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The ANTARES neutrino telescope operated from 2007 to early 2022 at the bottom of the Mediter-
ranean Sea, with the primary goal of detecting neutrinos from astrophysical sources. Among
these, variable and transient sources are particularly promising, as the timing of neutrino arrivals
provides an additional distinguishing feature between signal and background, complementing
energy and spatial information. The shorter the neutrino flares, the greater the enhancement in
discovery potential compared to steady emissions. As part of the legacy analysis of ANTARES
data, a time-dependent algorithm has been developed to search for event clustering in both space
and time. For the first time, this method has been applied across a fine grid covering the entire
ANTARES visible sky. The results of this analysis applied to the full ANTARES data sample are
presented here.
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1. Introduction

A hundred years after their discovery, the origins of high-energy cosmic rays remain elusive.
A promising approach to uncovering their sources and the mechanisms behind their acceleration is
neutrino astronomy, studying the Universe through neutrinos as cosmic messengers. Unlike charged
particles or photons, neutrinos travel vast cosmic distances without being deflected by magnetic
fields or absorbed by matter, allowing them to trace a direct path back to their sources. These
particles are expected to emerge from hadronic interactions, where high-energy cosmic rays and
gamma rays are also produced. Thus, identifying a cosmic neutrino source would provide strong
evidence of the particle acceleration processes at play. Neutrino telescopes are designed with this
goal in mind, but the task is inherently difficult due to the extremely low interaction probability
of neutrinos, resulting in sparse detection rates. To overcome this, large volumes of optically
transparent media, such as deep-sea water, are instrumented to detect the faint Cherenkov light
emitted by secondary particles generated when neutrinos interact with matter.

ANTARES, a pioneering neutrino telescope, was deployed on the seafloor of the Mediterranean
and operated from 2007 to 2022. Two primary event types are identified in its data based on their
Cherenkov light patterns: tracks and showers. Track events are typically caused by long-lived
relativistic muons produced in charged-current interactions of muon neutrinos, leaving a distinct
elongated light trail. In contrast, shower events result mainly from charged current interactions of
electron and tau neutrinos, as well as from neutral current interactions involving all neutrino flavors,
which develop up to several hundred meters from the interaction vertex. Therefore, data statistics
are dominated by track events, since the mean path of muons is orders of magnitude larger than
shower topologies. Additionally, because of the high rate of muons arriving to the detector from
the cosmic-ray interactions with the atmosphere above, the sky that can be studied is practically
limited to the up-going directions, i.e. through the Earth, up to 40◦ declination for ANTARES.

The final ANTARES dataset was analyzed to find neutrino flares in all sky directions at which
ANTARES can look in the up-going sky.

2. Search methodology

The work presented in this contribution combines for the first time the methodologies already
applied in ANTARES for full-sky searches [1] with those for neutrino flare searches in a given
direction of the sky [2, 3] for the complete ANTARES data set, comprising 4541 days of livetime
from January 29, 2007, to February 13, 2022.

The search has been carried out in uniformly distributed directions in the entire sky below 40◦ in
declination, i.e. the ANTARES visibility threshold, with a grid consisting of pixels covering equal
areas in solid angle. This grid is based on HEALPix [4] using a Nside = 512, i.e. approximately
0.11◦ × 0.11◦ pixel size, which is smaller than the typical ANTARES angular resolution1 of 0.5◦.

An unbinned likelihood function is then recursively evaluated assuming that each studied
direction, determined by the coordinates of the center of the pixel, is a potential location of a
point-like source emitting a neutrino flare. Two types of flare emission shape have been considered:

1The median angular resolution is defined as the radius around the true neutrino direction in which 50% of events are
reconstructed. The angular resolution depends on the selection cuts applied.
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Gaussian-like and box-like. Such all-sky untriggered searches are not affected by biases from
assuming a known counterpart nor by the neutrino-time emission, yet intrinsically deal with high
trial-factor penalties. For completeness, some interesting directions are later individually revised.

The likelihood function to weigh the significance of the search is built as:

logL =

𝑁sam∑︁
𝑗

𝑁 𝑗∑︁
𝑖

log

[
𝜇
𝑗
sg

𝑁 𝑗

S 𝑗

𝑖
+ (1 −

𝜇
𝑗
sg

𝑁 𝑗

)B 𝑗

𝑖

]
, (1)

where 𝑗 represents the samples considered in the analysis, i.e. tracks and showers, 𝑁sam = 2 the
total number of samples, 𝑖 the events within the sample, and 𝑁 𝑗 the total number of events observed
in the 𝑗-th sample. The terms S 𝑗

𝑖
and B 𝑗

𝑖
are the probability density functions (PDFs) that describe

the probability that an event is signal or background like, respectively. These terms are built as the
product of the directional, energy, and time PDFs.

