
Multi-messenger analysis 
of galactic transient 

sources

Alexis	
  Coleiro 
APC	
  /	
  Université	
  Paris	
  Diderot

CPPM	
  Marseille	
  -­‐	
  01	
  février	
  2016



Outline

I. Introduction 
" > Transient high-energy sources  
 > X-ray binaries  
 

II. Multi-wavelength study of (high-mass) X-ray binaries  
 > Nature, evolution and particle acceleration 

 

III. The multi-messenger era  
" > How it will revolutionize the study of X-ray binaries and     
    transients in general"

2



Outline

I. Introduction 
" > Transient high-energy sources  
 > X-ray binaries  
 

II. Multi-wavelength study of (high-mass) X-ray binaries  
 > Nature, evolution and particle acceleration 

 

III. The multi-messenger era  
" > How it will revolutionize the study of X-ray binaries and     
    transients in general"

3



Transient high-energy sources

4

?
Merging  

black holes
Supernovae The unknown

AGN

Fast radio 
 bursts

Gamma-ray 
 bursts

Magnetars

Accreting 
binaries

Pulsars
Active  
stars We are here

inspired by J. Hessels



Transient high-energy sources

5

?
Merging  

black holes
Supernovae The unknown

Fast radio 
 bursts

Gamma-ray 
 bursts

Magnetars

Accreting 
binaries

Pulsars
Active  
stars We are here

inspired by J. Hessels

AGN

Timescales: from the ms to the year



Transient high-energy sources

6

?
Merging  

black holes
Supernovae The unknown

Fast radio 
 bursts

Gamma-ray 
 bursts

Magnetars

Accreting 
binaries

Pulsars
Active  
stars We are here

inspired by J. Hessels

AGN

Timescales: from the ms to the year"
Flaring all over the electromagnetic spectrum



7

For most of them : "

presence of a compact object (black hole or neutron star) 

which is accreting matter  

⇒ accretion/ejection mechanisms

Transient high-energy sources
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EVIDENCE FOR X RAYS FROM SOURCES OUTSIDE THE SOLAR SYSTEM

Riccardo Giacconi, Herbert Gursky, and Frank R. Paolini
American Science and Engineering, Inc. , Cambridge, Massachusetts

Bruno B. Rossi
Massachusetts Institute of Technology, Cambridge, Massachusetts

(Received October 12, 1962)

Data from an Aerobee rocket carrying a pay-
load consisting of three large area Geiger coun-
ters have revealed a considerable flux of radia-
tion in the night sky that has been identified as
consisting of soft x rays.

The entrance aperture of each Geiger counter
consisted of seven individual mica windows com-
prising 20 cm' of area placed into one face of the
counter. Two of the counters had windows of
about 0.2-mil mica, and one counter had windows
of 1.0-mil mica. The sensitivity of these detec-

0tors for x rays was between 2 and 8 A, falling
sharply at the extremes due to the transmission
of the filling gas and the opacity of the windows,
respectively. The mica was coated with lamp-
black to prevent ultraviolet light transmission.
The three detectors were disposed symmetrically
around the longitudinal axis of the rocket, the
normal to each detector making an angle of 55'
to that axis. Thus, during flight, the normal to
the detectors swept through the sky, at a rate
determined by the rotation of the rocket, forming
a cone of 55' with respect to the longitudinal axis.
No mechanical collimation was used to limit the
field of view of the detectors. Also included in
the payload was an optical aspect system similar
to one developed by Kupperian and Kreplin. ' The
axes of the optical sensors were normal to the
longitudinal axis of the rocket. Each Geiger coun-

ter was placed in a well formed by an anticoinci-
dence scintillation counter designed to reduce the
cosmic-ray background. The experiment was in-
tended to study fluorescence x rays produced on
the lunar surface by x rays from the sun and to
explore the night sky for other possible sources.
On the basis of the known flux of solar x rays,
we had estimated a flux from the moon of about
0.1 to 1 photon cm ' sec ' in the region of sensi-
tivity of the counter.

The rocket launching took place at the White
Sands Missile Range, New Mexico, at 2359 MST
on June 18, 1962. The moon was one day past
full and was in the sky about 20' east of south
and 35' above the horizon. The rocket reached
a maximum altitude of 225 km and was above 80
km for a total of 350 seconds. The vehicle trav-
eled almost due north for a distance of 120 km.
Two of the Geiger counters functioned properly
during the flight; the third counter apparently
arced sporadically and was disregarded in the
analysis. The optical aspect system functioned
correctly. The rocket was spinning at 2.0 rps
around the longitudinal axis. From the optical
sensor data it is known that the spin axis of the
rocket did not deviate from the vertical by more
than 3'; for purposes of analysis, the spin axis
is taken as pointing to zenith. The angle of ro-
tation of the rocket corresponds with the azimuth
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Shklovsky)1967) “Sco%X'1%is%a%neutron%star%accre1ng%ma4er%from%a%companion”%
%
%

Birth%of%X'ray%binary%concept%
but%theore1cally%hard%to%understand%!%

Van)den)Heuvel)&)Heinse,)1972)
Tutukov)&)Yngelson,)1973)

Existence%due%to%a%substan1al%mass%transfer%
between%the%two%objects%%

X-ray binaries
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Low-Mass X-ray Binaries vs High-Mass X-ray Binaries

Massive stars"
!

- O/B spectral type  
!

- High mass (>8 M⦿)  
!

- High temperature (>10 000 K) 
!

- High luminosity (>25 L⦿)  
!

- Short lifetime (10-100Myr) 
!

- Mass loss plays a critical role

Sana et al. (2012) 
!

More than 70% of massive 
stars do not live alone and 
experience mass transfer…
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Low mass stars"
!

- G/K/M spectral type  
!

- Low mass (<8 M⦿) 
!

- Low temperature (< 7000 K) 
!

- Low luminosity (<5 L⦿) 
!

- Long lifetime (> 1 Gyr)  
!

Low-Mass X-ray Binaries vs High-Mass X-ray Binaries
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926 H.-J. Grimm et al.: The Milky Way in X-rays for an outside observer
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Fig. 1. Distribution of LMXBs (open circles) and HMXBs (filled circles) in the Galaxy. In total 86 LMXBs and 52 HMXBs are shown. Note
the significant concentration of HMXBs towards the Galactic Plane and the clustering of LMXBs in the Galactic Bulge.

Fig. 2. Observed versus expected rms for 10 different sources and
for different time binnings. The bin duration varies from dwell time
scale, i.e. ∼90 s (upper right corner), to 200 days (lower left cor-
ner). Although there is considerable spread, the observed rms is gener-
ally higher than expected, especially at large bin durations exceeding
50 days (expected rms < 0.1 cts s−1). Assuming that systematic and
statistical errors are independent the systematic error may be added to
the statistical error in quadrature. This is shown by the solid curves for
three different values of the systematic error: 0.01, 0.05 and 0.1 cts s−1.

For 15 sources we obtain statistically significant, ≥3σ,
negative average count rates. The majority of these sources,
namely 14, are located in the Small and Large Magellanic

Table 2. List of the sources used to estimate systematic errors.

Source average fluxa excess rmsb

[cts s−1] [cts s−1]
Cas A 4.9 ± 0.007 ∼0.08
Tycho SNR 1.3 ± 0.007 ∼0.04
Puppis A 0.84 ± 0.008 ∼0.05
Vela pulsar 0.75 ± 0.008 ∼0.01
CTB 33 0.35 ± 0.014 ∼0.07
PSR 1259-63 0.18 ± 0.012 ∼0.01
NGC 2024 0.09 ± 0.008 ∼0.02
PSR J1713+0747 0.07 ± 0.015 ∼0.01
PSR 1957+20 0.06 ± 0.012 ∼0.02
XTE J1906+090 0.04 ± 0.011 ∼0.03

a The errors are formally calculated using the errors in the light curves.
b Upper limit on the unaccounted contribution of the systematic errors
to the averaged flux, estimated from Fig. 2.

