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Core-collapse supernovae are of particular interest in multi-messenger astronomy due to their
potential to accelerate cosmic rays and produce high-energy neutrinos. One such supernova is the
recent SN2023ixf located in M101 (the Pinwheel Galaxy). It is the closest (6.4 Mpc) and brightest
(B band magnitude 10.8) core-collapse supernova in nearly a decade. This supernova likely had
a progenitor surrounded by dense circumstellar material which, during the supernova, may have
produced neutrinos when ejecta collided with the material. I will present results of a follow-up of
this supernova using data collected from the IceCube Neutrino Observatory located at the South
Pole. We obtain results consistent with background expectations with time-integrated energy flux
(E2 dN/dE) upper limits of 0.35 GeV/cm2 for a 32-day time window and 0.44 GeV/cm2 for a 4-day
time window, both at 90% confidence level for an E−2 power law. These correspond to values
of 2.7×1048 erg for the 32-day time window and 3.5×1048 erg for the 4-day time window at the
supernova.
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1. Introduction

Multi-messenger astronomy is a powerful tool for probing extreme astrophysical phenomena
in new ways. By combining information from neutrinos and optical observations, we can examine
high-energy transients with a new lens. One example of these transients are type-II core-collapse
supernovae which produce optical light and are expected to produce high-energy neutrinos [1].

Supernova 2023ixf (hereafter, SN 2023ixf) is a type-II core-collapse supernova discovered on
May 19, 2023 by K. Itagaki. It is located in M101 (the pinwheel galaxy) at a distance of 6.4 Mpc at
RA, Dec. = 210.9◦, 54.3◦ and is the closest and brightest supernova in nearly a decade [2]. Several
observatories, including the IceCube Neutrino Observatory, performed rapid follow-ups after the
initial detection [3].

We describe a search for neutrinos coincident with SN 2023ixf using IceCube’s Northern
Tracks data sample and kernel density estimator method (KDEs) for improved energy and angular
reconstruction [4]. Section 2 describes the IceCube Neutrino Observatory and the data selection
used in this analysis. Section 3 discusses models for neutrino production from SN 2023ixf, and
section 4 discusses our search for neutrinos from the supernova. Finally, in section 5 we provide a
discussion of this search as well as a comparison of previous IceCube supernova analyses.

Figure 1: Time evolution of predicted neutrino flux from SN 2023ixf according to [5]. After approximately
106 seconds, the optical depth becomes less than 1, significantly reducing the flux. The blue lines correspond
to different instances in time with spacing of 10 lines per decade. At high energies, the availability of
simulation decreases per energy decade, resulting in the "wiggle" features [6].

2. Models for Neutrino Production

During the gravitational collapse of the core of a massive star (𝑀∗ > 8𝑀⊙) during a type-II
supernova, most of the gravitational binding energy is converted into thermal neutrinos with energies
on the order of tens of MeV. In addition to these neutrinos, supernova progenitors surrounded
by dense circumstellar material (CSM) have been predicted to produce high-energy neutrinos.
Specifically, supernova ejecta interacts with the CSM and acts as a proton accelerator through
diffusive shock acceleration. The accelerated protons interact with other protons present in the
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Figure 2: Effective area of IceCube (red) as a function of neutrino energy (for 𝜈𝜇 + 𝜈𝜇) with modeled
time-integrated flux from [5]. In this figure, all of the purple lines lie ontop of one another.

CSM and produce high-energy neutrinos via the p-p interaction. These neutrinos, which can have
energies of up to TeV scale, would be detectable by IceCube [5, 7–9].

In order to motivate our analysis, we examine the model presented in [5] for neutrino production
in SN 2023ixf through proton acceleration in CSM. In this model, neutrino flux is a function of
the time after the supernova explosion. After a time period of approximately 106 seconds, neutrino
production slows down as the optical depth becomes less than 1, which is shown in Figure 1.

We can use this model to calculate the expected number of neutrinos detectable by IceCube
by combining IceCube’s effective area with the neutrino flux to produce expected neutrinos as a
function of time after supernova explosion as seen in figure 2. The total time that we observe the
supernova for is called a time-window. For a plot of the expected number of neutrinos as a function
of time post-explosion, see Figure 3.

