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observations
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Abstract: The ANTARES telescope is well suited to detect neutrinos produced in astrophysical transient sources as
it can observe a full hemisphere of the sky at all the times with a duty cycle close to unity and an angular resolution
better than 0.5 degrees. Potential sources include gamma-ray bursts (GRBs), core collapse supernovae (SNe), and flaring
active galactid nuclei (AGNs). To enhance the sensitivity of ANTARES to such sources, a new detection method based
on coincident observations of neutrinos and optical signals has been developed. A fast online muon track reconstruction
is used to trigger a network of small automatic optical telescopes. Such alerts are generated one or two times per month
for special events such as two or more neutrinos coincident in time and direction or single neutrinos of very high energy.
Since February 2009, ANTARES has sent 37 alert triggers to the TAROT and ROTSE telescope networks, 27 of them have
been followed. First results on the optical images analysis to search for GRB and core-collapse SNe will be presented.
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1 Introduction

The detection of high energy cosmic neutrino from a source
would be a direct evidence of the presence of hadronic
acceleration within the source and provide important in-
formation on the origin of the high energy cosmic rays.
Powerful sources of transient nature, such as gamma ray
bursts or core collapse supernovae, offer one of the most
promising perspectives for the detection of cosmic neutri-
nos as, due to their short duration, the background from
atmospheric neutrinos and muons is strongly reduced. For
example, several authors predict the emission of neutrinos
in correlation with multi-wavelength signals, e.g. the Fire-
ball model of GRBs [1]. As neutrino telescopes observe a
full hemisphere of the sky (even the whole sky if downgo-
ing events are considered) at all times, they are particularly
well suited for the detection of transient phenomena.
The ANTARES neutrino telescope [2] is located in the
Mediterranean sea, 40 km South of the french coast of
Toulon, at a depth of about 2500 m below sea level. The
detector is an array of photomultipliers tubes (PMTs) ar-
ranged on 12 slender vertical detection lines. Each string
comprises up to 25 floors, i.e. triplets of optical modules

(OMs) housing one PMT each. Data taking started in 2006
with the operation of the first line of the detector. The con-
struction of the 12 line detector was completed in 2008.
The main goal of the experiment is to search for neutri-
nos of astrophysical origin by detecting high energy muons
(≥100 GeV) induced by their neutrino charged current in-
teraction in the vicinity of the detector. Due to the large
background from downgoing cosmic ray induced muons,
the detector is optimised for the detection of upgoing neu-
trino induced muon tracks.
In this paper, the implementation and the first results of a
strategy for the detection of transient sources is present-
ed. This method, earlier proposed in [3], is based on the
optical follow-up of selected neutrino events very shortly
after their detection by the ANTARES neutrino telescope.
The alert system is known as “TAToO” (Telescopes and
ANTARES Target of Opportunity) [4],

2 ANTARES neutrino alerts

The criteria for the TAToO trigger are based on the features
of the neutrino signal produced by the expected sources.
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Several models predict the production of high energy neu-
trinos greater than 1 TeV from GRBs [5] and from Core
Collapse Supernovae [6]. Under certain conditions, multi-
plet of neutrinos can be expected [7].
Two online neutrino trigger criteria are currently imple-
mented in the TAToO alert system:

• the detection of at least two neutrino induced muons
coming from similar directions within a predefined
time window;

• the detection of a single high energy neutrino in-
duced muon.

A basic requirement for the coincident observation of a
neutrino and an optical counterpart is that the pointing ac-
curacy of the neutrino telescope should be at least compa-
rable to the field of view of the TAROT [8] and ROTSE [9]
telescopes (≈ 2◦ × 2◦).
To select the events which might trigger an alert, a fast and
robust algorithm is used to reconstruct the calibrated data.
This algorithm uses an idealized detector geometry and is
independent of the dynamical positioning calibration. As
a result, the hits of the three OMs of a storey are grouped
and their location assigned to the barycenter of the storey.
The storey orientations as well as the line-shape deviations
from straight lines are not considered in the online recon-
struction. A detailed description of this algorithm and it-
s performances can be found in [10]. The principle is to
minimize a χ2 which compares the times of selected hits
with the expectation from a Cherenkov signal of a muon
track. The resulting direction of the reconstructed muon
track is available within about 10 ms and the obtained min-
imal χ2 is used as fit quality parameter to remove miss-
reconstructed tracks.
Atmospheric muons, whose abundance at the ANTARES
detector [11] is roughly six orders of magnitude larger than
the one of muons induced by atmospheric neutrinos, are the
main background for the alerts and have to be efficiently
suppressed. Among the surviving events, neutrino candi-
dates with an increased probability to be of cosmic origin
are selected [12].
In order to establish the criteria used for our neutrino s-
election, we have analysed a subsample of data taken by
ANTARES after the completion of the 12-line detector,
corresponding to a livetime of 70.3 days. During this pe-
riod, around 350 upgoing neutrino candidates were recon-
structed and have been compared to a Monte Carlo (MC)
simulation of atmospheric muons and neutrinos using the
same lifetime.
Figure 1 shows the angular resolution of the online algo-
rithm as a function of the neutrino energy. This resolution
is defined as the median of the space angular difference
between the direction of the incoming neutrino and the re-
constructed neutrino-induced muon. For neutrinos with an
energy higher than a few tens of TeV, an angular resolution
of 0.4 degree is achieved, despite of the approximations re-
lated to the detector geometry. For example, the inclination

