 1441
8 2 0
SFR 1-=2 Reed 05 AJ 130 1652
26| 1.9+1.1 Diehl+06 Nature 439 45
Pulsar 3.2-37 Faucher-Giguere & Kaspi
06 ApJ 643 332
No neutrino <11.4 Agafonova+15 ApJ 802 47

burst

- Galactic CC SN rate ~ 2-3 SNe/100 years

14



SN 1604 Oct 8 (type Ia)

SN 1604 (European data) |Kepler

SN 1604 (Korean data) { B A2 (R E)
SN 1991T 16z =i 374
SN 1991bg |
o)
T
3‘ -
=
ap
© ~
= s
N
% A
) ~h A
RS X
\ e
6 i | L i ! | | ! | | i l L i : | | ! ] L | [
0 100 200 300 400

Days from maximum light

(1604 Nov 1)
Ruiz-Lapuente 2017 ApJ 842 112

15



Milky Way Supernovae

e Last (known through SN remnant)
= 1680 Cassiopeia A (Changbom Park et al. 2016 JKAS 49 233)
= (G1.9+0.3 : year 1899+9 (Chakraborti+16 Ap] 819 37)

e The World is waiting for a new SN!
And observing extragalactic SNe!

16



SN Explosion

SN 1987A (II peculiar)

Large Magellanic Cloud :
(LMC) j

Tarantula Nebula

d=49.97 Kkpc (Pietrzynski+ 13
Natur 495 76) Or

51.2 + 3.1 KpcC (Panagia+91 ApiL :
380 L23)

1987 Feb 23.316 (UT)
B3 I (supergiant star)

Sanduleak -69° 202 [EEEIEE |

Peak : +2.9 mag
(B-V) = +0.085

Minitial ~ 20 M, (N. smith 07 AJ
133 1034)

SN 1987 A EPERREN

17



Log L (erg s )

SN 1987A — Bolometric Light Curve
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Electron Energy (MeV)

50

40

10°8 Neutrinos from SN 1987A

1987 Feb 23, 07:35:35 (UT) @ d = 50 kpc
Kamiokande II — 11 events (12.44 seconds)
Irvine-Michigan-Brookhaven-3 (IMB, Lake Erie) — 8 events (5.58 seconds)

l Kamiokande II

=)

Mo
o

()
-

40

T

50

D t + + |5‘ + # # * 1b + + + TIE)

Time (sec)

H IMB data

Nobel Prize 2002

Masatoshi Koshiba
DAHE OFAFE A S8 %)
(1926-2020)

K II : Hirata+ 87 Phys. Rev. Lett. 58, 1490
IMB : Bionta+ 87 Phys. Rev. Lett. 58, 1494 19



Shock Breakout (SBO

Maximum Brightness
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42.5

Early bolo

metric light curve(LC)

I

Bolometric LC

| I

. 42
i
g
L8]
=
& . 14 -y i
~ 415 : ;
e waws Had : He4R270
|~ He4R270 YSG i
~12 |4 _
| | | { T N T GO TS W O i) qe i ] g § R
41 | | | [ 1 1 1
§] 20 40 60 80 0 10 20 30 40 50
t [days] t [days]
SN 2011dh : :
Radius effect — noticeable before t~5 days
(IIb, M51) y

(compact 2 R, vs extended 270 R;;)

Bersten+12 Ap] 757 31
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Early bolome

Models
- Same explosion energy
- Different initial radius

o: SN 2011dh
(IIb, M51)

Bersten+12 Ap] 757 31

log L{erg s!]

42.5

42

41.5

41

I

1150 | 200

R=270

tric light curve(LC)

22



To avoid the effect of Earth rotation
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KMTNet - 24hour coverage!

o Korea Microlensing Telescope Network
o Three ldentical Observing Systems: |
CTIO n Chile, SAAO in South Africa,
SSO in Australia

o 24-hours Monitoring of night sky at
Southern Hemisphere

1 Primary Mirror with 1.6m Diameter




KMTNet — Wide-field!

