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Very high energy emissions are believed to happen through particle acceleration in the jet orig-
inating from microquasars. This hypothesis was corroborated by the recent detections from
the HAWC collaboration of very high energy gamma-ray events in the vicinity of SS433 and
V4641Sgr microquasars. Through hadronic processes, neutrinos are produced together with these
gamma-rays. We present results from a search of a neutrino signal from 13 microquasars which,
according to multiwavelength observations, exhibited events of fast bulk ejecta in the context
of outbursts characterized by strong X-Ray flares and spectral state transitions. This search is
focused on X-Ray flaring and transitioning periods determined from RXTE/ASM, MAXI/GSC
and Swift/BAT public data monitoring. The analysis is performed using data from the ANTARES
neutrino telescope, which was dismantled during 2022 after 16 years of steady data acquisition,
as well as with its successor KM3NEeT, in construction in the Mediterranean Sea, with data from
the KM3NeT/ORCA detector in its 6 lines configuration. No significant excess was found and
upper limits on the neutrino fluxes are computed in the total observed flaring times and in specific
spectral states.
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1. Introduction

This study aims to search for a neutrino signal correlated with X-Ray flares from microquasars in
the ANTARES and KM3NeT neutrino detectors. Microquasars are binary objects - with a compact
object and a star - that exhibit phenomena of accretion/ejection in the form of an accretion disk/jet
system. The matter is ejected with relativistic bulk speed, which could lead to the acceleration of
particles to very high energy via shock formation. In the case of a significant hadronic contribution
in the jet, a detectable neutrino flux could be emitted. The multiwavelength behaviour of these
sources shows high levels of variability, with periods of intense flaring mostly detected in radio and
X-Rays. This study focuses on the flaring periods, as these exhibit higher ejection rates, which lead
to preferential conditions for neutrino production.

Sources are selected for this study that present the following behaviour: periods of clear X-Ray
flaring with X-Ray spectra following the characteristic hysteresis cycle as shown in [1]. During this
cycle a source typically exhibits an increase in luminosity followed by a transition from a hard X-Ray
spectrum to a soft, thermal, spectrum. This cycle is the focus of the search due to its correlation
with radio bright ejecta with relativistic bulk speeds, as seen in [2] for MAXI J1820+070.

2. Detectors

ANTARES and KM3NeT are undersea neutrino telescopes built with photo-multiplier tubes
(PMT) aiming to detect Cherenkov light induced by secondary particles created in the interaction
of neutrinos with sea water. These interactions generate in the detector two main event topologies:
track-like from muons produced in the charged-current interaction of muon and anti-muon neutrinos
and cascade-like from other kinds or interactions. The now-dismantled ANTARES telescope [3]
was located 2500 meters deep near Toulon (France) and ran for 16 years before stopping data-taking
in February 2022. It was composed of 12 vertical lines containing 885 PMTs and was optimised
for the detection of high-energy neutrinos with energy ranging from a few hundreds GeV to a few
PeV. KM3NeT [4] is its successor and is currently being built on two sites: ORCA, located near the
ANTARES site and optimised for the detection of lower-energy neutrinos (GeV to TeV) and ARCA,
located offshore of Sicily (Italy) and optimised for TeV to PeV neutrinos. The planned KM3NeT
detector will be composed of 115 lines on the ORCA site and 230 lines on the ARCA site.

This analysis uses data from the ANTARES detector in most of its data taking duration,
from January 2007 to February 2022 and data from the KM3NeT/ORCA detector in its 6-lines
configuration (ORCAG6), from January 2020 to November 2021. In both detectors, quality controls
for the data taking condition are performed, resulting in a total live time of 4541 days for ANTARES
and 555 days for KM3NeT/ORCAG6.

3. Search periods determination

The flaring periods of the candidate sources are determined using publicly available X-Ray
lightcurve data from the following telescopes: RXTE/ASM (2-10 keV), MAXI/GSC (2-20 keV)
and Swift/BAT (15-150 keV).

An estimation of the baseline rates and standard deviations for each source and telescope is
performed with a Gaussian fit of the daily averaged rates of the lightcurves. Data points are retained
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that verify F — AF > ugp + 8 oL, with F the flux and AF its corresponding error, ugy, and oy, the
mean and standard deviation of the Gaussian fitted baseline. To account for possible instrumental
effects, data points verifying this criterion are removed if they are not accompanied by another
selected point in a + 5-days time window. The resulting high-significance data points are used as
seeds to search for flaring time windows: starting from each point, the flaring period is defined by
the time window in which the flux verifies F —AF > upy +2 opy in atleast 1 point in a 5-day sliding
time window starting from each high-significance data point. A neutrino search is performed if
a flaring period is found in any telescope. The lightcurves for GX339-4 with the corresponding
flaring periods are shown in Figure 1. From the initial source list, 3 microquasars exhibit flaring in
X-Ray during the KM3NeT/ORCA®6 period: GX339-4, AqlX-1 and 4U1630-472, with observation
livetimes of respectively 250, 143 and 83 days.
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Figure 1: X-Ray lightcurves from GX339-4, recorded by MAXI/GSC, Swift/BAT and RXTE/ASM. Flaring
periods are highlighted in red. The ANTARES data-taking duration is represented as a green line and the
KM3NeT/ORCAG6 data-taking duration is represented as a blue line. The total flaring periods are a stacking
of the flaring periods in each telescope and define the neutrino signal search window.

