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The principles of a search for high energy neutrino emission in coincidence with very high energy
(VHE; 0.1-100 TeV) gamma-ray flares from two bright extragalactic sources, based on the data
collected in 2012-2016 by the ANTARES neutrino detector and High Altitude Water Cherenkov
(HAWC) gamma-ray observatory, are presented. The ANTARES telescope observes with high
duty cycle an instantaneous field of view of 27. To study variable sources like blazars, it is
crucial to achieve unbiased monitoring and an instrument like HAWC is capable of long term and
continuous monitoring of the source with nearly 100% duty cycle. Markarian 421 (Mrk 421) and
Markarian 501 (Mrk 501) are the brightest and the closest BL Lac objects known. In contrast
to other types of active galactic nuclei (AGN), BL Lacs are characterized by rapid and large-
amplitude flux variability. Such radio-loud AGNs with collimated jets aligned to the line of sight,
are candidate sources of the observed high energy cosmic rays and of accompanying neutrinos

and gamma rays produced in hadronic interactions with the surrounding medium.
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*Speaker.



Short Title for header Agustin Sanchez-Loza

1. Introduction

The VHE extragalactic sky is dominated by emission from blazars [1], a class of non-thermal
jet-powered AGN known as radio-loud AGN. The spectral energy distribution (SED) of blazars can
be described with two components: one low-energy from radio to X-ray and one high-energy from
X-ray to TeV. The low energy component is commonly assumed to come from synchroton emision
of accelerated emissed. The origin of the high-energy part is still under discussion: either from in-
verse compton in the leptonic processes or imbeded protons [2]. Some hadronic scenarios introduce
relativistic protons to explain the high-energy bump generally seen in the MeV to TeV range for
BL Lac objects. In the hadronic framework, this component attributed to either proton-synchrotron
emission or radiation from secondary products of py or pp interactions [2, 3, 4]. Acceleration of
protons is assumed to occur by the first-order diffusive Fermi mechanism at the shock, resulting in
a generic E~2 differential spectrum. Energy loss processes which occur during acceleration include
py — N7 and py — p+ete™ in the dense radiation fields and pp collisions in the gas. All three
processes contribute to an energetic electromagnetic component, either through 7° — ¥y or by pro-
duction of electrons. Both photo-meson production and pp collisions also give rise to neutrinos via
Tt — uiv“ vy — eive\_/ev” vy, decay chain [3].

This analysis focuses on the search of spatial/temporal correlation between neutrinos detected
by ANTARES and y-ray emission from flares detected by HAWC from Mrk 421 and Mrk 501, the
first and the second extragalactic object discovered in the TeV energy band. Moreover, these are
two of four sources detected in the 0.6-2.0 TeV band by Fermi-LAT out of the Galactic plane, Ibl
> 5°, and at low redshift, z < 0.3 [5]. Both sources have been significantly detected in the 2HAWC
catalog [6], and flare information were recently reported in [7] (see section 3.1).

Mrk 421 and Mrk 501 are the brightest and closest BL. Lac objects known, at luminosity dis-
tances d, = 134 Mpc with redshift z = 0.031 and d;. = 143 Mpc with redshift z=0.033 respectively.
Both are classified as high-peaked BL Lac objects (HBL). Mrk 421 is known to exhibit a high
degree of variability in its emission and yearly average fluxes are known to vary between a few
tenths and 1.9 times the flux of the Crab Nebula. Variability of Mrk 421 has been observed down
to time scales of hours or less and its spectral shape is known to vary with its brightness. Various
studies of Mrk 501 at TeV energies have shown different features of low flux states emission and
extreme outbursts [7]. The VHE spectrum of Mrk 421 has been successfully modeled with both
leptonic and hadronic models and conclusive results have been achieved yet about origin and both
models are still under debate [8]. As the nearest blazars to Earth, both are excellent sources to test
the blazar-neutrino connection scenario, especially during flares where time-dependent neutrino
searches may have a higher detection probability.

The IceCube collaboration has performed a time integrated search for the most significant
a priori source candidates selected on the basis of y-rays observations or astrophysical model-
ing that predicts neutrino emission [9]. No significant excess was found leading to an differ-
ential flux limit of dN/dE < 11.71 x 1072 TeV'em=2s~! for Mrk 421 and dN/dE < 8.11 x
1072 TeV—em 257! for Mrk 501. Additional searches in IceCube [10] show no correlated neu-
trinos.

Similar time-dependent analyses have been performed in the past using ANTARES data, in
particular for flaring blazars [11].



Short Title for header Agustin Sanchez-Loza

2. The ANTARES neutrino telescope

The ANTARES Neutrino Telescope (Astronomy with a Neutrino Telescope and Abyss en-
vironmental RESearch) is a Cherenkov detector located in the Mediterranean sea, 40 km off the
coast of Toulon, France (42°48' N 6°10'), at a depth of 2,475 meters. Currently, ANTARES is
the largest neutrino telescope in the Northern Hemisphere and it is designed primarily to search
for E>100 GeV muons resulting from the charged-current (CC) interactions of v, in the vicinity
of the detector. The median angular resolution for E~2 for tracks is ~ 0.5° [12]. The search of
such astrophysical neutrinos origin has become a key mission in high-energy astrophysics after the
discovery from IceCube of a cosmic neutrino flux of still unknown origin [13].

2.1 Data selection

The data set covers the period from the January 1%, 2012 to December 31%, 2016 (MJD:
55927-57753) leading to effective detector livetime of 1209 days, covering the same period of
observation as HAWC. The search relies on track-like event signatures, so only CC interactions
of muon neutrinos considered. Atmospheric neutrinos are the main source of background. An
additional source of background is due to the mis-reconstructed atmospheric muons. 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 direction, 3. Cuts on these parameters
are used to improve the signal-to-noise ratio. A wil be optimised source by source. To ensure a
good directional reconstruction of the selected v candidates, f < 1 is required [14].

-90° -90°

Figure 1: ANTARES visibility of the sky ranging from 0 (white) to 100% (dark blue) with 10% step. Left:
Upgoing and slightly downgoing (angle above the horizon below 8.62°) for cos(6) > —0.15; Right: Only
Upgoing cos(6) > 0.

Due to the fact that Mrk 421 and Mrk 501 are located at the edge of ANTARES visibility (see
Fig. 1) and sources are below the horizon only ~ 6 hours per day, a small amount of down-going
events can be accepted to gain ~ 15% in visibility (see Fig. 1), and increase an observation time
(see Fig. 2). This is done by application of the cut on cosine of zenith angle of the events. In this
analysis events with cos(6) > —0.15 are selected.

3. The HAWC gamma-ray telescope

The HAWC Observatory is located at an elevation of 4,100 m above sea level on the flanks
of the Sierra Negra volcano in the state of Puebla, Mexico (18°99’ N, 97°18" W). The detector
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Figure 2: Source elevation as a function of time for Mrk 421 (solid) and for Mrk 501 (dash) at the ANTARES
position for January 1%, 2016. Corresponding color boxes represent the elevation ranges (height) and source
observation time by ANTARES (width) for cos(0) > 0 (dark) and cos(6) > —0.15 (light).

array installation began in February 2012; HAWC-300 fully operational began operation on March
20, 2015. Covering an area of 22,000 m?, the array consists of 300 water Cherenkov detectors
(WCDs), with 190,000 liters each and instrumented with 4 PMTs to detect Cherenkov light from
charged particles in extensive air showers. The design of HAWC is optimized for the detection
of air showers induced by 7y-rays in 0.1-100 TeV. With field of view ~ 2 steradians HAWC can
monitor any source over 2/3 of the sky for up to 6 hours per day and most sensitive to sources
between declinations —26° and 4-64° [7, 15, 16]. Such capabilities make unprecedented TeV light
curve data available for studying flaring behavior of blazars. In addition, scanning a large part of
the sky with such sensitivity increase the chances to find bright flare events from established and
new extragalactic sources [7].

3.1 Light curves of blazars

HAWC has made clear detections of Mrk 421 and Mrk 501. Preliminary blazar light curves
from data taken in 2013-2014 with the partial HAWC array were shown in [16]. In this analysis
HAWC-300 data of first long-term TeV light curve studies with single-transit intervals are used,
collected over 17 months between November 26™, 2014 and April 20t 2016 [7].

In [7] the maximum-likelihood approach was used to test if the daily flux measurements in a
light curve are consistent with a source flux that is constant in time over the whole period under
consideration. The best-fit flux value F; for time interval i is fitted from the minimisation of the
following likelihood function [7]:

dN/dE = F,(E/(1TeV)) Yexp(—E/Eey) 3.1)

converted to Crab Units by dividing by the HAWC measurement of the average Crab Nebula y-ray
flux 1.89 x 10~ phecm=2s~! above 1 TeV in order to allow comparisons between the sources.
The main characteristics of the gamma-ray flux for the two sources are summarised in Table 1.
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Table 1: Some parameters from [7]

Mrk 421 Mrk 501
Highest daily flux* 26.94+£3.7 16.7+2.3
Average flux* 4.53+0.14 1.74+0.08
r 2.21 +0.14410 £ 0.204ys 1.60 = 0.305a¢ £ 0.205ys
EZL Eo =5.4 £ 1. 15 £ 1.0y Eo = 5.7 4 1.64tac £ 1.0y

*in 10~ 12 ph cm™2s~! units; fluxes calculated above 2 TeV for Mrk 421 and above 3 TeV for Mrk 501.

**Spectral index and exponential cut-off, derived from spectral fit.

If a light curve is variable, the Bayesian blocks algorithm can be used to find an optimal data
segmentation into regions that are well represented by a constant flux, within the statistical uncer-
tainties. Bayesian blocks algorithm is used to identify distinct flux states (see Fig. 3), both Mrk 421
and Mrk 501 show clear variability on time scales of one day. Taking advantage of gamma-ray flux
variation time information from potential neutrino emitters as in Fig. 3, significantly reduce the v
background and improve the signal-to-noise discrimination.

Bayesian blocks for Mrk 421

16
3.0F
«
25 z
g 115
o Qa
2 20 8
5 e
= 132
S B @
3 A
'0_3 9 X
~ — 23
N i
x L
= — average flux
w - 1
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0.0 . - - L L 0
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35 Bayesian blocks for Mrk 501
3.0
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Figure 3: Flux light curve for Mrk 421 (top) and Mrk 501 (bottom) for 17 months; the green dotted lines
represent the average fluxes, ~ 0.8 CU and ~ 0.3 CU respectively. The value for Mrk 421 is higher than
previous estimates for an upper limit to the baseline flux ~ 0.3 CU (blue). Adapted from [7]



Short Title for header Agustin Sanchez-Loza

4. Time-dependent search method

A time-dependent search for neutrino candidades in coincidence with y-rays from astrophys-
ical sources is performed using an unbinned likelihood-ratio maximization method [11]. This is
done via the test statistics, A, defined as the ratio of the probability for the hypothesis of the back-
ground and signal (Hgjg4bke), called Hy, over the probability of only background (Hpy,), called
H()Z

2= ilnp(xi’Hsig%kg(NS)) 4.1
i=1 P(x;[Hpig) 7

where Ng (unknown) and N (known) are expected number of signal events and total number of

events in the considered data sample, x; are observed event properties (J;, RA;, dE/dX;, and ;).

dP
dQ

10°

10°

10*

10°

102

10 Ll
2 15 Y 05 0 05 1 15

2
log, (")

Figure 4: Sample of PSF parametrization for Mrk 421. The PSF parametrisation before normalisation (red
line) with logq ¢ distribution (shaded rea) for E2 spectrum and Agye > —5.2.

To perform the analysis, the ANTARES data sample is parametrized as two-component mix-
ture of signal and background. The signal is expected to be small so that the full data direction
scrambled can be used as an estimation of background. S; and B; are defined as the probability
density functions (PDF) respectively for signal and background for an event i, at time t;, energy,
declination §; . The logarithm of the likelihood L is:

N
In(L) = <Zln[NsSi+NBBi]> — [Ns + Ng] (4.2)
i=1
To distinguish the signal-like events from the background ones, for each event three types of PDFs
are used, based on: direction Ps(04) and Py, (6;) for signal and background part respectively, where
parameter o; represents the angular distance between the direction of the event i and direction to the
source, and §; is the declination of the event i; energy Ps(E) and P, (E); time Ps(t+ lag) and Py (t).
These ingredients are determined using the ANTARES Monte Carlo simulations (MC) and data
(see section 2.1). The background PDFs are all computed using data only. The shape of the time
PDF for the signal event is extracted directly from the y-ray light curve assuming a proportionality

10
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between the y-ray and the neutrino fluxes. A possible lag up to £5 days has been introduced in
the likelihood. The energy PDF for the signal event is produced according to the studied energy
spectrum. One of the most important parameter in point source search is the angular distance to the
source, characterized by the Point Spread Function (PSF) - Ps(a;) (see Fig. 4), which is defined as
the probability density of ¢ per unit solid angle, Q:

~dP dogdP 1 dp

P (o) = — -S4
(%)= 90 = M0 de ~ 2rsina; da’

(4.3)

where o; = |af™¢ — o]*‘| is the difference between simulated neutrino direction o™ and recon-

structed muon direction ;.
Combining all terms considered before, the final likelihood is:

N
In(L) = <Z{ln[Ns-PS(a)~PS(E)-Ps(t+1ag)+NB ~Pb(sin(5))-Pb(E)-Pb(t)]) —[Ns+Ng| (44)

The test statistics is evaluated by generating pseudo-experiments (PEX) simulating back-
ground and signal around the considered source according to Hg and H; hypothesis. The obtained
value of A for the data is compared to the value obtained by PEX. The discovery potential is the
average number of signal events required to achieve a p-value lower than 5.7 - 10~ for 5o discov-
ery.

5. Conclusion

The HAWC detector operates nearly continuously and it is currently the most sensitive wide
field-of-view telescope in the very promising VHE band ~ 0.1 and ~ 100 TeV. Therefore, it opens
prospects to study the most energetic astrophysical phenomena in the Universe as well as under-
stand the mechanisms that power them and endeavour to break the mystery of their origin. Taking
into account the flare timing information given by gamma-ray observations, even for long-duration
flares, should improve the efficiency of the search for a neutrino counterpart with ANTARES. The
next generation KM3NeT neutrino telescope [17], currently being built in the Mediterranean Sea,
will provide more than an order of magnitude improvement in sensitivity [18]; therefore, such
sources are promising candidates as high energy neutrino emitters for an improved future time-
dependent search.
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1. Introduction

The observation of three significant gravitational wave (GW) sources by ADVANCED LIGO on
Sept. 141, 2015, Dec. 26", 2015 and Jan. 4%, 2017 [1, 2, 3] represents an important step forward
in the study of the latest stage of massive star binary system evolution. By involving a number of
observatories from the radio to the gamma-rays and also neutrino detectors to search for a potential
counterpart associated to these events, the detection of the first GW events opened the era of time
domain multi-messenger astrophysics.

The three signals correspond to the coalescence of stellar-mass black hole binary (BBH) sys-
tems at distances ranging from 400 Mpc to about 900 Mpc. While an electromagnetic counterpart
(presumably associated with a neutrino emission) is generally expected from a neutron star/black
hole or neutron star/neutron star merger [4], current consensus is that black hole/black hole merger
does not produce electromagnetic or neutrino counterpart. However, in a dense enough hadronic
environment, an accretion disk might form, and relativistic outflow connected to the accretion could
be released. Energy dissipation in this outflow would consequently lead to a gamma-ray emission
with a potential high-energy neutrino (HEN, of energy >> GeV) counterpart [5]. The detection of
HEN from GW sources would provide a better determination of the origin of the GW signal, thanks
to the comparatively much more accurate pointing accuracy of neutrino telescopes, of the order of
(or below) the degree - and would subsequently help the electromagnetic follow-up campaign.

ANTARES is currently the largest high-energy neutrino telescope in the Northern hemi-
sphere [6]. Located in the Mediterranean Sea, 40 km off the Southern coast of France, it is com-
posed of 12 detection lines that detect the Cherenkov light emitted by relativistic upgoing muons,
signature of a neutrino interaction close to the detector. After the discovery from ICECUBE of
a cosmic neutrino flux of still unknown origin [7], observing campaigns relying both on electro-
magnetic and multi-messenger facilities may be decisive to identify the origin of these neutrino
events.

