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The high-energy neutrino telescope ANTARES was a water-Cherenkov detector anchored to the
deep bottom of the Mediterranean Sea. It took its last data in February 2022, after 15 years of
operation, and had as main goal the identification of neutrinos from astrophysical sources. Given
its advantageous view of the Southern Sky, in particular for neutrino energies below 100 TeV,
and its excellent angular resolution, the telescope represented a powerful tool to search for the
presence of point-like sources, especially of Galactic origin. The ANTARES Collaboration has
consistently updated the results of the search for cosmic point-like neutrino sources using all the
available data at the time. With the detector now decommissioned, the final update to this analysis
using the complete dataset collected between early 2007 and early 2022 is presented and discussed
in this contribution.
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1. Introduction

The ANTARES neutrino telescope [1], decommissioned on February 2022 after 15 years of
operation, consisted of a three-dimensional array of 885 photomultiplier tubes distributed along 12
lines separately horizontally 70 m. Each line hosted 25 storeys equipped with three photomultiplier
tubes each one shielded by a presure-resistant glass sphere. The vertical distance between storeys
was 14.5 m. Anchored at a depth of 2500 meters below the Mediterranean Sea’s surface and located
40 km off the coast of Toulon, France, this unique setup offered clear visibility of neutrinos coming
from the Southern Sky and the Galactic Centre. Immersed in seawater and nestled in the Northern
Hemisphere, ANTARES boasted an exceptional angular resolution, rendering it an excellent tool
for pinpointing cosmic neutrinos sources, particularly of Galactic origin.

Within this contribution, the findings of several searches for point-like sources utilising
ANTARES data collected over its complete lifetime of 15 years are presented. This contribu-
tion not only updates the previous analysis [2] by adding two more years of data, but it uses an
improved dataset obtained by means of refined calibrations, recovered data from previous years of
operation, and incorporates simulated v, events. Moreover, an update of the energy estimator for
tracks which takes into account the time evolution of the detector over the whole data-taking period
has been included.

The ANTARES neutrino telescope is sensitive to two different morphologies of light emission
in water: tracks and showers. The former are produced by muons crossing the water at relativistic
speeds, coming from the charged current interactions of v, with the medium. The latter originate
mainly from v, and v, interacting through charged current, and neutral current neutrino interactions
for all three flavours. This final data set comprises 11029 tracks and 239 showers recorded during
4541 days of effective livetime between January 29, 2007 and February 13, 2022. The selection
criteria is based on maximising the model discovery potential of a neutrino flux with a spectrum
proportional to E 2, as described in [3].

2. Search method

Due to the unavoidable atmospheric neutrino background, the analysis method is based on
searching for spatial clustering events from any direction of the sky. The estimated energy of the
events is also used, as cosmic neutrinos are predicted to be produced with a harder spectrum than the
atmospheric background (neutrinos and muons). For this task, and unbinned maximum likelihood,
defined as follows, is used:

Neam Nj 'uJ ) ,LlJ )
log £ = log |—287 + (1 - —=£) 8/ (1)
where the sum over j represents all considered samples, tracks and showers in this work. Then,
for each j-th sample, Sl.j and Bi] are the values of the signal and background probability density
functions (PDFs) of the i-th event, and N/ is the total number of events observed in the j-th
sample. The signal and background PDFs are given by the product of a directional and an energy
term. The same definition of the PDFs employed in the previous analyses [2, 3] is used. The
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likelihood of Equation (1) is maximised in search for the best value of the total fitted signal events:

. _— ,,track shower
Hsig = Hgo +'usig

statistic (TS) computed as:

. The significance of each inspected sky location is determined by a test

Q = log L(uly, = tha) —log L(u, = 0), @)

that is, the difference between the log-likelihood for the best fit of the free parameter ugj, and the
value of the log-likelihood on the background-only hypothesis. The distributions of the TS are built
from pseudo-experiments (PEs), which consist of fake samples composed only of background-like
events which maintain the properties of the declination, right ascension, and energy distributions
of real data. The significance of the observed Qqat, from the true dataset is obtained computing the
p-value in the only-background TS distribution.

