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Abstract. The ANTARES telescope is well-suited for detecting astrophysical transient neu-
trino sources as it can observe a full hemisphere of the sky at all times with a high duty cycle.
The background due to atmospheric particles can be drastically reduced, and the point-source
sensitivity improved, by selecting a narrow time window around possible neutrino produc-
tion periods. Blazars, being radio-loud active galactic nuclei with their jets pointing almost
directly towards the observer, are particularly attractive potential neutrino point sources,
since they are among the most likely sources of the very high-energy cosmic rays. Neutrinos
and gamma rays may be produced in hadronic interactions with the surrounding medium.
Moreover, blazars generally show high time variability in their light curves at different wave-
lengths and on various time scales. This paper presents a time-dependent analysis applied
to a selection of flaring gamma-ray blazars observed by the FERMI/LAT experiment and
by TeV Cherenkov telescopes using five years of ANTARES data taken from 2008 to 2012.
The results are compatible with fluctuations of the background. Upper limits on the neu-
trino fluence have been produced and compared to the measured gamma-ray spectral energy
distribution.
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1 Introduction

Neutrinos are unique messengers for studying the high-energy Universe as they are neutral,
stable, interact weakly, and travel directly from their sources without absorption or deflection.
Therefore, the reconstruction of the arrival directions of cosmic neutrinos would allow both
the sources of the cosmic rays — supernova remnant shocks, active galactic nuclei jets,
gamma-ray bursts, etc. [1] — and the relevant acceleration mechanisms acting within them
to be identified.

The high-energy extragalactic sky is dominated by active galactic nuclei (AGN). Their
spectral energy distribution can be described by two components: a low-energy one from radio
to X-rays and a high-energy one from X-rays to very high-energy gamma rays. The low-energy
component is generally attributed to synchrotron radiation in the relativistic jet by a non-
thermal population of accelerated electrons and positrons; the origin of the second component
is still under discussion. In leptonic models [2-5], it is ascribed to an inverse Compton
process between the electrons and a low-energy photon field (their own synchrotron radiation,
or external photons), while in hadronic models it originates from synchrotron emission by
protons and secondary particles coming from p-vy or p-p interactions [6, 7]. Associated with
these very high-energy gamma rays from 7° decays, the decay of the charged pions gives
rise to a correlated neutrino emission. Flat-spectrum radio quasars (FSRQs) and BL Lacs,
together classified as blazars, exhibit relativistic jets pointing almost directly towards the
Earth, and are among the most violent variable high-energy phenomena in the Universe [8].
Blazars are particularly attractive potential neutrino sources, since they are among the most
likely sources of the very high-energy cosmic rays [9, 10].

In the ANTARES telescope [20], events are primarily detected underwater by observing
the Cherenkov light induced by relativistic muons in the darkness of the deep sea. Owing to
their low interaction probablility, only neutrinos have the ability to cross the Earth. There-
fore, an upgoing muon is an unambiguous signature of a neutrino interaction close to the



detector. The detection of cosmic neutrinos with neutrino telescopes is very challenging be-
cause of the small neutrino interaction cross-section and the high background of atmospheric
neutrinos from cosmic-ray interactions in the atmosphere. To distinguish astrophysical neu-
trino events from background events (muons and neutrinos) generated in the atmosphere,
energy and direction reconstructions have been used in several searches [21-23]. To improve
the signal-to-noise discrimination, the arrival time information can be used, significantly
reducing the effective background [24, 25]. Blazars are known to show time variability at
different wavelengths and on various time scales [26-28]. The associated neutrino emission
may exhibit similar variability, and this is used in time-dependent methods to improve the
detection probability with respect to time-integrated approaches.

In this paper, the results of a time-dependent search for cosmic neutrino sources using
the ANTARES data taken from 2008 to 2012 is presented. This extends a previous ANTARES
analysis [29] where only the last four months of 2008 were considered. The analysis is applied
to a list of promising blazar candidates detected in GeV gamma rays by the LAT instrument
onboard the FERMI satellite, and to a list of blazar flares reported by TeV gamma-ray
experiments (H.E.S.S., MAGIC and VERITAS). After a brief description of the apparatus,
the data selection and the detector performances are presented in section 2. The point-source
search algorithm used in this time-dependent analysis is explained in section 3. The results of
the GeV and TeV flare searches are presented in sections 4 and 5, respectively, and discussed
in section 6.

