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Neutrino astronomy
• Sun • Core-collapse supernova
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FIG. 25: Energy-correlated systematic uncertainties. The
solid, dotted, and dashed lines show the uncertainties of the
8B spectrum, the energy scale, and the energy resolution, re-
spectively.

Energy(MeV) 5-5.5 5.5-6 6-6.5 6.5-7 7-7.5 7.5-20

Trig eff ±2.4 ±0.9 ±0.1 - - -
(a) ±2. ±1.75 ±1.5 ±1.25 ±1.0 -
(b) - - - ±0.25 ±0.25 ±0.25
Small cluster hits cut ±2. ±2. ±2. - - -
External event cut ±0.1 ±0.1 ±0.1 ±0.1 ±0.1 ±0.1
Fiducial volume (vertex shift) ±0.5 ±0.1 ±0.1 ±0.1 ±0.1 ±0.1
BG shape ±0.2 ±0.8 ±0.2 ±0.2 ±0.2 ±0.2
Sig.Ext. ±2.1 ±0.7 ±0.7 ±0.7 ±0.7 ±0.7
Cross section ±0.2 ±0.2 ±0.2 ±0.2 ±0.2 ±0.2
Total ±4.3 ±3.0 ±2.6 ±1.5 ±1.3 ±0.8

TABLE V: Energy-uncorrelated systematic uncertainty on
the observed spectrum shape in %.

ties are listed in Table V. To obtain the effect
on the energy spectral shape, relative differ-
ences of each uncertainty between each energy
bin are studied. For example, the uncertainty
of the fiducial volume due to the vertex shift
is 0.54% in total, and the relative differences
are obtained as 0.1% for 5.5-20 MeV region,
but 0.5% for 5.0-5.5 MeV region with the tight
fiducial volume. These uncertainties are taken
into account in the oscillation analysis without
correlations.

H. Total Flux Result

Recoil electrons from elastic solar ν-electron scatter-
ing are strongly forward-biased. SK-III statistically sep-
arates solar ν’s from background with an unbinned like-
lihood fit to the directional distribution with respect to
the Sun. For a live time of 548 days of SK-III data, from
5.0 to 20.0 MeV, the extracted number of signal events is
8132+133

−131(stat.) ±186(sys.). The corresponding 8B flux
is obtained using the 8B spectrum of [10] to be:

(2.32± 0.04(stat.)± 0.05(sys.))× 106 cm−2sec−1.

This result is consistent with SK-I (2.38±0.02(stat.)±
0.08(sys.) × 106 cm−2sec−1) and SK-II (2.41 ±
0.05(stat.)+0.16

−0.15(sys.) × 106 cm−2sec−1). The SK-I and
II values are recalculated using the 8B spectrum of [10].
Figure 26 shows the angular distribution of extracted

solar neutrino events.
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FIG. 26: The angular distribution of the solar neutrino final
sample events. The dotted line seen under the peak in the
solar direction represents background contributions.

I. Energy Spectrum

The recoil electron energy spectrum is obtained from
5.0 to 20.0 MeV in 21 bins. The definition of the energy
bins is given in Table VI, which shows the observed and
expected event rates. Figure 27 shows the observed en-
ergy spectrum divided by the SSM(BP2004) [7] without
oscillation. The line in the Figure 27 represents the total
SK-III average (flat data/SSM prediction without neu-
trino oscillation effect). The χ2 value is 27.1/20 dof for
the flat prediction and 26.8/20 dof for the prediction with
the best fit neutrino oscillation parameters obtained by
the global solar analysis (see Section IVC). This result
indicates no significant spectral distortion.

IV. OSCILLATION ANALYSIS WITH SK-III
RESULT

Oscillations of solar neutrinos have been studied by nu-
merous experiments. The results from such experiments
have placed increasingly stringent constraints on the mix-
ing angle between neutrino mass and flavor eigenstates
as well as on the neutrino mass difference.
In section IVB, the result of the two-flavor neutrino

oscillation analysis using SK-I,II,III data is presented.

Super-K, Phys. Rev. D 83, 052010 (2011) One event so far (SN 1987A)



The Sun: How bright is it?

• Neutrino luminosity:

• Lν ~ 1025 W

• Solar luminosity (in 
light)

• Lγ ~ 4 x1026 W

Neutrinos carry away a small fraction of total energy created



Supernova: How bright is it?

• Massive stars (more than 8 Msun) 
form iron core at their center

• When the core collapses, copious 
number of neutrinos are 
produced, leaving a neutron star 
(or a black hole) behind

• Gravitational binding energy 
released:

44 Georg G. Raffelt

Fig. 34. – Stages of core collapse and supernova explosion as described in the text [108].

Janka et al. Phys. Rep. 442, 38 (2007)

EB =
GM2

NS

RNS
⇡ 3⇥ 1053 erg

99% MeV neutrinos

1% Shock waves

0.01% Photons



The Universe: How bright is it?
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Figure 4. The predicted z = 0 EBL spectrum from our fiducial WMAP5 model (solid black) and WMAP5+fixed (dash-
dotted violet) dust parameters, and CΛCDM (dotted black) models, compared with experimental constraints at a number
of wavelengths. D11 is shown for comparison in dashed-dotted red with the shaded area indicating the uncertainty region.
Data: Upward pointing arrows indicate lower bounds from number counts; other symbols are results from direct detection
experiments. Note that some points have been shifted slightly in wavelength for clarity. Lower limits: The blue-violet trian-
gles are results from Hubble and STIS (Gardner, Brown & Ferguson 2000), while the purple open triangles are from GALEX
(Xu et al. 2005). The solid green and red triangles are from the Hubble Deep Field (Madau & Pozzetti 2000) and Ultra Deep
Field (Dolch & Ferguson 2011) respectively, combined with ground based-data, and the solid purple triangle is from a mea-
surement by the Large Binocular Camera (Grazian et al. 2009). In the near-IR J, H, and K bands, open violet points are the
limits from Keenan et al. (2010). Open red triangles are from IRAC on Spitzer (Fazio et al. 2004), and the purple triangle at
15 µm is from ISOCAM (Hopwood et al. 2010) on ISO. The lower limits from MIPS at 24, 70, and 160 µm on Spitzer are
provided by Béthermin et al. (2010) (solid blue) and by Chary et al. (2004), Frayer et al. (2006), and Dole et al. (2006) (solid
gold, open gold, and open green, respectively). Lower limits from Herschel number counts (Berta et al. 2010) are shown as
solid red triangles. In the submillimeter, limits are presented from the BLAST experiment (green points; Devlin et al. 2009).
Direct Detection: In the optical, orange hexagons are based on data from the Pioneer 10/11 Imaging Photopolarimeter
(Matsuoka et al. 2011), which are consistent with the older determination of Toller (1983). The blue star is a determination
from Mattila et al. (2011), and the triangle at 520 nm is an upper limit from the same. The points at 1.25, 2.2, and 3.5µm
are based upon DIRBE data with foreground subtraction: Wright (2001, dark red squares), Cambrésy et al. (2001, orange
crosses), Levenson & Wright (2008, red diamond), Gorjian, Wright & Chary (2000, purple open hexes), Wright & Reese (2000,
green square), and Levenson, Wright & Johnson (2007, red asterisks). In the far-IR, direct detection measurements are shown
from DIRBE (Wright 2004; Schlegel, Finkbeiner & Davis 1998, blue stars and solid red circles), and FIRAS (Fixsen et al. 1998,
purple bars). Blue-violet open squares are from IR background measurements with the AKARI satellite (Matsuura et al. 2010).

