
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
THE ASTROPARTICLE PHYSICS CONFERENCE

On the detection of galactic core collapse supernovae with IceCube
THE ICECUBE COLLABORATION1 ,
1 See special section in these proceedings

volker.baum@icecube.wisc.edu

Abstract: The IceCube Neutrino Observatory, situated at the geographic South Pole, was mainly designed to
detect energies greater than 100 GeV with its lattice of 5160 photomultiplier tubes monitoring 1 km3 of clear
Antarctic ice. Neutrinos undergoing interactions produce charged secondaries that in turn produce Cherenkov
photons, whose arrival time are recorded in the photomultipliers. Due to subfreezing ice temperatures, the
photomultiplier dark noise rates are particularly low. This allows IceCube to extend its searches to several second
long bursts of O(10 MeV) neutrinos expected to be emitted from galactic core collapse supernovae. By observing
a collective rise in all photomultiplier rates, IceCube would provide the highest statistical precision for close-
by supernova. In this paper, the method to determine a conservative upper limit on the number of core collapse
supernovae in our galaxy is presented, based on IceCube data taken from April 5, 2008 to May 13, 2011, in
configurations with 40, 59 and 79 strings deployed. Systematic uncertainties, mainly due to unknown ice properties,
are assessed with a GEANT based Monte Carlo.
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1 Introduction
The rate of galactic stellar collapses, including those ob-
scured in the optical, is estimated [1] to be in the range
of (1.7−2.5) per 100 years. The best experimental upper
limit from the absence of a neutrino signal, calculated in a
specific SN model, is < 9 per 100 years at the 90% C.L. [2].

IceCube, a grid of 5160 photo sensors embedded in
the ice of the antarctic glacier, is uniquely suited [3] to
monitor our Galaxy for supernovae due to its 1 km3 size
and its location. In the inert and −43 ◦C to −20 ◦C cold ice,
IceCube’s photomultiplier noise rates average around 540
Hz. At depths between (1450 – 2450) m, the detector is
partly shielded from cosmic ray muons. The inverse beta
process ν̄e + p→ e+ + n dominates supernova neutrino
interactions with O(10MeV) energy in ice, with total lepton
tracks lengths of about 0.56cm · Eν/MeV along which
178 ·Ee+/MeV Cherenkov photons are radiated in the (300
– 600) nm wavelength range. Due to their low cross section
in water, electron-neutrinos contribute less than 5% to the
rate. From the approximate E2

ν dependence of the cross
section and the linear energy dependence of the track length,
the light yield per neutrino roughly scales with E3

ν . The
detection principle was demonstrated with the AMANDA
experiment, IceCube’s predecessor [4]. With absorption
lengths exceeding 100 m, photons travel long distances
in the ice so that each DOM effectively monitors several
hundred cubic-meters of ice. Typically, only a single photon
from each interaction reaches one of photomultipliers that
are vertically (horizontally) separated by roughly 17 m (125
m). The DeepCore subdetector, equipped with a denser
array of high efficiency photomultipliers, provides higher
detection and coincidence probabilities.

Although the rate increase in individual light sensors
is not statistically significant, the effect will be clearly

seen once the rise is considered collectively over many
sensors. IceCube is the most precise detector for analyzing
the neutrino light curve of close supernovae [5]. Since
2009, IceCube has been sending real-time datagrams to
the Supernova Early Warning System (SNEWS) [6] when
detecting supernova candidate events.

The supernovae search algorithms employed in the paper
are based on count rates of individual optical modules stored
in 1.67 ms time bins. By buffering the full photomultiplier
raw data stream that is stored around supernova candidate
triggers, additional information, e.g. on the average neutrino
energy, can be retrieved [7, 8].

2 Effective volume for supernova detection
The signal hit rate per DOM for the inverse beta decay is
given by

R(t) = εdeadtime
ntarget Lν

SN(t)
4πd2Eν(t)

∫
∞

0
dEe+

∫
∞

0
dEν

× dσ

dEe+
(Ee+ ,Eν)V eff

e+ f (Eν ,Eν ,αν , t) , (1)

where ntarget is the density of targets in ice, d is the distance
of the supernova, Lν

SN(t) its luminosity, and f (Eν ,Eν ,αν , t)
is the normalized Eν distribution depending on a shape
parameter αν and the average neutrino energy Eν . Ee+
denotes the energy of positrons emerging from the neu-
trino reaction. The effective volume for a single positron,
V eff

e+ ∝ Ee+ , strongly varies with the photon absorption but
shows little dependence on photon scattering. An artificial
deadtime of τ = 250 µs was introduced to suppress time
correlated supra-Poissonian photomultiplier pulses at low
temperatures, leading to an inefficiency parametrized by
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εdeadtime ≈ 0.87/(1+ rSN · τ), where rSN denotes the rate
per optical module that arises from supernova neutrinos.

