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Abstract. High-energy neutrinos could be produced in the interaction of charged cosmic
rays with matter or radiation surrounding astrophysical sources. To look for transient sources
associated with neutrino emission, a follow-up program of neutrino alerts has been operating
within the ANTARES Collaboration since 2009. This program, named TAToO, has trig-
gered robotic optical telescopes (MASTER, TAROT, ROTSE and the SVOM ground based
telescopes) immediately after the detection of any relevant neutrino candidate and scheduled
several observations in the weeks following the detection. A subset of ANTARES events with
highest probabilities of being of cosmic origin has also been followed by the Swift and the
INTEGRAL satellites, the Murchison Widefield Array radio telescope and the H.E.S.S. high-
energy gamma-ray telescope. The results of twelve years of observations are reported. No
optical counterpart has been significantly associated with an ANTARES candidate neutrino
signal during image analysis. Constraints on transient neutrino emission have been set. In
September 2015, ANTARES issued a neutrino alert and during the follow-up, a potential
transient counterpart was identified by Swift and MASTER. A multi-wavelength follow-up
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campaign has allowed to identify the nature of this source and has proven its fortuitous asso-
ciation with the neutrino. The return of experience is particularly important for the design
of the alert system of KM3NeT, the next generation neutrino telescope in the Mediterranean
Sea.
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1 Introduction

Neutrino astronomy allows the study of some of the most energetic non-thermal sources in
the Universe. Despite the observations of cosmic rays up to ultra-high energies, of ~-rays
and of a diffuse astrophysical neutrino flux, where or how these particles are accelerated
is still unknown. The observation of neutrinos from peculiar directions, or in coincidence
with transient phenomena, is clearly a key to directly answer these questions. Astrophysical
neutrinos provide insight into source characteristics not accessible through the observation
of other messengers. Due to their low cross section, neutrinos can escape dense astrophysical
environments that are opaque to photons. In contrast to v-rays, neutrinos travel through
the Universe almost without interactions, allowing direct observation of their sources at high
redshift with sub-degree-scale pointing precision. Unlike charged cosmic rays, neutrinos are
not deflected by magnetic fields and can be observed in spatial and temporal coincidences
with photons and gravitational waves, which is a key prerequisite to reap the scientific re-
wards of multi-messenger astronomy.

Doing astronomy with neutrinos is a long-standing aspiration. Up to now, IceCube at
the South Pole [1], ANTARES in the Mediterranean Sea [2] and GVD in the Lake Baikal [3]
have been the main players for neutrino astronomy analyses. The last decade was marked by
the IceCube results in high-energy neutrino astronomy, with the discovery of an astrophysical
diffuse neutrino flux in the 10 TeV — 10 PeV energy range using high-energy starting events
(HESE) [4]. On September 22, 2017, the IceCube Collaboration emitted a public alert for the
HESE event IC-170922A. Following the alert, Fermi-LAT and MAGIC detected an increased
gamma-ray flux from the known blazar TXS 05064056 [5, 6] compatible with the direction



of the IceCube neutrino alert. The probability of such an association reaches a 3o level. The
TXS 05064056 direction was also investigated by ANTARES in steady and time-dependant
modes with 11 years of data [7]. No excess of events over the expected background was found
in these two analyses.

In this context, multi-messenger approaches consisting of simultaneously looking for
the same sources with neutrino telescopes, gravitational wave interferometers and/or multi-
wavelength facilities constitute a privileged way of identifying astrophysical cosmic-ray accel-
erators. An alert system, dubbed TAToO (Telescopes-Antares Target of Opportunity), has
been operating since 2009 [8], sending alerts to partners operating classical (electromagnetic,
EM) telescopes. This approach does not require an a priori hypothesis on the nature of the
underlying neutrino source. It relies only on the hypothesis that these astrophysical phenom-
ena produce high-energy neutrino and electromagnetic radiation over a broad energy range.
In particular, the system mainly targets very fast transient sources such as gamma-ray bursts
(GRBs) or quite long-term variable sources such as core-collapse supernovae (CCSN), and
the flares of active galactic nuclei (AGN).

The rapid provision of alerts for interesting neutrino events enables both ground- and
space-based observatories to quickly point at the direction of the alert. This fast follow-up
is vital to catch and characterise any multi-messenger and multi-wavelength counterparts of
these cataclysmic and short-lived phenomena. By combining the information provided by the
ANTARES neutrino telescope with information coming from other observatories, the prob-
ability of detecting a source is enhanced, allowing the possibility of identifying a neutrino
progenitor from a single detected event. The gain in sensitivity can be as large as a factor
of ten compared to a steady point-like source analysis. In this respect, this program offers a
mutual benefit to all partners. The first results of the early follow-up observations have been
published in Ref. [9].

Completed in 2008, ANTARES (Astronomy with a Neutrino Telescope and Abyss En-
vironmental Research) is the first neutrino telescope installed in the Mediterranean Sea [2].
The data acquisition was definitively stopped on February 12", 2022 and the detector de-
commissioning started in May 2022. The detector was composed of 12 detection lines of
about 500 m height anchored at a depth of 2500 m offshore Toulon (42°48'N, 6°10’E). The
mean distance between lines was about 65 m. Each line was formed by a chain of 25 storeys
with an inter-storey distance of 14.5 m. Every storey holded three optical modules housing
a single 10-inch photomultiplier tube (PMT) looking downward at an angle of 45°. In total,
a mass of about 10 Mton of water was instrumented with 885 optical modules. The fraction
of the monthly livetime of the detector was on average larger than 94% (Figure 1). The data
losses were due to the shutdown of data taking, calibration periods or too high biolumines-
cence activity.

The paper describes the main results of the follow-ups of neutrino ANTARES alerts since
2009. Section 2 summarises the alert system while Section 3 introduces the EM partners.
Section 4 details the main results of this program. Conclusions and outlooks are drawn in
Section 5.
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Figure 1. Fraction of the monthly livetime of ANTARES online data-taking between 2008 and 2022.

