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IceCube is a cubic kilometer neutrino detector array in the Antarctic ice that was designed to
search for astrophysical, high-energy neutrinos. It has detected a diffuse flux of astrophysical
neutrinos that appears to be of extragalactic origin. A possible contribution to this diffuse flux
could stem from core-collapse supernovae. The high-energy neutrinos could either come from
the interaction of the ejecta with a dense circumstellar medium or a jet, emanating from the star’s
core, that stalls in the star’s envelope. Here, we will present results of a stacking analysis to search
for this high-energy neutrino emission from core-collapse supernovae using 7 years of v, track
events from IceCube.
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High-Energy Neutrinos from Core-Collapse Supernovae

1. Introduction

IceCube, completed in 2010, is a cubic-kilometer neutrino detector installed in the ice at the
geographic South Pole [1] between depths of 1450 m and 2450 m. Reconstruction of the direction,
energy and flavor of the neutrinos relies on the optical detection of Cherenkov radiation emitted
by charged particles produced in the interactions of neutrinos in the surrounding ice or the nearby
bedrock. The IceCube Collaboration has measured an astrophysical flux of neutrinos, consistent
with a simple power law. This flux has been characterised with different detection channels such
as up-going muon tracks [2], high-energy starting events [3] and cascade events [4]. The result of
a joint fit of these channels is consistent with a spectral index of y = —2.5 [5]. Despite extensive
searches, the sources of this flux still remain largely unknown.

Core-Collapse Supernovae (SNe) can potentially produce high-energy neutrinos. When the
exploding star is surrounded by a dense circumstellar medium (CSM), shocks can be induced by the
SN ejecta that enable particle acceleration [6]. Signs of this interaction can be seen in the spectra
of SNe IIn and also IIP. The progenitors of SNe Ibc are believed to be massive Wolf-Rayet stars
that typically develop heavy winds at the end of their lives which could provide a sufficiently dense
CSM. Furthermore, a jet can emanate from the collapsing core of the star and particle acceleration
can occur in internal shocks and at the jet head. If this jet is not energetic enough to break through
the remaining outer layers of the star and stalls sufficiently far below the photosphere, the high-
energy neutrinos produced by accelerated protons would be the only messengers to escape [7]. The
massive progenitors of SNe Ibc are good candidates for this scenario.

Here, we describe the results for a search for high-energy neutrinos from optically-detected
core-collapse supernovae. The search used 7 years of data from IceCube collected between April
2008 and May 2015. The data sample contains 711,878 through-going track events with a mean
angular resolution of about 1° created by v,, interactions in the ice and bedrock. The reconstructed
energies of the neutrino events range between 7 GeV and 57 PeV with a median energy of 2 TeV.

2. Emission Models and Catalogues

The high-energy neutrino emission in the CSM scenario will take place on a timescale from
months up to years after the explosion. Cosmic rays are accelerated by shocks in the CSM induced by
the supernova ejecta and will produce high-energy neutrinos via inelastic proton-proton scattering.
This produces mesons that decay into gamma-rays and TeV neutrinos. In the following we describe
two time evolution models that we use in the analysis.

Assuming that ~ 10% of the supernova explosion energy goes into the acceleration of cosmic
rays, the model presented in [6] suggests the emission of the high-energy neutrinos lasts until about
100 to 1000 days after the explosion while being independent of the evolution of the emission
strength within that time. Following this model, we adopt box time models with lengths of 100,
300 and 1000 days. We use these models for all supernova types.

The second time evolution model is based on considerations presented in [8]. Assuming the
density profile of the CSM decreases with distance r from the explosion as p ~ r~2, and modeling
the production of cosmic rays via non-linear diffusive shock acceleration, the high-energy neutrino
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flux is ®(7) is predicted to decrease from an initial flux @y according to

-1
o(1) =c1>0(1+i) )

Ipp
where 1,,, is the proton-proton interaction timescale. As p, is responsible for the fading of the
neutrino emission we refer to it as the decay time. For typical explosion parameters of SNe Iln it is
about 0.2 years. To also test slightly shorter and longer timescales we adopt the decay model with
decay times of 0.02, 0.2 and 2.0 years. We apply this second model to SNe IIn and IIP only.

Finally, in the choked-jet scenario that can occur in SNe Ibc, the neutrino emission is expected
in a short time window (~ 1 day) around the explosion. Because the precise explosion time of the
SNe Ibc is not known, we search using a box model spanning 20 days prior to the first detection of
the explosion. Table 1 indicates the flux models applied to the various supernova types.

The SN catalogues were assembled from the WiseRep catalogue [9], the ASAS-SN survey data
[10] and the Open Supernova Catalogue [11]. When a SN is discovered by different observers they
sometimes assign different event names and an association is not always performed. The catalogue
entries were therefore merged, accounting for these different aliases of the same events by requiring
a separation in time by at least 50 days for events that have an angular separation of less than 0.1°.
The resulting catalogues contain 387 IIn, 167 IIP and 824 Ibc SNe.