Additionally, for sources MAX1J1820+070 and GX339-4 the search is also performed in 3
subdivisions of the flaring periods, each corresponding to a given X-Ray spectral state: the Hard
State, Hard to Soft state transitions, and Soft State. This is motivated by the fact that these sources
exhibit different multi-wavelength properties in each state, and neutrino fluxed are expected to also
differ.

For MAXI1J1820+070, periods are taken from [5], rounded to the floor/ceiling Modified Ju-
lian Day (MJD) for the beginning/end of the period to account to ensure a flat Right Ascension
background distribution. They are as follow, given in MJD: Hard State from 58189 to 58304, State
Transition from 58304 to 58311 and Soft State from 58311 to 58380.
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GX339-4 exhibits regular flares with multiple state transitions. The spectral states where
divided using X-Ray hardness ratios from RXTE/ASM and MAXI/GSC, with total livetimes of
248, 30 and 634 days for the Hard States, State transitions, and Soft States respectively.

4. Analysis methods

4.1 ANTARES

The signal search in ANTARES data is a standard unbinned likelihood analysis. The likelihood
PDF is built using spatial, time and energy distributions obtained from simulations, taking into
account event rate fluctuations over the detector life time [6]. Pseudo-experiments are performed to
obtain the distribution of test statistic (TS) used to compute flux sensitivities for each source. The
TS is defined as the ratio of the signal plus background likelihood, for which the number of signal
events is fitted, over the background-only likelihood.

The search is performed in the time windows obtained in the previous section. They are defined
as a box-shaped PDF term in the likelihood. In the case of discontinuous flaring periods the analysis
is performed only once, effectively stacking the multiple flares on a single search. The analysis takes
into account track-like and cascade-like event topologies. The events are selected on the quality of
their reconstruction to reduce the background coming from atmospheric muons and to improve the
angular resolution. Cuts on these quality parameters are then chosen by maximizing the probability
of a 50 discovery assuming an incoming neutrino spectrum of ¢(E) = 1077 E72 GeV~! cm™2 57!

4.2 KM3NeT

The analysis is a binned ON/OFF region search, similar to the one used in [7] and [8]. It is
a counting experiment in which the rate of events in an OFF (control) region is used to estimate
the number of background events in an ON (signal) region, which is the search region. These
ON/OFF regions are defined as follows: the ON region is a circle with a radius to be optimised
(Region of Interest, Rol), centered to the coordinates of the source, and the OFF region is a band
in equatorial coordinates, +/- 10° around the source, minus the Rol defining the ON region. Here
the OFF events are recorded at the same time as the ON events, to obtain a reasonable estimate
of background event rate in the search region. The expected Non coming from background is
then: Exp.Bkg = Nopr X Qon/Qopr with Q the solid angles of the corresponding regions. In
this search only events reconstructed as upgoing or horizontal are taken into account, with events
selected with a reconstructed zenith angle 6 such as cos (§) > —0.1. This allows to significantly
reduce the number of background events coming from atmospheric muons, with the remaining
background being misreconstructed muons and atmospheric neutrinos. Moreover, the analysis only
uses events reconstructed as a muon track-like, typically associated with muons. Tracks originating
from neutrinos are separated from tracks originating from misreconstructed muons using a boosted
decision tree (BDT) classifier, based on gradient boosting [9]. The training is done using simulated
events, with all-flavor v events as signal and atmospheric muons as background. The final selection
criteria are determined by minimizing the upper limit expected from the background and a neutrino
signal modelled by ¢(E) o« E=2 [10]. The two free parameters for this minimization are the
classification score and the radius of the ON region (Rol). The optimization is performed using data
from the OFF region defined above to estimate the background level.
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5. Results

