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ing at the detection of high-energy neutrinos from astr@atal sources. By design, neutrino
telescopes constantly monitor at least one complete hémrispf the sky and are thus well set
to detect neutrinos produced in transient astrophysicatss. The flux of high-energy neutrinos
from transient sources is expected to be lower than the gnectad from steady sources, but the
background originating from interactions of charged casrays in the Earth’s atmosphere can
be drastically reduced by requiring a directional and terabcoincidence of the astrophysical
phenomenon detected by a satellite. The time-dependemtgairce search has been applied to
a list of 34 x-ray binary systems while observed in high flg@ctivities in the 2008-2012 satellite
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the comparison between the neutrino flux upper-limits with measured gamma-ray spectral
energy distribution and the prediction from astrophysicatels.
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1. Introduction

Neutrinos are unique messengers for studying the higlggriéniverse as they are neutral,
stable, interact weakly, and travel directly from their m@$ without absorption or deflection.
Therefore, the reconstruction of the arrival directionsco$mic neutrinos would allow both the
sources of the cosmic rays - supernova remnant shockse agdbactic nuclei jets, x-ray binary
jets, gamma-ray bursts, etc. [1] - and the relevant acd@aranechanisms acting within them to
be identified.

X-ray binaries (XRB) are a class of binary stars that are hous in x-rays. The x-rays are
produced by matter falling from the donor (usually a rekdivnormal star), to the accretor, which
is compact: a white dwarf, neutron star (NS), or black holelXBrhese systems are usually clas-
sified as low-mass x-ray binary (LMXB) and high-mass x-rayaoy (HMXB), depending on the
mass of the donor. In very few cases, the presence of rel@tiyets has been confirmed by radio
measurements. The jet signature may be present in all the 3dRBces. However, the com-
position of the jets is still unknown. Their spectral enedistribution can be described by two
components: a low-energy one from radio to X-rays and a kiggrgy one from X-rays to very
high-energy gamma rays. The non-thermal emission is piploliminated by leptonic processes
of accelerated eletrons but a hadronic component couldbggmresent. In hadronic models, as-
sociated with the very high-energy gamma rays frafndecays, the decay of the charged pions
gives rise to a correlated neutrino emission. Up to now, iy three cases, a hadronic component
has been identified by spectroscopy (detection of iron cgldikes) [2, 3]. Several authors have
estimated the flux of high-energy neutrino coming from XR&suiting in very different shapes
and normalisations [4, 5, 6]. To cover the majority of thegarallowed by the models accessi-
ble to the ANTARES sensitivity , three neutrino-energy $peare tested in this analysig& 2,
E~2exp(—E/100 TeV) andE~2exp(—E /10 TeV), whereE is the neutrino energy.

In the ANTARES telescope [7], events are primarily deteatederwater by observing the
Cherenkov light induced by relativistic muons in the dadsef the deep sea. Owing to their low
interaction probablility, only neutrinos have the abilitycross the Earth. Therefore, an upgoing
muon is an unambiguous signature of a neutrino interactiosedo the detector. To distinguish
astrophysical neutrino events from background events (imand neutrinos) generated in the at-
mosphere, energy and direction reconstructions have bseth in several searches [8] [9]. To
improve the signal-to-noise discrimination, the arrivald information can be used, significantly
reducing the effective background [10].

In this paper, the results of a time-dependent search fanicoseutrino sources using the
ANTARES data taken from 2008 to 2012 is presented. This estarprevious ANTARES analy-
sis [11] where only five sources and the first three years wameidered. The analysis is applied
to a list of promising x-ray binaries candidates detecteddnous satellites such as Swift, RXTE,
MAXI and Fermi. Section 2 and 3 present the algorithms toftifiethe outburst periods and the
statistical method adopted for this analysis, respegtiveection 4 summarised the results of this
search. Conclusions are drawn in Section 5.
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2. Selection of outburst periods