2 The ANTARES neutrino telescope

The ANTARES collaboration completed the construction of a neutrino telescope in the
Mediterranean Sea with the connection of its twelfth detector line in May 2008 [20]. The
telescope is located 40 km off the Southern coast of France (42°48'N, 6°10’E), at a depth of
2475 m. It comprises a three-dimensional array of 10” photomultipliers [30], each housed in
a glass sphere (Optical Modules, OMs [31]), distributed along twelve slender lines anchored
at the sea bottom and kept taut by a buoy at the top. The lines are connected to a central
junction box, which in turn is connected to shore via an electro-optical cable. Since lines
are subject to the sea current and can change shape and orientation, a positioning system
comprising hydrophones, compasses and tiltmeters is used to monitor the detector geome-
try [32]. The main goal of the experiment is to search for neutrinos of astrophysical origin by
detecting high-energy muons (> 100 GeV) created by neutrino charged-current interactions
in the vicinity of the detector.

The arrival time and intensity of the Cherenkov light on the OMs are digitised into
‘hits’ and transmitted to shore, where events containing muons are separated from the optical
backgrounds due to natural radioactive decays and bioluminescence, and stored on disk. A
detailed description of the detector and of the data acquisition is given in ref. [20, 33]. The
data used in this analysis were taken with the full detector during the period from September
6th, 2008 up to December 31st, 2012 (54720-56292 modified Julian day). Filters are applied
in order to exclude periods in which the bioluminescence-induced optical background was
high. The resulting effective livetime is 1044 days.

Atmospheric neutrinos are the main source of background in the search for astrophysical
neutrinos. These neutrinos are produced from the interaction of cosmic rays in the Earth’s
atmosphere. To account for this background, muon neutrino events are simulated using the
GENHEN package [34] according to the parametrisation of the atmospheric neutrino flux from



ref. [35]. An additional source of background is due to mis-reconstructed atmospheric muons.
Downgoing atmospheric muons are simulated with the program MUPAGE [36, 37| which
provides muon bundles at the detector. The full Monte Carlo chain, which includes the sim-
ulation of Cherenkov photon production and of the detector response, is described in ref. [38].

The applied track reconstruction algorithm is the same as that used in the standard
ANTARES point-source search [22]. This algorithm derives the muon track parameters
that maximise a likelihood function built from the difference between the expected and the
measured arrival times of the hits from the Cherenkov photons emitted along the muon track.
This maximisation takes into account the Cherenkov photons that scatter in the water and the
additional photons that are generated by secondary particles (e.g. electromagnetic showers
created along the muon trajectory).

The muon track reconstruction returns two quality parameters, namely the track-fit
quality parameter, A, and the estimated angular uncertainty on the fitted muon track direc-
tion, B. Cuts on these parameters are used to improve the signal-to-noise ratio. To ensure a
good directional reconstruction of the selected neutrino candidates, § < 1° is required. Fig-
ure 1 shows the distribution of the error estimate 5. This cut rejects 47% of the atmospheric
muons which are mis-reconstructed as upgoing tracks. After quality cuts, all events with a
zenith angle cos(f) > —0.15 are selected. Compared to a strict upgoing event selection, this
cut provides a gain in visibility of on average 15% for all sources with a declination above
-20°. Figure 2 shows the distribution of the reconstructed cosine of the zenith angle for both
data and simulation. The value of the cut on A is optimised for each source on the basis
of maximising a model discovery potential [25] for a 3o significance level for each neutrino
spectrum. The distribution of A for events selected after applying the 8 and cos(f) cuts is
shown in figure 3. The optimum A values range from -5.5 to -5.0 depending on the source
and the background characteristics during the flares.

The energy of each events is estimated by exploiting the correlation between the energy
deposition, dE/dX, and the primary energy [39, 40]. The systematic uncertainty in the
dE/dX energy estimator is 10%. This is accounted for by smearing the simulated signal
values by a gaussian function with this RMS value.