Joint searches of common sources of HEN and GW have already been performed in the
past with both ANTARES and ICECUBE neutrino telescopes [8, 9, 10]. In these proceedings
are reported the results of the HEN follow-ups performed during the first Observation Run O1
of LIGO (September 2015-January 2016), i.e. the searches for neutrinos in temporal and spa-
tial coincidence with GW 150914, detailed in [11], and with GW 151226 and the event candidate
LVT151012, presented in [12]. Using GW data collected during O1, a so-called "sub-threshold"
analysis is being performed, which searches for time and space correlations between HEN detected
by ANTARES or ICECUBE and GW candidates of low signal-to-noise ratio; it is presented in the
last section, with an emphasis on the specific procedure optimized to select HEN candidates in
ANTARES data.

2. HEN follow-ups of GW150914, GW151226 and LVT151012
We searched for directional and temporal coincidences between the GW signals and recon-

structed HEN candidates from both ANTARES and ICECUBE. Relying on the methodology de-
fined in [13], we searched for (i) temporal coincidences within a =500 s time window around the
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GW alert and (ii) spatial overlap between the 90% positional probability contour associated to each
signal (see Fig. 1) and neutrino point spread function.

The search time window, which was used in previous GW+HEN searches, is a conservative,
observation-based upper limit on the plausible emission of GW and HEN in the case of GRBs which
are thought to be driven by a stellar-mass black hole-accretion disk system [14]. Directionally, we
searched for overlap between the GW sky map (shown in Fig. 1) and the neutrino point spread
functions, assumed to be Gaussian.

——GW (90% CL)
X neutrino (IC)
X neutrino (A)

15° (% *3 15 15
0 0 0
( x! 15 E

2 GW (99% CL) 30°
30 GW (90% CL) 30
GW (50% CL)
-60 X neutrino

GW151226 LVT151012

Figure 1: GW skymaps in equatorial coordinates, showing the reconstructed probability density contours
of the GW events for GW150914 (left, [11]), GW 151226 (middle, [12]), LVT151012 (right, [12]), and
the reconstructed directions of high-energy neutrino candidates detected byICECUBE (green crosses) or
ANTARES (blue crosses) during a 500 s time window around the GW events. The neutrino directional
uncertainties are below 1° and are not shown. GW shading indicates the reconstructed probability density of
the GW events, darker regions corresponding to higher probability.

2.1 HEN analysis for GW150914

The ANTARES online reconstruction pipeline was used, which selects upgoing neutrino can-
didates with atmospheric muon contamination less than 10%. An energy cut is also applied to re-
duce the background of atmospheric neutrinos which finally leads to an event rate of 1.2 events/day.
Consequently, the expected number of neutrino candidates within 1000s is 0.014, corresponding to
a Poisson probability of observing at least one background event of ~1.4%. No neutrino candidates
temporally coincident with GW 150914 were found, which is fully consistent with the background
expectation. The search for HEN counterpart with ICECUBE used the online event stream with
an event selection similar to the one applied for point source searches, but optimized for real-time
search. The expected background rate is equal to 2.2 atmospheric neutrino events in the Northern
sky (atmospheric neutrinos) and 2.2 high energy atmospheric muons from the Southern sky. Within
4500 s around GW 150914, three events were found, which are shown in Fig. 1 [11]. This observed
event rate and the energy of these three events are compatible with the background expectations.

2.2 HEN analysis for GW151226 and LVT151012

We searched for coincident neutrinos within ANTARES data by selecting up-going events.
The search was performed with the most recent official offline data set, incorporating dedicated cal-
ibrations, in terms of positioning, timing and efficiency. This sample is dominated by background
events from mis-reconstructed down-going atmospheric muons. It was optimized for each GW
event individually so that one event that passes the search criteria and is located within the 90% GW
probability contour would lead to a detection with a significance level of 30. For GW151226, a
total of 1.4 x 10~2 atmospheric neutrino candidates are expected in the field of view within £500s,
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while the number of misreconstructed down-going muons amounts to 8 x 10~2 events in the same
time window. We found one event that is temporally coincident with GW 151226, located outside
the 90% GW probability contour. The Poissonian probability of detecting at least one such back-
ground event when 9.4 x 1072 are expected is ~ 9%. Thus, this detection is consistent with the
expected background muon rate and we conclude that this event is likely a misreconstructed down-
going muon. Its estimated deposited energy is 9 TeV, in agreement with what is expected from an
atmospheric down-going muon. The sky location of the event is shown in Fig. 1 [12].

For LVT151210, the atmospheric neutrino candidate rate expected from the southern sky
within £5005s is equal to 1.8 x 1072 while the number of misreconstructed down-going muons
amounts to 4 x 1072, These are somewhat different from the values obtained for GW 151226 as
the sensitivity of ANTARES varies with time. No neutrino candidates temporally coincident with
LVT151012 were found with ANTARES.

For ICECUBE, the detector online event stream was used. This event selection consists primar-
ily of cosmic-ray-induced background events, with an expectation of 2.2 events in the northern sky
(atmospheric neutrinos) and 2.2 events in the southern sky (high-energy atmospheric muons) per
1000 seconds. In the search window of £500s centered on the GW alert times, 2 and 4 neutrino
candidates were found by IceCube in correspondence of GW 151226 and LVT151012, respectively.
This result is consistent with the expected background. The sky location of the neutrino candidates
are shown in Fig. 1 [12].

2.3 Constraints on neutrino emission

We use the non-detection of joint GW and neutrino events to constrain neutrino emission from
the GW source. Since the sensitivity of neutrino detectors is highly dependent on source direction,
upper limits were calculated as a function of source direction for the whole sky. The obtained
spectral fluence upper limits as a function of source direction are shown in Fig. 2, for a model
with a spectral cutoff at high energies: dN/dE o E=2exp[—+/(E/100TeV)]. The latter model is
expected for sources with exponential cutoff in the primary proton spectrum. A pure E~2 was also
considered and the results reported in [11, 12]. For a given direction, we adopt the upper limit from
ICECUBE or ANTARES, whichever is more constraining.

°
AN/E o E 2 EN00TeV)
ANVGE o E 26 EN00TeV)'” ANVE o E 26 EN00TEN™

10" 8" 6" 4" 2" o' 2" 4" 6" " 0"

-1 08 -06 -04 02 0 02 04 06 08 1 15 E] 05 0 05 1 15 15 E 05 0 05 1 15
log(E2dN/dE [GeVem ) 10g(E%dN/GE [GeV cm™?]) log(E%dN/GE [GeV em™?])

Figure 2: Upper limit on the high-energy neutrino spectral fluence (v, + V) from GW150914 (left [11]),
GW151226 (middle [12]), and LVT151012 (right [12]) as a function of source direction, assuming dN /dE o<
E~?exp[—+/(E/100TeV)] neutrino spectrum. The region surrounded by a white line shows the part of the
sky in which ANTARES is more sensitive (close to nadir). For comparison, the 50% CL (for GW150914)
and 90% CL contours (for the 3 events) of the GW sky maps are also shown.
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A constraint on the total energy emitted in neutrinos by the source can be obtained from the
fluence upper limits, by integrating the emission within [100GeV, 100PeV] for each considered
source model. The obtained constraint will vary with respect to source direction, and also on
the uncertain source distance. To account for these uncertainties for GW150914, we provide in
Table 1 the range of energy values from the lowest to the highest possible within the 90% con-
fidence intervals with respect to source direction and the 90% credible interval with respect to
source distance (luminosity distance Dgw = 4101’};’8 Mpc). For GW 151226, the source position
was constrained to within a 3D volume - the lower limit D?(f\? (X) on the source distance for a given
direction X such that the source is located within this distance at 95% credible level is used to cal-
culate the upper limit on the total isotropic-equivalent energy emitted in neutrinos by the source,
Bl (%) = 4m [D7 (56)]2 J9XEdE. To quantify the range of the upper limits over the skymap,
the minimum and maximum upper limit values over the whole GW skymap, separately for the two
spectral models, are shown in Table 1. Constraints for LVT151012, not shown, are about a factor
of 4 weaker as its expected distance is about twice that of GW 151226 [2], while both their skymaps

similarly lie over a large declination range, corresponding to similar neutrino detector sensitivities.

GW Event | DV [Mpc] | EES, [erg] | E~2: B2\ /EES, | E=2 with cutoff : EiS%\ /EES, | Ref
GWI150914 | 4107180 [ 5x10% 0.11% —26% 0.13% — 74% [11]
GW151226 | 440750 1.8x10°* | 0.11% —17% 0.17% — 100% [12]

Table 1: Minimum and maximum upper limits on the total energy radiated in neutrinos, for the pure E~2
HEN spectrum, and the HEN spectrum with 100 TeV-cutoff, for GW150914 and GW151226 [11, 12].

3. Searching for an association of weak GW signals and HEN candidates

The GW signals for which we performed dedicated HEN followups were highly significant
events (GW150914 and GW151226) or event candidates (LVT151012), with particularly high
signal-to-noise ratios, shown in Fig. 3. Apart from these signals, LIGO search pipelines identi-
fied ¢'(1000) potential signals, or triggers, characterized by low signal-to-noise ratios, as can be
seen on Fig. 3. It is thus natural to search for a possible time and space correlation between these
"sub-threshold" GW candidates (i.e., not significant enough to be claimed as "events") and HEN
detected by ANTARES and ICECUBE, by performing a joint analysis, which method is presented
in [14], and already applied for previous GW+HEN searches [10]. The joint analysis aims to iden-
tify GW events and HEN that originate from a common astrophysical source, by determining the
significance of a GW+HEN event; this is obtained by a combination of the significances and di-
rectional distributions of GW events, neutrinos and galaxies (each galaxy is assigned a weight that
reflects the probability of detecting an astrophysical HEN from the given galaxy, the distribution of
GW sources being expected to be non-uniform in the volume probed by LIGO). The flow diagram
of the joint GW+neutrino analysis algorithm is presented on Fig. 3, taken from [10]. Neutrinos
detected by ANTARES and ICECUBE during O1 are used in this particular, still ongoing analysis.
This section will concentrate on the specific process that has been developed for the selection of
ANTARES HEN candidates.
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Figure 3: Left : As an illustration, GW detection statistics (related to the signal-to-noise ratio) distribution
during O1, excluding GW 150914, for the Binary Black-Hole search pipeline [15]. Right : Flow diagram
of the joint GW+HEN analysis algorithm, showing how information on neutrinos, galaxies and GW are
combined into one test statistic [10].

The selection of ANTARES v, candidates is data-driven : it is optimized in order to obtain
a 30 significance for a HEN event in a sliding window of 1000s and within the expected recon-
structed GW 90% probability contour for typical GW signals.

Time-dependent selection of the HEN candidates: In order to optimize the HEN search, we rely
on [16] for a sample of realistic GW events, which allows to extract a relationship beteween the
signal-to-noise ratio p of a signal to the area of 90% confidence region Agg for the GW localization,
of the form log,qAgp = alogp + b, used to extrapolate the size of the confidence region to sub-
theshold GW events. This size is then convolved with ANTARES visible sky (ANTARES is only
sensitive to up-going neutrinos in this analysis), and its local acceptance, to obtain the typical sizes
reported in Table 2 below.

50% 90% 99%
524 deg® | 744 deg® | 1036 deg?

Table 2: 50%, 90% and 99% quantiles of the distribution of effective sizes (i.e. when the HEN detector
effects, visibility and acceptance, are taken into account) of GW 90% probability regions.

A time-dependent selection criterium, based on the quality of the muon track reconstruction A,
taking into account the time-dependence of the sensitivity of ANTARES, is then determined so
that a selected HEN event in a time window of 1000s, in a space angle corresponding to these
typical GW-contour regions will yield a significance of 3¢ - the results for the time-dependent cut
are shown in Fig. 4. For the final selection, the value corresponding to the median effective size
has been used, which yields a total of 906 selected HEN candidates for ANTARES, for the period
covering the entire O1 observation run from Sep 12 2015 to Jan 19 2016, corresponding to a rate
of 8 neutrinos/day.

Characterization of HEN selected candidates: Each HEN candidate is characterized by its de-
tection time, its arrival direction and reconstruction uncertainty, and a probability of being of atmo-
spheric origin based on the number of detected photons Ny, (an estimator of the event deposited
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energy), shown in Fig. 4. At time of printing, the joint analysis, combining ANTARES and ICE-
CUBE selected neutrinos, is still ongoing.e
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Figure 4: Left : probability to have > 1 background event with a value of the reconstruction parameter A
above a given value, in a 1000s time window, in a space area corresponding to the median of all 90% GW-
contour regions. The white line marks the 30 significance level. Right : p-value of the HEN event being of
atmospheric origin based on the data time-dependent distribution of the number of detected photons Ny;;.

Importance of a time-dependent analysis: Using a time-dependent selection criterium instead of
a constant value as used in point-source searches [17] allows to increase the number of selected
signal events, for a E~2 spectrum, by 45% =4 15%, varying with time and data taking conditions.
This optimization improves by a factor 1.5 to 2 the volume of universe probed by the joint analysis,
and correspondingly the number of detectable joint GW+HEN sources.

4. Conclusions & Perspectives

Searching in data recorded by the ANTARES Neutrino Telescope and ICECUBE concomittant
with LIGO Observation Run O1, we detected no neutrino emission associated with the 2 confirmed
signals GW150914 and GW 151226, and event candidate LVT151012 [11, 12]. The total neutrino
emission from the GW sources have been constrained, allowing for different possible neutrino
spectra. HEN and/or electromagnetic emission induced by BBH systems can be expected in the
case of significant gas accretion, which would trigger an energetic outflow. Such searches represent
a promising way in comprehensively probing high-energy emission also for sources outside of the
field of view of electromagnetic telescopes. Given the precise direction reconstruction of HEN
(< 1deg?) compared to GW (> 100deg?), a joint detection would provide a greatly reduced sky
area for follow-up observatories.

The principles of an analysis combining GW and HEN data have been presented, using low-
significance GW signals and neutrinos detected by ANTARES and ICECUBE. The data-driven
optimized procedure to select ANTARES neutrino candidates improves by a factor 1.5 to 2 the
number of detectable joint GW+HEN sources. Such a search relies on the improved sensitivity of
a combined GW+HEN search as compared to a single-messenger search, as already shown in [10].

Such follow-up searches and extended "sub-threshold" analyses will also be performed using
data taken during the ongoing Observation Run O2 of LIGO, and soon VIRGO, with increased
sensitivity, which has already led to the detection of GW170104 [3]. A dedicated HEN followup
all-sky search for GW170104 using ANTARES data is presented in these Proceedings [18].
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The ANTARES telescope is well suited for detecting astrophysical transient neutrino sources as
it can observe with high duty cycle an instantaneous field of view of 27 sr. The background due
to atmospheric muons and neutrinos can be drastically reduced, and the point-source sensitiv-
ity improved, by selecting a narrow time window around possible neutrino production periods.
Blazars, radio-loud active galactic nuclei with their jets pointing almost directly towards the ob-
server, 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. Blazars generally show high time vari-
ability in their light curves at different wavelengths and on various time scales. Using ANTARES
data a time-dependent analysis has been carried out searching for neutrino events from a selection
of flaring gamma-ray blazars previously observed by the FERMI/LAT experiment and by TeV
imaging Cherenkov telescopes. The results of these searches will be presented. If no signal will
be discovered upper limits on neutrino fluxes, their comparisons with the published gamma-ray
spectral energy distribution and with prediction from astrophysical models will also be reported.
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1. Introduction

Active galactic nuclei (AGN) are among the most likely sources of the very high-energy cos-
mic rays. High-energy neutrino detection from them would confirm such hypothesis [1]. The
debate is still open if AGN gamma-ray emission is due by leptonic [2, 3, 4, 5] or hadronic pro-
cesses [6, 7]. In the second scenario, neutrinos are expected to be produced in correlation with
gamma-rays from pion-decays.

Blazars are among the best candidates for being the source of the very high-energy cosmic
rays [8, 9]. Several neutrino emission models are proposed [10, 11, 12, 13, 14, 15, 16], characterised
by different spectral indexes and normalisation constants. While E~2 is among the most commonly
proposed spectrum, in certain cases harder spectral indexes up to one are proposed [17, 18]. In
analogy to what has been observed for several gamma-ray sources also for the neutrino spectra
is possible to conceive a high energy cutoff. For the present analysis is considered the following
neutrino spectra: E~!, E72, E=? x exp(\/—E /10 TeV) and E~? x exp(\/—E /1 TeV).

