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1. Introduction



Core-Collapse Supernova Explosion

Last stage of the massive star 
evolution
Released gravitational energy:

Eb =
GM2

NS

RNS

= 3 × 1053 erg

99% MeV Neutrinos

1% Shock Waves

0.01% Photons



Supernova Neutrinos: General Characteristics

They are trapped in the core due to coherent 
scattering, and diffuse out (e.g., Sato 1975)

Diffusion time scale ~ 10 sec

Thermally distributed with a typical energy of 10 
MeV, reflecting the core temperature

Bring out almost all the gravitational energy (1053 
erg) of a new-born neutron star, which is 
equipartitioned to each flavor



Supernova Neutrinos: Simulation

Neutronization busrt

Matter accretion

Proto-neutron star cooling

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



Supernova 1987A
A supernova neutrinos burst in LMC(@50 kpc)

Hirata et al., PRL 58, 1490 (1987); Bionta et al., PRL 58, 1494 (1987)



2. Galactic Supernova 
Neutrino Burst



What Observation Tells Us
Supernova Physics Neutrino Physics

Temperature and binding energy of 
proto-neutron stars, and EOS of high 

dense matter
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 
propagation, and 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

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

Non-radiative neutrino decay
Frieman et al. 1988; Raghavan et al. 1988; Ando 2004



Reactions in Water Cerenkov Detectors

Fogli, Lisi, Mirizzi, Montanino, JCAP 0504, 002 (2005) 

Isotropic; keeps energy of incident particle

Strong forward scattering; energy information is lost



Directional Distribution: Early Alert
Ando, Sato, PTP 107, 957 (2002)

We can predict direction of optical explosion with 
accuracy of ~5–10 deg, several hours in advance

See also: Beacom, Vogel 1999; Tomas et al. 2003



Time Distribution: Explosion Mechanism

Evidence of accretion 
phase, in the case of 
delayed explosion

Implication for explosion 
mechanism

Black hole formation or 
shock wave propagation 
may also be probed

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



Energy Distribution: Core Temperature and 
Oscillation Models

Measurement of 
temperature of 
neutrinosphere

Mixture of thermal 
distributions with 
different two 
temperatures

Oscillation model 
can also be probed
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Advanced Topic: Magnetic Moment
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 10(2003)001

Neutrino spin-flavour conversion and mass hierarchy

Table 2. Models considered in this paper, concerning the neutrino properties.

Model B0 (G) Mass hierarchy sin2 2θ13

MSW-NOR-S 0 Normal 10−6

MSW-NOR-L 0 Normal 0.04
MSW-INV-S 0 Inverted 10−6

MSW-INV-L 0 Inverted 0.04
RSF-NOR-S 1010 Normal 10−6

RSF-NOR-L 1010 Normal 0.04
RSF-INV-S 1010 Inverted 10−6

RSF-INV-L 1010 Inverted 0.04
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(a) Normal mass hierarchy (b) Inverted mass hierarchy

Figure 5. Schematic illustration of level crossings for (a) normal and (b) inverted
mass hierarchy. In this figure, adiabatic conversion means that the neutrinos
trace the solid curve at each resonance point, while nonadiabatic conversion is
shown by the dashed line.

4. Qualitative conversion schemes

We qualitatively illustrate the conversion scheme for each model. Since ν̄e is the most easily
detected flavour, we focus on the conversion channel that gives the appearance of ν̄e at the
detector. Figure 5 schematically shows crossings among different mass eigenstates in matter,
which is helpful for the reader to understand the qualitative discussions in this section.

4.1. Normal mass hierarchy

First, the case of the normal mass hierarchy is addressed (figure 5(a)); this case is minutely
investigated in [14, 15], but we again repeat their discussion. When B0 = 0, the produced

Journal of Cosmology and Astroparticle Physics 10 (2003) 001 (stacks.iop.org/JCAP/2003/i=10/a=001) 11

Ando, Sato, JCAP 0310, 001 (2003)

Green: Group A
Blue: Group B
Red: Group C

μν = 10−12 μB



Advanced Topic: Shock Waves

Tomàs, Kachelriess, Raffelt, Dighe, Janka, Scheck, JCAP 0409, 015 (2004)

This method is applicable only in the case of 
inverted hierarchy with large θ13 .

Signatures of supernova shock propagation 13

Figure 6. Time dependences of the observables 〈Ee〉 (left) and 〈E2
e 〉/〈Ee〉2 (right) for

different primary spectra, (L, G1, G2), and assuming both forward and reverse shock
(blue solid line) and only forward shock wave (red dashed line).

