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Observations of TeV binary systems 
with the H.E.S.S. telescope

PSR B1259-63 is a rapidly rotating neutron star 
with a spin period of ~48 ms and a spin-down 
luminosity ~1035 erg s−1, orbiting a massive Be 
star every ~3.4 years in a highly eccentric 
(e~0.87) orbit. The Be companion features a 
dense equatorial disk [1]. The pulsar crosses 
twice the Be disk in each orbit close to the 
system periastron passage. Since its discovery, 
the system has been studied at all energy bands. 
In the TeV domain, it has been observed by 
H.E.S.S. in the 2004 and 2007 periastron 
passages yielding a significant detection at VHEs 
on both occasions [2, 3].

PSR B1259-63

HESS J0632+057

The Fermi-LAT collaboration has recently 
reported on the detection of the new γ-ray binary 
candidate 1FGL J1018.6--5856 [13]. The periodic 
modulation of ~16.6d strongly suggests a binary 
nature of the source, which may include the O6V-
type star 2MASS 10185560--5856459, proposed 
to be companion star [13]. Further indications of 
its binary nature are provided by the observation 
of periodic X-ray and radio emission from a point-
like source spatially coincident with 1FGL 
J1018.6-5856. At hard X-ray wavelengths, an 
INTEGRAL counterpart to the system has been 
found [14], with also a hint of anti-correlation with 
respect to the Fermi-LAT phase-folded lightcurve. 

HESS J1018-589

HESS J0632+057 was originally discovered 
during the H.E.S.S.  Galactic Scan program [6]. 
Its position is coincident with the massive B0pe-
type star MWC 148 (HD 259440), for which 
optical spectroscopic observations confirmed 
that HESS J0632+057 is a new binary system 
[7], as suggested by the repetitive X-ray light-
curve modulation [8]. HESS J0632+057 is also 
c o i n c i d e n t w i t h t h e ROSAT s o u r c e 
RXSJ063258.3+054857, the unidentified γ-ray 
source 3EG J0634+0521, and has a point-like 
radio counterpart [9], which shows variable 
extended radio emission [10]. No emission at 
MeV-GeV has been detected from the source so 
far, with a flux upper limit of ~10-8 ph cm-2 s at 
energies above100 MeV [11].

Eta Carinae

Abstract Recent observations of binary systems obtained with the High Energy Stereoscopic System of Cherenkov telescopes 
(H.E.S.S.) are providing crucial information on the physics of relativistic outflows and the engines powering them. We report here 
on new H.E.S.S. results on HESS J0632+057, PSR B1259-63/LS 2883, Eta Carinae and the recently discovered source HESS 
J1018-589. Despite the high-quality data obtained in the last years through both ground and space-based γ-ray detectors, many 
questions on the mechanisms that permit binary systems to emit at γ-rays remain open. In particular, it is becoming apparent that 
emission at high and very-high energies is uncorrelated in some γ-ray binary systems, with bright GeV flares not observed at TeV 
energies (e.g. PSR B1259-63), and sources periodically detected at VHEs which are lacking their HE counterpart (e.g. HESS 
J0632+057). Our results confirm the ones obtained previously for some of the studied sources, but unexpected results are also 
found in a few cases, which are discussed in the context of contemporaneous observations at lower energies.

Eta Carinae is a unique binary system located in 
the Carina Nebula, one of the most active HII 
region in our Galaxy. The system is composed of 
a Luminous Blue Variable and an O- or B-type 
companion star, orbiting one another with a 
period of ~5.5 years in a highly eccentric orbit (e 
≈ 9). The LBV displays a strong mass loss rate 
~5 × 10-4 Msun yr-1, with a terminal wind velocity 
~500 km s-1. Together with the wind parameters 
of the companion star, the system outputs a total 
wind kinetic energy of about ~1037 erg s-1 [16]. 
The collision region of the stellar winds may lead 
to efficient particle acceleration [17], which could 
be behind the high-energy emission observed 
from the system in X-rays [18] and HE γ-rays [19, 
20]. Recently, a variable high-energy component 
has been found in the Fermi-LAT data, extending 
up to ≥ 100 GeV [21, 22] further motivating the 
search for a possible VHE signal from the source.
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The total H.E.S.S. data-set on HESS J0632+057 spans a wide time 
interval from 2004 to 2012, amounting to ~52 h of good quality data. 
Such a long time-range provides a good coverage of the ~315d 
orbital period of the system, including the main X-ray peak and “dip” 
at phases ~0.3-0.4, as well as the X-ray enhanced emission at 
phases 0.6-0.9. [8,12] (Fig. 2). 
The source is clearly detected during the X-ray peak and in the 
0.6-0.9 orbital phase range, observed in March 2007, January 
2008 and October 2009 for a total of ~14h, for which the data 
analysis provides a > 7σ significance detection. 
Accounting for a conservative trial factor corresponding to a blind 
search would still provide a > 6σ significance detection at those 
phases. A detailed report on these results, including an updated 
H.E.S.S data-set together with VERITAS and Swift-XRT long-term 
observations is in preparation.

H.E.S.S. observations in 2007, 2008 and 2009 
lead to the detection of two distinct emission 
regions in the FoV around 1FGL J1018.6-5856 
[15] (Fig. 3). The first one consists of a diffuse 
emission region that extends towards the direction 
of PSR J1016-5857, the position of which is 
compatible with that of the pulsar. 
The second source is a point-like source at the 
center of G284.3-1.8, which is spatially 
compatible with 1FGL J1018.6-5856. 
No flux variability/periodicity could be derived from 
the H.E.S.S. data taken in 2007-2009. However, 
further H.E.S.S. observations were taken in 
2011-2012, which provide a better orbital-phase 
coverage of the system. 
These new H.E.S.S. observations provide the 
first evidences for VHE flux variability of the 
source. 
A detailed report on those observations is in 
preparation. 

H.E.S.S. observed the Carina region between 2004 and 2010 for a 
total of ~33h after standard quality selection cuts (see [23] for details).
No significant signals of VHE γ-ray emission from Eta Carinae or 
the Carina Nebula have been obtained. 
A 99 % C.L. upper limit on the integral γ-ray flux above 470 GeV ≈ 7.7 
× 10-13 ph cm-2 s-1 and ≈ 4.2 × 10-12 ph cm-2 s-1 have been derived for 
the central system and the surrounding nebula, respectively (Fig. 4). 
The H.E.S.S. non-detection at VHEs implies the presence of a 
cut-off at energies at ≤ 1TeV, 
when considering the spectral properties of the high-energy 
component observed in the Fermi-LAT data, which may be caused 
either by a cut-off in the accelerated particle spectrum or as a 
consequence of a strong γ-γ absorption in the inner regions of the 
system (see [21, 24]).

