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Abstract: We present the status of a neutrino-triggered program in IceCube that generates real-time alerts
for gamma-ray follow up observations by Air Shower Cherenkov telescopes (e.g. MAGIC and VERITAS).
While IceCube is capable of monitoring the whole sky continuously, high energy gamma-ray telescopes have
restricted fields of view and in general may not be likely to beobserving a potential neutrino-flaring source at
the time such neutrinos are recorded. The use of neutrino-triggered alerts thus aims at increasing the availability
of simultaneous multi-messenger data, which can increase the discovery potential as well as constrain the
phenomenological interpretation of the high energy emission of selected source classes (e.g. blazars). The
requirements of a fast and stable online analysis of potential neutrino signals and its operation will be discussed,
and first results of its performance shown.

Corresponding authors: Robert Franke1, Elisa Bernardini1, Dariusz Ǵora1,2
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1 Introduction
Active Galactic Nuclei (AGN) and Gamma Ray Bursts
(GRB) are often claimed to be the sources of ultra high
energy cosmic rays (UHECR). Models describing the ac-
celeration of atomic nuclei in these objects also predict
a significant flux of high energy neutrinos from the de-
cay of charged pions. The magnitude of the predicted neu-
trino flux, and hence the chance to discover these neu-
trinos, depends strongly on the models considered. For
blazars, a subclass of AGNs, Flat Spectrum Radio Quasars
(FSRQs) are predicted to be more promising candidates
than BL-Lac objects in [1], whereas in [2] the opposite
is predicted. The proton blazar model [3], which consid-
ers proton-proton interactions, predicts that the Low syn-
chrotron peaked BL-Lac objects (LBL) are more likely
to produce a significant neutrino emission than the High
synchrotron peaked BL-Lacs (HBL). However, a photo-
hadronic model in [1] leads to the conclusion that GeV
bright FSRQs are promising neutrino sources, regardless
of their spectral index.

The detection of cosmic neutrinos by high-energy neu-
trino telescopes is very challenging due to the small neu-
trino interaction cross-section and because of a large back-
ground of atmospheric neutrinos. Thus, simultaneous mea-
surements using neutrino and electromagnetic observa-
tions (the so-called “multi-messenger” approach) can in-
crease the chance to discover the first neutrino signals by
reducing the trial factor penalty arising from the observa-
tion of multiple sky regions over different time periods.

Recent results obtained by the IceCube Collabora-
tion [4] indicate that high-energy neutrino telescopes have
reached a sensitivity to neutrino fluxes comparable to the
observed high energy gamma-ray fluxes of Blazars in
the brightest states (e.g. the flares of Markarian 501 in
1997 [5], Markarian 421 in 2000/2001 [6] and 2009 [7]

and PKS 2155304 in 2006 [8]). Under the assumption that
the possibly associated neutrino emission is characterized
by a flux enhancement comparable to what is observed
in gamma-rays in such states, neutrino flares could be ex-
tracted from the sample of neutrino events with a reason-
able significance.

For sources which manifest large time variations in the
emitted electromagnetic radiation, the signal-to-noise ra-
tio can be increased by searching for periods of enhanced
neutrino emission (a time-dependent search). Of special
interest is the relation of these periods of enhanced neu-
trino emission with periods of strong high-energyγ-ray
emission. However, as Imaging Air Cherenkov Telescopes
(IACTs) such as MAGIC [9] or VERITAS [10] have a
small field-of-view and are not continuously operated such
correlation studies are not always possible after the flare.
Therefore it is desirable to ensure the availability of simul-
taneous neutrino and high-energyγ-ray data for periods
of interests. This is achieved by an online neutrino flare
search that alerts a partner IACT experiment when an ele-
vated rate of neutrino events from the direction of a source
candidate is detected.

Such a Neutrino Triggered Target of Opportunity pro-
gram (NToO) using a list of pre-defined sources was devel-
oped already in 2006 using the AMANDA neutrino tele-
scope to initiate quasi-simultaneous gamma-ray follow-up
observations by MAGIC [11]. We present here a refined
and enhanced implementation using the IceCube neutrino
detector.