Cloud and their negative average flux is apparently caused by
source interference in these crowded regions. The remaining
source also appears to suffer from interference with nearby
sources. In particular, we have noticed that some of the light
curves show a clear drop below zero count rate coincident in
time with addition of new sources located nearby to the ASM
catalogue. All these sources are excluded from our analysis.

2.2. Completeness

Important for the analysis presented below are two aspects of
completeness:

1. completeness flux limit of the ASM sample of the X-ray
sources;

HMXB%
LMXB% Grimm%et%al.,%2002%

Low-Mass X-ray Binaries vs High-Mass X-ray Binaries



Cartography of HMXB

16Coleiro & Chaty, 2013

HMXB clustered 
with star forming regions 
(along the spiral arms)



Different ways of accreting matter
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P1: FXS

CUUK310-16 0521433556 August 16, 2005 20:4 Char Count= 0

626 T. M. Tauris and E. P. J. van den Heuvel

Fig. 16.1. Examples of a typical HMXB (top) and LMXB (bottom). The neutron star in the
HMXB is fed by a strong high-velocity stellar wind and/or by beginning atmospheric
Roche-lobe overflow. The neutron star in an LMXB is surrounded by an accretion disk
which is fed by Roche-lobe overflow. There is also observational evidence for HMXBs and
LMXBs harboring black holes.

some examples). As we shall see later on, binary pulsars and single millisecond pulsars are
the descendants of the X-ray binaries containing an accreting neutron star.

16.2.1 High-mass X-ray binaries (HMXBs)
There are about 130 known HMXBs (Liu, van Paradijs & van den Heuvel 2000)

and 25 have well-measured orbital parameters. There are ∼40 pulsating HMXB sources
with typical pulse periods between 10 and 300 seconds (the entire observed range spans
between 0.069 seconds and 20 minutes). Among the systems with Porb ≤ 10 days and e ≤
0.1 are the strong sources and “standard” systems such as Cen X-3 and SMC X-1. These
are characterized by the occurrence of regular X-ray eclipses and double-wave ellipsoidal
light variations produced by tidally deformed (“pear-shaped”) giant or sub-giant companion
stars with masses >10 M⊙. However, the optical luminosities (Lopt > 105 L⊙) and spectral
types of the companions indicate original ZAMS masses ≥20 M⊙, corresponding to O-type
progenitors. The companions have radii 10−30 R⊙ and (almost) fill their critical Roche-
lobes, see Section 16.4. In a number of pulsating sources, such as X0115+63 (and Her X-1,
an intermediate-mass X-ray binary system) there are absorption/emission features in the
X-ray spectrum that are most probably cyclotron lines, resulting from magnetic fields with
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some examples). As we shall see later on, binary pulsars and single millisecond pulsars are
the descendants of the X-ray binaries containing an accreting neutron star.

16.2.1 High-mass X-ray binaries (HMXBs)
There are about 130 known HMXBs (Liu, van Paradijs & van den Heuvel 2000)

and 25 have well-measured orbital parameters. There are ∼40 pulsating HMXB sources
with typical pulse periods between 10 and 300 seconds (the entire observed range spans
between 0.069 seconds and 20 minutes). Among the systems with Porb ≤ 10 days and e ≤
0.1 are the strong sources and “standard” systems such as Cen X-3 and SMC X-1. These
are characterized by the occurrence of regular X-ray eclipses and double-wave ellipsoidal
light variations produced by tidally deformed (“pear-shaped”) giant or sub-giant companion
stars with masses >10 M⊙. However, the optical luminosities (Lopt > 105 L⊙) and spectral
types of the companions indicate original ZAMS masses ≥20 M⊙, corresponding to O-type
progenitors. The companions have radii 10−30 R⊙ and (almost) fill their critical Roche-
lobes, see Section 16.4. In a number of pulsating sources, such as X0115+63 (and Her X-1,
an intermediate-mass X-ray binary system) there are absorption/emission features in the
X-ray spectrum that are most probably cyclotron lines, resulting from magnetic fields with

Accretion disc  
Roche Lobe overflow  
(for LMXB mainly)

Stellar wind accretion 
for HMXB (in majority)



Microquasars
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Mildly relativistic large-scale jets 
vjet ~ 0.1c to 0.95c



quasar/microquasar analogy
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quasar 3C 223 1E 1740.7-2942
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Figure 1: Schematic view illustrating analogies between quasars and microquasars.
Note the different mass and length scales between both types of objects (Chaty,
1998).

microblazars (microquasar whose jet points towards the observer), in order
to complete the analogy with quasars.

We will see in the following that this quasar/microquasar analogy be-
came rapidly very fruitful, the field of quasars benefiting of microquasars,
and vice versa. For instance, because accretion/ejection timescale is pro-
portional to black hole mass, it is easier (because faster) to observe accre-
tion/ejection cycles in microquasars than in quasars 1. On the other hand
the understanding of ejection phenomena in microquasars have largely ben-
efited from jet models developed for active galaxies.

1Characteristic timescale of phenomena occurring very close to the last stable orbit
around the black hole of mass M is given by τ ∼

rg

c
∼ M , where rg is the Schwarzschild

radius. Therefore, this timescale is proportional to the mass of the black hole. If a stellar
mass black hole exhibits accretion/ejection cycles of a few minutes, a supermassive black
hole will exhibit corresponding cycles on a few thousands of years.

~1 day ~104-5 yrs



Why studying them ?
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Studying stellar evolution
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Studying high-energy phenomena



Outline

I. Introduction 
" > Transient high-energy sources  
 > X-ray binaries  
 

II. Multi-wavelength study of (high-mass) X-ray binaries  
 > Nature, evolution and particle acceleration 

 

III. The multi-messenger era  
" > How it will revolutionize the study of X-ray binaries and     
    transients in general"

24



Outline

I. Introduction 
" > Transient high-energy sources  
 > X-ray binaries  
 

II. Multi-wavelength study of (high-mass) X-ray binaries  
 > Nature, evolution and particle acceleration 

 

III. The multi-messenger era  
" > How it will revolutionize the study of X-ray binaries and     
    transients in general"

25

HMXB in particular (stellar evolution)



Identification of new HMXB
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In the Galactic plane → high extinction → need infrared observations

Only a multi-wavelength approach enables to accurately identify X-ray 
binaries



Identification of new HMXB

27



28

NTT/SOfI(instrument(
Near(infrared((152.5μm)(
(
(
Observa(ons+of+15++
candidates+HMXB+in+2008+and+2010++
(
Photometry((J,(H,(Ks)(and(H,(Ks(spectroscopy(
(

Identification of new HMXB
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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

Radiate mainly beyond 1 MeV (detected from GeV to TeV) 
What are the main differences between these sources and 

the « common » HMXB ?



Gamma-ray binaries

33

Gamma-ray binaries and related systems 23

massive star

Be disc

pulsar wind

shocked pulsar wind

shocked stellar wind

pulsar γ

γγstellar wind

γ

γ

massive star

accretion disc

re
la

ti
vi

st
ic

 je
t

neutron star
or

black hole

corona

stellar wind
γ

γ

jet termination shockγ

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
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Figure 1. Orbital light curves of PSR B1259−63 around periastron for several passages. Panel a: observations by H.E.S.S. in the E > 1 TeV energy range
for the 2004, 2007, and 2010 periastron passages (Aharonian et al. 2005, 2009; H.E.S.S. Collaboration et al. 2013). Flux is given in 10−12 cm−2 s−1. Panel b:
Fermi-LAT flux measurements in the E > 100 MeV energy range for the 2010 periastron passage. Flux is given in 10−6 cm−2 s−1. Panel c: X-ray fluxes from
three periastron passages (Abdo et al. 2011b; Chernyakova et al. 2009). Flux is given in 10−11 erg cm−2 s−1. The typical error of the X-ray data is smaller
than the size of the symbols. Panel d: Radio (2.4 GHz) flux densities measured at ATCA for the 2010, 2004 and 1997 periastron passages (Abdo et al. 2011b;
Johnston et al. 2005, 1999). Dashed lines correspond to the periastron and to the moments of disappearence (last detection) and reappearence (first detection)
of the pulsed emission. Panel e: Evolution of the equivalent widths of Hα (filled circles) and He I λ6678 (open circles). W6678 is shown multipled by a factor
of 100 for easier comparison to WHα.

image, for the first time, we have an accurate position of the pulsar
within the unpulsed extended nebula.