4 Chips with 9K x 9K pixels
0.4 arcsec/pixel,
2°x2° wide-field of view (FOV)

“Star never sets on the KMTNet”




Efforts to detect early SNe Ia

Nugent+11 (Natur 480 344) SN 2011fe Hosseinzadeh+17 (aApiL 845 L11) SN 2017cbv

— M]D
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2 01 11a ke * .
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- SN 2018oh ~ o a 1 —11 + - 20
08~ « K2Raw Data P o T
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i 06— # .- 03f A2 E — .
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N L = 02 i ; 4
T 04— 3 01 - —d
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© B 4 e — ]
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Ni+22 NatAs 6 568)
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SN 2018a0z: Earliest (Type la) SN (KSP-N3923-2-2018-ku, Ni+22 NatAs 6 568)

10 4 ¢ B-30 |-22
".’\ ¢ v-07
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Days since explosion

KMTNet light curves reveal early reddening — never seen before



SN 2018a0z: Earliest (Type la) SN (KSP-N3923-2-2018-ku, Ni+22 NatAs 6 568)
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Data from multi-wavelength campaign



SN 2018a0z: Earliest (Type la) SN (KSP-N3923-2-2018-ku, Ni+22 NatAs 6 568)

2.0
--- SBO+PL | g
1.5 e CEl 4 PL ,;'—12
f ------ CSM + PL -*:;-“.;__;:""
| 1.0 - : —— He.-DD ;‘ql+ >
=
=) ! -—10 5
c
~—12 o
=
b
w
—
-—10 &
=
o
—12 ®
-—10

5 3 ; ; 00 05
Days from explosion
Comparison with various models: Shock Break Out, Companion-Ejecta
Interaction, Circumstellar Emission and He Double Detonation
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SN 2018a0z: Earliest (Type la) SN (KSP-N3923-2-2018-ku, Ni+22 NatAs 6 568)

Observed Wavelength [A]

4000 5000 6000 TO00
Call Tinmt Fellijill 510 510 CIHIl Hel
Te oAy T ik
o N BL
=5 A o & 9lbg-like
® . A 91T-like o
- - 1.5 .E:
. _—
: ok :
& Pad " 1.0
o @il ¥, ® )
+ A £ 0
=
i ) - —20
5 ® ® -
& # i
%ﬂ ».S L Jr"
—_— w F 'ﬁ '..'—'I-'
[ 9 /8 Sg @ "L-.-"--'
B b of =
= ”@.lﬁ - ] g?;_
jr;-ﬂﬂ =
T 9, o
1381.7d T Y,
3 F === He-DD
mm _'
4000 5000 6000 7000 8 10 12 14 16

Rest-Frame Wavelength [A] Upeak (Si 11 A 6355) [10% km s 1]

Observed spectra confirm that it is @ normal Type Ia supernova
from He Double Detonation



SN 2018a0z: Earliest (Type la) SN (KSP-N3923-2-2018-ku, Ni+22 NatAs 6 568)

natureast

A supernova
caught red banded

ronomy

SN 2018a0z : originated
from helium-shell double
detonation

Triggered by a \WD
companion

The origin of normal
Type la SNe!
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Using Neutrinos for
SNe Science



Neutrino Emission

L,(10°3 erg/s)

Burrows 2013 (RvMP 85, 245)

Time (s)

Progenitor model : 11 M
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SNEWS:

SuperNova Early Warning System

e Similar to “Seismic waves in(on) the Earth”

Velocity (km/s)
2 4 6 8 10 12 14

Transitions
MANTLE
"€ 2000
= == D"-LAYER
=
a OUTER CORE
o 4000} S-Wave
()
INNER CORE
6000
Seismicwave |IMS |Speed  |SIEH (@ |
Primary wave  3It 5-8 km/s 10,98 7| K| Minor

Secondary wave &It  3-4 km/s A Huge



SNEWS:
SuperNova Early Warning System

http://snews.bnl.gov/

A network of 7 neutrino detectors

- Borexino, Daya Bay, KamLAND, HALO, IceCube, LVD, Super-Kamiokande

- began automatic operation in 2005

- reports gather + identify SNe at Brookhaven National Laboratory
- need signals at > 2 detectors within 10 seconds

To make early warning for CC SNe from the Milky Way, or nearby galaxies
(e.g. LMC, Canis Major dwarf)

Neutrino pulses from SN 1987A — arrived 3 hours before the photons

36



Studying the Neutrinos
Themselves

- Nearby CC SNe!