Figure 7. Left: Time dependence of the neutrino luminosities L used, from Ref. [22].
Right: Density profiles at different times obtained from the numerical simulations of
section 2. The H-resonance density, ρH, for different neutrino energies, 5, 30 and 60
MeV, is also shown.

of Eq. (4) for the spectral shape, with the values given in Tab. 2.

• The density profile of the SN envelope at different times as discussed in Sec. 2.

In the right panel of Fig. 7, we show the effect of the forward and the reverse-

shock wave on the density profiles at several instances. The basic structures of the

Signatures of supernova shock propagation 20

Figure 13. Left: Observed 〈Ee〉 for a static density profile (magenta), a profile with
only a forward shock (red), with forward and reverse shock (blue), and in the case
that the contact discontinuity is steepened by hand (green). Right: Observed 〈Ee〉 in
Super-Kamiokande, color code as in the left panel.

Finally, we want to discuss if the largest currently operating detector, Super-

Kamiokande, can observe the signatures of shock wave propagation. Compared to a

megaton detector, the event rate in Super-Kamiokande is reduced by a factor of 30.

Therefore, we plot in the right panel of Fig. 13 the mean event energy 〈Ee〉 with one

second time bins in order to decrease the statistical error. The features of the different

shock propagation scenarios remain visible, but are now more difficult to disentangle
because of the larger errors. However, one should keep in mind that the number of

events is not only related to the volume of the detector but also to the distance to the

SN. Thus, the potential of Super-Kamiokande to yield important clues about the shock

propagation cannot be dismissed.

5. Summary

We have performed simulations of supernova explosions adjusting the neutrino energy

transfer to the shock so that a successful explosion resulted. Following the time evolution

in spherical symmetry until more than 25 seconds after shock formation, we have found

that in addition to the forward shock wave a reverse shock forms when the supersonically

expanding neutrino-driven wind collides with the slower earlier SN ejecta. Both the

forward and reverse shock are sharp discontinuities where the density changes on a
sub-millimeter scale.

The sudden density jump at the two shock fronts results in a strongly non-adiabatic

evolution of neutrino flavor oscillations, when the shocks cross the H-resonance layer. For



Galactic Supernova Neutrino Burst: Summary

Super-K can detect 10,000 neutrino events

We can locate a supernova in advance with 
accuracy of 5–10 degrees, using neutrino 
directional distribution

Time evolution tells us explosion mechanisms, 
shock wave propagation, or black hole formation

Energy distribution reflects core temperature and 
flavor conversion inside the supernova envelope



3. Supernova Rate in 
the Milky Way



Galactic Supernova Rate Estimates

Extragalactic scaling

Historic supernova record

Galactic gamma-ray emission

Neutrino burst

And others...



Supernova types and rates 13

tremely high expansion velocities and in turn, of high explosion energy
(Iwamoto et al. 1998, 2000). Most interesting is the case of SN 1998bw
because of his close association with GRB250498 (Patat et al. 2000) Be-
cause of these extreme characteristics these SNe, along with SN 1997cy
mentioned in the previous section, are often referred as hypernovae and
may indeed require specific progenitor scenarios and explosion mecha-
nism.

6. SN RATES

The most recent estimate of the rates of the different SN types has
been published in Cappellaro et al. (1999) and are summarized in Tab. 1.
In average, these values are in fair agreement with previous estimates
(cf. van den Bergh & Tammann 1991).

Table 1. The local SN rates. Units are SNu = SN/1010L!,B/100yr. h=H0/100.

galaxy SN type
type Ia Ib/c II All

E-S0 0.32 ± .11 h2 < 0.02 h2 < 0.04 h2 0.32 ± .11 h2

S0a-Sb 0.32 ± .12 h2 0.20 ± .11 h2 0.75 ± .34 h2 1.28 ± .37 h2

Sbc-Sd 0.37 ± .14 h2 0.25 ± .12 h2 1.53 ± .62 h2 2.15 ± .66 h2

All 0.36 ± .11 h2 0.14 ± .07 h2 0.71 ± .34 h2 1.21 ± .36 h2

One interesting result is that the rate of SN Ia per unit B lumi-
nosity is constant from ellipticals to late spirals. Even if one may argue
about what is the stellar population which dominates the blue luminos-
ity in spirals, a significant fraction must derive from young stars. This
immediately implies that the average age of the SN Ia progenitors is
shorter in spirals than in ellipticals (cf. Fig.5). Also worth noticing is
that the SN Ib/c are only 15% of all core collapse events.

