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The realtime follow-up of neutrino events is a promising approach to search for astrophysical
neutrino sources. It has so far provided compelling evidence for a neutrino point source: the
flaring gamma-ray blazar TXS 0506+056 observed in coincidence with the high-energy neutrino
IceCube-170922A detected by IceCube. The detection of very-high-energy gamma rays (VHE,
E > 100GeV) from this source helped establish the coincidence and constrained the modeling
of the blazar emission at the time of the IceCube event. The four major imaging atmospheric
Cherenkov telescope arrays (IACTs) - FACT, H.E.S.S., MAGIC, and VERITAS - operate an active
follow-up program of target-of-opportunity observations of neutrino alerts sent by IceCube. This
program has two main components. One are the observations of known gamma-ray sources
around which a cluster of candidate neutrino events has been identified by IceCube (Gamma-ray
Follow-Up, GFU). Second one is the follow-up of single high-energy neutrino candidate events
of potential astrophysical origin such as IceCube-170922A. GFU has been recently upgraded by
IceCube in collaboration with the IACT groups. We present here recent results from the IACT
follow-up programs of IceCube neutrino alerts and a description of the upgraded IceCube GFU

system.
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1. Introduction

In 2013, the IceCube Neutrino Observatory published observational evidence for the existence
of extraterrestrial high-energy neutrinos [1], which is now well established [2]. It indicates that
astrophysical sources of high-energy neutrinos exist, but their identity has not yet been revealed.
In general, the direct identification of neutrino sources is challenging due to low signal statistics
(~10/year) and the relatively large angular uncertainties of neutrino events (~few to tens of degrees).
The support of electromagnetic (EM) observations is therefore crucial for this task. Very-high-
energy (VHE, E > 100 GeV) gamma rays are a natural energy range to search for EM neutrino
counterparts, as they can be produced together in cosmic sources through hadronic interactions
of cosmic rays (CRs). The two standard production channels are hadronic or photo-hadronic
interactions, where the resulting charged and neutral pions decay into neutrinos and gamma rays,
respectively. The resulting gamma-ray spectrum at the source should have a shape and normalization
very similar to the neutrino spectrum. Moreover, the highest photon energy produced is directly
linked to the highest energy of the parent particle population (here protons). Thus gamma rays give
us valuable insight into the CR acceleration mechanisms inside the observed source. Neutrinos only
interact weakly, therefore they can travel unimpeded over large distances and dense environments.
By contrast, gamma rays can be absorbed or down-scattered while passing through their source
region and during propagation across extragalactic space due to the effect of the extragalactic
background light (EBL, [3]). This difference introduces a strong complementarity to joint neutrino
and gamma-ray observations: detection or non-detection of a VHE gamma-ray signal consistent
with that of high-energy neutrinos provides diagnostic information about the distances and/or local
environments of the neutrino sources.

For these reasons, all of the major currently operating Imaging Atmospheric Cherenkov Tele-
scopes (IACTs): FACT [4], H.E.S.S. [5], MAGIC [6] and VERITAS [7] introduced observational
programs aiming at neutrino event follow-up and identification of their gamma-ray counterparts.
Observations of high-energy neutrino event directions, under the hypothesis of steady source emis-
sion, have been presented in [8]. Here, we discuss follow-up of realtime IceCube neutrino alerts.
This approach turned out to be successful and enabled to establish the first compelling evidence for
a neutrino emitting source. In September 2017, a coincidence between the high-energy neutrino
event IceCube-170922A and a gamma-ray flaring blazar TXS 0506+056 was observed at a ~30
level [9]. In these proceedings, we give a brief overview of the current neutrino follow-up programs
lead by IACTs and their results starting from October 2017, i.e., after the IceCube-170922A and
TXS 0506+056 detection.

2. IceCube neutrino alert channels and IACTSs’ follow-up strategies

In [10], the IceCube collaboration presents a summary of its current realtime alert emission
programs. From the publicly available alert channels, the high-energy (>60 TeV) single events of
likely astrophysical origin and with well-reconstructed directions are the most interesting ones for
IACTs. These events are broadcast by IceCube in realtime since 2016, with a typical latency of
~30s. In 2019, the event selection was updated [11]. Events with at least 50% probability of being



IceCube-IACT neutrino ToOs Konstancja Satalecka

astrophysical (so-called signalness') are flagged and distributed as Gold alerts. Those with 30%
signalness are categorized as Bronze alerts. These alerts have a localization uncertainty of ~ 1°,
matching a typical IACT field of view of 3.5-5°. The main goal of the IACT follow-up programs is
to identify a VHE counterpart to the neutrino event. It can be, for example, an active galactic nucleus
(AGN, like TXS 0506+056) or a transient source. Without an a priori identification of promising
source candidates (e.g., using the Fermi-LAT and IACT catalogs), the searches typically cover the
whole region o finterest (ROI) defined by the neutrino localisation uncertainty.