The extended emission has a total size of ∼50 mas with a
position angle (P.A.) of approximately −75◦. Visual inspection of
higher-resolution images shows that the structure is dominated by
a bright compact core and a diffuse component. We fitted two com-
ponents to the interferometric uv-plane using the task UVFIT. We
found that the core is well fitted by a point-like component, whereas
the diffuse emission is described by a circular Gaussian component
with a FWHM of 20 mas located at −32.0 ± 0.2 and 8.7 ± 0.2 mas
from the core in right ascension and declination, respectively.

The position of the pulsar, obtained from the difference be-
tween the gated and the ungated data, is 3.1 ± 0.3 mas in right
ascension and −4.6 ± 0.4 mas in declination from the core com-
ponent as seen with the current resolution, for a total separation of
5.6 ± 0.4 mas. The position of the pulsar is marked with a cross
in Fig. 2, and its size is the estimated uncertainty at 5-σ level.
The uncertainty in the relative astrometry of the pulsar comes from
the limitation of efficiently subtracting the nebula contribution in
the two images (gated and ungated), mainly because of small dif-
ferences in the self-calibration and the determination of the scal-
ing factor for the amplitudes, which is 0.25. We explored a range
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Figure 3. ESO/VLT NIR Ks band spectra obtained in January 23 and March
12, 2011.

Figure 4. ESO/VLT NIR Ks band spectra obtained in January 23 and March
12, 2011, enlarged on the region including the Brγ line.

4 OPTICAL SPECTROSCOPY

Spectroscopic observations of LS 2883, the optical counterpart of
PSR B1259−63, were performed with the CTIO 1.5m telescope,
operated by SMARTS consortium 4, between UT dates 2010 De-
cember 5 and 2011 May 17. We used the RC spectrograph in ser-
vice observing mode with the standard SMARTS grating setup
47/Ib (grating 47 in 1st order) with the GG495 order sorting filter
to achieve a wavelength coverage of 5630–6940 Å and a resolv-
ing power R = λ/∆λ = 2500 in the vicinity of the Hα line. We
observed LS 2883 for 3 × 300 seconds each night for a total of 21
nights. Neon comparison lamp spectra were obtained before and af-
ter the sequence for wavelength calibration. The spectra were zero
corrected, flat fielded, extracted, and wavelength calibrated using
standard slit spectroscopy routines in IRAF. For each night of ob-
servations, we coadded the available spectra to improve the signal-
to-noise (S/N) of weak lines, especially He I λ6678, before rectify-

4 http://www.astro.yale.edu/smarts

Figure 5. The mean Hα spectrum of LS 2883 is plotted with several other
faint emission lines. The relative intensity is plotted on a log scale to em-
phasize the weaker emission lines.

ing the mean spectrum to a unit continuum using line-free regions.
The mean spectrum is shown in Fig. 5.

Over the 6 months of our observations, we detected changes
in the overall strength of the Hα emission but no significant line
profile variations. The equivalent width of the Hα line, WHα, was
measured by integrating over the emission line profile. We use the
convention that an emission line has a negative WHα, so the absolute
value ofWHα is shown in Fig. 1, panel (e). Although the He I λ6678
line has much lower S/N than Hα, we also measured its equivalent
width, W6678. The errors in WHα and W6678 are about 5% and 10%,
respectively, due to noise and continuum placement. We compare
W6678 (multiplied by 100 for better contrast) andWHα in panel (e) of
Fig. 1. Although there is more scatter in the W6678 measurements,
we found that the overall strength of He I λ6678 generally tracks the
strength of Hα well. Table 2 lists the UT date, MJD, time relative
to periastron passage, measured WHα, and measured W6678 values
for each observation in columns 1–5.

A growth of the equivalent width of the Hα line was observed
from −WHα ≃ 62 Å around 5 days before periastron until −WHα ≃

75 Å about 10 days after it. A decrease in WHα was observed later,
although the poor sampling only allows us to constrain the start of
the decrease between tp+18 days and tp+46 days, when it was back
to −WHα = 62 Å (note that a baseline level of −WHα = 54 Å was
measured at apastron by Negueruela et al. 2011). We interpret the
observed behavior as the growth/decay of the mass and size of the
Be star disk, caused by the interactions with the pulsar/pulsar wind.
The possible coincidence of the decrease of WHα with the onset of
the γ-ray flare could point to a possible triggering mechanism of
the flare: an abrupt change in the state of the circumstellar disk of
the massive star. We explore this possibility in more detail in the
Sect. 8.1.

Figure 6 shows the evolution of the He I λ6678 line profile.
Despite the low resolving power of our observations, in most of
our spectra the line is resolved with a clear double-peaked shape.
The profile is symmetric within the limits of the S/N during the
initial period up to ∼ tp + 20 days. At later times, the line shows a
clear excess in the blue side (negative velocities) of the line relative
to the red.
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Figure 1. Orbital light curves of PSR B1259−63 around periastron for several passages. Panel a: observations by H.E.S.S. in the E > 1 TeV energy range
for the 2004, 2007, and 2010 periastron passages (Aharonian et al. 2005, 2009; H.E.S.S. Collaboration et al. 2013). Flux is given in 10−12 cm−2 s−1. Panel b:
Fermi-LAT flux measurements in the E > 100 MeV energy range for the 2010 periastron passage. Flux is given in 10−6 cm−2 s−1. Panel c: X-ray fluxes from
three periastron passages (Abdo et al. 2011b; Chernyakova et al. 2009). Flux is given in 10−11 erg cm−2 s−1. The typical error of the X-ray data is smaller
than the size of the symbols. Panel d: Radio (2.4 GHz) flux densities measured at ATCA for the 2010, 2004 and 1997 periastron passages (Abdo et al. 2011b;
Johnston et al. 2005, 1999). Dashed lines correspond to the periastron and to the moments of disappearence (last detection) and reappearence (first detection)
of the pulsed emission. Panel e: Evolution of the equivalent widths of Hα (filled circles) and He I λ6678 (open circles). W6678 is shown multipled by a factor
of 100 for easier comparison to WHα.

image, for the first time, we have an accurate position of the pulsar
within the unpulsed extended nebula.

The extended emission has a total size of ∼50 mas with a
position angle (P.A.) of approximately −75◦. Visual inspection of
higher-resolution images shows that the structure is dominated by
a bright compact core and a diffuse component. We fitted two com-
ponents to the interferometric uv-plane using the task UVFIT. We
found that the core is well fitted by a point-like component, whereas
the diffuse emission is described by a circular Gaussian component
with a FWHM of 20 mas located at −32.0 ± 0.2 and 8.7 ± 0.2 mas
from the core in right ascension and declination, respectively.

