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The ANTARES neutrino telescope, located in the Mediterranean Sea, and the IceCube neutrino
observatory, located at the geographic South Pole, both search for cosmic neutrino events with
an instantaneous full-sky field of view. The different characteristics of the two telescopes, in
particular the larger instrumented volume of IceCube and the better visibility towards the Southern
Sky for neutrino energies below 100 TeV of ANTARES, are exploited in a combined search for
point-like and extended sources. The sensitivity to neutrino sources located in the Southern Sky is
improved by a factor of ~2 compared to individual studies. The data samples used in this analysis
correspond to all track-like and shower-like events from the direction of the Southern Sky which
were included in the nine-year ANTARES point-source analysis, combined with the through-
going track-like events used in the seven-year IceCube point-source search. In this analysis, the
Southern Sky is scanned for possible excesses of neutrinos that might indicate the presence of a
source, while the coordinates of predefined candidate neutrinos sources are also evaluated in order
to limit the penalty of trials. In addition, special focus is given to the region around the Galactic
Centre, treated as an extended neutrinos source, and to the location of the supernova remnant RXJ
1713.7-3946. The result of this combined search for galactic and extra-galactic neutrino sources
in the Southern Sky is reported here. No significant evidence of cosmic neutrino sources is found
and flux upper limits from the various searches are presented.
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1. Introduction

In these proceedings a search for cosmic neutrino sources covering the Southern Sky is pre-
sented using data from the ANTARES [1] and IceCube [2] neutrino telescopes. The two telescopes
consist of a three-dimensional array of photomultiplier tubes (PMTs) inside a transparent medium
— water or ice —, detecting the Cherenkov radiation induced by the passage of relativistic charged
particles. These particles are produced in neutrino interactions with the target medium inside or
near the instrumented volume. From the collected Cherenkov light, the energy and direction of
the incoming neutrinos are reconstructed. IceCube detection volume is one cubic kilometer con-
sisting of over 5,000 PMTs spread among 86 vertical strings deployed in the antarctic ice close to
the geographic South Pole between depths of 1,450 m and 2,450 m. ANTARES is located in the
Mediterranean Sea, 40 km off the coast of Toulon, France. Twelve lines equipped with a total of
885 PMTs are deployed between 2,010 and 2,470 m below the sea level instrumenting a volume
of ~0.01km>. The advantageous field of view of ANTARES as well as the high statistics provided
by IceCube allow for a gain in sensitivity by combining the datasets from both experiments in a
joint search for point-like and extended sources in the Southern Sky. The data samples employed
in this search are described in Section 2. The analysis method is presented in Section 3, while in
Section 4 the performed searches and corresponding results are presented. The conclusions are
drawn in Section 5.

2. Data samples

The data sample used in this analysis corresponds to the events from the Southern Sky in-
cluded in nine-year and seven-year point-sources searches by ANTARES [3] and IceCube [4],
respectively. The ANTARES sample includes both track-like and shower-like events. The Ice-
Cube sample consists of only track-like events that traversed the whole detection volume. Tracks
are mainly induced by charged current (CC) interactions of muon neutrinos. The relativistic muon
produced in the interaction can travel large distances through the medium, with the Cherenkov light
being constantly emitted along the track. Neutral current (NC) interactions, and Vv, and v; CC in-
teractions, produce almost spherical light emission around the interaction vertex. The longer lever
arm of the track topology allows for a better reconstruction of the particle direction and therefore
for a better median angular resolution, making tracks more suited than showers to search for point-
like sources, while showers allow for a better reconstruction of the particle energy. The ANTARES
data were recorded between early 2007 and the end of 2015. The IceCube data were collected
from 2008 to 2015, with the detector operating either in partial configuration with only few strings
in operation (samples named 1C40, IC59, IC79) or with the full detector installed (samples IC86,
2012-2015). A summary of the data samples is given in Table 1. The selected ANTARES tracks
are reconstructed with a median angular resolution better than 0.4° for energies above 100 TeV,
while a median angular resolution of ~3° is achieved for showers. The median angular resolution
of the selected IceCube through-going track events at a neutrino energy of 1 TeV is about 1° and
improves to below 0.4° for energies above 1 PeV.
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Table 1: Characteristic features of the ANTARES and IceCube samples employed in this search. Only events from the
Southern Hemisphere (last column) have been selected for the present analysis.