The pointing accuracy has been determined directly from the data using the moon
shadow [41] and is better than 0.63° (C.L. 90%). Figure 4 shows the cumulative distribution
of the angular difference between the reconstructed muon direction and the neutrino direction.
For example, the median resolution is estimated to be 0.43+0.1° (0.29+0.1°) for the reference
E~2 (E~1) energy spectrum.

The acceptance (with units of GeV - cm? - 5) is the proportionality factor between a
given energy flux and the corresponding number of signal events expected in the detector
after selection. Thus, a certain neutrino spectrum has to be assumed. For example, for A >
—5.3, the acceptances as a function of the source declination are shown for each considered
spectra in figure 5. For the limit setting, a 15% systematic uncertainty on the acceptance is
considered [22].

3 Time-dependent search method

The time-dependent point-source analysis is performed using an unbinned method based on
a likelihood-ratio maximisation. The data are parameterised as a two-component mixture of
signal and background. The signal is expected to be small so that the full data sample (N
events) can be treated as background. The expected number of events are Ng (unknown) and
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Figure 1. Distribution of the estimated error on the direction of the reconstructed muon track after
applying a zenith angle cut cos(6) > —0.15 and a cut on the quality variable A > —5.3. The blue line
shows the simulated upgoing atmospheric neutrinos, the red line the mis-reconstructed atmospheric
muons, the green line the sum of both contributions, and the black crosses the data. The vertical
dashed line with the arrow shows where the selection cut is applied (8 < 1°).

N5 (known) and the probabilities for signal and background for an event i, at time ¢;, energy
estimate dF/dX;, declination 0; and ¥; are S; and B; respectively. S and B respectively.
The probability P and the likelihood L are:

P; = NsSi + NpB; (3.1)

Inl = (Z hl[NsSi +NBBi]> — [NS +NB] (3.2)

i=1

To discriminate the signal-like events from the background ones, these probabilities are
described by the product of three components related to the direction, energy, and timing of
each event. For an event i, the signal probability is:

S; = S, (ay, ) - S (AE /dX;) - STe(¢; + lag) (3.3)

where S%P2¢€ is a parameterisation of the point spread function, i.e., S*P2¢(,(ay,ds)) the
probability to reconstruct an event ¢ at an angular distance ¥, from the true source location
(as,05). The energy PDF S"°'8Y is parametrised with the normalised distribution of the
muon energy estimator of an event according to the studied energy spectrum. Figure 6
illustrates the energy PDF of the reference energy spectra. For the generation of signal
events, the correlation between the angular error and the energy of the muon track is taken
into account. The shape of the time PDF, S"™¢, for the signal event is extracted directly
from the gamma-ray light curve assuming the proportionality between the gamma-ray and
the neutrino fluxes. A possible lag of up to +5 days has been introduced in the likelihood
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Figure 2. Distribution of the reconstructed cosine of the zenith angle of the events (black crosses)
with 8 < 1° and A > —5.3. The simulated distributions are shown for atmospheric muons (red) and
upgoing neutrinos (blue) and the green line is the sum of both components. The vertical dashed line
with the arrow shows where the cut on the zenith angle is applied in order to select mainly upgoing
events (those with larger zenith angles).

to allow for small lags in the proportionality. This corresponds to a possible shift of the
entire time PDF. The lag parameter is fitted in the likelihood maximisation together with
the number of fitted signal events in the data.

The background probability for an event i is:

B Bspace(5 ) Benergy(dE/dX ) Btime (tz) (34)

The directional PDF B2 the energy PDF B®"'8Y and the time PDF BY™¢ for the
background are derived from data using, respectively, the observed declination distribution of
selected events in the sample, the measured distribution of the energy estimator, and the ob-
served time distribution of all the reconstructed muons. Figure 7 shows the time distribution
of all reconstructed events, including both downgoing and selected events. Once normalised,
the first downgoing distribution is used directly as the time PDF for the background. Null
values indicate the absence of data taken during these periods (e.g. detector in maintenance)
or data with a very poor quality (high bioluminescence).