The position of the pulsar, obtained from the difference be-
tween the gated and the ungated data, is 3.1 ± 0.3 mas in right
ascension and −4.6 ± 0.4 mas in declination from the core com-
ponent as seen with the current resolution, for a total separation of
5.6 ± 0.4 mas. The position of the pulsar is marked with a cross
in Fig. 2, and its size is the estimated uncertainty at 5-σ level.
The uncertainty in the relative astrometry of the pulsar comes from
the limitation of efficiently subtracting the nebula contribution in
the two images (gated and ungated), mainly because of small dif-
ferences in the self-calibration and the determination of the scal-
ing factor for the amplitudes, which is 0.25. We explored a range
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Figure 4. ESO/VLT NIR Ks band spectra obtained in January 23 and March
12, 2011, enlarged on the region including the Brγ line.
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Spectroscopic observations of LS 2883, the optical counterpart of
PSR B1259−63, were performed with the CTIO 1.5m telescope,
operated by SMARTS consortium 4, between UT dates 2010 De-
cember 5 and 2011 May 17. We used the RC spectrograph in ser-
vice observing mode with the standard SMARTS grating setup
47/Ib (grating 47 in 1st order) with the GG495 order sorting filter
to achieve a wavelength coverage of 5630–6940 Å and a resolv-
ing power R = λ/∆λ = 2500 in the vicinity of the Hα line. We
observed LS 2883 for 3 × 300 seconds each night for a total of 21
nights. Neon comparison lamp spectra were obtained before and af-
ter the sequence for wavelength calibration. The spectra were zero
corrected, flat fielded, extracted, and wavelength calibrated using
standard slit spectroscopy routines in IRAF. For each night of ob-
servations, we coadded the available spectra to improve the signal-
to-noise (S/N) of weak lines, especially He I λ6678, before rectify-
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Figure 5. The mean Hα spectrum of LS 2883 is plotted with several other
faint emission lines. The relative intensity is plotted on a log scale to em-
phasize the weaker emission lines.

ing the mean spectrum to a unit continuum using line-free regions.
The mean spectrum is shown in Fig. 5.

Over the 6 months of our observations, we detected changes
in the overall strength of the Hα emission but no significant line
profile variations. The equivalent width of the Hα line, WHα, was
measured by integrating over the emission line profile. We use the
convention that an emission line has a negative WHα, so the absolute
value ofWHα is shown in Fig. 1, panel (e). Although the He I λ6678
line has much lower S/N than Hα, we also measured its equivalent
width, W6678. The errors in WHα and W6678 are about 5% and 10%,
respectively, due to noise and continuum placement. We compare
W6678 (multiplied by 100 for better contrast) andWHα in panel (e) of
Fig. 1. Although there is more scatter in the W6678 measurements,
we found that the overall strength of He I λ6678 generally tracks the
strength of Hα well. Table 2 lists the UT date, MJD, time relative
to periastron passage, measured WHα, and measured W6678 values
for each observation in columns 1–5.

A growth of the equivalent width of the Hα line was observed
from −WHα ≃ 62 Å around 5 days before periastron until −WHα ≃

75 Å about 10 days after it. A decrease in WHα was observed later,
although the poor sampling only allows us to constrain the start of
the decrease between tp+18 days and tp+46 days, when it was back
to −WHα = 62 Å (note that a baseline level of −WHα = 54 Å was
measured at apastron by Negueruela et al. 2011). We interpret the
observed behavior as the growth/decay of the mass and size of the
Be star disk, caused by the interactions with the pulsar/pulsar wind.
The possible coincidence of the decrease of WHα with the onset of
the γ-ray flare could point to a possible triggering mechanism of
the flare: an abrupt change in the state of the circumstellar disk of
the massive star. We explore this possibility in more detail in the
Sect. 8.1.

Figure 6 shows the evolution of the He I λ6678 line profile.
Despite the low resolving power of our observations, in most of
our spectra the line is resolved with a clear double-peaked shape.
The profile is symmetric within the limits of the S/N during the
initial period up to ∼ tp + 20 days. At later times, the line shows a
clear excess in the blue side (negative velocities) of the line relative
to the red.
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GeV emission related to a decrease of the disk size 
probably due to the gravitational influence of the pulsar !
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HI 21cm line"
around ~ -35 km/s "

compatible with the distance of GX 301-2



Coleiro et al., MNRAS, subm.
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The cavity might have been formed by the SN or the stellar 
wind of the massive star(s) 
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The cavity might have been formed by the SN or the stellar 
wind of the massive star(s) 
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Jet-induced star formation by the microquasar GRS 1915+105 3

)""

!!!!!"

Figure 1. Left: Map of the surroundings of GRS 1915+105, taken with the VLA-C at 20 cm.
The arrows emerging from GRS 1915+105 indicate the position angle of the sub-arcsec relativis-
tic ejecta. Along the axis of the jets from GRS 1915+105 are found two compact infrared/radio
sources, IRAS 19124+1106 and IRAS 19132+1035, located at 40-50 parsecs from the micro-
quasar jet source. Contour levels are -3, 3, 4, 6, 10, 15, 20, 30, 40, 60, 100, 200, 400 and 800
mJy/beam. The half power contour of the beam is shown in the bottom right corner. Right:
VLA maps at 20 cm of the star formation IRAS sources. Note the bow shock structure and
non-thermal feature in IRAS 19132+1035 that points to GRS 1915+105. The half power con-
tour of the beam, with diameter of 4”, is shown in the bottom right corner. Contours are -4, 4,
6, 8, 10, 15, 20, 40, 60, 100, 200, 300, and 400 times 0.05 mJy/beam.

them should be moving away from GRS 1915+105. Our preliminary follow up observa-
tions at radio waves suggest in the ionized gas of IRAS 19132+1035 the possibility at
3-4 sigma of proper motions away from GRS 1915+105.
It has been proposed that jet-triggered positive feedback from supermassive black holes

produce global star formation, generating and enhancing ultraluminous starbursts with
top heavy IMF (Silk 2005). On the other hand, Mirabel et al. (2011) have proposed
that due to cosmic chemical evolution, during the re-ionization epoch of the universe the
numbers and energy feedback from stellar black hole high-mass X-ray binaries should
be greatly enhanced relative to their numbers and energy feedback in the present epoch.
Given the much larger densities of the IGM at redshifts greater than z=10, in addition to
jets from putative supermassive black holes, jet induced star formation by stellar black
holes should have been important to induce star formation. In this context, it will be
interesting to probe whether the star formation in IRAS 19132+1035 is top heavy, as
predicted by theoretical models.

4 I.F. Mirabel, S. Chaty, L.F. Rodŕıguez et.al.

Figure 2. ISO map of the source IRAS 19132+1035, at � = 7µm, taken with the LW2 filter.
Superimposed are the 20 cm radio contours at the levels 0.2, 0.4, 0.7, 1.2, 1.8, 2.5, 3, 4 and 5
mJy. Note the bow shock structure in both, the radio and � = 7µm maps.
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Figure 3. Herschel map of IRAS 19132+1035 at � = 160µm. The data obtained under the
Galactic Plane key project (P.I. S. Molinari) were reduced by one of us. Note the filamentary
feature pointing to the NW as the non-thermal feature in the 20 cm maps of Figures 1 and 2.
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• Radio ring inflated by the inner radio jet 
• Bremsstrahlung emission from the shock where the collimated jet strikes the ISM 
• ISM = effective jet calorimeter ⇒ estimate jet power !!"
• Ratio of jet power to X-ray luminosity in the range 0.06 to 1.0 (8.1035<Pjet<1037 erg/s) 
• Accretion energy may be released through dark jets (=radiatively inefficient)



G
al

lo
 e

t a
l.,

 2
00

5

Impact on their environment

46

~5 pc

• Radio ring inflated by the inner radio jet 
• Bremsstrahlung emission from the shock where the collimated jet strikes the ISM 
• ISM = effective jet calorimeter ⇒ estimate jet power !!"
• Ratio of jet power to X-ray luminosity in the range 0.06 to 1.0 (8.1035<Pjet<1037 erg/s) 
• Accretion energy may be released through dark jets (=radiatively inefficient)
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Microquasars (LMXB and HMXB)
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NASA/UMass/D.Wang et al.!

Microquasar discovery

Mirabel et al., 1992
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Microquasar discovery
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⇒ 0.92c at an angle of 70° to the line of sight
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Microquasar X-ray states
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2 types of jets 

Microquasar X-ray states



position angle from the core ð218–248Þ in all 3 epochs, whereas the
inner jet (, 7mas) is at 178 during epoch A. The apparent change

in direction of the jet suggests that the position angle of ejection is

varying, perhaps either jet precession or jitter, both of which are

observed in SS433 (Margon & Anderson 1989). It is also possible

that the kinks observed in the extended emission are consistent

with a bending jet flow, rather than a ballistic motion, although

apparently unrelated to the direction of the proper motion of

Cygnus X-1 as would be expected from ram pressure

considerations. Projection effects will enhance the appearance of

a jet bend (as with apparent 908 bends in blazar jets). The higher

resolution image in Fig. 3 shows that the bend occurs in a minimum

of surface brightness. This is consistent with an underlying helical

magnetic field in which the magnetic field pitch angle reverses sign

at the bend in radio structure, e.g. Laing (1981); Papageorgiou

(private communication). Measurements of any linear polarization

could confirm this model.