SN burst observation by KNO

Antares (d~170pc)
Betelgeuse (d~200pc)

L e . Uy B

lIIllIlll IJlIllJl| Jllllu]! llJllLLd Jllluul ||Ill|.|.L| IlllltJI| Jllll.uld LLLL

j

10 1 10 102

Events/220,000t
e ™ QU N N C— — N—
- 0O 0O 000000 O

Distance (kpc)

Abe+21 (ApJ 916 15)
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CC SN Rate
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Ando et al. (2005, PRL, 95, 171101)



o=
%)

Distance to the SN (kpc)

Nearby CC SNe

SK E
KII :
HK
SN1987A @ 3
(12.4s) R =
| | | | | ‘ | 1 L =i B J
10 100

Observable timescale of neutrinos (s)

Y. Suwa 19 ApJ 881 139
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If There is No SN...

Then What?



Neutrinos from SNe

e Relic SNe
e Failed SNe

e Precursors of SNe
(Supergiant Stars)

42



Neutrinos from Relic SNe

e Supernova Relic Neutrino (SRN) : Neutrinos emitted from past SNe since the
beginning of the Universe — esp. below 20 MeV

~ Diffuse Supernova Neutrino Background (DSNB, or flux DSN v F)

Figure from Shin’ichiro Ando

TIME AXIS

Future of Super-Kamiokande (Masayuki Nakahata, = #£17) https://slidesplayer.net/slide/14162575/

43



Neutrinos from Relic SNe
Physics motivation : supernova rate (SNR) problem

Supernova Rate (SNR) [104 yr! Mpc3]

0.1

b
|

Lietal. (2011:1?
Cappellaro et al. {1999)
Botticella et al. (Z008)
Cappellaro et al. {2005)
Bazin et al. {2009)
Dahlen et al. (2004)

PEASGVYO

0.4
Redshift z

Horiuchi+11 ApJ 738 154

0.6 0.8

1.

/V
/V

0

Theoretical estimation
from cosmic Star Formation Rate

Observational SN Rate
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Neutrinos from Relic SNe

e Supernova Relic Neutrino (SRN) : Neutrinos emitted from past SNe since the
beginning of the Universe — esp. below 20 MeV

- SRN energy spectrum measurement, history of SN bursts

7

"
o

Tl.ll{éé&idf ||||| rll1:"F|--rl.-|.--|-rlr|-.-:|--.--F:q|.

Solar *B Constant SN rate (Totani ef al., 1996)

Cosmic chemical evolutiond(Hartmann e¢f al., 1997)
' ' ; ' ! linghat et al.. 2000

atf.. 2002)

............

L .
Pty

ala s s Rl TR e

0 10

20 30 40 50 60 70 80 90 100
Neutrino Energy (MeV)

Future of Super-Kamiokande (Masayuki Nakahata, = (# H77) https://slidesplayer.net/slide/14162575/ 45



Neutrinos from Relic SNe

e Supernova Relic Neutrino (SRN) : Neutrinos emitted from past SNe since the
beginning of the Universe — esp. below 20 MeV

- SRN energy spectrum measurement, history of SN bursts

LReactor V) al - 199¢
’,Sulu Fal., 1996)

(Hartmann ¢f al., 1997)

yiar -y
3 al., 2002)

= =k
=]

== =i
= =]

Neutrino Flux per sq-cm per second per MeV
s 3

-
o

=t
=]

0 10 20 30 40 50 60 70 80 90 100
Neutrino Ene Me
~10-30 Mev oy (MeY)

Future of Super-Kamiokande (Masayuki Nakahata, # # #17) https://slidesplayer.net/slide/14162575/ 46



Neutrinos from Relic SNe

e Supernova Relic Neutrino (SRN) : Neutrinos emitted from past SNe since the
beginning of the Universe — esp. below 20 MeV

- SRN energy spectrum measurement, history of SN bursts

SK SRN Flux Limits vs. Theoretical Predictions

SRN { sg-cm [ sec E > 19.3 MEV
s (Ey, )
3.
2.5+
2‘
1.5{ SK SRN Flux Limit: < 1.2 /cm?/sec
1.
0.5-
. T T T T T
Population Cosmic Cosmic Heavy Constant LMA MSW
Synthesis Gas Infall Chemical Metal SN Rate  Oscillation

{Totani et al., 1986) (Maaney, 1997) Evolution Abundance (Totani &t al., 1996) (Andoet al., 2002
{Hartmann et al., 1997) (Strigari = al , 2003)

[ Predicted SRN Flux ® SK SRN Limit
(E > 19.3 MeV) (90% Ct__}_

Future of Super-Kamiokande (Masayuki Nakahata, = (# H77) https://slidesplayer.net/slide/14162575/ 47