The goal of the unbinned search is to determine, in a given direction in the sky and at a
given time, the relative contribution of each component, and to calculate the probability to
have a signal above a given background model. This is done via the test statistic, A, defined
as the ratio of the probability for the hypothesis of background and signal (Hgigtbkg) OVer
the probability of only background (Hpyg):

$1|H51g+bkg (NS))
A= Zl Bl Hoe) (3.5)
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Figure 3. Distribution of the reconstruction quality variable A for tracks (black crosses) which have
an angular uncertainty estimate 5 < 1° and zenith angle cos(6) > —0.15. The simulated distributions
are shown for atmospheric muons (red) and upgoing neutrinos (blue) and the green line is the sum of
both components. The vertical dashed area with the arrow shows where the optimised selection cuts
stand for the various tested sources.
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Figure 4. Cumulative distribution of the angle, «, between the true Monte Carlo neutrino direction
and the reconstructed muon direction for neutrino events selected for this analysis with E~2 (black
line, with median 0.43°) and E~! (blue line, with median 0.29°).
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Figure 5. Acceptance of the analysis as a function of the sine of the declination for E~2 (black)
and E~! (blue) neutrino energy spectra. The events are selected with 3 < 1°, cos(f) > —0.15 and
A > —5.3. The different shape between the acceptance for E~! and the rest of the neutrino spectra
is due to the Earth absorption for very high-energy events.

where N5 and N are respectively the unknown number of signal events and the total number
of events in the considered data sample, and z; are the observed event properties (d;, RA;,
d.E/d)(Z and ti)

The evaluation of the test statistic is performed by generating pseudo-experiments sim-
ulating background and signal in a 30° cone around the considered source according to
the background-only and background plus signal hypotheses. The direction of the back-
ground events are generated by randomly sampling the declination distribution from the
background probablility B and the right ascension from a uniform distribution. Signal events
are simulated by first sampling the time and the energy of the simulated events by randomly
generating from BY™¢ and B°"™8Y | respectively. Then, the angular distance from the coor-
dinates of the studied source ¥, (s, d5) is sampled as a function of the declination and of the
estimated energy.

The null hypothesis is given by Ns = 0 (o) (i.e. the background-only hypothesis Hpyg).
The obtained value of X for the data, Agata, is then compared to the distribution of Ay obtained
by pseudo-experiments. Large values of Agasn compared to the distribution of Ay reject the
null hypothesis with a confidence level depending on the fraction of the A\g distribution above
Adata. This fraction of trials above Agata is referred to as the p-value. The discovery potential
is then defined as the average number of signal events required to achieve a p-value lower
than 2.7 1073 (5.7 1077) (3(5)0) in 50% of the trials.

The performance of the time-dependent analysis is computed with a toy experiment
with a source assuming a square-shaped flare with a width varying from 1 to 2000 days
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at a declination of -40° and following an E~2 energy spectrum as a function of the total width of the
flaring periods (solid line). These numbers are compared to those obtained without using the timing
information (dashed line).

assuming a flat background period of 2000 days. Figure 8 shows the average number of events
required for a 5o discovery for a single source located at a declination of -40° and following an
E~2 energy spectrum, as a function of the total width of the flare periods. These numbers
are compared to those obtained without the selection of time intervals corresponding to
flaring periods. For time ranges characteristic of flaring activity, the time-dependent search
presented here improves the discovery potential by on-average a factor 2—-3 with respect to
a standard time-integrated point-source search [22] under the assumption that the neutrino
emission is correlated with the gamma-ray flaring activity.

4 Search for neutrino emission from gamma-ray flares detected by FERMI

The time-dependent analysis described in the previous section is applied to bright and vari-
able Fermi blazar sources reported in the second Fermi LAT catalogue [42] and in the LBAS
catalogue (LAT Bright AGN sample [19]). The sources located in the part of the sky visible
to ANTARES (6§ < 35°) with a flux greater than 10~ photons - cm~2 - s~! above 1GeV, a
test statistic 7S > 25 (corresponding to a detection significance of more than 4 sigma) and
a significant time variability are selected. This list is completed by adding sources reported
as flaring in the Fermi Flare Advocates in 2011 and 2012 [43, 44]. The final list includes a
total of 153 sources.

