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Results are presented on a search for neutrino emission from a sample of six microquasars, based on the
data collected by the ANTARES neutrino telescope between 2007 and 2010. By means of appropriate time
cuts, the neutrino search has been restricted to the periods when the acceleration of relativistic jets was
taking place at the microquasars under study. The time cuts have been chosen using the information from

the X-ray telescopes RXTE/ASM and Swift/BAT, and, in one case, the gamma-ray telescope Fermi/LAT. No
statistically significant excess has been observed, thus upper limits on the neutrino fluences have been
derived and compared to the predictions by models. Constraints have been put on the ratio of proton to

electron luminosity in the jets.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Microquasars are galactic X-ray binary systems exhibiting rel-
ativistic jets (Mirabel and Rodriguez, 1994) and are considered in
some models to be a possible source of high energy (>100 GeV)
neutrinos (Levinson and Waxman, 2001; Romero et al., 2003). The
composition of the jets and in particular their baryonic content is
still an open issue and is a key point for the expectations on the
flux of neutrinos. Evidence for a baryonic content has been found
only in the jets of the microquasars SS433 and 4U 1630-47, wit-
nessed by the observation of both blue and red Doppler shifted
ionisation lines of heavy elements (Marshall et al., 2002; Diaz Trigo
et al., 2013). Further observations have also indicated reheating (in
situ acceleration) of the baryonic component at parsec scales in
the jets of SS433 (Migliari et al., 2002). Some hints in favour of
a significant baryonic content in the outflow of the microquasar
Cyg X-1 have been inferred using knowledge of the energetics of its
jets: the observation of a radio-emitting large structure in the in-
terstellar medium of CygX-1 has allowed the energy output of the
jets to be constrained within the interval 1036-1037 ergs—! (Gallo
et al., 2005), which is two orders of magnitude larger than the es-
timates based on the jet’s flat radio spectrum (Fender et al., 2000).
This excess of energy may be ascribed, among other things, to a
population of cold baryons carried in the relativistic flow (Heinz,
2006). The observation of an X-ray emission from the parsec-scale
jets of the microquasars XTEJ1550-564 and H1743-322 with Chan-
dra may imply the presence of ~10 TeV electrons, which would be
most likely accelerated by shocks in the propagating plasma (Cor-
bel et al., 2002, 2005).

If baryons were actually contained in microquasar jets and a
dissipation mechanism allowed them to be accelerated to very

* Corresponding author.

high energies, e.g. through diffusive shock acceleration, syn-
chrotron emission from the electrons may provide the required
opacity to photo-meson production and high energy neutrinos may
be produced (Levinson and Waxman, 2001; Distefano et al., 2002).
In microquasars harbouring an early type, massive (=10Mg) com-
panion star, neutrinos may be generated by the interaction of the
relativistic baryons in the jets with the ions from the stellar wind
(Romero et al., 2003). The detection of high energy neutrinos from
microquasars would thus give important clues about the composi-
tion of microquasar jets and about the physics taking place in the
extreme environments close to black holes or neutron stars, and
identify microquasars as one of the sources of the galactic compo-
nent of cosmic rays.

This paper presents a search for neutrino emission from mi-
croquasars with the ANTARES detector. In order to maximise the
signal to noise ratio, the atmospheric neutrino background is re-
duced by restricting the data to the times in which jet acceleration
is supposed to take place at the sources under study. A multiwave-
length approach using X-ray and gamma ray data is applied in
order to select the outbursting periods. In Section 2, the ANTARES
detector and the data set used in this analysis are described. The
selected sources and the criteria adopted to define the time cuts
for the neutrino search are presented in Section 3. In Section 4, the
statistical method adopted to analyse the data is presented and the
results are derived. Conclusions are drawn in Section 5.

2. ANTARES

The ANTARES neutrino telescope is an underwater detec-
tor optimised to detect neutrinos with energies above 100 GeV
(Adrian-Martinez et al., 2011; Aguilar et al., 2011b). High energy
neutrinos interacting with the matter surrounding the detector
produce relativistic charged particles that induce the emission of
Cherenkov light. Among neutrino flavours, muon neutrinos are
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the favoured probe for astrophysics, since muons’ range in wa-
ter reaches up to several kilometres at the energies of interest
for ANTARES, thus allowing a more precise reconstruction of their
direction and an effective volume higher than the instrumented
volume.