IceCube is a cubic-kilometer neutrino detector installed
in the ice at the geographic South Pole [12] between depths
of 1450 m and 2450 m. Detector construction started in
2005 and finished in 2010. Neutrino reconstruction relies
on the optical detection of Cherenkov radiation emitted by
secondary particles produced in neutrino interactions in the
surrounding ice or the nearby bedrock.
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2 Selection of target sources
The most interesting objects as a target for gamma-ray
follow-up observations triggered by IceCube events are
promising sources of TeV neutrinos, which are either
known to exhibit a bright GeV flux in gamma-rays and
show extrapolated fluxes detectable by IACTs, or are al-
ready detected by IACTs and are variable. We consider two
different target source lists. One list was selected based on
the the second Fermi point-source catalog [13]. The fol-
lowing criteria were applied:

• Redshift< 0.6

• Fermi variability index> 41.64 (corresponding to
the 99% confidence level of the source being vari-
able)

• Spectral index as observed with Fermi< 2.3 (BL
Lacs only)

• Fermi flux [1−100 GeV ]> 1·10−9ph cm−2 s−1 (BL
Lacs only)

• Fermi flux[0.1−1 GeV ]> 7·10−8ph cm−2 s−1 (FS-
RQs only)

These selection criteria result in 21 sources on the list in to-
tal (three FSRQs and 18 BL Lacs). This selected list of tar-
get sources was combined with lists provided by the part-
ner experiments (currently MAGIC and VERITAS) cover-
ing the Northern hemisphere (δ > 0◦). In total 109 sources
are included in the follow-up program.

3 Neutrino event selection
The basis for the neutrino event selection is an on-line fil-
ter that searches for high-quality muon tracks. The full-
sky rate of this filter is about 40Hz for IceCube in its
2012/2013 configuration with 86 deployed strings. This
rate is strongly dominated by atmospheric muons. In or-
der to efficiently select neutrinos events from this sample
several elaborate reconstruction algorithm have to be ap-
plied. However, as the computing resources at the South
Pole are limited, this is only possible at a lower event rate.
The so-called Online Level2 filter selects events that were
reconstructed as upgoing (θ > 80◦, θ = 0◦ equals verti-
cally down-going tracks) with a likelihood reconstruction
that takes into account the time of arrival of the first pho-
ton at each Digital Optical Module (DOM) and the total
charge recorded in that module. By requiring a good recon-
struction quality the background of misreconstructed atmo-
spheric muons is reduced. The parameters used to assess
the track quality are the likelihood of the track reconstruc-
tion, the number of unscattered photons with a small time
residual w.r.t. the Cherenkov cone and the distribution of
these photons along the track. The reduced event rate of
approximately 5Hz can then be reconstructed with more
time intensive reconstructions, like angular resolution es-
timators and likelihood fits applied to different subsets of
the recorded photons. Based on these reconstructions the
final event sample is selected by employing different qual-
ity cuts. These cuts are optimized to achieve a good sensi-
tivity for flares of different time durations. The event selec-
tion results in an event rate of about 2mHz and a median
angular resolution of 0.5◦ for anE−2 signal neutrino spec-
trum. The median resolution for events withE > 106GeV
is < 0.4◦, see Figure 1.
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Figure 1: Median angular resolutions in degrees for the
final selected neutrino sample as a function of neutrino
energy.

4 The time-clustering algorithm
The timescale of a neutrino flare is not fixed a-priori and
thus a simple rolling time window approach is not ade-
quate to detect flares. The time clustering approach that
was developed for an unbiased neutrino flare search [14]
looks for any time frame with a significant deviation of
the number of detected neutrinos from the expected back-
ground. The simplest implementation uses a binned ap-
proach where neutrino candidates within a fixed bin around
a source are regarded as possible signal events.

Let T = {ti} denote the times of all detected neutrino
events in the on-source bin of a given source in the source
list and lett0 be the last detected neutrino in that on-source
bin (i.e.t0 = maxti). For all time periods[ti, t0] the expected
backgroundNi,0

bck is calculated and compared to the actual

number of observed neutrinosNi,0
obs in that time period. In

order to calculateNi,0
bck the detector efficiency as a function

of the zenith, azimuth angle and the detector uptime has to
be taken into account. The chance probability to observe
Ni,0

obs due to a background fluctuation is then calculated
according to

∞

∑
k=Ni,0

obs−1

(Ni,0
bck)

k

k!
e−Ni,0

bck . (1)

Typical flares in high energy gamma-rays have a maxi-
mal duration of several days. Therefore we constrain our
search for time clusters of neutrinos to a maximum dura-
tion of 21 days (i.e.t0 − ti < 21days). This has the addi-
tional benefit of reducing the trial factor penalty.