3. Searches and Results

Two different searches for cosmic neutrinos are carried out: a scan over the full ANTARES
sky map looking for clusters of events, and a search from very specific directions determined by the
location of interesting sources which are candidates to be neutrino emitters.

3.1 Full-sky search

For this type of search, the complete celestial sky below 40° in declination (limit of the
ANTARES visibility) is divided in a grid of ~ (0.11° x 0.11°) pixels covering equal areas in
solid angle using the HEALPix! tool [4, 5]. Each direction, determined by the coordinates of the
centre of the pixel, is studied using the likelihood of Equation (1), and the Qpixd obtained from
this direction is compared to its corresponding @k, distribution at the same declination. With this
procedure the ANTARES sky map of neutrinos is transformed into the map of pre-trial p-values of
Figure 1, where the colour code indicates the magnitude of the p-value found on each direction.

The pre-trial p-values must be corrected by the number of performed trials (directions studied)
during the analysis. To do so, the same analysis is repeated over many PEs composed of only
background-like events. For each PE, the lowest p-value found on the sky is saved to build the
distribution of the lowest p-values . Then, the post-trial p-value is computed as the significance of
the pre-trial p-value from real data in this lowest p-values distribution.

The location of the sky with highest significance is spotted at equatorial coordinates (a, d) =
(200.5°, 17.7°), with a pre-trial p-value of 3 x 107> (post-trial p-value of 1.1%), corresponding
to 4.00 (1.207) in the one-sided convention. Figure 2a shows the pre-trial p-values sky map in a
10° x 10° square centred at the location of the hotspot, while Figure 2b depicts the ANTARES
events located close to the same sky direction. The closest astrophysical object is the radio
source J1318+1807, located at a distance of 1.0° from the hotspot. Other sources within 2.0° are
J131541736 (1.5°) and J1328+1744 (1.7°). The location of the second most significant spot is
found in the Southern Sky at («, §) = (183.2°, —16.1°) with 3.70 pre-trial significance.

Thttp://healpix.sourceforge.net


http://healpix.sourceforge.net

Search for neutrino sources with ANTARES Giulia Illuminati

ANTARES PS search pyajues map

PRELIMINARY

/

Declination J2000 [deg]

Right AsceioOO [deg]

—10g10(PYaiue)

Figure 1: Sky map in equatorial coordinates of pre-trial p-values for a point-like source of the ANTARES
visible sky. The red circle indicates the spot on the sky with the highest significance.
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Figure 2: (a): Pre-trial p-value map around the location of the full-sky hotspot. (b): Distribution of the
ANTARES events close to the full-sky hotspot in the (@, §) = (200.5°, 17.7°) coordinates. The inner (outer)
solid green line depicts the one (five) degree distance from the position of the source location. The red points
denote shower-like events, whereas the blue points indicate track-like events. The dashed circles around the
events indicate the angular error estimate. Different tones of red and blue correspond to the values assumed
by the energy estimators as shown in the legend. The location and names of the three astrophysical sources
located closer than 2.0° from the hotspot are reported in golden.
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3.2 Candidate-list search

In the candidate-list search, a set of directions determined by the position of known promising
sources is investigated in search of cosmic neutrino signal. The studied list in this work is an update
of the previous one analysed in [2] with the following modifications:

* Seven new Galactic sources from the TeVCat catalogue [6] have been added.
* Eleven new sources listed in the first LHAASO catalogue [7] have been added.
* All HAWC sources updated to the third catalogue [8].

* Potential neutrino-emitting radio blazars from a previous KM3NeT analysis [9] have been
added.

» Two sources that are significant from a previous ANTARES analysis [10]: MG3 J225517+2409
and 3C403.

* The direction of the hottest spot in the IceCube Southern Sky from [11].