We report here about results obtained analysing a data sample, collected by the ANTARES
telescope [19, 20], searching for neutrinos, with energy dependences as the ones described above
and from a selection of flaring gamma-ray blazars. The search is performed in restricted time win-
dows under the hypothesis of a time-correlation between neutrino and gamma fluxes. Searching for
neutrinos in a limited time interval around the gamma flare time, increases the Signal/Background
ratio and, if compared with analogous time integrated searches elsewhere reported by ANTARES [21,
22], reduces by a factor 2—3 the number of signal events required for a discovery. This approach
has been carried out in previous similar analyses [23, 24] where, in order to test the blazar source
hypothesis, a correlation between the most energetic observed gamma-ray flares of the brightest
blazars with neutrino emission has been studied (see Sec. 3). The main update with respect to
the previous analyses is the inclusion of the shower channel in addition to the track one from the
ANTARES data taken from 2008 to 2016 with ~2413 days of live-time.

2. Time-dependent analysis

The analysis is done evaluating a test statistic built from an unbinned extended likelihood
maximised ratio. The likelihood (%) treats the ANTARES data as a composition of background
(k) and signal (45e) events, properly weighted by their different probability density functions
(PDFs, Pyg/pi):

InLg o= Y Y In [ AP+ A5l P | = [ A+ A
ch i
The likelihood is extended over all the events (i) for both considered channels (ch), i.e. tracks and
showers.

The P;, for the track channel is defined as the product of three probability functions: one
related to the neutrino direction (the point spread function probability, PSF, PSFSZ (o), with a the
angular distance to the source), the second related to the energy (Pi;(dE/dX ), being dE /dX the
energy estimator used in the track channel) and the third related to the time (Py,(7)):

Py = PSFL(a,85) - Pi(dE /dX) - Py(t + lag)

22



41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Time-dependent search of neutrinos from blazars with ANTARES Agustin Sdnchez Losa

The PSF is estimated for each source declination (8s) and both PSF{; () and Py (dE/dX) are
function of the assumed neutrino energy spectrum. Additionally, a /ag of 5 days is allowed
on the neutrino signal arrival time ¢ in order to allow possible offsets between the neutrino and
gamma-ray emission at leaving the source.

The neutrino time probability is obtained directly by the observed gamma-ray light curve
assuming the correlation between gamma-rays and neutrinos, i.e. the neutrino time probability
follows the gamma-ray detection time, PDF extracted from the gamma ray emission of the studied
source (see Sec. 3). This time PDF is the same for both track and shower channels.

The Py, for the shower channel is the product of the shower PSF, the energy and the time PDF:
Pyg = PSFg (0, 85) - Py (nhirs) - Pog (1 + lag)

where the number of hits used in the shower reconstruction, ny;y, is used as the energy estimator

and again both PSF;'(at) and PS‘Z’ (npirs) are function of the assumed neutrino energy spectrum.
The Py for each channel is the corresponding product of the background PDF at a certain

declination (P} (6)), the background energy estimator PDF and the background time PDF:

Pt = Pji(8) - P (dE [dX, 8) - Puy(1)

Pyg = Py (8) - P (nhiss) - Por(1)

These probabilities 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 observed
time distribution of all the reconstructed events.

The amount of signal for each channel is determined by the ratio contribution of each channel
to the global acceptance of the detector at source declination:

N = Mg (A (85) /AL (85))
and the total signal or background is the sum of each channel:
sh
g ok = Nsg bk + Mg b

The likelihood is maximised by varying the .4{, and lag parameters and the test statistic 2 is
built from the ratio of this maximised likelihood with the null hypothesis:

2 =log L)y — log Lk

The significance of this test statistic is evaluated via pseudo-experiment simulation. Cut optimi-
sation is realised for each source and for each assumed energy spectrum in order to optimise the
track quality parameter cut on the track-like event selection and to improve the analysis model dis-
covery potential at 3c. Well established quality cuts used in previous analyses, and in point source
analyses for the shower channel, are kept.
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3. Source and gamma-ray flare selection

Potentially interesting blazars are selected from the 3FHL FermiLLAT high-energy catalogue [25,
26], where are listed all sources significantly detected in the 10 GeV -2 TeV range during the first
7 years of the Fermi mission using the Pass 8 event-level analysis. From this list, the following
sources are selected:

e Blazars of the flat spectrum radio quasars (FSRQ) type or BL Lac objects (BLL).

Blazars with a detection significance above 10.

Blazars with more than one Bayesian block emission, which implies to be variable at 99% of
confidence level.

The brightest sources, with a flux above 10~!° photons cm=2s~!.

e Sources with declination below 35°, i.e. visible in the track channel of ANTARES.

This criteria results in a preliminary selection of 46 BLLs and 32 FSRQs. A subsequent selection
of sources is done regarding they flare or not in the light curves (LCs) described below.

The time PDF to be used for each source is build from the 2nd FAVA catalogue [27], the Fermi
all-sky variability analysis done with 7.4 years of Fermi mission, from 2008/08/04 to 2016/01/04.
LCs with weekly time bin and in two energy bands (100—800 MeV and 0.8—-300 GeV) are analysed.
The detection threshold for a source to be include in the catalogue is of 60 pre-trial. Sources from
the preliminary selection showing more than one flare in the FAVA catalogue with more than a
50 excess over the baseline emission are selected for the analysis: 17 BLLs and 23 FSRQs (see
Table 1). The time PDFs are build up with the flares above a 50 significance from the LCs of
the FAVA catalogue, complemented with the online FAVA search. Each flare is weighted by its
significance in the time PDF.

4. Results

Preliminary sensitivities for the track only channel considering a E~2 spectrum have been pre-
sented at the conference (see some specific cases in Table 2). Sensitivity to the neutrino flux during
the flares is improved by a factor of ~2 on average with respect to the previous analysis upper lim-
its. In function of the source declination, shower channel inclusion would improve neutrino limits
even a 10%. The corresponding neutrino fluence estimate is also provided in the tables according

to its definition:
dN 95%
ﬁ://E—dEdt:qboAt EE~*dE
dE 5%
with ¢y the spectrum normalisation, At the flaring livetime and the integral performed in the 5-95%

ANTARES sensibility energy range of each source.
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Table 1: List of the 40 blazars selected for the analysis. For each source are given its coordinates, flaring
days and average daily significance.

Name R.A.(°) 0 (°) Flaring days Ave. sig.
1ES 1215+303 184.5 30.1 21.0 7.5
3C 279 1940 5.8 231.0 9.9
3C 454.3 343.5 16.1 336.0 15.6
4C +14.23 111.3 14.4 70.0 8.7
4C +21.35 186.2 21.4 133.0 13.5
4C +28.07 39.5 28.8 77.0 7.7
AO 0235+164 39.7 16.6 217.0 8.2
B2 0716433 109.9 33.1 49.0 7.0
B2 1520431 230.5 31.7 49.0 8.1
CTA 102 338.2 11.7 616.0 11.4
MG1J021114+41051 32.8 10.9 7.0 8.2
MG?2 J043337+2905 68.4 290.1 14.0 7.3
0J 287 133.7 20.1 56.0 8.7
ON 246 187.6 25.3 119.0 10.0
PKS 0301—243 459 —24.1 21.0 11.5
PKS 0426—380 67.2 —37.9 273.0 6.7
PKS 0454—234 743 234 147.0 7.2
PKS 0507+17 77.5 18.0 63.0 15.8
PKS 0537—441 84.7 —44.1 98.0 7.3
PKS 0727—11 112.6  —11.7 7.0 8.1
PKS 0805—07 122.1 —-7.9 56.0 10.0
PKS 0829+046 128.0 4.5 14.0 7.5
PKS 1124—186 171.8 —19.0 126.0 6.5
PKS 1441+25 221.0 25.0 399.0 8.4
PKS 1502+106 226.1 10.5 259.0 8.1
PKS 1510—-08 2282 9.1 287.0 11.1
PKS 1717+177 259.8 17.8 112.0 7.5
PKS 1730—13 263.3 —13.1 84.0 8.0
PKS 214275 326.8 —75.6 105.0 7.6
PKS 2155—-304 329.7 -30.2 14.0 8.4
PKS 2233148 339.1 —14.6 98.0 10.2
PKS B1424—418 217.0 —42.1 728.0 9.5
PMN J0531—4827 83.0 —48.5 63.0 10.6
PMN J0622—-2605 95.6 —26.1 21.0 6.8
PMN J1802—3940 270.7 -39.7 70.0 6.5
PMN J2345—1555 356.3 —15.9 182.0 7.9
RX J1754.14+3212 268.5 32.2 28.0 8.2
Ton 599 179.9 29.2 49.0 9.1
TXS 05184211 80.4 21.2 70.0 6.8
TXS 1530—131 2332 —13.3 140.0 9.0
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Table 2: Preliminary sensitivities for some specific blazars for the track only channel assuming a E~2 spec-

trum. For each source are given the neutrino flux sensitivity during the flare (¢, in 107 8GeV ' em=2571),

the flare livetime (Af, in days), the integral in the 5-95% ANTARES sensibility energy range (12;0% =
<2 ® E~1dE) and the fluence (.7, in GeV cm™2).

Name & Ar 159%% % | Name G At 159%% F
3C 279 10 182 7.0 11 | PKS0426-380 64 191 74 8

4C +1423 52 41 7.0 13 | PKS 1441425 62 383 70 14
CTA 102 40 526 7.0 13 | PKS1510-08 83 219 7.0 11
0J 287 55 41 7.0 14 | PKSBI1424—-418 19 594 73 7
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ANTARES is currently the largest neutrino telescope operating in the Northern Hemisphere, aim-
ing at the detection of high-energy neutrinos from astrophysical sources. Such observations would
provide important clues about the processes at work in those objects, and possibly help to un-
derstand the origin of very high-energy cosmic rays. By design, neutrino telescopes constantly
monitor at least one complete hemisphere of the sky and are thus well set to detect neutrinos pro-
duced in transient astrophysical events. The flux of high-energy neutrinos from a transient source
is lower than if is an steady one, but the background originating from interactions of charged
cosmic rays in the Earth’s atmosphere can be drastically reduced by requiring a directional and
temporal coincidence of the astrophysical phenomenon detected by electromagnetic instruments.
Time-dependent point-source searches have been applied to a list of X-ray and gamma-ray bi-
nary systems detected by satellites or TeV imaging Cherenkov telescopes using ANTARES data.
The results of these searches are presented. Upper limits on neutrino fluxes, their comparisons
with the published gamma-ray spectral energy distribution and with prediction from astrophysical

models are also reported.
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1. Introduction

X-ray and gamma-ray binaries (XRBs and YRBs) are binary star systems composed of a com-
pact object (e.g. neutron star or stellar mass black hole candidate) orbiting a companion non-
degenerate star and that are luminous in X-rays and gamma-rays respectively. The high-energy
photon emission of XRBs is due to the matter falling from the companion start into the compact
object. On the other hand, in YRB systems the responsible of the high-energy emission is the inter-
action of the pulsar wind with the intense stellar wind of the companion massive star. Despite the
non-thermal emission is probably dominated by leptonic processes, a hadronic component could
also be present. High-energy neutrino emission detection would confirm this possibility and pro-
vide insights about the involved acceleration mechanisms that would confirm cosmic ray produc-
tion on these sources [1]. In a hadronic scenario, the decay of the charged pions produce a neutrino
emission correlated with the very high-energy gamma rays from 7° decays when yy annihilation
is negligible. Up to know, a hadronic component has been identified in only two cases [2, 3]. Sev-
eral estimations of the neutrino flux production in these sources are proposed, with very different
spectral indexes, cutoffs and normalisations [4, 5, 6]. In order to cover the variety of models ac-
cessible to the ANTARES sensitivity, the following neutrino spectra have been considered: E~2,
E~% x exp(/—E/100 TeV) and E 2 x exp(1/—E /10 TeV), with E the neutrino energy.

In this contribution is presented a time-dependent analysis realised on the ANTARES[7, 8]
neutrino telescope data testing the above hypothesis. This analysis method reduces in a factor of
2-3 the signal required for a discovery with respect to a time integrated search [9, 10] under the
assumption of correlation of the neutrino signal with high-energy electromagnetic emission, as is
carried out in previous similar analyses [11, 12]. The hadronic hypothesis is tested by looking for
a correlation between the neutrino emission and the observed X-ray and gamma-ray flares of the
brightest variable XRBs and YRBs (see Sec. 3). The main update with respect to previous analyses
is the inclusion of the shower channel in addition to the track one from the ANTARES data taken
from 2008 to 2016 with ~2413 days of live-time.

2. Time-dependent analysis

The analysis is done evaluating a test statistic built from a maximised unbinned extended
likelihood ratio. The likelihood (.Z) treats the ANTARES data as a composition of background
(k) and signal (.45,), properly weighted by their different probability density functions (PDFs,

ng/hk):

In Ligo = ¥ LI [ AP A ] Mgt A
ch i
where the likelihood is extended over all the different events (i) of each considered channel (ch),
i.e. tracks and showers.
The Py, for the track channel is defined as the product of the direction (the point spread function
probability, PSF{;(a), with & the angular distance to the source), the energy (Pi;(dE /dX), being
dE /dX the energy estimator used in the track channel) and the time (Py,()) probabilities:

Py = PSFL(a,85) - Pi(dE /dX) - Py(t + lag)
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where the PSF is estimated for each source declination (Js) and both PSF{;(a) and P (dE /dX)
are dependent of the evaluated spectrum. Additionally, a lag of &5 days is allowed on the neutrino
signal arrival time 7 in order to allow possible offsets between the neutrino and X-ray/gamma-ray
emission at leaving the source.

The time probability is the assumed correlation between X-rays/gamma-rays and neutrinos,
i.e. the detected signal neutrino time probability is proportional to the X-ray/gamma-ray detection
time, PDF extracted from the X-ray/gamma-ray emission of the studied source (see Sec. 3). This
time PDF is the same for both track and shower channels.

The term Py for the shower channel is the product of the shower PSF, the energy and the time
PDF:

Pssg = PSF;;@@ Js) 'vaél(”hits)  Pyg(t + lag)

where the number of hits used in the shower reconstruction, 7y, is used as the energy estimator
and again both PSF;?(O{) and Rj;’(nhim) are signal spectrum dependent.

The Py for each channel are the corresponding products of the background PDF at a certain
declination (P};(8)), the background energy estimator PDF and the background time PDF (build
from a loser cut on the data sample):

Py = Py (8) - P (dE [dX ,8) - Py(t)
Py = Py (8) - P (mnirs) - Po(1)
where the dependence of the background dE /dX with respect to the declination has been consid-
ered.

The amount of signal of each channel is determined by the ratio contribution of each channel
to the global acceptance of the detector at source declination:

N = Mg (A (85) JALTTE (85))
and the total signal or background is the sum of each channel:
h r
Mok = Neg ok + Mg b

The likelihood is maximised by varying the .45, and lag parameters and the test statistic 2
is built from the ratio of this maximised likelihood with the likelihood value corresponding to the
null hypothesis:

2 =log L1y — log Lk
The significance of this test statistic is evaluated via pseudo-experiments. Track quality cuts are
optimized on a source and spectrum basis in order to maximize the model discovery potential at
30. For the shower channels, the quality cuts optimized for the latest point source analysis are
considered.

3. Source and flare selection

Under the assumption of correlated high-energy neutrino and electromagnetic productions,
X-ray and gamma-ray variable emissions from XRBs and yRBs are used to build the neutrino
emission time PDFs. The approach for each kind of source differs due to their emissions at different
energies.
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3.1 X-ray binary source and flare selection

XRBs exhibiting outburst periods are selected from the Swift [13] and MAXI [14] catalogues,
extended with Rossi [15] data when available. XRB light curves (LCs) are obtained from:

o Swift/BAT Hard X-ray Transient Monitor !: any high-mass XRB (HMXR) and low-mass
XRB (LMXB) with significant time variabilities are initially selected. Their daily LCs are
denoised with a maximum likelihood block [16] procedure and their flare significance char-
acterised as done in previous analyses [12, 17]. Sources with more than one flare above a
5 standard deviation significance are selected for the analysis.

e MAXI Light Curves?: The same procedure as for Swift LCs is followed for select MAXI
galactic compact binary flares.

e RXTE/ASM Light Curves *: Because X-ray data are not always available for all the sources
from the above detectors, in order to cover possible flares previously to 2012, Rossi LCs have
been also considered in the same way as the other telescopes.

Depending on the time period and the availability of the different instruments, outbursts are better
observed in one apparatus compared to others. Therefore, Swift flare selection is completed with
the flares only observed in the other telescopes. The merging of the different LCs is done by
normalising each detector LC to its relative significance.

The final source list comprises 36 XRBs (see Table 1), including 14 HMXBs and 19 LMXBs,
half in common with the previous analysis [12] since faint sources are removed and XRBs flaring
in 2014-2016 added.