Light curves for the selected sources are produced using the Fermi Public Release Pass 7
data using the source class event selection (evclass =2) and the Fermi Science Tools v9r35p1
package [45]. Following the standard event selection cuts proposed by the Fermi-LAT Collab-
oration [46], the data are filtered using the gtselect tool to select only events which are most
likely gamma-rays. Light curves are computed from the photon counting data in a cone of
two-degree radius around each source direction, corrected by the total exposure. With this



method the diffuse background contributions are not subtracted. This limits the validity of
this method to only bright gamma-ray sources, but does not affect the flare identification
in these sources. Therefore, sources which are close to the galactic plane (galactic latitude
< 10°) or have others sources within a two-degree cone (or 3° for very bright sources) are ex-
cluded. The baseline is then removed for the time PDF definition. The resulting light curves
correspond to the one-day-binned time evolution of the average gamma-ray flux above a
threshold of 100 MeV from August 2008 to December 2012. This method has the main ad-
vantage of producing continuous and complete gamma-ray light curves. Figure 9 (a) shows
the resulting light curve for the source 3C273. This aperture photometry method agrees with
the results of the likelihood analysis (an alternative method used for the LAT data analy-
sis). The exposure is calculated using the gtexposure tool, which is also part of the Fermi
framework.

A maximum likelihood block (MLB) algorithm [47, 49, 50] is used to remove noise from
the light curves by iterating over the data points and selecting periods during which data are
consistent with a constant flux within statistical errors. The description of the light curve in
terms of Np periods of constant emission is obtained with the following likelihood:

2

i
mL= Y 2 (4.1)
ngENpB Z?

i€ng

where z; is the flux measurement of the data point ¢ and o; is the error of the flux mea-
surement 7. Since this likelihood would maximise when there are as many periods as data
points, while only a few periods are required to describe the light curve, the following prior
P is added to the likelihood:

InP = —NB lnN

where N is the number of data points in the light curve. The algorithm searches in each
iteration for the best two flux changes in the emission in each period already found and keeps
them for the next iteration. The figure 9 (b) shows the optimisation of the likelihood in the
case of 3C273.

High-state periods are defined using a simple and robust method. The value of the
steady state (i.e. baseline, BL) and its fluctuation (0pr) are determined with a Gaussian fit
of the lower part of the distribution of the flux data points (figure 9 (c)). The flaring periods
are defined in three main steps. Firstly, seeds are identified by searching for points with an
amplitude, or blocks with a fluence above BL + 50pr. Then, each period is extended forward
and backward up to an emission compatible with BL + lopgy. An additional delay of 0.5
days is added before and after the flare in order to take into account that the precise time
of the flare is not known (one-day binned light curve). Finally, spurious flares are discarded
by requiring that each flare is visible in the three light curves produced with a gamma-ray
threshold of 100, 300 and 1000 MeV. Figure 9 (d) shows an example of one flare of 3C273.
With the above definition, a flare has a width of at least two days. Under the hypothesis that
the neutrino emission follows the gamma-ray emission, the signal time PDF is the normalised
de-noised light curve with only the high state periods (the other periods are set to zero). The
final list includes 41 bright and variable Fermi blazars: 33 FSRQs, 7 BL Lacs and 1 unknown
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Figure 9. Illustration of the flare-selection concept using the maximum-likelihood block algorithm
with the blazar 3C273. (a) Gamma-ray light curve using the 2008-2012 Fermi data with thershold
of 100 MeV. (b) Evolution of the likelihood L (red dots) as a function of the number of added blocks
(Ng). The green dots show the evolution after including the prior P. The solid lines indicate the
selected maximum. (c) Histogram of the flux convolved with a Gaussian distribution of the error
on the flux. A Gaussian fit, shown by the black line, has been performed using data over the range
(illustrated by the green line) between 60% (on the left-hand side) and 98% (on the right-hand side) of
the maximum value. The value of the baseline is indicated by the red line. (d) Example of a selected
flare of 3C273. Dots, the green and the yellow histograms display the raw data, the denoised light
curve and the selected flare. The red dashed line corresponds to the 50 threshold.
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Figure 10. Skymap in galactic coordinates showing the position of the 41 selected Fermi blazars
(red circles, see section 4) and the seven TeV blazars (green circles, see section 5) together with the
ANTARES visibility (dark blue is maximal).

identification. Figure 10 shows the position of the selected Fermi Blazars together with the
ANTARES visibility. The main characteristics of these blazars are reported in table 2.

