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Fig. 10 Scenarios for gamma-ray emission from binaries. Left: the relativistic wind from a rotation-
powered pulsar interacts with the stellar wind (and Be disc if present) of its massive companion star.
Pulsar inset shows the magnetic field lines within the light cylinder. Gamma-ray emission can occur near
the pulsar, within the pulsar wind, or at the shocks terminating the pulsar and stellar wind. Right: the com-
pact object accretes matter from the stellar wind or Be disc. Part of the energy released in the accretion
disc is used to launch a relativistic jet. Gamma-ray emission can arise from the corona of the accretion
disc, within the jet, or at the termination shock of the jet with the ISM.

in both LS 5039 (Paredes et al. 2000) and LS I +61�303 (Massi et al. 2001) were
thus interpreted as relativistic jets. Relativistic jets are the most striking analogy be-
tween accretion onto the stellar-mass compact objects in X-ray binaries and onto the
supermassive black holes in Active Galactic Nuclei (AGN), hence the name “micro-
quasars” for X-ray binaries with relativistic jets (Mirabel et al. 1992). Similarities also
exist in timing and spectral characteristics. The analogy prompted speculation that,
like AGNs, some X-ray binaries could be gamma-ray emitters with particles acceler-
ated in the jet responsible for the non-thermal emission. LS 5039 and LS I +61�303
would be examples of such gamma-ray microquasars.

The detection of gamma-ray binaries initiated a debate as to whether the high-
energy emission was ultimately due to accretion energy released in the form of a
relativistic jet (microquasar scenario) or due to rotational energy released as a pulsar
wind (pulsar scenario), with the cometary tail of shocked pulsar wind material mim-
icking a microquasar jet (Dubus 2006b; Mirabel 2006; Romero et al. 2007, Fig.10).
A minimum mass > 3M

�

would imply a black hole compact object and rule out a pul-
sar (§2.1.3). Inversely, pulsations would confirm the pulsar wind interpretation (§3.2).
Both have proven elusive to obtain, so distinguishing between the two scenario relies
on indirect evidence.

3.1 Indirect evidence for the pulsar scenario

The current array of indirect evidence favours the pulsar interpretation over the ac-
creting microquasar scenario. The main arguments are given below, more or less in
order of decreasing weight, placed in the context of isolated pulsars and pulsar wind
nebulae (PWN), along with caveats.

– The spectral and timing characteristics are similar in all five systems suggest-
ing that, like PSR B1259-63, all are powered by the spindown of a pulsar. High

Two main models:
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Correlation between jet power and BH spin L71

Figure 2. Plot of the jet power Pjet as estimated from the maximum radio
flux of ballistic jets (equation 1) versus the measured spin parameter of the
BH a∗ for the transient BHBs in our sample. Solid circles correspond to the
first four objects listed in Table 1, which have high-quality radio data, and the
open circle corresponds to 4U 1543−47, which has only a lower limit on the
jet power. The dashed line corresponds to Pjet ∝ a2

∗ , the theoretical scaling
derived by Blandford & Znajek (1977). The data suggest that ballistic jets
derive their power from the spin of the central BH.

to the respective data and have a slope of 0.59; writing the spectrum
as Sν ∝ να , the fit corresponds to α = −0.41. The top right-hand
panel combines the observations of Hjellming & Rupen (1995) and
Hannikainen et al. (2000) during an outburst of GRO J1655−40.
The best-fitting line corresponds to α = −0.66.2 The lower two
panels show data for XTE J1550−564 (α = −0.18; Hannikainen
et al. 2009) and A0620−00 (Kuulkers et al. 1999). For the latter
source, we do not have enough data points to determine the slope;
the line in the plot corresponds to α = −0.4, the average spectral
index of the other three BHBs. In order to enable a fair comparison
of the different objects, we use the fitted lines in the four panels to
estimate the peak fluxes (Sν)max at a standard frequency of 5 GHz.
These 5-GHz peak flux values are listed in Table 1.

While each of the above four objects was densely observed in
radio during one or more transient outbursts, 4U 1543−47 was
unfortunately not monitored well at radio frequencies during any
of its several outbursts. The only radio data we know of when the
source was bright are those for the 2002 outburst summarized in Park
et al. (2004). The strongest radio flux was 0.022 Jy at 1.026 75 GHz.
Assuming α = −0.4, this gives a flux of 0.0116 Jy at 5 GHz (or only
0.000 43 Jy if one corrects for beaming with γ jet = 2). We list this
result separately in Table 1 and plot it as a lower limit in Figs 2 and
3 because of the sparse radio coverage. In addition, there was an
anomaly in the 2002 X-ray outburst of this source.

The anomalous behaviour of 4U 1543−47 is apparent by an
inspection of figs 4–9 in Remillard & McClintock (2006), which
summarize in detail the behaviour of six BH transients scrutinized
by RXTE. In panel b of these figures, which displays light curves
of the PCA model flux coded by X-ray state, one sees that only 4U
1543−47 failed to enter the SPL state (green triangles) near the peak

2 In the case of GRO J1655−40, the 22-GHz observations did not cover the
peak of the light curve. Hence, this point is shown as a lower limit. Similarly,
in A0620−00, the peak was not observed at 0.962 and 1.14 GHz.

Figure 3. Similar to Fig. 2, but showing the angular velocity of the BH
horizon $H along the abscissa. The dashed line corresponds to Pjet ∝ $2

H
(Tchekhovskoy, Narayan & McKinney 2010).

of its outburst, i.e. at the time of the radio coverage reported by Park
et al. Rather, it remained locked in the thermal state (red crosses)
after its rise out of the hard state. This behaviour contrasts sharply
with the behaviour of the other five transients which displayed the
strongly Comptonized SPL state during both the late phase of their
rise to maximum and during their early decay phase. Thus, because
of (1) the sparse radio coverage of 4U 1543−47 and (2) the failure of
the source to transition out of the jet-quenched thermal state (Gallo,
Fender & Pooley 2003) to the SPL state (which is closely associated
with the launching of ballistic jets), we treat the maximum observed
flux of 0.022 Jy as a lower limit. Finally, in sharp contrast to our
finding, we note that figs 5 and 6 in Fender et al. (2004) indicate
a very high jet power for 4U 1543−47. We are unsure how they
arrived at their result, but suspect it was based on infrared data and
their equipartition model (see Section 4). If so, an extension of the
present work to infrared data might be worthwhile.

To measure jet power, we scale the 5-GHz peak flux of each BHB
by the square of the distance to the source D. We also divide by the
BH mass M since we expect the power to be proportional to M (this
scaling is not important since the range of masses is only a factor
of ∼2). We thus obtain from the radio observations the following
quantity, which we treat as a proxy for the jet power:

Pjet ≡ D2(νSν)max,5 GHz/M. (1)

It is hard to assess the uncertainty in the estimated values of Pjet.
There is some uncertainty in the values of D and M, but these are
not large. Potentially more serious, the radio flux may not track
jet power accurately. For instance, the properties of the ISM in the
vicinity of the BHB may play a role and are likely to vary from
one object to another. Also, the energy released in these roughly
Eddington-limited events will vary (e.g. see GRS 1915+105 in
Fig. 1). Below, we arbitrarily assume that the uncertainty in Pjet is
0.3 in the log, i.e. a factor of 2 each way.

3 JET POWER VERSUS BH SPIN

Fig. 2 shows jet power Pjet plotted against BH spin parameter a∗
for the five transient BHBs in our sample. The data are taken from
Table 1. The dashed line has a slope of 2, motivated by the theoretical

C⃝ 2011 The Authors, MNRAS 419, L69–L73
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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(d): BH spin from reflection, Pjet from radio flare peak luminosity:
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Figure 1. BH spin versus relative jet power. In the left panels BH spin measured via the disc continuum method are plotted; in the
right panel BH spin measured via the reflection method are plotted. The jet powers estimated from total energy (FGR10) and peak radio
luminosity (NM12) and shown in the upper and lower panels, respectively. NM12 and Steiner et al. (2013) used a subsample of the data
shown in panel (c).

physical process). H1743–322 also had peak radio flare flux
densities in 2003 and 2009 that differed by a factor of ∼ 4
(McClintock et al. 2009; Miller-Jones et al. 2012).

We also include Cygnus X–1 in our analysis. NM12 dis-
card this source because, as they argue, the mass transfer
is via a stellar wind from its high-mass companion star. Al-
though Cyg X–1 is a wind-fed system, an accretion disc has
been detected around the BH, its size has been estimated
(Coriat, Fender & Dubus 2012), and the disc has even been
used to infer the BH spin (e.g. Miller et al. 2009; Gou et al.
2011). On large scales, the mode of accretion for wind-fed
systems differs to that of Roche lobe overflow systems – the
stellar wind ensures a relatively steady, high mass accretion
rate onto the outer accretion disc. The influence of BH spin

on jet production is only important on distances of ≪ 100Rg

from the BH in which general relativistic frame dragging
becomes important (e.g. Meier et al. 2001; McKinney et al.
2012). Obviously the mode of accretion towards the BH on
these much smaller size scales is the same for wind-fed sys-
tems as (transient) Roche lobe accreting systems (i.e., mat-
ter is accreted from the inner disc into the inner regions that
are affected by frame dragging), and is not affected by the
mode of accretion on large scales (accretion disc or wind-fed
accretion).

In addition, it is well known that Cyg X–1 performs
state transitions that are associated with radio flares (e.g.
Fender et al. 2006; Wilms et al. 2007; Rushton et al. 2012)
like other BHXBs. The brightest radio detection of Cyg X–1

© 2012 RAS, MNRAS 000, 1–11

Russell et al., 2013
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• One	
  of	
  the	
  most	
  important	
  uncertainty:	
  jet	
  composition	
  !	
  
• In	
  nearly	
  all	
  cases:	
  jet	
  radiation	
  =	
  synchrotron	
  (only	
  requires	
  leptons)	
   
⇒	
  not	
  clear	
  whether	
  the	
  jets	
  are	
  composed	
  of	
  e+/e-­‐	
  or	
  p/e-­‐	
  	
  

• Two	
  exceptions:	
  SS	
  433	
  and	
  4U	
  1630-­‐47	
  (?):	
  
!
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Figure 1: Residuals from the continuum modelling of the X-ray spectra. 
 