3.2 Gamma-ray binary source and flare selection

Four YRBs compatible with ANTARES up-going visibility have been selected for the study at
very high-energy gamma-rays: 1FGL J1018.6—5856 [18], HESS J0632+4-057 [19], LS 5039—63 [20]
and PSR B1259—-63 [21]. Using their periodic emission established in the literature, simple on/off
LCs (considering the parameter uncertainties in the flare period definition) are used for their time
PDFs (see Table 2), using for LS 5039 its TeV flaring information and not the GeV one.

Additionally, the Cyg X—3 XRB has been detected outbursting at gamma-ray energies [22] by
the Fermi-LAT telescope [23]. Thus, Cyg X—3 is included in the analysis using the multiwave-
lenght flare observations published in [22] (Table 2, Y+ and Y— criteria) and updated with two
astronomic alerts*: 57398—54412MJD (#ATel 8591) and 57646—57647MID (#ATel 9502). The
same on/off criteria used for the other YRBs is applied also here for the LC construction, adding
+0.5 day on the begin and end of the flare definition periods.

Thttps://swift.gsfc.nasa.gov/results/transients
Zhttp://134.160.243.77/top/Ic.html
3http://xte.mit.edu/ASM_lc.html
“http://www.astronomerstelegram.org
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Table 1: List of the 36 XRBs selected for the analysis. For each source the satellite LC used (Swift, MAXI
or Rossi), the number of flares (#flares), the flaring days, the source right ascension and its declination are
listed.

Name Satellite (#flares|days) RA.(°®) 6
1A 0535+262 S(#l11 ‘417) + M(#2|30) 84.7 26.3
1A 1118—-61 S(#1‘141) 170.2 —-619
1A 1742294 S(#1]3) + M(#5[284) 266.5 —29.5
4U 1630—472 S(#6]437) + M(#3]278) 2485 —474
Aql X—1 S(#7)460) + M(#10/95) 287.8 0.6
AX J1749.1-2639 S(#1/85) 2673 —26.6
Cir X—1 S(#10]205) + M(#18|478) 230.2 —-57.2
Cyg X—1 S(#9|1965) 299.6 35.2
EXO 1745—-248 S(H#3[191) + M(#4]237) 267.0 —24.8
GRO J1008—57 S(#12|614) 1524 —58.3
GRS 1739-278 S(#1]143) + M(#2]264) 265.7 278
GS 0834—430 SH#1|1427) + M(#2|13) 129.0 —43.2
GS 1354—64 S(#1|136) + M(#3]16) 209.5 —64.7
GX 1+4 S(#9|661) + M(#2|58) + R(#1(93) 263.0 —24.7
GX 304—1 S(#16]579) + M(#1|10) 1953 —61.6
GX 339—4 S(#5]525) + M(#5]121) 255.7 —48.8
H 1417—-624 S(#1]107) 2153 —62.7
H 1608—522 S(#7|967) + M(#12/384) 2432 —-524
H 1743-322 S(#12|772) + M(#3|33) 266.6 —32.2
IGR J17473—-2721 S(#1|9) + R(#1|61) 266.8 —27.3
KS 19474300 S(#4|324) + M(#10[242) 297.4 30.2
MAXI J0556—332 M(#2|475) 89.2 —33.2
MAXI J1543—564 M#3]131) 2358 —564
MAXI J1659—152 S(#2‘125) + R(#2\96) 2548 —15.3
MAXI J1836— 194 S(#1(83) + M(#2[18) 2789 —19.3
MXB 0656072 S#1[37) + M(#1]2) + R(#1[4) 1046 —72
SAX J1747.0—2853 M(#6|382) 266.8 —28.9
SMC X-3 S(#1[90) + M(#1]3) 13.0 —-724
SWIFT J1539.2—6227 S(#1(46) 2348 —62.5
SWIFT J1745.1—-2624 S(#1/198) 266.3 —264
SWIFT J1842.5—1124 S(#1|133) + R(#1|356) 2806 —114
SWIFT J1910.2—0546 S(#2|52) + M(#2]14) 287.6 —5.8
V404 Cyg S(#2(89) + M(#1]28) + R(#4[19) 3060  33.9
XTE J1752—223 S(#2(210) + M(#12/229) 268.1 —22.3
XTE J1810—189 M(#2|277) 272.6 —19.1
XTE J1946+274 S#1|61) + M(#1[12) 296.4 27.4
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Table 2: List of the 4 YRBs selected for the analysis. For each source are given its coordinates and are listed
the period, flaring phase and periastron extracted from the bibliography and used to build their time PDFs.

Name R.A.(°) o (%) Period (days) Flaring phase Periastron (MJD)

1FGL J1018.6—5856 1547 —589 16.584+0.02 0.70-0.40 55387.5+0.4

HESS J0632+057 98.2 5.8 315+£5 0.20-0.45 54587.040.5

LS 5039—63 276.6 —14.8 3.91+8-107 0.45-0.95 51942.59+0.05

PSR B1259—-63 1957 —63.8 1236.7+2-107° 0.92-0.08 55545.04+0.5
4. Results

Preliminary sensitivities for the track only channel considering a E~2 spectrum have been
presented at the conference. Some specific cases are presented in Tables 3 and 4 for both XRBs and
YRBs respectively. Sensitivity to the neutrino flux during the flares, source dependent, is improved
by a factor of ~4 on average with respect to the previous analysis upper limits. In function of
the source declination, shower channel inclusion would improve neutrino limits even a 10%. The
corresponding neutrino fluence estimate is also provided in the tables according to its definition:

dN 95%
ﬁz//EEdEdt:qboAt EE %dE

5%
with ¢y the spectrum normalisation, At the flaring livetime and the integral performed in the 5-95%
ANTARES sensibility energy range of each source. The whole sample is expected to be unblinded
in the near future.

Table 3: Preliminary sensitivities for some specific XRBs for the track only channel assuming a E~2 spec-

trum. For each source are given the neutrino flux sensitivity during the flare (¢o, in 107 3GeV~'em 2571,

the flare livetime (Ar, in days), the integral in the 5-95% ANTARES sensibility energy range (159%% =

fsg,ysc%E’1 dE) and the fluence (%, in GeVcm™2).
Name ¢ At 159%% # | Name ¢ At 159(5%% F
1A 0535+262 8.6 278 70 14 | GX 3394 25 464 72 7.1
4U 1630—472 2.0 579 72 7.1 | H1743-322 2.1 665 74 89
Cir X—1 20 572 68 6.8 | SMCX-3 13 88 65 63
Cyg X—1 1.8 1521 7.1 17 | V404 Cyg 22 120 7.1 17

Table 4: Preliminary sensitivities for the studied YRBs for the track only channel assuming a £~2 spectrum.
For each source are given the neutrino flux sensitivity during the flare (¢, in 1078 GeV~'cm~2s~!), the flare
livetime (A¢, in days), the integral in the 5-95% ANTARES sensibility energy range (1593/0% = 59,;0%E_1 dE)
and the fluence (.%, in GeVcm™2).

Name P At I;”%% % | Name d At I;)%% F
1FGL J1018.6—5856 0.5 2259 6.7 6.8 | LS 5039—63 1.1 1564 7.1 10
Cyg X-3 146 20 7.2 18 | PSRB1259-63 3.0 377 6.6 6.5
HESS J0632+4-057 1.6 1219 7.0 12
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incident detection would drastically constrain the position of the GW source on the sky, bringing
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1. Introduction

Time-domain astroparticle physics has entered an exciting period with the recent development
of wide-field-of-view instruments, communication strategies and low latency alert triggering of
gravitational wave and high-energy neutrino (HEN) signals, but also across the electromagnetic
spectrum. In particular, neutrinos represent unique probes to study high-energy cosmic sources.
They are neutral, stable and weakly interacting. Contrary to cosmic rays (CRs), they are not de-
flected by the magnetic fields and unlike high-energy photons, they are not absorbed by pair pro-
duction via Yy interactions with cosmic microwave and infrared backgrounds. A HEN diffuse flux
of cosmic origin has been identified by the IceCube telescope (see e.g. [1]), the sources of which
have still to be identified. In this context, multi-messenger approaches consisting in simultane-
ously looking for the same sources with both neutrino telescopes, gravitational wave interferom-
eters and/or multi-wavelength facilities can constitute a viable mean of locating HEN/CR sources
and thus further understanding the acceleration mechanisms at play in these sources.

Search for transient sources of HEN is promising since the short timescale of emission dras-
tically reduces the background level, mainly composed of atmospheric muons and neutrinos and
consequently increases the sensitivity and discovery potential of neutrino telescopes. In particular,
specific strategies are developed to look for neutrino events in both time and space coincidence with
transient events announced by public alerts distributed through the Gamma-ray Coordinated Net-
work (GCN) or by private alerts transmitted via special channels. Offline analyses are performed to
search for neutrino counterparts to catalogued flaring sources and will be presented at this confer-
ence [2]. Hereafter, we describe the real-time follow-up analyses performed with ANTARES after
the detection of transient events which require low latency follow-up: gravitational wave events by
LIGO/Virgo (Section 3), high-energy neutrino candidates by IceCube (Section 4) and Gamma-Ray
Bursts and Fast Radio Bursts (Section 5).

2. Data acquisition and real-time alert reception in ANTARES

The data acquisition system of the ANTARES detector is based on the "all-data-to shore" con-
cept [3]. The time and charge amplitude of all the photomultiplier (PMT) signals above a threshold
of 0.3 photoelectrons are sent to a computing farm onshore for processing. A filter is applied on
shore to select the physics events among the raw dataset structured in time slices of 104.85 ms
and dominated by hits due to the optical background produced by bioluminescence and radioactive
decay of “°K. Two filtering algorithms look for a combination of local clusters of hits within a time
winow of 2.2 us. The first one selects events made of five local causally connected clusters any-
where in the detector, while the second one requires at least two clusters on nearby PMT storeys.
The selected events are finally kept for online and offline reconstruction as described in [4]. In par-
ticular, a fast and robust online algorithm reconstructs tracks in nearly real time [5]. The remaining
sample of events is then sent to a more accurate reconstruction algorithm [6] which improves the
angular resolution of each event in less than 5 s. Both algorithms use an idealised geometry of
the detector that does not take into account the dynamical positioning of the optical modules due
to sea current variations. For high-energy tracks, this use limites the angular resolution by about
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0.1°. These online data are routinely used to look for neutrino counterparts to various astrophysical
transient events whose detection is notified directly to ANTARES through both VOEvents' and/or
GCN socket and also to send alerts after the detection of interesting neutrino events (as presented
in another proceedings [7]). The latest results of these studies are presented hereafter.

3. Follow-up of gravitational wave events

The observation of two significant gravitational wave (GW) sources by Advanced LIGO on
September 14™ and December 26", 2015 [9, 10] represents an important step forward in the era of
multi-messenger astrophysics.

Since the beginning of the second observing run of Advanced LIGO interferometers on Novem-
ber 30, 2016, ANTARES is receiving gravitational wave alerts in real time. The angular resolution
of ANTARES (~0.4° at ~10 TeV) compared to the size of the gravitational wave error box (a few
hundreds of square degrees on the sky) offers the possibility to drastically reduce the size of the
region of interest in case of a coincident neutrino detection.

About 74 days of LIGO/Hanford and LIGO/Livingston simultaneous science data have been
collected up to June 2017. The average reach of the LIGO network for binary merger events is
around 70 Mpc for 1.4+1.4 M, 300 Mpc for 10+10 Mg, and 700 Mpc for 30+30 M mergers,
with relative variations in time of the order of 10%. Prior to a commissioning break that occurred
in May 2017, 7 triggers, identified by online analysis using a loose false-alarm-rate threshold of
one per month, were identified and shared with partner collaborations who have signed memoranda
of understanding with LIGO/Virgo for electromagnetic and neutrino follow-up. Each of the 7
alerts were followed by the ANTARES neutrino telescope by searching for a potential neutrino
counterpart.

A thorough investigation of the data via an offline GW analysis enabled to confirm a first sig-
nificant detection which occurred on January 04 2017 and produced after the merger of two black
holes with 31.2 and 19.4 solar masses respectively [11]. We used ANTARES’s online reconstruc-
tion pipeline [4] which selects up-going neutrino candidates with atmospheric muon contamination
less than 10%. Directional and temporal coincidences between GW 170104 and reconstructed HEN
candidates were searched for. Relying on the methodology defined in [12], we looked for (i) tem-
poral coincidences within a +£500 s time window around the GW alert and (ii) spatial overlap
between the 90% probability contour of GW 150914 and the neutrino point spread function. No
neutrino candidates temporally coincident with GW170104 were found with ANTARES within
the £500 s time window. The results of the nearly real-time analysis has been transmitted to
LIGO/Virgo follow-up community through a GCN (now publicly available [13]) less than 24 hours
after the release of the alert?>. The absence of neutrino candidate both temporally and positionally
coincident with GW 170104 allowed us to derive a preliminary upper limit on the spectral fluence
emitted in neutrinos by the source at 90% confidence level, as a function of the location of the
source in equatorial coordinates and assuming a standard dN/dE o« E~2 spectral model. Figure 1

Istandardized language adopted by the International Virtual Observatory Alliance.

2 An automated notification was not generated by LIGO/Virgo after the detection of this event as the calibration of
Handford detector’s had to be checked beforehand. A first alert was distributed to collaborating astronomers 6 hours
after the detection.
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(left) shows in each direction of the sky the most stringent fluence upper limit (U.L.) as provided
to the LIGO/Virgo follow-up community on January 24, 2017.

Using the constraints on the distance of the GW source and the neutrino fluence U.L., we
derived the U.L. on the total energy emitted in neutrinos by this source. This was obtained by
integrating the emission between 100 GeV and 100 PeV for each spectral model and each location
in the sky map. The total energy U.L. depends on the source distance and equatorial coordinates
and is shown in Figure 1 (right) inside the 90% GW error box.

An optimized offline search for a neutrino counterpart to GW170104 is currently performed
in the ANTARES collaboration. Results should be published soon, as it as been done previously
for GW150914, GW151226 and LVT151012 [14, 15].

'0° 150° 180° 210° 240° 270° 300° §30°

o P @ ° Afo° 15_o°.;210° 240° 270° 300°
-15° =

0.0020 0.0024 0.0028 0.0032 0.0036 0.0040 0.0044 0.0048 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
E*dN/dE [erg cm™] U.L. on total energy (erg) 1e55

Figure 1: ANTARES 90% C.L. upper limits on the HEN spectral v, + v, fluence (left) and on the total
energy emitted through neutrinos (right) from GW 170104 assuming a dN/dE o E~2 spectral model. Maps
in equatorial coordinates. The black contours show the 90% C.L. contour for the GW skymap.

4. Follow-up of IceCube HEN events

IceCube is currently the largest neutrino telescope. Located at the geographic South Pole, it
is composed of 86 detection lines distributed over a cubic-kilometer of ice. High-energy events
starting into the detector (HESE, see e.g. [1]) and extremely high-energy ones (EHE, with energy
above 1 PeV) are received by the Astrophysical Multi-messenger Observatory Network (AMON,
[16]) and distributed to the community via an alert of the GCN?. A coincident detection by both
IceCube and ANTARES would be a significant proof of the astrophysical origin of these neutrino
candidates and would point directly to the position of the source in the sky. In this context, the
ANTARES collaboration is performing a follow-up analysis of each IceCube event whose position
is below the horizon of ANTARES (which could consequently yield to an up-going event at the
time of the alert). Up to now, ANTARES has followed the four alerts (3 HESE and 1 EHE) in
the field-of-view of the telescope (see Figure 2). Two other events occurred in the field-of-view
of ANTARES but were retracted by IceCube after further analysis which revealed a background
origin. No neutrino candidates were found compatible with one of the alerts within a time window

3https://gen.gsfe.nasa.gov/amon.html
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up to = 1 hour. We used these non-detections to derive preliminary 90% confidence level upper
limits on the radiant neutrino fluence of these events of the order of ~15 GeV cm~2 and ~30 GeV
cm~2 for the E~2 and the E~2 spectral models respectively (see Table 1). These results have been
published as GCN circulars within some hours after the alerts [17, 18, 19, 20].

75°

y 270° 300° 330°

10° 240° 270° 300° 330°

75° 75°

° 120° 150° 180° 210° 240° 270%

10° 240° 270° 300° 330°

Figure 2: Visibility map of the IceCube alerts (top left: IC160731A, top right: IC160814A, bottom
left: IC161103A, bottom right: IC170321A) in equatorial coordinates showing the field-of-view of the
ANTARES neutrino telescope at the event time (blue part of the map). The red cross indicates the position
of the neutrino candidate observed by IceCube.

IceCube event Fluence U.L. (erg cm?2)
dN/dE < E~? | dN/dE =< E~2?

