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| . Introduction

Core-Collapse Supernova and Neutrino Burst

Gravitational binding energy
E, = 3x 0% erg ~20% M, c?

99%  Neutrinos
Q | % Kinetic energy of explosion
0.01% Photons



Supernova Neutrinos

Neutronization burst
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Birth of Neutrino Astronomy
® Neutrino burst from SN [987A in LMC (50 kpc)

Kamiokande
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Future Supernova Neutrino Burst

® Expected event number from a future galactic
supernova neutrino burst:

Expected events

Detector Type Mass (kton) (10 kpc)
Super-K Water 32 ~ 7,000

J\[® Heavy water| |.4 (D,0) ~ 500

KamLAND, R »

VD Scintillator I 300

To s L e ) ~ 300
Argon

Statistically sufficient number!




Signal at Super-K
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What Can We Learn?

Supernova Physics Neutrino Physics

Temperature and binding energy of | Oscillation parameters, mass hierarchy

proto-neutron stars
Dighe & Smirnov 2000; Takahashi et al. 2001, 2003b,c; Fogli et al.

Jegerlehner et al. 1996; Kachelriess et al. 2001 2002; Dighe et al. 2004

Explosion mechanism, shock wave

. i Majorana magnetic moment
propagation, black hole formation

Athar et al. 1995;Totani & Sato 1996; Nunokawa et al. 1997,

Totani et al. 1998; Beacom et al. 2001;Takahashi et al. 2003a; 1999; Ando & Sato 2003a,b,c; Akhmedov & Fukuyama 2003
Tomas et al. 2004; Fogli et al. 2003, 2005

Direction Nonradiative decay model

Beacom & Vogel 1999;Ando & Sato 2002; Tomas et al. 2003 Frieman et al. 1988; Raghavan et al. 1988; Ando 2004




How Lucky Are WVe!

® Type Il supernova rate in the galaxy is estimated to be
~| per century!

® [t strongly depends on our luck.

® We cannot observe supernova neutrino burst in
other galaxies, yet (expected event would be ~1| at

SK from M31).

® However, we would be able to see these extragalactic
neutrinos in the near future.

® We have good opportunity for detecting them.



Supernova Relic Neutrinos

Supernova Explosion

! !

99% of its gravitational binding It is considered to trace
| energy |s released as neutrinos the cosmlc star formation
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Motivations — Involved Physics

Detection of first extragalactic neutrinos

® Precise rate and background estimates are essential

e Kaplinghat, Steigman & Walker 2000; Ando, Sato & Totani 2003; Beacom & Vagins 2004; Strigari, Kaplinghat, Steigman &
Walker 2004; Cocco et al. 2004

Galaxy evolution and cosmic star formation rate

® Complementary to observations using light
e Fukugita & Kawasaki 2003; Ando 2004; Strigari et al. 2005

Physics of supernova neutrinos
e |[f we do not have any galactic supernovae...

Neutrino properties as an elementary particle

® Neutrino oscillation
e Ando & Sato 2003

® Neutrino decay (coupling with e.g. Majoron)
e Ando 2003; Fogli, Lisi, Mirizzi & Montanino 2004



2. Formulation and Models
How to Calculate the SRN Flux

TIME AXIS
We need information

concerning...

|. Neutrino spectrum
emitted from each
supernova explosion

2. Neutrino oscillation

within supernovae and
the Earth

3. Supernova rate



Original neutrino spectrum

108

__Numerical Model
___Fermi—Dirac Fit

(with n = 0)

108

® Traditionally, Fermi-Dirac fit is used
to represent neutrino spectrum.
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® Simulation by the Lawrence
" Neutrino Energy [MeV] Livermore group (Totani et al. [998)
basically confirms this.

Totani, Sato, Dalhed & Wilson (1998)



Conversion Probabilities

Proballincot i i Lame RSl 01

Ve(:>vx

conversion




Spectrum after Oscillation

108

___no oscillation

—- LMA ® Here, we only consider
the case of normal mass
hierarchy.
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® Oscillation enhances the
high-energy tail.
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® But not dramatically at

detectable energy range
(<30 MeV).

10

T
=
()
=
o
(-
—
s
-
-
e
Q
()
Q.
N
@)
£
-
40
-
O
Z,

1

10 20 30 40 50 60 70
Neutrino Energy [MeV]




Recent GALEX Result

meas Aryv

min Ary I} e Recent GALEX
determination of
star formation rate

(SFR)

2.0
1.5

0.0 0.5 1.0

Qevol

35 ‘ ® Supernova rate is
52-5 inferred from SFR.

1.0 1.5 2.0 2.5 3.0
Redshift z

Schiminovich et al. 2005




3. Flux and
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Ando, Astrophys. J. 607, 20 (2004)

Event Rate

® |Integrated flux (cm~2s~!)

E,> 11.3 MeV

E,> 19.3 MeV

5.1




3. Flux and Event Rate
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® |Integrated flux (cm~2s~!)
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® Event rate at Super-K (yr—')
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® Most of the event comes from the
Ando, Astrophys. J. 607,20 (2004) relatively nearby universe (z<I).



4. Detectability and Current Status
Background Events
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Observational Result by Super-K

Malek et al. 2003

Analysis using data for
1496 days (4.1 yr).

As the result, they could
not find positive signal.

Upper limit on the SRN
flux (E, > 19.3 MeV):

‘ |2 cm—2s| ‘

(90% C.L)

Just above the prediction
(sl cmdisi)



Implication from the Limit

Lookback Time [Gyr]

® Super-K limit can be
used constrain the
supernova rate.

00%0%0%0%0%0%0% 9%
&R 0'0,0003(,:,: .

