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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)



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
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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; Yüksel & Beacom 2007

Neutrino properties as elementary particles
Neutrino oscillation

Ando & Sato 2003; Volpe & Welzel 2007; Chakraborty et al. 2008

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

Motivations



2. Flux, Event Rate, 
Current Upper Limits



Order-of-Magnitude Estimate



Question: what is the energy density of relic supernova neutrinos?
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Question: what is the energy density of relic supernova neutrinos?

We don’t need any sophisticated models; let’s see:

Each supernova releases 3×1053 erg by neutrinos

Galactic supernova rate is ~0.01 yr−1, which corresponds to 
global rate of ~10−4 yr−1 Mpc−3 (as galaxy density is 10−2 Mpc−3)

Supernovae continuously inject neutrinos for the age of the 
Universe, ~1010 yr

Combining these three ingredients, we get

Order-of-Magnitude Estimate

! 3" 1053 erg " 10!4 yr!1 Mpc!3 " 1010 yr = 10!14 erg cm!3

Energy/SN Global SN rate Cosmic age



Universe is filled with radiation

Energy densities of background radiation are:

OK, how big is this 10-14 erg cm-3 ?
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Formulation

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

dF!

dE!

= c

!
zmax

0

RSN(z)
dN!(E!

!
)

dE!
!

(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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Ando, Astrophys. J. 607, 20 (2004)
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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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Ando, Sato, NJP 6, 170 (2004)
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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 e!ciency-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 E! > 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.) (E! > 19.3 MeV)

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

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

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

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

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

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

line represents the sum of the background and the upper
bound on ! 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 "e 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 "µ

that produce invisible muons, it is assumed that half of
the "µ have oscillated into "! . 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 ! 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 =
!

Np " #
!
!

19.3 MeV
f(E")$(E" )%(E")dE"

(2)

In this equation, Np is the number of free protons in SK
(1.5 " 1033), # is the detector livetime (1496 days), %(E)
is the signal detection e!ciency, $(E) is the cross section
for the inverse & 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 o"set by the
fact that this hardened spectrum also results in a larger
limit for !; 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 "̄e 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 "̄e 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 < E! < 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 !e component of the DSNB flux and model predictions for di!erent
models from Beacom & Strigari (2006) (B&S) and Ando & Sato (2003) (A&S).

12

Flux upper limit: 1.2 cm−2 s−1 (> 19.3 MeV, 90% C.L.)



3. Implications: Constraining Supernova 
Neutrino Emission Parameters



How Uncertain is Supernova Rate?
Recent progress of astronomical 
observations constrains 
systematic uncertainty of star 
formation rate by a factor of ~2

These star formation rate 
models are consistent with

direct supernova count

extragalactic background 
light

interstellar dust models, etc.

Lowering by a factor of 2 will 
require fixing here and there in 
astronomy

2

thesis powers the EBL. Specifically, the observed EBL
places a robust lower limit on the cosmological stellar
content, and from this we consider it unlikely that the
true CSFH could be smaller than that adopted in this
work, by a factor larger than two. This leaves little
room for DSNB to escape detection, in particular with
a gadolinium enhanced SK, thereby providing a strong
probe of stellar and neutrino physics.

The paper is organized as follows. In section II we re-
view the latest CSFH and perform cross checks with the
rate of core-collapse supernova, extragalactic background
light, and stellar mass density. In section III we start
with discussions of the DSNB formalism and variations
on the neutrino emission per supernova. We then con-
tinue with a discussion of the DSNB with astrophysical
uncertainties, and detection prospects in future gadolin-
ium enhanced SK. Finally, we finish with discussions and
conclusions in section IV.