Based on the values of Tab. 1, we can derive an estimate of the SN
rate in our own Galaxy making the basic assumption that the Galaxy
has an average SN rate for his morphological type (here assumed Sb-Sbc)
and luminosity (2.3 × 1010LB,!). If we adopt H0 = 65km s−1 Mpc−1,
we expect 0.4 ± 0.2 SN Ia and 1.5 ± 1.0 SNII+Ib/c per century, that
is roughly one SN every 50 years. Formally, this is a factor two lower
than derived from counts of historical SNe and SN remnants (eg. van
den Bergh & Tammann 1991, Strom 1994). When considering the large
uncertainties however, the two values are not in disagreement.

Extragalactic Scaling
Using supernova database
Depends on type of supernovae and morphological types of galaxies

Cappellaro, Turatto, astro-ph/0012455
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Depends on type of supernovae and morphological types of galaxies

Cappellaro, Turatto, astro-ph/0012455
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Extragalactic Scaling
Using supernova database
Depends on type of supernovae and morphological types of galaxies

Cappellaro, Turatto, astro-ph/0012455

For Milky Way (Sb-Sbc), LB = 2.3×1010 Lsun,B, core-collapse SN rate 
is 1.5 /century
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Extragalactic Scaling
Using supernova database
Depends on type of supernovae and morphological types of galaxies

Cappellaro, Turatto, astro-ph/0012455

For Milky Way (Sb-Sbc), LB = 2.3×1010 Lsun,B, core-collapse SN rate 
is 1.5 /century
Note, however, that this estimate completely neglects highly dust-
extinguished SNe



Historic Supernova Record

Correcting for incompleteness of the record

SN (I+II) rate of 5.7±1.7 / century
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Strom, A&A 288, L1 (1994)



Galactic Gamma-Ray Emission

1.8 MeV 26Al line by 
INTEGRAL

Penetrating over the full 
Galaxy 

Snapshot of current 
massive star death

This implies core-collapse 
SN rate of 1.9±1.1 / 
century

©!2006!Nature Publishing Group!
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Radioactive 26Al from massive stars in the Galaxy
Roland Diehl1, Hubert Halloin1, Karsten Kretschmer1, Giselher G. Lichti1, Volker Schönfelder1,
Andrew W. Strong1, Andreas von Kienlin1, Wei Wang1, Pierre Jean2, Jürgen Knödlseder2, Jean-Pierre Roques2,
Georg Weidenspointner2, Stephane Schanne3, Dieter H. Hartmann4, Christoph Winkler5 & Cornelia Wunderer6

Gamma-rays from radioactive 26Al (half-life ,7.2 3 105 years)
provide a ‘snapshot’ view of continuing nucleosynthesis in the
Galaxy1. The Galaxy is relatively transparent to such g-rays, and
emission has been found concentrated along its plane2. This led
to the conclusion1 that massive stars throughout the Galaxy
dominate the production of 26Al. On the other hand, meteoritic
data show evidence for locally produced 26Al, perhaps from
spallation reactions in the protosolar disk3–5. Furthermore, promi-
nent g-ray emission from the Cygnus region suggests that a
substantial fraction of Galactic 26Al could originate in localized
star-forming regions. Here we report high spectral resolution
measurements of 26Al emission at 1808.65 keV, which demonstrate
that the 26Al source regions corotate with the Galaxy, supporting
its Galaxy-wide origin. We determine a present-day equilibrium
mass of 2.8 (60.8) solar masses of 26Al. We use this to determine
that the frequency of core collapse (that is, type Ib/c and type II)
supernovae is 1.9 (61.1) events per century.
Excess 26Mg found in meteorites shows that the hot disk-accretion

phase of the presolar nebula was apparently characterized3,4 by an
amount of radioactive 26Al (relative to the stable 27Al isotope) with
a rather well-determined 26Al/27Al ratio of ,4.5 £ 1025. This is
surprising, given that 26Al decays within ,1Myr: the time it takes
for a parental molecular cloud to form protostellar disks after
decoupling from nucleosynthetically enriched interstellar gas is
much longer6. Therefore, the meteoritic determinations of the
26Al/27Al ratio have been interpreted as an in situ 26Al enrichment
of the young solar nebula7, either by a nearby supernova or by an
AGB star event injecting fresh nucleosynthesis products at the ‘last
moment’, or by enhanced cosmic-ray nucleosynthesis in the magne-
tically active early Sunwith its accretion disk5. Themean 26Al content
of the interstellar medium in the Galaxy would therefore decouple
from the solar value.
Observation of 1808.65-keV g-rays from the decay of radioactive

