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Search for point sources with the ANTARES neutrino telescope using the EM algorithm
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Abstract: The ANTARES detector, currently the largest deep-sea neutrino telescope in the Northern Hemisphere, con-
sists of a three-dimensional array of 885 optical modules arranged over 12 detection lines anchored at a depth of 2475 m
in the Mediterranean Sea, 40 km offshore from Toulon (France). The photomultiplier tubes detect the Cherenkov light
induced by the charged particles produced in the interaction of cosmic neutrinos with the matter surrounding the detector.
The trajectories of the resulting muons are reconstructed with high precision, revealing the direction of the incoming
neutrinos. The main scientific goal of ANTARES is the search for high energy neutrinos coming from astrophysical
sources. This contribution describes a point source search using a dedicated clustering algorithm, based on the analytical
maximization of the likelihood. The results of shuch analysis using four years of data will be presented.
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1 Introduction

The ANTARES neutrino telescope [1] started data taking
in 2007 and is fully operational since 2008. Located at
40 km off the coast of Toulon it consists of 12 detection
lines anchored to the seabed at a depth of 2475 m and sus-
tained vertically by means of buoys. Each line has 25 floors
(or storeys) composed by a triplet of photomultiplier tubes
(PMTs) housed in pressure resistant glass spheres called
optical modules (OMs). The OMs are facing downward at
45◦ from the vertical for an increased detection- efficiency
for up-going neutrinos.
This three-dimensional photo-detector array detects the
Cherenkov light emitted by the charged leptons originated
in the interaction of high energy neutrinos with the mat-
ter surrounding the detector. The tracks of the produced
muons can be reconstructed using the position and timing
information of the hits arriving to the PMTs. An accurate
timing and position calibration [2] of the detector OMs is
necessary in order to achieve the best attainable angular
resolution.
The main goal of the experiment is the detection of high
energy neutrinos from extraterrestial origin, and one of the
most promising ways of establishing their existence is the
search for point sources. Here, we present such a search us-
ing data collected between years 2007 and 2010 for a total
of 813 days of livetime. In section 2 the track reconstruc-
tion method and data selection criteria are described. The
detector performance is reviewed in section 3. The cluster-

ing algorithm applied in this analysis is explained in section
3. Finally the search results are presented in section 4.

2 Data selection and track reconstruction

Data runs used in this analysis were recorded in the first
four years of detector operation. Taking into account the
time spent on sea operations (like the deployment of new
lines) and sporadic data taking problems of the detector,
the total livetime of the analysis is 813 days; about 77% of
this data were collected using 9, 10 and 12 detection lines,
while the remaining 183 days correspond to data gathered
with the initial 5-lines configuration.
The reconstruction method [3] is based on the maximiza-
tion of the likelihood function describing the probability
density function (PDF) for the residuals, defined as the d-
ifference between the measured hit time and the expected
arrival time of the hits. The goodness of the track recon-
struction is described by the Λ parameter, which is basical-
ly the log-likelihood of the fitted track. This parameter can
be used to eliminate badly reconstructed tracks by selecting
an appropriate cut on the Λ value. The corresponding cu-
mulative Λ distribution for events reconstructed as upgoing
is shown on Figure 1. The contribution from the different
components of the expected background is also included.
The simulation reproduces well the data.
For this analysis atmospheric muons were simulated using
the MUPAGE package [4], while the atmospheric neutrinos
were generated with the GENNEU [5] package according
to the Bartol model [6].
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Figure 1: Cumulative distribution of the quality of the re-
construction parameter for data and MC upgoing events.

A cut on the quality of the reconstruction at Λ ≥ -5.2 was
found to be the optimal for the search discovery potential
using muon tracks recostructed as upward going (θ < 90◦).
Additionally, the uncertainty on the muon direction esti-
mated from the fit is required to be≤ 1◦. The selected sam-
ple contains 3058 events, out of which it is estimated from
MC simulations that about 84% are neutrino events and on-
ly 16% downgoing atmospheric muons mis-reconstructed
as upgoing.

3 Detector performance

The two main parameters describing the performance
of a neutrino telescope are the angular resolution and
the acceptance. Both parameters are estimated from
simulations. Figure 2 shows the cumulative angular
resolution for upgoing neutrino events following an E−2

spectrum and complying the selection criteria described in
Section 2. The plot shows that roughly 80% of the signal
events are reconstructed with an angular error less than 1◦,
being the median value of the reconstruction error equal
to 0.46 ± 0.1◦. The uncertainty on this value has been
computed considering all the effects leading to a deteri-
oration of the detector timing resolution [7]. In addition,
the uncertainty on the absolute orientation of the detec-
tor, which is estimated to be of the order of 0.1◦, is also
taken into account in the limits computation (see section 4).