Data (90% error bars) to continuum model ratio. The dotted vertical lines 

indicate the rest energy of the transitions of Fe XXVI (6.97 keV) and Ni XXVII 

(7.74 keV). The flux ratio between the blue- and redshifted components of Fe 

XXVI is from 1.9 ± 1.1 to 2.1 ± 1.3 (see Extended Data Table 3), consistent 

with 3.2, the ratio predicted for Doppler boosting in a continuous jet. Assuming 

that the lines are Doppler broadened by divergence in a conical outflow29,30 

we use their widths to determine an upper limit to the opening angle of the jet 

of 3.7 - 4.5°.   
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Several	
  models	
  describe	
  neutrino	
  emission	
  from	
  X-­‐ray	
  binaries:	
  	
  
!
p-­‐p	
  or	
  p-­‐Ɣ	
  interaction	
  between	
  jet	
  and	
  matter/radiation	
  from	
  the	
  
companion	
  star	
  or	
  inside	
  the	
  jet	
  directly:	
  

!
see	
  e.g.	
  :	
  
!
• Romero	
  et	
  al.:	
  «	
  heavy	
  jets	
  »	
  with	
  dominant	
  p+p	
  collision	
  :	
  require	
  large	
  

matter	
  density	
  (>1010	
  cm-­‐3	
  )	
  : 
	
  	
  	
  	
  may	
  be	
  valid	
  for	
  HMXB	
  e.g.	
  Cyg	
  X-­‐3	
  :	
  	
  

	
   stellar	
  wind	
  with	
  mass	
  loss	
  rate	
  10-­‐5	
  M⦿/yr	
  et	
  v∞=1000	
  km/s	
  	
  

	
   →	
  d>1011cm-­‐3	
  at	
  r=1012	
  cm	
  from	
  the	
  star	
  	
  
!
• Levinson	
  &	
  Waxman;	
  Aharonian	
  et	
  al.;	
  Mannheim	
  et	
  al.:	
  relativistic	
  jet	
  

interacting	
  with	
  dense	
  photon	
  field	
  (LMXB):	
  photohadronic	
  models

X-­‐ray	
  binaries	
  viewed	
  by	
  ANTARES2
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shock

In	
  small	
  scales	
  (<1011	
  cm),	
  inhomogeneities	
  
in	
  the	
  jet	
  cause	
  internal	
  shocks

Basic	
  ingredients	
  if	
  p-­‐Ɣ	
  interaction
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shock

p
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p
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e-

e-

e-

Acceleration	
  of	
  protons	
  and	
  electrons	
  to	
  a	
  
power-­‐law	
  distribution	
  	
  

(Emax	
  ~1016	
  eV	
  in	
  jet	
  frame)	
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shock
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p

e-

e-
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e-

ɣ !
accretion disk

ɣ !
synchrotron

Protons	
  interact	
  with	
  X-­‐ray	
  photons	
  from	
  
the	
  accretion	
  disk	
  or	
  	
  with	
  synchrotron	
  

photons	
  inside	
  the	
  jet
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shock
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ɣ !
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ɣ !
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π 

Pion	
  created	
  with	
  ~20%	
  of	
  the	
  proton	
  
energy	
  depends	
  on	
  the	
  jet	
  Lorentz	
  factor	
  
and	
  on	
  the	
  kinetic	
  luminosity	
  of	
  the	
  jet	
  

(which	
  depends	
  on	
  the	
  Lorentz	
  factor	
  and	
  
the	
  magnetic	
  field)	
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The	
  ANTARES	
  neutrino	
  telescope
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 Mediterranean / South Pole

WATE
R ICE

• Complementary coverage: 
- galactic center / extragalactic sources  
!

• Good pointing accuracy / Calorimetry  
!

!
• Optical noise (biolum) + K40 / no noise  
!

!
• Absorption / diffusion!
 
!
• Mediterranean : logistically attractive  

30
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The ANTARES neutrino telescope Maurizio Spurio

Figure 1: (Left) The red, green and blue lines refer to n
e

,nµ and nt neutrino effective area for IC HESE [4].
The black line refers to the ANTARES effective area for the nµ flavor obtained in the search for point-like
sources [8]. The effective area depends on the cuts of the selection analyses. Event rates can be obtained
by folding the assumed n spectrum with the effective areas. (Right) ANTARES 90% C.L. upper limits for
neutrino source (four different source widths) as a function of the declination [9]. The blue horizontal dashed
line corresponds to the signal flux corresponding to a source yielding the seven HESE in the IC hot spot.

Within the present statistics, the IC cosmic neutrino flux is compatible with flavor ratios
n

e

: nµ : nt = 1 : 1 : 1, as expected from charged meson decays in CR accelerators and neutrino
oscillation on their way to the Earth. The non-observation of events beyond 2 PeV suggests a neu-
trino flux with a power law F(E) µ E

�G with hard spectral index, e.g. G ' 2.0, and an exponential
cutoff, or an unbroken power law with a softer spectrum, e.g. G ' 2.3� 2.4. Different models
involving Galactic, extragalactic or exotic origin of the IC signal exist in the literature. Particularly
intriguing is the possibility that a sizeable fraction of the cosmic neutrinos observed by IC is origi-
nated in our Galaxy [7]. A possible contribution from transient extragalactic objects located in the
Southern sky can be considered as well.

The figure-of-merit in the analyses of neutrino telescope is the quantity called the neutrino
effective area, A

e f f

(E), which depends on the neutrino energy. A

e f f

(E) is defined as the ratio be-
tween the neutrino event rate in a detector (units: s�1) and the neutrino flux (units: cm�2 s�1) at
a given energy. It depends on the flavor and cross-section of neutrinos, on their absorption prob-
ability during the passage through the Earth, and on detector-dependent efficiencies. Fig. 1 (left)
shows the ANTARES effective area, A

nµ
ANT

, for nµ emitted by sources located at the declinations of
the Galactic Centre, compared with that of IC HESE. A

nµ
ANT

is larger than that of HESE (irrespec-
tively of the neutrino flavor) at energies below ⇠ 60 TeV. At the highest energies for the detected
neutrinos, 1 PeV, A

nµ
ANT

is a factor of two larger than that of IC for nµ while the total IC effective
area (An

e

IC

+A

nµ
IC

+A

nt
IC

) is 7.3 times larger than A

nµ
ANT

.
No hypothesis test on IC cosmic neutrinos yielded statistically significant evidence of clus-

tering or correlations. However, by comparing the number of detected events arising from the
Northern and Southern sky regions, taking into account the different effective areas for the two
regions, there appears to be an excess of events from the Southern sky [7]. IC is significantly larger

Spurio, M. (2015)
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Figure 8. Average number of events required for a 5� discovery (50% probability) for a source located
at a declination of -40� and following an E�2 energy spectrum as a function of the total width of the
flaring periods (solid line). These numbers are compared to those obtained without using the timing
information (dashed line).

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

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

The time-dependent analysis described in the previous section is applied to bright and vari-
able Fermi blazar sources reported in the second Fermi LAT catalogue [42] and in the LBAS
catalogue (LAT Bright AGN sample [19]). The sources located in the part of the sky visible
to ANTARES (� < 35�) with a flux greater than 10�9 photons · cm�2 · s�1 above 1GeV, a
test statistic TS > 25 (corresponding to a detection significance of more than 4 sigma) and
a significant time variability are selected. This list is completed by adding sources reported
as flaring in the Fermi Flare Advocates in 2011 and 2012 [43, 44]. The final list includes a
total of 153 sources.

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

– 9 –

Number of events required for a 5σ discovery (50% probability)

ANTARES collab. (2015)
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Table 2. List of 8 X-ray binaries with hardness transition states reported in A-Tel.
Name #ATel Transition State Periods [MJD] (days)

GX 339-4 #2577 #2593
#3117 #3191

55303 – 55305 ( 2 ) 55308 – 55309 ( 1 )

55315 – 55316 ( 1 ) 55318 – 55319 ( 1 )

55580 – 55581 ( 1 ) 55616 – 55617 ( 1 )

H 1608-522 #2072 #2467 54960 – 54976 (16)

IGR J17091-3624 #3179 #3196 55611 – 55612 ( 1 ) 55962 – 55964 ( 2 )

IGR J17464-3213 #1804 #1813
#3301 #3842

54752 – 54759 ( 7 ) 55671 – 55672 ( 1 )

55925 – 55927 ( 2 )

MAXI J1659-152 #2951 #2999 55481 – 55487 ( 6 ) 55500 – 55502 ( 2 )

SWIFT J1910.2-0546 #4139 #4273 56094 – 56095 ( 1 ) 56131 – 56133 ( 2 )

XTE J1652-453 #2219 55010 – 55085 (75)

XTE J1752-223 #2391 #2518 55219 – 55220 ( 1 ) 55492 – 55493 ( 1 )

ratio test statistic. The likelihood, L, is defined as:

lnL =

 
NX

i=1

ln[NSSi +NBBi]

!
� [NS +NB] (4.1)

where Si and Bi are the probabilities for signal and background for an event i, respectively,
and NS (unknown) and NB (known) are the number of expected signal and background
events in the data sample. To discriminate the signal-like events from the background ones,
these probabilities are described by the product of three components related to the direction,
energy, and timing of each event. For an event i, the signal probability is:

Si = Sspace
( i(↵s, �s)) · Senergy

(dE/dXi) · Stime
(ti + lag) (4.2)

where Sspace is a parametrisation of the point spread function, i.e., Sspace
( i(↵s, �s)) the

probability to reconstruct an event i at an angular distance  i from the true source location
(↵s,�s). The energy PDF Senergy is parametrised with the normalised distribution of the muon
energy estimator, dE/dX, of an event according to the studied energy spectrum. The shape of
the time PDF, Stime, for the signal event is extracted directly from the gamma-ray light curve
parametrisation, as described in the previous section, assuming the proportionality between
the gamma-ray and the neutrino fluxes. A possible lag of up to ±5 days has been introduced
in the likelihood to allow for small lags in the proportionality. This corresponds to a possible
shift of the entire time PDF. The lag parameter is fitted in the likelihood maximisation
together with the number of fitted signal events in the data. The background probability for
an event i is:

Bi = Bspace
(�i) · Benergy

(dE/dXi) · Btime
(ti) (4.3)

where the directional PDF Bspace, the energy PDF Benergy and the time PDF Btime for the
background are derived from data using, respectively, the observed declination distribution
of selected events in the sample, the measured distribution of the energy estimator, and the
observed time distribution of all the reconstructed muons.

The goal of the unbinned search is to determine, in a given direction in the sky and at
a given time, the relative contribution of each component, and to calculate the probability to
have a signal above a given background model. This is done via the test statistic, �, defined
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Figure 2. Results for GX1+4. (a) Event map around the direction of GX1+4 indicated by the green
cross. The full red (hollow blue) dots indicate the events (not) in time coincidence with the selected
flares. The size of the circle around the dots is proportional to the estimated angular uncertainty for
each event. (b) Distribution of the energy estimator dE/dX in a ±10

� declination band around the
source direction. The red line displays the value of the event in coincidence with the flare in a 3� cone
around the source direction. (c) Time PDF for the signal simulation (proportional to the X-ray light
curve). The red line displays the times of the ANTARES events associated with the source during a
flaring state in a 3� box around the source position.

electron energy is equal to 1 and 100, respectively (Figure 5). The model with a ratio equal
to 100 is excluded by the present limit. AJOUTER DESCRIPTION DES MODELES AVEC
QUI ON COMPARE

Figure 6 shows the hybrid SED for three significant XRB. The shaded yellow area rep-
resents an extrapolation of the flux during the studied flares from the average flux observed
by Fermi. The lower bound is computed from the average flux during the 2008–2012 period,
while the upper bound is simply the renormalised flux according to the maximum flux mea-
sured in the light curve. This comparison between the gamma-ray flux and the neutrino flux
limit provides an indication as to how to build an optimised source list for future searches
with ANTARES and its successor KM3NeT [23].