In the ANTARES analysis, the likelihood fit yielded no signal event for each source and time
period. Upper limits are given as the 90% confidence level sensitivities derived from pseudo-
experiments. The upper limits on the fluence for the flaring periods are shown as a function of
the source galactic longitude Figure 2 and as a function of the search livetimes Figure 3. For the
different spectral states of MAXI1J1820+070 and GX339-4, the upper limits on the fluence and flux
normalisation are given in Figure 4. Due to the smaller observation time windows, the flux is less
constrained during the state transition periods, but it should be highlighted that these periods are

the most favourable for neutrino emission in the case of luminous ejecta with high bulk Lorentz
factor [11].
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Figure 2: Neutrino fluence upper limits with ANTARES against the galactic longitudes of the studied
sources.
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Figure 3: Neutrino fluence upper limits with ANTARES against the search time. This duration corresponds
to the flaring time of each source under good data-taking conditions.
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Figure 4: Upper limits with ANTARES on neutrino fluence (in GeVem™2) and flux normalisations (in
GeV~!'em™2s7!), assuming an incoming neutrino flux with an energy spectrum ¢(E) o« E~2. Limits are
given in 3 X-Ray spectral states: Hard State, State Transition, and Soft State for GX339-4 (left) and
MAXI1J1820+070 (right).

with AT the observation livetime and with Esq, and Eysq, the Sth and 95th energy percentiles of
the signal events energy distribution, assuming a power law spectral distribution: % o« E72. The
energy ranges are as follows: for the KM3NeT/ORCAG detector, Esq, = 100 GeV and Egsq, = 9
TeV while for the ANTARES detector, Esq, = 3 TeV and Egsq, = 3 PeV.

For the KM3NeT/ORCAG6 analysis, the results can be found in Table 1. No significant excess
was found, with the lowest p-value being 32% for 4U1630-472 assuming the background follows
Poisson statistics. Upper limits are computed using Rolke confidence intervals [12], with a 90%
confidence level. In this computation the background is assumed to follow Poisson statistics and
the detection efficiency is modeled as a Gaussian with a relative standard deviation of 30% to
conservatively take into account systematic effects. The flux and fluence upper limits are computed
assuming the incoming neutrino flux has an energy spectrum ¢(E) o E~% and are evaluated using
simulations. For the 3 sources that could be observed in a flaring state with KM3NeT/ORCA6
and ANTARES, upper limits on the flux as a function of energy can be found in Figure 5. The
KM3NeT/ORCAG6 upper limit is less constraining due to the smaller detector and the shorter
observation times, but provides complementary coverage in a lower energy range with respect to
ANTARES.

6. Conclusion

This contribution presents a search for a neutrino signal correlated with X-Ray flares from
13 microquasars with ANTARES with its full life time, and with KM3NeT/ORCA in its 6 lines
configuration. No significant signal was observed in either case and upper limits on the neutrino
fluxes were derived.

In a recent analysis from the Icecube neutrino detector [13] that included a similar search
that the one presented here, the microquasar V404 Cyg yielded a signal with a pre-trial p-value of
1.4% , while taking into account trial correction led to results fully compatible with background
expectations. The complete KM3NeT detector will be able to further study galactic objects as
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Source 4U1630-472 GX339-4 Aql X-1

Nox Time (MJD) 5 59495.887, 59526.473 . 58956.383 ’ 59128.48
Dist. from source 1.77°, 1.80° 1.35° 1.52°

NoFr 474 648 291

Exp.Bkg 1.15 1.35 0.60

p-value 0.32 0.74 0.45

df- (GeVlem™s7!) | 6.7%x 107 2.2x107° 8.8x107°

FUL (GeVem™?) 3.3 x 102 1.9 x 102 2.5% 102

Table 1: KM3NeT/ORCAG6 search results. Non and Nopp are respectively the number of events in the
ON and OFF regions after selection. The times and distances from the source are given for events in the
ON region. Exp.Bkg. is the expected number of background events in the search region. The p-value
is computed assuming a Poisson-distributed background. <I>8L and FUL are respectively the upper limits
of the flux normalisation and the fluence, assuming an incoming neutrino flux with an energy spectrum
#(E) o« ®oE~2. Upper limits are given with a 90% confidence level.
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Figure 5: Neutrino flux upper limits for AqlX-1 (solid), 4U1630-472 (dotted) and GX339-4 (dashed) in
KM3NeT/ORCA (blue) and ANTARES (red) energy ranges. Limits are given as E ZZ—'E, (in GeVem 251y,
assuming an incoming neutrino flux with an energy spectrum ¢(E) o« E72.

potential neutrino sources thanks to its location in the northern hemisphere allowing a good view
of the galactic center.

The KM3NeT detector, which is under construction, is already showing performances com-
peting with ANTARES with 18 lines in ORCA and 21 in ARCA as of summer 2023. Plus, the
KM3NeT/ORCA detector is demonstrating capabilities for neutrino astronomy with its lower energy
range, with already 6 out of the 115 planned lines.
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