26Al in the interstellar medium, however, demonstrated that 26Al
nucleosynthesis does occur in the present Galaxy. The irregular
distribution2,8 of 26Al emission seen along the plane of the Galaxy
provided the main argument for the idea that massive stars dominate
the production of 26Al (ref. 1). Massive stars preferentially form in
clusters; some of the nearby massive-star regions appear prominent
in 26Al emission (for example, in the Cygnus region), while others do
not. Because the massive star census in the Galaxy is well known only
out to distances of a few kiloparsecs, and many regions of the Galaxy
are occulted for direct measurements, we are left with considerable
uncertainty about a Galaxy-wide interpretation of the g-ray
measurements, with respect to the possibility of localized efficient
26Al-producing regions. The total amount of 26Al in the Galaxy, and
hence the mean interstellar 26Al/27Al ratio, is thus rather uncertain.
If 26Al sources are indeed distributed throughout the Galaxy,

Galactic rotation will cause Doppler shifts of the g-ray line energy,
depending on the location of the source region within the Galaxy.
Offsets in the line energy range up to 0.25 keV, and are particularly
pronounced towards longitudes around^308 (ref. 9). From 1.5 years
of data from our Ge spectrometer telescope (SPI) on the INTEGRAL
g-ray observatory of the European Space Agency (launched in
October 2002) we derived new spectra of celestial 26Al emission
(see Supplementary Information for details of observations and
analysis method). From the inner Galaxy, we obtain an 26Al measure-
ment at 16j above the background, and significantly (.3j) detect the
26Al line emission in six 0.5-keV-wide energy bins across the line
centre—this allows an unprecedented investigation of 26Al g-ray line

LETTERS

Figure 1 | Measurement of the 26Al line from the inner Galaxy region with
SPI/INTEGRAL. Our INTEGRAL sky exposure is fairly symmetric around
the centre of the galaxy and extends over the full Galactic plane, though
emphasizing the range of ^458 longitude and ^158 latitude (see
Supplementary Information). This spectrum (shown with error bars of s.d.)
was derived from sky model fitting to the set of 19 Ge detector count spectra
for each of the 7,130 spacecraft pointings, using the COMPTEL 26Al image as
a model for the spatial distribution of emission, and was background-
modelled from auxilliary measurements. The fit (solid line) combines the
instrumental resolution, which is derived by accounting for degradation
from cosmic-ray degradation irradiation and for annealings during the time
of our measurement, with a gaussian for the intrinsic, astrophysical 26Al
linewidth. For this integrated result from the inner Galaxy, the line centre is
determined to be at 1,808.72 (^0.2stat ^ 0.1syst) keV (statistical and
systematic uncertainties shown), well within the laboratory value for the
26Al line of 1,808.65 (7) keV. The integrated intensity from the inner region
of the Galaxy is determined to 3.3 (^0.4) £ 1024 photons cm22 s21 rad21,
averaging over this and other plausible spatial-distribution models (hence
uncertainty shown as sum of statistical and systematic; see Supplementary
Information for method and details).

1Max-Planck-Institut für extraterrestrische Physik, D-85748 Garching, Germany. 2Centre d’Etude Spatiale des Rayonnements and Université Paul Sabatier, 31028 Toulouse,
France. 3DSM/DAPNIA/Service d’Astrophysique, CEA Saclay, 91191 Gif-Sur-Yvette, France. 4Clemson University, Clemson, South Carolina 29634-0978, USA. 5ESA/ESTEC,
SCI-SD 2201 AZ Noordwijk, The Netherlands. 6Space Sciences Laboratory, Berkeley, California 94720, USA.
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parameters (Fig. 1). We find that the observed lineshape approaches
the one expected from instrumental resolution. The linewidth of
celestial emission, which would be observable as additional
broadening, is therefore rather small. The high spectral precision of
our instrument can now be combined with its imaging capability
to search for signatures of Galactic rotation, that is, to determine 26Al
line-centre energies for different regions along the Galactic plane.
Our method of deriving spectra must adopt a model for the

distribution of emission over the sky (see Supplementary Infor-
mation). When we split such a model in the region of interest
(2408…þ408) into three longitude segments through cuts at 2108
and 108, and determine 26Al line energies for these regions, we
systematically find that the 26Al line energy clearly falls above the
laboratory energy east of the Galactic centre, and slightly below
towards the west (see Fig. 2 and Supplementary Information). Such a
signature is expected from Galactic rotation. This strongly supports
the view that the observed 26Al source regions are located in the inner
region of the Galaxy, rather than in localized foreground regions, as
they appear to follow the global Galactic kinematics. This affirms a
Galaxy-wide interpretation of the 26Al g-ray measurement, which
had previously been argued for indirectly on the grounds of correlat-
ing the 26Al g-ray image with different tracers of candidate
sources1,10.
The total 26Al g-ray flux that we obtain is 3.3 (^0.4) £ 1024