c© 2011 RAS, MNRAS 000, 1–23

Gilmore et al. (2012)
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... in photons

• Energy density of infrared 
background photons:      
(2–3) x 10−14 erg/cm3
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• Each supernova releases 3 x 1053 erg by neutrinos

• Galactic supernova rate is ~0.02 yr−1 (e.g., Diehl et al. 2006), 
which corresponds to global rate of ~2 x 10−4 yr−1 Mpc−3 (as 
galaxy density is 10−2 Mpc−3)
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How bright is the Universe?: Summary

• Universe is filled with radiation (γ and ν)

CMB

CIB

CGB

Energy density

CMB

CIB/EBL

CXB

CGB

CSNνB

TeVνB

4 x 10−13 erg cm−3

(2–3) x 10−14 erg cm−3

10−16 erg cm−3

10−17 erg cm−3

3 x 10−14 erg cm−3

< 10−19 erg cm−3



Outline

• Thermal neutrinos from SNe

• Diffuse SN ν background (DSNB) and SN rate estimates

• SN mini bursts in nearby galaxies

• High-energy neutrinos

• GRB–SN association

• Joint detection of GW and HEν

IR/optical/UV

X/γ/GW



Diffuse supernova neutrino background (DSNB)

• DSNB flux depends on two 
inputs:

1. ν spectrum from each SN

Only ν telescopes and/or 
simulations can tell us

2. SN rate in the past

Time
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ν

ν
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dFν

dEν
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SN rate estimates

• Counting SNe

• Less statistics but more direct

• Hard to correct for dim SNe (e.g., 
Horiuchi et al. 2011)

• Conversion from cosmic 
star formation rate (SFR)

• FIR/Hα/UV luminosity: how many 
massive stars are formed

• Less direct but more statistics

• These are complementary and 
match well, leaving factor of < 2 
uncertainty
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FIG. 2: Evolution of the core-collapse supernova rate (top
panel) and Type Ia to CCSN ratio (bottom panel), shown
against distance in Mpc (for z < 0.1) and redshift (for
z > 0.1). Data as labeled; filled symbols indicate data or
limits we adopt, and empty points indicate published rates
we treat as lower limits. Error bars show statistical errors,
except for horizontal bars on Dahlen et al. points that show
bin size. In the top panel, predictions from the CSFH are
shown by the solid curve, where the uncertainty band propa-
gates from Fig. 1. The SFR measurements, scaled to a CCSN
rate, are shown in the background (small light brown squares).
The BG IMF has been adopted; using other IMFs causes
differences of only a few percent. In the bottom panel, the
dashed lines denote conservative upper limits from the non-
observation of any Type Ia supernovae within 10 Mpc [17].
The 10 Mpc point has been very conservatively selected from
Ref. [17], and the rate has been further corrected downwards
(see text).

It should be noted that the predicted RCCSN is largely
insensitive to the IMF. This is because the effects of the
IMF nearly cancel out between ρ̇∗ and the integrals in
Eq. (4). For instance, a shallower IMF contains rela-
tively more massive stars but has a smaller ρ̇∗. Numer-
ically, e.g., RSal

CCSN ≈ 0.96RBG
CCSN. This is a natural out-

come because both the CCSN and the SFR indicators
are associated with the same massive stars. Thus, the
CCSN rate allows an almost IMF-independent check of
the CSFH.

In the top panel of Fig. 2 we show the predicted CCSN
rate, using the BG IMF, for the fiducial CSFH (thick
solid curve) as well as the upper and lower CSFH (thin
solid curves). Using the Kroupa or Salpeter IMF pro-
duces variations of only a few percent, as expected. For
data, we plot rates derived from supernova compilations
[17, 41], extended supernova surveys using the Hubble
Space Telescope [39, 42], searches in nearby galaxies
[38, 69], and the Southern inTermediate Redshift ESO
Supernova Search (STRESS) [40]. We also show in the

background the SFR measurements scaled via Eq. (4) to
a CCSN rate using the BG IMF.

For the local Universe, CCSN rates are derived from
compilations of supernovae occurring within 10 Mpc over
a time period of 10 years [17], and within 28 Mpc over
a time period of 10.5 years [41]. These compilations in-
clude Types Ia, II, Ib, and Ic supernovae, the latter three
of which are used to derive the CCSN rate. Due to the
known incompleteness of the compilations, both should
be treated as lower limits on the CCSN rate. In ad-
dition, for the 10 Mpc point, we conservatively exclude
sources that might inadvertendly be outside 10 Mpc and
we further exclude transients of peculiar origin (e.g., SN
2002kg, SN 2008S and the 2008 transient in NGC 300)
[70], which reduces the number of CCSN to 13. Also, the
10 Mpc point has been corrected downwards for the lo-
cal increase in SFR density. We apply a simple correction
assuming the SFR density traces the galaxy density; the
galaxy over-density in 10 Mpc is about a factor 2 accord-
ing to galaxy catalogues [71] (see also Fig. 2 of Ref. [72]).
The correction does not affect the Type Ia to CCSN ratio
that we discuss below.

Since the lifetimes of massive stars are short, the shape
of the CCSN rate evolution must follow that of the
CSFH. On the other hand, the normalization needs to
be checked. We find excellent agreement between predic-
tions from the CSFH and the most recent data from the
survey of Dahlen et al. using the Hubble Space Telescope
[42]. These data have been derived by periodically ob-
serving the same patch of sky, locating supernovae within
a volume only limited by flux. The new data (red solid
squares) [42] are updates of their previous data (blue
empty circles) [39], and have much better statistics and a
more detailed analysis (we plot the data which have been
corrected for dust). We find further agreement with re-
cently published supernova compilations within 10 Mpc
[17] and 28 Mpc [41], even though they are certainly in-
complete, especially in the Southern sky, confirming the
minimal normalization over a wide distance scale.

On the other hand, data from Cappellaro et al. [38, 69]
and STRESS [40] fall short of the trend of other data.
Unlike in Dahlen et al., these surveys search for super-
novae by periodically observing a pre-selected sample of
galaxies in a given field. While a large number of galax-
ies are selected, even this is likely incomplete, as small
galaxies are often under-sampled. In addition, as the
authors clarify, host galaxy extinction is an important
uncertainty on supernova surveys [40]. The surveys of
Cappellaro et al. do not include host galaxy extinction,
and as the authors state, they most likely have too few
CCSN [38].

The ratio of Type Ia to CCSN also assists in assessing
the results of supernova surveys. Due to their brighter
nature, Type Ia supernovae are more easily detected, so
that the ratio of Type Ia to CCSN will increase if CCSN
are increasingly missed. In the bottom panel of Fig. 2,
we show the ratio of raw supernova counts for Ref. [41],
and the ratio of reported Type Ia and CCSN rates for

Horiuchi et al., Phys. Rev. D 79, 083013 (2009)



How rapidly has this business progressed?
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most a factor ∼ 4 of the SK limit set in 2003. For a
6 MeV thermal spectrum, typical of scenarios with neu-
trino mixing, this factor reduces to ∼ 2. At the lower de-
tection threshold energy for a gadolinium-enhanced SK
(∼ 10 MeV [45, 46]), the combined uncertainty on the
predicted DSNB is remarkably only a factor 2, with a
event rate of 1.2–5.6 events yr−1 in the energy range
10–26 MeV. Thus, the core-collapse rate and the neu-
trino emission per supernova are large enough to allow
the imminent detection of the DSNB in SK. The suc-
cessful detection will confirm the ubiquitous emission of
neutrinos from core-collapse supernovae and initiate the
much-anticipated study of stellar and neutrino physics,
while a non-detection would require new stellar or neu-
trino physics.