The list of the 163 analysed candidates, together with the obtained results at each location, is
reported in Table 1. The search results in blazar MG3 J225517+2409 being the most significant
one of the list. A pre-trial p-value of 3.34 x 10~* is found, corresponding to 3.4¢ in the one-sided
convention, and translating into a 0.054 post-trial significance of 1.7¢0. Figure 3a shows the pre-
trial p-value sky map in a 10° x 10° square centred at the location (a, ¢) = (343.8°, 24.2°), while
Figure 3b depicts the ANTARES events located close to the same sky direction. The 90% C.L.
limits on the one-flavour neutrino flux normalisation, @, are shown in Figure 4 as a function of
the declination for the 163 investigated candidates. The neutrino flux has been parameterised as

-2
Py =0 (1€ZV)

4. Conclusions

The results of searches for point-like sources using events detected by the ANTARES telescope
during 15 years of data taking have been presented. The searches include a scan over the whole
ANTARES visible sky and an investigation of 163 astrophysical candidates. No significant evidence
of cosmic neutrino sources has been found. The full-sky hotspot (@, §) = (200.5°, 17.7°) has
a pre-trial p-value of 3 x 107> (4.007), corresponding to 1.1% post-trial p-value. The sources
investigated in the candidate-list search showing highest pre-trial significance above 20~ are: MG3
J225517+2409 (3.407), 3C403 (3.407), J0242+1101 (2.60), J2136+0041 (2.40), TXS 0506+056
(2.40), J0609-1542 (2.30°) and the Galactic Centre (207).
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Figure 3: (a): Pre-trial p-value map around the location of the most significant source MG3 J225517+2409.
(b): Distribution of the ANTARES events close to MG3 J225517+2409 in the (a, §) = (343.8°, 24.2°)
coordinates. Refer to the caption of Figure 2b for a description of the map.
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Figure 4: 90% C.L. upper limits (triangles) on the one-flavour neutrino flux normalisation for the investigated
astrophysical candidates as a function of the source declination. A E~%* spectrum has been assumed. The
arrows point to the the upper limits corresponding to the sources for which a pre-trial significance of over
20 has been obtained. The solid (dashed) line shows the 90% C.L. median sensitivity (50% So- discovery
flux) of the analysis.
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Table 1: List of analysed astrophysical objects. Reported are the source’s name, declination &, right ascension «,
best-fit number of signal events fi;g, pre-trial p-value and 90% C.L. upper limits on the flux normalisation factor for a
E~29 spectrum, dD(Q)O%C'L' (in units of 1078 GeVem~2s~1). Sources for which a pre-trial significance of over 20~ has
been obtained are highlighted in bold. Dashes (-) in the fitted number of source events and pre-trial p-value indicate
sources with null fitted signal.