The acceptance allows us to relate the detected event-
rate with the neutrino flux of the source at the Earth,
and it is shown on Figure 3 as a function of the sinus
of the declination considering a flux normalization φ =
10−8GeV −1cm−2s−1. Based on the agreement between
data and simulations a 15% systematic error on the detec-
tion efficiency has been considered for the limits calcula-
tion.
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Figure 2: Cumulative angular resolution for E−2 upgoing
neutrinos selected for this analysis.
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Figure 3: Detector acceptance as a function of the sinus of
the declination.

4 Clustering method

Point source clustering techniques try to identify and sep-
arate events coming from real sources from background
events. The Expectation-Maximization (EM) algorithm
[8] used in this analysis is a pattern recognition algorith-
m that analytically maximizes the likelihood in finite mix-
ture problems. These mixture models are different groups
of data described by different density components. In the
case of a search for neutrino point sources [9] the mixture
problem can be expressed as:

p(x) = πbgPbg(δ) + πsgPsg(x;μ;Σ) · (Pnhits
sg /Pnhits

bg )
(1)

where πbg and πsg are the so-called mixing proportions,
x = (α, δ) is the position of the signal event in equatorial
coordinates, μ = (μα, μ) and Σ = (σα, σ) are, respec-
tivly, the mean and the covariance vector of the Gaussian
distribution, and Pnhits is the probability for an event to be
reconstructed using nhits number of hits.
In this analysis the expected density distributions of back-
ground and signal events are parametrized. The pdf de-
scribing the background is obtained from the declination
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Figure 4: Skymap with the equatorial coordinates of the
3058 events selected. The position of the most significant
cluster is denoted by the green circle and the coordinates of
the candidate list sources are indicated with the stars.

distribution of data events, while the source signals are sup-
posed to follow a two-dimensional Gaussian distribution.
The EM algorithm works in two steps. In the first step
called “Expectation” the expected value of the complete
data log-likelihood is computed for a given set of parame-
ters. In the “Maximization” step a new set of parameters
that maximizes the likelihood is found. In our case, the pa-
rameters to be maximized are the two components of the
Gaussian width, the expected number of signal events and,
in the full sky search (see next section), the coordinates of
the signal source.
After likelihood maximization the so called test-statistic,
defined as the likelihood ratio of the two mixture models,
is computed. Lower values of this quantity indicate that
data is more likely to be produced by the background, while
larger values are more likely to be produced by the presence
of the searched signal.

5 Results

Two different searches for point sources have been consid-
ered in this analysis. In the first approach a blind survey is
done looking everywhere in the whole ANTARES visible
sky. The second search used a catalog of candidate sources
to look for presence of signal at particular locations in the
sky. The candidate list of sources includes both galactic
and extra-galactic sources known to be gamma-ray emitter-
s. The detector visibility and PSF was taking into account
when defining the list.
No significant excess of events was found neither in the
full sky search, nor in the candidate list search. The most
signal-like cluster was found at (δ = −64.87◦, α =
−46.49◦) in the all sky survey. For this cluster a 2.6% ex-
cess p-value is found.
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Figure 5: Limits on the E−2
ν flux for the 51 sources in the

candidate list search. Upper limits previously reported by
other neutrino experiments for both Northern and Southern
sky are shown. The ANTARES sensitivity computed in this
analysis is also included.

The locations (in equatorial coordinates) of the most signif-
icant cluster, the 3058 events selected and the 51 candidate
sources are shown on figure 4. Upper limits 1 on the E−2

neutrino flux spectrum are reported in table 1 and in fig-
ure 5 as a function of the declination for the sources in the
candidate list. The ANTARES sensitivity (defined as the
median value of the expected limit) it is shown, as well as
limits reported by other neutrino experiments included for
comparison.