of the ANTARES line for a typical sea current of 5 cm/s
induces a systematic angular deviation of less than 0.2 de-
gree.
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Figure 1: Angular resolution obtained for both online and
offline reconstructions as a function of the neutrino energy.

2.1 Multi-neutrino trigger

The typical signature of the transient emission of high ener-
gy neutrinos is a neutrino burst, i.e. a multiplet of neutrino
events originating from the source in a short time window.
A trigger for this event type is implemented as the detection
of two upgoing events reconstructed with at least two lines
in a 15 minutes time window with a maximum angular dif-
ference of 3◦. The time window was optimized to include
most predictions of the neutrino emission by various mod-
els for transient sources. The 3◦ angular window was se-
lected to match the convolution of the track reconstruction
angular resolution and the field of view of the robotic opti-
cal telescopes (≈ 2◦×2◦). The accidental coincidence rate
due to background events, from two uncorrelated upgoing
atmospheric neutrinos, is estimated to be 7 × 10−3 coin-
cidences per year with the full ANTARES detector. With
such a small background, the detection of a doublet (triplet)
in ANTARES would have a significance of about 3 (5) sig-
ma.

2.2 High energy event trigger

Since the neutrino energy spectrum for signal events is ex-
pected to be harder than for atmospheric neutrinos, a cut on
the reconstructed energy efficiently reduces the atmospher-
ic neutrino background while most of the signal events are
kept. The selection of the alert candidates is based on two
simple energy estimators: the number of storeys used in the
track fit and the total amplitude (in photoelectrons) of the
hits in the storeys.
The event selection for the high energy trigger has been
tuned on atmospheric neutrinos in order to obtain a false
alarm rate of about 25 alerts per year. This rate was a-
greed between ANTARES and the optical telescope col-
laborations. A requirement of at least 20 storeys on at least
three lines and an amplitude greater than 180 photoelec-
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trons will select around 25 high energy events per year with
the full 12 line configuration of the ANTARES detector.
The TAToO alert criteria select neutrinos of energies above
10 TeV for the single high energy trigger (calculated with a
neutrino Monte Carlo generated with an E−2 energy spec-
trum).
Figure 2 shows the estimation of the point spread function
for a typical high energy neutrino alert. Around 70% of the
events are contained in the field of view of a typical roboti-
cal telescope (≈ 2◦ × 2◦). With a larger delay (few tens of
minutes after the time of the burst), we are able to run the
standard reconstruction tool which provides a much bet-
ter angular resolution using the dynamical positioning of
the detector lines [13]. Simulations indicate that, with this
algorithm, ANTARES reaches an angular resolution small-
er than about 0.3-0.4◦ for neutrino energies above 10 TeV
(curve labeled ’offline algorithm’ in Figure 1).
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Figure 2: Bi-dimensional angular resolution. The black
square corresponds to the TAROT telescope field of view
(≈ 2◦ × 2◦).