The detector consists of an array of 885 photomultiplier tubes
(PMTs) located in the Mediterranean Sea at a depth of 2475 m,
40 km offshore from the southern coast of France. It is com-
posed of 12 detection lines each hosting 75 optical modules (OMs,
Amram et al, 2002), arranged in 25 storeys, with 3 OMs on
each storey. The OMs are inclined towards the bottom by 45°
to favour the detection of upward-going tracks. The storeys are
equally spaced along the lines by 14.5 m. The spacing between
the lines is approximately 60 m.

The light signals detected by the OMs, the “hits”, are digitised
by electronics boards placed on each storey and then sent to a PC
farm onshore that performs the filtering of the data (Aguilar et
al.,, 2007). The data filtering algorithm is based on the occurrence
of “L1 hits”, i.e., coincidences of two hits within a single storey,
or single hits with collected charge higher than 3 photoelectrons.
The algorithm selects the events containing at least five causally
connected L1 hits or a local cluster of neighbouring L1 hits. An ap-
propriate time calibration procedure is applied to the arrival time
of the light signals (Aguilar et al., 2011a), whereas a positioning
system takes care of recording the displacement of the lines, due
to the sea currents (Adrian-Martinez et al., 2012a). A detailed de-
scription of the ANTARES detector and its calibration procedures
can be found in (Ageron et al,, 2011, and references therein).

The ANTARES detector started taking physics data in January
2007, when it was composed of only five detection lines. It was
upgraded to ten detection lines in December 2007 and was com-
pleted in May 2008 with its twelve-line configuration. This paper
describes an analysis of the ANTARES data collected between Jan-
uary 2007 and the end of 2010.

The reconstruction of muon tracks is performed by means of
a multi-step procedure whose final result is provided by a max-
imum likelihood fit (Adrian-Martinez et al., 2012b). The quality
parameter of the reconstructed tracks, here referred to as A, is
defined on the basis of the maximised likelihood. The algorithm
also provides an estimate of the angular uncertainty of the re-
constructed direction event-by-event, here referred to as 8. Only
tracks with 8 < 1° are selected for the analysis. The response of
the detector and the performances of the reconstruction algorithm
are estimated by means of Monte Carlo simulations. Atmospheric
neutrinos, which represent an irreducible background, are simu-
lated according to the flux obtained by Agrawal et al. (1996). The
flux of atmospheric muons reaching the detector from above is
simulated with the code MUPAGE (Carminati et al., 2008).

Due to the intense flux of downgoing atmospheric muons, only
tracks reconstructed as upgoing are selected as neutrino candi-
dates. Nevertheless, a fraction of atmospheric muons can be mis-
reconstructed as upgoing and contaminate the neutrino sample.
These background tracks are reconstructed with a low quality and
can be discarded by applying a suitable cut on A. Two cuts on
A are used in this analysis: A > —5.2 and A > —5.4. These cut
values result from the optimisation procedure described in Sec-
tion 4, and lead to a contamination from atmospheric muons of
13% and 42%, respectively. Fig. 1 shows a comparison between data
and Monte Carlo of the distribution of the reconstruction quality A
for upgoing tracks with angular uncertainty g < 1°.

The angular resolution of ANTARES is also estimated using
Monte Carlo simulations and depends on the assumed neutrino
spectrum. The cumulative distribution of the angular error of the
reconstructed neutrinos is shown in Fig. 2 for two different quality
cuts and a spectrum o E;? and o E; 2 exp(—+/E, /100 TeV). The
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Fig. 1. Cumulative distribution of the track reconstruction quality parameter A for
the data (black) and for the simulated atmospheric muons (blue) and neutrinos
(red), for upgoing tracks with g < 1°. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Cumulative distribution of the angular error of the reconstruction algorithm
for two different quality cuts and a neutrino source with an energy spectrum o E;Z

(solid) and o E;? exp(—+/E, /100 TeV) (dashed).

median angular resolution for an Ev‘2 spectrum is 0.46 = 0.10 deg
(Adrian-Martinez et al., 2012b), using a cut A > —5.2.

3. Selection of flaring time periods

Among the sources listed as microquasars in the catalogues of
X-ray binaries (Liu et al., 2006, 2007) and visible by ANTARES,
those showing an outburst that could be associated with the accel-
eration of relativistic jets are selected for this analysis. The selected
sources, ordered by increasing declination, are: CirX-1, GX339-4,
H1743-322, IGR]J17091-3624, CygX-1 and CygX-3. To maximise
the detection probability, the search for coincident neutrino events
is restricted to microquasar flaring time periods. The selection of
flaring periods is carried out by taking into account the multi-
wavelength behaviour of each of the selected microquasars, using
information from X-ray or gamma-ray instruments.