IC160731A (EHE) 221072 431072

IC160814A (HESE) 251072 7.0 1072

IC161103A (HESE) 2.11072 5.11072

IC170321A (HESE) 2.61072 421072

Table 1: ANTARES fluence upper limits at 90% C.L. for each IceCube neutrino candidate.

5. Follow-up of Gamma-Ray Bursts and Fast-Radio Bursts

Transient astrophysical events are observed all over the electromagnetic spectrum and in par-
ticular at both ends of the spectrum, in the radio and gamma-ray domains where we respectively
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observe fast radio bursts (FRBs) and gamma-ray bursts (GRBs). While the latter are probably
related to either the collapse of massive stars or the merger of two compact objects, the sources
producing the former are still unknown. If hadrons are accelerated in relativistic outflows of both
GRBs and FRBs, TeV-PeV neutrinos might be produced by photo-hadronic interactions. Dedicated
offline analyses are performed by the ANTARES collaboration (see e.g. [21, 22, 23]) and prelim-
inary results of the more recent ones will be presented at this conference [24, 25]. In particular, a
stacked analysis based on the full ANTARES data sample from 2008 to 2016 enables to constrain
the contribution of GRBs to the diffuse flux of cosmic neutrinos. On the other hand, looking for
individual GRBs and FRBs helps to constrain theoretical models of neutrino emission.

ANTARES is able to react to external alerts sent through GCN after the detection of a GRB.
More than 500 GRBs detected by Swift and Fermi have been followed by ANTARES in realtime
so far (see Figure 3). Data analysis can be done in two alternative ways. A search for muon-
track neutrino counterpart in the standard online dataset described in Section 2 is performed in
real-time within 15 min around the detection and 2° from the GRB position. To ensure the quality
of the data at the alert time, the detector stability is checked over several hours before the alert.
The result of the search is sent by email within 15 min after the release of the GCN. In case of a
coincident neutrino detection, a dedicated offline analysis is run to confirm the result and compute
its significance (expected to be higher than 30 in most of the cases).

Alternatively, a specific data taking mode is activated jointly with the standard one in case of
a GRB alert. All raw data covering a preset period (typically 2 min, depending on the background
rate, the number of data processing computers, and the size of the RAM) are saved to disk with-
out any filtering [26]. Data buffering in the filter processors enables to store the data up to about
one minute before the actual GCN alert. In most cases, it consequently includes data collected by
ANTARES before the GRB occurred, which can be used to search for a neutrino signal occurring
before the gamma ray emission. These unfiltered data can be analysed with a less strict filtering
compared to the standard online filtering and a reconstruction algorithm optimised for energies
below 1 TeV [27] can be applied to increase the detection efficiency (by a factor of ~2 at 100
GeV and ~30% at 10 TeV). A dedicated algorithm searching for time and space correlations in a
small region of interest around the GRB position is finally used as in standard offline analyses. An
analysis based on this approach has recently been published by the ANTARES collaboration to test
the photospheric model of neutrino emission in GRBs [21].

As for FRBs, the Parkes radiotelescope, located in Australia, is the main discovery instru-
ment so far and the SUrvey for Pulsars and Extragalactic Radio Bursts (SUPERB) is underway
on this instrument [28]. One of the main obstacles for constraining the nature of the FRBs is
the latency between the detection of the burst and the starting of multi-wavelength and multi-
messenger follow-up observations aimed to identify a FRB counterpart. The SUPERB program
was designed to drastically reduce the time needed to send a notification to the community. In
this context, ANTARES is receiving alerts issued by the SUPERB collaboration in case of a Fast
Radio Burst detection since 2015. The ANTARES collaboration has recently been involved in the
multi-wavelength and multi-messenger study of FRB 150215 detected with the Parkes radiotele-
scope by SUPERB [29]. The datastream was searched for upgoing track events from a point-like
source within a time window of up to -1 day around the FRB detection in a region of interest of 2°
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Figure 3: Positions of the the GRBs followed by ANTARES (red ticks indicate those detected by Fermi
while black ticks those observed by Swift). The shade of grey indicates the ANTARES visibility. The map
is in galactic coordinates.

centered on the position of the Parkes beam center. No neutrinos were detected coincident with this
transient event. Consequently, a neutrino radiant fluence* upper limit at 90% confidence level has
been computed together with an upper limit on the total energy emitted in high-energy neutrinos
(assuming a redshift of z = 0.56 as constrained by radio data). Results are given in Table 2 for a
spectral model dN /dE «< E~2.

Fluence U.L. (erg cm~2) | Total energy U.L. (erg)
1.4x1072 1.4x10%

Table 2: Results of the FRB150215 neutrino follow-up performed with ANTARES.

6. Conclusion

By simultaneously monitoring at least half of the sky, neutrino telescopes are well-suited to
detect transient sources. In this context, multi-messenger approaches are destined for a bright fu-
ture and will help to probe the physical processes at work in these objects. In addition to offline
analyses, that search for time and space coincidences of ANTARES events with electromagnetic,
gravitational wave or neutrino signals [2, 30, 31], ANTARES is also able to handle external alerts
in real time (as described in this document) and to trigger electromagnetic follow-up of interesting
neutrino candidates [7, 8]. Furthermore, the capability of the ANTARES data acquisition system
to store a few minutes of raw data coincident with a GCN alert extends the possibility of increasing
offline sensitivity to transient astrophysical events. In the near future, KM3NeT, currently under
deployment in the Mediterranean sea, will further develop these dedicated multi-messenger pro-
grams that will benefit from an increase of both the discovery potential (by a factor of ~50 with
respect to ANTARES) and the angular resolution of muon tracks and cascade events [32].

“Defined as [ EdN /dEdE.
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High-energy neutrinos could be produced in the interaction of charged cosmic rays with matter
or radiation surrounding astrophysical sources. Transient phenomena, such as gamma-ray bursts,
core-collapse supernovae or active galactic nuclei are promising candidates to emit high-energy
neutrinos. To search for coincidences between a transient event and a neutrino emission, a follow-
up program of neutrino alerts is in operation within the ANTARES Collaboration since 2009.
This program triggers a network of robotic optical telescopes immediately after the detection of
a neutrino event and schedule several observations in the following weeks. The most interesting
neutrino candidates are also followed by the Swift XRT telescope and the Murchison Wide field
Array radio telescope and the H.E.S.S. very high-energy gamma-ray telescope. By combining
the information provided by the ANTARES neutrino telescope with information coming from
other observatories, the probability of detecting a source is enhanced, allowing the possibility
of identifying a neutrino progenitor from a single detected event. No significant counterpart

associated with a neutrino emission has been identified during image analysis.
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1. Introduction

High-energy neutrinos may be produced in the interaction of charged cosmic rays with matter
or radiation surrounding astrophysical sources. Even with the recent detection of extraterrestrial
high-energy neutrinos by the IceCube experiment [1, 2], no astrophysical neutrino source has yet
been discovered. Such a detection would provide a direct evidence of hadronic acceleration mech-
anisms and would therefore solve the origin of very high-energy cosmic rays.

High-energy neutrinos are thought to be produced in several kinds of astrophysical sources,
such as the galactic binaries, supernova remnant, gamma-ray busrts (GRB) [3], core-collapse su-
pernovae (CCSN) [4] or active galactic nuclei (AGN) [5]. Most of these sources are also transient
events covering a large range in the time domain, from seconds for GRB to weeks for CCSN or
AGN. By combining the information provided by the ANTARES neutrino telescope [6] with in-
formation coming from other observatories, the probability of detecting a source is enhanced since
the neutrino background is significantly reduced in the time window around the event [7].

Based on this idea, a multi-wavelength follow-up program of ANTARES alerts, dubbed TAToO
(Telescopes-Antares Target of Opportunity), has been operating since 2009 [8]. It triggers multi-
wavelength observations within a few seconds after the detection of selected high-energy neutrino
candidates. The document is organized as follow: Section 2 describes the alert sending system
and its performances. Follow-up observations of neutrino candidates are now performed over a
broad range of the electromagnetic spectrum, from visible to X-ray. Section 3 describes the multi-
wavelength facilities used by ANTARES to follow the neutrino alerts. Section 4 reports the main
results of the visible and X-ray observations. Section 5 shows the results of the multi-wavelength
and multi-messenger follow-up of the alert ANT150901A. The recent search for radio counterpart
of few high-energy neutrino events by the Murchison Widefield Array (MWA) [9] is reported in
Section 6. On the extreme opposite of the electromagnetic band, a few ANTARES alerts have been
followed looking for TeV photons detected by H.E.S.S. [10] (Section 7).

2. Characteristics of the ANTARES alert sending system

All the ANTARES events are reconstructed in real-time (< 5 s) by two independent algorithms
[11, 12]. These algorithms use an idealized detector geometry and are independent of the dynamical
positioning calibration (the positions of the optical modules are not corrected for displacements due
to sea currents). This reconstruction and subsequent quality selections allow the rate of events to
be reduced from few Hz down to few mHz removing almost all the huge downgoing atmospheric
muon contribution. The duty cycle of TAToO is around 90%. From the remaining atmospheric
neutrino sample, the selection of the neutrino candidates with an increased probability to be of
cosmic origin is performed with three online neutrino trigger criteria currently implemented in the
TAToO alert system [8]:

e High energy trigger: the detection of a single high energy neutrino.

e Directional: the detection of a single neutrino for which the direction points toward (< 0.4°)
a local galaxy (< 20 Mpc) in the GWGC catalogue [13].
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Table 1: Performances of the three alert criteria. The third column shows the median angular resolution at
the mean energy < E >. The fourth column corresponds to the fraction of events inside a 2° x 2° field of
view assuming a flux of GRB [3] and CCSN [4].

Trigger <E> Ang. Res. Fraction Muon contamination
Doublet ~100GeV < 0.7° / 0 %
Single HE ~T7 TeV ~(0.3° 96% (GRB) 68% (SN) <0.1%
Single directional ~ ~1 TeV ~0.4° 90% (GRB) 50% (SN) ~2 %

e Doublet trigger: the detection of at least two neutrinos coming from similar directions (< 3°)
within a predefined time window (15 min).

The main performances of these three triggers are described in Table 1. Until now, no doublet
trigger has been sent to the network. The trigger criteria are inspired by the features expected from
astrophysical sources and are tuned to comply with the alert rate to send to the telescope network.
An agreement between ANTARES and the optical telescope collaborations allows a rate of around
25 alerts per year to be sent to each optical telescope, while an agreement to send 6 alerts per year
to the Swift satellite have been accepted. Due to this reduced rate, a subset of the high-energy
trigger with more restrictive requirements on the neutrino energy, provides a dedicated trigger for
the Swift satellite. A similar sub-sample is sent to the H.E.S.S. and M.W.A telescopes. The TAToO
alert system is able to send alerts within few seconds (3-5 s) after the neutrino detection with an
angular resolution better than ~0.4°.

3. Multi-wavelength follow-up facilities

The ANTARES neutrino alerts are followed by the small robotic optical telescopes such as
TAROT [14], ZADKO [15], MASTER [16] and SVOM/GWAC [17] located all-around the world.
TAROT is a network of two identical 0.25 m telescopes with a field of view (FoV) of ~1.86° x
1.86° located in Calern (France) and La Silla (Chile). Zadko is a 1 meter telescope located at the
Gingin observatory in Western Australia. As its FoV is about 0.15 square degrees, seven tiles are
needed to cover the ANTARES point spread function. The 6 MASTER telescopes are located in
Russia, Canary Islands and in South Africa, and consist of 6 pairs of tubes with a diameter of 0.40
m covering a FoV of up to 8 square degrees for each pair of telescopes. Until the end of 2014, the
network also comprises the four optical telescopes ROTSE [18], which have progressively stopped
their activity. These telescopes reach a limiting magnitude of ~19-20.5 mag depending on their
diameters. In 2017, the follow-up has been extended to the SVOM/GWAC telescopes located in
China providing a very large FoV (~40°) but with a not very deep sensitivity (~15 mag). The wide
FoV and the fast response of these telescopes (images can be taken less than 20 s after the neutrino
detection) are well suited to the search for transient sources. For each alert, the optical observation
strategy is composed of an early follow-up (within 24 hours after the neutrino detection), to search
for fast transient sources such as GRB afterglows, complemented by several observations during the
two following months, to detect for example the rising light curves of CCSN. Each observation is
composed of series of optical images (with clear filter). Optical images are analyzed with dedicated
pipelines based on the image subtraction method to look for new transient sources [22].
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The Swift satellite with its XRT [19] provides a unique opportunity to observe X-ray coun-
terparts to neutrino triggers. The detection sensitivity of the XRT is ~5x 1073 erg cm™2 s~! in
1 ks exposure, and an energy band from 0.3 to 10 keV is covered [20]. Due to the small FoV of
the XRT (radius of ~0.2°) and the typical error radius of an ANTARES alert (~0.3—0.4°), each
observation of a neutrino trigger is composed of 4 tiles of 2 ks each. This mapping covers about
72% of the ANTARES point spread function for a high-energy neutrino. The observation strategy
is composed of an automatic response to the neutrino trigger with observations starting as soon as
possible. There is an online analysis of the data and in the case where an interesting candidate to
be the counterpart is found, further observations are scheduled.

In the last few years, follow-up observations of a sub-sample of neutrino alerts are also per-
formed by the Murchinson WideField Array (MWA [9]) which is the low frequency (80 - 300
MHz) precursor of the Square Kilometre Array. Its huge field of view (700 square degrees at 150
MH?z) is particularly valuable for follow-up of neutrino candidates, which have rather large position
uncertainties. A few alerts have also triggered observations by the H.E.S.S. Cherenkov telescope
located in Namibia. H.E.S.S. has a typical energy threshold of 100 GeV and a large field of view
of around 5° [10].

4. Optical and X-ray follow-up

Since mid 2009, a total of 256 alerts have been sent to optical robotic telescopes while 13
targets of opportunity have been sent to the XRT instrument on board the Swift satellite since mid-
2013. The typical follow-up efficiency is around 80% for the network of robotic telescopes and for
the Swift satellite.

From mid 2009 to June 2017, 169/256 alerts with early optical follow-up (< 24 h after the neu-
trino time) have been analyzed (~66% of the sent alerts). Among them, 40 have a delay lower than
1 min (~16%). No optical counterparts were found and upper limits on the R-band magnitude of a
transient astrophysical source have been derived. These limits correspond to the limiting magnitude
of images, which is the faintest signal that can be detected. As we are looking for rapidly-fading
sources, the signal is supposed to be more important in the first image of the observation, so the up-
per limits are the limiting magnitude of each first image computed at 50 and corrected for Galactic
extinction [13]. By comparing these upper limits with optical afterglow light curves of gamma-ray
bursts (Figure 1), it becomes possible to reject a GRB association with each neutrino alert, in par-
ticular when the optical follow-up is performed within a few minutes after the neutrino trigger [22].
A similar analysis has been carried out with Swift-XRT follow-ups of 13 ANTARES alerts [22].
The typical delay of the first Swift observation is around 6h with a minimum delay of 1.1h. The
probability to reject the GRB hypothesis reaches more than ~70% if the X-ray follow-up occurs
within few hours after the trigger.

Among the 256 sent alerts, 177 have sufficiently good optical long-term follow-ups, i.e. at least
3 (2) nights of observation for TAROT (MASTER) network. No significant slowly varying transient
optical counterparts were found in association with a neutrino trigger. The expected number of
accidental SN detections, i.e. a SN detection in coincidence with a background neutrino event, is
estimated to 0.3 in the 177 alerts assuming a rate of SN of 1 per year within a sphere of 10 Mpc
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(2.4x10~* yr~! Mpc3). This result is consistent with the small expectation SN number with a
probability of 0.74.
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Figure 1: Comparison between archived optical light-curves for 301 GRBs detected in the period 1997-
2014 and the upper limits obtained for the 169 alerts. Red, blue and green markers indicate upper limits
on GRB afterglow magnitudes for neutrino alerts observed by TAROT, ROTSE and MASTER respectively.
The horizontal black line corresponds to the typical sensitivity of the optical telescopes.