6 Conclusion

This paper discusses the time-dependent search for cosmic neutrinos from X-ray binaries us-
ing the data taken with the full ANTARES detector between 2008 and 2012. These searches

– 7 –
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Table 1. List of 33 X-ray binaries with significant flares selected for this analysis.
Name Class RA [�] Dec [�]

Cyg X-1 HMXB (BH) 230.170 -57.167
1A 0535+262 HMXB (NS) 84.727 26.316
1A 1118-61 HMXB (NS) 170.238 -61.917

Ginga 1843+00 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) 215.303 -62.698
MXB 0656-072 HMXB (NS) 104.572 -7.210
XTE J1946+274 HMXB (NS) 296.414 27.365

GX 1+4 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) 255.706 -48.784
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
4U 1954+31 LMXB (NS) 298.926 32.097

Aql X-1 LMXB (NS) 287.817 0.585
Cir X-1 LMXB (NS) 230.170 -57.167

EX O1745-248 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

4 Time-dependent analysis

The ANTARES data collected between 2008 and 2012, corresponding to 1044 days of livetime,
are analysed to search for neutrino events around the selected sources, in coincidence with
the time periods defined in the previous section. 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 an extended maximum likelihood
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Mediterranean sea detectors under construction
(ANTARES, see ANTARES Proposal 1997; NESTOR, see
Monteleoni 1997) and planning (NEMO, Riccobene 2001,
in preparation;7 see Halzen 2001 for a recent review).

In this paper we consider a class of identified Galactic
microquasars with either persistent jets or documented out-
bursts. For each source we provide, for illustrative pur-
poses, our model prediction for the neutrino flux that
should have been emitted during particular events using
radio data available in the literature. Although the temporal
behavior of many of these sources may be unpredictable, we
demonstrate that some of the sources could have been
detected by a neutrino telescope with an effective area larger
than km2 (in some cases even 0.1 km2) had such a detector
been in operation during the time of the recorded events,
and, we therefore propose that they should be potential tar-
gets for the planned neutrino telescopes. In addition, we
consider a list of XRBs thus far unresolved at radio wave-
lengths that are believed to be microquasar candidates. In
x 2 we briefly discuss the neutrino production mechanism in
microquasars. In x 3 we use observational data available for
each source to estimate the jet parameters, and then use
these parameters to derive the expected neutrino flux. The
number of neutrino-induced muon events in km2 scale neu-
trino telescopes is derived in x 4. The implications of our
results are briefly discussed in x 5.

2. INTERNAL SHOCK MODEL FOR MICROQUASARS

In order to introduce the parameters relevant for the
present analysis, we give in this section a brief outline of the
model proposed by Levinson &Waxman (2001) for produc-
tion of neutrinos in microquasars. The model assumes that
on a sufficiently small scale (!1011 cm), inhomogeneities in
the jet cause internal shocks that can accelerate protons and
electrons to a power-law distribution. The maximum proton
energy is determined by equating the acceleration time, esti-
mated as the Larmor radius divided by c, to the smallest of
the dynamical time and the loss time resulting from photo-
meson interactions. For typical jet parameters, this energy
is roughly 1016 eV in the jet frame. Protons can interact both
with the external X-ray photons emitted by the accretion
disk and with the synchrotron photons produced inside the
jet by the accelerated electrons, leading to pion production
and consequently to neutrino emission. In order for photo-
meson production to take place, the comoving proton
energy must exceed the threshold energy for D resonance:
"1014 eV for interaction with the external photons and
"1013 eV for interaction with synchrotron photons.

Charged pions produced in photomeson interactions
decay to produce neutrinos, !þ ! lþ þ "l ! eþþ
"e þ !""l þ "l. In a single collision, a pion is created with an
average energy that is "20% of the proton energy. This
energy is roughly evenly distributed between the final !þ

decay products, yielding a " energy that is "5% of the pro-
ton energy. The fraction of proton energy converted into
pions, f!, depends on the jet Lorentz factor, C, and on the
kinetic luminosity of the jet, Ljet. Levinson & Waxman
(2001) find that for protons of energy #p ¼ #p; peak " 1013 eV,
interacting with the peak of the synchrotron photon spec-

trum, the fraction of energy converted to pions is approxi-
mately given by

f!; peak ’ min 1; 0:1$1=2e;%1"
%2%%1

0:2L
1=2
jet;38

h i
; ð1Þ

where Ljet ¼ 1038Ljet;38 ergs s%1 and % ¼ 0:2%0:2 are the jet
kinetic power and opening angle, and $e ¼ 0:1$e;%1 is the
fraction of jet energy converted to relativistic electrons and
magnetic field (and hence to radiation). The fraction f!
increases with proton energy; f! / #1=2p beyond the peak.
However, using the analysis of Levinson & Waxman, we
find that the maximum proton energy for which the decay
time of the !þ produced in the photomeson interaction is
shorter than its synchrotron energy loss time is "10#p; peak.
Since we are interested only in production of pions that
decay to produce neutrinos, and since the neutrino signal is
dominated by neutrinos in the energy range of 1–100 TeV,
we use in what follows the value given in equation (1) as the
characteristic value of f! for protons in the energy range rel-
evant for production of neutrinos that contribute to the
observed signal.

The expected fluence (energy per unit area) of e1 TeV
muon neutrinos at Earth from a jet ejection event is (Levin-
son &Waxman 2001)
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where & ¼
!
"ð1% ' cos (Þ

"%1
is the Doppler factor of the jet

(h is the angle between the jet axis and our line of sight)
$p ( 0:1 is the fraction of Ljet carried by accelerated pro-
tons, andD is the source distance; Ejet is the total energy car-
ried by the jet during the event duration (jet lifetime). The
corresponding neutrino flux is
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3. JET PARAMETERS AND NEUTRINO FLUXES

As explained in the introduction, the term ‘‘microqua-
sar ’’ refers to XRBs that reveal relativistic jets resolved in
the radio band. In events that have been monitored with suf-
ficiently good resolution, it is often possible to obtain a
rough estimate of the characteristic source parameters, in
particular, the bulk speed of the jet, the angle between the
jet axis and the sight line, and the size of the emitting blob.
Several other X-ray binaries, such as Cyg X-1, have been
observed as pointlike radio sources (Fender & Kuulkers
2001). The spectrum emitted by those sources and the high
degree of polarization sometimes measured are consistent
with synchrotron emission by nonthermal electrons. More-
over, their temporal behavior appears to be similar to that
seen in the resolved microquasars, and, therefore, it is
tempting to conjecture that they belong to the microquasar
class. Since the putative jets are unresolved in these objects,
we use a different method to estimate the kinetic power of
their jets. In what follows, we consider separately the re-
solved and unresolved sources.

3.1. ResolvedMicroquasars

In order to determine the neutrino flux from equation (3),
we use for each observed microquasar values of C, &, and D
quoted in the literature. The power Ljet is estimated in the

7 This paper can be found at http://www-zeuthen.desy.de/nuastro/
publications/conferences/ws2001.shtml.
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decay products, yielding a " energy that is "5% of the pro-
ton energy. The fraction of proton energy converted into
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fraction of jet energy converted to relativistic electrons and
magnetic field (and hence to radiation). The fraction f!
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shorter than its synchrotron energy loss time is "10#p; peak.
Since we are interested only in production of pions that
decay to produce neutrinos, and since the neutrino signal is
dominated by neutrinos in the energy range of 1–100 TeV,
we use in what follows the value given in equation (1) as the
characteristic value of f! for protons in the energy range rel-
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sar ’’ refers to XRBs that reveal relativistic jets resolved in
the radio band. In events that have been monitored with suf-
ficiently good resolution, it is often possible to obtain a
rough estimate of the characteristic source parameters, in
particular, the bulk speed of the jet, the angle between the
jet axis and the sight line, and the size of the emitting blob.
Several other X-ray binaries, such as Cyg X-1, have been
observed as pointlike radio sources (Fender & Kuulkers
2001). The spectrum emitted by those sources and the high
degree of polarization sometimes measured are consistent
with synchrotron emission by nonthermal electrons. More-
over, their temporal behavior appears to be similar to that
seen in the resolved microquasars, and, therefore, it is
tempting to conjecture that they belong to the microquasar
class. Since the putative jets are unresolved in these objects,
we use a different method to estimate the kinetic power of
their jets. In what follows, we consider separately the re-
solved and unresolved sources.

3.1. ResolvedMicroquasars

In order to determine the neutrino flux from equation (3),
we use for each observed microquasar values of C, &, and D
quoted in the literature. The power Ljet is estimated in the
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following way: for a flux density S! / !!1=2 of the source,
implying an electron energy distribution dne=d"e / "!2, the
minimum energy carried by electrons and the magnetic field
is obtained for a magnetic field (e.g., Levinson & Blandford
1996)

B" ¼ 3:6 ln

!
#max

#min

"
TB6

l15

# $2=7 !5=79

$
mG ; ð4Þ

where ! ¼ !9 & 109 Hz, l ¼ l15 & 1015 cm is the size of the
emission region, #max and #min are the maximum and mini-
mum electron random Lorentz factors as measured in the
jet frame, and TB ¼ 106TB6 K is the brightness temperature:
TB ' c2S!=2%ðl=DÞ2!2. The minimum jet luminosity
carried by electrons and magnetic field is Ljet; eB (
ð7=3Þ%l2c!2ðB2"=8%Þ. Denoting by &e the fraction of jet
kinetic energy converted to internal energy of electrons and
magnetic field, we finally obtain

Ljet (
7

24
c
ð!lB"Þ2

&e
: ð5Þ

For the numerical estimates that follow, we conservatively
assume #max=#min ¼ 100.

As an example, consider the 1994 March event observed
in GRS 1915+105. This source is at a distance of )12.5 kpc
from Earth. On 1994 March 24, the flux, measured with the
VLA at a wavelength of 3.5 cm, was 655 mJy. Even though
the source was not resolved at the time, the inferred size of
the blob was 60& 20 mas (Mirabel & Rodrı́guez 1994).
Assuming a spherical blob, the corresponding blob radius is
l15 ) 2. The estimated speed of the ejecta is ' ) 0:92 at an
angle to the line of sight of ( ) 70*. Using equations (4) and
(5), we obtain TB ) 4& 107 K, B" ) 110 mG, and
Ljet ) 2:5& 1040&!1

e;!1 ergs s
!1. Here, &e ¼ 0:1&e;!1.