The bend is no longer apparent in epochs B and C, suggesting

that the feature disappears on a time scale of # 2 d. This could be

due to rapid motion and decay via adiabatic expansion, or

synchrotron losses. In the latter case the magnetic field in the

component would need to be greater than 16 G, rather higher than

is commonly deduced for microquasar jets.

It is also apparent in Fig. 3 that the jet is not resolved

perpendicular to the flow. Using a beam size of 1mas across the jet

and a maximum distance from the core of 15mas on the plane of

the sky, the opening semi-angle of the radio-emitting material is

constrained to # 28.

The flat radio spectrum in Cygnus X-1 has specifically been

modelled as slowed expansion in a continuous jet (Hjellming &

Johnston 1988). The predicted spectrum for this geometry is flat

until a turnover at around 10GHz for an inclination of 408.

However, the self-absorption in a slowed expanding jet model

cannot explain the observed flat spectrum to mm wavelengths

(Fender et al. 2000). In comparison, jet components from GRS

19151105 are observed to become optically thin less than a few

minutes after ejection at mm wavelengths (Mirabel et al. 1998).

Possibly another inverted spectrum component (such as the disc or

stellar wind), as well as the partially self-absorbed conical jet, is

required to explain the wavelength dependence up to mm

wavelengths of the integrated spectrum.

4 CONCLUS IONS

Cygnus X-1 has been detected with the VLBA at 15.4GHz, giving

a 13-year time base for proper motion measurements. Subsequent

imaging at 8.4GHz shows that a relativistic jet with either a

bending flow or a variable ejection angle exists in Cygnus X-1. The

jet appears to be narrow (, 28 opening angle). The source was

known to be in a low/hard X-ray state at the times of all our

observations. Given the documented X-ray/radio correlations, and

our three separate images of extended radio emission, it is likely

that a jet always exists in the ‘quiescent’ low/hard X-ray state

thought to harbour a central ADAF. It is unclear how the low-level

radio flaring of the low/hard X-ray state fits into the picture of a

steady-state accretion disc input/output system.

Further VLBI observations with a global VLBI array were

undertaken in 2001May. A sequence of images within a day should

show whether the radio jet is continuous or consists of moving

discrete components.
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Compact jets: tens of AU 
found in low/hard X-ray state

Discrete jets: large scale - up to parsecs,  
produced at state transitions 
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Jet power and composition
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Jet formation mechanism not established yet 
Find observational signatures to distinguish between: 

!
-accretion disc rotation model (Blandford & Payne 1982) 
-black hole spin model (Blandford & Znajek 1977) : based on the birth of a dense, 
relativistic pair plasma in a strongly magnetized region

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
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4U1543-47

XTEJ1550-564

GROJ1655-40

GX339-4

GRS1915+105

CygX-1

GROJ1655-40

GRS1915+105

GRS1915+105

-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 2

-1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2  0  0.2

lo
g 

[P
je

t]

log | a
*
 |

(c): BH spin from disc, Pjet from radio flare peak luminosity:
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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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Jet power and composition
• 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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Figures: 

 

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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Doppler-shifted emission lines in gas moving 
at ~0.7c coincident with radio emission !

BUT detection of such ‘‘smoking gun’’ lines from jets having Lorentz factors well in excess of unity may be far 
more difficult than in SS 433, as the lines are anticipated to be very broad…
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Doppler-shifted emission lines in SS 433 jets 
at ~0.25c 

Margon et al., 1979 



Outline

I. Introduction 
" > Transient high-energy sources  
 > X-ray binaries  
 

II. Multi-wavelength study of (high-mass) X-ray binaries  
 > Nature, evolution and particle acceleration 

 

III. The multi-messenger era  
" > How it will revolutionize the study of X-ray binaries and     
    transients in general"
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Multi-messenger approach 
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Leptonic processes ? 
!
Inverse Compton 
Synchrotron

NEUTRINO EMISSION

Hadronic processes ?
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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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X-ray binaries: neutrino emission models
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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 "
!
• Levinson & Waxman; Aharonian et al.; Mannheim et al.: relativistic 

jet interacting with dense photon field
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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

p

p

e-

e-

e-

e-

e-

Acceleration of protons and electrons 
to a power-law distribution "
(Emax ~1016 eV in jet frame) 
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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

p

p

p

e-

e-

e-

e-

e-

ɣ "
synchrotron

ɣ "
accretion disk

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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shock

p
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e-

ɣ "
synchrotron

ɣ "
accretion disk

π 
ν

⇒ neutrino emission"
with energy ~5% of the proton energy



Circinus X-1 (neutron star + normal star)

Comparison with model of Distefano et al., 2002

Preliminary

Preliminary

X-ray binaries viewed by ANTARES
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𝚪 > 22, 𝚹 < 3°, D=9.4 kpc 
(Heinz et al., 2015)

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



Comparison with models

Preliminary

X-ray binaries viewed by ANTARES
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SKA in VLBI mode: sub-milli-arcsec resolution"
!

-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)

X-ray binaries viewed by ANTARES
need high angular resolution in radio domain 



Gamma-ray binaries viewed by Antares
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8 Guillaume Dubus

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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Looking for a potential neutrino transient 
emission in time coïncidence with TeV 
gamma-rays: work in progress…



CTA: probing the VHE emission 
Some key questions: 

• Relativistic outflows in binary systems with young 
non-accreting pulsars (gamma-ray binaries): 
need phase-resolved light curves and spectra 
(especially at low flux !) + extended spectral range to 
study connection to MeV-GeV emission and to constrain 
the HE cutoffs linked to particle acceleration. 

• The accretion/ejection link in microquasars: 
Determining the time variability of the TeV to X-ray 
spectrum will help constrain the jet composition + link 
between VHE and radio flares (requires monitoring + ToO 
+ long term monitoring possible with sub-array obs.) 

• Collision of the outflow with the interstellar medium: 
Need good sensitivity (~few 10-13 TeV s-1 cm-2 (~one 
order of mag. better than current instruments) + 1’ 
angular resolution (+ possibility of probing the < 50 GeV 
energy range)
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Figure 11: CTA simulations of LS I +61 303. Measured time delay
as a function of the simulated delay. Delays as short as 1000 s can be
significantly measured.

Γph ∼ 2.45 and Γph ∼ 2.85 are derived from current
theoretical models for the leptonic and hadronic contri-
bution, respectively [62, 63]. We studied the CTA per-
formance in 50 h of observation time using the simu-
lation tools for the B and E array configurations. Fig-
ure 12 shows the obtained SED. The simulated flux is
at a level ∼ 1% of that of the Crab Nebula, although the
steepening of the spectrum at high energies would make
it difficult to detect the sources above a few TeV.

Regarding the extension of the emission as seen in
gamma rays, accelerated particles emitting at VHE do
not have time to propagate to large distances since ra-
diative cooling is very effective. The emission will be
mostly confined to the accelerator region itself. The
emitter size may not largely exceed the width of the
jet, ∼ 1 pc, in the reverse shock region. In the case
of the bow shock, although it may extend sideways for
much larger distances, only the region around its apex
(∼ few pc) will effectively accelerate particles up to the
highest energies. The total angular size of the emission
from a source located 3 kpc away may then be ! few
arcmin, and CTA would image a point-like source with
only a marginal extension roughly perpendicular to the
jet direction.