For all the microquasars considered in this paper, except
Cyg X-3, the time selection is based on their X-ray behaviour. When
the procedure involves the selection of X-ray outbursts in the
daily averaged X-ray light curves of RXTE/ASM! (1.2-12 keV) or

1 RXTE/ASM data are taken from http://xte.mit.edu/asmlc/.


http://xte.mit.edu/asmlc/

12 S. Adridn-Martinez et al. / Journal of High Energy Astrophysics 3-4 (2014) 9-17

Swift/BAT? (15-50 keV), a dedicated outburst selection algorithm
is adopted.

To infer the onset of an X-ray outburst, a Gaussian fit is per-
formed to the distribution of the X-ray rates to calculate the base-
line rate, (r), and its standard deviation, oyy. The fit is iterated

twice within the interval (r) gg; to reduce the contribution from
the bursting region. The light curve is then scanned, looking for a
rate measurement 7 satisfying the condition 7 — 303 > (r) + 30
where o7 is the error on the single rate measurement. Once such a
measurement is found, all the following and preceding measure-
ments for which ¥ — oz > (r) + 30 are selected. At least two
consecutive measurements are required for the selection to take
place. In the case of CygX-3 the time selection is based on the
Fermi/LAT gamma-ray light curve, hence a slightly different proce-
dure is used to select the outbursts, as described in Section 3.3.

As the increase of the X-ray flux alone is not generally sufficient
to ensure the onset of a relativistic jet, additional time selection
criteria, customised for the features of each microquasar under
study, are applied and are described in the following.

3.1. Black hole binaries

Four of the microquasars considered in this analysis are black
hole candidates or confirmed black hole binaries. The time evolu-
tion of X-ray outbursts in this type of source is known to follow a
specific pattern in the intensity and spectrum of the X-ray flux (see
Belloni, 2010, for a review). The beginning of an outburst is charac-
terised by a power-law energy spectrum with photon index ~1.7,
known as the hard state, during which a steady jet is observed with
Lorenz factor ~ 2. This is followed by an X-ray state in which the
hard power law component is almost suppressed in favour of a
soft thermal component with temperature ~1 keV, referred to as
the soft state, during which the radio jet is suppressed and the disk
emission is dominant. The transition between these two canonical
states, which are rather stable and can last several weeks, takes
place through two intermediate states, the hard and soft interme-
diate states (HIMS and SIMS, respectively), both characterised by
spectral features between the hard and soft states. These transi-
tions occur on time scales of hours/days and are often associated
with discrete-ejection observed in radio wavelengths whose Lorenz
factor is thought to be higher than that observed during the hard
state (Fender et al., 2004b, 2009).

The time selection for the following sources is based entirely on
their X-ray behaviour, by taking into account the disk-jet coupling
just described. Only periods of hard X-ray states and state transi-
tions are selected, since they correspond to phases where relativis-
tic jets are present, and therefore neutrino emission is expected.
Also, both states are considered separately for the subsequent neu-
trino search.

3.1.1. GX339-4

GX339-4 is a galactic black hole binary system (Hynes et al.,
2003; Zdziarski et al., 2004) that has undergone two major out-
bursts between 2007 and 2010, both featuring a hard to soft tran-
sition, and some fainter ones (see Fig. 3).

The hard states have been selected as outbursts in the Swift/BAT
daily averaged light curve, using the procedure described at the
beginning of this section. The times of the transitions as well as
of the onset of the soft state are estimated using X-ray spectral
observations, and are used to define the end of the hard state.

At the beginning of 2007 the source was already in outburst.
From a detailed study of the spectral time evolution of GX339-4