photons cm22 s21. This value is conventionally quoted for the
inner Galaxy region (2308 , l , 308; 2108 , b , 108) and the
combined uncertainty from statistics and systematics is shown; the
flux varies by ,4% when we use a range of models, which we
consider to be plausible tracers of 26Al sources1,10 (see Supplementary
Information). This can be converted to an equilibrium mass pro-
duced by ongoing nucleosynthesis throughout the Galaxy in steady
state, once the three-dimensional spatial distribution is known. Our
best three-dimensional model is based on free electrons liberated by
ionizing radiation from massive stars—such electrons can be
measured at radio wavelengths, and the results have been translated
into a geometrical model11,12. Using this and alternative plausible
models13 (see Supplementary Information), we infer a mass of

2.8M( (where M( is the mass of the Sun) of 26Al in the entire
Galaxy. We estimate this value to be uncertain by^0.8M(, from the
combined statistical uncertainty of our measurements and the
spatial-model uncertainty. The 26Al/27Al ratio implied13,14 for the
average interstellar medium is 8.4 £ 1026 (assuming an interstellar
gas mass of 4.95 £ 109M(, and a numerical abundance of
logN(27Al) ¼ 6.4, on a scale given by logN(H) ¼ 12), about one
order of magnitude lower than the solar-nebula value.
In conjunction with stellar yields and a distribution function of

stellar birth masses this provides an independent estimate of the star-
formation rate in the Galaxy. Although we know the star-formation
rates for external galaxies and specific regions in the solar neighbour-
hood reasonably well, the star-formation rate of the Galaxy as awhole
ismuch less certain, because of occultation from interstellar clouds or
other biases. Values based on optical-to-infrared tracers range from
0.8 to 13M( per year15–18 (see Supplementary Information). The
g-ray technique has the advantage in that it measures the rate in
penetrating radiation over the full Galaxy, and averages over a
timescale associated more closely with one (current) generation of
massive stars (1Myr). The signature of Galactic rotation in the 26Al
g-ray line reaffirms that large-scale distributions for tracers of 26Al
sources can be applied to obtain a census of massive stars in the
Galaxy.
Theoretical nucleosynthesis yields have been derived for massive

stars, which are presumed to dominate the Galactic 26Al budget,
specifically for core-collapse supernovae and for the preceding
Wolf–Rayet phases. Such models have been shown to match the
chemical history of the Galaxy as reflected in the abundances of
chemical elements to within a factor of two19, which is an impressive
success. 26Al yields (wind-phase and explosive yields) from
recent models of several independent research groups (Woosley,
S. E., Heger, A. & Hoffman, R. D., manuscript in preparation;
Limongi, M., & Chieffi, A., personal communication; refs 20 and
21) converge within about 50% over the full mass range (see
Supplementary Information). Yields are moderated by the steep
initial mass function (IMF), y < m2a, in our relevant mass range
,10–120M(. We use the Scalo IMF (y < m22.7) for this higher-
mass range, supported by a wide range of astronomical constraints22,
to obtain an average ejected mass per massive star of 26Al of
Y26 ¼ 1.4 £ 1024M(. With our measured amount of 26Al, this
IMF-weighted 26Al yield implies a rate of core-collapse supernovae
in the Galaxy, averaged over the radioactive lifetime of 26Al
(1.04Myr); this represents the current core-collapse supernova
rate: Evolutionary times for star clusters are ,10–100Myr, while
the formation times of star clusters from giant molecular clouds are
,100Myr, and the Galaxy’s age is ,12Gyr. (See Supplementary
Information for the method of calculation and discussion of uncer-
tainties). Our 26Al measure implies a rate of (1.9 ^ 1.1) core
collapses per century, corresponding to a star-formation rate of
,4M( yr21, or a stellar production rate of ,7.5 stars per year.
Our high-resolution spectroscopy of 26Al with SPI/INTEGRAL data
shows that the Galaxy produces stars at a moderate rate, typical for
spiral galaxies of similar type and luminosity.
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Figure 2 | Line position shifts with viewing directions along the inner
Galaxy. Galactic rotation will shift the observed 26Al line energy owing to
the Doppler effect, to appear blue-shifted at negative longitudes and red-
shifted at positive longitudes. Our expectations (greyscale) can be modelled
from the Galactic rotation curve and a hypothetical three-dimensional
distribution of 26Al sources. From such models, we typically expect Doppler
shifts of 0.25 keV, varying by ,0.05 keV with assumptions about inner-
Galaxy rotation and spatial source distribution (see Supplementary
Information), for the integrated longitude ranges 408…108 and
2108… 2 408, respectively. We show here one of our models (in greyscale),
based on free electrons in the insterstellar medium11,12, with an exponential
distribution perpendicular to the Galactic plane (scale height 180 pc); for
our longitude intervals 408..108 and 2108… 2 408; this predicts integrated
Doppler shifts of 20.22 keV and þ0.24 keV, respectively. The three line
energy measurements (s.d. error bars shown) extracted from our
observations are consistent with the Galactic-rotation explanation at the
94% probability level (see Supplementary Information for method and
details).
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Some Other Methods
Free-free radio emission from HII regions 
around massive stars