ANTARES sample Livetime [days] # of events

Tracks 2415 5807
Showers 2415 102
IceCube sample  Livetime [days] # of events

IC40 376 22779
IC59 348 64257
IC79 316 44771
IC86 333 74931
2012-2015 1058 119231

3. Analysis method

A maximum likelihood estimation is performed to identify clusters of cosmic neutrinos from
point-like and extended sources over the background of randomly distributed atmospheric neutrinos
and muons. The used likelihood is defined as

7 NJ j

L(ns,y) =11 U\‘is{(yﬂ (1 - %)B{}, 3.1)

where n; and 7y are the unknown total number of signal events and signal spectral index, assuming
a single power-law spectrum for the source. Slj and B{ are the values of the signal and background
probability density functions (PDFs) for event i in sample j. N/ is the total number of data events
in the j sample, while nl is the unknown number of signal events in sample j. The signal and
background PDFs are given by the product of a directional and an energy term. The definition of
these PDFs is slightly different for the ANTARES and the IceCube samples and can be found in
[3] and [4], respectively. For the IceCube samples, the spatial PDF is given by a 2-dimensional
Gaussian, PSI[%CB = exp(—A¥?/20?)/(2nc?), with A¥ being the angular distance of the event
from the source and o being the angular error estimate of the event. When searching for spatially
extended sources, the value of o is replaced with 6,7 = \/0%+ 62, where o is the extension
of the source assuming a Gaussian profile. For the ANTARES samples, a parameterisation of the
point spread function, which describes the distribution of signal events around the location of a
point-like source, is used as spatial signal PDF. It is defined as the PDF to reconstruct an event at a
given angular distance from its original direction, which is derived from Monte Carlo simulations.
The original direction of the events is given by the location of the source in the case of a point-
source hypothesis. For extended sources, the PSF is built assuming that the original direction of
the events is distributed according to a Gaussian profile around the source location with standard
deviation given by the assumed source extension o;. In the likelihood maximisation, the values of
the number of signal events n; (n; > 0.001) and the signal spectral index y (1 <y < 4) are being
optimised. Moreover, the position of the source is either kept fixed or fitted within specific limits
depending on the type of search (see Section 4). In order to determine the significance of a cluster

(pre-trial p-value), a test statistic is computed as

0 =logL(fis,¥) —logL(ny = 0), (3.2)
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where 7i; and ¥ are the best-fit values from the likelihood maximisation. When many directions in
the sky are investigated, a trial correction has to be applied when estimating the significance of the
observation. To this purpose, the observed Q is compared to the test statistic distribution obtained
when performing the same analysis on many background-only pseudo-experiments — pseudo-data
sets of data randomised in time to eliminate any clustering. The fraction of Q values which are
larger than the observed Q gives the trial-corrected significance (post-trial p-value) of the observa-
tion.

4. Searches and results

Five different searches for cosmic neutrino sources are performed. The details of each ap-
proach together with the respective results are presented below.

4.1 Southern-sky search

In this search, a scan of the Southern Sky is performed to find an excess of signal events
with respect to the expected background. To this purpose, the Q-value defined in equation (3.2) is
evaluated in steps of 1° x 1° over the whole scanned region, with the location of the fitted cluster
being left free to vary within these boundaries. The results of the searches for the different in-
vestigated source extensions o, (o, = 0.0° corresponds to the point-like hypothesis) are presented
in Table 2. The largest excess with respect to the background hypothesis is found at equatorial
coordinates (&, 8) = (213.2°, —40.8°) for a point-like source hypothesis with best-fit A, = 5.7 and
¥ = 2.5. The trial-corrected significance of the cluster is 18% (0.9 in the one-sided convention).
The position of the cluster together with the pre-trial p-values for all the investigated directions for
a point-like source hypothesis is shown in Figure 1.

Table 2: List of the most significant clusters found when performing the Southern-sky search for different source
hypotheses. Reported are the extension oy of the Gaussian distribution, the best-fit parameters (number of signal events,
fis, spectral index, 7, declination, 0, right ascension, &), and p-values.

o [°]| As | 7| o[°] | &[°] |pre-trial p-value | post-trial p-value
0.0 | 5.7 |2.5|-40.8|213.2 1.3%x 107> 0.18
0.5 [10.5(39]-225]| 185 3.4x1073 0.31
1.0 |11.6 3.8 |-21.9| 18.4 8.9x1073 0.44
2.0 [20.3]3.0(-40.1 |274.1 22x107% 0.47