2 Swift/BAT data are taken from http://heasarc.nasa.gov/docs/swift/results/
transients/.
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Fig. 3. X-ray and gamma-ray light curves (Swift/BAT in red, RXTE/ASM in blue and
Fermi/LAT in green) used for the selection of the flaring times. The shaded areas
represent the times selected for the analysis. The red and green areas in the light
curves of GX339-4, H1743-322 and CygX-1 correspond to hard states and state
transitions, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

during this outburst, the transition from the HIMS to the SIMS is
observed around MJD 54145.5, and then again around MJD 54160
and MJD 54164 (Motta et al., 2009). A similar outburst was again
observed in the first half of 2010. The decay phase of this outburst
and the subsequent transition to softer states has been followed by
RXTE/PCA pointed observations by Belloni et al. (2010), who locate
the transition from the HIMS to the SIMS at around MJD 55304, af-
ter which the source was observed undergoing a transition to the
soft state and then to the SIMS until MJD 55316. On MJD 55320
the X-ray spectrum was compatible with the source being in the
HIMS again (Motta et al., 2010), but the subsequent transition was
not observed, though from the light curves and the similarity with
the 2007 outburst, the time at which it occurred can be estimated
to be around MJD 55324. A time window of 5 days centred at the
estimated time of the state transitions is selected for the neutrino
search. Its start time coincides with the end of the hard state pe-
riod preceding it.

3.1.2. H1743-322

For the black hole candidate H1743-322 (McClintock et al.,
2009) the same selection procedure used for GX339-4 is adopted.
Between 2007 and 2010, H1743-322 has undergone five outbursts
(Fig. 3).

The outburst that occurred at the end of 2008 has been classi-
fied as a failed outburst (Capitanio et al., 2009), since the source
remained between the hard state and the HIMS without reaching
the soft state or the SIMS. The subsequent outburst that occurred
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in 2009 featured, after the onset of the hard state, a HIMS — SIMS
transition at MJD 54990 (Chen et al., 2010), which is included in
a time window of +2.5 days for the transitional phase search.
The evolution of the outburst detected in 2010 is described in
(Nakahira et al.,, 2010, and references therein). A HIMS — SIMS
transition is observed around MJD 55424.5, after which the source
stays in the soft state until quiescence. Two more outbursts were
observed while the source was close to the Sun and thus received
a poor coverage by X-ray telescopes. The first was detected around
MJD 54453 and lasted until MJD 54504 (Kalemci et al., 2007;
Jonker et al., 2010). The second was detected around MJD 55191
until MJD 55237 (Yamaoka et al., 2009, and references therein).
These are also included in the analysis as hard states, since it is
not known whether state transitions have taken place.

3.1.3. IGR]J17091-3624

For the black hole candidate IGR]J17091-3624 (Pandey et al.,
2006) a short outburst was observed in the Swift/BAT daily light
curve between MJD 54286 and M]D 54301 (Fig. 3), which has been
selected for the analysis. Swift/XRT observations during that period
confirmed a hardening of the X-ray spectrum (Kennea and Capi-
tanio, 2007).

3.14. CygX-1

The time selection for the black hole binary CygX-1 (Bowyer
et al, 1965; Webster and Murdin, 1972; Stirling et al., 2001)
is performed differently to the black hole binaries or black
hole candidates discussed previously. By comparing simultane-
ous RXTE/PCA and RXTE/ASM data on a long term monitoring of
CygX-1, Grinberg et al. (2013) have shown how to perform an al-
most exact mapping of the X-ray spectral state on the basis of the
sole RXTE/ASM flux and hardness. This mapping is used in order
to define the onset of a hard or intermediate state for this source.
The results of this selection are shown in Fig. 3.

3.2. CirX-1

CirX-1 is the only confirmed neutron star microquasar con-
sidered in this analysis. It has an orbital period of 16.6 days
(Kaluzienski et al., 1976) and undergoes regular radio flares with
the same period, interpreted as enhanced accretion near periastron
passage in a highly eccentric orbit (Murdin et al., 1980). A high an-
gular resolution monitoring campaign in the radio, conducted with
e-VLBI in 2009, has confirmed this behaviour, observing an en-
hanced radio emission between orbital phase 0.09 and 0.21 (Moin
et al, 2011), although these measurements were taken during a
period of very low activity in both radio and X-rays. Simultane-
ous radio and X-ray observations have shown that an increased
accretion rate, in the form of an X-ray outburst, is followed by the
acceleration of relativistic jets, observed as a brightening of the
radio core of the source, followed by the brightening of the arc-
second scale radio structure surrounding the core (Fender et al.,
2004a).

This source has undergone several X-ray outburst events be-
tween 2007 and 2010, better visible in the soft X-rays (Fig. 3), that
are included in the analysis using the procedure described at the
beginning of this section applied to the daily averaged light curves
of RXTE/ASM. If sufficiently close in time, i.e. within 4 days, the
selected periods are extended, forward or backward, in order to
include the expected radio flare at superior conjunction.