2 Alert system

In parallel to the ANTARES acquisition chain, a fast and robust online algorithm recon-
structed all incoming events in nearly real time [10]. A pre-selection was made based on
the results of this fast reconstruction (upgoing events and quality cuts) to reduce the rate of
events (from ~ 3 Hz to ~ 0.01 Hz). The selected sample of events was then sent to a more
accurate reconstruction algorithm [11], which improved the angular precision of each event.
This additional step delayed the event processing by a few seconds. In the online framework,
both algorithms used an idealised geometry of the detector that did not take into account
the dynamical positioning of the optical modules. The monitoring of the variation of the
position of the optical modules was necessary due to the presence of variable underwater sea
currents [12]. For high-energy tracks, online reconstruction algorithms reached a median an-
gular resolution of ~ 0.5°. However, in the case of sea-current speeds above 10 cm/s, the line
deformations were such that the reconstruction algorithms did not perform accurately and
therefore the reconstructed direction could not be used anymore for the alert sending. This
situation happened typically on a ~ 15% fraction of the ANTARES duty cycle (in addition
to the data taking efficiency presented in Figure 1).

From the previously described selected neutrino sample, the neutrino candidates with
an increased probability to be of cosmic origin were singled out using the zenith direction
(only upgoing events), the track reconstruction quality as well as the number of PMT hits
selected by the triggers and the total amplitude of the PMT hits further selected by the
reconstruction. A hit is a PMT signal with an amplitude above 0.3 photoelectrons. These
two last parameters were used as an energy proxy. Four online neutrino trigger criteria have
been implemented in the TAToO alert system [8, 9]:

e High energy (HE) trigger: the detection of a single high-energy neutrino with a typical
energy > 5 TeV. The rate was about 1 per month.

e Very high energy (VHE) trigger: the detection of a single very high-energy neutrino
with an energy > 30 TeV. This sub-sample of the HE trigger had a typical rate of 3—5
events per year.



e Directional: the detection of a single neutrino for which the direction points toward
(< 0.4°) a local galaxy (< 20 Mpc) in the Gravitational Wave Galaxy Catalogue [13].
This trigger was mainly introduced to enhance the chance to detect a local CCSN. The
typical rate was about one per month.

e Doublet trigger: the detection of at least two neutrinos coming from close directions
(< 3°) within a predefined time window (15 min). No doublet trigger has ever been
issued.

The trigger conditions were inspired by the features expected from astrophysical sources
and were tuned to comply with the alert rate requested by the telescope networks. Based on
the distribution of the number of hits and of the total amplitude of these hits for the different
trigger types, a p-value corresponding to the fraction of online events with an energy equal
or above the measured one in the full ANTARES dataset, is built. An agreement between
ANTARES and the optical telescope collaborations allowed a rate of around up to 25 alerts
per year to be sent, while an agreement to send up to 6 alerts per year to the Swift satellite
was accepted.

The TAToO alert system was able to send alerts within a few seconds after the neutrino
detection with a localisation accuracy of about 0.5° (radius, 50% containment). Figure 2
displays the distribution of the delays between the time at which the neutrinos are detected
and the time of the associated alert message. This delay accounts for the time to collect
all the hits to the shore station, the filtering and the fast reconstruction, the second, more
accurate, reconstruction and finally the processing of the alert message. Figure 3 shows the
Monte Carlo estimate of the point spread function for a typical HE neutrino alert, compared
to the fields of view (FoV) of TAROT/ROTSE and Swift/XRT telescopes.
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Figure 2. Distribution of delays for alerts in the period 2011 and 2022 between the time of the
neutrino detection and the corresponding alert transmission.

The online event processing and the alert distribution were managed by a custom appli-
cation [8], which periodically checked the connections to the networks and, in case of failure,
automatic reconnection was performed, resulting in a fully autonomous and stable system.
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Figure 3. (left) Bi-dimensional angular resolution for a typical high-energy neutrino alert. (right)
Zoom of the centre. The vertical scale is normalised to 1. The black square and circles correspond to
the TAROT/ROTSE telescope and Swift/XRT fields of view, respectively. The 4 circles correspond
to the tiling strategy used for the Swift/XRT follow-up (See Section 3). (frec, ¢rec) and (Oyc, drmc)
are the reconstructed and the true MC local coordinates of the neutrino events.

A veto prevented an alert to be sent if the ANTARES event counting rate exceeded a given
threshold. In addition, if the alert criteria were fulfilled soon after a previous alert had al-
ready been issued, the new alert was stored in a FIFO and sent only after a certain period
of time. This time lag was set to one hour, to avoid alert pileup in the optical telescope
network. All alerts were sent using the Gamma-ray bursts Coordinates Network (GCN) [14]
normalised format and using the standard VO Event format (XML file [15]). Information
about the event that triggered the alert, i.e., a unique identifier, the time and the celestial
coordinates, and the event p-value were sent to our partners at the time of the alert. The
alerts were named ANTyymmddA using the same convention as for GRBs (in the case of the
first alert of the day).

3 Partner followers

The follow-up of the ANTARES alerts started with the robotic optical telescopes TAROT
and ROTSE in 2009. Their wide fields of view and their fast responses (images can be taken
within less than 20 s after the neutrino alert) are well suited to search for transient sources.
TAROT [16] is a network of two identical 0.25 m telescopes with a FoV of about 1.86°x1.86°,
located in Calern (France) and La Silla (Chile). The typical exposure is 60 seconds with a
clear filter. Until the end of 2014, the network also comprised the four optical telescopes
ROTSE [17], which have progressively stopped their activity. ROTSE telescopes had similar
properties as the TAROT ones. Since 2015, the MASTER network [18, 19] has also been
observing the ANTARES neutrino alerts. It is composed of 8 observatories located in Russia
(MASTER-Amur, -Tunka, -Ural, -Kislovodsk, -Tavrida), Canary Islands (-IAC), Argentina
(-OAFA) and South Africa (-SAAQO). Each observatory contains a twin 0.4 m telescope host-
ing one wide field (4 or 8 deg?) and one very wide field (2x400 deg?) optical channels installed
on a fast mount (up to 30° per sec) [20-22]. The typical exposure time of the images is 60



or 180 seconds, depending on the current moon phase. MASTER automatically follows the
alerts and analyses the images. An auto-detection system allows for a fast transmission of
the optical transients [20, 22]. These telescopes reach a limiting magnitude of about 19—20.5
mag depending on the observing conditions. Zadko is a 1 metre telescope located at the
Gingin observatory in Western Australia [23]. As its FoV is about 0.15 deg?, seven tiles are
needed to cover the ANTARES point spread function. In 2017, the follow-up was extended
to the SVOM/GWAC [24] 18 cm telescopes located in China, providing a very large FoV
(about 40°) but with a not very deep sensitivity (about 15 mag).

