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Abstract: IceCube is currently the world’s most sensitive instrument for high-energy neutrinos in the TeV and
PeV range. The detection of high-energy astrophysical neutrinos will provide invaluable information about their
sources, e.g. SNe and GRBs, especially when combined with other observations. We perform analyses running in
realtime that enable us to trigger electromagnetic (or other) follow-up observations. A neutrino trigger can result
in observations of a source that would have been missed otherwise and that could help to identify and study the
source of a multi-messenger signal. Furthermore, the coincident observation of a neutrino event and a signal from
a different detection channel can increase the statistical significance. The status of these online IceCube analyses,
in collaboration with the ROTSE network of optical telescopes, the optical PTF survey at Palomar Observatory
and the Swift satellite in X-rays, is presented. A first limit has been derived on the fraction of SNe hosting a jet,
and a first SN has been found in optical follow-up data which is discussed in the paper.
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1 Introduction
IceCube is a cubic-kilometer neutrino detector installed in
the ice at the geographic South Pole [1] between depths of
1450 m and 2450 m. Detector construction started in 2005
and finished in December 2010. Neutrino reconstruction re-
lies on the optical detection of Cherenkov radiation emitted
by secondary particles produced in neutrino interactions in
the surrounding ice or the nearby bedrock.

Complementary to offline neutrino analyses—performed
after a certain amount of data has been taken—an analysis
running online, in realtime, has several advantages. With a
short latency neutrino analysis, multi-wavelength follow-
up observations can be triggered by neutrino events. These
follow-up data have the potential to reveal the electromag-
netic counterpart of a transient neutrino source, that might
otherwise be missed and thus be unavailable for further ob-
servations. The coincident detection of neutrino and electro-
magnetic emission can be statistically more significant and
provide more information about the physics of the source
than just the neutrino detection alone. Another advantage
of an online analysis is the prompt availability of the re-
constructed neutrino dataset and thus the possibility of fast
response analyses. This work has thus also enabled fast
gamma-ray burst (GRB) searches like the one following
GRB 130427A, published in a GCN Circular recently [2].

The online search for transient neutrino sources is mostly
motivated by models of neutrinos from GRBs [3] and
from choked jet supernovae (SNe) [4] that are SNe hosting
a mildly relativistic jet. However, the choked jet is less
energetic and thus cannot penetrate the stellar envelope,
making it invisible in gamma-rays. In contrast, the produced
high-energy neutrinos can escape and trigger a discovery of
a SN in the follow-up channels. Both sources are expected
to emit a short burst of neutrinos within seconds of the
explosion time, setting the natural timescale of the neutrino

search. A GRB can be found by detection of the GRB
afterglow, in optical or in X-ray data. A very fast response
within minutes to hours is required for this. A choked jet SN
is found by detecting a shock breakout or a SN light curve
in the follow-up images, slowly rising and then decaying
within weeks after the neutrino burst.

2 The optical and X-ray follow-up system
In late 2008, an online neutrino event selection has been
set up at IceCube. The analysis is running in realtime
within the limited computing resources at the South Pole,
capable of reconstructing and filtering the neutrinos and
sending alerts to follow-up instruments with a latency of
only a few minutes [5, 6]. The overwhelming background
of cosmic-ray induced muons from the atmosphere above
the detector (≈ 106 muon events vs. one neutrino event) is
reduced by limiting the sample to the northern hemisphere,
using the Earth as a muon shield, selecting only tracks that
are reconstructed as up-going in the detector. Additional
cuts on track quality are done to veto mis-reconstructed
muons and select well reconstructed muon events induced
by neutrinos from the northern hemisphere. In order to reject
the remaining background of atmospheric neutrinos and
to identify an extra-terrestrial neutrino signal, a multiplet
of at least two neutrinos within 100 seconds and angular
separation of 3.5◦ is required to trigger an alert. In addition,
since mid-September 2011, a likelihood function is used,
representing a single parameter for selection of the most
significant alerts:1

1. Note that this likelihood function is strictly speaking only
defined for doublets, which does not pose a problem since the
expected background triplet rate is so low (≈ 0.06 per year) that
each observation of a triplet is significant by itself and is passed
directly to all the follow-up instruments.
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Instrument name ROTSE PTF Swift

Follow-up since Dec 2008 Aug 2010 Feb 2011
Alerts per year ≈ 25 ≈ 10 ≈ 7
FoV in (◦)2 3.42 7.26 0.79