5. Follow-up of ANT150901A

On September 2015 1st, ANTARES detected a bright neutrino (ANT150901A) with an energy
around 50 TeV. The direction is RA = 16h25°42, DEC = -27d23°24 with an uncertainty of ~18 ar-
cmin (radius, 50% containment). An alert has been sent to our follow-up partners after a delay of 10
s. Swift/XRT has started the follow-up 9h after the neutrino trigger. 8 sources have been identified
in the field of view, among them 5 are catalogued, 2 faint sources and one uncatalogued, relatively
bright and variable X-ray source above the Rosat All-Sky Survey (RASS) limit [23] (= 5x 10713
-1.4x107"% erg em™2 s7! at 0.3 - 10 keV). This source is located at 0.14° from the neutrino di-
rection. Further observations with XRT show an outburst with a typical lenght of around 2 days
(Figure 2 left). In parallele, MASTER has followed the field of view after 10h. No significant new

48



Follow-up of ANTARES neutrino alerts Damien Dornic

variable source has been identified. At the position of the X-ray source, MASTER has identified
a bright star (USNO-B1.0 0626-0501169) of a magnitude 12.3 with a light curve showing no flux
and no color variations. The Figure 2 (right) illustrates the field of view of MASTER.

A GCN notice [24] and an ATeL telegram [25] were emitted to request for more multi-
wavelenght observations to characterize the star and to test the association between the X-ray flare
and this bright star. 19 multi-wavelength observatories have answered to this trigger covering the
full electro-magnetic spectrum: 1 radio telescope, 11 optical/IR telescopes, 4 X-ray satellites and
4 very high-energy gamma-ray observatories. IceCube has also reported a non-observation. These
observations point to USNO-B1.0 0626-0501169 being a binary RS CVn system, undergoing a
flaring episode that produced the X-ray emission. The typical characteristics of this star are a dis-
tance of around 100 - 150 pc, an age of around 10 Myr and a mass around 0.75 M. Therefore,
this source seems not to be the origin of the bright ANT150901A neutrino with a probability of
~3% of chance association.

Switt XRT data of J1625.7-2723 - Source 1
red: PC

1077 -

Jr

2x10-13
1 L 1 1 PR | L
S5x104 10° 2=107
Time since MET=462783805.0 (s)

keV} {Brg cm-2s-1}

Flux {0.3-10

Figure 2: Left: Light curve mesured by the XRT on board of Swift for the X-ray source identified in the
follow-up of ANT150901A. Right: Field of view of MASTER corresponding to ANT150901A.

6. Radio follow-up with MWA

A search for radio counterparts to two candidate high-energy neutrino events detected in
November 2013 (ANT131121A) and March 2014 (ANT140323A) was performed using the Murchi-
son Widefield Array [26]. Such triggers have directions consistent (< 0.4°) with the positions of
galaxies within 20 Mpc of Earth [13]. Two galaxies match in each case: NGC1374 and ESO358-
015 match ANT131121A, and ESO499-037 and PGC29194 match ANT140323A. PGC29194 (the
Antlia Dwarf Galaxy), at a distance of 1.3 Mpc, is located just 6’ from the neutrino position. Both
neutrino events also had optical follow-up. For ANT131121A, 12 observations of 6 images were
performed with the TAROT telescope in Chile from 2 - 61 days after the trigger. No optical tansient
was identified, to a limiting magnitude of 19. For ANT140323A, a total of 8 images were taken
with ROTSE 3b in Texas (starting ~15 hr after the trigger) and 10 images with TAROT Chile up to
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45 days after the trigger according to the long-term strategy. No transient counterpart was found to
limiting magnitudes of 16.4 (prompt) and 18.7 (long-term).

Transient or strongly variable radio sources consistent with the neutrino positions are looked
for using MWA archival data at frequencies between 118 and 182 MHz, taken 20 days prior to,
at the same time as, and up to a year after the neutrino triggers. As no such counterparts are

0%7 erg s~! for progenitors at

detected, and 50 upper limit for low-frequency radio emission of ~1
20 Mpc. If the neutrino sources are instead not in nearby galaxies, but originate in binary neutron
star coalescences, the limits constrain the progenitors to be at z > 0.2. ANTARES is now sending

a sub-sample of the neutrino alerts in real-time to MWA. Analysis of MWA data is still on-going.

7. Very high-energy gamma-ray follow-up with H.E.S.S.

Since 2016, ANTARES and H.E.S.S. have signed an MoU to exchange information and alerts.
Exploiting the intimate connection between high-energy neutrinos and very high-energy gamma
rays, the very high gamma-ray H.E.S.S. telescopes have followed two ANTARES alerts shortly
after the neutrino detection: ANTI150901A and ANT170130A. For ANT150901, the observations
started on September 3rd, 2015, at 18:58 UT as soon as the necessary observation conditions were
reached. No very-high energy gamma-ray source has been identified in the 1.5 h observations. An
upper limit on the gamma-ray flux to ®(E > 320 GeV; 99% C.L.) < 2.7 1078 m~2 s~! [27]. The
neutrino ANT170130A direction has also been followed by H.E.S.S. with a very short delay, 32 s
during 1 hour and again 45 min the night after. The preliminary analysis on site shows no source
detection in the neutrino field of view [28] (detailed analysis are still in progress).

8. Conclusion & perspectives

Follow-up of high-energy neutrino alerts is a very promising method to identify transient
sources as sources of neutrino production. The detection of one counterpart associated in time
and direction with one neutrino could laid to a high significance discovery. ANTARES is able
to send alerts to the external community in 5-7 seconds after the time of the neutrino detection
with a precision of the direction better than 0.4 degres. The triggers are followed by several multi-
wavelength facilities such as robotic telescopes located all around the world, a radio telescope, one
X-ray satellite and very high-energy gamma-ray telescopes. This provides an unique follow-up net-
work covering the whole EM spectrum. Up to now, no counterpart has been detected significantly
in the different searches and constraints have been set on the origin of individual neutrinos.

The two KM3NeT detectors [29], in construction in the Mediterranean Sea, will have a 50
times increased discovery potential compared to the ANTARES telescope from 5 GeV to a few
PeV. Dedicated follow-up programs are in development which will allow to send more promising
neutrino alerts to the astronomy community.
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ANTARES is the largest operational neutrino telescope in the Northern hemisphere, located in the
deep water of the Mediterranean Sea, offshore Toulon. One of its main scientific goals concerns
the identification of hadronic astrophysical accelerators through the detection of high-energy neu-
trinos. Among these sources, Gamma-Ray Bursts (GRBs) constitutes promising candidates be-
cause they are the most bright sources in the Universe. Their transient nature allows to drastically
reduce the expected background when both a temporal and spatial correlation with the observed
gamma-ray prompt emission is required. Cosmic neutrinos could be produced in the interac-
tion between accelerated protons and intense radiation fields in the jet. Two different approaches
have been adopted in the search: a stacked analysis with a sample of GRBs observable using the
full ANTARES data set (from 2008 to 2016) and an individual search from some of the brightest
GRBs (with gamma-ray fluence greater than 10~ erg/cm?) occurred in the same time period. The
methods and the results of these searches for muon neutrinos are here presented. The stacking
analysis allows to constrain the contribution to the diffuse flux of neutrinos from this population
of sources. In the bright GRB analysis, instead, the internal shock and the photospheric scenarios
have been investigated and limits in the parameter space of the fireball model are derived individ-
ually. Since no events have been detected in spatial and temporal coincidence with GRBs in any
of the searches, upper limits on neutrino fluence are derived both for individual bright sources and

for the GRB population sample.
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1. Introduction

The first detection of cosmic neutrinos [1] with still unidentified astrophysical sources is one
of the main open questions of modern astrophysics. Despite the lack of a clear multi-messenger
connection, different interpretations of the signal have come from the theoretical side, addressing
both the galactic and the extra-galactic scenario. Many efforts have been carried out from the exper-
imental side as well in order to constraint the contribution to this signal of different source classes.
Among them, Gamma-Ray Bursts (GRBs) represents valuable candidates, being the most powerful
catastrophic events of the Universe. In baryonic jet models, neutrinos are expected to be produced
in the interaction among accelerated protons and the jet radiation field. Thanks to their properties
of electrical neutrality, stability and weak interaction, neutrinos are able to reach the Earth unde-
flected and unabsorbed, directly pointing to the emission site. Both muon and electron neutrinos
emerge from pYy interaction: however, the most adequate event sample for astronomical purposes is
represented by the muon sample, given the very good angular resolution that can be achieved, par-
ticularly in water. Therefore, a search from muon neutrinos from GRBs is here presented, using the
ANTARES data set from 2008 to 2016: sources below the detector horizon are here considered in
order to strongly suppress the atmospheric muon background, while an unbinned likelihood analy-
sis is performed to distinguish the signal from the irreducible atmospheric neutrino background. A
model-dependent search, based on both the internal shock and of the photospheric scenarios of the
GRB fireball model is performed. Previous searches in both the ANTARES [2] and the IceCube [3]
telescopes did not succeed in the identification of neutrino events spatially and temporally corre-
lated with the detected gamma-ray emissions. The paper is structured as follows: an introduction
to the theoretical models connecting gamma-rays and neutrinos in GRBs is introduced in Sec. 2.
The analysis method for an optimized search is then discussed in Sec. 3, in order to present in
Sec. 4 an individual search from four bright GRBs and in Sec. 5 a diffuse search performed though
the stacking technique. In these sections, constraints on the physics of GRBs are derived as well.
Conclusions are then given in Sec. 6.

2. Gamma-ray bursts modeling

The most accepted scenario describing the emission of the detected gamma-rays (in the so
called prompt phase of the GRB) is the fireball model [5]. A central engine injects in the interstellar
medium plasma shells with different velocities: particle acceleration is occurring when a faster
shell catches up with a slower one. Both protons and electrons are thought to be accelerated in
this process, while gamma-rays are mainly produced through inverse Compton scattering over the
accelerated electrons. Protons interacting with the radiation field can produce both gamma-rays
and neutrinos through the A" resonant channel:

n—y+y
p+ n—p+e +V,
— AT — 2.1
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In the internal shock (IS) scenario the radius of shell collisions is located at [6]

st:2@r2~1013(w) r (L cm 2.2)
1+2 001s/\1025 ) \ 11 '

where t,,, represents the variability time of the GRB emission, I" is the jet Lorentz factor and z is the

source redshift. In the photospheric (PH) scenario, instead, the collision radius is located at a lower
distance from the central engine where the jet is still optically thick to gamma-rays, respectively at

LisoOr -3 11 Liso r -3
Rpy = I3~ 10 23
PH = S tm 3 10%ergss ) \ 1025 ) ™ )

where L;,, is the isotropic luminosity of the burst, o7 is the Thomson cross section and m,, is the
proton mass. The radius of emission strongly affects both the energy range and the normalization
of the neutrino expected fluence: the IS scenario predicts neutrinos mainly above 100 TeV, while
the PH scenario introduces a low-energy component below 10 TeV.

Neutrino spectra are computed individually for each GRB: in the IS case, the numerical code
NeuCosmA [7] provides spectra for individual neutrino flavors, while in the PH case the analytical
description from [8] was adopted.

3. Analysis methods

The event selection proceeds through the application of an angular cut, a temporal cut and
a cut on the quality of the track reconstruction. The first two cuts are applied in order to get a
coincidence with the detected gamma-ray emission: a cone of aperture ¢ = 10° is defined around
the burst position, as identified by a given satellite. Although the ANTARES angular resolution for
muon events is about 0.4° at E,, = 10 TeV, the size of the angular window is enlarged in order to
account for the satellite uncertainty on the burst position, which might reach value of the order of
several degrees (especially when Fermi GBM is providing the burst coordinates); however, given
the transient nature of the sources, such a large window is not prohibitive in terms of background.
The temporal window is selected as the burst T90, which is the time during which 90% of the
total fluence is detected, plus a symmetric extension of width 30%T90 which accounts for both
the satellite timing uncertainty and the unknown delay between the gamma-ray and the neutrino
emission inside the prompt phase of the GRB, plus a symmetric extension of 42 s to account for the
time of light propagation from the satellite to the ANTARES site and for ANTARES uncertainty
in the data acquisition. Finally, the analysis is based on an unbinned method that relies on the
evaluation of a test statistic Q in a pseudo-experiment procedure defined as:

0= max

3.1)
JTRS (G| i=1 ‘UbB(al)

<I’lmz log ‘L[;S((Xl) + [.LbB(al) _ ;)
where 7, is the number of simulated events in each measurements at an angular distance ¢; from
the source position, both for the background only hypothesis and for the signal plus background
one. The test statistic is an extended maximum likelihood ratio, defined from the signal probability
density function S(o¢) and the background probability density function B(a). The signal angular
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distribution is obtained through Monte Carlo simulations, realized specifically for each GRB, ac-
curately describing the ANTARES conditions at the time of the GRB trigger, while the background
distribution is assumed flat in the solid angle considered in the search. The number of expected
background event L, in the temporal and angular window of the search is evaluated from off-time
data, while the expected number of signal events u! is obtained in the likelihood maximization.
Pseudo-experiments are performed at different quality cuts: the final reconstruction quality cut is
selected as the one that maximizes the individual Model Discovery Potential (MDP) of each GRB,
defined as the probability of the signal hypothesis at a given significance level ©.

4. Individual search: bright GRBs

A search for neutrinos from bright GRBs is performed, as extensively treated in [9]: four
sources have been selected with gamma-ray fluence greater than 10~* erg/cm? in the time pe-
riod from 2008 to 2013. The selection yielded GRB080916C, GRB110918A, GRB130427A and
GRB130505A. Both the IS and the PH scenarios are investigated for neutrino emissions: in this
analysis, a standard value for the bulk Lorentz factor is assumed I' = 316 for each GRB as well as a
baryon loading equal to f,, = 10. In order to increase the sensitivity to the low-energies predicted by
the PH model, a special data sample is used in this case: it includes unfiltered data stored during the
GRB alert, received through GCN notices [10], as well as unfiltered data buffered before the alert
message reception. The overall size of the unfiltered data stored amounts to about 2 minutes, in
such a way that they cover the majority of the burst duration. The IS analysis is instead performed
through the standard filtered data set. Given the optimization technique described in Sec. 3, the
cuts yielding the maximum 30 MDP were applied to unblinded data: no neutrinos were detected
in the defined temporal and spatial windows of the search. The absence of signal allows to derive
90% C.L. upper limits to the neutrino fluence, shown individually for each GRB in Fig. 1(a) for the
IS model and in Fig. 1(b) for the PH one, in the energy range where 90% of the signal is expected.
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Figure 1: Expected v, + Vv, fluences (solid lines) and ANTARES 90% C.L. upper limits (dashed
lines) on the selected GRBs, in the energy band where 90% of the signal is expected to be detected,
for the IS (a) and the PH (b) models.
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Figure 2: Constraints on the I' — f,, plane. The solid (dashed) black line corresponds to the exclu-
sion limits at 90 (50)% C.L. The red dot shows the benchmark values f, = 10 and I' = 316. (a) IS
constraints on GRB130505A. (b) PH constraints on GRB130427A.

4.1 GRB model constraints

Given the null results discussed above in the search of neutrinos in angular and temporal
coincidence with the gamma-ray emission detected from the bright GRBs, it is possible to derive
constraints on the jet parameters affecting neutrino emissions, I" and f), for instance. The most
stringent 90% C.L. limit on the IS model is derived for GRB130505A and it is shown in Fig. 2(a),
while the PH model is best constrained in the case of GRB130427A, as shown in Fig. 2(b). Low
Lorentz factor and high baryonic loading are generally excluded, but still most of the parameter
space is available. A different procedure will be adopted in the following stacking analysis: in
order to leave the baryonic content as the main free parameter of the model, the bulk Lorentz factor
of each burst is inferred through its correlation with the isotropic luminosity.

5. Quasi-diffuse search: the stacking method

The full sample of long GRBs (T90 > 2 s) observable with ANTARES in the years 2008-
2016 was considered: a source selection is performed starting from the Swift and Fermi catalogs,
completed through information available on the GCN. GRBs below the ANTARES horizon at the
trigger time and with the detector in stable data-taking conditions are considered. Moreover, a
stringent selection on the burst spectrum was applied, since a large extrapolation is needed to move
from gamma-rays to the expected neutrinos: therefore, GRBs whose gamma-ray spectrum is fitted
as a simple power law are excluded. This procedure resulted in 462 GRBs, whose position in the
equatorial sky is shown in Fig. 3, where also the detected gamma-ray fluence is shown.

The internal shock scenario is here assumed as signal model. Moreover, a linear correlation among
the burst isotropic luminosity and the bulk Lorentz factor is assumed, as derived in [11]: such a

L. 0.30
=249 ——*=2 5.1
’ <10526rg/s> S

correlation reads as
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Figure 3: Sky map of the GRBs selected for the stacking analysis, in equatorial coordinates: the
color code represents the measured gamma-ray fluence.