Figure 4 shows the probability that an ANTARES alert is followed promptly as a func-
tion of the location of a given telescope in the world. This probability map has been computed
taking into account the ANTARES alert directions and the observing conditions of the tele-
scopes (night with no bright moon and elevation of the neutrino event greater than 7°). As
expected, the antipode of the ANTARES location has the best efficiency, but also optical
telescopes in the Northern Hemisphere have a significant chance to observe promptly in the
direction of the alert. For each alert, the optical observation strategy is composed of an early
follow-up (within 24 hours after the neutrino detection), to search for fast transient sources
such as GRB afterglows, complemented by several observations during the two following
months, to detect for example the rising light curves of CCSN or the flare of an AGN. Each
observation is composed of a series of optical images (with clear filter).

Figure 4. Follow-up iso-efficiency curves of the ANTARES alerts as a function of the location of a
given telescope. The numbers indicate the percentage. The dots represent the positions of MASTER
(green), ROTSE (pink), TAROT/Zadko (blue) and SVOM ground telescopes (cyan). The black cross
indicates the antipode of the ANTARES location.

The Swift satellite [25] with its X-ray Telescope (XRT [26]) provides a unique opportu-
nity to observe X-ray counterparts to neutrino triggers on account of its large field of view
and its very prompt and flexible scheduling processes [9]. The detection sensitivity of the
XRT is about 510713 erg cm™2 s™! in 1 ks exposure in an energy band from 0.3 to 10 keV



[27]. Due to the small FoV of the XRT (radius of ~ 0.2°) and the typical error radius of an
ANTARES alert (~ 0.5°), each observation of a neutrino trigger is composed of 4 tiles of 2 ks
each. This mapping covers about 70% of the ANTARES point spread function for the very
high-energy neutrino trigger. This choice was a compromise between the size of the covered
region and the sensitivity of the search. The observation strategy is composed of an auto-
matic response to the neutrino trigger with observations starting as soon as possible. There
is an online analysis of the data [27, 28] and in case an interesting counterpart candidate is
found, further observations are scheduled.

The INTEGRAL satellite [29] carries a collection of hard X-ray and soft gamma-ray
instruments (and a small optical monitor), covering the energy range from 3 keV to 10
MeV. The instruments feature imaging FoV (up to about 1000 deg?) but are also sensitive
to gammarray emission above ~100 keV from the whole sky. Imaging instruments can be
re-pointed to any given target with a delay from a few hours to about 1 day. No reoriented
follow-ups of ANTARES events were performed, since none of them passed at the same time
the selection criteria and the observability constraints. However, owing to the wide FoV
as well as the exceptionally eccentric orbit of the INTEGRAL spacecraft, the effect of the
Earth shadow is negligible, and observations are available at any time the instruments are
active (about 85% of the time). Hence, even if the alert position was not at the centre of the
FoV, for every received trigger from ANTARES, INTEGRAL was able to derive a constrain-
ing upper limit on impulsive gamma-ray flux, ranging from 2x10~7 erg cm™2 s~! to about
6x1077 erg cm~2 57! for a typical GRB spectrum.

Moreover, follow-up observations of a sub-sample of neutrino alerts have also been per-
formed by the Murchinson Wide Field Array (MWA [30, 31]) which is the low frequency
(80 — 300 MHz) precursor of the Square Kilometre Array. Its fast re-pointing and its huge
field of view (700 deg? at 150 MHz) is particularly valuable for follow-up of neutrino can-
didates. The MWA angular resolution is of the order of one arc minute, allowing good
localisation of transient radio sources. At the low radio frequencies of the MWA, the dis-
persion delay implies that the MWA can be re-pointed before the low frequency radio waves
arrive at the telescope. This characteristic makes the MWA unique for the follow-up of
prompt electromagnetic emission from ANTARES events.

A few alerts have also triggered observations by the H.E.S.S. (High Energy Stereo-
scopic System) imaging atmospheric Cherenkov telescope. H.E.S.S. [32] has a typical energy
threshold of 100 GeV and a field of view of around 5°. H.E.S.S. telescopes are located at
an elevation of 1800 m above sea level on the Khomas Highland plateau of Namibia. The
original array, inaugurated in 2004, is composed of four 12 m diameter telescopes. In 2012,
a fifth telescope with a 28 m diameter mirror was commissioned.

As the ANTARES data were not public, the collaboration has signed a Memorandum
of Understanding (MoU) with each partner to fix the rules of data exchanges as well as the
publication and communication of the joint results.



4 Main results

High-energy neutrinos are thought to be produced in several kinds of astrophysical sources,
such as GRBs, CCSNs or AGNs. Most of the sources show also transient high-activity phases
covering a large range in the time domain, from seconds for the GRB prompt phase to weeks
for CCSNs or AGNs. Between mid 2009 and December 2020, a total of 322 alerts were sent to
robotic telescopes. Figure 5 shows the directions of the TAToO alerts. A total of 26 targets
of opportunity were sent to Swift since mid-2013. The typical follow-up efficiency is around
70%.
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Figure 5. Sky map in Galactic coordinates showing the directions of all the TAToO alerts: red
and black markers correspond to alerts with early follow-up (<24 h) and with only late follow-up,
respectively. The grey regions indicate the integrated ANTARES visibility, from dark grey, 100%, to
white, 0%.

4.1 Results of the prompt follow-ups

Out of the 322 sent alerts, 218 triggers with an early optical follow-up (<24 h after the
neutrino time) were analysed (68% of the sent alerts). Among them, 55 had a delay lower
than 1 min (18%).

For example, here are details of the follow-ups performed by MASTER: 187 alerts of
ANTARES were followed since 2015. 51 out of 187 alerts were observed starting 1 minute
after notice time. Longer delays can be explained by several reasons: bad weather on the
telescope site, follow-up area under horizon for all telescopes at alert time, coordinates close
to the Sun or full Moon, etc.