The paper is organized as follows. In Sections II and
III we discuss the astrophysical and emission inputs for
the DSNB. We discuss the DSNB detectability and make
future predictions for a gadolinium-enhanced SK in Sec-
tion IV, and finish with conclusions in Section V. We
adopt the standard ΛCDM cosmology with Ωm = 0.3,
ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1.

II. ASTROPHYSICAL INPUTS

For a given supernova neutrino spectrum, the key in-
put for calculating the DSNB flux is the history of the
rate of CCSNe (this includes Type II and the subdomi-
nant Type Ib/c supernovae). The CCSN rate is directly
related to the birth and death rate of massive stars. In
recent years, data on the star formation rate (SFR) have
improved both in breadth and sophistication, leading to
an unprecedented understanding of the CSFH. In this
section, we start with the latest CSFH and cross-check it
with the measured CCSN rate, extragalactic background
light (EBL), and stellar mass. Importantly, these checks
probe different stellar life phases and are sensitive to dif-
ferent stellar masses, making them complementary. Thus
we are able to self-consistently assess the astrophysical
inputs for the DSNB.

A. Cosmic star formation history

The SFR is most often derived from measurements of
living massive stars. The measured luminosities, together
with knowledge of their masses and lifetimes, gives their
birth rates. Since the most massive stars have the short-
est lifetimes, they provide a measure of the most recent
star formation activity. In practice, the observed lumi-
nosities are corrected for dust and the total SFR (over the
entire stellar mass range) is derived by extrapolation to
lower masses using the initial mass function (IMF). The
calibration is done by use of a stellar population code
that calculates the radiative output from a population of
stars given an IMF.

0 1 2 3
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ρ *.
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FIG. 1: Redshift evolution of the comoving SFR density. Data
derived from various indicators are included as labeled, all
scaled to a Salpeter IMF [54]. The majority are from the com-
pilation of HB06 [37], with additional data from LBG [55] and
Hα measurements [56]. We plot the fiducial CSFH (thick solid
curve) and our generous adopted uncertainty range (thin solid
curves). The curves take into account SFR data at higher red-
shifts [37, 57] that are not shown here, where we focus on the
lower redshifts most relevant for the DSNB.

We compute calibration factors using the PEGASE.2
stellar population code [47], which contains a careful
treatment of stellar physics. We assume constant SFR
bursts of 108 years, a close binary fraction of 0.05, evo-
lutionary tracks with stellar winds, the supernova model
B of Woosley & Weaver [48], and a constant metallicity
of Z = 0.02 (i.e., solar). The parameter that the results
are the most sensitive to is the star formation duration.
For integrated measurements of galaxies, it is usually
appropriate to assume the SFR has remained constant
over time scales that are long compared to the lifetimes
of the dominant UV emitting population (∼ 108 years)
[49]; however, there are calibration uncertainties of a few
tens of percent (see Table I). In contrast, studies suggest
that the mean metallicity of star formation gas is close
to the solar value for redshifts of a few [50, 51], resulting
in calibration uncertainties of ten percent or less. The
other parameters yield variations of only a few percent.
We note the agreement of PEGASE.2 outputs with other
stellar population synthesis codes demonstrated in e.g.,
Refs. [52, 53].

We calculate results for three IMFs: the traditional
steeper Salpeter IMF [54], an intermediate Kroupa IMF
[58], and a shallower Baldry-Glazebrook (BG) IMF [59].
We define the IMF as ψ(M) = dN/dM so that ψ(M)dM
gives the number of stars in the mass range M to M +
dM . The slopes ψ(M) ∝ M−ξ are shown in Table I.

We take the SFR compilation and fit of HB06 as our

Horiuchi et al., Phys. Rev. D 79, 083013 (2009)

Madau et al., Mon. Not. R. Astron. Soc. 283, 1388 (1996)
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FIG. 4: DSNB flux spectrum for emitted neutrino spectra
as labeled. For each spectrum, two curves are plotted rep-
resenting the full range of uncertainties due to astrophysical
inputs (the fiducial prediction lies in between). The shadings
indicate backgrounds, with origins as labeled. Decays of in-
visible muons and spallation products would be reduced in a
gadolinium-enhanced SK, opening the energy region 10 MeV
and above to a rate-limited DSNB search; see Fig. 5.

served SN 1987A ν̄e [27, 31, 32]. The SN 1987A spectrum
constructed by fitting [31] or by nonparametric methods
[32] shows similar distortions from a thermal spectrum.
For the purposes of DSNB detection, the spectrum near
detector threshold is important, which as we discuss be-
low is ≈ 20 MeV for the current SK and ≈ 10 MeV in
a gadolinium-enhanced SK. The spectrum of Ref. [32]
is similar to a 5 MeV thermal spectrum for high ener-
gies (Eν

>
∼ 30 MeV), and closer to a 4 MeV thermal

spectrum at somewhat smaller energies (Eν
<
∼ 30 MeV).

Therefore, the SN 1987A spectrum could be treated as
similar to a 4 MeV thermal spectrum, which is on the low
end of the theory predictions. The limited sample of the
SN 1987A data means this spectrum serves as a guid-
ance rather than the definitive neutrino spectrum per
supernova; there is no good reason to invoke a smaller
spectrum.

C. DSNB flux prediction

In Fig. 4 we show the predicted DSNB flux for a selec-
tion of neutrino spectra as labeled. For each, the two
curves correspond to the upper and lower RCCSN in-
puts from Fig. 2. The fiducial astrophysical input lies
in between. The figure illustrates the relative sizes of
the DSNB uncertainties originating from the astrophysics
and emission inputs. The shading represents the relevant
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backgrounds which detections of the DSNB must com-
pete against. We discuss in Sec. IVC how these back-
grounds would be rejected in a gadolinium-enhanced SK.

We adopt thermal spectra given by Eq. (8) with effec-
tive temperatures of 4, 6, and 8 MeV. These are effective
temperatures, reflecting the range of initial temperatures
shown in Table III, as well as the range of neutrino mix-
ing effects described in section III B. We also show the
neutrino spectrum directly reconstructed from the SN
1987A neutrino data [32].

We see that with the current astrophysical uncertain-
ties, the emission uncertainties dominate at Eν

>
∼ 20

MeV. The DSNB in this energy range therefore provides
information on the emission inputs. At lower energy the
fluxes and uncertainties converge.