4.2 Candidate list search

In the candidate list search, the directions of a pre-selected list of 57 known cosmic objects,
which might be promising neutrinos emitters, are investigated to look for an excess of neutrino
events. The list of the analysed cosmic candidates is presented in Table 3, together with the results
of the search. The most significant source of the list is HESSJ1023-575, a TeV y—ray source
coincident with the young stellar cluster Westerlund 2 [5]. A total of 6.4 signal events and a
spectral index of 3.5 are fitted at the position of the source. The trial-corrected significance of the
cluster is 42%, corresponding to 0.2¢ in the one-sided convention. Figure 2 shows the upper limits
at 90% confidence level (C.L.) as a function of the source declination together with the median
sensitivity, both derived with the Neyman method [6].
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Table 3: List of cosmic objects analysed in the candidate list search. Reported are the source’s name, equatorial

coordinates, best-fit values of the free parameters, pre-trial p-value and 90% C.L. upper limits on the flux normalization

factor for an E,, 20 spectrum, CIJ%O,Z”_O (in units of 1072 GeVem~2s~1), and for an E;, 23 spectrum, CIJ?EQ'Z”_S (in units of
\4 v

107% GeV!3cm~=2s~1). Dashes (-) in the fitted number of source events, spectral index and pre-trial p-value indicate
sources with null observations.

Name 8] al] A 7 pvalue ®0%, &0,
LHA120-N-157B -69.16 84.43 - 3.6 0.9

HESSJ1356-645 -64.50 209.00 1.2 3.1 0.18 6.2 1.4
PSRB1259-63  -63.83 19570 1.3 40 0.19 6.2 1.5
HESSJ1303-631 -63.20 195.74 - - - 3.7 0.9
RCW86 -62.48 220.68 1.0 1.6 0.20 6.3 1.5
HESSJ1507-622  -62.34 226.72 - - - 3.7 1.0
HESSJ1458-608 -60.88 224.54 3.7 3.6 0.036 9.3 2.0
ESO139-G12 -59.94 264.41 - - - 3.7 1.0
MSH15-52 -59.16 22853 - - - 3.7 1.0
HESSJ1503-582  -58.74 22646 - - - 3.7 1.0
HESSJ1023-575 -57.76 155.83 6.4 3.5 0.0079 112 25
CirX-1 -57.17 23017 - - - 3.8 1.0
SNRG327.1-01.1 -55.08 238.65 - - - .
HESSJ1614-518 -51.82 243.58 1.6 4.0 021 6.1 1.6
HESSJ1616-508 -50.97 243.97 2.0 2.0 0.18 6.5 1.6
PKS2005-489  -48.82 302.37 04 29 0.18 6.4 1.6

GX339-4 -48.79 255.70 - - 3.7 1.1
HESSJ1632-478 -47.82 248.04 - - - 3.7 1.1
RXJ0852.0-4622 -46.37 133.00 - - - 3.7 1.1
HESSJ1641-463 -46.30 25026 - - - 3.7 1.1

VelaX -45.60 12875 - - - 3.6 1.1
PKS0537-441 -44.08 8471 1.6 22 0.098 7.2 1.9
CentaurusA -43.02 20136 - - 3.6 1.1

PKS1424-418 -42.10 21698 0.6 23 0.24 5.5 1.6
RXJ1713.7-3946 -39.75 25825 - - - . .
PKS1440-389 -39.14 220.99 3.0 2.4 0.0085 10.8 3.0
PKS0426-380  -37.93 67.17 - - - .
PKS1454-354  -35.67 22436 3.9 2.1 0.089 7.3 2.1
PKS0625-35 -3549 96.78 - - - .
TXS1714-336  -33.70 25940 1.2 23 0.17 5.9 1.9
Swift]1656.3-3302 -33.04 254.07 2.8 2.1 0.15 6.1 1.9
PKS0548-322 -32.27 8767 - - - 32 1.2
H2356-309 -30.63 359.78 - - - 3.0 1.2
PKS2155-304  -30.22 329.72 - - - .
HESSJ1741-302 -30.20 26525 1.0 2.9 0.12 6.0 2.0
PKS1622-297 -29.90 246.50 4.4 19 0.048 7.4 2.4
GalacticCentre  -29.01 266.42 29 2.1 0.046 7.2 2.4

Terzan5 -2490 26695 - - - 2.5 1.2
1ES1101-232 -23.49 16591 - - - 24 1.2
PKS0454-234  -2343 7427 - - - 24 1.2