Figure 6 shows the delay between the first image of the follow-up performed by the
robotic telescopes of TAROT and MASTER and the time of the neutrino. The minimum
delay is 17 s, which includes the time of the alert sending, the transmission of the alert,
its reception at the telescope site, the stop of the ongoing acquisition, the pointing of the
telescope and the start of a new image. The first bump at a few tens of seconds corresponds



to the alerts immediately observable.
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Figure 6. (left) Distribution of the delays between the earliest TAROT or MASTER images of the
follow-up and the time of the neutrino (deltaT) for all the ANTARES alerts from 2011 to 2021. (right)
Cumulative distribution. The vertical dashed lines indicate a delay of 1 minute and 1 hour.

No clear optical transient counterparts were found and upper limits on the magnitude of
a transient astrophysical source (clear filter) were derived [9]. Because rapidly-fading sources
(in the typical 10-20 min observation duration) were searched for, the signal is supposed to
be more important in the first image of the observation, so the upper limits are the limiting
magnitude of each first image computed at 50 confidence level (C.L.). Table 1 summarises
the characteristics of the optical follow-up with these telescopes for the VHE neutrino alerts.
The Galactic extinction of the magnitude, computed as in Ref. [33], is also provided.

This non-observation could indicate that the follow-ups were made too late, when the
sources could have faded below the sensitivity of the optical telescopes, or that the Galactic
extinction was too large, or that the sources were located outside the field of view of the
telescopes, or that the neutrinos that generated the triggers had another origin.

Assuming the hypothesis that all the neutrinos are issued from GRBs, and by comparing
these upper limits with optical afterglow light curves of gamma-ray bursts, it becomes possi-
ble to test the GRB association for each neutrino alert. Figure 7 shows the optical afterglow
light curves of GRBs in R band detected from 1997 to 2014 (taken from GCN circulars) and
the optical upper limits obtained for each neutrino alert. Note that the comparison between
the R and clear observations is not direct, as there is typically less than about 0.5 magnitude
difference and depends on the telescope camera and filter. But this small difference does not
change the overall conclusion of the studies.

The constraints are quite strong (>90%) when the optical follow-up is performed within
a few minutes after the neutrino trigger. This probability is computed from the fraction of
the detected GRB light curves above the limiting magnitude and the fraction of the neutrino
error region covered by the field of view of the telescope. Those constraints on the GRB
origin only applied in the case where the EM signal and the neutrino emission happen in the
same time window. In this dedicated search, it is not possible to rule out that some neutrino
events can be issued from off-axis GRBs, i.e., resulting from GRBs with a jet not pointed



towards the Earth (no prompt EM emission). Only the detection of the supernova in time
and space coincidence with the neutrino, for the closest events, can constrain this origin (see
Section 4.3).

Table 1. Main results of the optical follow-up by MASTER and TAROT telescopes for the VHE
neutrino triggers. Delay refers to the time between the first image of the follow-up and the neutrino
detection, Exposure is the exposure of each image, M, is the apparent magnitude in R mag and

the Galactic extinction is computed according to Ref. [33].

Trigger Id Telescope Delay  Exposure M,  Galactic Optical
(s) (s) extinction transient
ANT130915A TAROT Chili 328893 180 18.1 0.09 0
ANT130927A TAROT Chili 227552 180 17.8 0.36 0
ANT140123A  TAROT Calern 48025 180 17.8 1.35 0
ANT140311A  TAROT Calern 139294 180 18.8 0.07 0
ANT141220A TAROT Chili 131438 180 18.8 0.03 0
ANT150109A  No observation / / / / /
ANT150409A MASTER SAAO 36 60 18.6 0.1 0
ANT150422A MASTER Tunka 127871 60 17.3 1.3 0
ANT150809A  No observation / / / / /
ANT150901A MASTER SAAO 35217 60 20.1 1.9 0
ANT151027A MASTER Tunka 120181 60 18.2 0.2 0
ANT151106A MASTER SAAO 617926 60 19.4 0.2 0
ANT160227A MASTER Amur 36 60 16.0 0.7 0
ANT160320A MASTER SAAO 1840695 60 18.6 0.1 0
ANT160524A MASTER SAAO 49446 60 18.7 0.3 0
ANT170401A MASTER SAAO 31174 60 17.5 2.1 0
ANT170811A MASTER OAFA 731191 60 18.4 1.5 0
ANT170902A MASTER SAAO 34 60 20.2 0.04 0
ANT180327A MASTER SAAO 31584 60 16.6 1.0 0
ANT180725A MASTER OAFA 10957 60 16.1 124 0
ANT180917A MASTER OAFA 948 60 18.2 0.05 0
ANT190410A MASTER SAAO 12968 60 20.5 0.03 0
ANT190428A MASTER OAFA 42447 60 15.3 0.19 0
ANT191126A MASTER Tunka 43 60 18.6 0.21 0
ANT191231A MASTER SAAO 13598 60 17.6 0.07 0
ANT200108A MASTER Amur 31 60 15.2 0.09 0
ANT201222A° MASTER OAFA 143 60 19.1 0.36 0

A similar analysis was carried out with Swift-XRT follow-ups of 19 ANTARES alerts [9]
(Figure 8). The average delay of the first Swift observation is around 8 h with a minimum
delay of 1.1 h. The probability to reject the presence of an on-axis GRB reaches more than
about 70% for each alert if the X-ray follow-up occurs within a few hours after the trigger.
This is mainly dominated by the limited coverage of the four tiles to cover the region of
interest defined by the ANTARES angular resolution (see Figure 3 left). Table 2 summarises
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Figure 7. Comparison between archived optical R band and uncorrected light-curves for 301 GRBs
detected during the 1997-2014 period obtained from the GCN circulars (grey lines) and the magnitude
limits inferred for the 208 neutrino alerts during the 2009-2021 period. Red, blue and black markers
indicate upper limits on GRB afterglow magnitudes for neutrino alerts set by TAROT, ROTSE and
MASTER, respectively.

the X-ray observations. The particular event ANT150901A with one possible counterpart is
described in the following subsection.
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Figure 8. Comparison between the energy flux of 979 GRB afterglow lightcurves detected in the
period 1997-2017 by Swift [34] (grey crosses) and the flux upper limits obtained for the 18 followed
neutrino alerts during the 2013-2020 period (red markers).
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Table 2. Summary of the result of the Swift-XRT observations of the follow-up of ANTARES alerts
(listed in the first column). The following columns contain the delay (in s) between the neutrino event
and the first observation; the number of tiles; the total time exposure of the satellite; the number
of new sources not catalogued in the ROSAT survey (in parenthesis, the total number of sources
identified by the XRT automatic analysis pipeline); the number of counterpart candidates (Count.
cand.); and the evaluated 90% C.L. flux upper limit. For ANT200108A, the observing strategy applied
for Swift was not the standard ANTARES one but the IceCube one which covers a larger field of view
with 19 tiles but with a smaller exposure (500 s each).