Reprocessed FIR emission due to warm dust 

Radio supernova remnant statistics

Number count of pulsars

Number count of OB stars

Etc...



Summary of Galactic Supernova Rate

All methods converge 
at RSN ~ a few / 
century, but could be 
even larger

No neutrino burst in 
the last 25 years sets 
upper limit: < 9.2 / 
century (90% CL)

Alekseev & Alekseeva 2002; 
Raffelt 2007

Highly Poisson regime

Online Supporting Information: Radioactive 
26

Al 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 
26

Al 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.  
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4. Diffuse Neutrino Background from 
Cosmological Supernovae



Core-collapse supernovae

99% of the gravitational energy is 
released as neutrinos

They occurred frequently, 
tracing the star formation rate

There should exist a diffuse background of 
neutrinos emitted from all the past supernovae

Diffuse Supernova Neutrinos



Classic Papers in 1980s
1
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Bisnovatyi-Kogan, Seidov, 
Sov. Astron. 26, 132 (1982)

Krauss, Glashow, Schramm, 
Nature 310, 191 (1984)



Detectability—first detection of extragalactic neutrinos
Evaluation of event rate and backgrounds

Ando, Sato & Totani 2003; Beacom & Vagins 2004; Strigari, Kaplinghat, Steigman & Walker 2004; 
Cocco et al. 2004; Beacom & Strigari 2005; Lunardini 2006b

Galaxy evolution and star formation history
Complementary to observations with the light

Totani, Sato & Yoshii 1996; Fukugita & Kawasaki 2003; Ando 2004; Strigari et al. 2005; Lunardini 
2006a

Supernova neutrino parameters
Yüksel, Ando & Beacom 2005; Lunardini 2006c

Neutrino properties as elementary particles
Neutrino oscillation

Ando & Sato 2003

Neutrino decay (i.e., coupling with unknown particle)
Ando 2003; Fogli, Lisi, Mirizzi & Montanino 2004

Motivations



Basic Picture

1. Neutrino spectrum 
from each supernovae

2. Neutrino oscillation 
during propagation in 
supernova envelope

3. Supernova rate

Time

z = 0

ν

ν

z = 1

z = 5

dFν

dEν

= c

∫
zmax

0

RSN(z)
dNν(E′

ν
)

dE′
ν

(1 + z)
dt

dz
dz

Required Physics:
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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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Figure 3. The allowed bands for the supernova rates follow from the lower allowed
band of Figure 1. The SNIa data is from [32] and [56], and the optical SNII data is from
[32] and [57]. The error bars show statistical uncertainties. As discussed in Cappellaro
et al. [57], the z = 0 optical SNII measurement is not corrected for dust extinction,
and represents a lower limit. For the SNIa calculations, we use fIa = (1/700)M−1

" and
a time delay of 3 Gyr.

5. The Iron Abundance and Far IR Background

5.1. Iron Abundance

Observations and models indicate that, on a per event basis, SNIa produce an order of

magnitude more iron than SNII [58]. With the concordance CSFR, the integrated SNII

number density is roughly an order of magnitude greater than that for SNIa (Figure 3).
The net result is that each type of supernova is expected to produce roughly half of

the observed 56Fe. With a parametrization for the supernova rates as a function of

redshift, and the mean amount of 56Ni produced for each type of supernova, we can

compare the expected supernova yields to the observed 56Fe abundances. Renzini [59]

has compiled measurements of 56Fe abundances in the intracluster medium of galaxy

groups and clusters, with an approximate average abundance of 30% solar by mass
fraction. Additionally, studies of the 56Fe abundance in Damped Lyman-alpha systems

show a large scatter in [Fe/H], with a upper limit of roughly 10−3 as a fraction of the total