A similar analysis was carried out for the other sources.
In Table 1 we report our estimates of brightness tempera-
ture, magnetic field, and jet power for the list of known
microquasars resolved in the radio band. In the same table
we also report the values of parameters required for our cal-
culations. The two values of the periodic source LS I

+61*303 (P ) 26:5 days) refer to bursting and quiescent
states observed by Massi et al. (2001). The parameters for
V4641 Sgr are uncertain. The distance to this source has
been estimated by Orosz et al. (2001) to lie in the range
between 7.4 and 12.5 kpc based on their estimate of the
parameters of the companion star. This is in contrast to a
distance of )0.5 kpc that seems to be favored by Hjellming
et al. (2000). The former implies a jet with a Lorentz factor
that is atypically high (! ) 22), directed along our line of
sight and, consequently, a much higher neutrino flux. In
Tables 1 and 2 we list the parameters and neutrino fluxes
obtained for both these distance estimates.

The steady source SS 433 (D ¼ 3 kpc, ' ) 0:3, and
( ) 79*) is not present in Table 1. In order to estimate the
kinetic luminosity of the jet for this source, our simplified
model cannot be applied. The source is surrounded by the
diffuse nebula W50, perhaps a supernova remnant. Several
authors pointed out that the kinetic energy output of the SS
433 jets can influence the radio emission of W50; moreover,
SS 433 is the only microquasar that shows a strong H) line
emission from the jets (Begelman 1980; Davidson &
McCray 1980; Kirshner & Chevalier 1980). In our estimate
we assume the conservative value of Ljet ) 1039 ergs s!1 sug-
gested byMargon (1984).

In Table 2 we report the neutrino flux for the listed micro-
quasars, calculated using equation (3) and considering the
different values of f% given by equation (1).

3.2. UnresolvedMicroquasars

For the sources whose jet has not been resolved, we can-
not deduce the value of Ljet from equation (5) since C, $, and
the size of the jet are not known. We follow instead a differ-
ent line of argument. We define the jet synchrotron
luminosity as

Lsyn ¼ 4%D2 1

1! )R
S!high!high ; ð6Þ

where )R is the spectral index, !highis the highest observed
frequency of synchrotron emission, and S!high is the flux den-

TABLE 1

Characteristics of Galactic Microquasars and Their Parameters

Source Name
D

(kpc)
h

(deg) ' C $ l15

!
(GHz)

S!

(mJy)
TB

(K)
B"

(mG)
&e;!1Ljet

(ergs s!1) Reference

CI Cam .................... 1 83 0.15 1.01 1.01 0.8 22.5 450 1:57& 105 33.5 5:66& 1037 1, 2
XTE J1748!288....... 8 64 0.73 1.46 1.01 15.0 4.9 410 4:90& 105 6.6 1:84& 1039 3, 4, 5
Cyg X-3 ................... 10 14 0.81 1.70 2.74 0.23 15 10,500 8:47& 109 288.7 1:17& 1039 6
LS 5039.................... 3 68 0.4 1.09 1.08 0.04 5.0 16 2:83& 108 203 8:73& 1036 7
GRO J1655!40 ....... 3.1 81 0.92 2.55 0.46 4.7 1.6 3400 5:86& 107 35.9 1:60& 1040 8
GRS 1915+105........ 12.5 70 0.92 2.55 0.57 1.9 8.6 655 3:94& 107 110 2:45& 1040 9
Cir X-1..................... 10 70 0.1 1.01 1.03 1.1 2.3 1200 1:78& 109 82.3 7:61& 1038 4, 10
LS I 61*303 .............. 2 0.2 0.43 1.11 1.58 0.2 5.0 220 1:55& 108 82.6 1:65& 1037 11
LS I 61*303 .............. 2 0.2 0.43 1.11 1.58 0.2 5.0 34 2:40& 107 48.4 5:69& 1036 11
XTE J1550!564....... 2.5 74 0.83 1.79 0.72 1.1 2.3 71 6:64& 106 23.7 2:01& 1038 12, 13
V4641 Sgr ................ 0.5 63 0.85 1.90 0.86 0.9 4.9 400 4:71& 105 17.0 8:02& 1037 14
V4641 Sgr ................ 9.6 6 0.999 22.37 6.91 18.0 4.9 400 4:71& 105 0.91 1:17& 1040 14, 15
Sco X-1 .................... 2.8 44 0.95 3.20 0.99 0.06 5 20 1:57& 108 170.4 1:04& 1038 16, 17

Note.—Brightness temperature, magnetic field, and jet kinetic luminosity of identified Galactic microquasars and the parameters (inferred from observa-
tions) on which they are based (see text).

References.—(1) Hjellming &Mioduszewski 1998; (2) Harmon & Fishman 1998; (3) Rupen & Hjellming 1998; (4) Mirabel & Rodrı́guez 1999; (5) Kotani
et al. 2000; (6)Mioduszewski et al. 2001; (7) Paredes et al. 2000; (8) Hjellming&Rupen 1995; (9)Mirabel &Rodrı́guez 1994; (10) Preston et al. 1983; (11)Massi
et al. 2001; (12) Hannikainen et al. 2001; (13) Sanches-Fernandez 1999; (14) Hjellming et al. 2000; (15) Orosz et al. 2001; (16) Fomalont, Geldzahler, & Brad-
shaw 2001a; (17) Fomalont, Geldzahler, & Bradshaw 2001b.
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following way: for a flux density S! / !!1=2 of the source,
implying an electron energy distribution dne=d"e / "!2, the
minimum energy carried by electrons and the magnetic field
is obtained for a magnetic field (e.g., Levinson & Blandford
1996)

B" ¼ 3:6 ln

!
#max

#min

"
TB6

l15

# $2=7 !5=79

$
mG ; ð4Þ

where ! ¼ !9 & 109 Hz, l ¼ l15 & 1015 cm is the size of the
emission region, #max and #min are the maximum and mini-
mum electron random Lorentz factors as measured in the
jet frame, and TB ¼ 106TB6 K is the brightness temperature:
TB ' c2S!=2%ðl=DÞ2!2. The minimum jet luminosity
carried by electrons and magnetic field is Ljet; eB (
ð7=3Þ%l2c!2ðB2"=8%Þ. Denoting by &e the fraction of jet
kinetic energy converted to internal energy of electrons and
magnetic field, we finally obtain

Ljet (
7

24
c
ð!lB"Þ2

&e
: ð5Þ

For the numerical estimates that follow, we conservatively
assume #max=#min ¼ 100.

As an example, consider the 1994 March event observed
in GRS 1915+105. This source is at a distance of )12.5 kpc
from Earth. On 1994 March 24, the flux, measured with the
VLA at a wavelength of 3.5 cm, was 655 mJy. Even though
the source was not resolved at the time, the inferred size of
the blob was 60& 20 mas (Mirabel & Rodrı́guez 1994).
Assuming a spherical blob, the corresponding blob radius is
l15 ) 2. The estimated speed of the ejecta is ' ) 0:92 at an
angle to the line of sight of ( ) 70*. Using equations (4) and
(5), we obtain TB ) 4& 107 K, B" ) 110 mG, and
Ljet ) 2:5& 1040&!1

e;!1 ergs s
!1. Here, &e ¼ 0:1&e;!1.

A similar analysis was carried out for the other sources.
In Table 1 we report our estimates of brightness tempera-
ture, magnetic field, and jet power for the list of known
microquasars resolved in the radio band. In the same table
we also report the values of parameters required for our cal-
culations. The two values of the periodic source LS I

+61*303 (P ) 26:5 days) refer to bursting and quiescent
states observed by Massi et al. (2001). The parameters for
V4641 Sgr are uncertain. The distance to this source has
been estimated by Orosz et al. (2001) to lie in the range
between 7.4 and 12.5 kpc based on their estimate of the
parameters of the companion star. This is in contrast to a
distance of )0.5 kpc that seems to be favored by Hjellming
et al. (2000). The former implies a jet with a Lorentz factor
that is atypically high (! ) 22), directed along our line of
sight and, consequently, a much higher neutrino flux. In
Tables 1 and 2 we list the parameters and neutrino fluxes
obtained for both these distance estimates.

The steady source SS 433 (D ¼ 3 kpc, ' ) 0:3, and
( ) 79*) is not present in Table 1. In order to estimate the
kinetic luminosity of the jet for this source, our simplified
model cannot be applied. The source is surrounded by the
diffuse nebula W50, perhaps a supernova remnant. Several
authors pointed out that the kinetic energy output of the SS
433 jets can influence the radio emission of W50; moreover,
SS 433 is the only microquasar that shows a strong H) line
emission from the jets (Begelman 1980; Davidson &
McCray 1980; Kirshner & Chevalier 1980). In our estimate
we assume the conservative value of Ljet ) 1039 ergs s!1 sug-
gested byMargon (1984).

In Table 2 we report the neutrino flux for the listed micro-
quasars, calculated using equation (3) and considering the
different values of f% given by equation (1).

3.2. UnresolvedMicroquasars

For the sources whose jet has not been resolved, we can-
not deduce the value of Ljet from equation (5) since C, $, and
the size of the jet are not known. We follow instead a differ-
ent line of argument. We define the jet synchrotron
luminosity as

Lsyn ¼ 4%D2 1

1! )R
S!high!high ; ð6Þ

where )R is the spectral index, !highis the highest observed
frequency of synchrotron emission, and S!high is the flux den-

TABLE 1

Characteristics of Galactic Microquasars and Their Parameters

Source Name
D

(kpc)
h

(deg) ' C $ l15

!
(GHz)

S!

(mJy)
TB

(K)
B"

(mG)
&e;!1Ljet

(ergs s!1) Reference

CI Cam .................... 1 83 0.15 1.01 1.01 0.8 22.5 450 1:57& 105 33.5 5:66& 1037 1, 2
XTE J1748!288....... 8 64 0.73 1.46 1.01 15.0 4.9 410 4:90& 105 6.6 1:84& 1039 3, 4, 5
Cyg X-3 ................... 10 14 0.81 1.70 2.74 0.23 15 10,500 8:47& 109 288.7 1:17& 1039 6
LS 5039.................... 3 68 0.4 1.09 1.08 0.04 5.0 16 2:83& 108 203 8:73& 1036 7
GRO J1655!40 ....... 3.1 81 0.92 2.55 0.46 4.7 1.6 3400 5:86& 107 35.9 1:60& 1040 8
GRS 1915+105........ 12.5 70 0.92 2.55 0.57 1.9 8.6 655 3:94& 107 110 2:45& 1040 9
Cir X-1..................... 10 70 0.1 1.01 1.03 1.1 2.3 1200 1:78& 109 82.3 7:61& 1038 4, 10
LS I 61*303 .............. 2 0.2 0.43 1.11 1.58 0.2 5.0 220 1:55& 108 82.6 1:65& 1037 11
LS I 61*303 .............. 2 0.2 0.43 1.11 1.58 0.2 5.0 34 2:40& 107 48.4 5:69& 1036 11
XTE J1550!564....... 2.5 74 0.83 1.79 0.72 1.1 2.3 71 6:64& 106 23.7 2:01& 1038 12, 13
V4641 Sgr ................ 0.5 63 0.85 1.90 0.86 0.9 4.9 400 4:71& 105 17.0 8:02& 1037 14
V4641 Sgr ................ 9.6 6 0.999 22.37 6.91 18.0 4.9 400 4:71& 105 0.91 1:17& 1040 14, 15
Sco X-1 .................... 2.8 44 0.95 3.20 0.99 0.06 5 20 1:57& 108 170.4 1:04& 1038 16, 17

Note.—Brightness temperature, magnetic field, and jet kinetic luminosity of identified Galactic microquasars and the parameters (inferred from observa-
tions) on which they are based (see text).