3. Neutrinos with IceCube

The IceCube Neutrino Observatory is a cubic kilometer neutrino detector located at the geo-
graphic South Pole consisting of 86 strings with a total of 5160 digital optical modules (DOMs).
These DOMs are situated between 1.5 km and 2.5 km below the glacial surface in a hexagonal grid
and are optimized for the detection of high-energy (TeV - PeV) neutrinos [10]. The DOMs consist
of 10-inch photomultiplier tubes encased in a pressurized glass housing for detecting Cherenkov
emission from secondary charged particles from the interaction of neutrinos in the Antarctic ice.
Neutrino detections result in two topologies of events: tracks and cascades. Charged current 𝜈𝜇
interactions product a track-like signature from the secondary muon that can travel up to several
kilometers through the ice depending on the energy. All other neutrino interactions produce a near-
isotropic light distribution in the detector called a cascade. Track-like signatures have an angular
resolution of ∼1◦ and cascades have a worse resolution of ∼10◦.

For our analysis, we use the Northern Tracks data sample which contains track events in
a declination range of −5◦ < 𝛿 < 90◦ and boasts a livetime of 13.5 years covering the period
06/01/2010 - 11/28/2023 (which includes the supernova discovery time). We select this event sample
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because our target declination (𝛿 = 54.3◦) is located in the northern hemisphere and Northern Tracks
is the most sensitive dataset for the search of point sources in the northern hemisphere. Finally,
kernel distribution estimators (KDEs) are implemented for the probability density functions (PDFs),
which improves sensitivity by replacing the usual Gaussian approximation for the spatial PDF by a
non-parametric inference of the same PDF [4].

Figure 3: Model expectation of neutrinos detected by IceCube from SN 2023ixf as a function of time after
supernova explosion. There is no significant increase in neutrinos after approximately 106.1 sec. Our selected
time-window of 30 days post-explosion has been marked with a star – which has an expectation of 0.025
detected neutrinos. The step behavior is a feature of the time binning in the model presented in [5].

4. Follow-up

IceCube’s realtime response of SN 2023ixf consisted of a 4-day time-window centered around
the discovery time of the transient using IceCube’s Gamma-ray Follow-Up (GFU) event sample
for muon neutrinos above 100 GeV in energy. GFU is IceCube’s online event sample and is
used in realtime and fast response analyses (FRAs) [11]. IceCube obtained results consistent with
background expectation and set time-integrated flux upper limits (E2 dN/dE) of 7.3 x 10−2 GeV
cm−2 assuming an E−2 spectrum [3]. The zoomed-in skymap for the fast response analysis can be
seen in Figure 4.

Using the model [5] discussed in section 2 and the sensitivities of IceCube, we estimate the
expected number of neutrinos for various time-windows in order to optimize our analysis. We see
that after 30 days, there is not a significant increase in the number of expected neutrinos from SN
2023ixf (see Figure 5). As a result, we are motivated to optimize our analysis for 30-days post
discovery time. Using forced photometry data taken by the Zwicky Transient Facility (ZTF) to
capture the last observation of SN 2023ixf pre-discovery, we include 2 additional days in our time
window, prior to SN 2023ixf’s discovery, in order to capture the explosion time. This gives us a
total time-window of 32-days, with 2 days prior to discovery and 30 days post-discovery.

We then construct a test statistic distribution using the following definition:

TS = −2𝑛𝑠 + 2
𝑁∑︁
𝑖=1

log
[
1 + 𝑛𝑠𝑆 (x𝑖 , x𝑠)

𝑛𝑏𝐵 (x𝑖)

]
, (1)
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Figure 4: Fast response analysis zoomed-in skymap at the location of SN 2023ixf for a 4 day time window
centered at ZTF discovery time. This depicts on-time events within ± 10 degrees of the target location in
both RA and dec. IceCube obtained a p-value of 0.18, consistent with background expectation and an upper
limit of E2 dN/dE = 7.3 x 10−2 GeV cm−2 at 90%CL for energy range between 600 GeV and 250 TeV. Here,
the size of each circle corresponds to the angular uncertainty (90%) for each neutrino.