New H.E.S.S. observat ions covered the 
2010/2011 post-periastron passage, for a total of 
~6h live-time [4]. These new observations partially 
overlapped with the start time of a strong γ-ray 
flare reported by the Fermi-LAT, about 30d after 
periastron, which displayed an average flux ~10 
times higher than that close to the periastron [5]. 
The system was detected by H.E.S.S. at a ~11.5 σ 
significance level, with both flux and spectral 
properties being consistent with those obtained in 
previous periastron observations [4]. 
No signature of the emission enhancement 
seen at GeV energies is observed at VHEs in a 
three-day overlapping period at the flare onset 
(Fig. 1, left). 
A profile likelihood method applied to the VHE 
data yields an upper limit to the possible 
enhancement of the VHE emission of ~3.5 (99.7 
% C.L.), against a value ≥ 9.2 in the GeV band. 
The GeV and TeV emission have therefore a 
different origin. 
This conclusion is also supported by a joint fit to 
the HE and VHE spectra, difficult to be described 
by any power-law-like model (Fig. 1, right). 
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H.E.S.S. gamma-ray binaries
status and prospects

● Introduction

● status

       ➤ PSR B1259-63
       ➤ LS 5039, HESS J0632+057, 1FGL J1018.6-5856
       ➤ Eta Carinae
       ➤ transients (XRBs/μQs, novae)

● perspectives



 

Gamma-ray binaries

● Binary systems composed of Young massive star + compact object (BH, NS) 

● Non-thermal emission from radio to VHE gamma-rays

● Highest energetic output in the MeV-TeV band

● Emission modulated with orbital period

● Extended non-thermal radio (and X-ray?) emission

Scenarios of non-thermal emission

(Mirabel ����)

Microquasar Pulsar binary

Vı́ctor Zabalza (MPIK) Gamma-ray binaries � / ��

Mirabel (2006)



Gamma-ray emitting binaries

● Young Pulsar Binaries
    The non-accreting pulsar wind against stellar wind interaction, 
    leading to particle acceleration and emission (sync + IC)

● Microquasars 
   Accretion-powered jet accelerated particles (internal shocks, jet/medium
   interaction regions) and produce non-thermal emission (up to GeVs only?)

● Colliding Wind Binaries
   Powerful stellar winds collision yielding non-thermal activity.

● Symbiotic Novae
   The blast wave from a thermonuclear accretion burst (nova ejecta) 
   interacts with the medium, triggering high-energy emission.



The emitter: structure

Energy comes from accretion,
black-hole or pulsar rotation, or stellar
winds.

Supersonic outflows impact obstacles
converting kinetic or magnetic energy
into heat, turbulence, work and
non-thermal particles.

Strong shocks, turbulence and strong
velocity gradients play important
roles in particle acceleration.

Advection and bulk reacceleration let
energy out of the binary to be tapped
by large-scale interactions.

Radiation reprocessing affect
the emitter structure at
different wavelengths.

V. Bosch-Ramon (DIAS) 12/12/2011 8 / 29

Bosch-Ramon (2011)

● Binary systems can produce
   powerful outflows. 

● Energy source: accretion,
   BH/PSR rotation, stellar winds.

● Supersonic outflows impact on medium:
   kinetic/magnetic energy into heat, 
   turbulence... → length-scales > d bin ~ A.U.

● Strong shocks, turbulence and strong
   velocity gradients → particle acceleration.

● In compact binaries,  ~10-100 GeV emission 
   can provide information of non-thermal 
   processes and the underlying flow dynamics.

Gamma-ray emitting binaries



GeV TeV Class Components

PSR B1259-63 yes yes PSR binary Oe + PSR

LS 5039 yes yes ? O + C.O.

LS I +61 303 yes yes ? Be + C.O.

HESS J0632+057 no yes ? Be + C.O.

1FGL J1018.6−5856 yes ? ? O + C.O.

Cygnus X-1 ? ? μQ O + BH

Cygnus X-3 yes no μQ WR + BH(?)

 η-Carina yes no CW binary LBV + O(?)

V407 Cygni yes no Symb. nova Red Giant + WD

Nova Sco 2012 yes no Classical nova Main Seq. + WD

Nova Mon 2012 yes no Classical nova Main Seq. + WD

Gamma-ray emitting binaries



GeV TeV Class Components

PSR B1259-63 yes yes PSR binary Oe + PSR

LS 5039 yes yes ? O + C.O.

HESS J0632+057 no yes ? Be + C.O.

1FGL J1018.6−5856 yes ? ? O + C.O.

 η-Carina yes no CW binary LBV + O(?)

transients yes no novae, μQs ---

yes no Classical nova Main Seq. + WD

yes no Classical nova Main Seq. + WD

Gamma-ray emitting binaries with H.E.S.S.



 

• P = 48 ms
• Lsd= 8 ×1035 erg/s
• age =3.3 ×105 years

pulsar

star • O9.5 Ve star
• ∃ circumstellar disk

• Lstar= 2.3 × 1038 erg/s
• T = 27500 – 30000 K
• M ≈ 31 Msun
• R = 8.1 –9.7 Rsun

• D = 2.3 kpc
• Porb= 3.4 years
• Eccentricity = 0.87
• Orbital inclination i ~24o

binary system PSR B1259-63, credits: NASA archive

PSR B1259-63/LS 2883
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in the same way as described by van der Swaluw et al. (2003):
the pulsar wind is simulated by depositing energy at a rate
Ė ¼ 2:5 ; 1036 ergs s"1 (as is observed for PSR J1747"2958)
and mass at a rate Ṁ ¼ 5:56 ; 1017 g s"1 continuously in a few
grid cells concentrated around the position of the pulsar. The
terminal velocity of the pulsar wind is determined from these
two parameters, i.e., V1 ¼ (2Ė=Ṁ )1=2 ¼ 0:1c, and has a value
much larger than all the other velocities of interest in the
simulation. The pulsar wind velocity converges toward the ter-
minal velocity; the associated Mach number has a maximum
value of #20.