XK

® [t excludes some
region, which is allowed
by the astronomical
observations.

Redshift z

Strigari, Beacom,Walker & Zhang 2005

see also, Fukugita & Kawasaki 2003; Ando 2004
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Constraint on Supernova Parameters

Super-K Analysis
>
Super-K with GdCl,

20
Visible Energy [MeV]

Excluded by Super-K
DSNB Flux Limit

OO

Average Energy [MeV]

In preparation with . E. Beacom and H.Yuksel




Constraint on Supernova Parameters

N
Super-K Analysis
>
Super-K with GdCl,

Excluded by Super-K
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5. Prospects of Future Detectors
GADZOOKS!

A Quick Recap

Gadolinium Antineutrino Detector Zealously

Outperforming Old Kamiokande, Super!, or ® Delayed COI nCIdence

GADZOOKS!, is a Super—K upgrade being proposed

by John Beacom and myself. Slgnal Of neUtrons tagged

The basic idea Is to use water-soluble gadolinium (tri)chloride, 3)’ G d .
GdCl;, to enable the detection of neutrons from the
reaction

® |t enables to distinguish
v, from other flavors or

Vo+p—set+n

Among other things, this new capability will greatly en-

hance Super—K-lII's response to supernova neutrinos M- | N d u CEd events.

(both relic and galactic), reactor v,’'s, and v,’'s from the
Sun.

o
In order to collect >90% of these neutrons on gadolin- It O Pe ns u P S rgy
‘um we’ll only need to put 700 fons of GdCl3 in Super- Wl ndow at I 0_30 Mev

8 for the SRN detection.

Beacom and Vagins 2004



Energy Window for the SRN Detection
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SRN at Liquid Argon Detector

Cline 1990s; Cocco et al. 2004

® |iquid argon detectors are
sensitive to v..

8 v ahid OAR = Kt

® Detectors:
e ICARUS (3 kton)

® [arge mass TPC detector (100
kton)

® Several advantages compared
with water Cerenkov.




SRN at Liquid Argon Detector
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Flux sensitivity: |.6 cm~2 s~! (for > 16 MeV; 3 kton 5 yr)

Complementary to Super-K, since it is mainly sensitive to v..




Large Volume Detectors

® Megaton water Cerenkov detectors

® 50 detection would be possible for a
couple of years (pure water).

® Detection rate: ~ 100 /yr (Gd-loaded)

® |00 kton liquid argon detectors

® Ny =57 +/- 12 for 1640 MeV
(100 kton 5 yr; Cocco et al. 2004)



Neutrino Detection from

Supernovae in Nearb); GaIaX|es

e a. ﬁ‘..r



Supernova Rate in Nearby Galaxies

‘ l ‘ l
Karachentsev et al. 2004;
Cappellaro et al. 1999
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Nearby Supernovae

Known Supernovae

3C 240: 10547, 2002kg, 2004d]
NGC 5236 (M 83) [ 4.5 1023A, 19458, 19508,
1957D. 1968L, 1983N

1917A 1939C, 1948B. 1968D,

1969P, 1980K, 2002hh, 2004ct
1000A, 1051H, 1970CG

lag.|Host Galaxy|D [Mpc|| Discoverer
2002ap | 14.F M 74 Yoji Hirose
2002bu | 15.5 | NGC 4242 R Tim Puckett
2002hh | 16.5 | NGC 6946 LOTOSS
2002kg 19 | NGC 2403 LOTOSS
2003gd | 13.: M 74 Robert Evans
2004am ’ M 82 3.5 LOSS
2004dj | 11.2 | NGC 2403 Koichi Itagaki
2004et | 12.8 | NGC 6946 Stefano Moretti
)0)!

2005af | 12.8 | NGC 4945 3.6 CEAMIG/REA

3 (l) supernovae per year within 10 (4) Mpc!



Detection Probabilities

® Real chance to detect more

P(=1) ; 12-38 MeV than | or 2 events
P(=1):18-30 MeV == ~-
P(=2) : 15-35 MeV ———
(22) ; 15-35 MeV ® More than 2-event

detection

® Essentially background-
free

® Accidental coincidence

rate of backgrounds: ~
0.3 /yr
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detector.
® |-event detection

® Need astronomers’ help
Distance D [Mpc] to restrict time-bin.




Event and Background Spectra (in | day)

SN v (4 Mpc) ® Backgrounds are:
DSNB (1 day)

Invisible w (1 day) ® Invisible Y (significantly
suppressed with future
Gd-loaded detectors)
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e Spallation products

® SNV from 4 Mpc will
dominate the background

20 30 40 : : :
Visible Energy [MeV] especially with Gd-detectors




What’s the detection rate?

Let us discuss only within 4 Mpc (If we extend up to 10 Mpc,
this could enhance further)

Multiple events (more than 2V signal from burst):

® SN rates are ~| per year (from direct count)

® Probability per SN is ~0.25

® Therefore, rate would be >[x0.25%2=0.5 / yr
Single events (Vv signal correlated with optical)

® From similar argument, we get |1x0.4x1=0.4 / yr

Then, total detection rate would be ~| per year



6. Conclusions

SRN is a diffuse background of neutrinos
emitted from past (cosmological) supernovae.

Current Super-K limit just above theoretical
predictions.

The detection would be within reach if we use
observational data for 5-10 years.

Future larger volume detectors have a good
chance to detect them!



6. Conclusions (continued)

® Supernova neutrinos from nearby galaxies could
be detectable with megaton detectors.

® Multiples are robust; singles can also be used with
the optical information.

® Physical implications are:
® construction of supernova neutrino spectrum;

® exact timing of the core collapse, which helps
gravitational wave searches.