To resolve the TeV emission produced in the
jet/medium interaction regions and disentangle it from
the putative contribution produced close to the jet base,

the reverse/bow shocks need to be located at a distance
" 1019 cm. Although the precise location of the inter-
action regions for a particular source can be difficult
to predict since they depend on the jet power and age
and the medium density surrounding the system, hot
spots displaying non-thermal emission at similar dis-
tances have been found, e.g. in SS 433 [94]. Upper
limits to the TeV emission from jet/medium interac-
tion regions have been already reported for some mi-
croquasars, e.g. Cygnus X-1 [49] and GRS 1915+105
[52]. However, clear evidences of non-thermal emission
at the interaction sites in those cases are still lacking
(see, e.g. [95, 96, 97]).

Steady gamma-ray fluxes are predicted in jet termi-
nation regions. A constant flux pedestal level could
be observed on top of the orbital modulations expected
from the central parts of the system for a wide range
of orbital geometries and system inclinations due to IC
and pair-creation angle dependencies in their respective
cross-sections, and/or due to orbital variations of the ac-
cretion rate in both hadronic and leptonic scenarios. We
note that CTA may not be able to separate the possible
contribution coming from the reverse shock and the for-
ward (bow) shocks. The shocked jet and medium ma-
terial are separated by the contact discontinuity, and al-
though the extent and relative position of it with respect
to both shocks is difficult to predict (see e.g. [98]), it
may be too short for the angular resolution at the level
of few arcminutes expected for CTA. Possible fast dif-
fusion of accelerated particles behind the shocks would
complicate further the situation.

4.6. Exploring the colliding winds of massive star bi-
nary systems

We performed numerical simulations of the response
of CTA for a CWB like Eta Carinae. We based our
simulations on the measurements of the energy spec-
trum of Eta Carinae (see top panel of Fig. 1) by the
Fermi/LAT [73] and the upper limits derived by the
H.E.S.S. Collaboration [99]. The spectrum between 0.1
and 100 GeV is best fit by a power law with an exponen-
tial cutoff plus an additional power law at high energies.
In the TeV range, Eta Carinae has not been detected.
In Figure 13 (left) we show the Fermi/LAT data points
and the H.E.S.S. upper limits in gray. From these mea-
surements, it seems that there must be a cutoff in the
spectrum at high energies. For our simulations we as-
sume exponential cutoffs at E = 100, 150, 200 GeV and
test how well CTA could detect those. We produced
simulations at increasing observation times in order to
study the minimal time required to detect the source
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Figure 12: CTA simulations of the emission from the MQ jet/ISM
interaction regions. A jet power of 1038 erg s−1, a source age of 105 yr
and a medium with a particle density of 1 cm−3 have been used. The
gamma-ray spectra of IC and relativistic Bremsstrahlung and that of
p-p interactions through π0-decay for the adopted parameter values
are adapted from [62] and [63], respectively. Only the results from
the B array configuration are displayed, since they are very similar to
those obtained with the E array.

and to get a meaningful spectra with such CTA obser-
vations. In Figure 13 (left), we show the simulated en-
ergy spectra with different cutoffs as they would be mea-
sured by CTA. Simulations for 10 hours of observation
time are displayed. To detect Eta Carinae, CTA would
need 2–10 hours of observations, depending on the en-
ergy cutoff in the spectrum; together with Fermi/LAT
data, it should be possible to determine the cutoff en-
ergy using a combined fit. However, it would take a
longer time to determine the cutoff energy using CTA
data alone. The minimum observation time needed to
significantly determine the cutoff energy, i.e. to distin-
guish between a simple power law and a cutoff power
law, is established using the likelihood ratio test for the
two hypothesis. In Figure 13 (right), we show the re-
sulting significance that a cutoff power law is a better
fit to the data than a pure power law versus integration
time for the different energies of the cutoff. For this
study we simulated 100 spectra for each cutoff energy
and for different observation times as shown in the plot.
Taking 3σ as a limit to distinguish between the two dif-
ferent spectral hypothesis, one can see that 20 hours are
enough to detect the cutoff only if it is above 150 GeV.
For a cutoff ≤150 GeV, 30 to 50 hours are needed. From
our simulations, we can conclude that CTA observation

times of >15 hours are necessary to make meaningful
physics interpretation and modeling, whereas>20 hours
are necessary to precisely measure the energy cutoff in
the spectrum. A proper characterization of the highest
energy cutoff will give important clues on the acceler-
ation efficiency of the source, which may be operating
close to the limit predicted by diffusive shock acceler-
ation, and on the nature of the radiation mechanism,
either leptonic (IC) or hadronic (proton-proton interac-
tions). It is noteworthy that other colliding wind binary
systems hosting powerful WR and O stars may be also
powerful non-thermal emitters, as hinted by hard X-ray
observations or WR 140 with Suzaku [100].

5. Summary and conclusion

The sensitivity of CTA will lead to a very good
sampling of light curves and spectra on very short
timescales. It will allow as well long source monitor-
ing using subarrays, still with a sensitivity 2–3 times
better than any previous instrument operating at VHE
energies. In particular, it is noteworthy that CTA will
reduce by a factor of a few the errors in the determi-
nation of fluxes and spectral indexes. The high sensi-
tivity and good angular resolution will allow also for
imaging of possible extended emission in gamma-ray
binaries, expected at the termination of the generated
outflows. The low energy threshold will also permit to
study the maximum particle energy achievable in mas-
sive star binaries, trace the effects of electromagnetic
cascades in the spectra of gamma-ray binaries, or catch
the most luminous part of the spectrum in some sources.
Finally, under CTA the population of gamma-ray bina-
ries (and their different subclasses) may easily grow by
one order of magnitude, which will imply a strong im-
provement when looking for patterns and trends, tracing
the physical mechanisms behind the non-thermal activ-
ity in these sources. For all this, CTA, either in highly
sensitive observations of the whole array, or under the
more suitable for monitoring subarray mode, will be a
tool to obtain the required phenomenological informa-
tion for deep and accurate modeling of gamma-ray bi-
naries. This can mean a qualitative jump in our physical
knowledge of high-energy phenomena in the Galaxy.
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Unknown transient radio sources in the GC: GCRT J1745−3009 and GCRT J1742-3001 
 → Hyman et al., 2005 and 2009
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Figure 1. 235 MHz GMRT image of the region surrounding GCRT J1742–3001 on 2006 March 8 before detection (left) and on 2007 January 28 during the peak of
the transient emission (right). For the 2006 March 8 image, the rms noise level is 4.6 mJy beam−1 with a resolution of 17.′′6 × 9.′′4; for the 2007 January 28 image,
the rms noise level is 6.3 mJy beam−1 with a resolution of 21.′′1 × 9.′′9. Both observations are approximately 3 hr in duration. For reference, the strong source Sgr
E46, used to determine the relative flux density correction for GCRT J1742–3001 at each epoch (see Section 2.1), is labeled in the 2007 January 28 image. The bright
source, Sgr E18, located ∼4′ south of GCRT J1742–3001 was used for astrometric corrections and to double check the relative flux density corrections. The faint
source, Sgr E19, located halfway between GCRT J1742–3001 and Sgr E18 is discussed at the beginning of Section 3.
(A color version of this figure is available in the online journal.)

Figure 2. 235 MHz light curve of the GMRT detections (circles) of GCRT J1742–3001 and 3σ upper limits.
(A color version of this figure is available in the online journal.)

a check, we also corrected the flux densities of the nearby
source Sgr E18, mentioned above, on which we based the
position correction. The residual epoch-to-epoch variations are
at the ∼5% level for this source, and we therefore include this
relative calibration correction uncertainty in the error bars of
Figure 2.