II. ASTROPHYSICAL INPUTS

For a given supernova neutrino spectrum, the key input
for the di!use supernova neutrino background (DSNB)
is the history of the core-collapse supernovae (SNII)
rate. Astrophysically, this is related to the formation
rate of massive stars. Over the recent years, measure-
ments of the star formation rate (SFR) have improved
both in breadth and sophistication, leading to an un-
precedented understanding of the cosmic star formation
history (CSFH). In this section, we start with the lat-
est CSFH, and cross-check it with observables which
manifest from other stages of stellar life. In particu-
lar, cross-checking with the observed extragalactic back-
ground light (EBL) and the rate of SNII illustrate a self-
consistent picture of the birth, life, and death of stars in
the Universe.

A. Star formation history

The SFR is most often obtained from measurments of
massive stars, whose lifetimes are shorter than typical
star formation time scales. After correcting for dust, the
proxies for massive stars are calibrated to a SFR by use
of a stellar population code, which calculates the radia-
tive output from a population of stars given an initial
mass-function (IMF). In this study, we compute cali-
bration factors using the PEGASE.2 stellar population
code, which contains a large number of options for stel-
lar physics. The calibration factors are calculated assum-
ing constant SFR bursts, a close binary fraction of 0.05,
evolutionary tracks with stellar winds, the SNII model
B of Woosley & Weaver, and a constant metallicity of
Z = 0.02. We adopt three di!erent IMFs: the traditional
Salpeter IMF [!(M) ! M!2.35 from 0.1–100M"], a shal-
lower Baldry-Glazebrook IMF [BG, !(M) ! M!0.5 from
0.1–0.5M" and !(M) ! M!2.15 from 0.5–100M"], and

t

0 1 2 3 4 5 6

redshift

0.01

0.1

!.
 [

M
O

 y
r-1

 M
p
c-3

]

HDF
UV
FIR
GRB
LBG

FIG. 1: SFR and its redshift evolution. The compiled SFR
data of HB06 (blue, non filled) and SFR derived from gamma-
ray bursts and Lyman-break galacies (green, filled) are shown,
together with our best fit to the data (solid curve). The
dashed and dotted curves represent our chosen maximum and
minimum SFR fit to the data, respectively, as defined in the
text.

an intermediate KroupaA IMF [Kroupa, !(M) ! M!0.3

from 0.1–0.5M" and !(M) ! M!2.3 from 0.5–100M"].
The agreement of PEGASE.2 outputs with other stel-
lar population synthesis codes has been demonstrated in
e.g., [refs]. In Table I we list the calibration factors for
three SFR burst durations, for our chosen IMFs.

We take the SFR compilation of HB06 as our start-
ing point, and add recent data. These are shown in
Fig. 1 as a function of redshift, all scaled to the Salpeter
IMF. Assuming the Kroupa or BG IMF results in val-
ues that are lower by a factor "0.66 and "0.55, re-
spectively. The data consist of various SFR indicators,
including UV measurements from the SDSS, GALEX,
and COMBO17, far-infrared (FIR) from Spitzer, and
those derived from Gamma-Ray Bursts (GRB), Lyman
Break Galaxies (LBG), and H" measurements. The fig-
ure demonstrates the overall consistency between SFR
densities estimated by di!erent indicators, with at most
a factor of 2 or 3 variation over a wide range of red-
shifts. At low redshift, the systematic uncertainty be-
tween indicators is smaller than a factor of 2. Indeed,
it is nearing the formal uncertainties in the calibrations
of each indicator, and to further constrain the CSFH in
the future would require calibration uncertainties to be
examined. Finally, we note that redshift dependent dust
correction has been applied. At z < 1, the UV and FIR
measurements are combined, while a “common” obscu-
ration correction is applied to the UV at z > 3. In the
intermediate redshift range, a constant dust correction is
made. We refer the reader to [refs] for further details of
dust correction.