IV. DSNB CONSTRAINTS AND DETECTION

A. Super-Kamiokande constraints

Super-Kamiokande is a water Čerenkov neutrino detec-
tor with a fiducial volume of 22.5 kton, sensitive to DSNB
through the inverse beta reaction ν̄ep → e+n on free pro-
tons (hydrogen nuclei). The positron energy faithfully
represents the neutrino energy, and Ee $ Eν̄e

− 1.3 MeV
to zeroth order in Mp. In 2003, the Super-Kamiokande
Collaboration reported a stringent upper limit on the
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backgrounds which detections of the DSNB must com-
pete against. We discuss in Sec. IVC how these back-
grounds would be rejected in a gadolinium-enhanced SK.

We adopt thermal spectra given by Eq. (8) with effec-
tive temperatures of 4, 6, and 8 MeV. These are effective
temperatures, reflecting the range of initial temperatures
shown in Table III, as well as the range of neutrino mix-
ing effects described in section III B. We also show the
neutrino spectrum directly reconstructed from the SN
1987A neutrino data [32].

We see that with the current astrophysical uncertain-
ties, the emission uncertainties dominate at Eν

>
∼ 20

MeV. The DSNB in this energy range therefore provides
information on the emission inputs. At lower energy the
fluxes and uncertainties converge.

IV. DSNB CONSTRAINTS AND DETECTION

A. Super-Kamiokande constraints

Super-Kamiokande is a water Čerenkov neutrino detec-
tor with a fiducial volume of 22.5 kton, sensitive to DSNB
through the inverse beta reaction ν̄ep → e+n on free pro-
tons (hydrogen nuclei). The positron energy faithfully
represents the neutrino energy, and Ee $ Eν̄e

− 1.3 MeV
to zeroth order in Mp. In 2003, the Super-Kamiokande
Collaboration reported a stringent upper limit on the

ν̄e spectrum events [(22.5 kton yr)−1]

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

8 MeV 4.2 ± 1.4 2.0 ± 0.7

6 MeV 3.5 ± 1.1 1.3 ± 0.4

4 MeV 1.8 ± 0.5 0.4 ± 0.1

SN 1987A 1.7 ± 0.5 0.5 ± 0.1

Horiuchi et al., Phys. Rev. D 79, 083013 (2009)
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• Solar, reactor, atmospheric neutrinos and invisible muons

• Energy window of >18 MeV (pure water) and >10 MeV 
(Gadolinium-enhanced detectors)



Upper limits by Super-K

! !
!

Model SK-I SK-II SK-III All Predicted

Gas infall (97) <2:1 <7:5 <7:8 <2:8 0.3
Chemical (97) <2:2 <7:2 <7:8 <2:8 0.6
Heavy metal (00) <2:2 <7:4 <7:8 <2:8 <1:8
LMA (03) <2:5 <7:7 <8:0 <2:9 1.7
Failed SN (09) <2:4 <8:0 <8:4 <3:0 0.7
6 MeV (09) <2:7 <7:4 <8:7 <3:1 1.5

I. INTRODUCTION AND MOTIVATION

A. The SRN signal

With supernovae each releasing on the order of 1046 J of
energy, 99% as neutrinos, the neutrino flux from each
supernova event is enormous. In a galaxy such as the
Milky Way, it is estimated a supernova will occur around
2 or 3 times a century [1]. Although we would not see a
significant neutrino burst from a supernova farther away
than our galaxy and its satellites, all of the core collapse
supernovae that have exploded throughout the history of
the Universe have released neutrinos, which, in the absence
of unexpected physics, should still be in existence. These
neutrinos are herein called the supernova relic neutrino
(SRN) signal (or simply relics, though care should be
taken, since this terminology is also sometimes used for
big bang relic neutrinos), also sometimes referred to as the
diffuse supernova neutrino background.

Many astrophysicists have considered the SRN signal,
constructing models that predict both the flux and the
spectrum. The first models were crafted even before
SN1987A [2–4]; then after SN1987A with increasing in-
terest and sophistication with models such as Totani, Sato,
and Yoshii’s constant SN rate model [5]; Malaney’s cosmic
gas infall model [6]; Woosley and Hartmann’s chemical
evolution model [7]; Kaplinghat, Steigman, and Walker’s
heavy metal abundance model [8]; Ando, Sato, and
Totani’s large mixing angle (LMA) model [9,10];
Lunardini’s failed supernova model [11,12]; and the vari-
able neutrino temperature formulation of Horiuchi,
Beacom, and Dwek(6 MeV and sometimes 4 MeV cases

considered) [13]. Some examples of theoretical spectra are
shown in Fig. 1. Although the normalizations vary, the
general shape and slope of the predicted spectra are rela-
tively similar.
The SRN signal has never been seen. A paper was

published in 2003 detailing the first search for the SRN
events at Super-Kamiokande (SK) [14]. The basic method
was to eliminate as many backgrounds as possible, then
attempt to model the spectrum of the remaining back-
grounds. A !2 fit was performed on the energy spectrum
of the final data sample, with two background components
and one signal component. From this fit, a final model-
independent flux limit of 1:2 !"e cm!2 s!1 for !"e energy
>19:3 MeV was extracted, which was "100 times more
stringent than the previous world’s best limit [15]. This
study is an update to that 2003 result, with more live time,
lower energy threshold, and significantly increased sensi-
tivity. Other experiments have also produced SRN limits,
such as SNO [16] (a neutrino search) and KamLAND [17]
(an antineutrino search). Recent models predict a SRN flux
that is on the cusp of discovery [13,18], motivating further
efforts.

B. The SK detector

The Super-Kamiokande detector is a 50 kton water
Cherenkov detector located in the Kamioka mine in
Japan. The inner detector (32.5 ktons, 22.5 ktons fiducial)
has an inner surface lined with "11 100 (" 5200 for
SK-II) 50 cm Hamamatsu photomultiplier tubes (PMTs).
More information on the hardware and experimental
setup of the detector, including calibration details, is
provided by the following references: [19–21].
The SK detector began data taking in April 1996, and

was shut down for maintenance in July 2001. This period is
referred to as SK-I (1497 days live time). While refilling
after the maintenance, on November 12, 2001, a major
accident [22] destroyed 60% of the PMTs. The surviving
tubes were redistributed to cover the entire detector while
replacement tubes were manufactured, and data taking was
resumed in December 2002, running until October 2005
with reduced cathode coverage. This is the SK-II period
(794 days). After the replacement tubes were installed, and
the detector was back up to its nominal 40% coverage, data
taking again continued from July 2006 until August 2008,
marking the SK-III period (562 days). Finally, the detector
electronics were upgraded [23,24], and data taking since
September 2008 is referred to as SK-IV. This study con-
siders SK-I, SK-II, and SK-III data.
The SK detector has many different triggers. When

enough PMTs observe light within 200 ns (approximately
the longest time it can take light to traverse the inner
detector) a detector trigger occurs. Inner detector (ID)
electronics triggers include the high energy (HE) trigger
(about 33 PMTs), low energy (LE) trigger (about 29 PMTs,
100% efficient at 6.5 MeV), and super low energy (SLE)
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FIG. 1 (color online). Examples of theoretical SRN spectra.
Flux is !"e only. For heavy metal abundance model, average
metal yield of one solar mass is assumed.
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It is notable that this result is less stringent than the 2003
result of 1:2 !! cm!2 s!1 positron energy >18 MeV. There
are multiple reasons for this.