3.3. CygX-3
CygX-3 is a high-mass binary (van Kerkwijk et al., 1992;

Parsignault et al., 1972) in which the nature of the compact ob-
ject has not yet been identified. It has been observed emitting

high energy gamma-rays by both AGILE (Tavani et al.,, 2009) and
Fermi/LAT (Abdo et al., 2009), in association with its ultra soft
X-ray states which in turn are related to giant radio outbursts.
Thus the time selection for this source is based on its behaviour in
gamma-rays.

The gamma-ray data between 30 MeV and 30 GeV from
Fermi/LAT? are analysed using the procedure described by Abdo et
al. (2009).* The light curve is calculated in time bins of four days
and is shown in Fig. 3. The selection of gamma-ray flares is per-
formed in the same fashion as the one described for the X-rays at
the beginning of this section, with some modifications due to the
different nature of the data. Namely, a Gaussian fit is performed
on the distribution of the gamma-ray rate r, to calculate its mean
value (r) and its standard deviation o). All the times correspond-
ing to a flux measurement 7 for which ¥ — o7 > (r), where o3 is
the error on the flux measurement, are then included in the anal-
ysis within a time window of 4 days, which is the binning used to
produce the light curve. The obtained time windows are extended
by 5 days before and after, to take into account the possible time
lags between the gamma-ray emission and the development of the
jets (Williams et al., 2011). The results of this selection are shown
in Fig. 3.

4. Search for coincident neutrino events
4.1. Statistical method

The ANTARES data collected between 2007 and 2010, corre-
sponding to 813 days of livetime, are analysed to search for neu-
trino events around the selected sources, in coincidence with the
time periods defined in the previous section and listed in Table 1.
The statistical method adopted to infer the presence of a signal on
top of the atmospheric neutrino background, or alternatively set
upper limits on the neutrino flux is an unbinned method based on
a likelihood ratio test statistic. The likelihood is defined as:

Ntot

log(£) =) log[ngigS(a) + notB(60:) ] — et (1)

i=1

where ng is the total number of neutrino events detected during
the flaring periods and while the source was visible by ANTARES
(i.e., below the horizon). In Eq (1), S is the point spread function
(PSF), o is the angular distance of the event i from the posi-
tion of the source, B is the distribution of background events as a
function of the zenith angle 6;, and both S and B are normalised
to 1. A spectrum of the form dN/dE, = ¢E;? GeVem2s~! is used
to optimise the search and to calculate the upper limits of the
neutrino fluences, whereas a customised spectral shape is used
to compare the results with model predictions (Section 4.2). The
normalisation constant ¢ is the quantity to be measured or upon
which upper limits are set. The result of each search is based on
the value assumed by the test statistic variable &, which is defined
as the logarithm of the ratio between the likelihoods calculated
under the hypotheses of background plus signal and background-
only:

& = max{log L(nsig) } — log L(ngig = 0). (2)

Monte Carlo pseudo experiments are generated to compute the
distributions of & under the background only and background plus
signal hypotheses. Each pseudo experiment simulates the number

3 Fermi/LAT data have been retrieved from the web page http://fermi.gsfc.nasa.
gov/cgi-bin/ssc/LAT/LATDataQuery.cgi.

4 This analysis has been performed using HEASOFT v6.11, ScienceTools
v9r23pl and the response function P6_V1_DIFFUSE.
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Table 1
Candidate microquasars and selected periods.

Source name Selected periods (M]D)

CirX-1

54128-54136, 54349-54367, 54371-54400, 54415-54442, 54547-54582, 55323-55343,

55357-55375, 55421-55426, 55452-55458

GX339-4
(hard state)
GX339-4
(transition)
H1743-322
(hard state)
H1743-322
(transition)
IGR]J17091-3624
(hard state)
Cyg X-1
(hard state)
Cyg X-1
(transition)

54286-54301

54987.5-54992.5, 55422-55427

54128-54143, 54236-54246, 54292-54354, 54893-54944, 54966-54998, 55203-55301
54143-54148, 54157.5-54166.5, 55301-55306, 55323-55328

54453-54504, 54733-54789, 54973-54987.5, 55191-55237, 55412-55422

54128-54979, 54980-54984, 54985-54990, 54991-54992, 54993-54995, 54997-54998,
54999-55007, 55008-55009, 55010-55099, 55100-55374, 55375-55377

54979-54980, 54984-54985, 54990-54991, 54992-54993, 54995-54997, 54998-54999,
55007-55008, 55009-55010, 55099-55100, 55374-55375, 55377-55379, 55381-55388,