The S 𝑗

𝑖
and B 𝑗

𝑖
terms are built for each sample as:

STr
𝑖 = PSFTr(Ψ𝑖 | 𝛾) × 𝑃Tr

sg (𝐸𝑖 | 𝛿𝑖 , 𝛾) × 𝑃
Type
sg (𝑡𝑖 | 𝑇0, 𝜎𝑡 ),

SSh
𝑖 = PSFSh(Ψ𝑖 | 𝛾) × 𝑃Sh

sg (𝐸𝑖 | 𝛾) × 𝑃
Type
sg (𝑡𝑖 | 𝑇0, 𝜎𝑡 ),

BTr
𝑖 = 𝑃Tr

bg(sin 𝛿𝑖) × 𝑃Tr
bg(𝐸𝑖 | 𝛿𝑖) × 𝑃bg(𝑡𝑖),

BSh
𝑖 = 𝑃Sh

bg (sin 𝛿𝑖) × 𝑃Sh
bg (𝐸𝑖) × 𝑃bg(𝑡𝑖),

(2)

where 𝑃
𝑗

bg(sin 𝛿𝑖) are the declination dependent distributions of each sample in ANTARES data.
Signal terms PSF 𝑗 (Ψ𝑖), i.e. the point spread function that describes the angular distribution of
events reconstructed from a given direction, and 𝑃

𝑗

Sg(𝐸𝑖) , i.e. the energy estimator, are dependent
on the assumed spectral index 𝛾 in the 𝜙(𝐸) = 𝜙0 𝐸−𝛾 neutrino flux considered. The dependency
of the energy estimator, 𝐸𝑖 , with the event declination, 𝛿𝑖 , is also considered for the track sample
PDFs.

The background time PDF, 𝑃bg(𝑡𝑖), is the rate of background events that arrive at the detector. It
is built from data using a looser selection so that the resulting distribution is not affected by statistical
fluctuations. Additionally, data-taking runs exhibiting anomaly time behavior are excluded. After
this filtering, the time-dependent analysis makes use of a total of 11023 tracks and 200 showers, 6
track events less than the time-independent analyses performed in [5].

The 𝑃Type
sg (𝑡𝑖) term is characterized by two generic time profiles, with Gaussian-like and box-like

shapes:

𝑃Gaussian
sg (𝑡𝑖) =

1
√

2𝜋𝜎𝑡

× exp
(
− (𝑡𝑖 − 𝑇0)2

2𝜎2
𝑡

)
,

𝑃Box
sg (𝑡𝑖) =

{
1

2𝜎𝑡
, if [𝑇0 − 𝜎𝑡 ] ≤ 𝑡𝑖 ≤ [𝑇0 + 𝜎𝑡 ];

0, otherwise;

(3)

with 𝑡𝑖 being the detection time of the event, and 𝑇0 and 𝜎𝑡 being the central time of the neutrino
emission and the parameter of the duration of the neutrino flare, respectively.

During the likelihood maximization, done with respect to the total number of signal events
𝜇sg = 𝜇Tr

sg+𝜇Sh
sg , the parameters 𝜇sg, 𝛾, 𝑇0, and 𝜎𝑡 are fitted, allowing 𝛾 to vary in the [1.5, 3.0] range
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Figure 1: Weighted time distribution of ANTARES events near the hotspot of the full-sky time-dependent
scan. The top panel shows events over the full livetime, while the bottom panel focuses on the period around
the flare. Only track-like events within 5◦ (shown in blue) and shower-like events within 10◦ (shown in red)
of the hotspot are included in the plot. A higher event weight is associated to those with smaller distance
to the source and larger value of the energy estimator. The magenta and green lines represent the best-fit
Gaussian and box profiles. The hotspot location used for this plot corresponds to that of the best-fit Gaussian
flare, which differs by 0.4◦ from the box-profile flare location.

and 𝜎𝑡 varying from 1 day to 1000 days. Therefore, the longest tested flare on each sky direction is
of 2000 days length, box-like shape, in the whole ANTARES period of 5495 days.