The time-dependent analysis described in the followindiaeds applied to a list of x-ray
binaries exhibiting outburst periods in their light-cusveThe light curves are obtained mainly
using the Swift/BAT telescope These data are complemented by the data from others iresttam
RXTE/ASM?, MAXI 2 and Fermi/GBM. A maximum likelihood block (MLB) algorithm [12] is
used to remove noise from the light curve by iterating overdhta points and selecting periods
during which data are consistent with a constant flux withatistical errors. This algorithm is
applied independently to all the light curves from all théees. Depending on the time period
and the avaliability of the different instruments, the augits are more defined in one sample
compare to the others. As the energy range and the sensiaivihese telescopes are different, it
is not easy to merge the flares of each sources. The value stighey state (i.e. baseline, BL) and
its fluctuation @) are determined with a Gaussian fit of the lower part of th&idigion of the
flux data points. The baseline is removed from the light cuamve the amplitude is converted to
a relative amplitude using the sigma of the baseline flurinat Finally, the relative light curves
from different instruments are merged.

The flaring periods are defined in three main steps. Firstlyds are identified by searching
for points with an amplitude, or blocks with a fluence ab@&le + 8og,. Then, each period is
extended forward and backward up to an emission compatiifeBL. + 1og,.. An additional
delay of 0.5 days is added before and after the flare in orde&xkinto account that the precise
time of the flare is not known (one-day binned light curvenafly, spurious flares are discarded
if they are not visible by at least one other intrument. Thalflist includes 34 x-ray binaries: 1
HMXB (BH), 12 HMXB (NS), 8 HMXB (BH candidate), 10 LMXB (NS), XRB (BH candidate).
The main characteristics of these XRB are reported in Table 1

3. Time-dependent analysis

The ANTARES data collected between 2008 and 2012, correpgrio 1044 days of live-
time, are analysed to search for neutrino events arouncetbeted sources, in coincidence with the
time periods defined in the previous section. The statlstiethod adopted to infer the presence
of a signal on top of the atmospheric neutrino backgrouna|ternatively set upper limits on the
neutrino flux is an unbinned method based on a likelihood tast statistic. The likelihood?, is
defined as:

N
In.% = (Zlnws% +JVB<%J> — [N+ 5] (3.1)
i=
where.%; and %; are the probabilities for signal and background for an evemtspectively, 45

(unknown) and4g (known) are the number of expected signal and backgrounat @véhe data
sample. To discriminate the signal-like events from thekbemund ones, these probabilities are

Ihttp: //swift.gsfcnasagov/resultg/transients

2http: //xtemit.edi/ASMc.html

Shttp: //maxiriken.jp

“http: //heasarcgs f cnasagov/W 3Browse' fermi/ fermigdayshtml
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Table 1: List of 34 X-ray binaries with significant flares selected tiuis analysis.

Name | Class | RA[’] | Dec[] |
Cyg X-1 HMXB (BH) | 230.170| -57.167
1A0535p262 HMXB (NS) | 84.727 | 26.316
1A1118-61 HMXB (NS) | 170.238| -61.917
Ginga 1843p00 || HMXB (NS) | 281,404 0.863
GS 0834-430 HMXB (NS) | 128.979| -43.185
GX 304-1 HMXB (NS) | 195.321| -61.602
H 1417-624 HMXB (NS) | 215.300| -62.70
MXB 0656-072 HMXB (NS) | 104.572| -7.210
XTE J1946p274 | HMXB (NS) | 296.414| 27.365
Cyg X3 HMXB (NS) | 308.107| 40.958
GX 1p4 HMXB (NS) | 263.009| -24.746
MAXI J1409-619 HMXB (NS) | 212.011| -61.984
GRO J1008-57 HMXB (NS) | 152.433| -58.295
GX 339-4 LMXB (BHC) | 255.7 | -48.8
4U 1630-472 LMXB (BHC) | 248.504| -47.393
IGR J17091-3624 | LMXB (BHC) | 257.282| -36.407
IGR J17464-3213 || LMXB (BHC) | 266.565| -32.234
MAXI J1659-152 LMXB (BHC) | 254.757| -15.258
SWIFT J1910.2-0546| LMXB (BHC) | 287.595| -5.799
XTE J1752-223 LMXB (BHC) | 268.063| -22.342
SWIFT J1539.2-6227 LMXB (BHC) | 234.800| -62.467
40 1954p31 LMXB (NS) | 298.926| 32.097
Agl X-1 LMXB (NS) | 287.817| 0.585
Cir X-1 LMXB (NS) | 230.170| -57.167
EXO 1745-248 LMXB (NS) | 267.022| -24.780
H 1608-522 LMXB (NS) | 243.179| -52.423
SAX J1808.4-3658 LMXB (NS) | 272.115| -36.977
XTE J1810-189 LMXB (NS) | 272.586| -19.070
4U 1636-536 LMXB (NS) | 250.231| -53.751
4U 1705-440 LMXB (NS) | 257.225| -44.102
IGR J17473-2721 LMXB (NS) | 266.825| -27.344
MAXI J1836-194 XRB (BHC) | 278.931| -19.320
XTE J1652-453 XRB (BHC) | 253.085| -45.344
SWIFT J1842.5-1124] XRB (BHC) | 280.573| -11.418