Because the method outlined in section 3 gets computationally expensive for a large number
of sources, we define a high-quality subsample of nearby sources. Assuming an E~2 neutrino
spectrum, we calculate the expected flux of each source. We do not make detailed assumptions
about individual sources and assume the same intrinsic flux. Under these assumptions, the high-
quality subsample is defined as the brightest sources that contribute 70% of the total neutrino flux
from the respective supernova type. This final sample then contains 15 SNe IIn, 20 SNe IIP and 19
SNe Ibc.

3. Analysis Method

3.1 Maximum Likelihood Method

We perform an unbinned maximum likelihood analysis to look for a correlation between the
supernova catalogues and the neutrino data using the point source search outlined in [12]. The
likelihood is described as a linear combination of the signal PDF S and background PDF 8, that
depend on the neutrino properties 6. The PDFs are evaluated for each event i and the likelihood is
constructed as a product of the independent N events,

Lo =[] |28 +(1-3) 860, @)
i=0

where vy, the index of the assumed power law spectrum, and ns, the number of signal neutrinos,
are free parameters. Both PDFs can be written as a product of their energy, spatial and temporal
components. We assume the background, which is dominated by atmospheric neutrinos, to be
uniform over the livetime 7 and model the spatial and energy part from the dataset, assuming it is
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dominated by background. The background PDF then only depends on the declination § and the
energy E:

B(6,E) = 5—f5(0) - = - felE,0) G

For the spatial component of the signal PDF, we assume a two-dimensional circular Gaussian
distribution centered on the source position and with a width equal to the angular uncertainty o of
each neutrino event’s reconstructed direction. It depends on the angular separation of the a source
position 5 and an event position ¥(6, &) that is given by 7%(8, @) = (5 — X(a, 6))?.

The signal energy distribution as a function of direction is obtained using Monte-Carlo simula-
tions, which typically assume an unbroken power law E~7. Hard spectra, e.g. v = 1, produce more
high-energy neutrinos that are easily distinguishable from atmospheric background events whereas
for soft spectra, e.g. v = 4, the distribution gets more similar to the background distribution. The
signal energy PDF fg is therefore dependent on the declination and energy, as well as the assumed
spectral index.

As mentioned in section 2, we assume several models for the time-dependent neutrino number
luminosity L, (t). We construct a temporal PDF by dividing L, (¢) by its time integral over the
range fgart 10 fend, assuming L, () is zero outside of this range. For a box-shaped lightcurve the
limits of integration are simply its start and end time. For the decay model we take #.,q to be the
time when the flux decreases to 0.1% with respect to the initial flux.

Combining the spatial, energy and temporal PDFs, the signal PDF can then be written as

2
e By )
[ Ly (e) dr?

Ltart

S(a,6,0,E,y,t) = 4)

2no?

When stacking several sources, the signal PDF becomes a weighted sum S = }}; w;S; over the
PDFs describing each individual source j. The weights can be estimated using prior knowledge
about the sources from other measurements, such as their bolometric luminosity. The point source
stacking likelihood then becomes

N M

Loy =[]|Z 2 @S +(1-F) 86 5)

i=0 =0
To compare the signal hypothesis to the background hypothesis we maximize the likelihood ratio

L(ns,y) )
L(0)

test statistic

/1:2-10g( (6)

3.2 Fitting the weights

In this analysis we do not have a way of estimating the relative source contributions and thus
determining the source weights w;. Sub-optimal weighting will decrease our sensitivity since weak
sources that get a high weight will only contribute background, while the signal of strong sources
that get a small weight will be suppressed. To circumvent this we choose a model-independent
approach and include independent contributions from each source 75 = (ns_j, 152, ..., 1s,m), Where
ns = 2. j nsj, as free parameters in the fit. As this increases the number of free parameters to M + 1
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Catalosue Box models [d] Decay models [y]
u
£ 20 100 300 1000 0.02 0.2 2.0
p-values
IIn - 009 0.06 >05 019 026 >05
1P - 049 >0.50 0.28 >0.50 >0.50 0.30

Ibc >0.50 >0.50 >0.50 0.35 - - -

Table 1: The pre-trial p-values for the correlation of 7 years of IceCube data and the selected supernova
catalogues. We quote a p-value of > 0.50 where the measured test statistic is above the background median.
We observe mildly significant over-fluctuations for SNe IIn for the agnostic box models with lengths 100 and
300 days respectively.

for a catalogue with M sources, the maximization of the likelihood is computationally expensive and
can only be performed for a catalogue of limited size as outlined in section 2. The final likelihood

is then
N 1 M n
LGy =[5 2mi- SEn+(1-F) 86) ™
i=0 i=0

This is the likelihood function we use in this analysis.