Several theoretical models predict high-energy neutrino emission from blazars that yield
different shapes and normalisations for the expected energy spectrum [11-14]. In addition,
the models also suffer from large uncertainties that originate, for instance, from unknowns in
the model parameters, the luminosity functions and the source evolution. For example, the
FSRQs are predicted to be more promising neutrino candidates than BL Lacs in ref. [15], while
in ref. [16] the opposite is predicted. For FSRQs, the neutrinos are mainly produced by p —~
interaction models resulting in a typical (although not universal) low-energy tail of the energy
spectra of E~! [17, 18]. On the other hand, the p-p models are supposed to be dominant in
the BL Lac sources. In this case, the typical spectra is closed to E~2. These two spectrum
will be used as reference for all the 41 sources selected in this analysis. As ANTARES is
mainly sensitive to medium-energy neutrinos (1-10 TeV), the analysis has been applied for
two additional spectrum E~2 with a cut-off at 1 and 10 TeV (E~2exp(—E/Ecutoff)). The
sensitivities computed with these cutoffs are approximatively the same order than the one
computed with indices of the spectrum to 2.2 and 2.4, respectivelly.

The results of the search is summarised in table 1. Only three sources, 3C279, PKS0235-
618 and PKS1124-186, have a pre-trial p-value lower than 10%. The lowest p-value, 3.3%,
is obtained for 3C279 where one event is coincident with a large gamma-ray flare detected
by Fermi/LAT in November 2008. Figure 11 shows the Fermi gamma-ray light curve of
3C279 with the time of the neutrino events, the estimated energy distribution, and the
angular distribution of the events around the position of this source. This coincident event is
reconstructed with 89 hits (energy deposition dE/dX = 244 in arbitrary units) distributed
on ten lines with a track fit quality A = —4.4. The particle track direction is reconstructed
at 0.3° from the source location. This event has already been reported in the previous
analysis [29]. The post-trial probability, computed by taking into account the 41 searches, is
67%, and is thus compatible with background fluctuations.

In the absence of a discovery, upper limits on the neutrino fluence (F,), the energy flux
(F') and the differential flux normalisation (¢g) at 90% confidence level are computed using

- 12 —



’ Source ‘ AT ‘ Aopt ‘ N3, ‘ Nyt

30279  [279d[-53[25] 08 [-4d] 0033 [ 067 E2
PKS1124-186 | 73d | -5.4 | 3.1 | 0.7 [+4d| 0.059 | 094 | E-2exp(—E/1TeV)
PKS0235-618 | 25d | -5.7| 1.5 | 06 | -4d | 0.045 | 091 |E 2exp(—E/10TeV)

PKS0447-439] 10d [-5.4 [0.75] 0.1 |+5d]| 0.0 | 055 | E2exp(—E/1TeV) |

Lag ‘ P-value ‘ Post-trial ‘ Spectrum ‘

Table 1. Results of the search for neutrinos in coincidence with Fermi blazar flares (three first rows)
and TeV flares (last row). The number of flaring days AT from the gamma-ray light curve when
ANTARES is working, the optimised Aopt cuts, the number of required events for a 30 discovery
(N3o ), the number of fitted signal events by the likelihood (Ny;), the fitted time lag (Lag) and the
corresponding pre-trial (post-trial) probability are given together with the energy spectra.

5-95% of the energy range as:

E
max dN

, = AtF = At dE-E-
f /E‘min dE

where dN/dE = ¢¢ - S(E) is the neutrino spectrum and S(F) is the energy dependence of
the spectrum. In the case of the E~2 spectrum, S(F) = (E/GeV)~2.