In order to compare the CSFH to other observables, it
is useful to define an analytic fit to the CSFH. We adopt

Horiuchi, Beacom, Dwek, in preparation
Hopkins, Beacom 2006



Uncertainty of relic neutrino spectrum

Uncertainty due to supernova 
rate is smaller than that due to 
supernova spectrum

Relic neutrino spectrum with 
current astronomical knowledge 
could be used to constrain 
supernova neutrino parameters

Lowering threshold down to 10 
MeV (with Gd addition) would 
greatly help
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FIG. 5: The DSNB event rate at SK, against positron energy.
The labels are the same as in Fig. 4, but in addition we show
a thermal 8 MeV spectrum (dot-dashed). We show the upper
limit on the DSNB placed by SK, <!2 yr!1 in the energy range
18–26MeV. With the addition of gadolinium, background in
the range 10–18MeV would be removed, opening up the en-
ergy range as indicated. The shaded region indicates where
the DSNB is overwhelmed by background. Note the linear
y-axis.

IV. DISCUSSION AND CONCLUSION

Neutrinos are the only probe of the central regions
of core-collapse events, and its study and detection are
strongly motivated by many areas of research. However,
in the two decades since their first detection, we have
had no further direct information of core-collapse neutri-
nos. On the other hand, the di!use supernova neutrino
background (DSNB) provides an immediate opportunity
to study core-collapse neutrinos. In this paper we assess
the uncertainties and implications for DSNB searches and
detection.

To this end, we start with the most up-to-date compi-
lation of the cosmic star formation history (CSFH), and
cross check it with the extragalactic background light
(EBL) and the rate of core-collapse supernovae (SNII).
This process highlights a consistent picture of the birth,
life, and death of stars, and prepares the astrophysical
inputs for the DSNB.

Specifically, the agreement between the CSFH and
the observed SNII rates (section II B) supports con-
sistency between stellar birth and death. Secondly,
we demonstrate agreement between the observed EBL
and that predicted from the CSFH: the observed to-
tal EBL is xx+yy

!zz nW m!2 sr!1, and the predicted (for
the Baldry-Glazebrook IMF with suppression at low
mass) is 81+33

!25 nW m!2 sr!1. While the EBL predicted
from the CSFH is IMF dependent, the shallower Baldry-
Glazebrook IMF shown above is supported also by stud-

ies of the stellar mass density. Hence our adopted CSFH,
together with a shallower IMF, gives excellent agreement
among all observations considered.

With the astrophysical inputs and their uncertainties
checked, we make predictions of the DSNB. Our results
in Fig. 5 show the event rate at SK, for a sample of
well-motivated supernova neutrino spectra. Remarkably,
the uncertainties due to astrophysics, represented by the
width of each spectra, are smaller than the di!erence
among supernova neutrino spectra. From a future de-
tection perspective, the current SK-limit is within a fac-
tor of 2 of the lowest 6MeV spectrum, emphasizing their
proximate detection. We stress the 6MeV is a theoreti-
cally strongly motivated model. Even tor the minimum
temperature 4MeV spectrum, and the minimum astro-
physics, the DSNB is only a factor of 4 smaller than the
present SK-limit.

From our work with the EBL, we are able to identify
a minimum input for the DSNB. The observed EBL is
dominated by starlight, and sets a robust lower limit on
the cosmological stellar content. We show that the true
CSFH can be at most a factor of 2 smaller than that
adopted in our work, to maintain agreement with the
EBL. However, even this requires other considerations
to be pushed to their extremes, making it seem unlikely.
With this in mind, we interpret the current SK-limit on
the DSNB to be already probing interesting domains.
The dominance of high !̄e temperatures (>! 8MeV), as
predicted in some numerical simulation of supernovae
[refs], is already under scrutiny. Indeed, the dominance
of a 8MeV spectrum is already ruled out for our fiducial
SNII rate, although it is still acceptable for our mini-
mum SNII rate. Furthermore, the SK-limit strongly dis-
favors the inverted hierarchy plus large 13-mixing angle
scenario, which predicts an observed !̄e temperature of
"8MeV (corresponding to T i

!x
at the source).

In the near future, SK is expected to probe down to
"10MeV with the addition of gadolinium, and its sci-
entific potential has been extensively studied [refs]. In-
triguingly at 10MeV, the overall uncertainty in DSNB
predictions, taking into account both astrophysical and
neutrino spectra uncertainties, is only a factor of two or
less (see Fig. 5). The uncertainties are so small, that
the non-detection of the DSNB would hint at novel stel-
lar or neutrino physics. For example, invisible neutrino
decays on cosmological scales [refs], or the e!ect of hypo-
thetical particles on the emission model of cosmological
supernovae.

