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1. Introduction 
Core-Collapse Supernova and Neutrino Burst

from Beacom Gravitational binding energy
 E b  ≈  3 × 1053 erg  ~ 20% MSun c 2

99%	  Neutrinos
1%		  Kinetic energy of explosion
0.01%	 Photons



Supernova Neutrinos
Neutronization burst

Matter 
accretion

Proto-neutron star cooling

Totani, Sato, Dalhed & Wilson, ApJ 496, 216 (1998)



• Neutrino burst from SN 1987A in LMC (50 kpc)

Birth of Neutrino Astronomy

From Raffelt



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

Detector Type Mass (kton)
Expected events     

(10 kpc)
Super-K Water 32 ~ 7,000

SNO Heavy water 1.4 (D2O) ~ 500

KamLAND, 
LVD

Scintillator 1 ~ 300

ICARUS
Liquid 
Argon

3 (planned) ~ 300

Statistically sufficient number!

Future Supernova Neutrino Burst



Signal at Super-K

Totani, Sato, Dalhed & Wilson, ApJ 496, 216 (1998)



What Can We Learn?
Supernova Physics Neutrino Physics

Temperature and binding energy of 
proto-neutron stars

Jegerlehner et al. 1996; Kachelriess et al. 2001

Oscillation parameters, mass hierarchy 

Dighe & Smirnov 2000; Takahashi et al. 2001, 2003b,c; Fogli et al. 
2002; Dighe et al. 2004

Explosion mechanism, shock wave 
propagation, black hole formation

Totani et al. 1998; Beacom et al. 2001; Takahashi et al. 2003a; 
Tomas et al. 2004; Fogli et al. 2003, 2005

Majorana magnetic moment 

Athar et al. 1995; Totani & Sato 1996; Nunokawa et al. 1997, 
1999; Ando & Sato 2003a,b,c; Akhmedov & Fukuyama 2003

Direction 

Beacom & Vogel 1999; Ando & Sato 2002; Tomas et al. 2003

Nonradiative decay model

Frieman et al. 1988; Raghavan et al. 1988; Ando 2004



• Type II supernova rate in the galaxy is estimated to be 
~1 per century!

• It 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. 

How Lucky Are We?



Supernova Explosion

99% of its gravitational binding 
energy is released as neutrinos 

(supernova neutrino burst)

It is considered to trace 
the cosmic star formation 

rate (SFR).

There should be a diffuse background of neutrinos 
which were emitted from past supernova explosions.

“Supernova Relic Neutrinos (SRN)” 

Supernova Relic Neutrinos



• Detection of first extragalactic neutrinos

• Precise rate and background estimates are essential
• 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
• Fukugita & Kawasaki 2003; Ando 2004; Strigari et al. 2005

• Physics of supernova neutrinos
• If we do not have any galactic supernovae...

• Neutrino properties as an elementary particle
• Neutrino oscillation

• Ando & Sato 2003

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

Motivations — Involved Physics 



1. Neutrino spectrum 
emitted from each 
supernova explosion

2. Neutrino oscillation 
within supernovae and 
the Earth

3. Supernova rate

TIME AXIS

z = 0

ν

ν

z = 1

z = 5

We need information 
concerning...

WE ARE 
HERE.

2. Formulation and Models
How to Calculate the SRN Flux



• Traditionally, Fermi-Dirac fit is used 
to represent neutrino spectrum.

• Simulation by the Lawrence 
Livermore group (Totani et al. 1998) 
basically confirms this.

Totani, Sato, Dalhed & Wilson (1998)

νe

_

(with η = 0)

Original neutrino spectrum



Large θ13 Small θ13

Normal  
(m1 < m3)

100% 70%

Inverted 
(m1 > m3)

70% 70%

Probability of 
νe ⇔ νx 

conversion

Large θ13 Small θ13

Normal 30% 30%

Inverted 100% 30%

Probability of 
νe ⇔ νx 

conversion　

_ _

Conversion Probabilities



• Here, we only consider 
the case of normal mass 
hierarchy.

• Oscillation enhances the 
high-energy tail.

• But not dramatically at 
detectable energy range 
(<30 MeV).

Spectrum after Oscillation



• Recent GALEX 
determination of 
star formation rate 
(SFR)

• Supernova rate is 
inferred from SFR.