Table 1: Overview of the follow-up instruments participat-
ing in this work.
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uncertainties on the directional reconstruction of the two
neutrino events, typically ∼ 1◦, depending on neutrino
energy. θA corresponds to the (circularized) angular radius
of the field of view (FoV) of the follow-up telescope (set to
0.5◦ for Swift and 0.9◦ for ROTSE and PTF). λ is smaller
for more signal-like alerts that have small separation ∆Ψ,
small time difference ∆T and a high chance to lie in the
FoV of the telescope. Thus, λ is a powerful parameter to
separate signal and background alerts. For each follow-up
program, a specific cut on λ is applied in order to send the
most significant alerts to the follow-up instruments.

The optical (OFU) and X-ray (XFU) follow-up pro-
grams currently encompass three follow-up instruments: the
Robotic Optical Transient Search Experiment (ROTSE) [7],
the Palomar Transient Factory (PTF) [8, 9] and the Swift
satellite [10]. See Table 1 for the follow-up start times, rate
of alerts sent by IceCube, and FoV of the instruments. In
addition, there is a gamma-ray follow-up program targeting
flaring AGNs, sending alerts to the gamma-ray telescopes
MAGIC and VERITAS (see [11]).

ROTSE is a network of four optical telescopes with
0.45 m aperture and 1.85◦×1.85◦ FoV, located in Australia,
Texas, Namibia and Turkey. Since late 2012, only the
two northern hemisphere telescopes continue operation.
ROTSE is a completely automatic and autonomous follow-
up system.

PTF is located at the Palomar Observatory in California,
USA. It uses a 1.2m telescope with camera field dimensions
of 3.5◦×2.3◦. PTF achieves limiting AB magnitudes of up
to 21 and pursues a number of science goals, most notably
the discovery and observation of SNe.

Swift is a satellite operated by NASA and boarding var-
ious instruments: a 170− 600nm ultraviolet/optical tele-
scope (UVOT), a 0.3−10keV X-ray telescope (XRT) and
a 15− 150keV hard X-ray Burst Alert Telescope (BAT).
IceCube’s X-ray follow-up program triggers Swift’s XRT
that can provide valuable information by observing a GRB
afterglow in X-rays. The XRT has a FoV of only 0.4◦ in
diameter, hence Swift performs seven pointings for each
IceCube follow-up, resulting in an effective FoV of about
1◦ in diameter.

The follow-up images taken between 18 Dec 2008 and 31
Dec 2009 with the ROTSE telescope system were carefully
analyzed and no detectable SN or similar transient source

in coincidence with a neutrino alert could be found [5],
while one would expect to find 0.074 SNe coincident by
chance with one of the neutrino alerts. This result can be
compared to the predicted neutrino flux from the choked
jet SN model in [4] and constraints on the abundance and
properties of these sources can be set within this model.
The most important parameters of the model are the bulk
Lorentz factor Γ of the jet, and the jet kinetic energy Ejet.
As a function of these two parameters, an upper limit on
the rate of SNe hosting a jet with these properties has been
derived. E.g. for a typical value of Ejet = 3× 1051 erg, it
can be excluded at 90% confidence level that more than
≈ 10−5 CCSNe per Mpc3 and year (≈ 6% of all predicted
CCSNe) host a soft relativistic jet with a Lorentz factor of
10 or more [5].

Soft astrophysical neutrino spectra, as expected from
SNe, are very similar to the spectrum of atmospheric neu-
trinos. Thus, one has to depend on neutrino multiplets to
select source neutrinos and suppress atmospheric neutrinos.
Looking for hard spectra sources like GRBs, it is addition-
ally possible to select single well-reconstructed high-energy
neutrinos. A second stream containing these events is cur-
rently being studied and expected to be implemented this
year.

3 Results of the IceCube neutrino multiplet
search

Table 2 shows the number of found neutrino multiplets so
far, together with the expected number of background alerts
for comparison. Doublets are here defined as those being
sent at least to ROTSE, i.e. having passed the ROTSE cut on
the likelihood λ . Background multiplets arise from random
accumulation of isotropic atmospheric muon neutrinos.
The expected number of alerts is obtained by randomizing
or scrambling the experimental data, which is achieved
by randomly shuffling the times of the neutrino events
and calculating equatorial coordinates (right ascension,
declination) with the new times. That way, all detector
effects like the reconstructed direction in local detector
coordinates as well as the time distribution of the events,
and seasonal variations, are entirely preserved. At the same
time, all potential correlations of the events in time and
space, and thus a potential signal, are destroyed.