First, a 0th order approximation of the inverse beta cross
section was then used. Now, the full cross section from [25]
is used. This raises the limit by about 8%. If events with
postactivity are also removed, the old-style analysis limit
becomes 1:35 cm!2 s!1. Furthermore, the binned "2

method used assumed Gaussian statistics, while
Poissonian statistics are more appropriate considering the
low statistics. This alone would change the limit from 1.2
to 1:7 cm!2 s!1. When all these corrections are combined,
the original analysis result of 1:2 !! cm!2 s!1 instead be-
comes 1:9 !! cm!2 s!1.

With our improved analysis, if we neglect atmospheric !
background systematics (which were not fully included in
the 2003 study), the SK-I only LMA result is
1:6 !! cm!2 s!1 (> 18 MeV positron energy), which is
more stringent than the published analysis with these cor-
rections. However, the SK-II and SK-III data show a hint of
a signal, which causes the limit to become less stringent
when all the data are combined, for the final LMA result
(with all systematics) of 2:0 !! cm!2 s!1 > 18 MeV posi-
tron energy, or 2:9 !! cm!2 s!1 > 16 MeV positron energy.

B. Typical SN ! emission limit

Most of the elements involved in a comprehensive pre-
diction of the SRN flux are now fairly well-known [32]
(e.g., initial mass functions, cosmic star formation history,
Hubble expansion, etc.), and thus we can parametrize
typical supernova neutrino emission using two effective
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FIG. 17 (color). True positron spectra in SK for each neutrino
temperature, from 3 to 8 MeV in 0.5 MeV steps (SN !!e

luminosity of 5" 1052 ergs assumed).
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ter space of SRN event rate vs neutrino temperature. The red
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TABLE V. 90% C.L. flux limit ( !! cm!2 s!1), E! > 17:3 MeV.

Model SK-I SK-II SK-III All Predicted

Gas infall (97) <2:1 <7:5 <7:8 <2:8 0.3
Chemical (97) <2:2 <7:2 <7:8 <2:8 0.6
Heavy metal (00) <2:2 <7:4 <7:8 <2:8 <1:8
LMA (03) <2:5 <7:7 <8:0 <2:9 1.7
Failed SN (09) <2:4 <8:0 <8:4 <3:0 0.7
6 MeV (09) <2:7 <7:4 <8:7 <3:1 1.5

SUPERNOVA RELIC NEUTRINO SEARCH AT SUPER- . . . PHYSICAL REVIEW D 85, 052007 (2012)

052007-13

Super-K, Phys. Rev. D 85, 052007 (2012)
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• Determination of SN-ν parameters with Gd-enhanced Super-K 
and/or Mton scale detectors



Learning SN model or neutrino parameters

• Dependence on progenitor mass and neutrino mass hierarchy

• Study of neutrino decay (Ando 2004; Fogli et al. 2004), etc...
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Figure 3. DSNB as a function of the energy (E2 ⇥ �
⌫e,⌫̄e) on the left panels, zoom in the region of

Super-Kamiokande detection in the right panels (E > 17.3 MeV). The ⌫
e

(⌫̄
e

) flux is plotted in black
(red). The solid (dashed) line represents the DSNB in IH (NH). To mark the e↵ects induced by the
inclusion of di↵erent SN model, the thick lines represent the DSNB including the three di↵erent SN
progenitors and the thin line is the DSNB obtained extending 10.8 M� to the whole stellar population.

plete matter suppression occurs [65] and for low mass supernovae as the Ne-O-Mg ones [64].
However, it might be still relevant for supernovae with intermediate masses (as the 10.8 M�
model). Since these studies are still embryonal and no numerical implementation of the
non-forward contribution is available yet, a priori, one could expect larger flavor conversions
induced by the non-forward term during the accretion phase especially for the intermediate
SN mass range. Therefore, we chose to adopt a parametric study of the accretion phase
for the 10.8 M� model, considering two extreme cases of full flavor conversions (Pc = 0)
and complete matter suppression (Pc = 1) due to multi-angle matter e↵ects, other than the
intermediate scenario presented in [23–25]. We find that, at the level of the DSNB, after
summing the fluxes from progenitor of di↵erent masses, the di↵erence between the two cases
(not shown here) is of the order of few per cent.

Figure 4 gives results for the DSNB integrated in energy above the experimental thresh-
old 17.3 MeV [32]. It shows results for the cases (a-e) of Tab. 1 for both mass hierarchies.
The di↵erences between these cases reflect the results found for an individual SN burst in
Sec. 3, with more emphasis on the high energy part of the neutrino spectrum (due to our high
integration threshold). Compared to static spectra (case a), the e↵ect of the time-dependence
of the spectra over the 10 s of the neutrino burst is responsible for a variation of 6% (case b).
The MSW e↵ects (case c) are the largest source of variation of the DSNB with respect to the
case without oscillations and it is about 50–60%. This variation is particularly evident for

– 11 –

Lunardini, Tamborra, JCAP 07, 012 (2012)



γ-ray luminosity vs SFR
24 The Fermi LAT Collaboration
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FIG. 4.— As Figure 3, but showing gamma-ray luminosity (0.1–100 GeV) versus total IR luminosity (8–1000 µm). IR luminosity uncertainties for the non-
detected galaxies are omitted for clarity, but are typically ∼ 0.06 dex. The upper abscissa indicates SFR estimated from the IR luminosity according to equation
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Fermi-LAT, Astrophys. J. 755, 164 (2012)
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Intermediate regime?

• Study of SN neutrino parameters

• Reconstruct luminosity evolution

• Help look for gravitational waves, etc.
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SN frequency in local volume

• Only M31 (Andromeda) within ~3 Mpc

• A few starburst galaxies (M82, NGC 253) around 3–4 Mpc; 
cumulative SN rate of ~1 yr−1 within 4 Mpc
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FIG. 2: Estimates of the core-collapse supernova rate in the nearby
universe, based on that expected from the optical luminosities of
known galaxies (line) and 22 supernovae observed in 1999-2008
(bins). Note that SN 2002kg is a likely LBV outburst, while SN
2008S and the NGC 300 transient are of unusual origin. These esti-
mates are all likely to be incomplete.

universe, within 10 Mpc. In nearby galaxies, both amateurs
and automated surveys (e.g., KAIT/LOSS [63, 64]) are find-
ing many supernovae. For these SNe, archival searches have
revealed pre-explosion images of about a dozen supernova
progenitor stars, allowing a better understanding of which
types of massive stars lead to which kinds of core-collapse
supernovae (e.g., [28, 36, 65, 66]).

Figure 2 shows the expected rate of core-collapse super-
novae in the nearby universe (dashed line) calculated using the
galaxy catalog of Ref. [67] (designed to be ∼70–80% com-
plete up to 8 Mpc), with a conversion from measured B-band
optical luminosity to supernova rate from Ref. [68]. Within
10 Mpc, there are ∼ 40 major galaxies that contribute most
of the expected supernova rate; the most important ones are
listed in Ref. [35]; we include the many dwarf galaxies in the
catalog, though this has only a modest effect on the total rate.
The effects of clustering and of incompleteness at large dis-
tances can clearly be seen, since the histogram would rise as
the distance squared for a smooth universe of identical galax-
ies. The conversion from measured galaxy luminosity in the
B-band to estimated supernova rate involves multiplication by
an empirical conversion factor (see Refs. [9, 68, 69] for de-
tails on the uncertainty). The essential problems with using
the B-band light as a measure of high-mass stars and hence
the core-collapse supernova rate are the variations in the cor-
relation due to dust obscuration and the mix of high-mass and
low-mass stars. Ultimately, a more accurate result could be
obtained by combining the information from star-formation
rate measurements in the ultraviolet [70], Hα [71], and in-
frared [72], likely leading to a larger prediction for the super-
nova rates.