W28 -23.34 27043 1.7 2.5 0.094 49 2.0
PKS1830-211 -21.07 27842 - - - 2.2 1.2
NRGO015.4+00.1 -1547 27452 - - - 1.6 1.0

LS5039 -14.83 276.56 - - - 1.5 1.0

QSO1730-130  -13.10 263.30 - - - 1.3 0.9
HESSJ1826-130 -13.01 276.51 - - - 1.3 0.8
HESSJ1813-126 -12.68 27334 - - - 1.3 0.8

1ES0347-121 -11.99 5735 - - - .
PKS0727-11 -11.70 112.58 25 2.7 0.13 2.1 1.2
HESSJ1828-099 -9.99 27724 24 29 0.079 2.0 1.2
HESSJ1831-098 -9.90 27785 - - - 0.9 0.6
HESSJ1834-087 -8.76 278.69 - - - .
PKS1406-076 -7.90 21220 6.8 2.7 0.11 L5 0.7
QS02022-077 -7.60 30640 - - - .
HESSJ1837-069  -6.95 279.41 25 34 024 1.0 0.5
2HWCJ1309-054 -549 19731 9.1 3.2 0.051 0.9 0.3
3C279 -5.79 194.055 25 22 028 0.6 0.3
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Figure 1: Sky map in equatorial coordinates of the pre-trial p-values obtained in the Southern-sky search
for the point-like source hypothesis. The red contour indicates the location of the most significant cluster.
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Figure 2: Upper limits at 90% C.L. on the signal flux from the analysed candidates (green dots). An
unbroken E;, 7 neutrino spectrum is assumed, with ¥ = 2.0 (left) and ¥ = 2.5 (right). The green line indicates
the sensitivity of the combined analysis. The dashed curves indicate the sensitivities for the IceCube (blue)

and ANTARES (red) individual analyses.

4.3 Galactic Centre region

The third search is similar to the Southern-sky search, but restricted to a region around the
Galactic Centre (&, §) = (266.40°,-28.94°) and defined by an ellipse with a semi-axis of 15° in
the direction of the galactic latitude and a semi-axis of 20° in galactic longitude. The results of
the searches for the different investigated source extensions are presented in Table 4. The most
significant result is observed for an extended-source hypothesis with a width of 2.0° at (66,3) =
(274.1°,—40.1°). The values of the best-fit /iy and ¥ are 20.3 and 3.0, respectively, and the trial-
corrected significance of the hotspot is 3% (1.9¢ in the one-sided convention). The declination-
dependent limits of this search are shown in Figure 3-left for different source extensions.

Table 4: List of the most significant clusters found when performing the Galactic Centre region search for different
source hypotheses. Reported are the extension o; of the Gaussian distribution, the best-fit parameters (number of signal
events, i, spectral index, ¥, declination, 3, right ascension, &), and p-values.

o[°]| Ais | ¥ | 8[°] | &[°] | pre-trial p-value | post-trial p-value
0.0 | 6.8 [2.8]-42.3(273.0] 7.3x10* 0.40

0.5 | 84 |2.8]-420|273.1| 52x107* 0.19

1.0 [12.1]29|-41.8|274.1| 69x107* 0.15

2.0 [203]3.0|-40.1|274.1| 22x107* 0.03
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4.4 Sagittarius A*

In this search, the location of Sagittarius A*, the super-massive black hole located at the centre
of our Galaxy, (a,d) = (266.42°,—29.01°), is analysed by testing point-like and extended source
hypotheses. The values of the best-fit parameters at the investigated location for the various source
widths are presented in Table 5 together with the p-values. The 90% C.L. upper limits as a function
of the source extension are shown in Figure 3-right together with the median sensitivity and the
discovery flux.

Table 5: Values of the best-fit parameters (number of signal events, fiy, and spectral index, ) and p-values for the
search at the location of Sagittarius A* for different source extensions. Dashes (-) in the fitted number of source events,
spectral index and pre-trial p-value indicate cases of underfluctuation.
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Figure 3: Left: 90% C.L. limits on the neutrino flux of the Galactic Centre region search assuming an E;M
spectrum for different source extensions o;. Right: discovery flux (solid red), median sensitivity (solid blue)
and 90% C.L. upper limits (solid green) for the search at the location of Sagittarius A* assuming an E 20
spectrum as a function of the angular extension o;. The results for the point-like source assumption are
shown as dashed lines.