The total number of observed doublets from all seasons
is 94, against an expectation of 85.59, which corresponds
to an over-fluctuation with p-value of 19.5% or 1.3σ . No
triplet has been found yet.

4 Detection of a IIn supernova in PTF
optical follow-up

On 30 Mar 2012 (MJD 56016), the most significant alert
since initiation of the follow-up program was recorded and
sent to ROTSE, PTF and Swift simultaneously. In the PTF
images, a supernova, named PTF12csy, was discovered only
0.14◦ away from the average neutrino direction at right as-
cension 104.636◦ and declination +17.262◦ (see Figure 1)
at an AB magnitude of ≈ 18.6 (Mould R-band). Spectra
were subsequently taken with Gemini North on 17 Apr 2012
(MJD 56034) and with Keck I on 9 Feb 2013 (MJD 56332)
that allowed for redshift extraction and the identification
of the supernova as a type IIn (narrow emission lines). It
was determined to be at a redshift of 0.067, corresponding
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IceCube Observed Expected Observed Expected
Season doublets doublets triplets triplets

IC40 15 8.55 0 0.003
IC59a 19 15.66 0 0.004
IC59b 10 10.32 0 0.004
IC79 22 32.20 0 0.008
IC86-1 28 18.86 0 0.037

Sum 94 85.59 0 0.056

Table 2: Neutrino multiplets found in IceCube’s OFU and
XFU program and expected number of multiplets from
background only. The season labels in the first column
include the number of installed strings. The calendar periods
are IC40: Dec 2008 – May 2009, IC59a: May 2009 – Dec
2009, IC59b: Dec 2009 – May 2010, IC79: May 2010 – May
2011, IC86-1: Sep 2011 – May 2012. Note that the periods
of operation of the OFU system do not always correspond to
IceCube operation. Also note that due to loosening the cuts,
more triplets are expected for IC86 compared to previous
configurations.

to a luminosity distance of about 300Mpc. The limiting
magnitude of ROTSE (≈ 16−17mag) was insufficient for
a detection of the SN in ROTSE follow-up observations.
Swift performed observations, but did not detect a source
with XRT, though the source was seen with UVOT, close to
the detection threshold.

The spectrum and photometry showed that the SN was
several months old at the time of discovery, which was
confirmed using archival Pan-STARRS [12] data. Pan-
STARRS1 is a 1.8m telescope located on Maui in the
Hawaiian islands, equipped with a 3.3◦ FOV. In the course
of its 3π steradian survey it observes each part of the sky
typically 8-10 times per year [13]. Earliest detection of
PTF12csy in the Pan-STARRS1 data dates back to 13 Oct
2011 (MJD 55847), 169 days prior to the neutrino alert. We
can therefore conclude that the explosion time of the SN
was earlier than that.

The SN was already a few months old at the time of the
neutrino alert. Therefore, the neutrinos are not consistent
with the hypothesis of an up to 100 seconds long burst of
high-energy neutrinos from a choked jet, shortly after the
core-collapse. Also the large distance of 300Mpc makes
the detection of a neutrino doublet from the SN unlikely.

4.1 The neutrino doublet
The two neutrino events causing the alert happened on 30
Mar 2012 at 01:06:58 UTC and 1.79 seconds later, with
a directional separation of 1.32◦. The (neutrino-induced)
muons passing through IceCube have reconstructed energies
of ≈ 1 and ≈ 3TeV, which are lower limits on the neutrino
energy. The value of the likelihood classifier λ for the
doublet amounts to −18.1. See Figure 2 for a distribution of
λ of alerts generated by background events, mostly isotropic
atmospheric neutrinos.

The probability of an alert as signal-like or more signal-
like than this to happen by chance from an isotropic back-
ground sample is calculated via integration of the λ distri-
bution and is ≈ 13.9% over the 242.4 days of OFU livetime
in IC86-1. Considering that the OFU system was already
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Figure 1: Map of the sky with the two neutrino event
directions, the average neutrino direction and the location of
SN PTF12csy. Estimated reconstruction errors are indicated
with circles, the PTF FoV is shown as dashed box.

in operation for ≈ 1000 days at the time of the alert (and
the OFU livetime in IC86-1 was 242.4 days), one can scale
the number of expected alerts with λ ≤−18.1 up and cal-
culate a prob. of ≈ 46% over 1000 days, which is an over-
estimation, since the detector in its first stages (esp. 40 and
59 strings) could not deliver such high quality alerts at the
same frequency as the completed detector.