Figure 5: Sensitivity, 3𝜎, 4𝜎, 5𝜎, and model expectation (taken from [5]) as a function of time-window.
Target time window of 30 days post-explosion has been marked with a star for each line. This plot is for
𝜈𝜇 + 𝜈𝜇 only.

where 𝑛𝑠 is the fitted number of signal events, x𝑖 are the reconstructed properties of IceCube neutrino
candidates, x𝑠 is the location on the sky of the tested source position, 𝑆 is the signal probability
density function (PDF), 𝐵 is the background PDF, 𝑛𝑏 is the expected number of background events,
and 𝑁 is the total number of events in the event selection. This equation includes a Poisson
term, which compares the total number of observed neutrinos in a time-window with the number
expected from background. We then maximize this test statistic only using events that occur within
our selected time window of 32 days the model prediction and estimation of the explosion time
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Figure 6: Test statistic distribution for SN 2023ixf at a time-window of 32 days, of which, 2 days are prior
to discovery of the supernova. Unblinded TS of 0 is shown at the left side of the plot in a solid pink line,
additionally we show the sensitivity of IceCube at the declination of SN 2023ixf and the 3𝜎, 4𝜎, and 5𝑠𝑖𝑔𝑚𝑎

potentials. Here 𝜂 is the fraction of trials outside the 0 bin. At a TS of approximately 21, we no longer have
background trials to fit 𝜒2 to. We represent this extrapolation of the 𝜒2 fit as a dash-dot line. For short time
windows, if 𝜂 < 5, more than half of the background trials are in the TS = 0 bin, resulting in a median value
of 0. Since we define our sensitivity as the number of neutrinos that result in 90% of pseudoexperiments
exceeding the median, our sensitivity TS is also 0.

from the optical light curve. For our analysis, we use a signal PDF which includes an energy PDF.
For the energy PDF we assume that neutrino emission follows a power-law spectrum with an index
of 2.0 to match the model presented in [5].

We calculate a test statistic distribution assuming a background only hypothesis. This is done
by performing 105 pseudoexperiments of data at our target declination that has been randomly
shuffled in RA [12]. For each pseudoexperiment, we calculate the test statistic and combine all of
them into a single test statistic distribution comprised of background-only. When we unblind our
analysis, we can calculate the test statistic of our signal to obtain a signal test statistic. Comparing
this to our background test statistic gives us the significance of our signal. A figure showing our
background test statistic distribution in addition to our unblinded signal test statistic, sensitivity,
and various levels of significance are given in Figure 6.

5. Results and Discussion

We present the results of a 32 day follow-up of SN 2023ixf. We obtain values consistent
with background expectation and set strong upper-limits on the neutrino flux of a type-II core-
collapse supernovae at our target declination of 0.06 GeV cm−2. This limit represents the strongest
limit on the high-energy neutrino flux from core-collapse SNe obtained using IceCube data. We
present and summarize limits from 3 IceCube analyses, including this one, and set the strongest
limits thus far for supernovae. Our results are summarized in Table 1. These analyses include the
initial realtime response to SN 2023ixf which encompasses a 4-day time-window centered at the
supernova’s discovery time, this analysis which uses a 32 day time-window with 2 days prior to
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discovery time and 30 days after, and finally, a stacking search for high-energy neutrino emission
from core-collapse supernovae using IceCube data [3, 13]. Additionally, we plot our upper limits
and model expectation in Figure 7.

Analysis Upper-Limits (GeV cm −2)
SN 2023ixf Follow-up (this work) 0.06
Supernova Stacking Paper [13] 0.17
SN 2023ixf 4-Day Follow-up [3] 0.07

Table 1: Results from IceCube Supernovae Analysis

Figure 7: Upper limits from IceCube for SN 2023ixf. Included in this plot is the model expectation from
[5] (purple), this analysis (dark blue), a previous IceCube Supernova Stacking analysis (green) [13], and
the original IceCube SN 2023ixf Fast Response Analysis (orange) [3]. Here, the SN stacking line has been
scaled for the distance to SN 2023ixf (distance = 6.4 Mpc) in order to make it more comparable to SN
2023ixf. The right axis shows the differential isotropic equivalent energy obtained with the expression:
𝐸

𝑑𝜖𝑖𝑠𝑜
𝑑𝐸

= 𝜙
4𝜋𝑑2

𝐿

1+𝑧 where 𝜙 = 𝐸2𝑑𝑁/𝑑𝐸 and the appropriate unit conversions have been applied.

We expect long-term improvements to neutrino detection using the IceCube Neutrino Obser-
vatory with the implementation of the IceCube Upgrade, currently being installed at the South Pole.
The IceCube Upgrade will extend IceCube’s neutrino sensitivity to even lower energies (GeV and
below) by increasing the density of the infill array’s (IceCube DeepCore) strings [14]. On a more
long-term timescale, IceCube Gen-2 will provide increased instrument volume and the addition of
Gen-2 Radio which, when combined, will extend improved sensitivity to the TeV-PeV energy range
for high-energy neutrino emission from nearby supernovae [15].
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