55401-55402, 55411-55414, 55417-55418, 55419-55422, 55425-55429, 55430-55451,
55456-55467, 55470-55475, 55477-55483, 55484-55485, 55488-55492, 55494-55495,
55506-55507, 55522-55523, 55528-55530

CygX-3

54753-54795, 54797-54823, 54985-55051, 55329-55351

—— background only

— +1signal v

P L o B +2signal v

— + 3 signal v

+4signal v
— +5signal v

+6 signal v

10_1& : . — +7signal v
XS
i
d
C

L LI

LU 1L

RN

Fig. 4. Probability distribution of the test statistic variable issued from pseudo exper-
iments for background only (solid histogram) and by adding from 1 up to 7 signal
neutrinos around the source. The vertical dashed lines indicate the threshold values
of & that lead to a 30 and 50 pre-trial rejection of the background only hypothesis.
This plot corresponds to the case of GX339-4 during hard states.

of neutrinos selected in the data. The simulated neutrino direc-
tions for the background events are randomly generated according
to the zenith and azimuth distribution of the neutrinos selected in
the whole ANTARES 2007-2010 data set. The conversion to celes-
tial coordinates is done using the true time of the detected event.
To simulate the presence of a signal, pseudo experiments are also
generated by adding from one up to thirty neutrinos distributed
around the source according to the ANTARES PSF. An example of
the resulting distributions of the test statistic for background-only
and background plus a fixed number of injected signals, P (&|nsg),
is shown in Fig. 4 for the case of GX339-4 outbursts during hard
states. The distribution of the test statistic for a mean number of
signals P(&|(nsig)) is calculated from a Poissonian convolution of
the P(§|nsig):

<nsig>nsig e~ (nsig)

nsig!

P(&|(nsigh) = D P(&lnsig) (3)

Nsig

and is used to construct the 90% confidence belts with the uni-
fied approach of Feldman and Cousins (1998). The conversion
between (nsig) and the normalisation of the neutrino flux ¢ is
performed by means of Monte Carlo simulations. The average

()
@
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N
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Fig. 5. Number of neutrino events expected by ANTARES from a source with an E;Z
spectrum and a flux normalisation of 10~7 GeVecm~2s~! when applying the time
and quality cuts listed in Table 1 and Table 2, as a function of the source declination.
The green triangles stand for black hole binary transitional states.

number of expected neutrino events (ng)_7 from the selected
sources assuming an E ;2 spectrum and a flux normalisation ¢_7 =
10~7 GeVem—2s~! is shown in Fig. 5 as a function of the source
declination. This quantity is used to convert the upper limits
(nsig)%* < to an upper limit on the flux normalisation ¢%*L by a
proportional scaling:

90% CL (nsig)**
¢ =¢p_7—/——. (4)
(nsig) —7
The quality cuts on A to be used in each neutrino search are op-
timised in order to minimise the flux needed for a 50 discovery
in 50% of pseudo experiments for an E;z spectrum, and are listed
in Table 2. The optimisation is carried out only on the basis of the
results of the pseudo experiments and while keeping the true neu-
trino directions in the data unknown.

4.2. Results

The above statistical method has been applied to calculate the
& value of each neutrino search. The results are summarised in
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Table 2

Summary of the results of the neutrino searches for the microquasars studied in this paper. The columns report the values of the adopted cut on the track reconstruction
quality A, the test statistic &, the livetime of the search, the number of neutrinos selected in the whole sky during the selected periods and while the source was below the
horizon, the distance of the closest of these neutrinos to the source, the 90% C.L. upper limit on the neutrino fluence F3% " and on the energy flux of neutrinos fJ%%Ct,
respectively. The last two quantities are given supposing both an E‘jz and an E‘jz exp(—+/E, /100 TeV) neutrino spectrum.