This initialization of the pulsar wind results in a roughly
spherically symmetric pulsar wind distribution before it is ter-
minated by the surrounding medium. The current version of
the VAC code does not include relativistic hydrodynamics;
therefore for simplicity and for accuracy in the nonrelativistic
part of the flow, we adopt an adiabatic index for both rela-
tivistic and nonrelativistic fluid ! ¼ 5=3; we defer a full rel-
ativistic simulation to a future study.17 It is expected that a
simulation that would treat the pulsar wind material as rela-
tivistic and the ISM material as nonrelativistic would slightly

change the standoff distance of the pulsar wind but would
not qualitatively change the results of the current simulation.
We adopt a Mach number M ¼ 60, which we show in x 4.4
below likely describes the situation for the Mouse. This is
much larger than the value M ¼ 7=

ffiffiffi
5

p
$ 3:1, which was

adopted by van der Swaluw et al. (2003) for the case of a pul-
sar propagating through an SNR rather than through the am-
bient ISM.
We perform the simulation using the above-mentioned pa-

rameters until the system is steady. We then multiply the length
scales in the final output by a factor 10"1/2, because the ter-
minal velocity used in the simulation (V1 ¼ 0:1c) yields a
standoff distance 101/2 larger then for a more physical terminal
velocity of V1 ¼ c (see eq. [2] below).18 The resulting bow
shock morphology is depicted in Figure 9, which shows a
logarithmic gray-scale representation of the density distribu-
tion. The scale of features in the simulation should be directly
comparable to the data.
This simulation clearly reveals the multiple zones and inter-

faces seen in previous simulations both of pulsar bow shocks
(Bucciantini 2002; van der Swaluw et al. 2003) and of other
supersonic systems (e.g., Mac Low et al. 1991; Comerón &

Fig. 9.—Axially symmetric hydrodynamic simulation of a bow shock, generated by a pulsar with an isotropic wind moving from right to left through a
homogeneous ambient medium. The position of the pulsar is indicated by the plus symbol; regions referred to in the text are indicated. Simulation parameters for the
pulsar and ambient medium are as described in x 4.3. The gray scale is on a logarithmic scale; the units in the scale bar are log10", where " is the ambient mass
density in units of 10"24 g cm"3.

17 We note that Bucciantini (2002) has carried out a bow shock simulation
in which he distinguished between relativistic and nonrelativistic material by
adopting ! ¼ 4=3 and ! ¼ 5=3 for these two components, respectively. How-
ever, this approach produced results similar to those obtained by van der
Swaluw et al. (2003) using a uniform index ! ¼ 5=3.

18 Strictly speaking, a simple rescaling does not allow us to exactly recover
the situation for V1 ¼ c. However, we expect only small differences between
a full treatment and the approach adopted here.

GAENSLER ET AL.394 Vol. 616

Crab Nebula, Kennel & Coroniti (1984) Crab Nebula, Weisskopf et al. (2000)

J1747, “the Mouse”, Gaensler et al. (2004) PSR B1259-63, credits: NASA archive

PSR B1259-63/LS 2883



 

Johnston et al. 1992, Cominsky et al. 1994, Melatos, Johnston & Melrose 
1995, Tavani & Arons 1997, Kaspi et al. 1995, Hirayama et al. 1999, 
Shaw et al. 2004, Aharonian et al. 2005, 2009, Khangulyan et al. 2007, 
2011, Bogovalov et al. 2008, 2012, Chernyakova et al. 2006, 2009, 2013, 
Uchiyama 2009, Kerschhaggl 2011,  Moldón et al. 2011, Abdo et al. 
2011, Kong et al. 2011, 2012, Dubus & Cerutti 2013, HESS Coll 2013

4 M. Chernyakova et.al.
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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. 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.

estimate of the 1-σ uncertainty in position, which turns out to be
0.2 mas in right ascension and 0.4 mas in declination. The cross
plotted in Fig. 2 represents five times these values to be on the
conservative side, given the unmodeled uncertainties related to the
self-calibration processes.

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 uv data using the task UVFIT. We found that the
core component 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 peak of the emission in right ascension and declination,
respectively.

3 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, between UT dates 2010 December 5 and
2011 May 17. We used the RC spectrograph in service observ-
ing mode with the standard SMARTS grating setup 47/Ib (grat-

c© 2013 RAS, MNRAS 000, 1–13

Chernyakova et al. (2013)

●  Variable emission in radio, optical, 
    X-rays, GeV and TeV γ-rays 

●  Light-curves modulated with orbital period 

●  Double peak profile: radio, X-rays (and TeV?) 

●  GeV flare in 2010/2011 periastron 

●  Pulsations seen only in radio (away from periastron) 

Khangulyan et al.  (2012)
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PSR B1259-63/LS 2883



● Low flux at periastron (tp = 0) not expected in early models (e.g. Kirk et al 1999): 
   change of maximum energy, non-radiative losses? (e.g. Khangulyan 2007, Kerschhaggl 2011)

● Spectral break at X-ray energies, at ~ 4.5 keV (Uchiyama et al. 2009): 
   transition from IC (KN) to synchrotron radiative losses
   low-energy cuoff in Ne(E) ⇔ Γunshocked wind ~ 4 × 105 

● Symmetry of the X-ray (TeV?) peaks pre/post-periastron: 
   non-isotropic pulsar energy flux (Bogavolov & Khangoulian 2002) 
   non-radiative losses (e.g. Khangulyan 2007, Kerschhaggl 2011)
   Magnetization parameter distribution (Kong et al. 2011, 2012)

M. Kerschhaggl: TeV Flux modulation in PSRB1259−63/LS2883 5
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Fig. 4. Cooling coefficients for PSRB1259−63 as inferred from
the combined H.E.S.S. datasets shown in Fig. 1. The grey bands
indicate the extension of the stellar disc. The vertical dashed and
dotted lines correspond to the location of the stellar equatorial
plane (Bogomazov 2005).
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Fig. 5. Predicted energy fluxes of 1 TeV photons from
PSRB1259−63 corresponding to the three different non radia-
tive loss profiles as shown in Fig. 4 compared to the 2004 (black
dots) and 2007 (red empty squares) H.E.S.S. data. The vertical
grey boxes indicate the location of the stellar disc. The vertical
dashed and dotted lines denote the position of the stellar equato-
rial plane (Bogomazov 2005).

depicted by the black solid curve in Fig. 4. Using a monotonic
and thus less complicated cooling function such as the green
dash dotted profile gives also a good overall agreement with the
H.E.S.S. data but fails to describe the reduced photon fluxes seen
at θ ≈ ±90◦.
The predictions of X-ray fluxes (1-10 keV) for the adopted non-
radiative loss profiles and model parameters are shown in Fig. 3.
The pre periastron data (black symbols) deviate considerably
from the model, which adopts a symmetric behavior of the B-
field with respect to periastron. Obviously this assumption alone
does not explain the X-ray data.