Strigari, Beacom, Walker, Zhang, 
JCAP 0504, 017 (2005)
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Backgrounds against Detection

Flux: 1.1 cm−2 s−1 (Eν > 19.3 MeV)

There is no energy window at current water Cerenkov detectors

Flux upper limit: 1.2 cm−2 s−1 (> 19.3 MeV, 90% C.L.; SK, Malek et al. 2003)

In the future, 10–30 MeV can be a background-free energy region (with GdCl3; Beacom & 
Vagins 2004)
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Experimental Limit
4

TABLE I: The SRN search results are presented for six theoretical models. The first column describes the method used to
calculate the SRN flux. The second column shows the efficiency-corrected limit on the SRN event rate at SK. The third column
is the flux limit set by SK, which can be compared with the theoretical predictions that are shown in the fourth column. The
fifth column shows the flux predictions above a threshold of Eν > 19.3 MeV . Note that the heavy metal abundance calculation
only sets a theoretical upper bound on the SRN flux [7].

Theoretical model Event rate limit SRN flux limit Predicted flux Predicted flux

(90% C.L.) (90% C.L.) (Eν > 19.3 MeV)

Galaxy evolution [4] < 3.2 events/year < 130 ν̄e cm−2 s−1 44 ν̄e cm−2 s−1 0.41 ν̄e cm−2 s−1

Cosmic gas infall [5] < 2.8 events/year < 32 ν̄e cm−2 s−1 5.4 ν̄e cm−2 s−1 0.20 ν̄e cm−2 s−1

Cosmic chemical evolution [6] < 3.3 events/year < 25 ν̄e cm−2 s−1 8.3 ν̄e cm−2 s−1 0.39 ν̄e cm−2 s−1

Heavy metal abundance [7] < 3.0 events/year < 29 ν̄e cm−2 s−1 < 54 ν̄e cm−2 s−1 < 2.2 ν̄e cm−2 s−1

Constant supernova rate [4] < 3.4 events/year < 20 ν̄e cm−2 s−1 52 ν̄e cm−2 s−1 3.1 ν̄e cm−2 s−1

Large mixing angle osc. [8] < 3.5 events/year < 31 ν̄e cm−2 s−1 11 ν̄e cm−2 s−1 0.43 ν̄e cm−2 s−1

line represents the sum of the background and the upper
bound on α for the galaxy evolution model. This line
shows the type of distortion in the Michel spectrum that
would be indicative of an SRN signal.

Figure 2 shows that the expected backgrounds fit the
data well. In this analysis, no flux normalization was cho-
sen for the background rates; only the shapes were used.
This is because there are large uncertainties (∼ 30%) in
the atmospheric neutrino fluxes at these very low ener-
gies. As a consistency check, the fit results for the num-
ber of background events were compared to the predic-
tions, which were determined by applying the reduction
cuts to 100 years of simulated background events and
normalizing for livetime. For 1496 days of data, the ex-
pected number of atmospheric νe events is 75±23, which
is consistent with the best fit result of 88 ± 12 events.
To determine the expected number of decay electrons
from invisible muons, neutrino oscillation must be con-
sidered [10]; given the low energy of the atmospheric νµ

that produce invisible muons, it is assumed that half of
the νµ have oscillated into ντ . With this assumption, the
predicted number of decay electron events is 145 ± 43,
which is consistent with the best fit result of 174 ± 16
events.

The limit on α can be used to derive a 90% C.L. limit
on the SRN flux from each model. The number of SRN
events is related to the total flux F by the following equa-
tion:

F =
α

Np × τ
∫
∞

19.3 MeV
f(Eν)σ(Eν )ε(Eν)dEν

(2)

In this equation, Np is the number of free protons in SK
(1.5 × 1033), τ is the detector livetime (1496 days), ε(E)
is the signal detection efficiency, σ(E) is the cross section
for the inverse β decay (9.52× 10−44 Ee pe), and f(E) is
the normalized SRN spectrum shape. The integral spans
the energy range of the neutrinos that produce positrons
in the observed region.