References.—(1) Hjellming &Mioduszewski 1998; (2) Harmon & Fishman 1998; (3) Rupen & Hjellming 1998; (4) Mirabel & Rodrı́guez 1999; (5) Kotani
et al. 2000; (6)Mioduszewski et al. 2001; (7) Paredes et al. 2000; (8) Hjellming&Rupen 1995; (9)Mirabel &Rodrı́guez 1994; (10) Preston et al. 1983; (11)Massi
et al. 2001; (12) Hannikainen et al. 2001; (13) Sanches-Fernandez 1999; (14) Hjellming et al. 2000; (15) Orosz et al. 2001; (16) Fomalont, Geldzahler, & Brad-
shaw 2001a; (17) Fomalont, Geldzahler, & Bradshaw 2001b.
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sity at this frequency. We assume, as in x 3.1, that a fraction
!e ! 0:1 of the jet kinetic energy is converted to relativistic
electrons and magnetic field. The radio spectral index is typ-
ically "R ’ 0:5, implying that the electrons do not cool fast
on scales that are resolved by the VLA and hence lose only a
small fraction of their energy to synchrotron emission. In
fact, assuming that the emission at #high originates from the
same radius as the radio emission, then for the typical
parameters inferred for the resolved microquasars, that is, B
on the order of tens of mG and a corresponding synchro-
tron frequency of about 10 GHz, electrons radiating at
#high ! 1015 Hz cannot lose more than !r ! 0:1 of their
energy. It could well be, however, that the optical emission
is produced at much smaller radii, in which case !r may be
of order unity. Given the above, we estimate the jet
luminosity as

Ljet ¼ !#1
e !#1

r Lsyn ð7Þ

and the neutrino flux at Earth as

f#l ¼
1

2
f$!p

Ljet=8

4$D2
¼ 1

16ð1# "RÞ
!p
!e

f$!
#1
r S#high#high : ð8Þ

In equations (6)–(8) we have neglected corrections associ-
ated with the relativistic expansion of the jets. However,
since these corrections are the same for both the synchro-
tron and neutrino emission, the estimate of neutrino flux in

equation (8) is independent of such corrections. In Table 3
we quote, for the sample of unresolved microquasar candi-
dates, the values of #high and S#high , the distance of the source
and our estimates of Ljet and f#l , calculated from equations
(7) and (8).

4. MUON EVENTS EXPECTED IN A km2

SCALE DETECTOR

The detection of TeV neutrino fluxes from microquasars
could be the first achievable goal for proposed underwater
(ice) neutrino telescopes. In this section we calculate the rate
of neutrino-induced muon events expected in a detector
with an effective area of 1 km2.We also calculate the number
of atmospheric neutrino-induced muon events expected in
such a detector in order to estimate the signal-to-noise ratio.
Since the signal is expected to be dominated by neutrinos of
energy E# & 1 TeV, for which the detection probability is
P#l ! 1:3' 10#6E#;TeV (Gaisser, Halzen, & Stanev 1995),
we estimate the rate of neutrino-induced muon events as
(Levinson &Waxman 2001)

_NNl ’ 0:2!p;#1f$%
4D#2

22 Ljet;38Akm2 day#1 ; ð9Þ

where Akm2 is the effective detector area in km2 units. The
total number of muon events in the detector is obtained by
multiplying the muon rate given by equation (9) by the
duration Dt of the observed burst. In Table 4 we report the
number of events expected in a detector with Aeff ¼ 1 km2

during the bursts considered in x 3. In the case of persistent
sources, the number of neutrino-induced muon events,
reported in Table 4, is calculated for a 1 yr period. In the
same table, we also report the number of atmospheric neu-
trino events collected in such a detector during the time Dt.
For the background calculation, we assume a neutrino spec-
trum &#; bkg ! 10#7E#2:5

#;TeV=cm
#2 s#1 sr#1 for E# > 1 TeV,

Akm2 ¼ 1 and a detector angular resolution of 0=3. Our cal-
culations suggest that microquasar signals may be identified
well above the atmospheric neutrino background by the
next generations of underwater (ice) neutrino telescopes.

In order to estimate the event rates for nonpersistent
sources, it is crucial to know their duty cycle. Some of these
sources show a periodic bursting activity; Cir X-1 has a
period of 16.59 days (Preston et al. 1983), LS I +61(303
exhibits a 26.5 day periodic nonthermal outburst (Massi et
al. 2001), and in the tables we give the results for both the
quiescent and the bursting phase. Other transient sources
show a stochastic bursting activity. For such cases it is diffi-
cult to give an estimate of the expected event rate. For exam-

TABLE 2

>1 TeV Neutrino Flux at Earth from
Identified Galactic Microquasars

Source Name f$; peak

!#1
p;#1!

1=2
e;#1f#

(ergs cm#2 s#1)

CI Cam .................... 0.07 2:23' 10#10

XTE J1748#288....... 0.20 3:07' 10#10

Cyg X-3 ................... 0.12 4:02' 10#9

LS 5039.................... 0.02 1:69' 10#12

GRO J1655#40 ....... 0.19 7:37' 10#10

GRS 1915+105........ 0.24 2:10' 10#10

Cir X-1..................... 0.27 1:22' 10#10

LS I 61(303 .............. 0.03 4:49' 10#11

LS I 61(303 .............. 0.02 9:06' 10#12

XTE J1550#564....... 0.04 2:00' 10#11

V4641 Sgr ................ 0.02 2:25' 10#10

V4641 Sgr ................ 0.002 3:25' 10#8

Sco X-1 .................... 0.01 6:48' 10#12

SS 433 ...................... 0.29 1:72' 10#9

Note.—Values are estimated using eq. (3).

TABLE 3

Kinetic Jet Luminosity, Ljet, and >1 TeV Neutrino Flux at Earth, f#l , for Unresolved Microquasars

Source Name
D

(kpc)
#high

(1014 Hz)
S#

(mJy)
Ljet

(ergs s#1)
ð!e=!pÞð!r;#1=f$Þf#l
(ergs cm#2 s#1) Reference

GS 1354#64............. 10 3 5 3:62' 1037 1:88' 10#11 1, 2
GX 339#4................ 4 10 100 3:86' 1038 1:26' 10#9 1, 3, 4
Cyg X-1 ................... 2 1 15 1:45' 1036 1:88' 10#11 3, 5
GRO J0422+32 ....... 3 4 50 4:35' 1037 2:51' 10#10 1, 6
XTE J1118+480 ...... 1.9 20 20 3:49' 1037 5:02' 10#10 1, 7

Note.—Values are estimated using eqs. (7) and (8).D is the source-observer distance, #high is the highest fre-
quency at which synchrotron emission is observed, and S# is the flux density measured at # ¼ #high.

References—(1) Fender 2000; (2) Brocksopp 2001; (3) Fender 2001b; (4) Corbel et al. 2000; (5) Pooley,
Fender, & Brocksopp 1999; (6) Shrader 1994; (7) Frontiera 2001.
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sity at this frequency. We assume, as in x 3.1, that a fraction
!e ! 0:1 of the jet kinetic energy is converted to relativistic
electrons and magnetic field. The radio spectral index is typ-
ically "R ’ 0:5, implying that the electrons do not cool fast
on scales that are resolved by the VLA and hence lose only a
small fraction of their energy to synchrotron emission. In
fact, assuming that the emission at #high originates from the
same radius as the radio emission, then for the typical
parameters inferred for the resolved microquasars, that is, B
on the order of tens of mG and a corresponding synchro-
tron frequency of about 10 GHz, electrons radiating at
#high ! 1015 Hz cannot lose more than !r ! 0:1 of their
energy. It could well be, however, that the optical emission
is produced at much smaller radii, in which case !r may be
of order unity. Given the above, we estimate the jet
luminosity as

Ljet ¼ !#1
e !#1

r Lsyn ð7Þ

and the neutrino flux at Earth as

f#l ¼
1

2
f$!p

Ljet=8

4$D2
¼ 1

16ð1# "RÞ
!p
!e

f$!
#1
r S#high#high : ð8Þ

In equations (6)–(8) we have neglected corrections associ-
ated with the relativistic expansion of the jets. However,
since these corrections are the same for both the synchro-
tron and neutrino emission, the estimate of neutrino flux in

equation (8) is independent of such corrections. In Table 3
we quote, for the sample of unresolved microquasar candi-
dates, the values of #high and S#high , the distance of the source
and our estimates of Ljet and f#l , calculated from equations
(7) and (8).

4. MUON EVENTS EXPECTED IN A km2

SCALE DETECTOR

The detection of TeV neutrino fluxes from microquasars
could be the first achievable goal for proposed underwater
(ice) neutrino telescopes. In this section we calculate the rate
of neutrino-induced muon events expected in a detector
with an effective area of 1 km2.We also calculate the number
of atmospheric neutrino-induced muon events expected in
such a detector in order to estimate the signal-to-noise ratio.
Since the signal is expected to be dominated by neutrinos of
energy E# & 1 TeV, for which the detection probability is
P#l ! 1:3' 10#6E#;TeV (Gaisser, Halzen, & Stanev 1995),
we estimate the rate of neutrino-induced muon events as
(Levinson &Waxman 2001)

_NNl ’ 0:2!p;#1f$%
4D#2

22 Ljet;38Akm2 day#1 ; ð9Þ

where Akm2 is the effective detector area in km2 units. The
total number of muon events in the detector is obtained by
multiplying the muon rate given by equation (9) by the
duration Dt of the observed burst. In Table 4 we report the
number of events expected in a detector with Aeff ¼ 1 km2

during the bursts considered in x 3. In the case of persistent
sources, the number of neutrino-induced muon events,
reported in Table 4, is calculated for a 1 yr period. In the
same table, we also report the number of atmospheric neu-
trino events collected in such a detector during the time Dt.
For the background calculation, we assume a neutrino spec-
trum &#; bkg ! 10#7E#2:5

#;TeV=cm
#2 s#1 sr#1 for E# > 1 TeV,

Akm2 ¼ 1 and a detector angular resolution of 0=3. Our cal-
culations suggest that microquasar signals may be identified
well above the atmospheric neutrino background by the
next generations of underwater (ice) neutrino telescopes.