5. Discussion & Conclusions
PSRB1259−63 has been observed for several orbits over the
past decades exhibiting a globally consistent picture for the

phase dependent electromagnetic radiation at radio wavelengths,
X-Rays and VHE (see e.g. Uchiyama et al. (2009) their Fig. 2).
This suggests a physical link between the emission mechanisms
in the different energy regimes such as the increasing radiation
efficiency with decreasing binary separation distance r resulting
in enhanced PW and stellar wind interactions. However, a more
detailed comparison between the VHE and X-Ray lightcurves
as a function of r reveals substantial qualitative differences in
terms of symmetry with respect to periastron and evolution in
flux level. While in the X-Ray lightcurve, Fig. 3, pre- and post
periastron data are separated by almost one order of magnitude
in flux level for r > 2 × 1013 cm such an asymmetry can not
be seen in the TeV band as shown in Fig. 1. Even if the TeV
data suffers from low statistics, a similarly prominent feature in
this energy regime should be notable. This is also reflected in
the unexpected high TeV flux at r ∼ 3.6 × 1013 cm (θ ∼ −125
deg) when associating the TeV emission with the disc location
proposed in Chernyakova et al. (2006). The latter was inferred
mainly from post periastron data (see Aharonian et al. (2009)
their Fig. 7) demanding for an asymmetric lightcurve due to a
tilted stellar disc with respect to the pulsar orbital semi minor
axis. However, it has to be noted that at present the discrepancy
of the X-ray and TeV data, in the above discussed context,
relies mainly on this single pre periastron VHE point. Another
deviation in the two energy bands relates to the increase in
pre periastron X-ray fluxes seen for decreasing r in the range
2.4 × 1013 cm > r > 1.5 × 1013 cm. This evolution appears to
be reversed in the VHE lightcurve where there is a significant
drop in the TeV photon flux between r ∼ 2 × 1013 cm and
r ∼ 1.5 × 1013 cm.
Taking into account the orbital orientation of
PSRB1259−63 with respect to the observer, Doppler boosting
of post shock particle flows should affect the TeV lightcurve and
yield strong asymmetries which are not seen in Fig. 1. Of course
Doppler boosting could in principle always be accidentally
compensated by other factors such as anisotropic IC. In general,
however (and especially in case of an IC scenario), the VHE
flux from a binary system is not expected to be symmetric with
respect to the periastron passage. Indeed, the corresponding
symmetric orbital phases use to be characterized by different
γ-γ opacities and scattering angles with respect to the line of
sight. The flux symmetry with respect to periastron passage,
indicated in the case of PSRB1259−63, suggests either a
rather fine compensation of the above mentioned effects or
(i) a negligibly small absorption of the γ-rays and (ii) a γ-ray
production mechanism, which has a weak dependence on the
orbital phase. The latter could be the case for e.g. a large
production region in PSRB1259−63 or IC scattering to proceed
in the deep Klein-Nishina regime with the cross section σic only
changing marginally with θ.

To explain the variability of the observed flux as a func-
tion of the separation distance one possibility is to intro-
duce non-radiative (adiabatic) losses, which would dominate
in PSRB1259−63 over the whole orbital period (see Fig. 4 in
Khangulyan et al. (2007)). Moreover, the observed lightcurve
with a number of humps and dips suggests a rather compli-
cated dependence of the non-radiative losses on the separation
distance. Given the complexity of the self-consistent calculation
of the adiabatic losses, TeV data were used to infer a possible
profile of the losses. In particular, one may expect the adiabatic
loss rate to have a peak close to periastron together with two
smaller peaks located at orbital positions characterized by a true
anomaly of θ ≈ ±75◦. Those smaller peaks may be linked to the
impact of the stellar disc, as indicated in Fig. 4, when the pulsar

Kerschhaggl (2011)
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Figure 5. Calculated multiband light curves as compared with observations. The X-ray light-curve data are taken from Chernyakova et al. (2006, 2009; circles) and
Abdo et al. (2011; triangles); the >100 MeV light-curve data are taken from Abdo et al. (2011); the >200 MeV light-curve data are taken from Tam et al. (2011); the
TeV light-curve data are taken from Aharonian et al. (2005, 2009). The dashed lines and dotted lines correspond to the emission from the shock apex and the shock
tail, respectively, and the solid lines correspond to the total flux. The empty triangles are upper limits in observations. The vertical dashed lines correspond to the
estimated disk passage.

and output photons is small. In Figure 4, we can see that the
radiative cooling of the electrons with Lorentz factor 105–106

is mainly dominated by the EIC radiation in the Klein–Nishina
(KN) regime, and the radiative cooling of the electrons with
higher energies is dominated by the synchrotron radiation. In our
calculations, the minimum Lorentz factor of the shocked elec-
trons is ∼105γ1,6, so the EIC process will never be in the Thom-
son regime. As a result, the synchrotron component is higher
than the EIC component in our calculated spectra. Our calcu-
lated synchrotron spectrum in the lower panel of Figure 3 does
not fit the observations in the GeV range well, but note that the
spectrum data in pre-periastron period given by different groups
(Abdo et al. 2011; Tam et al. 2011) also are not consistent with
each other, which may be due to the low value of the photon flux.

Our calculated broadband light curves of the PSR B1259-
63/LS 2883 system and the comparisons with observations are

presented in Figure 5. We can see that the asymmetric two-peak
profiles in the X-ray and TeV light curves can be well reproduced
by our model. The observations before periastron are mainly
contributed by the emission in the shock apex. The shock apex
region also contributes to some emission in the post-periastron
range, and the whole light curves display the asymmetric two-
peak profiles with the flux before periastron higher than that
after periastron. The anisotropic pulsar wind plays a significant
role in producing this asymmetric two-peak profile because of its
anisotropic energy flux injection into the termination shock. The
emission from the shock tail is unimportant before periastron,
because the angle between the line of sight and the direction
of the flow in the shock tail θobs is large. But it has an obvious
contribution in the light curves after periastron, i.e., the second
peaks in both the X-ray and TeV light curves are produced by
the electrons in the shock apex and the shock tail together. For
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Table 4
Results of PSR B1259−63 XIS+PIN Spectral Fitting

ID Model NH Γ1 Ebr Γ2 χ2
ν (d.o.f.)

(1022 cm−2) (keV)

Sz1+2 PL 0.52 ± 0.02 1.64 ± 0.02 · · · · · · 1.16 (604)
Sz1+2 Broken PL 0.44+0.02

−0.03 1.48+0.05
−0.06 3.7 ± 0.5 1.76 ± 0.04 1.05 (602)

Sz3+4 PL 0.53 ± 0.02 1.43 ± 0.02 · · · · · · 1.27 (500)
Sz3+4 Broken PL 0.43 ± 0.03 1.25+0.02

−0.04 4.5+0.5
−0.2 1.66+0.05

−0.04 0.99 (498)
Sz7+8 PL 0.48 ± 0.02 1.63 ± 0.02 · · · · · · 1.12 (490)
Sz7+8 Broken PL 0.47 ± 0.02 1.59+0.04

−0.03 4 (fixed) 1.66+0.04
−0.03 1.11 (488)

Notes. Fitting the Suzaku XIS+PIN spectrum by a PL or a broken PL model with photoelectric absorption in
0.6–50 keV. Absorbing column density NH, photon index Γ1 (and Γ2 in the case of broken PL), and the break
energy Ebr of a broken PL, are shown with 90% errors.