Schiminovich et al. 2005

Recent GALEX Result
L50 SCHIMINOVICH ET AL. Vol. 619

Fig. 5.—SFR density vs. z. Filled circles from measurements at 1500 Å
(uncorrected for dust) same as in Fig. 1. Blue comparison points are rest-frame
UV measurements uncorrected for dust attenuation. Inverted blue triangle from
Sullivan et al. (2000). Dark blue triangles from Lilly et al. (1996). Light blue
triangles from Wilson et al. (2002) for . Solid line rises asa p !1.5 (1"

for and then for based on x2 fit to our sample (see2.5 0.5
z) z ! 1 (1" z) z 1 1
inset; 1 j and 2 j confidence contours shown). Shaded region shows range
corresponding to maximum/minimum dust attenuation. Filled red stars from
dust-corrected Ha measurements (with increasing redshift) from Pérez-
González et al. (2003), Gronwall (1999), Tresse & Maddox (1998), and Tresse
et al. (2002). Open red star from SDSS (Ha/emission line; Brinchmann et al.
2004).

bevol) pair is consistent with independent derivations using the
Two-Degree Field (Baldry et al. 2002), the Sloan Digital Sky
Survey (SDSS; Brinchmann et al. 2003), and other recent stud-
ies (e.g., Fig. 13 in Baldry et al. 2002).
Several uncorrected (blue) and dust-corrected (red) com-

parison measurements obtained using spectroscopic redshifts
are shown in Figure 5. Before determining , we convertedṙ!

(Sullivan et al. 2000; Lilly et al. 1996) and (Wilsonr r2000 2500

et al. 2002, data) to using obtained froma p !1.5 r r(l)1500

local and by Wyder et al. 2005 (!l0.9). Wilson et al.r r1540 2300

(2002) and Lilly et al. (1996) both show good agreement with
our measured values despite the difference in evolutionary
slope obtained in the two studies ( , ,b ! 1.7! 1 3.3! 0.7evol

respectively). The local LD reported by Sullivan et al. (2000)
appears high, as noted in Wyder et al. (2005). Finally, we show
a likely range of dust-corrected SFR densities, applying the
average , to the best-fit parameterized . Usingmin meas ˙A A r (z)FUV FUV !

the Kennicutt (1998) SFR conversion, we find that recent dust-
corrected Ha measurements fall within our attenuation-
corrected range. Although we have implicitly assumed no evo-
lution in the dust correction, we emphasize that for UV
flux-limited samples we might expect evolution in the average
dust-attenuation correction versus redshift, and we will explore
this further in future work.
The FUV is tracing a predominantly homogeneous popu-

lation (star-forming and starbursting), making interpretation of
integrated measures much more straightforward than at longer
wavelengths (cf. Wolf et al. 2003). We have shown that a
significant population of UVLGs lies within easy reach
( ). We will compare these unique star-forming gal-0.6 ! z ! 1.2
axies with their high-redshift LBG analogs (e.g., Shapley et al.
2003). In the near future our sample will expand by 5 times
in this field alone and by more than 100 times using data from
redshift surveys across the sky. In some locations we will in-
crease our depth to as part of the Ultra-Deep Imagingm ! 26AB

Survey and probe down to 0.1L! (see Fig. 4) to better constrain
the faint end of fFUV. This will be supplemented by an even
larger catalog (more than 106 objects) with photometric red-
shifts. We will soon be able to determine how SFR evolution
depends on environment, morphology, and spectral type and
will examine our results within the context of cosmological
simulations. A major challenge lies in understanding the role
of dust obscuration, one that we will explore using recent, more
sophisticated models (e.g., Kong et al. 2004) as the GALEX
surveys continue.

GALEX is a NASA Small Explorer, launched in 2003 April.
We gratefully acknowledge NASA’s support for construction,
operation, and science analysis for the GALEX mission, devel-
oped in cooperation with the Centre National d’Etudes Spatiales
of France and the Korean Ministry of Science and Technology.
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• Integrated flux (cm 
−2 s 

−1)

Eν > 11.3 MeV Eν > 19.3 MeV

5.1 1.1

Ando, Astrophys. J. 607, 20 (2004)

3. Flux and Event Rate



• Integrated flux (cm 
−2 s 

−1)

• Event rate at Super-K (yr−1)

• Most of the event comes from the 
relatively nearby universe (z<1).