Finally, the astrophysical uncertainties in the CSFH
and SNII rate will continue to decrease in the following
years. Coupled to the continuing DSNB search and the
addition of gadolinium in SK, these strongly corrobode
the immenent detection of the DSNB and solidify their
role in understanding supernova and neutrino physics.
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FIG. 4: The DSNB flux against neutrino energy. We show
thermal spectra with observed temperature of T!̄e = 6 MeV
(solid) and T!̄e = 4 MeV (dashed), and a third spectra derived
from neutrinos from SN1987A (dot dashed). Two curves are
plotted for each spectrum, corresponding to the upper and
lower SNII rate inputs.

D. DSNB with uncertainties

In Fig. 4 we show the predicted DSNB flux from a se-
lection of neutrino spectra. For each, the upper (lower)
curve corresponds to the upper (lower) !̇SNII. This il-
lustrates the relative sizes of the uncertainties originat-
ing from i) the rate of SNII and ii) from the neutrino
emission spectrum per supernova. We show thermal neu-
trino spectra given by Eq. (6) with tempetarures T!̄e = 4
MeV and T!̄e = 6 MeV. We also show in the figure the
neutrino spectrum reconstructed from observed neutrinos
from SN1987A, which resembles a 4 MeV thermal spec-
trum at low energies and a 5 MeV thermal spectrum at
high energies, due to slight pinching [ref]. We note that
the limited sample and energetics of the SN1987A neutri-
nos means this spectrum serves as a guidance rather than
the definitive neutrino spectrum per supernova. From
Fig. 4 we find that uncertainties in the astrophysical
inputs are smaller than those from supernova neutrino
emission models.

In Fig. 5 we show the same but for the event flux,
which is what it actually observed. We show the event
rate of positrons as a function of positron energy. We
also include the region already excluded by SK. The SK-
limit already partially excludes observed temperatures
of T!̄e

>! 8MeV, under the assumption of energy equipar-
tition. The dominance of a 8MeV "̄e spectrum is still
allowed for the lower CSFH; it does not conflict with
any other observations such as the EBL. Our choice of
6 MeV in fact reflects this stringent SK constraint and
represents the currently acceptable high temperature "̄e

emission. The 4MeV reflects our lower estimate for the
neutrino per supernova. Although even lower tempera-
tures are unlikely, it remains unconstrained, and could

TABLE II: Integrated DSNB event rate per year at the 22.5
kton SK, in the positron energy range 18–26MeV (current
SK) and 10–26MeV (SK with Gadolinium added). The errors
reflect the maximum and minimum !̇SNII, defined from the
CSFH.

"̄e spectrum events [yr!1 22.5 kton!1]

18 < Ee/MeV < 26 10 < Ee/MeV < 26

8 MeV 2.0+0.7
!0.6 4.2+1.5

!1.2

6 MeV 1.3+0.4
!0.3 3.5+1.2

!1.0

4 MeV 0.4+0.1
!0.1 1.8+0.5

!0.5

SN1987A 0.5+0.1
!0.1 1.7+0.5

!0.4

signify unknown stellar or neutrino physics. In Table II
we show the predicted event numbers in the energy bin
18–26 MeV, which can be compared to the SK event limit
of <!2 yr!1.

As shown in Fig. 5 and Table II, the dominance of
a 8MeV thermal neutrino spectrum is already partially
excluded by the present SK-limit. The lower bound of the
8MeV spectrum is only a fraction below the current SK-
limit, and could be probed in a few years more running.
The theoretically motivated !6MeV thermal emission is
within a factor of 2 of the present SK-limit. However, if
there is a dominance of the 4MeV spectrum, which we
consider to be the lower neutrino emission per supernova,
the present SK will need to improve by a factor of !4.