3 Observation strategy of the robotical tele-
scopes

ANTARES is organizing a follow-up program in col-
laboration with the TAROT and ROTSE telescopes The
TAROT [8] network is composed of two 25 cm optical
robotic telescopes located at Calern (France) and La Sil-
la (Chile). The ROTSE [9] network is composed of four
45 cm optical robotic telescopes located at Coonabarabran
(Australia), Fort Davis (USA), Windhoek (Namibia) and
Antalya (Turkey). The main advantages of these instru-
ments are the large field of view of about 2 x 2 square de-
grees and their very fast positioning time (less than 10s).
These telescopes are perfectly tailored for such a program.
Thanks to the location of the ANTARES telescope in the
Northern hemisphere (42.79 degrees latitude), all the six

telescopes are used for the optical follow-up program. De-
pending on the neutrino trigger settings, the alert are sent
at a rate of abour one or two times per month. With the
current settings, the connected telescopes can start taking
images with a latency of the order of one minute with re-
spect to the neutrino event (T0).
As it was said before, the rolling search method is sensitive
to all transient sources producing high energy neutrinos.
For example, a GRB afterglow requires a very fast obser-
vation strategy in contrary to a core collapse supernovae
for which the optical signal will appear several days after
the neutrino signal. To be sensitive to all these astrophys-
ical sources, the observational strategy is composed of a
real time observation followed by few observations during
the following month. For the prompt observation, 6 im-
ages with an exposure of 3 minutes and 30 images with an
exposure of 1 min are taken respectively by the first avail-
able TAROT and ROTSE telescopes. The integrated time
has been defined in order to reach an average magnitude
of about 19. For each delayed observation, six images are
taken at T0+1,+2, +3, +4, +5, +6, +7, +9, +15, +27 days
after the trigger for TAROT (8 images for ROTSE the same
days plus T0+16 and T0+28 days).

4 Optical image analysis

Once the images are taken, they are automatically dark sub-
tracted and flat-fielded at the telescope site. Once the data
are copied from the telescopes, an offline analysis is per-
formed combining the images from all sites. This off-line
program is composed by three main steps: astrometric and
photometric calibration, subtraction between each image
and a reference one and light curve determination for each
variable candidates.
Curently, two offline analysis pipelines are used: the
ROTSE automated pipeline and one specially adapted to
the TAROT and ROTSE image quality based on a program
originally developed for the supernova search in the Super-
Nova Legacy Survey (SNLS) project. Cases like variable
PSF due to the atmospheric conditions or the lower quality
images on the CCD edges have to be optimized in order not
to loose any optical information. The choice of the refer-
ence is based on quality criteria such as the limiting mag-
nitude and the seeing. For the GRB search, the reference
is picked among the follow-up observations (few days after
the alert) where no GRB signal is expected anymore while
for SN search, either we consider the first night observa-
tion or we order it few months later to have a better quality
reference in absence of a SN signal. It is also planned that
the image analysis step will be included at the end of the
automatic detection chain.
The ROTSE pipeline has been applied to five alerts from
which optical images have been recorded during the first
24 hours after the neutrino alert sending. The minimum
delay between the neutrino detection and the first image is
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around 70 s. No object has been found for which the light
curve is compatible with a fast time decreasing signal.

5 Conclusion

The method used by the ANTARES collaboration to im-
plement the search for coincidence between high energy
neutrinos and transient sources followed by small robotic
telescopes has been presented. Of particular importance
for this alert system are the ability to reconstruct online the
neutrino direction and to reject efficiently the background.
With the described ANTARES alert sending capability, the
connected optical telescopes can start taking images with a
latency of the order of one minute, which will be reduced
to about 15 s in the near future. The precision of the direc-
tion of the alert is much better than one degree. The quasi-
online availability of a refined direction obtained using the
measured geometry of the ANTARES detector further im-
proves the quality and efficiency of the alert system.
The alert system is operational since February 2009, and as
of May 2011, 37 alerts have been sent, all of them triggered
by the high energy selection criterium. No doublet trig-
ger has been recorded yet. After a commissioning phase in
2009, almost all alerts had an optical follow-up in 2010,
and the live time of the system over this year is strict-
ly equal to the one of the ANTARES telescope, namely
87%. These numbers are consistent with the expected trig-
ger rate, after accounting for the duty cycle of the neutrino
telescope. The image analysis of the ’prompt’ images has
not permitted to discover a GRB afterglow associated to
the high energy neutrino. The analysis of the rest of the
images to look for the light curve of a core collapse SN is
still on-going.
The optical follow-up of neutrino events significantly im-
proves the perspective for the detection of transient sources.
A confirmation by an optical telescope of a neutrino alert
will not only provide information on the nature of the
source but also improve the precision of the source di-
rection determination in order to trigger other observato-
ries (for example very large telescopes for redshift mea-
surement). The program for the follow-up of ANTARES
neutrino events is already operational with the TAROT and
ROTSE telescopes and results based on analysis of the op-
tical images will be presented in a forthcoming paper. This
technique could be extended to observations in other wave-
length regimes such as X-ray or radio.
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