4. Results

4.1 Significance Testing

Using seven years of IceCube muon track events from April 2008 until May 2015 [13], we
maximize the likelihood for every scenario in Table 1 and compare the resulting best fit test statistic
with a distribution of test statistic values obtained from 2x 103 background-only trials. The resulting
p-values are listed in Table 1. Because we do not allow negative values for the test statistic, we
quote a p-value of > 0.50 where we find a best fit test statistic smaller than the background median.
We find the most significant results are p = 0.09, corresponding to the box model fit to SNe IIn
with a length of 100 days, and p = 0.06 for the 300-day box model. Neither result is statistically
significant.

To correct our p-values for statistical trials, we compare the lowest p-value ppnin, = 0.06 to the
cumulative distribution of lowest p-values obtained with 4 x 103 background simulations (see figure
la). We find that we can expect a lowest p-value at least as small as 0.06 in about half the cases, so
the resulting trial-corrected p-value is pmin,corrected = 0.47.

Although the individual p-values are not significant, it would still be possible that the dis-
tribution of p-values is inconsistent with background expectations. To evaluate the compatibility,
we compare it to the distribution of p-values from 4 x 103 background trials using a Kolmogorov-
Smirnov-Test (see figure 1b). We obtain a p-value of pxs = 0.92 and conclude that the distribution
of p-values is compatible with the distribution expected from background.
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Figure 1: Visualisation of the trial correction of the p-values. We compare the minimum pre-trial p-value
to a distribution of minimum p-values from background and the full distribution of p-values to a background
distribution of p-values.

4.2 Upper Limits on the Neutrino Flux from Supernovae

We derive the 90% upper limit on the flux normalisation from the measured test statistic.
Where that limit is more constraining than the one derived from the background median, we use the
background median as a floor. Assuming an unbroken power law spectrum with an index y we can
derive limits on the total emitted energy. Further, we assume isotropic emission of each SN and
give the results for assumed spectral indices of ¥ = 2 and y = 2.5, which are shown in figure 2. We
find the most constraining scenario for SNe IIp and Ibc in the CSM interaction scenarios to be the
agnostic box model with a length of 100 days, while the box model with 1000 days length is most
constraining for SNe IIn. For a spectral index of y = 2.5 we constrain SNe IIn, IIP and Ibc to emit
no more than 6.4 x 10*, 1.1 x 10* and 8.7 x 10*® erg, respectively, assuming CSM interaction.
Assuming the choked-jet scenario SNe Ibc emit no more than 5.0 x 10*3 erg.

Assuming that our catalogues are representative subsamples of the respective supernova pop-
ulations, we can calculate limits on their contribution to the diffuse astrophysical neutrino flux
measured by IceCube. The flux is given by

®)

c /°°dN p(2) dz
0

O(E) = — —
(E) Hy dE (1+2) \/Q, + (1 +2)2 + Qm(1 +2)3

where dN/dE is the neutrino number energy spectrum that we take to follow a power law with
spectral index y = 2.5 to match the diffuse flux measurement. The cosmological parameters Hy,
Qn, Q and Q, are taken from Planck measurements [14]. The volumetric supernova rates p(z)
are taken from [15] and we use the percentage of supernova subtypes from [16]. Integrating up to
a redshift of 2, we find that SNe IIn, IIP and Ibc can contribute up to 55.2%, 79.6% and 28.6%
of the diffuse flux, respectively, assuming CSM interaction. Assuming the choked-jet scenario, we
constrain SNe Ibc to contribute no more than 16.4%. The low rate of SNe IIn (~6% of all SNe)
allows for a tight constraint on the flux from the whole population. SNe IIP are the most common
subtype ( 52%) and thus the constraint on the population flux is relatively loose. The small time
window in the choked-jet scenario excludes more background neutrinos from the arrival time alone
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Figure 2: Limits on the total emitted isotropic energy equivalent in neutrinos. Where no overfluctuations
are measured, those are derived from the sensitivity. The most constraining case for the CSM interaction
scenario for SNe Ibc and IIP is the box model with a length of 100 days and the one with a length of 1000
days for SNe IIn.

which leads to a high sensitivity and a tight constraint on the population’s contribution to the diffuse
flux.

We calculate the energy range of the analysis by bounding the energy interval from which we
select simulated signal events from high and low energies. For both cases we find the energy where
the sensitivity drops by 5%. We define the range between both values as our 90% sensitive energy
region. With that we can derive the limits on the contribution to the diffuse astrophysical neutrino
flux as shown in figure 3. This limit is of the same order of magnitude as the 30% contribution
limit from Fermi-detected blazars [17].
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