In order to estimate the event rates for nonpersistent
sources, it is crucial to know their duty cycle. Some of these
sources show a periodic bursting activity; Cir X-1 has a
period of 16.59 days (Preston et al. 1983), LS I +61(303
exhibits a 26.5 day periodic nonthermal outburst (Massi et
al. 2001), and in the tables we give the results for both the
quiescent and the bursting phase. Other transient sources
show a stochastic bursting activity. For such cases it is diffi-
cult to give an estimate of the expected event rate. For exam-

TABLE 2

>1 TeV Neutrino Flux at Earth from
Identified Galactic Microquasars

Source Name f$; peak

!#1
p;#1!

1=2
e;#1f#

(ergs cm#2 s#1)

CI Cam .................... 0.07 2:23' 10#10

XTE J1748#288....... 0.20 3:07' 10#10

Cyg X-3 ................... 0.12 4:02' 10#9

LS 5039.................... 0.02 1:69' 10#12

GRO J1655#40 ....... 0.19 7:37' 10#10

GRS 1915+105........ 0.24 2:10' 10#10

Cir X-1..................... 0.27 1:22' 10#10

LS I 61(303 .............. 0.03 4:49' 10#11

LS I 61(303 .............. 0.02 9:06' 10#12

XTE J1550#564....... 0.04 2:00' 10#11

V4641 Sgr ................ 0.02 2:25' 10#10

V4641 Sgr ................ 0.002 3:25' 10#8

Sco X-1 .................... 0.01 6:48' 10#12

SS 433 ...................... 0.29 1:72' 10#9

Note.—Values are estimated using eq. (3).

TABLE 3

Kinetic Jet Luminosity, Ljet, and >1 TeV Neutrino Flux at Earth, f#l , for Unresolved Microquasars

Source Name
D

(kpc)
#high

(1014 Hz)
S#

(mJy)
Ljet

(ergs s#1)
ð!e=!pÞð!r;#1=f$Þf#l
(ergs cm#2 s#1) Reference

GS 1354#64............. 10 3 5 3:62' 1037 1:88' 10#11 1, 2
GX 339#4................ 4 10 100 3:86' 1038 1:26' 10#9 1, 3, 4
Cyg X-1 ................... 2 1 15 1:45' 1036 1:88' 10#11 3, 5
GRO J0422+32 ....... 3 4 50 4:35' 1037 2:51' 10#10 1, 6
XTE J1118+480 ...... 1.9 20 20 3:49' 1037 5:02' 10#10 1, 7

Note.—Values are estimated using eqs. (7) and (8).D is the source-observer distance, #high is the highest fre-
quency at which synchrotron emission is observed, and S# is the flux density measured at # ¼ #high.

References—(1) Fender 2000; (2) Brocksopp 2001; (3) Fender 2001b; (4) Corbel et al. 2000; (5) Pooley,
Fender, & Brocksopp 1999; (6) Shrader 1994; (7) Frontiera 2001.
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Resolved microquasars :Dl

ɸ

β

Non-resolved microquasars :

Magnetic field:

Jet luminosity:

Fraction of proton energy converted into pions:

Neutrino flux:

Sv

vvhigh

radio spectrum:
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Preliminary

Cyg	
  X-­‐1

0.6<β<0.97,	
  𝚹	
  =	
  40°,	
  D=1.8	
  kpc	
  
(Stirling	
  et	
  al.,	
  2001)

MAXI	
  1659-­‐152

Preliminary

Γ=2,	
  𝛿=1,	
  D=	
  7±3	
  kpc	
  

3
η e
/η
p

η e
/η
p

Comparison	
  with	
  model	
  of	
  Distefano	
  et	
  al.,	
  2002	
  
(takes	
  into	
  account	
  jet	
  parameters)

Distefano	
  et	
  al.	
  photohadronic	
  model



Circinus	
  X-­‐1	
  (neutron	
  star	
  +	
  normal	
  star)

Comparison	
  with	
  model	
  of	
  Distefano	
  et	
  al.,	
  2002	
  
(takes	
  into	
  account	
  jet	
  parameters)

Preliminary Preliminary

40

𝚪	
  >	
  22,	
  ɸ	
  <	
  3°,	
  D=9.4	
  kpc	
  
(Heinz	
  et	
  al.,	
  2015)

1.076<𝚪<5,	
  ɸ	
  <	
  20°,	
  D=7.8	
  kpc	
  
(Miller-­‐Jones	
  et	
  al.,	
  2012)

3
η e
/η
p

η e
/η
p

Distefano	
  et	
  al.	
  photohadronic	
  model
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Enable	
  to	
  constrain	
  ηp/ηe	
  =	
  ratio	
  of	
  jet	
  energy	
  fraction	
  carried	
  by	
  accelerated	
  
protons	
  and	
  electrons

Are	
  the	
  jet	
  parameters	
  similar	
  for	
  each	
  burst	
  ?…	
  not	
  sure	
  at	
  all	
  !

3

Upper	
  limit	
  on	
  ηp/ηe	
  for	
  Circinus	
  X-­‐1	
  (neutron	
  star	
  +	
  normal	
  star)

Comparison	
  with	
  model	
  of	
  Distefano	
  et	
  al.,	
  2002

𝚪	
  >	
  22,	
  ɸ	
  <	
  3°,	
  D=9.4	
  kpc	
  
(Heinz	
  et	
  al.,	
  2015)

1.076<𝚪<5,	
  ɸ	
  <	
  20°,	
  D=7.8	
  kpc	
  
(Miller-­‐Jones	
  et	
  al.,	
  2012)

PreliminaryPreliminary

Distefano	
  et	
  al.	
  photohadronic	
  model
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3

New	
  /	
  future	
  radio	
  (wide-­‐field)	
  instruments:	
  
!
-­‐estimation	
  of	
  β=v/c	
  and	
  θ	
  (if	
  distance	
  is	
  known) 
+	
  spatial	
  extension	
  of	
  the	
  jet 
+	
  polarization	
  at	
  different	
  scales	
  	
  
+	
  proper	
  motion	
  (⇒	
  exact	
  timing	
  of	
  ejection	
  event)

but	
  still	
  some	
  limitations…

Distefano	
  et	
  al.	
  photohadronic	
  model

cannot	
  exclude	
  that: 

• protons	
  lose	
  smaller	
  energies	
  into	
  pion	
  decay	
  
• lower	
  𝚪	
  
• variable	
  jet	
  parameters	
  vs	
  time	
  
• compact	
  jets	
  /	
  discrete	
  ejections	
  
• magnetic	
  field	
  impact	
  on	
  neutrino	
  emission	
  (see	
  Reynoso	
  &	
  Romero,	
  2009)	
  
• microquasar	
  activity	
  signature:	
  high-­‐energy	
  vs	
  radio	
  observations 

• need	
  high	
  angular	
  /	
  high	
  sensitivity	
  /	
  wide	
  field	
  of	
  view	
  radio	
  observations
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GX 339� 4

U.L. 90% CL
U.L. 90% CL (100 TeV cutoff)
U.L. 90% CL (10 TeV cutoff)
Zhang et  al. (2010), �p / �e = 100

Zhang et  al. (2010), �p / �e = 1

Preliminary

GX	
  339-­‐4	
  (Zhang	
  et	
  al.,	
  2010)

3 X-­‐ray	
  binaries	
  viewed	
  by	
  ANTARES

pp	
  +	
  p-­‐gamma	
  interactions
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  binaries	
  viewed	
  by	
  Antares

44

3
Gamma-ray binaries and related systems 7

PSR B1259-63? LS 5039† LS I +61�303• HESS J0632+057⇧ 1FGL J1018.6-5856‡

Porb (days) 1236.72432(2) 3.90603(8) 26.496(3) 315(5) 16.58(2)
e 0.8698872(9) 0.35(3) 0.54(3) 0.83(8) -
! (�) 138.6659(1)] 212(5) 41(6) 129(17) -
i (�) 19–31 13–64 10–60 47–80 -
d (kpc) 2.3(4) 2.9(8) 2.0(2) 1.6(2) 5.4

spectral type O9.5Ve O6.5V((f)) B0Ve B0Vpe O6V((f))
M? (M

�

) 31 23 12 16 31
R? (R

�

) 9.2 9.3 10 8 10.1
T? (K) 33500 39000 22500 30000 38900

dperiastron (AU) 0.94 0.09 0.19 0.40 (0.41)
dapastron (AU) 13.4 0.19 0.64 4.35 (0.41)
�periastron 0 0 0.23 0.967 -
�sup. conj. 0.995 0.080 0.036 0.063 -
�inf. conj. 0.048 0.769 0.267 0.961 -

?Wang et al. (2004); Moldón et al. (2011a); Negueruela et al. (2011)
†McSwain et al. (2004); Casares et al. (2005, 2011)
• Howarth (1983); Frail & Hjellming (1991); Martı́ & Paredes (1995); Gregory (2002); Aragona et al. (2009)
⇧ Aragona et al. (2010); Casares et al. (2012); Bordas & Maier (2012)
‡ Fermi/LAT collaboration et al. (2012b); Napoli et al. (2011)
] argument of periastron of the pulsar orbit (massive star for the others systems)

Table 1 System parameters of gamma-ray binaries

The accurate determination of the orbital parameters is of fundamental impor-
tance to models. The errors on the last significant digit are indicated in parenthesis
in Table 1 — these are only indicative since more important systematic errors are
possible. For instance, the orbital elements for HESS J0632+057 remain tentative
given the limited phase coverage and large scatter in measurements (Casares, priv.
com.). As will be discussed later (§4.3), knowing the phases of periastron/apastron
passage and of conjunctions is essential to interpret the orbital modulations. Superior
conjunction is when the compact object passes behind the massive star as seen by the
observer, inferior is when the compact object passes in front of the O/Be star. The
phase of periastron passage in Table 1 is di↵erent from 0 for LS I +61�303 (resp.
HESS J0632+057) because the reference time has traditionally been set by using the
radio (resp. X-ray) lightcurve. The orbital phase � is defined in the interval [0,1].

The non-detection of pulsed emission from gamma-ray binaries (PSR B1259-63
excepted, see §3.2) leaves open the question of the nature of the compact object. De-
termining the compact object mass could distinguish between a black hole candidate
and a neutron star. The mass function derived from the radial velocity of the O/Be
star gives a lower limit on the mass of the compact object, which is too small to be
constraining by itself. A 1.4 M

�

neutron star fits the mass function within the loose
constraints on the mass of the companion star and the orbit inclination. A >3 M

�

com-
pact star (black hole) requires a low binary inclination (face-on), typically i < 30�.
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Fig. 2 Orbits of gamma-ray binaries. The star size is to scale. Crosses mark the phases of apas-
tron/periastron and conjunctions (superior when the compact object is seen behind the massive star, in-
ferior when in front, with the observer towards bottom of the figure, see Tab. 1). Dots mark intervals of 0.1
in orbital phase, starting from periastron.

However, low inclinations are statistically disfavoured, assuming the systems that we
see have random inclinations. The lack of eclipses can be used to place an upper limit
on the inclination, typically i < 70�. At the other end, the rotational broadening of the
stellar lines yields a lower limit on the inclination, typically i > 10�, assuming the star
rotates at less than breakup speed, spin-orbit alignment and pseudo-synchronisation.
Table 1 lists the range of possible i derived by various means, as summarised by
Casares et al. (2012).