Eν > 11.3 MeV Eν > 19.3 MeV

5.1 1.1

Ando, Astrophys. J. 607, 20 (2004)

3. Flux and Event Rate

Ee > 10 MeV Ee > 18 MeV

5.2 2.5



Ando, Sato & Totani, Astropart. Phys. 18, 307 (2003)

Atmospheric νµ → invisible µ → decay e

4. Detectability and Current Status
Background Events
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• Analysis using data for 
1496 days (4.1 yr).

• As the result, they could 
not find positive signal.

• Upper limit on the SRN 
flux (Eν > 19.3 MeV):

Malek et al. 2003

1.2 cm 
−2 s 

−1

(90% C.L.)

Observational Result by Super-K

Just above the prediction 
(1.1 cm-2 s-1)
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FIG. 1: Energy spectrum at each reduction step. In the final
data set, the spallation cut and solar direction cut are only
applied in the first four bins. The numbered lines represent
the corresponding theoretical predictions from Table I.

backgrounds remain. The first is atmospheric !e and
!̄e events. The second comes from atmospheric !µ that
interact to form a muon with T < 50 MeV. The en-
ergy of these muons is below the threshold for emitting
Cherenkov photons, so they are said to be invisible. De-
cay electrons from visible muons can be eliminated; how-
ever, when an invisible muon decays there is no way to
tag the resulting electron as a background event.

The energy spectra of these backgrounds have shapes
that are very di!erent from each other and from the SRN
signal shape. In the region where SRN events are ex-
pected (18 – 34 MeV), the dominant background is de-
cay electrons from invisible muons, which have energies
that are distributed according to the Michel spectrum.
However, at higher energies, atmospheric !e events dis-
tort the Michel spectrum. To evaluate the distortion, it is
necessary to extend the upper analysis threshold to ener-
gies where only atmospheric !e events are present. Decay
electrons have a maximum energy of 53 MeV, but may
be detected up to ! 65 MeV due to the energy resolution
of SK. Beyond 65 MeV, only atmospheric !e are found,
so the upper analysis threshold was set above 65 MeV
and the data were analyzed with a three parameter fit.

To determine the final shape of the backgrounds,
100 years of simulated events were generated per back-
ground. The initial shape of the decay electrons was
determined by the Michel spectrum; the initial shape of
the atmospheric !e events was obtained from previous
works [16, 17]. The background simulations were sub-
jected to the full reduction, and the shape of the resulting
spectra were used to fit the data; each of the SRN mod-
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FIG. 2: Energy spectrum of SRN candidates. The dotted and
dash-dot histograms are the fitted backgrounds from invisible
muons and atmospheric !e. The solid histogram is the sum of
these two backgrounds. The dashed line shows the sum of the
total background and the 90% upper limit of the SRN signal.

els was treated similarly. For the fitting, the data were
divided into sixteen energy bins, each 4 MeV wide (see
Figure 2), and the following "2 function was minimized
with respect to #, $, and %.

"2 =

16!

l=1

[(# · Al) + ($ · Bl) + (% · Cl) ! Nl]
2

&2
stat + &2

sys

(1)

In this equation, the sum l is over all energy bins and
Nl is the number of events in the lth bin. Al, Bl, and Cl

represent, respectively, the fractions of the SRN, Michel,
and atmospheric !e spectra that are in the lth bin. #, $,
and % are the fitting parameters for the number of SRN
events, decay electrons, and atmospheric !e events.

The total number of events in the data sample is small,
so the statistical error &stat is the dominant term in the
denominator. The systematic error &sys considers the
e!ects that uncertainties in the spectrum shapes have
on the SRN result. Such uncertainties originate from
the reduction, the SK energy resolution, the theoretical
atmospheric !e spectrum, and other sources. For all bins,
&sys " 6%, which is always much smaller than &stat.

The e"ciency-corrected event rate spectrum of SRN
candidates and the results of the fit are shown in Figure 2.
The best fits to % and $ are indicated, respectively, by
the dot-dashed and dotted lines. The solid line is the
sum of these lines and represents the total background.
For all six models, the best fit to # was zero and the
minimum "2 value was 8.1 for 13 degrees of freedom. A
90% C.L. limit on # was set for each model; the dashed



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

• It excludes some 
region, which is allowed 
by the astronomical 
observations.