5 Data stability monitoring
A dedicated monitoring system was implemented to min-
imize the rate of false alerts due to problems with the de-
tector itself. The IceCube detector works very stably, but
sometimes unexpected problems with the data acquisition
(DAQ) system or the filtering software can appear. IceCube
has a very extensive monitoring of the DAQ system and
South Pole online processing. The results of these moni-
toring systems are, however, only available with a certain
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delay after the data was taken. Thus they are not yet avail-
able in time for a real-time alert system. In order to ensure
that alerts are issued only during stable running conditions
a simple but powerful online stability monitoring scheme
was developed. All detector trigger- and filter rates are con-
tinuously measured in time bins of 10minutes. These data
are stored in an SQL database at the South Pole and are
generally accessible a few minutes after the respective time
bin ended. The rates and ratios of rates relevant for the se-
lection of good quality neutrino-induced muon tracks are
compared to an exponential running average of these rates
to detect significant deviations. The results from that sys-
tem were compared to the results from the offline monitor-
ing data from IceCube in its 59-string configuration. Peri-
ods of reduced data quality were identified with very high
efficiency by the simple online monitoring scheme. The
fraction of data marked asbad periods is about of 8%.

6 Technical design of the alert system
The Gamma Follow-Up system runs online at the South
Pole with minimal human intervention. In order to maxi-
mize the uptime of the system it has to be very stable. The
main design driver was that the failure of any of the sub-
components should not lead to the loss of the online pro-
gram’s data. Therefore all components have been separated
as much as possible and intermediate results are stored fre-
quently.

In the first step, the selection of neutrino candidate
events (see Sec. 3) happens inside the IceCube data pro-
cessing system at South Pole. Each event is serialized to
the text-based and human-readable JSON (JavaScript Ob-
ject Notation) format and written to a dedicated directory
on disk. The event directory is checked for new events ev-
ery 30 seconds by the daemon that runs the time cluster-
ing algorithm. This daemon keeps a list of events it has
detected in the last 21 days from each of the monitored
sources and adds new events to the appropriate list if the
detector was stable when the event was detected. For each
new event that falls into the search bin of one of the moni-
tored sources the time-clustering algorithm for that partic-
ular source is run.

If the significance for an evaluated event cluster exceeds
a certain threshold (see below), an alert message contain-
ing the source name, event positions, event times and the
significance of the cluster is generated. The alert message
is then sent to the University of Wisconsin via the IceCube
Teleport System (ITS) which uses the Iridium satellites.
This low bandwidth connection has a very high availabil-
ity and allows to send short messages from the South Pole
without any significant delay. Once the message arrives in
the North it is checked to see whether it represents areal
alert or a test alert from a monitoring source (see Sec. 7
for an explanation of the difference). If it is areal alert,
the alert is forwarded to the respective partner experiment,
MAGIC or VERITAS or to both of them if the alert signif-
icance is above the threshold for MAGIC and VERITAS.
Currently the alerts are forwarded via email and follow-up
observations are initiated by hand. Future setups might ini-
tiate automatic follow-up observations.

For an efficient monitoring of the follow-up system, all
alerts (real and test) are filled into a database and a mon-
itoring web page is updated. Each alert can be reviewed
and basic information like the coordinates of the contribut-
ing events can be inspected (as an example see Figure 2).
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Figure 2: Angular distribution of events (star symbols) for
the alert that was sent to VERITAS on November, 9th 2012.
The weighted average of the contributing events is calcu-
lated using an event-by-event angular resolution estimator.
The circle indicates the size of the on-source bin. The name
of the source and coordinates are not given, in order to
avoid biasing other IceCube analyses.

This allows a fast human inspection of alerts, even before
the full IceCube event data arrives in the North. Further-
more global properties of all alerts received to date, like
their rate, significance and time length distribution are plot-
ted and monitored.

The total time delay between the (latest) neutrino event
detected by IceCube and the moment that alert is for-
warded to the partner experiment is on the order of several
minutes.