2.2 The multi-wavelength picture

A summary of the main spectral characteristics in the various bands is given below
in Table 2. Figures 3-7 present the spectral energy distribution and lightcurves for the
five gamma-ray binaries.

2.2.1 VHE gamma rays (TeV)

All five gamma-ray binaries are detected by IACTs above 100 GeV. The VHE coun-
terparts are point-like, with a typical limit on extended emission

⇠

< 0.�1. Nearly all
other VHE sources in the Galactic Plane (|b|

⇠

< 3�) are extended. The HESS Galactic

H.E.S.S. Collaboration: Variable VHE emission from 1FGL J1018.6–5856

Fig. 2. Lightcurve of the integral flux above 0.35 TeV in a 0.1� region
centered on HESS J1018–589 A binned by observation run, correspond-
ing to approximately 30 minutes of observation time per bin. The dashed
horizontal line shows the mean integral flux.

flux normalisation is N0 = (2.9 ± 0.4stat) ⇥ 10�13 TeV�1cm�2s�1

at 1 TeV. The systematic error on the normalisation constant
N0 is estimated to be 20% (Aharonian et al. 2006). The better
statistics allow for a better determination of the spectral fea-
tures of the point-like source compared with the one presented
in Abramowski et al. (2012), including a clearer separation from
HESS J1018–589 B. The nearby source introduces a maximum
of 30% contamination on HESS J1018–589 A, although above
1 TeV, thanks to the better PSF, less than 10% contamination was
calculated from a simultaneous fit of the two sources.

The light curve of the source above 0.35 TeV, binned by ob-
servation run (approximately 30 minutes of observation time), is
shown in Fig. 2. The best-fit mean flux level above 0.35 TeV is
marked with a dashed gray line. The lightcurve displays clear vari-
ability, with a �2/⌫ of 238.3/155 (corresponding to 4.3�) using a
likelihood ratio test with a constant flux as null hypothesis.

To investigate the periodicity of the source, the data were
folded with the 16.58 day period found in the HE �-ray ob-
servations (Fig. 3, top panel) using the reference time of
Tmax=55403.3 MJD as phase 0 (Ackermann et al. 2012) in a
single trial. The number of bins in the phaseogram was selected
to obtain a significance of at least 1� in each phase bin. For
comparison, the same phaseogram is also shown for HESS J1023–
589, a nearby bright �-ray source expected to be constant. The
flux variation along the orbit shows a similar behaviour when
comparing it with the Fermi-LAT flux integrated between 1 and
10 GeV (Fig. 3, middle panel). An increase of the flux towards
phase 0 is observed, with a �2/⌫ of 22.7/7 (3.1�) when fitting the
histogram to a constant flux, providing evidence of periodicity at
the a priori selected period. Unfortunately, the uneven sampling
and large timespan of the observations did not allow for an inde-
pendent determination of the periodicity from the VHE �-ray data
using a Lomb-Scargle test (Scargle 1982), since the equivalent
frequency is ⇠8 times larger than the sample Nyquist frequency.
Finally spectral modulation was examined by deriving the photon
spectrum for observations in the 0.2 to 0.6 phase range (motivated
by the Fermi-LAT observations) and comparing it with the one
derived at the maximum of the emission in the complementary
phase range. No spectral modulation was found within the photon
index errors (�� = 0.36 ± 0.43) although it should be noted that
the data statistics in the 0.2 to 0.6 phase range are insu�cient (3�
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Fig. 3. VHE, HE, and X-ray fluxes of 1FGL J1018.6–5856 folded
with the orbital period of P=16.58 d. Two orbits are shown for clar-
ity. Top: VHE integral flux above 0.35 TeV measure by H.E.S.S. (red
circles). For comparison, a scaled lightcurve from the nearby bright
source HESS J1023-589 is shown in gray. Middle top and middle bottom:
Fermi-LAT lightcurve between 1 and 10 GeV (solid blue squares) and
between 0.1 and 1 GeV (open blue squares; Ackermann et al. 2012).
Bottom: X-ray 0.3–10 keV count rate lightcurve from 67 Swift-XRT
observations in 2011 (green), 2012 (blue), and 2013 (red).

detection) to firmly conclude a lack of variation in the spectrum
at di↵erent orbital phases.

In order to compare the VHE orbital modulation with the
behaviour of the source at X-ray energies, 67 Swift-XRT obser-
vations of 1FGL J1018.6–5856, performed between 2011 and
2013 and with a median observation time of 2.2 ksec, were anal-
ysed. Early subsets of these observations were presented previ-
ously by Ackermann et al. (2012) and An et al. (2013). Cleaned
event files were obtained using xrtpipeline from HEAasoft
v6.15.1. For each observation, source count rates were extracted
from a 1 arcmin circular region around the nominal position of
1FGL J1018.6–5856, and background count rates extracted from
a nearby region of the same size devoid of sources. The resulting
count rate lightcurve, folded with the orbital period, is shown in
the bottom panel of Figure 3. The phaseogram displays a sharp
peak around phase 0, matching the location of the maximum in
the VHE and HE phaseograms. There is an additional sinusoidal
component with a maximum around phase 0.3 and with lower
amplitude than the sharp peak at phase 0.
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J. Rodriguez et al.: Correlated X/γ-ray/optical flaring in V404

Table 1. List of the >6 Crab flares and their main properties.

Name Starta Peak time Stopa CR3−13 keV
b CR20−40 keV

b Propertiesc

(MJD) (MJD) (MJD) (cts/s) (cts/s)
I 57 193.9217 57 193.9356 57 193.9402 184 1215 Multiple
II 57 193.9703 57 193.9981 57 194.0827 181 1234 Multiple
III 57 194.0827 57 194.1152 57 194.1428 1055 5209 Complex
IV 57 194.2232 57 194.3107 57 194.3938 2010 7040 Isolated/Complex
Vad 57 194.6273 57 194.6399 57 194.6521 473e 3328 Multiple/Complex, preceded by plateau
Vbd 57 194.6521 57 194.6579 57 194.6708 852 3999 Multiple/Complex
VI 57 194.6960 57 194.7346 57 194.7473 129 1974 Isolated/Complex
VII 57 194.9788 57 194.9996 57 195.0089 459 2200 Multiple/Complex
VIII 57 195.0089 57 195.0293 57 195.0501 865 4950 Multiple/Complex
IX 57 195.0582 57 195.0826 57 195.1095 320 2386 Multiple/Complex
X 57 195.2318 57 195.2503 57 195.2712 f 577g 3472 Multiple, preceded by succession of ∼6 Crab peaks
XI 57 195.4294 57 195.4388 57 195.4450 857 7036 Multiple
XIIad 57 195.4450 57 195.4573 57 195.4665 401 3525 Multiple/Complex
XIIbd 57 195.4665 57 195.4723 57 195.4841 1231 6299 Multiple, followed by plateau
XIII 57 197.1373 57 197.1785 57 197.1924 2076 7081 Multiple, preceded by plateau
XIV 57 197.1924 57 197.2020 57 197.2067 1240 4368 Multiple
XV 57 197.2124 57 197.2228 57 197.2310 210 1793 Multiple/Complex
XVI 57 197.3450 57 197.3647 57 197.3705 151 1036 Isolated

Notes. MJD 57 193 is 2015 June 20. (a) Start (resp. stop) time of a flare is defined as the time 20–40 keV CR reaches 165 cts/s (1 Crab) during the
increase (resp. decrease), or by the minimum reached before (resp. after) the increase (decrease) for multiple flares. The uncertainty on the times
is ±6 × 10−4 d. (b) Count rates at the peaks. (c) “Multiple” stands for series of well-defined flares occurring in rapid repetition. “Complex" stands
for flares showing various peaks. “Plateau” indicates a >1 Crab plateau. (d) These peaks appear as single peaks in Fig. 1. They are in fact true
multiples. (e) The 3–13 keV peak time occurred about 200 s before the 20–40 keV one, indicating a potential hard lag. ( f ) Data gap at the end of
the flare. The stop time is the last point before the gap. (g) The 3–13 keV peak time occurred about 200 s after the 20–40 keV one, indicating a
potential soft lag.

Fig. 4. INTEGRAL LCs of V404 over our ∼4-day-long observations. All spectral domains considered for the LC extraction are shown here. The
dashed line in the 20–40 keV panel represents the approximate level of LEdd we estimated. MJD 57 193 is 2015 June 20.
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– 9 –

Fig. 1.— 5� ⇥ 5� cutouts from median-combined deep images on each of the two triggers

(top: ANT131121A; bottom: ANT140323A). From left to right, images were taken ⇠ 20

days prior to, at the time of, and over the course of ⇠ 1 yr after the trigger time (Table 2).

Some faint image artifacts are visible, particularly in the top panels around the bright source

FornaxA. In the bottom panels, enhanced noise is visible towards the bottom due to the

e↵ects of the fall-o↵ in sensitivity towards the edge of the primary beam. The greyscale runs

from 0 to 1 Jy beam�1. The 90% ANTARES error circles (radius 1�) are shown.

– 11 –

Fig. 2.— Reduced chi-squared, �2
⌫ , for the hypothesis that sources do not vary over the

⇠ 30 snapshots, plotted against fractional modulation (standard deviation, �S, divided by

the mean, S̄, flux density for the same sources). Sources are color-coded according to the

number of snapshots in which they were detected. Data are plotted for pre-trigger (left) and

prompt (right) datasets, for ANT131121A (top) and ANT140323A (bottom). Only sources

detected in � 10 of the snapshot images for each dataset are shown. Circle sizes scale with

S̄.
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FIG. 2. Upper limit on the high-energy neutrino spectral
fluence (⌫µ + ⌫µ) from GW150914 as a function of source
direction, assuming dN/dE / E�2 (top) and dN/dE /
E�2 exp[�

p
(E/100TeV)] (bottom) neutrino spectra. The re-

gion surrounded by a white line shows the part of the sky in
which Antares is more sensitive (close to nadir), while on
the rest of the sky, IceCube is more sensitive. For compari-
son, the 50% CL and 90% CL contours of the GW sky map
are also shown.

parison, the total energy radiated in GWs from the source
is ⇠ 5⇥ 1054 erg. Typical GRB isotropic-equivalent en-
ergies are ⇠ 1051 erg for long and ⇠ 1049 erg for short
GRBs [49], which may be similar to the total energy ra-
diated in neutrinos in GRBs [50, 51].

V. CONCLUSION

The results above represent the first concrete limit on
neutrino emission from this GW source type, and the first
neutrino follow-up of a significant GW event. With the
continued increase of Advanced LIGO-Virgo sensitivities
for the next observation periods, and the implied source
rate of 2–400Gpc�3yr�1 in the comoving frame based
on this first detection [52], we can expect to detect a
significant number of GW sources, allowing for stacked
neutrino analyses and significantly improved constraints.