Neutrinos from SNe

e Relic SNe
e Failed SNe (fSNe)

e Precursors of SNe
(Supergiant Stars)

48



Neutrinos from Failed SNe (fSNe)

Massive stars : M. = 8 M

Evolution — Fe core + envelope
explosion - core-collapse supernova
Failed explosion - black hole

49



Neutrinos from Failed SNe (fSNe)

Confirmed black holes and mass determinations

Table 1. Confirmed black holes and mass determinations

System Porb f(M) Donor Classification M, T
[days] (M| Spect. Type [Mg]
GRS 19154105 33.9 9.5 X 3.0 K /M IT1 LMXB/Transient | 14 £ 4
V404 Cyg 6.471 6.09 + 0.04  KOIV 12 + 2
Cyg X-1 5.600 0.244 + 0.005 09.7 Iab  HMXB/Persistent| 10 4+ 3
LMC X-1 4.229 0.14 + 0.05 07 111 . > 4
XTE J1819-254 2816 313+ 013 B9 111 IMXB/Transient | 7.1 + 0.3
GRO J1655-40 2.620 2.73 = 0.09 F3/5 1V G 6.3 = 0.3
BW Cir® 2.545 5.74 + 0.29 G5 IV LMXB/Transient | > 7.8
GX 339-4 1.754 5.8 £ 0.5 "
LMC X-3 1.704 2.3+ 0.3 B3V HMXB /Persistent | 7.6 £ 1.3
XTE J1550-564 1.542 6.86 = 0.71 G8/K8 IV LMXB/Transient |9.6 + 1.2
4U 1543-475 1.125 0.25 = 0.01 A2V [IMXB/Transient | 9.4 4+ 1.0
H1705-250 0.520 4.86 + 0.13 K3/7V  LMXB/Transient| 6 + 2
GS 1124-684 0.433 3.01 + 0.15 K3/5V - 7.0+ 0.6
XTE J18594+226° 0.382 7.4 + 1.1 s
(GS2000+250 0.345 5.01 = 0.12 K3/7TV i 7.5+ 0.3
A0620-003 0.325 2.72 + 0.06 K4V i 5 s
XTE J1650-500  0.321  2.73 = 0.56 K4 V 5
GRS 1009-45 0.283 3.17+0.12 K7/MOV o 52 £ 0.6
GRO J0422+32  0.212 1.19 + 0.02 M2 V - 4=t ]
XTE J11184480 0.171 6.3 = 0.2 K5/M0 V s 6.8 = 0.4

Casares 2007 IAU Symp. 238, p. 3
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HMXBs LMXBs BMPs

RADIO-PULSARS
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Figure 4. Left: _\-IasX distribution of compact objects in X-ray binaries. Arrows indicate lower
limits to BH masses. Right: observed mass distribution of compact objects in X-ray binaries
(shaded histogram), compared to the theoretical distribution computed in Fryer & Kalogera
(2001) for the “Case C 4 Winds” scenario (dotted line). Mass-loss rates by Woosley, Langer &
Weaver (1995) were used in the computations. The model distribution has been re-scaled for
clarity.




Neutrinos from Failed SNe (fSNe)

Color-magnitude diagram (~HR diagram) of massive stars + evolutionary tracks
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Neutrinos from Failed SNe (fSNe)

Supernova progenitor mass distributions N(>M)
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Neutrinos from Failed SNe (fSNe)

black hole formation from core-collapses core collapse
explosion no explosion
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Neutrinos from Failed SNe (fSNe)

Horiuchi+18 MNRAS 475 1363
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Neutrinos from Failed SNe (fSNe)

Massive stars : M. =2 8 M

Evolution — Fe core + envelope

explosion - core-collapse supernova - neutron star
Failed explosion - black hole

Neutrino detection from this direct BH formation = observational evidence
of a BH formation

Failed explosion contribution : important ingredient for precise modeling of
Supernova Relic Neutrino (SRN) (Diffuse Supernova Neutrino Background,
DSNB) (Keehn & Lunardini 2012)

Fraction of massive stars undergoing collapse to BHs > 20% (Horiuchi+18)

A search for the disappearances of massive stars (Kochanek+08) - failed
explosion fraction ~ 4 — 43% (Horiuchi+18, Adams+17)