E. DSNB future prospects

In the current SK, DSNB "̄e are detected in a sin-
gle positron search, for which there are very large back-
ground rates [refs]. With dissolved gadolinium, SK could
also detect the neutrons in via its radiative capture, en-
abling tight temporal and spatial coincidence for signal
events [refs]. This delayed coincidence reduces invisible
muon background by a factor of !5 [ref] and removes the
spallation backgrounds in the range 10–18MeV; below
10MeV, reactor "̄e overwhelmes the signal [refs]. More-
over, this could run on current SK infrastructure. An-
other important point is that a gadolinium enhanced SK
would allow a rate-limited, rather than background lim-
ited, DSNB search, so that sensitivity improves linearly
with exposure.

The advantages of an enhanced SK are dramatic. As
we show in Table II, the event rate more than doubles,
since detectors probe the exponential tail of the ther-
mal neutrino spectrum. Also, as we show in Fig. 5, the
predicted DSNB converges as the energy threshold is de-
creased to 10MeV. From the lowest of the 4MeV curves
to the highest of the 6MeV curves, the predicted DSNB
spans a width of only a factor of 2.

Horiuchi, Beacom, Dwek, in preparation



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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Another implication: Longest baseline experiment

One can provide strongest limits on secret interaction of neutrinos

E.g., neutrino decay: !i ! !j + "

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 !/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 !/m <! 1011 s/eV. See the text for details.

V. CONCLUSIONS AND PROSPECTS

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

can, in principle, be probed through observations of supernova relic "̄e (SRN). We have
shown how to incorporate the e!ects 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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Fogli et al., PRD 70, 013001 (2004)



4. Conclusions



A diffuse supernova neutrino background filling the 
entire universe

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

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 

The systematic uncertainty of supernova rate is now 
within a factor of 2



Appendix



Galactic Supernova Neutrino Burst

Expected event number by galactic supernova (10 kpc)

Detector Type Mass (kton) Event #

Super-K Water Cerenkov 32 ~ 10,000

SNO Heavy Water 1.4 (D2O) ~ 500

KamLAND; 
LVD Scintillatior 1 ~ 300

ICARUS Liquid Argon 3 (planned) ~ 300



How lucky are we?
Expected SN rate per galaxy: ~ 0.03 yr−1

Small probability while detectors are running

Expected event number from SN in M31 (700 kpc): 
~ 1

What happens if we extend the distance scale further?

We cannot resolve each supernova, but still can 
detect neutrinos as diffuse background

It doesn’t matter how lucky we are; only depends 
on the detector sensitivity!



Galactic SN vs Background
Galactic burst

Many events! (~10,000＠
Super-K)

We can do precise physics

Explosion mechanism
Shock wave propagation
Neutrino physics

Diffuse background
Our efforts rewarded

Only a method to measure 
supernova neutrinos, if 
there is no galactic burst 
(which may be likely)

Unique physics (SN rate, 
neutrino decay, etc.)



Neutrino Oscillation
5 parameters

two mass squared differences, three mixing 
angles

Mass squared difference Mixing angle

Atmospheric |Δm232| = 2.5×10−3 eV2 sin2 2θ23 = 1

Solar Δm122 = 8×10−5 eV2 tan2 θ12 = 0.45

Reactor |Δm132| = 2.5×10−3 eV2 sin2 θ13 < 0.1



Mass hierarchy and θ13

Remaining uncertainty: mass hierarchy, θ13
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Supernova Neutrino Oscillation
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Supernova Neutrino Osillation: Summary

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　

_ _



Implication: Constraining Supernova Parameters

Constraint on binding energy Eb 
and temperature T, from 
neutrino observation from SN 
1987A

Results of two detectors are not 
consistent with each other

Numerical simulation predicts: 
Eb = 3×1053 erg, T = 5 MeV

FIG. 1. E!ciency curves for Kamiokande and IMB. A
13% dead-time e"ect for IMB is not included. The !
curves (dashed) represent the overall e!ciencies published in
Refs. [2,3] while the !0 curves (solid) are corrected accord-
ing to Eq. (20) for the “smearing-out” of Edet relative to the
positron energy E+.

and by the Poissonian nature of the detection process.
For IMB, on the other hand, there is a significant geo-
metrical e!ciency modification.