Table 2 shows the upper limits on the differential flux normalisation, the energy flux,
the fluence and the energy range where the limits are valid. The emission duration, At, is
computed using the time PDF, the effective livetime of ANTARES and the visibility of the
sources. The limits include the systematic errors and are calculated according to the classical
(frequentist) method for upper limits [51]. Figure 12 gives these upper limits. IceCube has
performed a similar time-dependent analysis [52] using data from 2008 to 2012, with 19
sources in common with the list presented in table 2. For sources in the Southern Hemisphere,
the limits computed by IceCube are of the same order of magnitude as the ANTARES limits
while they are a factor 10 stronger for the sources in the Northen hemisphere thanks to
IceCube’s larger detector volume.

5 Search for neutrino emission from gamma-ray flares detected by TeV
telescopes

Ground-based observatories such as H.E.S.S., MAGIC and VERITAS cannot monitor sources
continuously, because they generally have a reduced field of view and a low duty cycle (e.g.
only moonless nights). Nevertheless, these telescopes detect photons with energies from a
few hundred GeV to a few TeV that may be better correlated with the neutrinos to which
ANTARES is sensitive. These observatories often emit alerts reporting flares to Astronomer’s
Telegram or directly in a dedicated paper. When the start and stop times of the flare are
known, the time PDF is assumed to be a single square-shaped flare with a minimum width
of one day. Often, the beginning and the end of the flaring activity cannot be constrained
accurately. In this case, a simple time cut is used, taking a time window including two
days before and after the identified flare. Table 3 presents the list of seven TeV flares,
their characteristics, and the publications from where this information is extracted. The
flares are chosen for this analysis according to the same visibility criteria as for Fermi/LAT
observations. The same analysis as described previously is performed assuming the same
energy spectra.
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Figure 11. Results for the blazar 3C279. (a) Event map around the direction of 3C279 indicated
by the green cross. The full red (hollow blue) dots indicate the events (not) in time coincidence with
the selected flares. The size of the circle around the dots is proportional to the estimated angular
uncertainty for each event. (b) Distribution of the energy estimator dE/dX in a +10° declination
band around the source direction. The red line displays the value of the event in coincidence with the
flare in a 1° cone around the source direction. (¢) Gamma-ray light curve (red dots) with the error
bars (black) measured by the LAT instrument above 100 MeV. The green and purple histograms show
the denoised light curve and the selected flare periods respectively. The red and blue lines display the
times of the ANTARES events associated with the source during a flaring state and other events in
a 3° box around the source position, respectively.

Six of the seven flares tested show no excess of events in the vicinity of the corresponding
sources in the selected time windows. Only the blazar PKS0447-439 shows a pre-trial p-
value lower than 10% in the case of the assumed E~2exp(—FE/1 TeV) energy spectrum (cf.
table 1). The corresponding post trial p-value is 55%), and is also consistent with background
fluctuations. In the absence of a signal, upper limits on the neutrino fluence at 90% confidence
level are computed including the systematic errors (figure 13). Table 3 shows the values of
the limits for the two reference spectrum.
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Figure 13. Upper-limits on the neutrino fluence (F) for the seven studied TeV blazars in the case

of E72 (green) and E~! (red) neutrino energy spectra. The number in parenthesis after the name of

the source in the x-axis indicates the total effective flare duration At during the studied period.
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6 Discussion

Hadronic interactions predict neutrino emission in the TeV-PeV range associated with a flux
of gamma rays. The prediction that the total neutrino energy flux F), is approximately equal
to the total high-energy photon flux F, is relatively robust, at least when attributing this
emission to a 100% hadronic origin [53, 54]. As it is not affected by pair production losses, the
neutrino emission is expected to have energies systematically higher than the electromagnetic
component. The Fermi measurement of the source flux in the 0.1-100 GeV range is an
underestimate of the overall electromagnetic spectrum, since it covers only three decades of
energy. This underestimates, around a factor of 2-3 [55], has to be taken into account in
the comparison between neutrinos and gamma-rays. Moreover, the lack of TeV observations
makes a direct comparison at the >TeV range difficult, and necessitates an extrapolation of
the LAT data over several orders of magnitude. This extrapolation is performed using a fit
of the Fermi data with a log-parabola or a power-law function, both of which have been used
by the Fermi Collaboration to build its source catalogues. To see how the neutrino upper
limits and photon energetics compare, the gamma-ray spectral energy distributions (SEDs)
of all sources have been produced using the SED builder of the ASI Science Data Centre
(ASDC) [56] adding, if needed, VHE data taken from the literature, building a hybrid photon-
neutrino SED [57]. The limits for different spectral indices, from -3 to -1, are extrapolated
from the limits obtained in the E~2 energy spectra using the corresponding acceptance curve.
The range in energy for each limit corresponds to the 5-95% range of the energy distribution
for a given spectra.