Figure 7. Broadband unfolded X-ray spectra of PSR B1259−63 obtained by
using the Suzaku data in epochs Sz3 and Sz4. The low-energy absorption is
corrected for by the best-fit model. The best-fit broken PL function is overlaid.
(A color version of this figure is available in the online journal.)

PL model was applied also to the Sz1+2 and Sz7+8 spectra. As
expected from the single PL fitting, two photon indices for the
Sz7+8 spectrum are similar.

3.5. Flux Upper Limit at 100 keV

The HXD-GSO scintillation detectors cover the energy range
of 50–600 keV. Since the contribution of 2RXP J1301 is
expected to be negligible above 50 keV, the measurement by the
GSO is important for testing the presence of spectral steepening
inferred by the XIS-PIN fitting. There found no significant
detection in any epoch with the HXD-GSO. We then set the
upper limits on the source count rate as 2% of the background
count rate, which corresponds to a " 3σ limit. It should be
noted that the uncertainty in GSO measurements is dominated
by the systematic error associated with background modeling.
The upper limit of 1 × 10−10 erg cm−2 s−1 was placed at
100 keV (in an energy range of 78–114 keV). The limit depends
only weakly on the assumed photon index (Γ = 1.5) for a
reasonable range of Γ = 1–3. Since the averaged background
level was almost unchanged during the monitoring campaign,
differences in the upper limits from one epoch to another are
negligible (only ∼ 10%). Though the fact that the uncertainty

comes from the systematic error prevents us from making a
definitive statement about the significance, the upper limit set
by the GSO depicted in Figure 7 strengthens the presence of
spectral steepening.

4. INTERPRETATION OF THE SPECTRAL BREAK

The most important finding with Suzaku would be the
presence of a remarkable spectral break by ∆Γ " 0.4 around
εbr ∼ 5 keV in the Sz3+Sz4 spectrum. The low-energy part
below εbr can be described by a rather flat index of Γ1 =
1.25 ± 0.04. Here we consider the physical implication of
this spectral structure within the framework of the shocked
relativistic pulsar wind model, in which high-energy radiation
comes from shock-accelerated electrons and positrons produced
at wind termination shock (e.g., Tavani & Arons 1997). Indeed,
the synchrotron and IC radiation by the shock-accelerated
e± pairs from the PSR B1259−63 system as results of the
interaction between the relativistic pulsar wind and the Be star
outflows have been studied extensively in previous work (Tavani
& Arons 1997; Kirk et al. 1999; Murata et al. 2003; Khangulyan
et al. 2007), on which our considerations are based. However,
if the particles in the relativistic wind can be efficiently mixed
with the surrounding dense medium, other radiation channels
such as hadronic interactions may be important (Kawachi et al.
2004; Chernyakova et al. 2006); we do not consider such
possibilities in this paper. Also, comprehensive modeling of
the overall phenomenology is deferred to a future publication.

4.1. Model of Compactified Pulsar Wind Nebula

Here we describe our shock-powered emission model, which
is broadly similar to what has been devised in previous theo-
retical work mentioned above. The PSR B1259−63 system can
be regarded as a scale-down version of PWNe. The relativistic
wind of the young pulsar is presumed to be confined by the
stellar outflows of the form of wind and disk, leading to the
formation of termination shock inside the pulsar wind. The lo-
cation of the termination shock should be close to the pulsar if
the ram pressure of the stellar outflows as seen by the pulsar is
large enough. The distance of the shock from the pulsar, rs, is
assumed to be much smaller than the star-pulsar separation d:
rs % d (e.g., Khangulyan et al. 2007). This largely simplifies
the calculations below. For example, the stellar photon density
at the wind shock region as well as the IC scattering angle for
the observed gamma rays can be approximated as constant at a
given phase.

The shocked relativistic wind, at the distance of rs from the
pulsar, is magnetized with strength of (e.g., Tavani & Arons

Uchiyama et al. (2009)

PSR B1259-63/LS 2883



➤ Comptonisation of unshocked pulsar wind (Khangulyan et al. 2007, 2012). 

➤ Circumstellar disk: feed with additional photon field (van Soelen et al. 2012)

➤ Doopler boosted emission from shocked pulsar wind 
    (Bogovalov et al. 2012, Kong et al. 2012)

➤ Up-scattering of X-ray photons from the PWN (Dubus & Cerutti 2013)

➤ VHE flux unrelated to HE flare (HESS Collaboration 2013)
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Fig. 2.— The spectral energy distribution of the IC radiation of the unshocked pulsar wind

at the epoch of 35 days after periastron passage (η = 10−3–dotted lines; and η = 0.05–solid
lines) and at the epoch of 10 days before periastron passage (η = 0.05 – dashed lines).

The calculations are performed for two target photon fields: (i) radiation of the companion
optical star with a radius R∗ = 6.2 × 1011cm and the surface temperature T∗ = 3 × 104K,
and (ii) radiation of the CD, which was assumed to be isotropic gray body with temperature

Tr = 104K and energy density wph = 2.8 erg cm−3. Several initial pulsar wind bulk Lorentz
factors have been assumed: Γ0 = 104, 4.6 × 104, 2.2 × 105 and 106. It is assumed that

the kinetic energy luminosity of the cold ultrarelativistic pulsar wind is equal to the SDL
of the pulsar. The calculations performed for the model parameters η = 5 × 10−2 and

Γ0 = 104 match quite well the observational points (pentagons) reported by the Fermi LAT
collaboration for the post-periastron flaring episode (Abdo et al. 2011).

Khangulyan et al. (2012)
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Figure 7. Distribution of the magnetization in the post-shock region occu-
pied by the relativistic plasma for two different values of the magnetization
of the pulsar wind: σ = 0.03 (left-hand panel) and σ = 0.1 (right-hand
panel). The ratio of the winds’ ram pressures was assumed to be η = 0.1.

numerical method allows us to treat correctly the corresponding
sharp reduction in the magnetic field strength.