If the external conditions allow it, i.e., the alert arrives during a dark night, the source is visible
and the weather is good, an automatic re-pointing procedure is carried out by the telescopes and
the alert can be observed immediately. Otherwise, the observations typically take place within the
next few days, once these conditions are fulfilled. All telescopes introduced automatic re-pointing
to the GOLD alerts (H.E.S.S. since 2016, FACT, MAGIC and VERITAS since 2019). VERITAS
and FACT re-point automatically also to BRONZE alerts. Thanks to automatic re-pointing, delays
between the trigger by IceCube and the follow-up observation are minimized (e.g. only 83 seconds
for 191001 A by FACT, see Fig. 1). The first exposure ranges from 30 minutes to a few hours.
Depending on the results of the first observation and available multi-wavelength information about
potential EM counterparts, more data can be taken in the following nights.

A complementary approach is used in the Gamma-ray Follow-Up (GFU) program. GFU, one
of the longest operating (since 2012) neutrino follow-up programs, is dedicated for IACTs. The
goal is to alert IACTs to neutrino multiplets (flares) above a pre-defined significance. The flare
duration is not constrained a priori, and can range from seconds or less to 180 days. The MAGIC
and VERITAS results from the first stage of the GFU program (up to 2016) are presented in [12].
Afterwards, the GFU event selection and reconstruction has been updated, with a dedicated high-
energy single track stream feeding the largest fraction of the Gold and Bronze events mentioned
above. Moreover, new sources were added to the list of objects monitored for event clusters and
the program was extended to the Southern hemisphere to allow follow-up observations with the
H.E.S.S. array. Finally, an unbiased search for clusters from anywhere in the sky was developed
and commissioned.

The list of objects monitored for neutrino clusters are selected as potential neutrino emitters
out of the 3FGL [13] or 3FHL [14] catalogs based upon the following criteria:

 Extragalactic source with known redshift and z < 1.0
* 3FGL.: variability index > 77.2; 3FHL: variability based on Bayesian blocks > 1
* Culmination at the IACT site within a chosen zenith angle limit (usually <45°)

* Assuming that the source can produce a gamma-ray flare with a 10-fold increase over the
average Fermi-LAT flux, the extrapolated flux above 100 GeV has to exceed the IACT 50
sensitivity for observation times between 2.5h to 5 h.

Additionally, all extragalactic sources detected by IACTs, the Galaxy Center, and the Crab Nebula
have been added to the source list. The final list is comprised of 120 to 180 sources for each

IProbability that this is an astrophysical signal relative to backgrounds, assuming the best-fit difftuse muon neutrino
astrophysical power-law flux E~2-19
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participating IACT. Note that the blazar TXS 0506+056 was not in the catalog of monitored sources
for this program, since prior to IceCube-170922A, its redshift was unknown. Otherwise, the GFU
program would have triggered follow-up observations already in 2014.

GFU alerts are emitted by IceCube when the neutrino flare passes a pre-defined significance
threshold (~3.0 - 3.50 for known gamma-ray sources, depending on the choice of each IACT, and
4.20 for all-sky alerts) . Access to the GFU alert stream is subject to a dedicated Memorandum of
Understanding (MoU) between IceCube and the IACT collaborations (currently H.E.S.S., MAGIC
and VERITAS). The distribution of the alerts is handled slightly differently for each follow-up
instrument. MAGIC and VERITAS receive the information via an automated e-mail message.
H.E.S.S. is informed via a dedicated VOEvent based alert stream allowing for fully automated
follow-up observations. The final decision to perform follow-up observations is taken by each
IACT independently and relies typically on a combination of several factors like the intrinsic
parameters of the neutrino flares (e.g., false alarm rate (FAR), duration of the flare, etc.), the
available visibility window, weather condition, etc. The aim of these observations is different from
the ones outlined above for single-event alerts in that the associated source of the alert is known
and already identified as a GeV and/or TeV emitter. The IACT observations are therefore tailored
to determine the changes to the state of the source (e.g., quiescence vs. flaring or spectral changes).