Source name A> £ Livetime Ntot Closest v FO*CL (GeVem™2) fIO*CL (ergem™2s71)
(days) no cutoff 100 TeV cutoff no cutoff 100 TeV cutoff
CirX-1 —5.2 0 100.5 257 5.7° 16.8 9.1 3.11x107° 1.68 x 107°
GX339-4 (HS) —52 0 147.0 485 2.8° 10.9 9.3 1.37 x 1072 1.18 x 107°
GX339-4 (TS) —5.4 0 4.9 14 11° 19.4 16.6 7.34x 1078 6.27 x 1078
H1743-322 (HS) —52 0 83.6 444 4.6° 9.2 7.1 2.04 x 1079 1.58 x 107°
H1743-322 (TS) —5.4 0 3.3 22 15.9° 10.2 7.7 571 x 1078 433 %1078
IGRJ17091-3624 —5.4 0 8.5 40 12° 21.0 19.0 457 x 1078 415x 1078
CygX-1 (HS) —5.2 0 182.8 671 1.4° 9.4 29.3 9.57 x 10710 2.98 x 107°
CygX-1 (TS) —5.4 0 18.5 117 6.4° 6.0 6.7 5.98 x 1079 6.75 x 1072
CygX-3 —5.4 0 16.6 144 6.9° 5.7 7.0 6.34 x 1079 7.83 x 1079
Table 3

Parameters used to calculate the neutrino flux expectations for the microquasars considered in this analysis using the formulation by Distefano et al. (2002). The columns
report: the distance of the microquasar, the inclination angle of the jet with respect to the line of sight, the jet velocity, Lorentz factor and Doppler factor, the size of the
radio emitting region in units of 10'> cm, the frequency of the radio observation and the corresponding measured flux density during an outburst. The last column reports
the 90% confidence level upper limits on the ratio 1,/ne resulting from the upper limits on the neutrino flux reported in Table 2 (100 TeV cutoff case).

1/2 ¢th

Source name D 6 B r ) Iis v Sy Ny 1M/ 21 £y Reference Mp/Ne)
(kpc) (deg) (GHz) (mJy) (ergem=2s71) ul.
CirX-1 (1) 7.8 10 0.92 2.55 4.17 117 8.4 200 2.37 x 10710 1,23, 4 71
CirX-1 (2) 7.8 50 0.50 115 1.28 117 8.4 200 3.28 x 10711 1,234 51.2
GX339-4 8 50 0.87 2.0 112 0.60 8.6 20 5.25 x 10712 56,789 224.6
H1743-322 8.5 75.0 0.20 1.02 1.03 0.38 9.0 24 2.37 x 10712 10, 1 666.9
CygX-1 1.8 33 0.60 1.25 148 0.21 15.0 10 4.25 x 10712 12, 13, 14, 15 7014
CygX-3 10 25.7 0.56 1.21 1.67 0.60 15.0 1000 1.60 x 10710 16, 17, 18 49

References: (1) Goss and Mebold (1977); (2) Jonker and Nelemans (2004); (3) Miller-Jones et al. (2012a); (4) Calvelo et al. (2010); (5) Zdziarski et al. (2004); (6) Shidatsu
et al. (2011); (7) Casella et al. (2010); (8) Gallo et al. (2004); (9) Corbel et al. (2007); (10) Steiner et al. (2012); (11) Miller-Jones et al. (2012b); (12) Xiang et al. (2011);
(13) Gies and Bolton (1986); (14) Stirling et al. (2001); (15) Fender et al. (2006); (16) Predehl et al. (2000); (17) Miller-Jones et al. (2004); (18) Williams et al. (2011).

Table 2. As none of the searches has produced a statistically sig-
nificant neutrino excess above the expected background, the 90%
confidence level upper limits on the flux normalisation ¢0*L of
an E;? and an E;;? exp(—+/E, /100 TeV) spectrum are calculated.
Systematic uncertainties of 15% on the angular resolution and 15%
on the detector acceptance have been included in the upper limit
calculations. These systematic errors have been constrained on the
basis of a 30% uncertainty on the atmospheric neutrino flux as
shown by Adrian-Martinez et al. (2012b). Also, a systematic un-
certainty on the absolute orientation of the detector of ~0.1 deg
has been taken into account (Adrian-Martinez et al., 2012a). The
$29%CL are used to obtain the upper limits of the neutrino fluences,
i.e. the energy per unit area, as (in the case of an E;z spectrum):

108 GeV

Ey,-E,%dE,, (5)

90% CL 90% CL
F v = ¢’ A Tsearch

102 GeV

where ATsearch is the corresponding livetime of the search. The
upper limits obtained on the fluence as well as those on the en-
ergy flux in neutrinos (calculated as fJ0%Ct = F0%CL /AT oo ) are
reported in Table 2.