We can avoid the above uncertainties by directly using mea-
sured supernova rates in nearby galaxies, which gives an ex-
ample of what nature has provided in the past. Displayed

in Fig. 2 is the rate deduced from supernovae discovered in
this volume in 1999-2008 [32], with distances primarily from
Ref. [67] (when available; otherwise from [73]). While the
observed rate is already ∼ 2 times larger than the above cal-
culation, even this estimate is likely incomplete, as supernova
surveys under-sample small galaxies and the Southern hemi-
sphere. The recent archival discovery of a bright Type II SN
in a ∼ 9.5 Mpc galaxy missed by targeted surveys (denoted
as SN 2008? in Fig. 2) provides direct evidence in this direc-
tion [74]. As previously mentioned, supernovae with little or
no optical signal, e.g., due to direct black hole formation or
dust obscuration, would also have been missed [9, 33, 35, 69].
This is particularly important for nearby dusty starburst galax-
ies with large expected, but low observed, supernova rates,
like NGC 253 and M82.

Distance measurements of nearby galaxies also stand to be
improved. For example, at the largest distances, SN 1999em,
SN 1999ev, SN 2002bu, and SN 2007gr may not all truly re-
side within 10 Mpc, as some distance measures place them
outside. We emphasize that their inclusion or not does not
affect our approximate supernova rates, and barely matters
for the neutrino bursts of sufficient multiplicity, which are
dominantly from closer supernovae. It would be very help-
ful to refine distance measurements, not just for star forma-
tion/supernova rate estimates, but also to determine the abso-
lute neutrino luminosities once a supernova has been detected.

Overall, there is a good case that the core-collapse rate
within ∼ 6 (10) Mpc is at least 1 (2) per year. We expect
that ongoing studies of star formation and supernova rates in
nearby galaxies can reduce the uncertainty. However, even for
a known average rate, there will remain relatively large Pois-
son uncertainties on the actual rate during short periods even
in the whole collection of nearby galaxies, which limits the
level of refinement in the predictions. This rate can be com-
pared to the estimated Milky Way rate of 2 ± 1 per century
(see Ref. [75] and references therein), with Poisson probabil-
ities ultimately determining the odds of occurrence, as shown
in Fig. 3.
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FIG. 3: Probabilities for one or more supernovae in the Milky Way
over time spans relevant for the lifetimes of large neutrino detectors,
depending on the assumed supernova rate.

Kistler, Yuksel, Ando, Beacom, Suzuki,
Phys. Rev. D 83, 123008 (2011)
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How well can Megaton detectors perform?

• Reasonable chance of 
detecting multiple ν 
events per burst at 
~3 Mpc

• Small background0 2 4 6 8 10
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What would happen if we had 5-Mton detector?
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What could have been done
6

IV. NEUTRINO BURST DETECTION

A goal of measuring supernova neutrino “mini-bursts” from
galaxies at a few Mpc necessitates a large detector, roughly
∼100 times the size of SK. We focus on the Deep-TITAND
proposal for a 5 Mton (fiducial volume) enclosed water-
Čerenkov detector [10, 11]. The detector would be con-
structed in modules sized by Čerenkov light transparency and
engineering requirements. We assume a photomultiplier cov-
erage of 20%, similar to that of SK-II (half that of the original
SK-I and the rebuilt SK-III). As in SK, the detection efficiency
at the energies considered here would be nearly unity.
The backgrounds present in deep detectors have been well-

characterized by SK and other experiments. Deep-TITAND
is proposed to be at a relatively shallow depth of 1000 me-
ters of seawater, which would increase the downgoing cos-
mic ray muon rate per unit area by a factor " 100 compared
to SK, which is at a depth of 2700 meters water equivalent.
A nearly perfect efficiency for identifying cosmic ray muons
in the outer veto or the detector itself is required. This was
achieved in SK, where the only untagged muons decaying in
the detector were those produced inside by atmospheric neu-
trinos [22]. Simple cylinder cuts around cosmic ray muon
tracks would veto all subsequent muon decays while intro-
ducing only a negligible detector deadtime fraction.
Low-energy backgrounds include natural radioactivities,

solar neutrinos, photomultiplier noise, and beta decays from
nuclei produced following spallation by cosmic ray muons.
Of these, only the last is depth-dependent, and this would be
much larger than in SK (a factor" 30 for the higher muon rate
per area but lower muon average energy, and a factor" 30 for
the larger detector area). The high muon rate means that it
would not be possible to use the same cylinder cuts employed
in SK to reduce spallation beta decays without saturating the
deadtime fraction (note that these beta decays have lifetimes
more than 106 times longer than the muon lifetime). At low
energies, the above background rates are large, but the spec-
trum falls steeply with increasing energy, essentially truncat-
ing near 18 MeV [22, 76].
This allows for a significant simplification and reduction

in the background rate by considering only events with a re-
constructed energy greater than 18 MeV (a neutrino energy of
19.3 MeV). Which events to reconstruct would be determined
by a simple cut on the number of hit photomultipliers, just as
in SK, but with a higher threshold. The backgrounds above
this cut are due to atmospheric neutrinos, and thus the rates
scale with the detector volume but are independent of depth.
The dominant background contribution is from the decays of
non-relativistic muons produced by atmospheric neutrinos in
the detector, i.e., the so-called invisible muons. The back-
ground rate in 18–60 MeV in SK is about 0.2 events/day, of
which the energy-resolution smeared tail of the low-energy
background is only a minor component [22, 76].
Scaling this rate to a 5 Mton detector mass (∼ 5 × 10−4

s−1) and considering an analysis window of 10 sec duration
(comparable to the SN 1987A neutrino signal) allows calcu-
lation of the rate of accidental coincidences [76]. For N = 3
events, this corresponds to about only once every five years,

TABLE II: Core-collapse supernova candidates from 1999-2008
within 6 Mpc, with their expected neutrino event yields (E

e
+ >

18MeV) in a 5 Mton detector.