7 Monitoring of the alert system
A monitoring system was developed to control that the
follow-up alert system is functioning at all times. In order
to achieve this, so-calledtest alerts with a very low sig-
nificance threshold are generated for 2000 so-called moni-
toring sources. These monitoring pixels are randomly dis-
tributed over the Northern sky and are added to the source
list used by GFU system. Thetest alerts are generated with
a very low significance threshold to generate enough statis-
tics. To guarantee blindness for these sky locations thetest
alerts are generated not from the physical sky coordinates
of data events but a scrambled representation. The blind-
ness is achieved by using the previous neutrino event time
in the transformation from detector to sky coordinates for
the current event instead of its own time. Due to the low
neutrino event rate (∼ 2mHz) this lead to a random shift
in right ascension on the order of several degrees. These
test alerts are sent to the North in the same way as the
physics alerts. The regular arrivals of these test alerts is
monitored. If no alert is received for more than 6 hours a
warning email is issued so the cause can be investigated.
Warning emails are reissued every 2 hours if no new alert
has been received. Each test alert is displayed on the moni-
toring web page (see Sec. 6). Up to now (May 2013) more
than 6500 test alerts have been received.
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Figure 3: Expected number of accidental background
alerts per year for a source at declination 14 deg as a func-
tion of the alert threshold expressed in units of standard de-
viations corresponding to a one-sided p-value.

8 Results and Outlook
The GFU system is based on a time-clustering approach
to look for any time frame with a significant deviation of
the number of detected neutrinos from the expected back-
ground. If the cluster of events with the highest signifi-
cance exceeds a certain threshold the detector stability will
be checked and an alert will be sent to a Cherenkov tele-
scope (e.g. MAGIC and VERITAS) to initiate a follow-up
observation. The number of accidental background alerts
needs to be estimated in order to calculate a total signifi-
cance of all the alerts generated by the program as well as
to set sensible alert thresholds in order not to overwhelm
the partner experiment with follow-up requests. The num-
ber of follow-up requests allowed in a given time period
is fixed by the Time Allocation Committees of the part-
ner experiments. Figure 3 shows the number of acciden-
tal background alerts as a function of the alert significance
threshold. For threshold of 3.2σ (MAGIC) this would re-
sult in a fake alert rate of about 0.1 alerts/(source· year).
Thus, given the number of sources (about of 70) in this
program for the MAGIC experiment the results in about
3 background alerts per year, taking into account an aver-
age source visibility of 40%. For the VERITAS telescope,
a higher alert threshold (3.6σ ) leads to 1 expected back-
ground alert per year.

The system described here has been implemented and
is fully operational since March, 14th 2012. Since this
time one alert was forwarded to MAGIC in September
2012, and one to VERITAS in November 2012. The space
distribution of the events contributing to the alert from
November 2012 is shown in Figure 2. The -log10(p-value)
of event clusters is 4.6 (pre-trial). However, the binned
method does not use energy or resolution information, and
taking into account this information by using the unbinned
maximum-likelihood method [15] the p-value of the event
cluster would increase (i.e. become less significant) by a
factor of 100. This is due to the fact that the events are
clustered around the edge of the on-source bin, and not
around the source position. This is better accounted for
in the unbinned likelihood analysis where the individual
event resolutions are taken into account.

Several enhancements to the program are possible and

planned. A maximum-likelihood based significance calcu-
lation taking into account an event-by-event angular recon-
struction uncertainty estimation and an energy estimation
of the event will further improve the sensitivity to neu-
trino flares. Improvements of the current neutrino selection
by using Boosted Decison Trees (BDT) and an extension
of the program to the Southern sky are planned. The cur-
rent on-line alert system its limited to the Northern hemi-
sphere due to the enormous atmospheric muon background
at TeV energies. Due to this the expected sensitivity for the
Southern sky will be about factor of 10 less than for the
Northern sky. However, a recent IceCube search for neutri-
nos of EeV energy found two events at energies of 1 PeV
[16] and 26 new events with energies between 30 and 300
TeV [17]. Therefore an extension of the on-line follow up
program to the Southern hemisphere could help to iden-
tify sources of these ultra-high energy neutrinos and in con-
sequence the high energy astronomical phenomena which
emit cosmic rays for a short period of time. This idea is
more extensively discussed in [18].
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