Similar analyses for the upcoming observation periods
of Advanced LIGO-Virgo will be important to provide
constraints on or to detect other joint GW and neutrino
sources.
Joint GW and neutrino searches will also be used to

improve the e�ciency of electromagnetic follow-up obser-
vations over GW-only triggers. Given the significantly
more accurate direction reconstruction of neutrinos (⇠
1 deg2 for track events in IceCube [39, 42] and ⇠ 0.2deg2

in Antares [53]) compared to GWs (& 100 deg2), a joint
event candidate provides a greatly reduced sky area for
follow-up observatories [54]. The delay induced by the
event filtering and reconstruction after the recorded trig-
ger time is typically 3–5 s for Antares [43], 20–30 s for
IceCube [55], and O(1min) for LIGO-Virgo, making data
available for rapid analyses.
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partement du Var and Ville de La Seyne-sur-Mer,
France; Bundesministerium für Bildung und Forschung
(BMBF), Germany; Istituto Nazionale di Fisica Nucle-
are (INFN), Italy; Stichting voor Fundamenteel Onder-
zoek der Materie (FOM), Nederlandse organisatie voor
Wetenschappelijk Onderzoek (NWO), the Netherlands;
Council of the President of the Russian Federation for
young scientists and leading scientific schools supporting
grants, Russia; National Authority for Scientific Research
(ANCS), Romania; Ministerio de Economı́a y Competi-
tividad (MINECO), Prometeo and Grisoĺıa programs of
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FIG. 2. Upper limit on the high-energy neutrino spectral
fluence (⌫µ + ⌫µ) from GW150914 as a function of source
direction, assuming dN/dE / E�2 (top) and dN/dE /
E�2 exp[�

p
(E/100TeV)] (bottom) neutrino spectra. The re-

gion surrounded by a white line shows the part of the sky in
which Antares is more sensitive (close to nadir), while on
the rest of the sky, IceCube is more sensitive. For compari-
son, the 50% CL and 90% CL contours of the GW sky map
are also shown.

parison, the total energy radiated in GWs from the source
is ⇠ 5⇥ 1054 erg. Typical GRB isotropic-equivalent en-
ergies are ⇠ 1051 erg for long and ⇠ 1049 erg for short
GRBs [49], which may be similar to the total energy ra-
diated in neutrinos in GRBs [50, 51].

V. CONCLUSION

The results above represent the first concrete limit on
neutrino emission from this GW source type, and the first
neutrino follow-up of a significant GW event. With the
continued increase of Advanced LIGO-Virgo sensitivities
for the next observation periods, and the implied source
rate of 2–400Gpc�3yr�1 in the comoving frame based
on this first detection [52], we can expect to detect a
significant number of GW sources, allowing for stacked
neutrino analyses and significantly improved constraints.

Similar analyses for the upcoming observation periods
of Advanced LIGO-Virgo will be important to provide
constraints on or to detect other joint GW and neutrino
sources.
Joint GW and neutrino searches will also be used to

improve the e�ciency of electromagnetic follow-up obser-
vations over GW-only triggers. Given the significantly
more accurate direction reconstruction of neutrinos (⇠
1 deg2 for track events in IceCube [39, 42] and ⇠ 0.2deg2

in Antares [53]) compared to GWs (& 100 deg2), a joint
event candidate provides a greatly reduced sky area for
follow-up observatories [54]. The delay induced by the
event filtering and reconstruction after the recorded trig-
ger time is typically 3–5 s for Antares [43], 20–30 s for
IceCube [55], and O(1min) for LIGO-Virgo, making data
available for rapid analyses.
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rate of 2–400Gpc�3yr�1 in the comoving frame based
on this first detection [52], we can expect to detect a
significant number of GW sources, allowing for stacked
neutrino analyses and significantly improved constraints.

Similar analyses for the upcoming observation periods
of Advanced LIGO-Virgo will be important to provide
constraints on or to detect other joint GW and neutrino
sources.
Joint GW and neutrino searches will also be used to

improve the e�ciency of electromagnetic follow-up obser-
vations over GW-only triggers. Given the significantly
more accurate direction reconstruction of neutrinos (⇠
1 deg2 for track events in IceCube [39, 42] and ⇠ 0.2deg2

in Antares [53]) compared to GWs (& 100 deg2), a joint
event candidate provides a greatly reduced sky area for
follow-up observatories [54]. The delay induced by the
event filtering and reconstruction after the recorded trig-
ger time is typically 3–5 s for Antares [43], 20–30 s for
IceCube [55], and O(1min) for LIGO-Virgo, making data
available for rapid analyses.
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FIG. 1. GW skymap in equatorial coordinates, showing
the reconstructed probability density contours of the GW
event at 50%, 90% and 99% CL, and the reconstructed di-
rections of high-energy neutrino candidates detected by Ice-
Cube (crosses) during a ±500 s time window around the GW
event. The neutrino directional uncertainties are < 1� and are
not shown. GW shading indicates the reconstructed probabil-
ity density of the GW event, darker regions corresponding to
higher probability. Neutrino numbers refer to the first column
of Table I.

source directional distribution is uniform. For temporal
coincidence, we searched within a ±500 s time window
around GW150914.

The relative di↵erence in propagation time for �GeV
neutrinos and GWs (which travel at the speed of light in
General Relativity) traveling to Earth from the source is
expected to be ⌧ 1 s. We note that the relative propa-
gation time between neutrinos and GWs may change in
alternative gravity models [47, 48]. However, discrepan-
cies from General Relativity could in principle be probed
with a joint GW-neutrino detection by comparing the ar-
rival times against the expected time frame of emission.

Directionally, we searched for overlap between the GW
sky map and the neutrino point spread functions, as-
sumed to be Gaussian with standard deviation �rec

µ (see
Table I).

The search identified no Antares neutrino candidate
that were temporally coincident with GW150914.

For IceCube, none of the three neutrino candidates
temporally coincident with GW150914 were compatible
with the GW direction at 90% CL. Additionally, the re-
constructed energy of the neutrino candidates with re-
spect to the expected background does not make them
significant. See Fig. 1 for the directional relation of
GW150914 and the IceCube neutrino candidates de-
tected within the ±500 s window. This non-detection is
consistent with our expectation from a binary black hole
merger.

To better understand the probability that the de-
tected neutrino candidates are being consistent with
background, we briefly consider di↵erent aspects of the
data separately. First, the number of detected neutrino
candidates, i.e. 3 and 0 for IceCube and Antares, re-
spectively, is fully consistent with the expected back-
ground rate of 4.4 and ⌧ 1 for the two detectors, with

p-value 1 � F
pois

(N
observed

 2, N
expected

= 4.4) = 0.81,
where F

pois

is the Poisson cumulative distribution func-
tion. Second, for the most significant reconstructed muon
energy (Table I), 12.5% of background events will have
greater muon energy. The probability that at least one
neutrino candidate, out of 3 detected events, has an en-
ergy high enough to make it appear even less background-
like, is 1� (1� 0.125)3 ⇡ 0.33. Third, with the GW sky
area 90% CL of ⌦

gw

= 590 deg2, the probability of a
background neutrino candidate being directionally coin-
cident is ⌦

gw

/⌦
all

⇡ 0.014. We expect 3⌦
gw

/⌦
all

di-
rectionally coincident neutrinos, given 3 temporal coinci-
dences. Therefore, the probability that at least one of the
3 neutrino candidates is directionally coincident with the
90% CL skymap of GW150914 is 1� (1�0.014)3 ⇡ 0.04.

B. Constraints on the source

We used the non-detection of coincident neutrino can-
didates by Antares and IceCube to derive a stan-
dard frequentist neutrino spectral fluence upper limit for
GW150914 at 90% CL. Considering no spatially and tem-
porally coincident neutrino candidates, we calculated the
source fluence that on average would produce 2.3 de-
tected neutrino candidates. We carried out this analysis
as a function of source direction, and independently for
Antares and IceCube.

The obtained spectral fluence upper limits as a func-
tion of source direction are shown in Fig. 2. We
consider a standard dN/dE / E�2 source model, as
well as a model with a spectral cuto↵ at high energies:
dN/dE / E�2 exp[�p

(E/100TeV)]. For each spectral
model, the upper limit shown in each direction of the sky
is the more stringent limit provided by one or the other
detector. We see in Fig. 2 that the constraint strongly
depends on the source direction, and is mostly within
E2dN/dE ⇠ 10�1 � 10GeV�1cm�2. Furthermore, the
upper limits by Antares and IceCube constrain di↵er-
ent energy ranges in the region of the sky close to the GW
candidate. For an E�2 power-law source spectrum, 90%
of Antares signal neutrinos are in the energy range from
3TeV to 1PeV, whereas for IceCube at this southern
declination the corresponding energy range is 200TeV to
100PeV.
We now convert our fluence upper limit into a con-

straint on the total energy emitted in neutrinos by the
source. To obtain this constraint, we integrate emission
within [100GeV, 100PeV] for the standard dN/dE /
E�2 source model, and within [100GeV, 100TeV] assum-
ing neutrino emission with a cuto↵ at 100TeV. We find
non-detection to correspond to the following upper limit
on the total energy radiated in neutrinos:

Eul

⌫,tot ⇠ 1052–1054
✓

D
gw

410Mpc

◆
2

erg (1)

Note that the wide allowed range is primarily due to the
large directional uncertainty of the GW event. For com-

• ≲	
  1/100	
  of	
  the	
  energy	
  radiated	
  in	
  GW:	
  ~5	
  x	
  1054	
  erg	
  
!
• Joint	
  GW	
  and	
  neutrino	
  searches	
  ➜	
  improve	
  the	
  efficiency	
  of	
  electromagnetic	
  	
  	
  	
  	
  	
  

follow-­‐up:	
  
	
   	
   -­‐	
  neutrino	
  direction	
  accuracy:	
  <0.5deg2	
  for	
  ANTARES	
  
	
   	
   -­‐	
  GWs	
  direction	
  reconstruction:	
  ≳	
  100deg2	
  

	
   	
   	
   ➜	
  joint	
  candidate	
  provides	
  greatly	
  reduced	
  sky	
  area	
  for	
  follow-­‐up	
  !! 
	
   	
   	
   (event	
  filtering	
  delay:	
  ~3-­‐5	
  s	
  for	
  ANTARES	
  and	
  ~1	
  min	
  for	
  LIGO-­‐Virgo)



Conclusions

• ANTARES	
  and	
  IceCube	
  start	
  to	
  rule	
  out	
  some	
  (photo-­‐)hadronic	
  
interactions 

• KM3NeT	
  more	
  sensitive	
  than	
  IceCube	
  to	
  the	
  Galactic	
  plan	
  region	
  !	
   
(ANTARES	
  is	
  already	
  competitive	
  in	
  this	
  part	
  of	
  the	
  sky) 
 

• Multi-­‐wavelength/multi-­‐messenger	
  approach	
  crucial	
  to	
  identify	
  the	
  
sources/further	
  constrain	
  hadronic/leptonic	
  mechanisms
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