Trigger Id Delay Nb(tiles) Exposure  New sources  Count. Flux limit
(s) (ks) (Total sources) cand. (10713 erg em™2 s71)
ANT130722A 4117 4 7.3 4 (5) 0 2.7
ANTI30915A 23418 4 5.5 2 (2) 0 3.7
ANT130927A 18416 4 7.1 3 (4) 0 2.8
ANT140123A 13267 4 3.5 1(1) 0 5.7
ANTI40311A 10142 3 5.5 3 (3) 0 2.7
ANT141220A 5260 4 7.6 2(2) 0 2.6
ANT150129A 6244 4 7.5 3 (3) 0 2.7
ANT150409A 45882 4 7.3 5(5) 0 2.7
ANT150809A 55636 4 7.0 2(2) 0 2.9
ANT150901A 32411 ) 7.1 4 (8) 1 2.8
ANT160227A 6483 4 2.3 0 (0) 0 8.5
ANT170401A 8344 4 7.4 1(1) 0 2.7
ANT170811A 67025 4 6.9 2 (3) 0 2.9
ANT180327A 10765 4 7.6 7(9) 0 2.6
ANTI180725A 22901 4 7.6 3 (5) 0 2.6
ANTIS0917A 15014 4 3.5 3 (3) 0 5.7
ANT190410A 15780 5 7.2 6 (7) 0 2.9
ANT191126A 32786 4 7.0 6 (6) 0 2.9
ANT191231A 15337 ) 7.7 10 (10) 0 3.2
ANT200108A 48025 19 2.1 0 (0) 0 45.5
ANT200127A 73856 7 13.1 4 (4) 0 2.6
ANT201222A 43168 2 2.2 0 (0) 0 4.6

4.2 Multi-wavelength follow-up of ANT150901A

In the X-ray follow-up, a bright and transient counterpart candidate was found for a single
neutrino alert: ANT150901A. The associated neutrino had an energy of about 90 TeV with
a lo range between 20 — 300 TeV. The probability that this neutrino was of cosmic origin
is 8%, using the IceCube definition of the signalness [35] with our measured atmospheric
neutrino background and a cosmic diffuse neutrino flux with a spectral index —2.0, and a
normalisation given by the IceCube diffuse cosmic neutrino flux [4].

Observations with XRT started in September 15¢, 2015 at 16:38:42 UT (namely 9 hours
after the neutrino trigger). In the first observations, 8 sources were identified in the field of
view. Among them, 5 are catalogued and 3 uncatalogued sources. From this list, one uncat-
alogued X-ray source has been detected above the Rosat All-Sky Survey (RASS) limit [36],
with the flux varying between 5x107% and 1.4x107!2 erg cm™2 s~! in the 0.3 — 10.0 keV
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band at location: RA = 16h26m2.12s and DEC = —27d26m14.8s (J2000) with an uncertainty
of 2.4 arcsec (radius, 90% containment). This source is located at 0.11° from the neutrino
direction. As the detected X-ray source seemed to be variable, a GCN circular [37] and
an Astronomer’s Telegram [38] were published on September 3", 2015 to encourage further
multi-wavelength and multi-messenger observations.

AO ANTARES

Figure 9. Field of view of MASTER corresponding to ANT150901A. The 2 circles have a radius of
0.3 and 0.9 degres.
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Figure 10. Light curve measured by the Swift-XRT for the X-ray source identified in the follow-up
of ANT150901A. The neutrino detection time is ¢ = 0.

In parallel, optical follow-ups by the MASTER telescopes [39] began 9 hours 45 min-
utes after the neutrino detection. The location corresponding to the neutrino direction was
followed since the first day with two telescopes in South Africa and Canary Island with the
R, B, and V filters. This direction was regularly followed by one of the MASTER  telescopes
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during the 8 subsequent days. Table 1 shows the observing conditions and the results of the
MASTER follow-up. No optical transient candidate was found in the observations down to a
magnitude of 18.67 (60 s exposure). At the position of the X-ray source, MASTER identified
a bright star (USNO-B1.0 0626-0501169) of magnitude 12.3 with a light curve showing no
flux nor color variations just after the time of the alert [40]. Figure 9 illustrates the field
of view of MASTER. The globular cluster M4 is 0.97° away and the Antares star (Alpha
Scorpii) is at a distance of 1.2° away from the ANT150901A neutrino direction.

To characterise the bright star USNO-B1.0 0626-0501169 and to test the association
between the X-ray flare and this bright star, further observations were requested via a GCN
circular. Additional observations with XRT showed a flare with a characteristic length of
around two days (Figure 10) just after the neutrino detection.

Moreover, there are no detected galaxies within about 5 arc sec from the Swift X-ray
source in the Pan-STARRS PSI1 catalogue [41]. The bright star was saturated and there were
several faint sources in the vicinity of the point spread function but none of them looked like
extended galaxies. Follow-up data which allowed the nature of Swift J1625.7-2723 to be con-
strained are described in the next paragraphs. A total of 19 multi-wavelength observatories
answered to this trigger covering the full EM spectrum: one radio telescope, 11 optical /IR
telescopes, four X-ray/gamma-ray satellites and four very high-energy gamma-ray observa-
tories.