However, since the isotropic luminosity depends on the redshift and since most of the GRBs in
the sample miss this information, we start assigning each burst a redshift by uniformly sampling
a distribution of redshifts, as collected by the Swift satellite from long GRBs detected between
2005 and 2017, with the constraint that the resulting Lj;, is among 10*° and 10°3 erg/s. Then
I is inferred through Eq. 5.1: an uncertainty of 50% should be considered in the estimation of
the Lorentz factor. The expected neutrino spectrum computed through NeuCosmA, assuming a
baryon fraction fp = 10 and the L;s,,-I" correlation presented in Eq. 5.1, is shown in Fig.4(a), where
the single contributions from each GRB are also shown. With this expected signal, the method
described in Sec. 3 is then applied, complemented by the introduction of a statistical penalty factor
that accounts for the increased size of the sample: indeed, in the stacking technique, the summed
contribution from all sources is considered in the test statistic evaluation, yielding a diffuse flux
of events. Given the per burst individual MDP,;, which is the maximum MDP obtainable among
different track quality cuts for a single GRB at a given trial factor, the total MDP obtained when
including in the search Nggp; is defined as

NGras
MDP(Ngrps) = 1— [] (1 —MDP) (5.2)

i=1

The total MDP as a function of the number of GRBs included in the search is given in Fig. 4(b).

5.1 GRB population constraints

The analysis shows that at a 30 significance level the MDP reaches its maximum value of
11.5% for 254 stacked sources. However, when including all the GRBs of the sample, the MDP
decreases only to 11.1%: given the moderate MDP reduction, it is preferable to consider the whole
sample of 462 GRBs in the search for a neutrino signal. This results in a total livetime of the
analysis equal to 11.2 hours. After the unblinding of data at the optimal cuts, no event is found in
angular and temporal coincidence with the prompt gamma-ray emission of any of the GRBs. The
90% C.L. upper limit on the neutrino fluence E*F, (E) stands a factor 18 above the expectations, as

57



GRB muon neutrino search in ANTARES Silvia Celli

e
=3
>

- | PRELIMINARY | | 303

= |PRELIMINARY|

L R e e SRS e I 1.

E2F, [GeV cm?]

0.06

"""""

0.04

0.02

(a) (b)

Figure 4: (a) Expected v, + V, fluences from the 462 GRBs of the stacking analysis (thin lines)
and summed contribution (thick line), according to the IS modeling of the NeuCosmA code. (b)
MDP of the stacking analysis as a function of the number of sources included.

shown in Fig. 5: the fluence interval where 90% of the signal is expected ranges between 0.45 and
5.2 GeV/cm? in the energy range from 5 x 10* to 8 x 10® GeV. The fluence limit can be translated
into a limit on the quasi-diffuse flux from the GRB population: considering Nggps over an average
number of 667 long GRBs detected per year, the diffuse flux is

i 667yr~!

5.3
41 NGras -3

E*¢y(E)=Y E°F/(E)
The 90% C.L. on the diffuse flux ranges between 1.6 x 10~ and 1.9 x 1078 GeV cm ™2 s~ sr71.
Moreover, these results directly translate into constraints on the baryonic content of the jets, given
that neutrino fluence linearly scales with f,: the limit equals to f, <180 at 90% C.L. and to f,, <89
at 68% C.L. in GRB jets.
The Lorentz factor of the jet is one of the most critical microphysics parameters of the jet for the
neutrino spectrum. Propagating the uncertainties in the relation L;;, — I' affects significantly the
shape of the neutrino spectrum: reducing the I factor, increase the flux of neutrinos at low energies
(1 —100 TeV) and vice versa. A 50% increase in the L;;, — I relation worsen the limit by a factor
124, while a 50% decrease starts to be constrained by the ANTARES limits. As a result, limits on
the baryonic content are also strongly affected: in the optimistic scenario (decrease), the limit on f,,
reaches 10 at 90% C.L., which is a quite restrictive value for scenarios of CR proton acceleration
in GRB jets. On the other hand, the limit soften to f, < 1240 (90% C.L.) in case the correlation is
increased.

6. Conclusions
Through the technique defined in Sec. 3, nine years on ANTARES data were considered for a
search of muon neutrinos in time and space coincidence with the prompt emission of 462 GRBs.

Both an individual search from bright GRBs and a population study were performed, through an
optimization technique based on the maximization of the Model Discovery Potential. However,
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no events passed the selection criteria, yielding 90% C.L. upper limits on the expected neutrino
fluence and constraints on the parameters affecting the physical emission mechanism of GRBs.
Limits and constraints are consistent with previous searches in ANTARES [2,9] and IceCube [3].
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Figure 5: Expected v, + v, fluence (left axis) and diffuse flux (right axis) from the 462 GRBs of
the stacking analysis (red solid line) and ANTARES 90% C.L. upper limits (dashed line), in the
energy band where 90% of the signal is expected to be detected.
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Fast Radio Bursts are one of the most mysterious transient sources. They are characterised by
an intense radio-pulse lasting few milliseconds and mainly detected in the GHz energy band.
Many unknowns remain concerning the nature of the transient progenitor, the nature of the radio
emission and their distribution in the Universe. Recently, the first evidence on the association
between the repeating burst FRB121102 and a star-forming dwarf galaxy located at the cosmo-
logical distance z = 0.19 was reported. These observations imply that at least some of the fast
radio bursts indeed originate from the distant Universe and have to be associated with extremely
violent events to explain their observed brightness. So far, the radiative processes powering the
radio emission are unknown but efficient particle acceleration may occur in the vicinity of the
progenitor. A multi-wavelength and a multi-messenger approach are therefore crucial to identify
the nature of these acceleration mechanisms. In this context, a search for a high-energy neutrino
signal from the most recent radio bursts has been performed with the ANTARES neutrino tele-
scope. By design, ANTARES mainly observes the Southern sky (27 steradian at any time) and is
perfectly suited to search for a neutrino signal from sources of transients that have been mainly
detected at the Parkes observatory in Australia. In this contribution, we will present the results of
our searches with ANTARES and their implications for hadronic models of FRBs.
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1. Introduction

Energetic transient sources are promising candidates for a high-energy neutrino (TeV-PeV)

detection as they would originate from explosive processes that release a huge amount of energy
in a short timescale and heat the surrounding environment in violent shocks. In the shock fronts,
the acceleration of hadrons could be efficient enough to explain the origin of the most energetic
cosmic rays and the cosmological high-energy neutrinos discovered few years ago by the IceCube
Collaboration [1]. In addition, the shorter the transient duration is the more significant will be the
detection since typically the searches for a neutrino signal from a transient event below the minute
timescale can be almost considered as background free and hence, the detection of a single neutrino
event might be enough to claim a significant association with the transient source. The Gamma-ray
Bursts (GRB) are one of the best example of such promising target for point like-source neutrino
searches but without any success so far [2, 3, 4].
A decade ago, the Fast Radio Bursts (FRB) have been serendipitously discovered in the radio do-
main [5] and, up to now, constitute one of the most intriguing fast transient sources. They are
characterised by a very bright radio-pulse (few Jy-s) lasting only few milliseconds and even less
than a millisecond which make them the brightest radio source in the sky during their short life-
time. The measure of the uncommonly large delay between the high and the low radio frequencies,
due to the dispersion of the radio signal by the column of the cold plasma crossed by the radio
wave, points out toward an extragalactic and even a cosmological origin for these transients. This
has been only confirmed for FRB121102 [6, 7, 8] and from the dispersion measures (DM) the
cosmological distance distribution of FRBs is found in the range of redshift: zpy; = [0.19-1.4] ac-
cording to the public FRB catalogue'. To explain both the short timescale and the large energy
budget of the FRBs they may be associated to extremely energetic events possibly to cataclysmic
phenomena such as NS-NS merger [9, 10], short Gamma-ray Bursts (SGRB) [11, 12], the collapse
of supramassive neutron star (SMNS) [13, 14] or maybe to giant flaring activities from highly mag-
netised neutron stars [15]. In the close environment of these extreme objects, hadronic acceleration
processes may occur and would also lead to the production of TeV-PeV neutrinos mainly through
photo-hadronic interactions between the ambient energetic photon field (typically x-ray/gamma-
ray photons) produced by different radiative processes and the accelerated protons at a minimum
energy E, >> GeV. Because of their remarkable transient properties similar to the Gamma-ray
Bursts, if FRBs are indeed cosmic accelerators of hadrons, they offer a great opportunity for an
unambiguous detection of cosmic neutrinos by the large neutrino telescopes.

The progenitors of the FRBs are still unidentified mainly because they have been only detected
in the radio domain despite active searches at different wavelength [16, 17, 18]. Note that the obser-
vation of a y-ray transient source associated to FRB131104 with the Swift satellite but under quite
low significance (3.20) was reported by [19]. In such observational context, the multi-messenger
observations with the high-energy neutrino telescopes can help to solve the “FRB mystery* and of-
fer an unique way to address the following question : could the FRB progenitor be efficient cosmic
accelerator of hadrons ? As a consequence, a search for a high-energy neutrino signal from the

Iseehttp://www.astronomy.swin.edu.au/pulsar/frbcat/
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most recent FRBs has been performed with the ANTARES neutrino telescope [20]. The results are
presented in this contribution.

2. The FRB sample

During the period 2013-2017, 12 FRBs have been detected by Australian radio facilities in
different narrow bands such as the Parkes (V,ps ~ [1.2 — 1.5] GHz), the ASKAP (V,ps ~ [0.7 — 1.8]
GHz) and the UTMOST (Vs ~ [0.83 —0.85] GHz) telescopes. Among them, 9 FRBs were visible
by ANTARES at the trigger time and the detector was taking data in good conditions. Below we
describe the characteristics of these 9 FRBs.

Table 1: Properties of the 9 FRBs visible by ANTARES in the period 2013-2017
FRB DM date (UTC) RA (°) dec(?) radio trigger

131104 0.59 2013-11-04 18:03:59 101.04 -51.28 Parkes
140514 0.44 2014-05-14 17:14:09 338.52 -12.31 Parkes
150215 0.55 2015-02-1520:41:41 27436 -4.90 Parkes
150418 0.49 2015-04-18 04:29:04 109.15 -19.01 Parkes
150807 0.59 2015-08-07 17:53:55 340.10 -55.27 Parkes
160317 0.70 2016-03-17 08:30:58 118.45 -29.61 UTMOST
160410 0.18 2016-04-1008:16:54 130.35  6.08 UTMOST
160608 0.37 2016-06-08 03:52:24 114.17 -40.78  UTMOST
170107 0.48 2017-01-07 20:05:45 170.79 -5.02 ASKAP

3. Searching method

The analysis focused on the data collected during the acquisition period [T¢ — 6h; Ty + 6h]
where 7 is the trigger time of the considered FRB. The search for a significant neutrino flux is
based on the detection of up-going muon-track events spatially and temporally coincident with the
radio burst emission. For each FRB, a search cone of 2°, corresponding to the ANTARES point
spread function at 30, is set around the FRB position (for which the error on the position is negligi-
ble wrt to the ANTARES PSF). To remove a significant contamination of mis-reconstructed muon
background events in the neutrino sample, selection cuts are applied event by event on quality
variables of the track reconstruction algorithm: the local zenith angle, 0, the error estimate of the
reconstructed direction 8 and the quality parameter of the reconstruction algorithm, A. We require
that each selected up-going event (cos® >0) has a direction error B < 1°. The selection criterion
on A has been optimised FRB per FRB to give a potential discovery of 3¢ for one neutrino event
in a searching time window of AT = [Ty — 6h; Ty + 6h]. This relatively large time window allows
us to cover different scenarios for the delay between the radio and the possible neutrino emission
with a high potential of discovery.

Before applying the searching method to the sample of FRBs, the detector stability has been
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checked by looking at the total event rates detected in time slices of 2 hrs within ATy,cx = [Tp — 6h;
To 4 6h]. No significant variability was found in the event rates which guarantees the stability of
the detector.

We finally found no up-going events temporally and spatially correlated with the 9 selected
FRBs. Then, the number of atmospheric background events, L, has been directly estimated from
the data using the ATp,ck time window. The expected number of background events in a ROI of
2° is found to be g ~ 51078 event - s~! which corresponds to a Poisson probability of observing
zero event knowing the background noise, u,, P > 99%. Hence, the null result is compatible with
the neutrino background expectation.

4. Constraints on the neutrino emission from FRBs

As no significant neutrino signal has been detected from the selected FRBs by ANTARES,
we can set upper limits on the neutrino fluence, Fy, that would yield to a detection at 90% C.L.
First of all, the observable quantity that can be constrained with ANTARES data is the expected
number of neutrinos, Ny, that directly depends on the acceptance of the detector, Acc(d) and the
neutrino flux. As the neutrino emission time is unknown, the instantaneous ANTARES acceptance
was estimated at the FRB trigger times and is valid for all time in the search window. Then, N,
mainly depends on the declination coordinate (&) of the source and its spectral model, % = ¢E,".
In this analysis, two source models have been tested, a soft one with a spectral index p =2 and a
hard spectrum model with p = 1. According to the Poisson statistics, a neutrino signal of N, = 2.3
events gives a 90% C.L upper limit on the flux normalisation factor given by @999, = Ny /Acc(9d).
Then, the corresponding 90% C.L. neutrino fluence upper limit, Fy 9o%, can be expressed as:

Emax dN . _2

Fyv 90% =/ -E,-dE, inerg-cm 4.1)
i Enmin dEV

where E,;;, and E,,, are the energies that define the 5-95% range of the energy distribution of

events passing the applied quality criteria (cos0>0 and A, 36 + B < 1°) for the corresponding

spectrum.

To compute such upper limits we used Monte-Carlo simulations to reproduce the data taking
conditions of the detector at each FRB trigger time. A sample of neutrino MC events is therefore
modeled and the event times have been set at the FRB trigger time (instantaneous limits). The
equatorial coordinates of each event (RA, Dec) are computed from the simulated local coordinates
and the event times. Then, each event of energy, E,, passing the cuts (8 < 1° and A > Ay 36)
contributes to the neutrino flux with a weight given by the instantaneous ANTARES acceptance.

The results on the neutrino fluence upper limits, Fy 9o, for the two considered neutrino spectra
are given in table 2.

The fluence upper limits can be converted into a constraint on the isotropic total energy re-
leased in neutrinos in the rest frame according to the equation 4.2:

w900 = 47D(2)* X Fy 90%/ (1 +2) (4.2)
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Table 2: Upper limit on the neutrino fluence, Fy 9o (given in unit of erg - cm_z(GeV . cm_z)), estimated for
the 9 selected FRBs according to the instantaneous ANTARES sensitivity. The limits are given where 90%
of the neutrino signal is expected between [Emin — Emax] given in logo[GeV].
E? E~!
FRB Fy 90% [Emin — Emax] || Fv,90% [Emin — Emax] || A cut
131104 | 1.4- 1072(8.8) [3.4-6.8] 20.7 - 1071(1294) [5.8-7.9] -5.52
140514 | 2.3- 1072(14.4) [3.6-6.9] 45.0-1071(2805) 5.8-7.9] -5.50
150215 | 2.8-1072(17.7) [3.1-6.5] 41.4-1071(2583) 5.8-7.9] -5.56
150418 | 2.1- 10_2(13.2) [3.5-6.9] 24.1- 10_1(1502) 5.8-8.0] -5.52
150807 | 1.9- 10_2(12.2) [3.6-6.9] 54- 10_1(339) 5.8-8.0] -5.60
]
]
]
]

160317 | 2.1-107%(12.8) [3.5-6.9 42.6-1071(2659) 5.8-7.9] -5.58
160410 | 1.9-1072(11.8) [3.6-6.9 7.1-1071(444) 5.8-7.9] -5.56
160608 | 2.6-1072(16.3) [3.6-7.0 24.3-1071(1516) 5.8-7.9] -5.68
170107 | 1.4-1072(8.8) [3.5-6.9 4.3-1071(267) 5.7-7.9] -5.58

where z is the redshift of the source. The distance of the neutrino source, D(z), is computed as

follows :
(1+7)d7

Ho/ VOn(1+2)3+Qp

where Q,, = 0.308 and Q, = 0.692, Hy = 67.80 km - s~ ~Mpc_1 following [21] and c is the light
speed. As the distance of each FRB is poorly constrained, we test different kind of scenarios : a

4.3)

galactic origin (D € [1-50] kpc), an extragalactic origin (D € [0.05-100] Mpc) and a cosmological
origin (z € [0.02-zpps]). The 90 % upper limits on Ei}go% for the two neutrino spectra, E 2 and
E~!, are shown in the figures 1 and 2.
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Figure 1: Upper limits on the neutrino energy released by the 9 selected FRBs as function of their plausible
distances assuming a E~2 spectrum.
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Figure 2: Same as the figure | assuming a £~! spectrum.