The expected spectrum of detected energies is thus re-
lated to the actual positron spectrum by

n(Edet) =

! !

0
dE+ P (Edet, E+) !0(E+)n+(E+) (21)

for Edet ! Ecut, and n(Edet) = 0 otherwise. With this
result we are armed to perform the maximum likelihood
analysis.

D. Detector Background

The statistical analysis described above ignores the de-
tector background, i.e. the fact that any event ascribed
to the SN burst can also be due to background, and con-
versely, any event attributed to background can have
been caused by the SN burst. In Loredo and Lamb’s
analyses [10,11] the background spectrum was included
in the expected event rate. Events much earlier or much
later than the main burst are automatically discrimi-
nated against and thus do not overdominate the low-
energy part of the expected event distribution. Without
the possibility to discriminate against background events
by the temporal relationship to the main burst we must
use the cut represented by the energy threshold Ecut.
We stress that including the background as in Loredo
and Lamb’s analyses does not cause a large modification
of the implied SN binding energy and neutrino tempera-
ture.

IV. NUMERICAL RESULTS

A. No Mixing

For comparison with previous work we begin our max-
imum-likelihood analysis with the case of no neutrino
mixing. We search for the best-fit SN binding energy
Eb and the e"ective "e temperature T!e

which charac-
terizes the assumed Maxwell-Boltzmann "e spectrum of
the time-integrated flux by virtue of "E!e

# = 3T!e
. We

assume equipartition of the released SN energy between
all (anti)neutrino species so that Eb is given by six times
the inferred total energy emitted in "e’s.

In Fig. 2 we show the contours of constant likelihood in
the T!e

-Eb-plane which correspond to 68.3%, 90%, and
95.4% confidence regions, respectively, and the best-fit
values for T!e

and Eb. In the upper panel we show the
results from separate analyses for the Kamiokande and
IMB detectors, in the lower panel from a joint analy-
sis. Our best-fit values for the Kamiokande detector are

FIG. 2. Contours of constant likelihood which correspond
to 68.3%, 90%, and 95.4% confidence regions, and best-fit
values for T!e

and Eb. Upper panel: Kamiokande and IMB
separately. Lower panel: Joint analysis. Dashed lines mark
the 68.3% confidence regions of the separate fit.

6

Jegerlehner, Neubig, Raffelt, PRD 54, 1194 (1996)



Nearby Supernova Rate
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Estimate from SN 1987A
Yüksel, Beacom, astro-ph/0702613 4
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FIG. 2: The inferred neutrino emission spectra from either the Kam-

II or IMB data sets alone or their combination, as discussed in the

text (taking into account the corresponding effective number of tar-

gets and cross section). The shaded shape is a Fermi-Dirac spec-

trum with canonical neutrino emission parameters (average energy

E0 = 15 MeV and time-integrated luminosity L= 5!1052 erg).

sity profile of the supernova envelope, which neutrinos travel

through, spans many orders of magnitude and thus enables

many resonances and opportunities to swap flavors. The IMB

and Kam-II detectors are expected to observe almost identical

spectra since the Earth effects [61, 62, 63] are unlikely to in-

troduce significant differences (using recent determination of

the mixing parameters). A superposition of low-energy/high-

luminosity and high-energy/low-luminosity thermal spectra

due to neutrino mixing fits the data better than a single quasi-

thermal spectrum [31]. A bimodal neutrino distribution the-

oretically arising from the accretion and the cooling phases

of a supernova [25], is another example of a composite spec-

trum. However, due to limited statistics, inferring multiple

theoretical parameters is a challenging task, due to severe de-

generacies among them. While both approaches effectively

increase the number of parameters describing the spectrum,

naturally improving the fit to the data, one can only probe an

effective !̄e spectrum after any physical mechanisms modi-

fying the spectrum, including oscillations, are taken into to

account.