The IceCube Collaboration performed a follow-up analysis and did not find any neutrino
candidate with reconstructed energy above 10 TeV during a + 1 day time-window centred
on the ANTARES event time [42]. Fermi/GBM [43], INTEGRAL [44] and MAXI/GSC [45]
performed a high-energy follow-up quickly after the alert message that yielded no high-
energy counterpart. A search for a gamma-ray counterpart was carried out using the archive
Fermi/LAT Pass8 data, applying a standard unbinned likelihood analysis using the LAT
analysis tools (v10rOp5). All photons (event class PBR2_SOURCE_V6) within a region of in-
terest of 15° radius were selected within the energy range [100 MeV; 500 GeV]. For all the
sources present in catalogues, their fluxes were fixed to the values in the catalogue while the
normalisation of the Galactic and diffuse isotropic background were left free in the likelihood
maximisation. Four different time windows were considered in the analysis from + 6 hours to
=+ 6 days. No significant counterpart was detected and 95% C.L. upper limits on the energy
flux have been computed assuming a point-like source with a fixed spectral index of -2.0.
Results are given in Table 3.

Table 3. Fermi-LAT 95% C.L. energy flux upper limit in the 100 MeV to 500 GeV energy range
from the sky position of neutrino event ANT150901A.
Time window 95% C.L. upper limit
MeV cm™2 s71

+6h 2.2x1074
+12h 1.5x107%
+24h 5.0x107°
+6d 7.0x1076
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At very high energies, the H.E.S.S. telescope was triggered directly by the neutrino
alert and the follow-up started on September 1st, at 18:58 UT as soon as good observation
conditions were reached [46]. No source was detected in the H.E.S.S. FoV. Consequently
an upper limit on the gamma-ray flux was derived as ®(E>320 GeV)< 2.4x107" m~2 s~}
(99% C.L.). The MAGIC telescopes performed follow-up observations of a ~ 3° diameter
sky region centred at the proposed X-ray counterpart of the ANTARES-detected neutrino
event [47]. MAGIC observed the source under non-optimal conditions due to the large zenith
angle (> 60°), starting from September 3¢ at 20:54 UT, 2.5 days after the ANTARES de-
tection. Observations were carried out for 6 nights, ending on September 8", and collected
a total on-source exposure of 4 hours. No significant emission from the location of the X-ray
source was detected.

Long-term near-infrared (NIR) Ks-band observations of USNO-B1.0 0626-0501169 were
performed using the Infra-Red Imaging System (IRIS [48]) located at the observatory Rolf
Chini Cerro Murphy (Chile). The resulting light curve is shown in Figure 11 together with the
Ks-band magnitude (red point) provided in Ref. [49]. A NIR flux enhancement is observed
at least until September 10", while a significant decrease of the flux is seen on September
16", This significant variation of ~ 0.11 mag, followed by a decrease of ~ 0.15 mag, could
be interpreted as a succession of two NIR flares. Unfortunately, no later data were available,
which prevented a precise constraint on the NIR flux evolution.
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Figure 11. Near infrared light curve of USNO-B1.0 0626-0501169 (Ks-band) starting ~2 days after
the ANTARES trigger (red point: ATel #8006).

Optical and infrared archival data were used to build the spectral energy distribution
(SED) of USNO-B1.0 0626-0501169. Although not contemporaneous, those multi-wavelength
data are considered as acquired during a similar persistent flux period and any flux variation
due to flaring behaviour is considered as small as the typical flux uncertainties. The SED
was then fitted by the Kurucz stellar model (ATLAS9 [50]). The result is shown in Figure 12.
The best fit gives Ay = 1.405 £ 0.038, Tog = 4750 + 125 K, log(g) = 4.50 + 0.59, an age
of 19 Myrs, a mass of 1.5 My and a radius of 1.1 Rg. Those parameters are consistent with
both a G—K star and a RS CVn primary component. Other multi-wavelength observations
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by NOT [51], SALT [52], CAHA [53], Wifes on the ANU telescope [54] and in radio (VLA
Jansky ATel [55, 56]) confirm this source classification.
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Figure 12. Spectral energy distribution (black dots) and Kurucz stellar model fit (dash blue). Grey
dots represent the photometric data before correction of the line-of-sight extinction. The different
wavelength bands are represented in colours. Downward triangle stands for an upper limit.

These observations point to USNO-B1.0 0626-0501169 being a young accreting G—K
star or a binary system of chromospheric active stars (RS CVn), undergoing a flaring episode
that produced the X-ray emission. This classification is confirmed by 300 — 2480 nm medium-
resolution spectra acquired with the ESO VLT /X-Shooter spectrograph which shows the
presence of Ha, HB, Call, NalD, Fe+Li and Cal lines, typical of G-K stars. Therefore, this
source seems not to be the origin of the bright ANT150901A neutrino with a probability of
3% of chance association. This probability has been computed taking into account the large-
scale spatial distribution of X-ray active stars to estimate the average number of active stars
in a given direction using ROSAT and Swift catalogues, the flaring rate (proportion of time
spent in an active state) and the position and the error region of the neutrino ANT150901A.

4.3 Results of the long term follow-ups

Core-collapse supernova, with rising light-curve in the weeks following the neutrino observa-
tion, and flares of AGNs, were the two main sources for the study of the long-term follow-up.
Among the 322 sent alerts, 224 had sufficiently good optical long-term follow-ups, i.e., at
least 3 (2) nights of observations from the TAROT (MASTER) network. Among these 224
alerts, 77 were triggered by the directional trigger and 153 by the single HE/VHE triggers.
No significant slowly varying transient optical counterparts were found in association with
a neutrino trigger. The expected number of accidental SN detections, i.e., a CCSN detec-
tion in coincidence with a background neutrino event, was estimated to be 0.4 for the 224
alerts assuming a rate of 1 CCSN per year within a sphere of 10 Mpc (i.e., 2.4x10™% yr~!
Mpc=3 [57]). Our result of no optical long-term follow-up due to a CCSN in correspondence
with 224 neutrino alerts is consistent with the small expectated CCSN number with a prob-
ability of ~0.7. Note that there are some CCSN detected in the fields of view of the alerts
but the neutrino times are not compatible with an estimated explosion time.
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4.4 Search for the origins of the neutrino alerts

As no GRB and no CCSN have been identified as a counterpart of any of the neutrino
alerts, the search was extended to other types of high-energy transients. A number of Ice-
Cube neutrino alerts have been potentially associated to blazars. The most famous example
is the association between the high-energy neutrino 1C170922 and the flaring blazar TXS
05064056 [5]. The discovery of an optical changing state in TXS 0506+056 by MASTER
related to the neutrino [22] is particularly interesting, at a 500 significance level. This blazar
was detected by MASTER to be in the off-state after one minute and then switched to the
on-state no later than two hours after the event.