Figure 14 shows the hybrid SED for the lowest p-value source 3C279. The shaded yellow
area represents an extrapolation of the flux during the studied flares from the average flux
observed by Fermi. The lower bound is computed from the average flux during the 2008-2012
period, while the upper bound is simply the renormalised flux according to the maximum flux
measured in the light curve. With this simple criteria of the energy budget, the limit set by
ANTARES for the blazar 3C279 is of the same order of magnitude as the electromagnetic flux
measurements during the flares. It reinforces the need to search for a neutrino signal during
the outburst periods when the gamma-ray flux and the accompanying neutrino flux are much
higher. Therefore, with more data, ANTARES should be able to significantly constrain a
100% hadronic origin of the high-energy gamma-ray emission. Fermi has reported some very
intense outburst periods of 3C279 between mid 2013 and end of 2014 [60, 61], periods not
considered in this paper.

Figure 15 shows the hybrid SEDs for the four additional bright blazars. These sources,
classified as FSRQs, have their gamma-ray flux suppressed at high energy. Only the brightest
FSRQ objects are detected at TeV energies. On the contrary, BL Lac objects have high-
energy spectral components, favoured for TeV gamma-ray detection, but are fainter than
FSRQs. Both FSRQs [62, 63] and BL Lac objects [64] have been argued to be potential
sources of neutrinos. This comparison between the gamma-ray flux and the neutrino flux
limit provides an indication as to how to build an optimised source list for future searches
with ANTARES and its successor KM3NeT [65].

7 Summary

This paper discusses the extended time-dependent search for cosmic neutrinos using the
data taken with the full ANTARES detector between 2008 and 2012. For variable sources,
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Figure 14. Gamma-ray SED of 3C279, observed by Fermi/LAT and MAGIC in January 2009 (red
dots), January 2011 (green dots) and June 2011 (blue dots) [58, 59]. The yellow/green dots are the
average flux with 2008-2010 data (2FGL). The observed data points are corrected for absorption by
the extragalactic background light assuming z = 0.536. The dashed lines represents the fits performed
on Fermi data using a log-parabola (LP) function. The shaded yellow area represents an extrapolation
of the flux during the studied flares from the average flux observed by Fermi. The lower bound is
computed from the average flux during 2008-2012 period, while the upper bound is the maximum
flux measured in the light curve (x13.3 the average flux). Finally, the coloured solid lines indicates
the neutrino upper limits (¢g) for different spectral indices (from E~3 in red to E~! in blue).

time-dependent searches are significantly more sensitive than steady point-source searches
thanks to the large reduction of the atmospheric background over short time scales. These
searches have been applied to 41 very bright and variable Fermi LAT blazars and seven TeV
flares reported by H.E.S.S, VERITAS or MAGIC telescopes. The most significant correlation
was found with a GeV flare of the blazar 3C279 for which one neutrino event was detected
in time/spatial coincidence with the gamma-ray emission. However, this event has a post-
trial probability of 67%, and is thus compatible with background fluctuations. Upper limits
were obtained on the neutrino fluence for the selected sources and compared with the high-
energy component of the spectral energy distributions computed with GeV-TeV gamma-ray
observations. These comparisons show that for the brighter blazars, the neutrino flux limits
are of the same order of magnitude as the high-energy gamma-ray fluxes. With additional
data from ANTARES and with the order of magnitude sensitivity improvement expected
from the next generation neutrino telescope, KM3NeT, the prospects for future searches for
neutrino emission from flaring blazars are very promising.
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Figure 15. Hybrid SED of the four additional bright Fermi blazars PKS1510-089, 3C454.3, 4C21+35
and PKS0426. Points and lines are as described in the caption to figure 14.
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