SN Type Host D [Mpc] ν events
2002hh II-P NGC 6946 5.6 2.4
2002kg IIn/LBV NGC 2403 3.3 6.8
2004am II-P NGC 3034 (M82) 3.53 5.9
2004dj II-P NGC 2403 3.3 6.8
2004et II-P NGC 6946 5.6 2.4
2005af II-P NGC 4945 3.6 5.7
2008S IIn NGC 6946 5.6 2.4
2008bk II-P NGC 7793 3.91 4.8
2008iz II? NGC 3034 (M82) 3.53 5.9
NGC 300-T II? NGC 300 2.15 16.0

and when it does, examination of the energy and timing of the
events will allow further discrimination between signal and
background (a subsequent optical supernova would confirm a
signal, of course). For N ≥ 4, accidental coincidences are
exceedingly rare (∼ 1 per 3000 years), therefore we require
at least N = 3 signal events to claim detection of a super-
nova (a somewhat greater requirement than in Ref. [9], where
a smaller detector was assumed). Since the backgrounds ob-
served by SK in this energy range are from atmospheric neu-
trinos, we expect no correlated clusters of background events.
To estimate detection prospects, for the ν̄e flavor we as-

sume a Fermi-Dirac spectrum with an average energy of 15
MeV and a total energy of 5 × 1052 erg. These are reason-
able values for the effective received spectrum of ν̄e after neu-
trino mixing in the supernova. In many theoretical papers,
significantly larger values for these parameters after neutrino
mixing are assumed. We can also make a comparison to the
SN 1987A data.
As our calculations below depend on the positron spectrum

above 18 MeV, only the higher-energy SN 1987A data, pri-
marily the events seen in the IMB detector, are relevant for
estimating the received spectrum. Thermal fits to the shape
of the high-energy spectrum [77–80] or direct reconstruction
thereof [20] are in reasonable agreement with this assumed
spectrum. The thermal fits allow lower average energies if ac-
companied by higher total energies. Those fits, just like the
predictions below, depend on the number of detected events,
which is approximately the product of the average and total
energies. Of course, we do not know if SN 1987A was typi-
cal, and testing this is one of the goals of such a large detector.
The dominant interaction for the neutrino signal is inverse-

beta decay, ν̄e+p → n+e+, whereEe+ " Eν̄e−1.3MeV and
the positron direction is nearly isotropic [47]. Combining the
emission spectrum, cross section, and number of free target
protons in a water detector of massMdet = 5 Mton, we find
that the average number of neutrino events (for Ee+ > 18
MeV) from a burst at distanceD is

µ(D;Ee+ > 18 MeV) " 5

(

Mdet

5Mton

)(

3.9Mpc

D

)2

. (1)

Kistler, Yuksel, Ando, Beacom, Suzuki, Phys. Rev. D 83, 123008 (2011)



Two projects for multi-Mton detector
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Outline

• Thermal neutrinos from SNe

• Diffuse SN ν background (DSNB) and SN rate estimates

• SN mini bursts in nearby galaxies

• High-energy neutrinos

• GRB–SN association

• Joint detection of GW and HEν

IR/optical/UV

X/γ/GW



Long GRB-supernova association

• Supernova/hypernova is likely a 
source of long GRBs

• What’s the underlying relation 
between them?

14

Figure 1 Spectral evolution of the combined optical flux density, f!, of the

afterglow of GRB030329, the associated SN2003dh, and its host galaxy. The

details of the observations are given in Table 1. The upper spectrum is rather

well fitted by a power law, as usually seen in afterglow spectra. The middle

spectra show clear deviations from a power law, similar to SN1998bw at the

Hjorth et al. 2003; Stanek et al. 2003

SN GRB

Energy

Rate

Γ

1051 erg 1051 erg

~1 cen−1 gal−1 ~1 Myr−1 gal−1

~1 ~100–103

Are there sources in between?



Are there “dark” GRBs?
• If Γ < 100, photons don’t escape from the source → no 

GRB-like signal

• This doesn’t mean these sources don’t exist

• They might be even more frequent

• Tension of low-baryon issue is loosened for Γ~3 burst

Mej =
EK

�c2
� 10�5M⇥

�
EK

1051 erg

⇥ �
�

100

⇥�1

More baryons → more neutrino production
Could be strong GW sources
Unknown rate but could be large



Unrevealed supernova-GRB connection?

SN “Failed” GRB GRB

Energy

Rate/gal

Γ

1051 erg 1051 erg 1051 erg

~10−2 yr−1 10−5–10−2 yr−1 ~10−5 yr−1

~1 ~3–100 ~100–103

Baryon poor
Relativistic jets
Rare

Barion rich
Nonrelativistic
Frequent

Similar kinetic energy

• Evidence of mildly relativistic jets: 
Kulkarni et al. 1998; Berger et al. 2003; Totani 2002; Granot & Ramirez-
Ruiz 2004; van Putten 2004; Soderberg et al. 2004, 2006, 2008, etc.



Events at km3 detectors

• E = 3 x 1051 erg; Γ = 3

• Expected events above 
100 GeV:

~30 @ 10 Mpc
~3 @ 30 Mpc

• These events cluster 
within 10–100 s time and 
3° angular bins

• Extremely low 
background

Ando, Beacom, Phys. Rev. Lett. 95, 061103 (2005)

D = 10 Mpc



Upper limits by IceCube

• No significant 
excess of multiple 
ν events

• Upper limits on jet 
energy and source 
density

• No optical SNe 
associated

Abbasi et al.: IceCube Optical Follow-up Program

Table 4. Measured and Expected Number of Multiplets

SN Doublets Triplets
IC40 IC59 IC40 IC59

measured 0 15 19 0 0

expected 0.074 8.55 15.66 0.0028 0.0040

changed the event directions randomly while keeping the event
times fixed. For each scrambled dataset we obtain the number of
doublets by comparing event directions. The number of doublets
in both data sets (IC40 and IC59) shows a small excess, which
corresponds to a 2.1� e↵ect and is thus not statistically signif-
icant. To estimate the expected number of randomly coincident
SN detections, we assume a core-collapse SN rate of 1 per year
within a sphere of radius 10 Mpc, i.e. 2.4⇥10�4 y�1 Mpc�3, and a
Gaussian absolute magnitude distribution with mean of �18 mag
and standard deviation of 1 mag (Richardson et al. 2006). Based
on the e�ciency estimated in section 4 we can calculate the
rate of core-collapse SNe that could be detected by ROTSE, if
it would continuously survey the full sky, R

ROTSE
CCSN = 3823 y�1.

For this we integrated the CCSN rate over the accessible volume
weighted with the e�ciency displayed in Fig. 10. The number
of expected accidental SN detections (i.e. a SN detection in co-
incidence with a background neutrino multiplet) is

NSN,exp = �TSN · Nalerts · ⌦ROTSE

⌦sky
· RROTSE

CCSN = 0.074 (8)

where Nalerts = 17 is the number of multiplet alerts followed-up
by ROTSE, ⌦ROTSE = 1.85� ⇥ 1.85� is the solid angle covered
by ROTSE’s field of view and ⌦sky = 41253(�)2 is the all sky
solid angle. �TSN is the time window in which we accept a co-
incidence of neutrino and optical signals. It has to be larger than
the uncertainty of the SN explosion time. In Cowen et al. (2010)
it is shown, that the explosion time can be estimated with an
accuracy of ⇠1 day if early data are available. We choose to be
conservative and take �TSN = 5 days. In total, 31 alerts were
forwarded to the ROTSE telescopes. Five could not be observed
because they were too close to the Sun. For two alerts no good
data could be collected. Seven alerts were discarded because the
corresponding fields were too close to the Galactic plane and
hence too crowded. Thus 17 good optical datasets remained for
the analysis. The data were processed as described above. No
optical SN counterpart was found in the data. We calculate the
limit on the AB05 model parameters following the description in
appendix A for the jet Lorentz boost factors � = 6, 8, 10 and in
each case vary the jet energy Ejet and the rate of SNe with jets ⇢.
The algorithm was formulated prior to the start of the program.
The systematic uncertainties discussed in section 5 are included
in the limit calculation. For each �-value the 90% confidence
region in the Ejet-⇢-plane is displayed in Fig. 12. The colored re-
gions are excluded with 90% confidence. The limits include the
optical information, i.e. that no optical counterpart was found.
This improved the limit and allows tests of 5-25% smaller CCSN
rates. The largest improvement is obtained for small jet energies
and large CCSN rates. The most stringent limit can be set for
high Lorentz factors, while for small � the constraints are weak.
At 90% confidence level, a sub-population of SNe with typical
values of � and Ejet of 10 and 3⇥ 1051 erg, respectively, does not
exceed 4.2%. This is the first limit on CCSN jets using neutrino
information.
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Fig. 12. Limits on the choked jet SN model Ando & Beacom
(2005) for di↵erent Lorentz boost factors � as a function of the
rate of SNe with jets ⇢ and the jet energy Ejet. The colored re-
gions are excluded at 90% confidence level. Horizontal dashed
lines indicate a fraction of SNe with jets of 100%, 10% or 1%
(relative to an assumed CCSN rate of 1 per year within a sphere
of radius 10 Mpc).