described by the product of three components related toitbetidn,
event. For an evenf the signal probability is:

energy, and timing of each

S = P (a5, &)) - SN AE/dX) .St + lag) (3.2)
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where.”SPa¢€js a parameterisation of the point spread function, K&02°W; (as, &)) the proba-
bility to reconstruct an eventat an angular distanc®; from the true source locatiom{ds). The
energy PDEZ€"¢"%|s parametrised with the normalised distribution of the manergy estimator,
dE/dX, of an event according to the studied energy spectiTine. shape of the time PDBE/time,
for the signal event is extracted directly from the gammalight curve assuming the proportion-
ality between the gamma-ray and the neutrino fluxes. A ples&ily of up to+5 days has been
introduced in the likelihood to allow for small lags in theoportionality. This corresponds to a
possible shift of the entire time PDF. The lag parameter tedfitn the likelihood maximisation
together with the number of fitted signal events in the dathe Background probability for an
eventi is:

%B; = B G) - BTNAE/dX) - B (3.3)

where the directional PDBSPaC€ the energy PDEA"®'% and the time PDEA™® for the back-
ground are derived from data using, respectively, the ebsedeclination distribution of selected
events in the sample, the measured distribution of the gresgmator, and the observed time
distribution of all the reconstructed muons.

The goal of the unbinned search is to determine, in a givesttiin in the sky and at a given
time, the relative contribution of each component, and toutate the probability to have a signal
above a given background model. This is done via the tegstatatA, defined as the ratio of
the probability for the hypothesis of background and sighiak; nkg) over the probability of only
background Klyg):

P (% ’H5|g+bkg(r/VS))
=3 n LS &9

whereN is the total number of events in the considered data sample; ame the observed event
properties &, RA, dE/dX andt;). The evaluation of the test statistic is performed by geatirgy
pseudo-experiments simulating background and signal 07 @@e around the considered source
according to the background-only and background plus Eigyyotheses. The performance of
the time-dependent analysis is computed with a toy expettinvéh a source assuming a square-
shaped flare with a varying width assuming a flat backgroumidgeFor time ranges characteristic
of flaring activity, the time-dependent search presented meproves the discovery potential by
on-average a factor 2-3 with respect to a standard timepiated point-source search [8] under the
assumption that the neutrino emission is correlated wittgomma-ray flaring activity.

4. Results

The results of the search is summarised in Table 2. Only twss, GX1+4 and IGRJ17091-
3624, have a pre-trial p-value lower than 10%. The lowesalpe; 4.1%, is obtained for GX1+4
where one (three) event is coincident in a cone of 1(3) degitslarge outbursts detected by
Fermi/LAT. Figure 1 shows the light curve of GX 1+4 with theng of the neutrino events, the
estimated energy distribution, and the angular distrsutf the events around the position of this
source. The post-trial probability, computed by takingiatcount the 34 searches, is 72%, and is
thus compatible with background fluctuations.
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Table 2: Results of the search for neutrinos in coincidence with XRiborsts. The total duration of all
identified flaregit, the optimised\qp; cuts, the number of required events foradiscovery Na) pre-trial,
the number of fitted signal events by the likelihoddty), the fitted time lag (Lag) and the corresponding
pre-trial (post-trial) probability are given together wthe energy spectra.