4.4.1 Correlation between the ANTARES neutrino alerts and the BZCAT cat-
alogue

For each neutrino alert, correlations between the neutrino directions and the blazars listed
in the Roma-BZCAT catalogue [58, 59] were investigated. This blazar catalogue contains
3561 sources, compiling the results of multi-frequence observations. Correlations between
sources in the catalogue and neutrino candidates were searched for by applying a cut on the
angular distance between the neutrino direction and the blazar coordinates (to be lower than
0.7°) and requiring that the MASTER optical telescope observed the field not later than 2
hours after the neutrino detection time. After the filtering, four blazars were selected. The
ANTARES events and the blazar name in the catalogue are listed in Table 4.

Table 4. List of the four blazars of the Roma-BZCAT correlated with an ANTARES alert. See text
for the definition of correlation.

Alert name Blazar name
ANT160815A PKS 1806-458
ANT181108A RXS J22562-3303
ANT190225A PKS 0341-256
ANT190315A Centaurus A

For each blazar, the MASTER Observatory built a light curve up to 2 days after the
neutrino time. The photometry has been computed using a 8-sec aperture and the Gaia
EDR3 catalog [60] for reference. No significant (more than 3¢) flux variation in the time
interval was found. Figure 13 shows the corresponding light curves of the blazar PKS 1806-
458, RXS J22562-3303 and PKS 0341-256. In the case of Centaurus A (a close radiogalaxy),
due to the extension of the source, a search for new transients has been performed rather
than performing the photometry. No new transients have been detected down to 18 mag.
Therefore, these AGNs are not considered as being likely sources of the neutrino candidates.

4.4.2 Search for optical flux variation of blazars observed with MASTER and
Gaia data

In order to study the optical variability of blazars that coincides with the uncertainty area
of the incident HE and VHE ANTARES neutrino alerts, their light curves were studied in
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Figure 13. Light curves of blazars PKS 1806-458 (a), RXS J22562-3303 (b) and PKS 0341-256 (c)
located in the vicinity of ANT160815A, ANT181108A and ANT190225A, respectively. Downward

triangles stand for upper limits. The time ¢

0 corresponds to the arrival time of the neutrino.

the database of MASTER telescopes for the period from 2004 to 2020. Also, in the search
for variability, information from the database of the Gaia satellite was used*.
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Figure 14. Detailed light curve of the blazars PMN J2345-1555 (top left), PMN J0328-2329 (top
right) and 5BZB J2256-3303 (bottom) observed by MASTER (W mag) and Gaia (G mag). The
arrows indicate the time of the HE neutrino events.

Of the 179 neutrino alerts received by the MASTER observatory and whose arrival areas
were surveyed, only 20 high energy neutrino events contained blazars in the error-box arrival
with a radius smaller than 0.7° (see Table 5). Significant optical variability of three blazars

*http://gsaweb.ast.cam.ac.uk/alerts/home
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out of 20 possible HE neutrino events was found. The light curves of these three blazars are
shown in Figure 14. However, confirming the potential association between HE neutrinos
and optical flaring blazars will necessitate the observation of additional neutrino events co-
incident with blazar optical flares and a thorough theoretical assessment of the underlining
physical mechanisms driving such an association.

Table 5. Results of the study of the optical variability of blazars for which their positions are
compatible with the neutrino directions. Dist refers to the distance in degrees between the blazar
and the neutrino coordinates. z is for the redshift. Mag is the magnitude, the letter at the beginning
indicates the filter. Var stands for variability.

Alert Dist (deg) Blazar z Mag  Var
0.356 2E 0336-2453 0.251 RI18.6 /
ANT150517A 0.276 ESO 482-14 0.044 R14.2 /
0.342 QSO B0336-2454 0.043 V174 /
ANT150518A 0.649 5BZQ J2003-3251 3.773 RI17.1  /
ANT160111A 0.610 PMN J2345-1555 0.621 RI18.5 Yes
ANT160210A 0.463 PKS 0325-222 2220 G189 /
ANT160731A 0.426 QSO J0724-0715 0.271 Vi18.0 /
ANT160815A 0.327 PKS J1809-4552 0.070 G176 /
0.481 NVSS J102827+055515 0.234 V19.6 /
ANT160902A 0.683 SDSS J10279+0631 0.158 V187 /
0.434 SDSS J10285+0600  0.313 G183 /
ANT161031A 0.280 PKS 05244034 0.509 G194 /
ANT161209A 0.614 PMN J2256-6533 0.247 G16.8 /
ANT161214A 0.381 5BZU J1928-0456 0.587 V184 /
0.358 QSO B0327-241 0.895 V181 /
ANT170307A 0.126 QSO HE0327-2348 1.550 V176 /
0.491 PMN J0328-2329 / V18.6 Yes
ANT170406A 0.395 PKS 0420-484 0.527 V175 /
ANT170907A 0.575 PKS 2053-323 / G188 /
ANT180526A 0.310 QSO B1925-610 3.254 R19.9 /
0.597 GB6 J1231+1421 0.256 G17.7 /
ANT180608A 0.441 NGC 4501 0.007 V132 /
0.561 NGC 4548 0.002 V13.6 /
0.308 QSO B1230+1440 0.313 G144 /
0.482 QSO B1230+1430 0332 G172 /
ANT181108A 0.686 5BZB J2256-3303 0.243 G18.5 Yes
ANT190225A 0.202 PKS 0341-256 1.419 G188 /
ANT190315A 0.402 5BZU J1325-4301 0.002 V6.8 /
0.048 QSO B0317+185 0.190 G179 /
ANTI9I011A 0.217 PKS J0319+1901 0.296 G20.3 /
ANT201219A 0.309 5BZG J1154+4-1225 0.081 G188 /
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4.5 Results of the radio follow-up