- valuable constraint on the SRN
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Neutrinos from Supernovae (SNe)

e Relic SNe
e Failed SNe

e Precursors of SNe
(Supergiant Stars)
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Neutrinos from Supergiant Stars

e Red supergiant (RSG) problem : RSGs from CC SNe observations >
progenitor initial masses < 17 M,

e Theory predicts the upper limit ~ 25 M (Smartt 2009, 2015)
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Neutrinos from Supergiant Stars

Theoretical Evolutionary Timetable for Massive Stars
[10° years]

15 Mo 30 Mo 60 Mo
Coror PrASE
Without » With » Without » With » Without » With »
Blue/red....| Core He burning 11 0 11 0 53 5.3 34 34
Red...... .| Contraction of He 0.7 0.7 0.2 02 01 0.1
core
Reéd. .o Contraction of 0.2 0.1 0 07 0 05 0.03 0.02
C/O core
Red........ Core C, Ne, O 4-6 0.02-~0 3-4 0.01-~0 3-3 0.01-~0
burning*
Maximum 7yiee/ Tred 2 ~15 1.5 ~20 1 ~25

* Range indicates (X, = 1.0, X, = 0.0) and (X = 0.0, X5 = 1.0), respectively, at the end of core-helium burning

e Detection of neutrinos from nearby supergiant stars
e Evolutionary lifetimes of each stage

Stothers 69 ApJ 155 935 59



Thermonuclear Energy Generation Stages

Table 1 Evolution of a 15-solar-mass star.

Stage Timescale  Fuel or Ash or Temperature Density Luminosity Neutrino
product product (10° K) (Gmecm=3)  (solar units) losses
(solar units)
Hydrogen 11 Myr H He 0.035 5.8 28,000 1,800
Helium 2.0 Myr He C0 0.18 1,390 44,000 1,900
Carbon 2000 yr C Ne, Mg 0.81 2.8x10° 72,000 3.7x10°
Neon 0.7 yr Ne 0, Mg 1.6 1.2x10" 75,000 1.4 x 108
Oxygen 2.6 yr 0, Mg Si, S, Ar, Ca 1.9 8.8x10° 75,000 9.1 x 108
Silicon 18d Si, S, Ar, Ca Fe,Ni, Cr, Ti, ... 3.3 4.8x10" 75,000 1.3x 10"
roncore  ~18 Fe,Ni, Cr, Ti,...  Neutron star 7.1 >7.3x10° 75,000 >3.6 x 10"
collapse*
* The pre-supernova star is defined by the time at which the contraction speed anywhere in the iron core reaches 1,000 km s-'.
Woosley & Janka 05 Nature Physics 1 147 60



Neutrinos from Supergiant Stars

Stellar neutrino emission

Total Energy Duration

Stage <Ey,> (mev) (ergs) (years)
Main sequence 0.26 1049 3x10°
(Hydrogen burning) 0.8 41048 3x10°
(Beta process) 2 4x10% 3x10°
Red giant (Helium
burning and plas- 10 kev 109 108
ma process)
Late stages (pre- 104
supernova, photo- 100 kev —1 mey 1080 very rapidly

neutrino and pair

URCA process

annihilation pro- 2.58 mev

cesses)

Supernova ex- 100 mev up to 10%¢? . a fraction of a

plosion and second?

collapse Very uncertain Numbers vary, depending on who
speculates

White dwarfs

(plasma process) 1—10 kev ~10% 108 ~10°

Total optical energy output = 3x10°° erg

Chiu 63 Proc. 8t International Cosmic Ray Conference 8 131

The average lifetime = 3x10° yr,
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Summary

Neutrino research - Astronomical applications

e Core-collapse supernovae in the Milky Way and Nearby Galaxies
(probably in the Local Group) within a few Mpc

- Win-Win (both for SN science + Neutrino science)
e Detection of failed explosion to form BHs

e Supernova relic neutrinos (SRN) - SRN energy spectrum
measurement, history of SN bursts, cosmic star formation rate (SFR)
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Thank you.




Sensitivity
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TABLE I. Expected sensitivities of the Hyper-Kamiokande experiment assuming 1 tank for 10 years.

Physics Target Sensitivity Conditions
— Supernova burst v 52,000—-79,000 v's @ Galactic center (10 kpe)
~10 v's @ M31 (Andromeda galaxy)
— Supernova relic v 70 v's / 10 years 10—30 MeV, 4.20 non-zero significance
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