A GEANT-4 based simulation of the interaction of indi-
vidual supernova neutrinos in the ice and a computationally
optimized tracking [9] of individual Cherenkov photons
that can be run on graphical processing units, was used to
determine IceCube’s effective volume for supernova detec-
tion. Calibration measurements with light sources in the ice
and a dust logger [10] with < 1 cm vertical resolution allow
one to fit the depth, position and angular dependent photon
absorption and scattering lengths of the ice [11, 12]. The
uncertainties in these measurement lead to a range of ice
models. Other important uncertainties arise from the pho-
ton tracking in the presence of Mie scattering, optical mod-
ule sensitivities, as well as from cross section uncertainties
which are sizeable for interactions with 16O and 18O. The
effective volume per optical module was determined by in-
jecting 1.4×109 positrons of 10 MeV energy with random
directions and random positions inside a sphere with radius
250 m around every optical module along a string. Fig. 1
shows V eff

e+ /Ee+ , determined from the fraction of positrons
that generated photoelectrons at the cathode surface, as
function of depth. The ≈ 35% higher quantum efficiency
of the optical modules in the high density DeepCore sub-
detector, installed in two ice regions below and above the
main dust layer, is apparent. The effective volume scales
linearly with the optical module sensitivities. Systematical
uncertainties due to variations in the optical absorption and
scattering lengths and the photon propagation algorithm can
be deduced from the lower panels. While different descrip-
tions of the optical ice properties show clear differences
in the depth dependence of the absorption, the averaged
effective volumes differ only by 7.4%. In addition, a 10%
uncertainty on the average photosensor sensitivity has to be
taken into account. Table 1 lists the most important detec-
tion related systematic uncertainties.

Table 1: Major detection related systematic uncertainties.

Source estimated uncertainty [%]
effective volume uncertainty 12
cross section uncertainties 3
effect of artificial deadtime 3
positron track length 5

3 Search for galactic supernovae
The neutrino emission from a core collapse supernova
strongly depends on the progenitor mass and type, leading
to an order of magnitude variation of detected rates. Differ-
ent methods to estimate the minimum initial mass that can
produce a supernova have converged [13] to (8± 1) M�,
where M� is the mass of the Sun. For these low masses,
the collapse is induced by electron capture in a degener-
ate O-Ne-Mg core. The observed rates also depend on the
assumed neutrino mass hierarchy, the influence of matter
induced oscillations in the Earth (< 8%), and the assumed
progenitor distribution in Milky Way. It is therefore impor-
tant to specify which models have been assumed for a su-
pernova search with a neutrino detector. Three spherically
symmetric models, encompassing the range of models and

covering the full range of neutrino emission, were selected
as benchmarks in this analysis:

The collapse of a 8.8 M� O-Ne-Mg progenitor to the
completed formation of the deleptonized neutron star is
the only examples so far, where one-dimensional simula-
tions [14] obtain neutrino-powered supernova explosions
(“Hüdepohl model”). This low mass model, with total emit-
ted energy of 1.7 × 1053 erg and E(ν̄e)≈ 12.9 MeV, also
represents a conservative lower limit.

The Lawrence-Livermore simulation [15], modeled after
SN 1987A, assumes a 20 M� progenitor. The total emitted
energy is 2.9 × 1053 erg, of which 16 % is carried by ν̄e
with 15.3 MeV energy on average.

On the high mass side, the gravitational collapse of less
than solar metallicity stars exceeding 25 M� will lead to
a limited stellar explosion, while stars exceeding 40 M�
are not expected to explode at all (“Black Hole model”). In
both cases a black hole will develop O(1 s) after bounce. At
this point, the neutrino emission quickly comes to an end,
providing a unique signature for black hole formation [16].
For the analysis presented in this paper we assume a 30 M�
progenitor and a hard equation of state.

More than 80% of supernovae may be obscured by dust
and would thus not be optically visible [17]. The search
method should therefore not depend on external information.
The test statistics used to search for galactic supernovae
with IceCube is the significance ξ = ∆µ/σ∆µ , where ∆µ

is the most likely collective rate deviation of all optical
module noise rates from their running average. σ∆µ is the
corresponding uncertainty calculated from the data, thus
accounting for non-Poissonian behaviour in the dark rates.
The significance should be centered at zero with unit width
if no correlations are present. The calculation was done in
consecutive, non-overlapping 500 ms wide time intervals.

Starting with a data set corresponding to in total 1101
days, several requirements are introduced to select high
quality data. Short runs (0.43%), runs taken with calibration
light sources (1.68%) and runs with an imperfect detector
(3.93%) are discarded. Finally, more than 99% of all 500
ms time slices in each run must have associated information
on the number of atmospheric muon hits. After applying
these cuts, a dataset corresponding to a clean livetime of
887 days remains on which the analysis is performed.

A fast simulation, checked to produce the same results
as the GEANT Monte Carlo, was used to produce toy
supernovae according to the three models discussed above.
The respective rates were then added to recorded optical
module noise data of the detector, appropriately sampling
the three periods of data taking.