7. Summary and Outlook

This first analysis, using the four ROTSE telescopes, proves the
feasibility of the program for follow-up observations triggered
by neutrino multiplets detected by IceCube. The technical chal-
lenge of analyzing neutrino data in real time at the remote lo-
cation of the South Pole and triggering optical telescopes has
been solved. First meaningful limits to the SN slow-jet hypoth-
esis could be derived already after the first year of operation.
Especially in cases of high Lorentz boost factors of � = 10 strin-
gent limits on the soft jet SN model are obtained. Soderberg et al.
(2010) obtain an estimate on the fraction of SNe harboring a
central engine, which powers a relativistic outflow, from a ra-
dio survey of type Ibc SNe. They conclude that the rate is about
1%, consistent with the inferred rate of nearby GRBs. Our ap-
proach is completely independent and for the first time directly
tests hadronic acceleration in CCSNe, while the radio counter-
part is sensitive to leptonic acceleration.
The instrumented volume of IceCube has now increased to a
cubic kilometer yielding an increased sensitivity to high-energy
neutrinos. In addition the live time is growing continuously. The
delay of processing neutrino data at the South Pole has been re-
duced significantly from several hours to a few minutes. This
results in the possibility of a very fast follow-up and allows the
detection of GRB afterglows, which fade rapidly below the tele-
scope’s detection threshold.
In addition, a single high-energy neutrino event trigger (in ad-
dition to the mutliplet trigger) is under development, which will
further increase the sensitivity of the program especially for hard
GRB neutrino spectra.
Because of the successful operation of the optical follow-up pro-
gram with ROTSE, the program was extended in August 2010 to
the Palomar Transient Factory (PTF) (Law et al. 2009; Rau et al.
2009), which will provide deeper images and a fast processing
pipeline including a spectroscopic follow-up of interesting SN
candidates. Furthermore, an X-ray follow-up by the Swift satel-
lite (Gehrels et al. 2004) of the most significant multiplets has
been set up and started operations in February 2011.
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Abbasi et al., Astron. Astrophys. 539, A60 (2012)



Joint search for HEν and GW
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FIG. 1. Expected GW+HEN source population upper limits for IceCube-22 coincident with initial LIGO-Virgo (left) and
IceCube-86 coincident with advanced the LIGO-Virgo detectors (right; courtesy of [93]), with one year of coincident measure-
ment time. The results take into account the blue-luminosity-weighted galaxy distribution. The x-axis represents the GW
energy output of a standard source. The y-axis represents the number of detected neutrinos from a standard source at 10 Mpc.
The color scale shows the obtained source rate upper limit RUL in logarithmic units of number of sources per (Milky Way
equivalent) galaxy per year. On both plots, the two horizontal lines (scaled for detector sensitivity) show the Waxman-Bahcall
emission model [50] (higher) and the HEN emission model of Ando and Beacom [48] for reverse shocks in mildly relativistic
supernova jets / choked GRBs (lower).

with � 90% probability. Given hgwhen
rss

(i.e. the ampli-
tude at the detector) and Eiso

GW

(i.e. the amplitude at the
source), we can calculate the radius within which there
was likely (P � 90%) no GW+HEN event from which
a HEN was detected. This distance, averaged over all
directions on the sky, is [16]

Dgwhen = 12 Mpc

✓
Eiso

GW

10�2 M�c2

◆1/2 ✓
hext

rss

hgwhen
rss

◆
(2)

From the fact that no astrophysical HEN was de-
tected from a GW+HEN source within Dgwhen, we ob-
tain a source rate upper limit as the highest source rate
that would have produced at least one detected neutrino
within Dgwhen with . 90% probability. Assuming a Pois-
sonian source number distribution, this corresponds to
an average source rate of 2.3 over one year long measure-
ment. We denote this source rate upper limit by Rul. To
obtain Rul, we calculate the average number of sources
within Dgwhen over the duration of the measurement
from which at least one neutrino has been detected. Rul

will be the rate that corresponds to 2.3 detected sources
on average. The rate depends on the blue-luminosity-
weighted galaxy distribution within Dgwhen (see section
IVD), as well as the neutrino flux (nhen) from a standard
source.

To scale theoretical expectations on the HEN rate for
km3 detectors to expectations for the IceCube 22 string
(hereafter IceCube-22) detector (which was operating the
same time as the initial LIGO-Virgo detectors (S5/VSR1
science run)), we estimate IceCube-22 to be approxi-

mately 10 times less sensitive.

The estimated source rate upper limit is dependent on
the beaming of HEN emission (beaming is less significant
for GWs). The beaming of HEN emission is uncertain,
but it is probably similar to the beaming of gamma rays,
as the two emission mechanisms are connected. For this
reason we use the gamma-ray beaming factor obtained
for LL-GRBs, estimated to be less than 14 [67]. The
obtained upper limits scale linearly with the beaming
factor (since we only expect to see sources for which the
beam points towards us).

We calculate population upper limits for a range of
GW isotropic emission Eiso

GW

and neutrino emission nhen.
The results are shown in Figure 1, both for initial and
advanced detectors.

To interpret the science reach of the expected
GW+HEN population upper limits described above, we
consider the source parameters from some of the emis-
sion models, as discussed in section II. In Figure 1 hori-
zontal lines indicate the neutrino rate predictions of the
Waxman-Bahcall emission model [20], as well as the emis-
sion model for mildly relativistic jets by Horiuchi and
Ando [51]. The population upper limit estimates for
these two models specifically, as functions of Eiso

GW

down
to Egw = 10�4 M�c2, are shown in Figure 2. For sources
of weaker GWs than 10�4 M�c2 as predicted by some
CCSN simulations [35, 41, 42], observations will focus on
galactic sources.

Bartos et al. Phys. Rev. Lett. 107, 251101 (2011)
Baret et al., Phys. Rev. D 85, 103004 (2012)

IceCube-22 +
Initial LIGO-Virgo

IceCube-86 +
Advanced LIGO-Virgo



Summary

• The Universe is bright both in photons and neutrinos, at the 
comparable level

• IR/opt/UV astronomy helps us estimate cosmic supernova rate, 
hence DSNB flux

• DSNB is within reach for Super-K (and larger) enhanced with 
Gd

• SN mini-bursts can be detectable at multi-Mton detectors from 
galaxies around 3 Mpc (each year)

• GRB-like SN jets may be a good emitter of high-energy 
neutrinos and GW