Since the data is fitted to a single flare, shorter flares are easier to accommodate to the data
than longer ones. To prevent the bias of the fit for short duration flares, the test statistic is defined
as:

Q = −2 log
(
Δ𝑇

𝜎̂𝑡

×
L(𝜇sg = 0)

L(𝜇sg = 𝜇max)

)
, (4)

that is, the difference between the value of the logarithm of the likelihood at the best-fit of 𝜇𝑠𝑔 = 𝜇max,
and the one for the background-only hypothesis, plus a term where Δ𝑇 is the allowed time range for
𝑇0 along the whole ANTARES data set.

Distributions of the test statistic are built from pseudo-experiments (PEs), i.e. evaluating the
likelihood on mock data samples composed only of background-like events which maintain the
properties of the declination, right ascension, and energy distributions of real data. The fraction
of background-only PEs with a value of Q larger than the one obtained with the data gives the
significance (p-value) of each investigated sky location.
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Figure 2: Weighted time distribution of ANTARES events near PKS 1502+106 (left) and TXS 0506+056
(right). The top panel shows events over the full livetime, while the bottom panel focuses on the period
around the best-fit flare. Only track-like events (blue dots) within 5◦ of the source location are included in
the plot. No shower event was detected in the vicinity of these sky directions. A higher weight is associated
to events with smaller distance to the source and larger value of the energy estimator. The magenta and green
solid lines represent the best-fit Gaussian and box profiles. The gray dashed line shows the best-fit flare from
the same sources identified in the study by the IceCube Collaboration [6].

3. Results

The most significant Gaussian-shaped flare is found at the location (𝛼, 𝛿) = (141.3◦, 9.8◦), with
the following best-fit parameters from the maximization:

𝜇̂sig = 3.0, 𝑇0 = 57666 MJD,

𝛾̂ = 2.4, 𝜎̂𝑡 = 2 MJD,

and a local p-value of the flare of 8.3 × 10−6 (4.3𝜎 in the one-sided convention), which results into
a post-trial p-value compatible with a 30% probability of being due to a background fluctuation.

For the box-shaped time profile, the most significant flare is found at coordinates
(𝛼, 𝛿) = (141.1◦, 9.4◦), which is consistent with the direction for the Gaussian shape hypothesis,
taking into account the angular resolution of the dataset. For the box-shaped flare, the likelihood
maximum is found at:

𝜇̂sig = 3.2, 𝑇0 = 57667 MJD,

𝛾̂ = 2.4, 𝜎̂𝑡 = 2 MJD,

with a pre-trial p-value of 8.8 × 10−6 (4.3𝜎 in the one-sided convention), corresponding to a
post-trial p-value compatible with a 28% probability of being due to a background fluctuation.
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Table 1: Results of the time-dependent analysis for selected directions. The first two rows present the findings
for the full-sky hotspot found assuming Gaussian and box-shaped signal time profiles. The following rows
detail the results from interesting directions identified in previous studies, as detailed in the main text. In
addition to equatorial coordinates, the table presents the best-fit parameters for each identified flare, including
central time𝑇0, flare duration 𝜎̂𝑡 , number of signal events 𝜇̂𝑠 , spectral index 𝛾̂, as well as the pre-trial p-value.

Direction Results
𝛿 𝛼 Gaussian-shaped time profile Box-shaped time profile

𝑇0 𝜎̂𝑡 𝜇̂𝑠 𝛾̂ 𝑝-value 𝑇0 𝜎̂𝑡 𝜇̂𝑠 𝛾̂ 𝑝-value
[deg] [deg] [MJD] [days] [MJD] [days]

Hotspot (Gaussian) 9.8 141.3 57666 2 3.0 2.4 8.3 × 10−6

Hotspot (Box) 9.4 141.1 57667 2 3.2 2.4 8.8 × 10−6

PKS 0239+108 11.0 40.6 56681 313 5.3 2.5 2.2 × 10−2 56603 434 5.6 2.3 8.2 × 10−3

PKS 1502+106 10.5 226.1 55493 2 3.0 3.4 1.1 × 10−2 55495 5 3.3 3.4 1.5 × 10−2

TXS 0506+056 5.7 77.4 56818 141 3.3 3.2 3.7 × 10−2 56828 190 3.4 3.2 2.2 × 10−2

The time distribution of the ANTARES events close to the hotspot location, together with
the best-fit signal time profiles, are shown in Figure 1, while the values of the best-fit parameters
are summarized in Table 1. The closest astrophysical source to the hotspot is the BL Lac object
5BZB J0926+0803, located at an angular distance of 1.8◦ (1.5◦) from the hotspot position found
assuming the Gaussian (box) shape hypothesis.