Fig. 2 shows the simulated significance distribution for
the detection of a supernovae as function of distance for
the Hüdepohl [14], Lawrence-Livermore [15] and Black
Hole [16] models.

Fig 3 shows the distribution of significances for the 8.8
M� [14] and 20 M� [15] models, assuming two galactic
progenitor distribution models [18, 19] (The significances
of the Black Hole model lie beyond the range of the plot).
Also shown is the measured significance distribution for 3
years of IceCube data taking.

The distribution narrows substantially, when hits from
atmospheric muons are subtracted (see shaded distribution
in Fig. 3). Single cosmic ray showers can produce muon
bundles that trigger many optical modules. While cosmic
ray muons contribute to the count rates of individual optical
modules by only 3%, these hits are correlated across the
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Figure 1: V eff
e+ /Ee+ as function of depth for a recent model (Spice-Mie) of the optical absorption and scattering lengths in

the antarctic glacier. The results are given for the IceCube (circles) and DeepCore (triangles) detectors. The uncertainties
due to a different description of the optical ice properties (AHA model) and the way the photon propagation is implemented
(tabulated vs. individual propagation of each photon) are indicated in the lower panels.

Figure 2: Significance versus distance for the three models
described in the text. Three periods, corresponding to detec-
tor configurations with 40, 59 and 79 strings deployed, were
simulated. The significance rises with the square root of the
corresponding number of optical modules (particularly well
visible for the Black Hole distribution at short distances).
The changing density of points reflects the spiral nature of
our Galaxy.

detector, broadening the significance distribution as function
of detector size. It also gives rise to a seasonal dependence
of the trigger rate. This explains why the significance
distribution in IceCube is widened by a factor of 1.26 -
1.46 compared to the expectation of unity, depending on
the number of optical modules participating in the detector
configuration and the season. It is possible to subtract
a large fraction of the hits introduced by atmospheric
muons from the total noise rate offline, as the number
of hits is recorded for all triggered events. The width of
the significance distribution then decreases to about 1.06,
close to the expectation of unity. We use the subtracted
distribution, which shows a substantially better separation
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Figure 3: Measured significance distributions without
(black line) and with (shaded grey) subtraction of atmo-
spheric muons for data taken from April 2008 to May 2011
(significances above 6 standard deviations are kept blind).
The distributions hardly overlap with the significances ex-
pected for the three supernova models studied assuming two
progenitor radial distribution models for our Milky Way
([18] solid line, [19] dashed line, arbitrary normalization).
Satellite and dwarf galaxies, such as the Magellanic Clouds,
are not included in the simulation.

between noise data and expected signal (shaded area in
Fig. 3), to search for signs of core collapse supernovae in
the IceCube data.

The analysis was kept blind for atmospheric muon cor-
rected significance values above 6σ . To be on the conser-
vative side, we assumed a normal neutrino mass hierarchy,
the progenitor distribution of [19] and lowered the effec-
tive volume by 15% to account for detection related sys-
tematic uncertainties and matter effects in the material of
the Earth. We defined the significance cuts by requiring
that at least 99% of all simulated core collapse supernovae
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in our Galaxy would be detected for the Hüdepohl model.
Fig. 4 shows the fraction of supernovae missed as function
of significance cut for the three models studied. Note that
the choice of neutrino mass hierarchy matters only for the
Lawrence-Livermore model (dotted curves).
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Figure 4: Fraction of supernovae missed in our Galaxy by
imposing a cut on significance. A 15% systematic detector
uncertainty is taken into account by respectively decreasing
the nominal effective volume. Curves for normal (solid) and
inverted (dashed) hierarchies are shown. The lines indicate
the cut value, where 99% of all supernovae are retained.
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Figure 5: Closeup of the data near the cut value for the
Hüdepohl model. The muon subtracted data (blue) is kept
blind for significances > 6σ .

Fig. 5 shows the significance of the data distribution with
(blinded for ξ > 6σ ) and without muon subtraction close to
the cut value. The un-blinded results will be presented at the
conference. Assuming that no signal is seen, an upper limit
will be provided that is valid for 99 % of all galactic core
collapse supernovae with neutrino fluxes equal or higher
than in the conservative 8.8 M� Hüdepohl model at the
90 % confidence level. For this model, this corresponds to a
cut at ξ > 8.7σ .

4 Conclusion
We set up a search for neutrinos from core collapse super-
novae in our galaxy using IceCube data taken between April
2008 to May 2011. The result of this search, valid under
conservative assumptions on the distribution of progeni-
tors in the Milky way, their mass and type and accounting
for systematic uncertainties, will be presented once the ad-
ditional two additional years of data taking have been in-
cluded. The analysis will also be further improved by ex-
tending the search to the Magellanic Clouds and employing
improved noise reduction techniques.
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