An overview of neutrino follow-ups is shown in Figure 1, which displays the delay and IACT
exposure for all single-event alerts observed by IACTs since October 2017 (i.e. after IceCube-
170922A) and GFU alerts from 2019-2020. The delay is calculated from the neutrino event arrival
time (single events) or flares threshold crossing time (multiplets) up to the start of the IACT

observation.
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Figure 1: Delay vs exposure times for IACT follow-up of neutrino alerts from October 2017 until March
2021. The delay is calculated from the neutrino event arrival time (single events) or flare threshold crossing
time (multiplets) up to the start of the IACT observation. Highlighted are observations performed with a start
delay less than 100 s or with a total exposure longer than 4 h. Marker color represents the IACT observing
while the marker type represents the alert type.
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3. Results

A skymap of the overview of the direction of the alerts sent by IceCube as single neutrino
events and GFU neutrino flares are shown in Fig. 2. It highlights the follow-up observations of the
IACTs.

Singlet alerts
¢ GFU multiplet alerts
Observed by FACT
Observed by H.E.S.S.
[ Observed by MAGIC

IceCube Preliminary
[1 Observed by VERITAS

Equatorial coordinates

Figure 2: Sky map in equatorial coordinates showing IceCube alert positions observed by IACTs between
October 2017 and March 2021.

From October 2017 until December 2020, IceCube sent 62 single event public alerts? out of
which 11 were observed by at least one IACT. A summary of the follow-up observations obtained
by the different IACTs is given in Table 1. In total, each collaboration spent ~20 h of its observation
time on public IceCube alerts follow-up, although with different approaches. FACT, H.E.S.S. and
VERITAS observed 3-5 alerts each but concentrated longer exposures on a few of them (e.g., FACT
observed IceCube-171106A for 19 h). On the other hand, MAGIC performed the highest number
of follow-ups (nine) but with a shorter average exposure.

In the years 2019-2020, IceCube sent 27 GFU alerts from 17 sources, 7 of those sources were
observed by the IACTs (cf. Table 2). One of them is marked as an "all-sky alert". This alert came
from a channel that uses the same algorithm for flare search as GFU, but it is not restricted to the
source list and therefore has a much larger number of associated statistical trials, requiring a higher
pre-trial significance to issue an alert. The nearest source (0.35° away) to the all-sky neutrino flare
localization was PMN J0325-1843. Detailed analyses of the obtained data sets are in progress and
will be the subject of a forthcoming publication. No significant VHE gamma-ray emission has been
found in the ROIs defined by the localisation uncertainty of the single neutrino events. For the
GFU alerts, no changes in source flux levels and spectra have been detected with respect to previous
observations.

2Full list available at: https://gcn.gsfc.nasa.gov/amon_icecube_gold_bronze_events.html and follow-
ing links. IceCube-200107A has been announced through a GCN Circular, several hours after its detection (see GCN #
26655).
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Table 1: List of IceCube singlet alerts followed up by at least one IACT. Energy and signalness estimates
are not available for 200107A at the moment. JACT-named columns give the total exposure time (in hours)
taken by each instrument.

Name Energy [TeV] Signalness FACT H.E.S.S. MAGIC VERITAS
IceCube-171106A 230 0.75 19h — 45h 25h
IceCube-181023A 120 0.28 l1h — — —
IceCube-190503A 100 0.36 — — 0.5h —
IceCube-190730A 299 0.67 — — 3.1h —
IceCube-190922B 187 0.50 54h — 2.2h —
IceCube-191001A 217 0.59 2.0 — 23h 1.0h
IceCube-200107A — — — — 2.7h 95h
IceCube-200926A 670 0.44 — 1.3h 1.0h
IceCube-201007A 683 0.88 — 325h 0.5h —
IceCube-201114A 214 0.56 — 14.5h 6 h 7h
IceCube-201222A 186 0.53 — — — 1.0h

Table 2: List of GFU alerts followed-up by IACTs in the years 2019-2020. The all-sky alert is shown
separately given the much larger number of statistical trials involved in the search. TACT-named columns
give the total exposure time (in hours) taken by each instrument.

Source Duration [days] Pre-trial significance H.E.S.S MAGIC VERITAS
MG1J181841+0903 Multiple alerts >330 — 1.6 h —
1ES 1312-423 0.26 340 26h — —
PMN J2016-09 0.01 360 — 09h —
OP 313 Multiple alerts >300 — 32h —
0C457 0.30 330 — 25h —
GB6J0316+0904 2.25 31o 6h 1.9h 1.0h
All-sky alert (PMN J0325-1843) 3.67 510 — 2.0h —

In the case of IceCube-201114A, a dedicated multi-wavelength follow-up campaign (including
H.E.S.S., MAGIC and VERITAS) was organized for its potential counterpart 4FGL J0658.6+0636.
The observation campaign and its results are discussed in more details at this conference in [15].
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