V. NEUTRINOS FROM SN 1987A

We resort to the data directly and attempt to find the sim-

plest description of the effective !̄e spectrum that could be

useful for studies which may require such input, regardless of

the underlying physics and assumptions. The theoretical re-

lation between the received neutrino spectrum "(E!) and the

corresponding positron detection spectrum #(E+) is given in

Eq. (2). The actual detected positron spectrum as recorded by

an experiment can be expressed as a sum of “bumps” placed

at the observations, #(E+) = $i % (E+ "Ei), where the index

is over the set of events under consideration. This would be a

faithful representation of the theoretically-expected positron

spectrum (assuming that the data was a probable outcome

and not a statistical anomaly), only if the detected number of

positrons were very large (i.e., in the case of a future Galac-

tic supernova, operational detectors are expected to observe

many thousands of events) and the uncertainties of the visible

energies were small. Then, one can infer the received neutrino

spectrum by inverting Eq. (2) as

"(E!) = 4&D2$
i

% (E+ "Ei)

N(Ei)'(Ei+()
, (3)

which can be verified by substituting back into Eq. (2). When

the statistics are limited, as here, we must regulate the dis-

crete bumps in the spectrum by an appropriate smoothing; the

most physically motivated method is to use the approximately

Gaussian uncertainties on the measured energies. Hence we

replace each % function by a Gaussian with a width of )i,

% (E+ "Ei) # exp["(E+"Ei)
2/(2)2

i )]/(
$

2&)i) . (4)

Since very sharply peaked Gaussians would reveal the spu-

rious fine structure of the data, we choose a generous width

of )i = 1.5(Ei (where (Ei is the uncertainty on the assigned

energy of each detected positron), which enables us both to

take into account uncertainties associated with the detection

process adequately and to present a sufficiently smooth spec-

trum. Any larger width would introduce excessive smoothing,

which would obscure details of the distribution and spuriously

enhance the tails. Note that, in order to directly reconstruct

the neutrino spectrum in this way, it is crucial that the neu-

trino and positron energies are related in a one to one way as

in inverse beta decay (unlike for neutrino-electron scattering,

for example).

Figure 2 displays the inferred spectra from either the Kam-

II or IMB data sets, as a function of neutrino energy. The dis-

agreement between the inferred spectra from Kam-II or IMB

stems from few facts. While the IMB detector has no sen-

sitivity at lower energies, where we can rely on Kam-II only,

the two least energetic events of IMB, for which the efficiency

is very low, then become disproportionately significant. Also

the fact that only a single positron was detected by Kam-II at

higher energies requires a significant suppression of the neu-

trino spectrum. However, the effective number of targets for

Kam-II is low compared to IMB (as shown in the top panel

of the Fig. 1) and the expected number of events could easily

fluctuate down.

We have earlier established that Kam-II and IMB probed

different energy domains and also showed that the detected

positrons showed no obvious conflict with this expectation.

So rather than focusing on the differences between the spec-

tra suggested by either of the Kam-II or IMB data sets, we

will focus on what can be learned from the combined data
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set, since both experiments were measuring the identical in-

coming neutrino spectrum using identical (water-Cherenkov)

technique.

By combining the two data sets and the corresponding (en-

ergy dependent) effective number of targets (as displayed in

the top panel of Fig. 1), we avoid over-emphasizing the dif-

ferences due to low statistics. The combined result is also

less susceptible to Poisson fluctuations associated with such

limited statistics, yet covers the whole energy domain, and is

more conservative. The neutrino spectra based on this com-

bined data set is shown in Fig. 2 (solid line). For comparison,

we also show a Fermi-Dirac spectrum with canonical neutrino

emission parameters (an average energy E0 = 15 MeV and a

integrated luminosity L! = 5!1052 erg).