5.2 Anisotropy of the pulsar wind

As it has been described above, we study the impact of an anisotropic
energy flux in the pulsar wind under the approximation of an unmag-
netized wind. Thus, we have introduced a polar angle dependence
of the pulsar wind bulk Lorentz factor: γ = γ0 + γmax sin2 θ , where
γ0 is the initial Lorentz factor of the wind in the direction of the
rotation axis and γmax is the wind Lorentz factor at the equator.
It is expected that the pulsar wind is strongly anisotropic, that is,
γmax ! γ0. The level of anisotropy can be characterized by the
ratio of polar to equatorial Lorentz factors: a = γmax/γ0. In the
calculations, we adopted a value of a = 100. The definition of the
η parameter should be modified in the case of an anisotropic pulsar
wind. Namely, it is natural to assign it to the ram pressure ratio
averaged over the polar angle, that is, 〈η〉.

In Fig. 9, a comparison of the pressures and stream lines is shown
for two cases: isotropic pulsar wind with η = 0.05 and anisotropic
pulsar wind with 〈η〉 = 0.05 and a = 100. It can be seen from
the figure that the relativistic terminal shock is located closer to
the pulsar at the axis. This happens because the momentum flux in
this direction is much smaller than the averaged one. Besides these
minor changes, the geometry of the flow, in the region downstream

Figure 8. Distribution of the flow magnetization along the two field lines
shown in Fig. 2 by the white solid lines.

Figure 9. Gas pressure and stream lines in the post-shock region for the
isotropic pulsar wind with η = 0.05 (left-hand panel) and anisotropic wind
with 〈η〉 = 0.05 and a = 100 (right-hand panel).

farther from the axis, is similar to the flow produced by isotropic
winds.

6 D I S C U S S I O N A N D C O N C L U S I O N S

This study of the interaction between pulsar and stellar winds within
the framework of an MHD approach shows that the magnetic field
has a rather small impact on the post-shock flow. The only apparent
effect revealed by the MHD consideration, compared to a pure HD
treatment, is a weak collimation of the relativistic flow towards the
axis. This conclusion is in strong contrast with the case of plerions,
that is, when the pulsar wind interacts with the interstellar medium
(Bucciantini 2002; Khangoulian & Bogovalov 2003; Komissarov
& Lyubarsky 2003; Bogovalov et al. 2005). In the case of pleri-
ons, even a weak seed toroidal field results in efficient collimation
of the post-shock flow. This difference has a rather fundamental
reason illustrated in Fig. 10, where the distribution of the Lorentz
factor of the bulk motion is shown. As shown in this figure, the
bulk Lorentz factor is increasing in the downstream region, that is,
physically, the wind collision geometry acts as a nuzzle, providing
an efficient bulk acceleration of the plasma in the post-shock flow.
The velocity in the shocked pulsar wind rapidly reaches relativistic
values downstream the shock. It implies an inefficient collimation of
the plasma, which is a rather general effect for relativistic outflows
(Bogovalov & Tsinganos 1999). In contrast to this case, if the pulsar
wind collides with a homogeneous medium (i.e. interstellar gas), a
flow deceleration occurs in the post-shock region. This results in a

Figure 10. Lorentz factor in the post-shock region of the isotropic pulsar
wind with σ = 0.03 (left-hand panel) and σ = 0.1 (right-hand panel).
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note that for the X-ray and TeV bands, the second peaks in the
light curves are also around the GeV flaring period. Therefore,
these second peaks may be produced by the emission from the
shock apex and the Doppler-boosted emission from the shock
tail together.

The two-peak profiles in both the X-ray and TeV light curves
are also distinctive features of the PSR B1259-63/LS 2883
system. In addition to the extra contribution from the Doppler-
boosting effect, some other anisotropic structures in this system
may play significant roles on this problem. Bogovalov &
Khangoulian (2002) have suggested an anisotropic distribution
of energy flux in the pulsar wind to interpret the torus- and
jet-like structures in the center of the Crab Nebula. We can
imagine that the anisotropy of wind is a common phenomenon
in pulsars, including PSR B1259-63. If the spin axis of the
pulsar is not perpendicular to the orbital plane, as the pulsar
moving around its companion star, the energy flux injecting
into the termination shock will be modulated with respect to
the orbital phase. This modulation has a two-peak profile and
further produces asymmetric two-peak profiles in the observed
light curves.

In this paper, we will use the Doppler-boosting effect to
reproduce the flare in a GeV light curve in detail. We will
also use an anisotropic pulsar wind model, together with the
Doppler-boosting effect, to explain the asymmetric two-peak
profiles in both the X-ray and TeV light curves. A variation of
the magnetization parameter σ with the distance to the pulsar
suggested in our previous paper (Kong et al. 2011) is included
in our calculations. The outline of our paper is as follows: In
Section 2, we introduce our model in detail. We then present
our results and the comparison with observations in Section 3.
Our discussion and conclusion are presented in Section 4.

2. MODEL DESCRIPTION

In our model, the broadband emission of the PSR B1259-
63/LS 2883 system is mainly from the shock-accelerated
electrons, both around the shock apex and in the shock tail. Due
to the interaction between the pulsar wind and the stellar wind,
strong shocks will be formed, and the electrons (and positrons)
can be accelerated at the shock front of the pulsar wind. This
shock will also compress the magnetic field in the pulsar wind.
The shocked relativistic electrons move in the magnetic field
and the photon field of the Be star and emit synchrotron and
IC radiation to produce the multiband emission.

2.1. Shock Geometry

As illustrated in Figure 1, the interaction between the pulsar
wind and the stellar wind will form a shock with a hollow cone-
like structure. The distance from the shock contact discontinuity
in the shock apex to the pulsar can be determined by

rs = d
η1/2

1 + η1/2
, (1)

where d is the separation between the pulsar and its companion
and η is the ratio of the momentum fluxes from the pulsar and
the massive star. When the pulsar wind is isotropic, the value
of η should be Lsd/cṀvw, where c is the speed of light, Ṁ is
the mass-loss rate of the massive star, and vw is the velocity of
the stellar wind. The details of the wind are presented in Kong
et al. (2011). Away from the apex, the shock surface becomes
a hollow cone. The half-opening angle of the shock contact

Figure 1. Geometry of the termination shock. The interaction between the pulsar
wind and the stellar wind forms a termination shock with a hollow cone-like
structure. Region I is around the shock apex, and the particle flow there is
moving non-relativistically and radiating isotropically. Region II is in the shock
tail, and the particle flow there is moving mildly relativistically, and the emission
is beamed.

discontinuity should be (Eichler & Usov 1993)

θ = 2.1
(

1 − η̄2/5

4

)
η̄1/3, (2)

where η̄ = min(η, η−1). In this work, because we use an
anisotropic pulsar wind model (see Section 2.2), the value of η in
the shock apex should vary in different orbital phases. However,
as shown by Bogovalov et al. (2012), the effect of the anisotropic
pulsar wind on the bow-shock structure is relatively moderate,
i.e., it cannot obviously affect the geometry of the bow shock,
so we use the mean value of 〈η〉 to determine the location of the
shock apex and the shape of the bow shock in our calculations.
The anisotropy in the pulsar wind mainly affects the energy flux
injection into the termination shock, i.e., affects the bulk Lorentz
factor of the unshocked pulsar wind (see Equation (3)) and
the downstream magnetic field (see Equation (7)), in different
orbital phases.