Strigari, Beacom, Walker & Zhang 2005
see also, Fukugita & Kawasaki 2003; Ando 2004

Implication from the Limit
The Concordance Cosmic Star Formation Rate 5

Figure 1. Observational results for the Cosmic Star Formation Rate, with the
conversion to SNII rate on the right axis using Equation (4). The entire cross-hatched
plus shaded region is consistent with the results of the 2dF and SDSS cosmic optical
spectrum [30, 31]. The upper cross-hatched region is ruled out by the limit on the
DSNB flux, while the lower shaded region is allowed. Three recent (dust corrected by
those authors) results are also shown: long-dashed red line (Dahlen et al. [32]), solid
black line (GALEX [33]), and short-dashed blue line (Cole et al. [34]). In the latter
case we also show their result before dust correction [34]; dust corrections in the other
cases are similar. The concordance region is driven by the proximity of these recent
observations to the upper bound from the neutrino data, and therefore is concentrated
at the upper edge of the lower band.

to the lower shaded band in Figure 1; the region shown with the cross-hatched band

in Figure 1 is considered excluded by the DSNB limit. Furthermore, as noted by our

approximate constraint on RSF(0), the upper part of each shaded region is preferred.

3. The SNII Rate and the Di!use Supernova Neutrino Background

Though the CSFR is observationally well-studied, relatively little is known about the

optical SNII rate, even locally. The high mass and short lifetimes of the progenitor stars



Constraint on Supernova Parameters
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Constraint on Supernova Parameters
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• Delayed coincidence 
signal of neutrons tagged 
by Gd.

• It enables to distinguish 
νe from other flavors or 
µ-induced events.

• It opens up energy 
window at 10-30 MeV 
for the SRN detection.Beacom and Vagins 2004

_

5. Prospects of Future Detectors
GADZOOKS!
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• Solar νe or invisible µ events become 
reducible!!

Atmospheric νµ → invisible µ → decay e
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from Beacom Strigari, Kaplinghat, Steigman & Walker 2004

SRN Event at Gd-H2O Detectors



• Liquid argon detectors are 
sensitive to νe. 

• νe + 40Ar → 40K* + e 

• Detectors:

• ICARUS (3 kton)

• Large mass TPC detector (100 
kton)

• Several advantages compared 
with water Cerenkov.

Cline 1990s; Cocco et al. 2004

SRN at Liquid Argon Detector



Flux sensitivity: 1.6 cm−2 s−1 (for > 16 MeV; 3 kton 5 yr)

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

Cocco et al. 2004

SRN at Liquid Argon Detector



• Megaton water Cerenkov detectors

• 5σ detection would be possible for a 
couple of years (pure water).

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

• 100 kton liquid argon detectors

• NSRN = 57 +/- 12 for 16–40 MeV          
(100 kton 5 yr; Cocco et al. 2004)

Large Volume Detectors



Neutrino Detection from 
Supernovae in Nearby Galaxies

If I don’t have enough time, click 
here to jump to conclusions...

S. Ando, J. F. Beacom & H. Yüksel, astro-ph/0503321



Supernova Rate in Nearby Galaxies

Karachentsev et al. 2004; 
Cappellaro et al. 1999



Nearby Supernovae

Particle Theory Seminar, Yale University, March 2005John Beacom, The Ohio State University

NearbyNearby  SupernovaeSupernovae

Particle Theory Seminar, Yale University, March 2005John Beacom, The Ohio State University

NearbyNearby  SupernovaeSupernovae

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



Detection Probabilities
• Real chance to detect more 

than 1 or 2 events

• More than 2-event 
detection

• Essentially background-
free

• Accidental coincidence 
rate of backgrounds: ~ 
0.3 /yr

• 1-event detection

• Need astronomers’ help 
to restrict time-bin.
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Event and Background Spectra (in 1 day)

• Backgrounds are:

• Invisible μ (significantly 
suppressed with future 
Gd-loaded detectors)

• Diffuse supernova 
neutrino background 
(DSNB): irreducible

• Spallation products

• SN ν from 4 Mpc will 
dominate the background 
especially with Gd-detectors0 10 20 30 40 50
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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 2ν signal from burst):

• SN rates are ~1 per year (from direct count)

• Probability per SN is ~0.25

• Therefore, rate would be >1×0.25×2=0.5 / yr

• Single events (1ν signal correlated with optical)

• From similar argument, we get 1×0.4×1=0.4 / yr

• Then, total detection rate would be ~1 per year



• 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



• 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.

6. Conclusions (continued)