As an a posteriori study, sky locations identified as interesting in previous analyses were
revisited. Among these is the direction of the radio-bright blazar PKS 0239+108, for which a
potential neutrino flare coincident with a radio and a 𝛾-ray flare had been reported in a previous
ANTARES study [3]. In this analysis, the fitted flare parameters for PKS 0239+108, reported in
Table 1, are compatible with those obtained in the previous search within differences of only a few
days. Although the multi-messenger temporal overlap is confirmed, it should be noticed that the
p-value associated to this flare has increased, passing from 6.0 × 10−3 (2.1 × 10−3) to 2.2 × 10−2

(8.2 × 10−3) for the Gaussian-like (box-like) profile.
Additionally, the direction of the sources recently highlighted in a time-dependent search

for neutrino flares performed by the IceCube Collaboration [6] have been inspected. Among
the 110 targeted sources, the following six exhibited neutrino flare activity with pre-trial signif-
icances exceeding 2𝜎: 1ES 1959+650, PKS 1502+106, NGC 1068, TXS 0506+056, M87, and
GB6 J1542+6129. With the exception of 1ES 1959+650 and GB6 J1542+6129, which lie outside
of the ANTARES visible sky, the results of the ANTARES time-dependent full-sky search were
examined for the directions of the remaining sources.

For PKS 1502+106 and TXS 0506+056, ANTARES also observed neutrino flare activity with
pre-trial significances above 2𝜎. Figure 2 shows the time distributions of ANTARES events near
these two sources, along with the corresponding best-fit signal time profiles. For comparison,
the best-fit signal time profiles reported by the IceCube Collaboration are also shown. Notably,
the ANTARES and IceCube flares from these sources show a certain degree of temporal overlap.
Details on the best-fit values of the free parameters can be found in Table 1.

In order to quantify the ANTARES-IceCube flare overlaps, the following flare definitions have
been assumed: 𝑇0 ± 3𝜎̂𝑡 for the Gaussian-like cases and 𝑇0 ± 𝜎̂𝑡 for the box-like ones.
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For PKS 1502+106, a pre-trial significance exceeding 2𝜎 is obtained for both time-profile
hypotheses. Both ANTARES flares are fully contained within the IceCube time window, yielding
an overlap of 100% relative to the ANTARES duration and 12% (7%) relative to the IceCube
duration when the ANTARES profile is Gaussian-like (box-like).

For TXS 0506+056, only the ANTARES flare with a box-like profile exceeds a pre-trial
significance of 2𝜎. Its temporal overlap with the IceCube Gaussian flare corresponds to 54% of the
ANTARES duration and 55% of the IceCube duration.

To assess the likelihood of such coincidences under the null hypothesis, independent sets of
pseudo-experiments are carried out for each source. In each trial, ANTARES events are randomized
in right ascension while the source position is kept fixed. The most significant ANTARES flare in
the source direction is then identified and compared to the corresponding IceCube flare. Adopting
a conservative criterion, the chance probability is taken as the fraction of trials in which a flare—of
either time shape—with significance ≥ 2𝜎 is found toward PKS 1502+106 (TXS 0506+056) and
exhibits an overlap of at least 7% (54%) with the IceCube window, measured with respect to either
the ANTARES or the IceCube duration. The resulting probabilities are approximately 0.3% (0.5%).

4. Conclusions

Every direction in the ANTARES visible sky has been investigated looking for the presence
of a Gaussian-like or box-like neutrino flare of half duration between 1 and 1000 days during
the 15 years of data taking of the experiment. As a result, the most significant hotspot for both
flare time profiles are compatible between them, being the Gaussian-like one the most significant,
found at (𝛼, 𝛿) = (141.3◦, 9.8◦) during 57666 ± 2 MJD, with a post-trial probability of 30% of
being due to a background fluctuation. No clear counterpart has been identified for the hotspot but
interesting overlaps with neutrino flares reported by IceCube have been found in the directions of
PKS 1502+106 and TXS 0506+056, with chance probability of ∼0.3% and ∼0.5%, respectively.
Further studies are ongoing to assess the probability of both occurrences happening simultaneously.
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