In our model, we approximate that the observed emission is
mainly produced in two regions (as illustrated in Figure 1):
(1) Region I around the shock apex. The bulk motion of
the particle flow in this region is assumed non-relativistic, so
the radiation is isotropic. (2) Region II in the shock tail.
As the particle flow propagating away from the shock apex,
the bulk Lorentz factor of the flow will be increased gradually
from Γmin $ 1 in this region (Bogovalov et al. 2008, 2012). The
bulk motion is mildly relativistic, and the emission should be
beamed. When the line of sight is near the beaming direction,
as illustrated in Figure 1, we can receive the Doppler-boosted
photons. Note that Equation (2) introduced by Eichler & Usov
(1993) is defined at a distance very far from the shock apex,
where the moving directions of the unshocked pulsar and stellar
winds are nearly parallel. As shown in Figure 1, because the
moving directions of the unshocked pulsar and stellar winds are
not the same in Region II, the mean half-opening angle of the
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the anisotropic upscattering of stellar photons (Kirk et al. 1999;
Khangulyan et al. 2007; Takata & Taam 2009; Pétri & Dubus
2011). The lightcurve peaks slightly before periastron, when
the orbital geometry allows close to head-on scattering. This
lightcurve is compatible with the brightening but not with
the GeV flare. Taking the contribution from the Be disc does
not change this conclusion since disc photons come predomi-
nantly from the region closest to the star, leading to the same
lightcurve (van Soelen & Meintjes 2011; van Soelen et al. 2012;
Yamaguchi, pers. comm.). Khangulyan et al. (2012) proposed
that the flare is related to the rapidly changing shape of the
bow shock as the pulsar exits the Be disc. The unshocked pulsar
wind becomes unconfined along the direction of weakest exter-
nal pressure, giving the cold pairs present in the wind more space
(and time) to cool. A high energy density of seed photons with
a favourable scattering geometry is still required: Khangulyan
et al. (2012) postulated that this would be provided by local
heating of the Be disc due to the pulsar crossing.

A possible clue is that the orbital phase of the GeV flare
brackets inferior conjunction of the pulsar (τ+60 d, Fig. 1). The
observational evidence presented above suggests the pulsar is
away from the Be disc material, so that its ram pressure balances
the stellar wind ram pressure. In this case, the bow shock is ori-
ented towards the observer at inferior conjunction (Tam et al.
2011). For parameters appropriate to PSR B1259-63, the wind
momentum ratio η is

η =
Ė/c

Ṁwvw
≈ 0.5

(
103 km s−1

vw

) (
10−8 M# yr−1

Ṁw

) (
Ėw

1036 erg s−1

)
·

(1)

Semi-analytical approximations and numerical simulations
show that the shock region asymptotes to a hollow cone far from
the binary axis; its minimum (θin) and maximum (θout) opening
angle depend only on η (Bogovalov et al. 2008; Lamberts et al.
2011, and references therein). For η ≈ 0.5, the shocked pulsar
wind fills a cone from 50◦ to 65◦, while the shocked stellar wind
fills a cone from 65◦ to 110◦ (Bogovalov et al. 2008). With an or-
bital inclination i ≈ 30◦, the line-of-sight goes through the whole
length of the shocked pulsar wind cone at inferior conjunction
(Fig. 2). Material in this cone has a speed c/3 immediately after
the shock with the flow directed towards the observer, boost-
ing the shocked pulsar wind emission due to relativistic effects
(Dubus et al. 2010). Hence, Tam et al. (2011) and Kong et al.
(2012) proposed that the GeV flare is due to Doppler-boosted
synchrotron emission, providing an attractive explanation for its
orbital phase. However, all co-located emission is impacted by
Doppler boosting so the lack of simultaneous flaring at other
frequencies (X-rays, VHE) is puzzling in this model. In addi-
tion, Khangulyan et al. (2012) commented that it would be a re-
markable coincidence that the Doppler-boosted GeV luminosity
happens to be nearly equal to the spindown luminosity.

Here, we investigate whether the GeV flare could have been
due to inverse Compton scattering of photons from the shocked
pulsar wind. The scattering geometry will be favourable if the
emitting pairs are close to the pulsar and the seed photons orig-
inate from the “cometary tail” of shocked pulsar wind material.
The seed photons will then be back-scattered to the observer at
inferior conjunction, when the shock cone sweeps the line-of-
sight, providing a geometric explanation for the orbital phase
of the GeV flare. Indeed, radio VLBI maps taken in 2010–11
show large changes in the position angle of the resolved emission
from the shocked flow between periastron passage and τ+ 100 d

periastron
brightening

inferior conjunction
+60d

pulsar motion

PSR B1259-63+120d

-120d

Fig. 1. Orbit of PSR B1259-63 close to periastron, projected assuming
an inclination i = 30◦. Be star is the red dot at center (to scale). Black
dots mark the pulsar position in 10 day intervals. The times of the GeV
“brightening” and “flare” are highlighted.
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Fig. 2. Left: geometry of the toy model for inverse Compton scattering
of X-ray emission from the cone of shocked pulsar wind (dark shaded
region in both panels). Right: zoom on the region delimited by a dashed
rectangle on the left, showing possible sources of high energy electrons.
The direction to the observer is ≈60◦ during the GeV flare (full line
arrow in both panels).

(Moldón et al. 2012, and in prep.). A detailed model would re-
quire a simulation of the interaction region coupled with radia-
tive codes. For this exploratory work we computed the expected
lightcurve using a simplified toy model, sufficient to discuss its
consequences on the properties of the pairs in the pulsar wind
and to point out a possible test: the detection of an MeV flare
prior to periastron passage.