A search for radio counterparts of two candidate high-energy neutrino events detected in
November 2013 (ANT131121A) and March 2014 (ANT140323A) was performed using the
Murchison Widefield Array [61]. Each neutrino candidate had arrival direction consistent (<
0.5°) with the positions of two galaxies within 20 Mpc from Earth: NGC1374 and ESO358-
015 for ANT131121A, and ES0499-037 and PGC29194 for ANT140323A. PGC29194 (the
Antlia Dwarf Galaxy), at a distance of 1.3 Mpc, is located just 0.1° from the neutrino direc-
tion. An optical follow-up was also performed for both neutrino events. For ANT131121A,
12 series of observations containing 6 images each were performed with the TAROT telescope
in Chile from 2 to 61 days after the trigger. No optical transient was identified to a limiting
magnitude of about 19 (clear filter). For ANT140323A, 8 images were taken with ROTSE 3b
in Texas (starting ~ 15 h after the trigger) and 10 images with TAROT Chile up to 45 days
after the trigger, according to the long-term strategy. No transient counterpart was found to
limiting magnitudes of 16.4 (prompt) and 18.7 (long-term).

No strongly varying radio counterpart was identified for the two triggers. Using 5o
upper limits of 90 — 340 mJy, the upper limit for low-frequency radio emission was set to
1037 erg s~ (at 150 MHz) for progenitors located at 20 Mpc. These limits do not strongly
constrain the late-time emission from even the most luminous radio supernovae or GRBs at
these distances. Optical limits are more stringent for these distances. Neither trigger was
optimally placed within the MWA field of view: ANT131121A was ~ 8° from the pointing
centre of the observation, and ANT140323A was ~ 17° away. Particularly in the latter case,
the fall-off in primary beam response means that noise in the region of the image near the
trigger position is higher than ideal. If the neutrino signal is produced not in nearby galaxies
but originates in binary neutron star mergers, the limits constrain the progenitors to be at a
redshift z > 0.2 (~1 Gpc) [61].

ANTARES also sent a sub-sample of the neutrino alerts in real time to MWA. MWA
is electronically triggered, allowing rapid follow-up observations within 8s of any event oc-
curring above its elevation limit of 30° [62] to be performed. Given its location in the
Southern Hemisphere, this corresponds to approximately 30% of upgoing events detected
by ANTARES. A fast imaging pipeline was developed to search for transient emissions [63],
including fast radio bursts [64], and any other rapid transients on timescales down to 5s [65].
The MWA'’s all-sky survey GLEAM [66] also provides a catalogue to search for radio sources
with enhanced emission on longer timescales. Using this system, 5 ANTARES events were
triggered, with 30 minutes of data captured for each of them.

4.6 Results of the H.E.S.S. follow-up

In 2016, ANTARES and H.E.S.S. Collaborations signed an MoU to exchange information
and alerts in order to exploit the intimate connection between high-energy neutrinos and
very high-energy gamma rays. The H.E.S.S. telescopes have followed two ANTARES alerts
shortly after the neutrino detection: ANT150901A and ANT170130A. For ANT150901A, the
observations started on September 3'4, 2015, at 18:58 UT (11 hours and 20 minutes after
the neutrino time) as soon as the necessary observation conditions were reached. No very
high-energy gamma-ray source was identified over the 1.5 h observations. This translates
into an upper limit on the gamma-ray flux of ®(£ > 320 GeV) < 2.7 x 1078 m~2 s7! at
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99% C.L. [67]. The neutrino ANT170130A direction was also followed by H.E.S.S. with a
very short delay of 32 s during 1 hour and again over 45 min the night after. The preliminary
analysis revealed no source detection in the neutrino field of view [46].

5 Conclusions

Real-time multi-messenger campaigns are crucial in unveiling the sources of the most ener-
getic particles and the acceleration mechanisms at work. Neutrinos would provide insights
into the physics of stellar explosions, compact object mergers, and relativistic jets, as well
as particle acceleration processes. Multi-messenger campaigns rely on the quasi-online com-
munication of potentially interesting observations to partner instruments, with latency of a
few minutes, at most. Such alerts are the only way to achieve simultaneous observations of
transient phenomena by pointing instruments.

This legacy paper summarises more than ten years of follow-ups of the ANTARES high-
energy neutrino alerts. This is a very promising method to identify transient phenomena as
neutrino production sources, since it is unlikely that the detection of one counterpart as-
sociated in time and direction with one neutrino will happen fortuitously. The ANTARES
dedicated alert system, TAToO, was able to send alerts to the external community within ~6
seconds after the time of the neutrino detection and reconstructed ANTARES events with an
angular accuracy better than 0.5°. The triggers were followed by several multi-wavelength
facilities such as robotic optical telescopes located all around the world, a radio telescope, two
X-ray/gamma-ray satellites and one very high-energy gamma-ray telescope. More than 300
alerts were sent and no counterparts associated with neutrino candidates were significantly
detected in the different searches.

A decade ago, GRBs were very popular candidates for neutrino production. Nowadays,
offline studies by IceCube [68] and ANTARES [69] have set stringent constraints on the
GRB/neutrino association. Detected GRBs can only contribute to a few percents of the neu-
trino cosmic diffuse flux. Note that this does not rule out low-luminosity GRBs (LLGRBs)
to have a larger contribution. Due to the limited sensitivities of the current gamma-ray satel-
lites, this LLGRB population is essentially unconstrained. The future GRB satellite SVOM
will provide greater sensitivity to LLGRBs [24]. For the CCSNe, the main science case relies
on hidden jets inside the supernovae [70, 71]. This model is quite popular since it can es-
tablish the link between the long GRB and the CCSNe populations. The non-observation of
supernovae correlated in time with neutrinos rules out most of the parameter space of this
model.

Precision is key to obtain good follow-ups. Therefore, it is important to achieve the best
angular resolution in real time and a good control of the absolute pointing accuracy. More-
over, it is highly desirable to be able to properly reconstruct in real time all event topologies
spread over a very large energy range, not only restricting to the high-energy muon neutrino
channel. Even if the angular resolution for the other event topologies (electron and tau neutri-
nos produce mostly shower-like events) is limited, these channels are particularly interesting
since the atmospheric background contamination is very low. In this respect, KM3NeT [72]
is starting to enter into the multi-messenger landscape and will allow multi-flavour neutrino
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alerts to be sent with unprecedented angular resolution.
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