4.5 RXJ 1713.7-3946

A dedicated search for cosmic neutrinos from RXJ 1713.7-3946, the shell-type supernova
remnant (SNR) at equatorial coordinates (a,d) = (258.25°,—39.75°), is performed. Two different
models are considered for the neutrino emission: the model proposed by Kappes et al. [7], in the
following indicated as RXJ 1713.7-3946 (1), and the model recently introduced for KM3NeT [8]
and based on the methods described by Vissani et al. [9, 10, 11], hereafter referred to as RXJ
1713.7-3946 (2). Both models are of the form

E, \ T
Dy (Ey) =D (m) exp(_(Ev/Ecut}B): 4.1)

where Ey is the neutrino energy and the values of the neutrino spectrum parameters ®g, I, E¢y and
B are listed in Table 6. An extension of 0.6° is assumed for the source as reported by the y-ray
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analysis performed by the H.E.S.S. experiment [12]. No significant evidence of cosmic neutrinos
from the direction of the SNR is observed for either of the considered spectra. The results of the
search, in terms of number of fitted signal events and the observed p-value, are presented in Table 6
for each spectrum assumption, together with the 90% C.L. sensitivity and upper limit.

Table 6: List of considered neutrino emission models for the search at the location of RXJ 1713.7-3946 and respective
results. For each model, the values of the neutrino spectrum parameters, ¥ (in units of 10711 Tev—lem=2s™1), T, Ecy
([TeV]) and B, entering in equation (4.1) are provided. The last four columns show the results in terms of best-fit number
of signal events, 7i,, p-value, ratio of the sensitivity to the assumed source flux, @20%C'L' /@y, and ratio of the upper limit
to the assumed source flux, ®0%CL- /.

Spectrum Dy | T |Ec| B | A |p-value q)gO%C‘L' /P ¢20%C‘L‘ /P
RXJ 1713.7-3946 (1) | 1.55 [ 1.72 | 1.35]0.5|0.3 | 0.40 10.7 13.2
RXJ 1713.7-3946 (2) | 0.89 [ 2.06 | 8.04 | 1 |0.3| 0.41 9.7 11.7

5. Conclusions

In these proceedings, the results of a combined search for neutrino sources in the Southern Sky
using data from the ANTARES and IceCube detectors have been presented. No significant evidence
of cosmic neutrino sources has been found in any of the different searches performed. Nevertheless,
this analysis proves the high potential of the joint search for neutrino sources with ANTARES and
IceCube. Thanks to the different characteristics of the experiments, the two telescopes complement
each other in the search for neutrino sources in the Southern sky, allowing for a significant gain in
sensitivity to possible galactic sources of neutrinos.

We gratefully acknowledge the financial support of the Ministerio de Ciencia, Innovacién y Universidades: Programa Estatal de
Generacién de Conocmiento, ref. PGC2018-096663-B-C41 (MCIU/FEDER) and Severo Ochoa Centre of Excellence (MCIU), Spain.

References

[1] ANTARES Collaboration, M. Ageron et al., Nucl. Instrum. Meth. A656 (2011) 11.
[2] IceCube Collaboration, M. G. Aartsen et al., JINST 12 (2017) P03012.

[3] ANTARES Collaboration, A. Albert et al., Phys. Rev. D96 (2017) 082001.

[4] IceCube Collaboration, M. G. Aartsen et al., Astrophys. J. 835 (2017) 151.

[5] H.E.S.S. Collaboration, F. Aharonian, Astron. Astrophys. 467 (2007) 1075-1080.
[6] J. Neyman, Phil. Trans. Roy. Soc. Lond. A236 (1937) 333.

[7

1 A. Kappes, J. Hinton, C. Stegmann, and F. A. Aharonian, Astrophys. J. 656 (2007) 870-896.
[Erratum: Astrophys. J. 661 (2007) 1348].

[8] KM3NeT Collaboration, A. Trovato, R. Coniglione, P. Sapienza, and J. Barrios-Marti,
PoS (ICRC2017) 999 (2018).

[9] F. Vissani, Astropart. Phys. 26 (2006) 310-313.
[10] F. L. Villante and F. Vissani, Phys. Rev. D78 (2008) 103007.
[11] E Vissani and F. L. Villante, Nucl. Instrum. Meth. A588 (2008) 123—-129.
[12] HESS Collaboration, H. Abdalla et al., Astron. Astrophys. 612 (2018) A6.


http://pos.sissa.it/cgi-bin/reader/contribution.cgi?id=PoS(ICRC2017)999