The neutrino flux predictions according to the model by
Distefano et al. (2002) have been calculated using the latest mea-
surements of the distance and of the jet parameters of the micro-
quasars, and are reported in Table 3 together with the parameters
used to compute them. For the microquasar Cir X-1 two possi-
bilities for the jet inclination and Lorentz factor are considered,
whereas no measurement is found to estimate the neutrino flux
from IGR]J17091-3624. To account for muon neutrino disappear-
ance due to neutrino oscillations, a factor of 0.5 is applied to
the flux expectations, which was not included in Distefano et al.
(2002). In the framework of Levinson and Waxman (2001) and
Distefano et al. (2002), the neutrino flux prediction is linearly

% ® ‘ S limit 90‘;/o CL (100 fev cutoff) L
106 ,0_‘) A Distefano et al. 2002 (1, = 7.) 10
o
~
5 110-4
10-7L & % 2 ? o 10
z fg =%
— < » ) —t
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Fig. 6. Feldman-Cousins 90% confidence level upper limits on the energy flux in
neutrinos f,, obtained in this analysis considering a flux o E~2 exp(—+/E, /100 TeV)
(circles), compared with the expectations by Distefano et al. (2002) in the case np =
7Ne (triangles).

dependent on 1,/ne, where 1, and 7, are the fraction of jet lu-
minosity tapped to accelerate protons and electrons, respectively.
In order to put constraints on the ratio 1, /7., the predictions are
compared with the upper limits obtained under the hypothesis of
a cutoff at 100 TeV in the neutrino flux, to take into account the
limitation in the acceleration process included in the model. The
resulting 90% confidence level upper limits on 7p/ne are shown in
Table 3. Fig. 6 shows the comparison between the upper limits on
the energy flux in neutrinos and the model expectations obtained
by setting np = 1. = 0.1. The latter case cannot be excluded for
any of the sources.
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Fig. 7. Upper limits at 90% C.L. on the neutrino flux for GX 339-4 in both the hy-
potheses without and with the cutoff at 100 TeV, compared to the prediction by
Zhang et al. (2010) for a spectral index of the injected particles 1.8 <« < 2.0 and
the ratio 1, /7. equal to 1 and 100, respectively.
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Fig. 8. Upper limits at 90% C.L. on the neutrino flux for Cyg X-3 in both the hy-
potheses without and with the cutoff at 100 TeV, compared to the predictions by
Baerwald and Guetta (2013) and Sahakyan et al. (2014).

Zhang et al. (2010) have provided a calculation of the high-
energy neutrino emission from GX 339-4 in the hypothesis that
the primary spectrum of the injected particles in the jets has spec-
tral indexes o = —1.8, —2.0 and that the ratio np/n.° is equal
to 1 and 100, respectively. The comparison between our upper
limits and the expectations by Zhang et al. (2010) is shown in
Fig. 7. Our upper limit, in the case without cutoff, excludes the
model for 7,/n. = 100, whereas it is still above the expectations
for np/ne = 1. Fig. 8 shows the comparison between the neutrino
flux expectations from Cyg X-3 provided by Baerwald and Guetta
(2013) and Sahakyan et al. (2014), and the upper limits obtained
in this analysis, which are above the model expectations.

5 This ratio is called Kpe in Zhang et al. (2010).

5. Conclusions

This paper presents a search for neutrino emission from micro-
quasars during outbursts with the data collected by the ANTARES
telescope between 2007 and 2010. The search has been performed
under the hypothesis that relativistic jets from microquasars con-
tain baryons that interact during their acceleration or propaga-
tion, and time cuts have been chosen to isolate jet acceleration
events. The searches did not result in a statistically significant ex-
cess above the expected background, thus the 90% C.L. upper lim-
its on the neutrino fluences have been calculated. The predictions
from the model by Distefano et al. (2002) have been computed and
compared to our upper limits in order to constrain the ratio of pro-
ton to electron luminosity (7, /7.). For the microquasar Cir X-1, we
obtain that n,/n. <7 or <50, depending on the choice of the jet
velocity and inclination angle. For the microquasar GX 339-4 we
obtain that 1, /1, < 225 when comparing to Distefano et al. (2002)
expectations, whereas our result excludes the model by Zhang et
al. (2010) in the case np/n. = 100.

Additional ANTARES data will eventually improve the results
obtained in this paper with the inclusion of new outbursts and
extend the search to microquasars that remained quiescent be-
tween 2007 and 2010. Depending on the outburst intensity, duty
cycle and on the jet parameters of the sources, the model expec-
tations may rise to a level that is detectable by ANTARES or, in
the longer term, by the forthcoming KM3NeT neutrino telescope
(Adrian-Martinez et al., 2013).
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