| Source | Ot | Aopt | Nsg | Niit | Lag | P-value| Post-trial|  Spectrum |

GX1+4 660d| -5.2 | 245/ 0.69| -5d | 0.041 0.72 cutoff 100TeV
IGRJ17091-3624 62d | -5.4 | 1.75| 0.31| +4d | 0.065 0.94 cutoff 10TeV
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Figure 1. Results for GX 1+4. (Top left) Event map around the directidGX1+4 indicated by the green
cross. The full red (hollow blue) dots indicate the eventst)im time coincidence with the selected flares.
The size of the circle around the dots is proportional to #ierated angular uncertainty for each event. (Top
right) Distribution of the energy estimator dE/dX in4al(® declination band around the source direction.
The red line displays the value of the event in coincidendé wie flare in a 1 cone around the source
direction. (Bottom) Time PDF for the signal simulation (postional to the x-ray light curve). The red
line displays the times of the ANTARES events associatel thi¢ source during a flaring state in al®x
around the source position.

In the absence of a discovery, upper limits on the neutrinenfte,.7,,, at 90% confidence
level are computed using 5-95% of the energy range and thedffective flare duration. The
limits are calculated according to the classical (fregiséntnethod for upper limits [13]. Figure 2
displays these upper limits. Systematic uncertaintiessét bn the angular resolution and 15% on
the detector acceptance have beenincluded in the uppé¢chioulations.

The neutrino flux prediction for five microquasars have besnpmuted according to the model [4]
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Figure2: Left: upper limits on the neutrino fluence for the 34 studi€RBXin the case oE 2 (green trian-
gle), E-2exp(—E /100 TeV) (cyan triangle) E~?exp(—E /10 TeV) (blue triangle) neutrino energy spectra.
Right: upper limits at 90% C.L. on the energy flux in neutrilnd¢ained in this analysis considering a flux
E2exp(—+/(E/100 TeV))(circles), compared with the expectations by Ref. [4] in tase equipartition
between electrons and protons (triangles).

using the latest measurements of the distance and of thaaigters of the microquasars. Fig-
ure 3 (left) displays these predictions togethers with thpen limits computed for this analysis.
For Cir X-1, the prediction is less than a factor 2 bellow tNdTARES upper limit. In Ref. [14],
the authors have provided a calculation of the high-enemgytrmo emission from GX339-4 in
the hypothesis that the primary spectrum of the injectetgbes in the jets has spectral indexes =
-1.8; -2.0 and that the ratio between proton and electrorggrie equal to 1 and 100, respectively
(Figure 3 (middle)). The model with a ratio equal to 100 isleded by the present limit. Finally,
Figure 3 (right) shows the comparison between the neutrinodkpectations from Cyg X-3 pro-
vided by [15] and [16] and the computed upper limits. The upipgt does not allow to constrain
these types of models.

5. Conclusion

This paper discusses the time-dependent search for cogmiinos from x-ray binaries us-
ing the data taken with the full ANTARES detector between&8Ad 2012. These searches have
been applied to a list of 34 XRB sources. The searches didesattrin a statistically significant
excess above the expected background from atmospheridneeathd muon events. The most
significant correlation was found for the source GX 1+4 forichkihfew neutrino events was de-
tected in time/spatial coincidence with the x-ray emissiblowever, the post-trial probability is
of 72%, thus compatible with the background fluctuationse Tomparison with predictions from
several models have shown that for some sources, the uppiés dre closed from the expecta-
tions. Therefore, with additional data from ANTARES andhntihe order of magnitude sensitivity
improvement expected from the next generation neutrirestelpe, KM3NeP, the prospects for
future searches for neutrino emission from x-ray binariesvary promising.

Shttp: //wwwkmBnetorg
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Figure 3: Left: upper limits on the neutrino flux for GX 339-4 in both thgpotheses without and with the
cutoff at 100 TeV, compared to the prediction by the authdfRed. [14] for a spectral index of the injected
particles—1.8 < a < —2.0 and the ratiop=ne equal to 1 and 100, respectively. Right: Upper limits on the

neutrino flux for Cyg X-3 in both the hypotheses without anthvihe cutoff at 100 TeV, compared to the
predictions by Ref.[15] and [16].
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