If these FRBs are neutrino emitters, ANTARES puts interesting constraints on their plausible
origin. Indeed, at distances d < 50 Mpc, the ANTARES constraints, for a E~2 source model, are at
the level of Eivsfgo% < 102 erg. In the case of a E~! spectrum, the energy is mainly deposited in the

~

PeV domain where the ANTARES sensitivity is largely degraded by the Earth absorption. Thus,
the limits on i‘ff’go% are lowered by an order of magnitude. In any spectral case, the cosmological

scenario is poorly constrained by ANTARES.

5. Conclusion

In this contribution, the first search into the ANTARES data for a high-energy neutrino sig-
nal from a population of Fast Radio Bursts detected these last four years has been reported. No
neutrino events were spatially found in correlation with the nine selected FRBs in a time window
extended up to six hours before and after the radio bursts. These non detections allow us to derive
90% C.L. upper limits on the neutrino fluence at the FRB trigger times. As the neutrino production
during a FRB event is largely unknown, the limits were derived assuming standard hard and soft
power law neutrino spectra with spectral indexes p = 1 and 2, respectively. The limits are of the
order of Fy 999 S 107" — 1072 erg-cm™2 for a E~! and E~? source model, respectively. Since the
FRB distances are poorly constrained, the corresponding isotropic energies released in neutrinos
were then computed under different distance hypothesis: a galactic, an extragalactic or a cosmo-
logical origin. The constraints on Eivsf’go% for different distances are given in the figures 1 and 2.
First, it is clear that the ANTARES éensitivity is too low to significantly constrain any cosmo-
logical scenario for the FRB progenitors ( i‘f_%o% < 10° — 10°* erg for z~ 0.1 fora E~! and E~2
source model, respectively). However, the gélactic and very close extragalactic scenarios (D<1-
10 Mpc) start to be interestingly restricted below Ei\ff’%% ~ 10°% erg. To go further into the FRB
neutrino model constraints, larger scale neutrino detectors (km?) are needed to catch the neutrino

signal from the potential FRB progenitors such as giant flares from magnetars or short GRBs. This
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might be achievable in the next few years with the new generation of european neutrino telescopes
KM3NeT/ARCA that will be 50 times more sensitive than ANTARES [22].
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1. Introduction

The connection between ultra-high energy cosmic rays (UHECRs), with energies in the EeV
range and high energy neutrinos in the TeV-PeV range can be investigated to understand whether
the same astrophysical sources can produce both of them. The observation of such kind of corre-
lation could provide clues to understand the origin of these cosmic messengers. Previous searches
that have been performed report only hints of correlations but without the level of significance
needed for a discovery [1].

In this search, we use the public data from the Pierre Auger Observatory (PAO) [2] and the
Telescope Array (TA) [3] experiments. These two experiments measure UHECRs through the
detection of extensive air showers produced in the Earth’s atmosphere. They have collected 318
events in total with energies above 52 EeV.

2. ANTARES neutrino events and UHECR data

The ANTARES detector [4] is the largest underwater neutrino telescope in the Northern hemi-
sphere. The ANTARES data-set analyzed here covers a period of time between January 29th, 2007
to December 31st, 2015, for a total of 2423.6 days of live-time. The sample is composed of 7629
track-like (mostly muon neutrinos) and 180 shower-like events (mostly induced by v, charged cur-
rent and by all flavor neutral current v interactions). The selection procedure of the data has been
optimized for point source searches, and is described precisely in [5].

The Pierre Auger Observatory is located near the town of Malargiie in the Mendoza Province,
Argentina, at 1400 m above sea level and covers an area of ~ 3000 km? which makes it the largest
cosmic ray observatory ever constructed. The PAO is a hybrid detector, it consists of a Surface
Detector (SD) array of 1600 water-Cherenkov particle detector stations overlooked by 24 air fluo-
rescence telescopes. In addition, three high elevation fluorescence telescopes overlook a surface of
23.5 km? where additional 61 water-Cherenkov particle detector stations are installed. The public
data set used in the present work, taken from [6], consists of 231 cosmic-ray events with zenith
angle 8 < 80° and energy Ecr > 52 EeV recorded by the SD from January 1st, 2004 up to March
31st, 2014.

The Telescope Array (TA), situated in Utah, USA, consists of 507 plastic scintillator detectors,
each of 3m?, located on a 1.2 km square grid, covering an area of ~700 km? [3]. The detector has
been fully operational since March 2008. For this analysis, we use the 87 events collected between
May 11th, 2008 and May 4th, 2014.

It should be noted that the absolute energy scale of UHECRs may contain a systematic error
which may be, in principle, different for the two experiments. According to the results of the
specific investigations of the TA-Auger Energy Spectrum working group [7], the UHECR spectra
measured by TA and Auger could be made coincident in the region around 10'°eV (the ankle
region) by down-shifting the TA energies by ~ 13% or equivalently by up-shifting the Auger
energies. A down-shift of the TA energies by 13% has been chosen for this analysis.
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3. Description of the analysis

3.1 Magnetic deflection of UHECRs

Cosmic rays, unlike neutrinos, are deflected by magnetic fields (galactic and extra-galactic)
during their propagation, the magnitude of the deflection being inversely proportional to their mag-
netic rigidity R = pc/Ze ~ E /Ze. Unfortunately, the chemical composition of UHECRs is not yet
reliably measured at the highest energies in consideration here [8][9], essentially due to lack of
statistic available in the fluorescence data that has a smaller duty cycle than surface arrays. This
situation could change in the next few years when the upgrade of the Pierre Auger Observatory
(AugerPrime) [10] will be fully operational.

The cosmic magnetic fields that deflects cosmic rays are separated into a galactic and an extra-
galactic contribution, both being poorly known. The galactic field has a magnitude of the order
of UG, containing both a coherent component following the spiral structure of the gas and stellar
population, and a turbulent component.

Extragalactic magnetic fields, which are even less known, should provide a sub-dominant con-
tribution for nearby CR sources (closer than several hundreds of Mpc), upper limits on the average
field being of the order of 1nG [11]. Among the recent models of the galactic magnetic field
[12] [13], the average deflections predicted are comparable in magnitude, but show very different
patterns on the sky, making reliable predictions difficult.

In the following analysis, we use the median deflection angle that is predicted by those models
for protons, assuming only a gaussian deflection around the position of the observed UHECRs.
Hence for each UHECR we parametrize the individual magnetic deflection as:

100

CR\ __ ~ro
J

3.1

3.2 Statistical method

The method uses an unbinned maximum-likelihood approach, where the cosmic rays are con-
sidered as tracers of candidate neutrino sources. The search compares the null hypothesis Hy: the
neutrinos detected by ANTARES come from atmospheric background, with an alternative hypoth-
esis Hy: a fraction of the detected neutrinos are emitted with a common spectral index ¥ from
astrophysical point sources located around the position of UHECRSs in the sky.

We assume that there is an underlying neutrino source associated to each cosmic ray, injecting
the same flux ® = &, (E/1GeV) 7, where the normalization ® is expressed as a flux per flavor
(accounting for both v and V ’s), in units of GeV~!em~2s~!. However, as we test the correlation
between v’s and the stacking of Ncr cosmic ray positions, the relevant quantity in the following
analysis will be the total flux injected ®or = Ncr P.

The conversion from the flux @ injected by a point source at a given declination and the corre-
sponding number of signal events n detected is given by the acceptance of the ANTARES detector.
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The acceptance is computed in bins of declination and spectral indexes, using Monte-Carlo simula-
tions where the same set of cuts than for data are applied. For example, in this analysis, the average
number of signal events expected for a total injected flux @ = 1078 (E/1GeV) > GeV'em 25!
is ~ 2 tracks and ~ 0.5 showers.

Each neutrino event is characterized by its reconstructed direction (o, §;) in equatorial coor-
dinates and its energy through the number of hits NA; used in the reconstruction procedure. For one
particular channel (tracks or showers), the log-likelihood for the hypothesis H; can be written as:

LL(data|H;) Zlog[ Sy(0, &, Nhi) + (1—%) B(Si,Nhi)] (3.2)

where N is the total number of v events detected in the considered channel, the function Sy is the
probability density function (PDF) describing the expected astrophysical signal and the function B
represents the background PDF, both function being normalized to unity. The free parameters are:
ng the number of signal events and the spectral index Y of the neutrino sources.

The log-liklihood for the background only hypothesis Hy is simply:

N
LL(data|Ho) = ) log B(&;,Nh;) (3.3)
i=1

The test statistic that is used to compare the two hypothesis is the log-likelihood ratio:
Q = LL(data|H, )™ — LL(data|Hy) (3.4)

using the values of the parameters (7, ¥) that maximize the likelihood under hypothesis H.

We use pseudo-experiments to compute the test statistic distribution under the Hy hypothesis,
that will be used to estimate the significance of the result. The discovery potential of the method
can be estimated by generating pseudo-experiments where a neutrino flux & is injected for a given
spectral index 7.

The combination of the track and shower channels is performed using a global log-likelihood
function:

Nlracks

LL(data|H;) = ) log l\;sg (1

n tr N showers

Nsh Nsh
BY 1 Ttsh sh 1_7Bsh
N M 3 og[NsSY -y

where the free parameters are the number of signal track events n., the number of shower events
ngp and the common spectral index 7.

3.3 Ingredients for the likelihood

The signal PDF S(a,d,Nh) represents the probability for an astrophysical neutrino emitted
with energy E from a source located in (¢, ds), to be detected and reconstructed by ANTARES
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Figure 1: Left: map in equatorial coordinates of the source term fcg, representing the probability to find a
neutrino source in a given direction. The intensity of the color scale reflects only the contrast of the map, as
the integral of the source term over the solid angle is made equal to 1. Right: average Point Spread Function
for an E~2 spectrum: the cumulative distribution of the angle between the reconstructed direction of track
(blue) and shower (red) events and the true Monte-Carlo neutrino direction is shown.

with (Qec, Orec, Nhrec). The signal PDF is built as a product of two terms: an angular, and an
energy dependent term:

The angular term fy(ct,d), is defined as:

fy(@,8) = Ay(8) x (fer ¥ PSFy)(t, 5) (3.6)

where Ay is the ANTARES acceptance, fcr (0, 8;) represents the probability for a neutrino source
associated to a cosmic ray to be located at (¢, O;). Finally, to obtain the probability of reconstruct-
ing a neutrino at (G, Orec ), this source term is convoluted with the Point Spread Function (PSF) of
the considered channel (right of figure 1). The acceptance and the PSF are tabulated as a function
of declination and spectral index 7.

The source term fcg is obtained by applying an energy dependent gaussian smearing o (E)
over the position of cosmic rays:

Ner  p dl%,
o.85) = - ——L 3.7
fCR( 1y l) j; 275612 exXp 26]2 ( )

where d;; is the angular distance between the position of the neutrino and the cosmic ray. The

standard deviation ¢;(E) = \/ (Cpuger /74

angular resolution of the cosmic rays experiments: Gauger = 0.9° [6] and ora = 1.5° [14], with the

+ 05(ESR)), is obtained by summing in quadrature the

magnetic deflection term op(E) given by equation 3.1. The function fcr is represented in equato-
rial coordinates on figure 1 (left).

The energy term gy(Nh) uses the number of hits information to better discriminate atmospheric
neutrinos and muons from the candidate astrophysical signal, due to their very different spectrum
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(Pym o< E~37). The figure 2 shows for track and shower channels the expected distribution of the
number of hits for the atmospheric background and for an E~2 astrophysical flux, together with the
values observed in the real data sample.

PRELIMINARY 10° PRELIMINARY
B Atm. flux B Atm. flux
—E2flux —E? flux
-s-Data -»-Data

Events in 2423.6 days
=5

Events in 2423.6 days

Figure 2: Distributions of the number of hits in the track (left) and shower (right) channels. The expectation
for the atmospheric background (blue histogram) and for a diffuse astrophysical ®yE~2 flux (black line) are
represented, together with the data (black dots). The vertical scale indicates the number of events expected
for the total live time considered in the analysis, the normalization of the diffuse flux used for comparison is
@y =108 GeVlem2s1sr 1.

The background PDF B(8, Nh) that accounts for the atmospheric flux is assumed to be uniform
in right ascension. As for the signal PDF, it is factorized into an angular term and an energy term:

B(8,Nh) = f(8) x g(Nh) (3.8)

where f(9) is the declination distribution and g(Nh) is the distribution of the number of hits shown
in figure 2. The expected contribution of an astrophysical signal being small, the actual declination
distribution observed in data is used for the function f(8) (see figure 3), whereas the function
g(Nh) is obtained from Monte-Carlo. To get a stable behavior of the minimization procedure, a
smooth function fitted on the declination distribution is effectively used in the likelihood.

3.4 Discovery Potential

To evaluate the sensitivity of the analysis, a large number of pseudo-experiments have been
generated for the background and signal. Background events are simulated by sampling directly
the declination and the number of hits from the parameterization of B, while the right ascension is
sampled from a uniform distribution in [0;27].

The signal events are generated for a given flux ®( per source with the following procedure:
for each cosmic ray, a random neutrino source position is determined from a 2d gaussian function
corresponding to equation 3.7. A random number of neutrino events is then generated according
to a Poisson distribution with a mean equal to ®y x A,(5). The final coordinates of the events are
obtained by adding a random deviation sampled from the PSF,(§), and a number of hits from the
histograms of figure 2.
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Figure 3: Left : Declination distribution observed in data in the track (black dots) and shower (empty
circles) channels, together with the smooth curves that are used to compute the background PDF for the like-
lihood (for presentation purposes, the shower channel is multiplied by a factor 10). Right: Anti-cumulative
distribution of the test statistic Q = LL(data|H;)™* — LL(data|Hy) in the background only hypothesis, for
the combined sample tracks+showers. The dotted lines show the 30 and 5¢ significance levels and the cor-
responding values of the test statistic. An exponential fit (red line) is performed on the tail of the distribution
to estimate the position of the 5o level.

The distribution of the test statistic for the combined sample in the background only hypoth-
esis is shown in figure 3. It is obtained by performing the full minimization procedure on a large
number (10°) of pseudo-experiments. The value of the test statistic O35 and Qsq corresponding to
p-values of 2.7 x 1073 and 5.7 x 10~ are reported for illustration.

The median discovery potential at 3 or 50 is defined as the minimum flux @355 (or number
of events n3/55) that is required to get a test statistic value Q0 > Q3,55 in 50% of the pseudo-
experiments. The table 1 summarizes the results that have been obtained for an E~2 spectrum.

Discovery potential ‘ Nic Nse ‘ O (GeVlem2s71) ‘ DL (GeVlem2s71) ‘
Tracks 64 117 3.11077 5.71077
Showers 21 40 4.41077 8.31077
Combined 51 tr +12 sh | 94tr + 22 sh 2.51077 4.61077

Table 1: Discovery potential of the analysis for tracks (tr) showers (sh) and for the combined sample.

4. Results and conclusion

The application of the likelihood fit on the full data sample tracks+showers gives the following
results: ng = 1073, ng, = 11.4, with a spectral index Y = —3. The test statistic iS Qgata = 0.26,
leading to a p-value of p = 0.46 (computed from the curve of figure 3).

From this non-significant result, we can compute the 90%C.L upper-limit on the total all-
flavor flux @ that is emitted by the potential neutrino sources associated with the UHECRs pop-
ulation. We estimate with pseudo-experiments the smallest flux that is required to get at least
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90% of the test statistics values Q > Qgata, leading to a value: CIDE)tL =1510"7 GeV'em 25!,
For comparison with other analyses, this limit can be converted into an equivalent diffuse flux of
Dgir = P /ar = 1.21078 GeV'em 25 Tsr L.

The neutrinos from the all-flavors point source sample collected by ANTARES during nine
years of data acquisition shows no evidence of correlation with the 318 UHECRSs above 52 EeV
measured by the Pierre Auger Observatory and the the Telescope Array.

We note that the observation of such a correlation relies on several assumptions that may not
be fulfilled: the magnetic deflections that we assume could be largely underestimated, especially if
the cosmic ray mass composition is heavy.

The potential strong difference in range between the UHECRs above ~ 50 EeV that suffer from
energy losses and the neutrinos that can come from cosmological distances reduces the amount of
common sources that can be observed. The propagation time of cosmic rays in magnetic fields
compared to neutrinos could also lead to the absence of correlation if the UHECRs sources are
transient.

In addition, the energies of the cosmic rays considered here are ~ 6 orders of magnitude higher
than those of the neutrinos, hence only a fraction of the neutrinos sources could potentially be the
same accelerators of UHECRs.

The discovery potential of future searches will be enhanced with more statistic and when a
measure of the mass composition of the cosmic rays at the highest energies will be available.
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