Using the above values, the 90% C.L. SRN flux limit
was calculated for each model. The results are in the
third column of Table I, and can be compared with
the predictions, which are in the fourth column. For
the galaxy evolution model [4], the cosmic gas infall
model [5], and the cosmic chemical evolution model [6],
the SK limits are larger than the predictions by a factor
of three to six. In these models, the dominant contribu-
tion to the SRN flux comes from supernovae in the early
universe, so the neutrino energy is red-shifted below the
18 MeV threshold. The heavy metal abundance model
primarily considers supernovae at red-shifts z < 1, so SK
is sensitive to more of the SRN flux. For this model,
the flux limit is smaller than the calculated total flux [7].
However, this prediction is only a theoretical upper limit,
so these results can constrain this model but they cannot
eliminate it. The LMA model [8] has a harder energy
spectrum, and so SK is sensitive to a larger fraction of
the SRN flux. The increased sensitivity is offset by the
fact that this hardened spectrum also results in a larger
limit for α; thus, the SK flux limit is still nearly a factor
of three larger than the prediction.

The total SRN flux predicted by the constant model
scales with the rate of core-collapse supernovae, and so
the SRN flux limit can be used to set a 90% C.L. up-
per limit on the constant supernova rate. The SRN flux
prediction quoted in this paper is based on a reasonable
supernova rate of 1.6 × 103 SN year−1 Mpc−3. The ob-
served SRN flux limit (20 ν̄e cm−2 s−1) corresponds to
a supernova rate limit of 6.2 × 102 SN year−1 Mpc−3.
Thus, the constant model can be ruled out, as the limit
on the supernova rate is too low to be consistent with the
observed abundance of oxygen [4, 18], which is synthe-
sized within the massive stars that become supernovae.
At Kamiokande-II, a flux limit of 780 ν̄e cm−2 s−1 was set
with the assumption of a constant supernova model [9];
the SK limit is 39 times more stringent.

The SRN limits vary greatly, based on the shape of
the theoretical SRN spectrum at energies that are be-

Super-K, PRL 90, 061101 (2003)

SNO, ApJ 653, 1545 (2006)Table 4: DSNB flux predictions and limits

Integral Flux Flux 22.9 MeV < Eν < 36.9 MeV
(cm−2s−1) (cm−2s−1)

Model Prediction Upper Limit Prediction Upper Limit
B&S : T = 4 MeV 21.1 1.1 × 104 0.19 93
B&S : T = 6 MeV 14.1 1.5 × 103 0.66 72
B&S : T = 8 MeV 10.5 6.0 × 102 1.08 61
A&S : NOR-L 28.5 1.3 × 103 1.49 69
A&S : NOR-S-INV 34.9 2.3 × 103 1.06 70

Note.—This table shows the 90% CL upper limits on the νe component of the DSNB flux and model predictions for different
models from Beacom & Strigari (2006) (B&S) and Ando & Sato (2003) (A&S).
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Implication: Longest Baseline Experiment

One can provide strongest limits on secret interaction of neutrinos

E.g., neutrino decay: νi → νj + φ

Ando, PLB 570, 11 (2003) FIG. 6: (Color online.) Positron event rates in the energy range [10, 20] MeV for various decay scenarios,
normalized to standard expectations for normal hierarchy and no decay. The τ/m range in abscissa is well
above the safe bound in Eq. (8). Notice how the expectations branch out (and then reach the complete
decay limit) in the cosmologically relevant range τ/m <∼ 1011 s/eV. See the text for details.

V. CONCLUSIONS AND PROSPECTS

Neutrino decays with cosmologically relevant neutrino lifetimes [τi/mi
<∼ O(1011) s/eV]

can, in principle, be probed through observations of supernova relic ν̄e (SRN). We have
shown how to incorporate the effects of both flavor transitions and decays in the calculation
of the SRN density, by finding the general solution of the neutrino kinetic equations for
generic two-body nonradiative decays. (Radiative decays are briefly commented upon in
Appendix A.) We have then applied such solution to three representative decay scenarios
which lead to an observable SRN density larger, comparable, or smaller than for no decay.
In the presence of decay, the expected range of the SRN rate is significantly enlarged (from
zero up to the current upper bound). Future SRN observations can thus be expected to
constrain at least some extreme decay scenarios and, in general, to test the likelihood of
specific decay models, as compared with the no-decay case.
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Implication: Constraining Supernova Parameters

Reinterpreting the SK flux 
limit (Malek et al. 2003) in 
terms of physical 
parameters

Very close to the SN 1987A 
region (especially IMB)

The result of Super-K 4-yr 
data accumulation

This still includes 
backgrounds
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Parameter Constraint by SK Data
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Diffuse Supernova Neutrinos: Summary
A diffuse supernova neutrino background filling the 
entire universe

Theory predicts its flux just below the current upper limit 
by the Super-K

This provides longest baseline neutrino experiment, 
testing, e.g., neutrino decay

The excluded region on the (Eb, T) plane is promisingly 
approaching the SN 1987A region

Future Gd-doped Super-K or Mton detectors enables 
determination of these parameters