To determine an overall calibration correction to apply to the
light curve of GCRT J1742–3001, we used a separate 235 MHz
observation provided by S. Roy from a separate program (Roy &
Rao 2006), but which does not suffer from absolute calibration
limitations. The latter observation was pointed 1.◦2 north of the
monitoring observations, and so the region containing GCRT

Many X-ray transient sources in the GC: 
 

at least 4 X-ray Binaries within 1 pc from 
SgrA* (Muno et al., 2005) 

→ transients are overabundant by a factor 
of >20 per unit stellar mass within 1 pc of 

Sgr A*

L114 MUNO ET AL. Vol. 622

TABLE 1
Transient X-Ray Sources in the Inner 10! of the Galaxy

Source
(CXOGC)

Offset
(arcmin)

(2–8 keV)min LX
(ergs s!1)

(2–8 keV)max LX
(ergs s!1)

J174502.3!285450 . . . . . . 9.98 !7 # 1031 1.5 # 1036

J174535.5!290124 . . . . . . 1.35 !9 # 1030 3.3 # 1034

J174538.0!290022 . . . . . . 0.44 1.2 # 1033 2.6 # 1034

J174540.0!290005 . . . . . . 0.37 !4 # 1031 3.4 # 1034

J174540.0!290031 . . . . . . 0.05 !2 # 1031 8.5 # 1034

J174541.0!290014 . . . . . . 0.31 !8 # 1031 4.8 # 1033

J174554.3!285454 . . . . . . 6.38 !2 # 1031 6.2 # 1034

Notes.—We report for the 2–8 keV band, because the inferred flux at lowerLX
energies depends heavily on the assumed absorption column toward each source.
The bolometric luminosities should be a factor of 3–10 larger. Three sources are
not listed in the catalog of Muno et al. (2003c), so we give their positions
here: CXOGC J174554.3!285454: , (XMMUa p 266!.4769 d p !28!.9153
J174554.4!285456 in Porquet et al. 2005); CXOGC J174540.0!290005: a p

, ; and CXOGC J174540.0!290031: ,266!.4170 d p !29!.0016 a p 266!.4168
.d p !29!.0086

Fig. 1.—Chandra images of the field around Sgr A*, taken at several′ ′1 # 1
epochs. Four of the transient X-ray sources are present in this image, and their
locations are indicated schematically by circles.

Fig. 2.—Long-term flux history of the six transient sources not displayed
in Muno et al. (2003a).

sources such as young pulsars and Wolf-Rayet and O stars in
binaries.6

Seven sources satisfied our selection criteria and are listed in
Table 1. Images displaying the four transients closest to Sgr A*
are displayed in Figure 1.

2.1. Properties of the Transients

We have examined the light curves of each of the transients
using the techniques described in Muno et al. (2004). We dis-
play the flux history of the sources in Figure 2. We have omitted
CXOGC J174502.3!285450 (GRS 1741.9!2853) because
this source is described in Muno et al. (2003a). In that paper,
we describe a thermonuclear X-ray burst lasting ≈50 s that
identifies the source as a neutron star LMXB. No similar, short
bursts were observed from the other transients.

We searched for periodic variability as described in Muno
et al. (2003b). We find no evidence for signals with periods
between 10 and 5000 s, with typical upper limits on their rms
amplitudes ranging from 6% for CXOGC J174554.3!2854547

to 26% for CXOGC J174538.0!290022. Most signals at longer
periods are produced by slow, random variations in the inten-
sities of each source. However, a signal and its harmonic are
detected with a period of 7.9 hr in the 2004 July observations
of CXOGC J174540.0!290031. The modulation is highly sig-
nificant (chance probability !10!10) and resembles eclipses that
recur at the orbital period. Unfortunately, the relevant individ-
ual observations were less than 14 hr long, so this result is not
yet secure.

Spectral results for most of the transients can be found in
Muno et al. (2003a, 2004) and Porquet et al. (2005). The spectra
are diverse but are consistent with the variety observed from
known X-ray binaries. Otherwise, the spectra do not yield any
clues as to the natures of the mass donors or compact objects.

To constrain better the natures of the mass donors, we have
searched for infrared counterparts to the four transient sources
within 1! of Sgr A* using archival NICMOS observations and
engineering observations taken with the Keck adaptive optics
laser guide star system. We find that three of the four sources

6 One known cataclysmic variable would pass our selection criteria—GK
Per exhibits X-ray outbursts lasting 45 days that brighten by a factor of ≈10
to peak luminosities of ergs s!1 (e.g., King et al. 1979). None of the341 # 10
outbursts from our sources appear similar to that of GK Per, as they each
either last longer than a year or brighten by more than a factor of 100.

7 The upper limit on the amplitude of the 172 s signal reported by Porquet
et al. (2005) is 4% rms.

have potential infrared counterparts with , althoughK ≈ 15–17
the high density of stars makes it likely that these are random
associations. We find that there is a ≈50% chance that three
of four randomly placed, 0".3 circles would contain a star with

. No observations of comparable depth are available forK ! 16
the sources located 1!–10! from Sgr A*.

Finally, VLA observations have revealed a radio outburst
coincident with the appearance in X-rays of CXOGC
J174540.0!290031, with a peak intensity of 100 mJy at 1 GHz

Multi-messenger strategy 
> transient sources in the galactic center ?

72



73

5

FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
charm atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

excess at low energies, hardening the spectrum of the re-
maining data. The corresponding range of best fit astro-
physical slopes within our current 90% confidence band
on the charm flux [9] is �2.0 to �2.3. As the best-fit
charm flux is zero, the best-fit astrophysical spectrum
is on the lower boundary of this interval at �2.3 (solid
line, Figs. 2, 3) with a total statistical and systematic
uncertainty of ±0.3.

To identify any bright neutrino sources in the data, we
employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [34]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.

As in [11], the clustering analysis was run twice, first
with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypothetical
point source. This reduces the bias introduced by muons,
allowing track and shower events to be used together, and
improves sensitivity to multiple sources by considering
the entire sky rather than the single best point.

Three tests were performed to search for neutrinos cor-

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events (median angular resolution ⇠ 15�)
are marked with + and those containing muon tracks (. 1�)
with ⇥. Approximately 40% of the events (mostly tracks
[13]) are expected to originate from atmospheric backgrounds.
Event IDs match those in the catalog in the online supple-
ment [29] and are time ordered. The grey line denotes the
equatorial plane. Colors show the test statistic (TS) for the
point source clustering test at each location. No significant
clustering was observed.

related with known gamma-ray sources, also using track
and shower events together. The first two searched for
clustering along the galactic plane, with a fixed width
of ±2.5�, based on TeV gamma-ray measurements [35],
and with a free width of between ±2.5� and ±30�. The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [36] and ANTARES [37]
lists; see online supplement [29]). For the catalog search,
the TS value was evaluated at each source location, and
the post-trials significance calculated by comparing the
highest observed value in each hemisphere to results from
performing the analysis on scrambled datasets.

No hypothesis test yielded statistically significant evi-
dence of clustering or correlations. For the all-sky cluster-
ing test (Fig. 5), scrambled datasets produced locations
with equal or greater TS 84% and 7.2% of the time for
all events and for shower-like events only. As in the two-
year data set, the strongest clustering was near the galac-
tic center. Other neutrino observations of this location
give no evidence for a source [38], however, and no new
events were strongly correlated with this region. When
using the marginalized likelihood, a test statistic greater
than or equal to the observed value was found in 28% of
scrambled datasets. The source list yielded p-values for
the northern and southern hemispheres of 28% and 8%,
respectively. Correlation with the galactic plane was also
not significant: when letting the width float freely, the
best fit was ±7.5� with a post-trials chance probability
of 2.8%, while a fixed width of ±2.5� returned a p-value
of 24%. A repeat of the time clustering search from [11]

IceCube Collab., PRL 113, 2014

and space clustering of IceCube events. One can easily see
that IceCube events #22, #24, and #25 are clustered both in
timing and in location, as are #14 and #15.