6 Conclusions

This contribution presented the analysis of 813 days of
livetime using data collected in the first four years of the
ANTARES neutrino telescope operation. No statistical-
ly significant excess of events has been found neither in
the search using a candidate list of interesting sources, nor
in the full sky search. The most significant cluster, with
a post-trial probability of 2.6 % was found at coordinates
δ = −64.87◦, α = −46.49◦. Some of the most stringent
limits to E−2

ν flux were obtained for sources located in the
ANTARES field of view. Using a different search method
the results presented here are consistent with the main anal-
ysis [10] reporting upper limits for the 51 candidate sources
using the Feldman-Cousins prescription.
I greatfully acknowledge the financial support of
MICINN (FPA2009-13983-C02-01 and MultiDark
CSD2009-00064) and of Generalitat Valenciana (Prome-
teo/2009/026).

1. Here we follow the Neyman prescription.
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Source ra (◦) δ (◦) Q p-value φ90CL

3C 279 -165.95 -5.79 1.97 0.04 9.1
GX 339-4 -104.30 -48.79 1.62 0.06 5.4
HESS J1023-575 155.83 -57.76 1.49 0.07 5.4
MGRO J1908+06 -73.01 6.27 1.12 0.09 8.5
RGB J0152+017 28.17 1.79 1.16 0.09 8.3
ESO 139-G12 -95.59 -59.94 1.02 0.11 5.0
ICECUBE 75.45 -18.15 0.74 0.14 6.8
PSR B1259-63 -164.30 -63.83 0.63 0.16 4.6
PKS 0548-322 87.67 -32.27 0.41 0.19 5.9
PKS 1454-354 -135.64 -35.67 0.39 0.20 5.6
1ES 1101-232 165.91 -23.49 0.35 0.21 6.0
Cir X-1 -129.83 -57.17 0.30 0.22 4.1
Geminga 98.31 17.01 0.25 0.22 7.1
H 2356-309 -0.22 -30.63 0.02 0.34 4.7
PKS 0454-234 74.27 -23.43 0.00 1 4.3
HESS J1356-645 -151.00 -64.50 0.00 1 2.6
HESS J1837-069 -80.59 -6.95 0.00 1 2.0
PKS 2005-489 -57.63 -48.82 0.00 1 1.8
HESS J1616-508 -116.03 -50.97 0.00 1 3.0
HESS J1503-582 -133.54 -58.74 0.00 1 2.6
HESS J1632-478 -111.96 -47.82 0.00 1 1.1
MSH 15-52 -131.47 -59.16 0.00 1 2.3
Galactic Center -93.58 -29.01 0.00 1 1.7
HESS J1303-631 -164.23 -63.20 0.00 1 3.3
HESS J1834-087 -81.31 -8.76 0.00 1 4.7
PKS 1502+106 -133.90 10.52 0.00 1 2.2
SS 433 -72.04 4.98 0.00 1 2.1
HESS J1614-518 -116.42 -51.82 0.00 1 1.1
RX J1713.7-3946 -101.75 -39.75 0.00 1 1.5
3C454.3 -16.50 16.15 0.00 1 2.5
W28 -89.57 -23.34 0.00 1 2.4
HESS J0632+057 98.24 1.81 0.00 1 2.3
PKS 2155-304 -30.28 -30.22 0.00 1 3.2
HESS J1741-302 -94.75 -30.20 0.00 1 3.2
Centaurus A -158.64 -43.02 0.00 1 2.5
RX J0852.0-4622 133.00 -46.37 0.00 1 2.1
Vela X 128.75 -45.60 0.00 1 1.2
W51C -69.25 14.19 0.00 1 3.6
PKS 0426-380 67.17 -37.93 0.00 1 3.4
LS 5039 -83.44 -14.83 0.00 1 3.2
W44 -75.96 1.38 0.00 1 3.4
RCW 86 -139.32 -62.48 0.00 1 2.1
Crab 83.63 22.01 0.00 1 4.9
HESS J1507-622 -133.28 -62.34 0.00 1 1.1
1ES 0347-121 17.35 -11.99 0.00 1 3.9
VER J0648+152 102.20 15.27 0.00 1 5.0
PKS 0537-441 84.71 -44.08 0.00 1 2.4
HESS J1912+101 -71.79 10.15 0.00 1 3.7
PKS 0235+164 39.66 16.61 0.00 1 1.2
IC443 94.21 22.51 0.00 1 1.7
PKS 0727-11 112.58 -11.70 0.00 1 4.6

Table 1: Results for the 51 sources used in the candidate list
search. The equatorial coordinates of the sources, Q values,
number of fitted signal events, pre-trial p-values and upper
limits on the E−2

ν flux (10−8GeV −1cm−2s−1) are shown.
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