4.2 Significance of the SN detection
The number of core-collapse supernova detections of any
type, at any time after explosion, and within a distance of
300Mpc or less, randomly coincident with one neutrino
alert, is:

Ndet = Ωsearch ·
∫ 300Mpc

0

dNSN

dt dV
· T (mlim,M̂,r) · r2 dr (2)

where Ωsearch is the solid angle in which a SN is searched
for (set to the solid angle of the doublet error, which is
≈ 0.93(◦)2), dNSN

dt dV is the volumetric CCSN rate (7.8 ×
10−5 yr−1Mpc−3 is used, see [14]), and T (mlim,M̂,r) is
the average time window in which a SN is detectable, i.e.
brighter than the limiting magnitude. The average detection
time window depends on the distance to the source r, the
peak absolute magnitude M̂ of the SNe (assumed to be
a normal distribution with mean −17.5mag and width
σ = 1mag), the limiting magnitude mlim of the telescope
(19.5± 1mag is assumed for PTF), and the shape of the
light curve (taken from the IIn SN on P. Nugent’s template
webpage [15]).

The resulting expectation value for random SN detections
is Ndet ≈ 0.016, which results in a Poissonian probability of
≈ 1.6% to detect a CCSN like PTF12csy. Combining this
probability with the probability of 13.9% for the neutrino
alert, Fisher’s method delivers a combined p-value of 1.6%,
corresponding to a significance of 2.4σ . Combining it
with the up-scaled probability of 46% during 1000 days of
livetime, one gets 4.3% or 2σ significance.
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Figure 2: Distribution of likelihood classifier λ (see Eq. 1)
for random coincidence doublets generated by scrambling
the ≈ 8 months of experimental data (mostly atmospheric
neutrinos) 6000 times, as explained in Section 3. The
found value of λ for the reported alert from 30 Mar 2012
is indicated as vertical line. Signal-like doublets tend to
smaller values.

4.3 Discussion and next steps
Type IIn supernovae, such as PTF12csy, are a promising
class of high-energy transients (see [16]). The supernova
ejecta are crashing into the massive circumstellar shells,
producing a forward and reverse shock. Cosmic rays could
be accelerated and multi-TeV neutrinos produced, poten-
tially detectable with IceCube. The collisionless shocks gen-
erating the neutrinos are expected to generate X-rays as
well at late times (see e.g. [17, 18, 19]), but no X-rays were
detected for PTF12csy, likely because of the long distance
to the SN.

The expected duration of neutrino emission from IIn
SNe is 1− 10 months [16], hence it seems unlikely that
two neutrinos arrive within less than 2 s of each other, so
late after the SN explosion. To test the possibility of a
long-term emission, a search for neutrinos from PTF12csy
within a search window of several months is being prepared,
even though the large distance to the source makes a large
neutrino flux unlikely. Assuming a typical total kinetic
energy of ≈ 1051 erg, that optimistically is entirely emitted
in TeV neutrinos, one can expect to receive ≈ 1 event on an
area of 1m2, about the effective area of IceCube at 1TeV.
The possibility of neutrino emission from Type IIn SNe
is further being tested by a dedicated (offline) stacking
analysis, where a catalog of nearby SNe is cross-correlated
with the neutrino signal from IceCube.

5 Conclusions
The IceCube OFU and XFU program has been running
stably since December 2008 and is taking high-quality
data from both IceCube and the follow-up instruments.
Multiple neutrino events within 100 seconds and 3.5◦ are
reconstructed within minutes and alerts are sent to follow-
up telescopes. So far, no significant deviation from the
hypothesis of pure background was observed. First limits
on the choked jet SN model [4] could be set (see [5]).

An interesting coincidence of the most significant neu-
trino alert to date with the direction of a type IIn supernova
has been found, however it is statistically not significant
and both the distance to the source and the long time be-

tween explosion and neutrino alert speak against a correla-
tion. But type IIn SNe are indeed promising neutrino source
candidates and it is planned to do a complementary offline
analysis to search for neutrinos from this and other type IIn
SNe over a longer period of several months.

Acknowledgment: IceCube gratefully acknowledges collabo-
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follow-up and data sharing.
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