While a pinched template spectrum puts more weight to the

peak, and an anti-pinched spectrum puts more weight to the

tail, the shape from the combined data can be best explained

by a spectral shape that is enhanced both at the peak (to ac-

commodate events from Kam-II where IMB was not sensitive)

and high energy tail of the spectrum (to better accommodate

energetic events from IMB), and depressed in between, com-

pared to a thermal Fermi-Dirac spectrum. This basic shape

of the underlying spectrum (see our Fig. 2), in agreement

with the two-component composite spectrum of Lunardini and

Smirnov [22, 31], could reconcile the Kam-II and IMB data

with each other. The corresponding luminosity for the com-

bined spectrum, L! " 6 ! 1052 erg, is quite similar to that

of the model, with an average energy, E0 " 12 MeV, that is

somewhat lower. Since we consider a data set of 19 detected

positrons, the overall uncertainty due to the Poisson nature of

the detection will not be too large, 1/
#

19 " 25%. In the peak

region, our reconstruction is based on 12 events with a nomi-

nal uncertainty of 1/
#

12" 30%, so that the excess relative to

the model is significant. In the tail region, there are 7 events

with a nominal uncertainty of 1/
#

7 " 40%, which is also il-

lustrated by the differences between the spectra in this region

of joint sensitivity. We thus emphasize that the tail region is

not so uncertain, as there were 6 events above 35 MeV; this

strongly precludes any hypothesized suppression of the tail.

VI. DSNB DIRECTLY FROM SN 1987A

Neutrinos from past core-collapse supernovae have been

studied extensively [21, 22, 64, 65, 66, 67, 68, 69, 70, 71,

72, 73, 74, 75, 76, 77, 78, 79, 80] and experimental limits

are already suggesting an impending detection [81, 82, 83].

The Diffuse Supernova Neutrino Background (DSNB) flux

depends not only on the typical supernova neutrino emission

spectrum, but also the expansion rate of the universe (redshift-

time relation h(z) =
!

"M(1 + z)3 +"#, where "M = 0.3,

"# = 0.7) and the core-collapse supernova rate (SNR), which

presumably tracks the history of star formation rate (SFR) (see

e.g. [84] and references therein). The neutrino emission per

supernova is the most uncertain quantity [77, 84] and is hence

our focus here. The current precision of the data shows that

the evolution of the SFR can be parametrized with a piecewise
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FIG. 3: The DSNB detection spectra based on the neutrino spec-

tra inferred from either the Kam-II or IMB data sets alone or their

combination as in Fig. 2, compared to a model (shaded shape) with

canonical neutrino emission parameters (the assumed core-collapse

SN history is described in the text).

linear fit:

RSF(z) = R0
SF (1 + z)% f or z< zp

=
R0
SF(1 + z)&

(1 + zp)&$%
f or zp < z< zmax, (5)

where % " 3.44, & " 0, zp " 1 and zmax " 5. The

overall normalization in the local universe is R0
SF =

0.0095M%/(yr Mpc3). The core-collapse supernova rate as

a function of redshift is RSN(z) = 'RSF(z), while the fraction

of stellar mass ending as supernovae, ' = 0.0132/M% (for the

Baldry–Glazebrook IMF [85]), depends on the stellar mass

function. We note that this dependence on the assumed stel-

lar mass function is small, as explained in Ref. [84]. While

the directly measured core collapse supernova rate is slightly

smaller [86, 87], recent studies suggest this may be mislead-

ing. A large fraction of supernova exploding in very dusty

starburst environments may go undetected, causing a 30-60%

underestimate of the true core-collapse supernova rate [88].

Thus, while the supernova rate data are generally confirming,

we use the more reliable star formation rate data for now. Ul-

timately, it will be possible to use the supernova rate data to

more directly predict the DSNB flux, as first pointed out by

Ref. [76]. The uncertainty on the flux due to astronomical

inputs is small and will be further reduced with anticipated

improvements in the data. In our analysis, we assumed that

the normalization of the SFR and its evolution can be deter-

mined independently by astronomers, and used as a fixed in-

put to extract more accurate information on typical supernova

properties.