A. Self-clustering analysis

IceCube has made studies of the timing correlations of
various subsets of the IceCube events [20,55–57]. We adopt
the IceCube Collaboration methodology for our analysis
of the 7 IceCube events that are less than 30° from the
Galactic center: IceCube events #2,#14,#15,#22,#24,#25,
and #36. For every pair of events, with times tleft and tright,
we define a signal function for the IceCube event i as

Si ¼
Hðtright − tiÞHðti − tleftÞ

tright − tleft
; ð5:1Þ

and a background function as

B ¼ 1

T
; ð5:2Þ

where H is the Heaviside function and T ¼ 998 days is
the total observation time. We then define a likelihood
function

L ¼
Y

i∈events

!
ns

Nevents
Si þ

Nevents − ns
Nevents

B
"
: ð5:3Þ

Here, ns is the number of signal events in a cluster, and
Nevents ¼ 7 is the total number of events. In order to
compute the test statistics (TS), we marginalize ns and
choose the pair of events that gives the best TS. We
generate events randomly over the total observation time
and marginalize over ns to compute the p-value. We find a
p-value of 1.6% for the pair of IceCube events #14 and #15
(ns ¼ 2; Δt ¼ 0.67 days).

B. Friends-of-friends clustering analysis

The above test statistic analysis found that the clustering
of IceCube events #14 and #15 happens with a probability
of p ¼ 1.6% compared to events that are randomly
distributed in time. This result may indicate that the two
events come from the same transient phenomenon, but it
does not check the clustering of all the Galactic center
IceCube events. To test the latter, we use the friends-of-
friends algorithm [58].
The algorithm consists of grouping events together if

they are friends or connected by friends: two events are
friends if they are closer than some threshold distance
δtfriends. We define the TS to be the minimum δtfriends that
we need to form a given number of clusters. For randomly
generated events, we obtain a minimum p-value of 4.2%
with the following 4 clusters of IceCube events: (#2), (#14,
#15), (#22, #24, #25), (#36).
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FIG. 7 (color online). The time and RA of all IceCube events
within 30° of declination of the Galactic center. The inner [outer]
blue band has RA ∈ ð236°; 296°Þ ¼ ðRAGC − 30°;RAGC þ 30°Þ
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sitionally consistent within 30° of the Galactic center, which fall
within the inner blue band, show more time clustering than events
away from the Galactic center.
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FIG. 6 (color online). Time sequence of IceCube events that are positionally consistent within 45° of the Galactic center. Events #12
and #33 are more than 30° from the Galactic center. For comparison, the time sequence of all IceCube events is also shown.
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FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
charm atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

excess at low energies, hardening the spectrum of the re-
maining data. The corresponding range of best fit astro-
physical slopes within our current 90% confidence band
on the charm flux [9] is �2.0 to �2.3. As the best-fit
charm flux is zero, the best-fit astrophysical spectrum
is on the lower boundary of this interval at �2.3 (solid
line, Figs. 2, 3) with a total statistical and systematic
uncertainty of ±0.3.

To identify any bright neutrino sources in the data, we
employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [34]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.

As in [11], the clustering analysis was run twice, first
with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypothetical
point source. This reduces the bias introduced by muons,
allowing track and shower events to be used together, and
improves sensitivity to multiple sources by considering
the entire sky rather than the single best point.

Three tests were performed to search for neutrinos cor-

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events (median angular resolution ⇠ 15�)
are marked with + and those containing muon tracks (. 1�)
with ⇥. Approximately 40% of the events (mostly tracks
[13]) are expected to originate from atmospheric backgrounds.
Event IDs match those in the catalog in the online supple-
ment [29] and are time ordered. The grey line denotes the
equatorial plane. Colors show the test statistic (TS) for the
point source clustering test at each location. No significant
clustering was observed.

related with known gamma-ray sources, also using track
and shower events together. The first two searched for
clustering along the galactic plane, with a fixed width
of ±2.5�, based on TeV gamma-ray measurements [35],
and with a free width of between ±2.5� and ±30�. The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [36] and ANTARES [37]
lists; see online supplement [29]). For the catalog search,
the TS value was evaluated at each source location, and
the post-trials significance calculated by comparing the
highest observed value in each hemisphere to results from
performing the analysis on scrambled datasets.

No hypothesis test yielded statistically significant evi-
dence of clustering or correlations. For the all-sky cluster-
ing test (Fig. 5), scrambled datasets produced locations
with equal or greater TS 84% and 7.2% of the time for
all events and for shower-like events only. As in the two-
year data set, the strongest clustering was near the galac-
tic center. Other neutrino observations of this location
give no evidence for a source [38], however, and no new
events were strongly correlated with this region. When
using the marginalized likelihood, a test statistic greater
than or equal to the observed value was found in 28% of
scrambled datasets. The source list yielded p-values for
the northern and southern hemispheres of 28% and 8%,
respectively. Correlation with the galactic plane was also
not significant: when letting the width float freely, the
best fit was ±7.5� with a post-trials chance probability
of 2.8%, while a fixed width of ±2.5� returned a p-value
of 24%. A repeat of the time clustering search from [11]

and space clustering of IceCube events. One can easily see
that IceCube events #22, #24, and #25 are clustered both in
timing and in location, as are #14 and #15.

A. Self-clustering analysis

IceCube has made studies of the timing correlations of
various subsets of the IceCube events [20,55–57]. We adopt
the IceCube Collaboration methodology for our analysis
of the 7 IceCube events that are less than 30° from the
Galactic center: IceCube events #2,#14,#15,#22,#24,#25,
and #36. For every pair of events, with times tleft and tright,
we define a signal function for the IceCube event i as

Si ¼
Hðtright − tiÞHðti − tleftÞ

tright − tleft
; ð5:1Þ

and a background function as

B ¼ 1

T
; ð5:2Þ

where H is the Heaviside function and T ¼ 998 days is
the total observation time. We then define a likelihood
function

L ¼
Y

i∈events

!
ns

Nevents
Si þ

Nevents − ns
Nevents

B
"
: ð5:3Þ

Here, ns is the number of signal events in a cluster, and
Nevents ¼ 7 is the total number of events. In order to
compute the test statistics (TS), we marginalize ns and
choose the pair of events that gives the best TS. We
generate events randomly over the total observation time
and marginalize over ns to compute the p-value. We find a
p-value of 1.6% for the pair of IceCube events #14 and #15
(ns ¼ 2; Δt ¼ 0.67 days).

B. Friends-of-friends clustering analysis

The above test statistic analysis found that the clustering
of IceCube events #14 and #15 happens with a probability
of p ¼ 1.6% compared to events that are randomly
distributed in time. This result may indicate that the two
events come from the same transient phenomenon, but it
does not check the clustering of all the Galactic center
IceCube events. To test the latter, we use the friends-of-
friends algorithm [58].
The algorithm consists of grouping events together if

they are friends or connected by friends: two events are
friends if they are closer than some threshold distance
δtfriends. We define the TS to be the minimum δtfriends that
we need to form a given number of clusters. For randomly
generated events, we obtain a minimum p-value of 4.2%
with the following 4 clusters of IceCube events: (#2), (#14,
#15), (#22, #24, #25), (#36).

11 22

33
44

55

6677
88

1010 1111
1212

1414 15151616

18182121 22222323 2424
2525

2727

3535
3636

0 50 100 150 200 250 300 350
55 200

55 400

55 600

55 800

56 000

56 200

56 400

RA (deg)

T
im

e 
(M

JD
)

FIG. 7 (color online). The time and RA of all IceCube events
within 30° of declination of the Galactic center. The inner [outer]
blue band has RA ∈ ð236°; 296°Þ ¼ ðRAGC − 30°;RAGC þ 30°Þ
[RA ∈ ð221°; 311°Þ ¼ ðRAGC − 45°;RAGC þ 45°Þ]. Events po-
sitionally consistent within 30° of the Galactic center, which fall
within the inner blue band, show more time clustering than events
away from the Galactic center.
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FIG. 6 (color online). Time sequence of IceCube events that are positionally consistent within 45° of the Galactic center. Events #12
and #33 are more than 30° from the Galactic center. For comparison, the time sequence of all IceCube events is also shown.
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Conclusions

• Time domain astronomy will revolutionize the study of 
transient sources (SVOM will have a crucial role !!) 

• X-ray binaries are extensively studied all over the 
electromagnetic spectrum 

• Multi-messenger strategy are becoming a reality and 
present a important potential to further understand 
these sources and the acceleration of particles in the 
Universe…stay tuned !
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Thank you for your attention !
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