Name d[°] a[°] fsig p-value QgO%C'L' Name S[°] a[°] Asig  p-value (I)gO%C'L'
LMCN N132D -69.5 81.2 - - 0.37 |RGBJ0152+017 179 28.17 - - 0.57
LHA 120-N-157B -69.16  84.43 - - 0.37 |J1229+0203 205 1875 - - 0.60
PSRB1259-63 -63.83 195.70 - - 0.37 | HESS J1858+020 2.06 284.57 - - 0.57
RCW86 -62.48 220.68 - - 0.37 |3C403 2.51 298.07 3.21 0.000337  2.09
HESS J1507-622 -62.34 226.72 - - 0.43 | ILHAASOJ1858+0330  3.51 284.59 - - 0.57
ESO 139-G12 -59.94 264.41 - - 0.37 | CGCG 420-015 4.03 7338 - - 0.58
SNR G318.2+00.1 -59.46 224.42 - - 0.37 | SS433 498 287.96 - - 0.58
MSH 15-52 -59.16 228.53 - - 0.37 |J0433+0521 535  68.30 - - 0.58
HESS J1503-582 -58.74 226.46 - - 0.37 | TXS 0506+056 5.7 77.35 2.5 0.0083 1.6
HESS J1023-575 -57.76 155.83 - - 0.46 | HESS J0632+057 581 9824 1.66 0.036 1.32
CirX-1 -57.17 230.17 - - 0.37 |LHAASO J1908+0621 6.35 287.05 - - 0.58
IChorspor South -56.5 3502 04 0.19 0.61 ILHAASO J1902+0648 6.8 285.58 - - 0.59
SNR G327.1-01.1 -55.08 238.65 - - 0.41 | PKS 2145+067 696 327.02 0.29 0.21 0.92
HESSJ1614-518 -51.82 243.58 - - 0.37 |B1030-074 7.19 158.39 - - 59
PKS 2005-489 -48.82 302.37 0.25 0.25 0.55 | ILHAASO J906+0712 7.2 286.56 - - 0.59
GX339-4 -48.79 255.70 - - 048 |3HWCJ1914+118 8.57 286.79 - - 0.59
HESS J1641-463 -46.30 250.26 2.26 0.067 0.78 | W 498 9.09 287.78 1.00 0.052 1.25
RX J0852.0-4622 -46.37 133.00 - - 038 |OT 081 9.65 267.89 0.09 0.72 0.87
Vela X -45.60 128.75 1.9 0.094 0.73  |HESS J1921+101 10.15 288.21 - - 0.6
PKS0537-441 -44.08 84.71 - - 0.39 | PKS 1502+106 1049  226.1 - - 0.6
CentaurusA -43.02 201.36 1.05 0.085 0.75 |J0242+1101 11.02 40.6 4.43 0.00526 1.73
PKS1424-418 -42.10 216.98 - - 0.38 | ILHAASO J1959+1129u 11.49 299.82 - - 0.6
1ES2322-409 -40.66 351.20 - - 0.38 |RBS 0723 11.56  131.8 - - 0.61
RXJ1713.7-3946 -39.75 258.25 - - 040 |3HWCJ1914+118 11.72 288.68 - - 0.6
CTB 37A -38.52 258.56 - - 040 |J2232+1143 11.73 338.15 - - 0.61
PKS0426-380 -37.93  67.17 - - 0.40 |JO121+1149 11.83 2042 - - 0.61
PKS1454-354 -35.67 22436 146 0.12 0.73  |J1230+1223 12.39 187.71 048 0.173 0.98
PKS0625-35 -3549  96.78 - - 0.40 |JO750+1231 1252 117.72 091 0.151 1.02
TXS1714-336 -33.70 259.40 - - 0.40 | PKS 1413+135 13.35 214.03 - - 0.61
Swift]1656.3-3302  -33.04 254.07 - - 0.53  |J0530+1331 13.53 8274 - - 0.75
PKS0548-322 -32.27 87.67 - - 040 |WS5l1 14.14  290.75 - - 0.61
H2356-309 -30.63 359.78 - - 0.40 | VER J0648+152 1527 102.2 - - 0.62
PKS2155-304 -30.22 329.72 - - 0.40 |J2253+1608 16.15 343.49 - - 0.62
HESSJ1741-302 -30.20 265.25 1.2 0.095 0.77 | PKS 0235+164 16.17  39.66 - - 0.62
PKS1622-297 -29.90 246.50 - - 0.48 |PKS 0735+178 17.71 11453 - - 0.62
71924-2914 -29.24 291.21 - - 0.63 |LHAASO J1929+1745 17.75 29225 - - 0.79
Galactic Centre -29.01 266.43 2.01 0.024 1.16 | J0854+2006 20.11 133.70 - - 0.75
J2258-2758 -27.97 344.52 - - 0.48 | RGB J2243+203 20.5 34098 0.82 0.109 1.16
J1625-2527 -25.46 246.45 - - 0.50 | VERJO0521+211 21.21  80.40 - - 0.90
NGC 253 -2529 118 - - 0.50 |4C+21.35 21.38 186.23 - - 0.64
Terzan5 -24.90 266.95 - - 0.69 |Crab 22.01 83.63 - - 0.65
1ES1101-232 -23.49 165.91 - - 0.51 1C 443 22.5 94.21 - - 0.65
J0457-2324 -23.24 270.43 - - 0.51 |S20109+22 2274 18.02 - - 0.65
w28 -23.34 270.43 - - 0.58 |B1422+231 2293 216.76 - - 0.65
J1833-210A -21.06 278.42 - - 0.52 | 3HWC J1940+237 23.77 295.05 - - 0.65
J0836-2016 -20.28 129.16 - - 0.52 | PKS 14244240 238  21.76 - - 0.65
J1911-2006 -20.12 287.79 - - 0.52 | MG3 J225517+2409 24.19 343.82 4.39 0.00034 2.29
eHWCJ1809-193 -19.34 272.46 - - 0.53 | 3HWC J1950+242 2426 297.69 - - 0.66
J0609-1542 -20.12 287.79 1.23 0.015 1.39 | MS1221.8+2452 24.614 186.1 - - 0.65
SNR G015.4+00.1 -15.47 274.52 - - 0.55 | PKS 1441+25 25.03 220.99 - - 0.83
j2158-1501 -15.02 329.53 - - 0.52 | IES0647+250 25.05 102.69 - - 0.65
LS5039 -14.83 276.56 - - 0.52 | S31227+25 253 187.56 - - 0.66
LHAASOJ1825-1326 -13.45 276.45 - - 0.70 | W Comae 28.23 185.38 - - 0.69
QS01730-130 -13.10 263.30 1.41 0.104 1.00 |LHAASO J1956+2864u  28.75 299.78 - - 0.74
J1337-1257 -12.96 204.42 - - 0.53  |J0237+2848 28.8  39.47 - - 0.74
J2246-1206 -12.11 241-58 - - 0.53 | TON0599 29.24 179.88 - - 0.69
1ES0347-121 -11.99  57.35 - - 0.53 ILHAASO J1219+2915  29.25 184.98 - - 0.69
PKS0727-11 -11.70 112.58 1.52 0.051 1.15  |3HWCJ1951+2915 29.4 29799 - - 0.82
HESSJ1828-099 -9.99 277.24 0.87 0.11 1.01 1ES1215+303 30.1 184.45 - - 0.70
J1512-0905 -9.10 22821 - - 0.55 | 1ES1218+304 30.19 185.36 - - 0.70
HESSJ1834-087 -8.76  278.69 - - 0.55 | HESS J1746-308 30.84 266.57 - - 0.83
J0607-0834 -8.58 -92 0.61 0.152 0.93 | B21811+31 31.74 2734 - - 0.72
PKS1406-076 -7.90 212.20 - - 0.55 |J1310+3220 3225 197.62 - - 0.73
QS02022-077 -7.60 306.40 0.59 0.17 0.89 | B21420+32 32.39 215.63 - - 0.72
RS Ophiuchi -6.71 267.55 1.67 0.027 1.28 | ILHAASO J2002+3244u 32.74 300.64 - - 0.86
J0006m0623 -6.39 1.56 1.57 0.047 1.18 | ILHAASO J2028+3352  33.88 307.21 - - 0.74
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Continuation of Table 1

Name S[°]  al®] Agg p-value CD?)O%C‘L‘ Name S[°]  e[°] Asig p-value @gO%‘C‘L'
3C279 -5.79 194.05 0.88 0.152 0.93  [3HWC J2006+340 34.0 301.73 - - 0.74
LHAASO J1839-0545 -5.75 279.95 - - 0.55 J1613+3412 34.21 243.42 - - 0.86
J2225-0457 -4.95 336.45 - - 0.56 | S30218+35 3594 3527 - - 0.76
PKS 1741-038 -3.38 266 2.71 0.021 1.37 |LHAASOJ2018+3651 36.85 304.75 - - 1.14
LHAASO J1843-0338 -3.65 280.75 - - 0.56 1LHAASO J2027+3657 36.95 306.88 - - 0.77
HESS J1848-018 -1.89 282.12 - 0.56  |J2015+3710 37.18 303.87 - - 0.96
J0339-0416 -1.78  54.88 - - 0.56 | Milagro Diffuse 38 305 045 0.195 1.1
J0423-0120 -1.34  65.82 - - 0.62 | Mkn 421 38.21 166.11 - - 0.78
J0725-0054 -0.92 111.46 - - 0.56 |B32247+381 38.43 342.53 - - 0.78
LHAASOJ1849-0003 -0.05 282.35 - - 0.56  |J0927+3902 39.04 141.76 0.98 0.043 1.53
NGC1068 -0.01 40.67 - - 0.65 NGC 4151 39.41 182.63 - - 0.80
J2136+0041 0.70 324.16 2.82 0.0079 1.57 | Mkn 501 39.76 253.47 - - 0.80
3HWC J1852+013 1.34 283.05 - - 0.57  |J1642+3948 39.81 250.75 - - 0.82
J1058+0133 1.57 164.62 - - 0.60  |J0555+3948 39.81 88.88 - - 0.80
J0108+0135 1.58 17.16 - - 0.57 |LHAASO J2032+4102 41.05 308.05 - - 0.81
PKS 0736+017 1.79 28.17 - - 0.57
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