2. Model

2.1. Assumptions

We assume that the pulsar wind interacts only with the fast stellar
wind at the time of the GeV flare (Sect. 1) and approximate the
shock region as a hollow cone, characterised by two opening an-
gles measured from the cone axis θin ≈ 50◦ and θout ≈ 65◦ (see
left panel of Fig. 2). This hollow cone represents the shocked
pulsar wind region and is the source of seed photons for in-
verse Compton scattering in our toy model. The particles in this
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Fig. 4. Differential energy spectra of the VHE γ-ray emission from
PSR B1259-63/LS 2883 for the data collected around the 2004 (blue
squares), 2007 (red triangles), and 2010/2011 (green circles) perias-
tron passages. For the 2004 data the spectrum presented in this paper
is shown. The 2007 spectrum is extracted from Aharonian et al. (2009).

the 2010/2011 observation campaign is compatible with the
flux detected in 2004 at the similar orbital phases. Observation
periods from 2004 and 2007 were separated in time with re-
spect to the periastron position, i.e., observations in 2004 were
performed mainly after and in 2007 mainly before the perias-
tron. Therefore, it was impossible to directly confirm the repet-
itive behaviour of the source by comparing observations of
PSR B1259-63/LS 2883 at the same orbital phases. In this per-
spective, although the 2011 observations do not exactly overlap
with the orbital phases of previous studies, they cover the gap in
the 2004 data post-periastron light curve and the integrated flux
follows the shape of the light curve, yielding a stronger evidence
for the repetitive behaviour of the source.

The spectral shape of the VHE γ-ray emission from
PSR B1259-63/LS 2883 around the 2010/2011 periastron pas-
sage is similar to what was observed during previous periastron
passages (Fig. 4). The photon index of 2.92 ± 0.25stat ± 0.2syst
inferred from the 2011 data is well compatible with previous re-
sults. The spectrum measured for the 2011 data can be resolved
only up to ∼4 TeV, which is explained by a very low statistics at
higher energies due to a short exposure of the source.

4.2. Search for the equivalent “GeV Flare”

in the H.E.S.S. data

The absence of the flux enhancement during the GeV flare at
radio and X-ray wavebands indicates that the GeV flare may
be created by physical processes different from the those re-
sponisble for the emission at other wavelengths. The VHE post-
periastron data obtained with H.E.S.S. around the 2004 peri-
astron passage do not show any evidence of a flux outburst at
orbital phases at which the GeV flare is observed. However,
the H.E.S.S. observations around the 2004 periastron passage
do not comprise the orbital phase when the GeV flare starts.
Moreover, to compare H.E.S.S. 2004 data with the GeV flare ob-
served after the 2010 periastron passage, one has to assume that
the GeV flare is a periodic phenomenon, which may not be the
case. The H.E.S.S. data taken between 9th and 16th of January
in 2011 provide a three-day overlap in time with the GeV flare.
Therefore, it is possible to directly study any flux enhancement
in the VHE band on the time scale of the HE flare. To improve
the sensitivity of the variability search the whole period of the
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Fig. 5. (Top) Integrated photon fluxes above 1 TeV for the pre-flare and
flare periods (see text) are shown as black filled boxes. The dashed hor-
izontal line shows the best fit with a constant. The HE data points above
0.1 GeV as reported by Abdo et al. (2011) are shown as red filled cir-
cles. The flare start date is indicated by the dashed vertical line. The left
axis indicates the units for the VHE flux and the right (red) axis denotes
the units for the HE flux. (Bottom) The spectral energy distribution of
the HE-VHE emission. For the HE emission the overall flare spectrum
is shown as reported by Abdo et al. (2011). Marking of the data points
is the same as in the top panel. Solid lines denote the fit of the Fermi
data only with the power law with exponential cut-off (red) and the fit
of the H.E.S.S. data only with the power law (black). The dashed black
line denotes the fit of the Fermi (excluding upper limits) and H.E.S.S.
data together with the power law.

H.E.S.S observations was divided into two time periods of al-
most equal length: before (“pre-flare”) and during (“flare”) the
HE flare (see Sect. 3.4). The pre-flare and flare dataset analysis
results are presented in Table 1.

To search for variability, the flux as a function of time
was fitted with a constant, which resulted in a mean flux of
(0.91 ± 0.18) × 10−12 cm−2 s−1 (black horizontal dashed line in
Fig. 5 top). The fit has a χ2-to-NDF ratio of 0.73/1, which cor-
responds to a χ2 probability of 0.39, showing no indication for
a flux enhancement. Note that the spectral parameters obtained
by an independent fit of each of the two periods have been used
here.

If one assumes that HE and VHE emission are created ac-
cording to the same scenario, i.e. the same acceleration and ra-
diation processes and sites, then a flux enhancement of the same
magnitude as observed at HEs should be also seen at VHEs. To
investigate this hypothesis, the flare coefficient κ is introduced
as the ratio of the fluxes during the flare period and the pre-flare
period. The ratio of the HE (E > 0.1 GeV) flux averaged over
the three-day interval between (tp + 30 d) and (tp + 32 d) to the
upper limit on the HE pre-flare emission (see Fig. 5 top) yields

A94, page 5 of 7

H.E.S.S. collaboration: H.E.S.S. Observations of PSR B1259-63/LS 2883 around the 2010/2011 periastron passage

E [TeV]
1 10

] 
-1

 s
-2

 c
m

-1
 [
Te

V
d
E

d
N

-16
10

-15
10

-1410

-13
10

-1210

-1110

H.E.S.S.

syst
 0.2± 

stat
 0.1± = 2.8 Γ2004,   

syst
 0.2± 

stat
 0.2± = 2.8 Γ2007,   

syst
 0.2± 

stat
 0.3± = 2.9 Γ2011,   

Fig. 4. Differential energy spectra of the VHE γ-ray emission from
PSR B1259-63/LS 2883 for the data collected around the 2004 (blue
squares), 2007 (red triangles), and 2010/2011 (green circles) perias-
tron passages. For the 2004 data the spectrum presented in this paper
is shown. The 2007 spectrum is extracted from Aharonian et al. (2009).

the 2010/2011 observation campaign is compatible with the
flux detected in 2004 at the similar orbital phases. Observation
periods from 2004 and 2007 were separated in time with re-
spect to the periastron position, i.e., observations in 2004 were
performed mainly after and in 2007 mainly before the perias-
tron. Therefore, it was impossible to directly confirm the repet-
itive behaviour of the source by comparing observations of
PSR B1259-63/LS 2883 at the same orbital phases. In this per-
spective, although the 2011 observations do not exactly overlap
with the orbital phases of previous studies, they cover the gap in
the 2004 data post-periastron light curve and the integrated flux
follows the shape of the light curve, yielding a stronger evidence
for the repetitive behaviour of the source.

The spectral shape of the VHE γ-ray emission from
PSR B1259-63/LS 2883 around the 2010/2011 periastron pas-
sage is similar to what was observed during previous periastron
passages (Fig. 4). The photon index of 2.92 ± 0.25stat ± 0.2syst
inferred from the 2011 data is well compatible with previous re-
sults. The spectrum measured for the 2011 data can be resolved
only up to ∼4 TeV, which is explained by a very low statistics at
higher energies due to a short exposure of the source.

4.2. Search for the equivalent “GeV Flare”

in the H.E.S.S. data

The absence of the flux enhancement during the GeV flare at
radio and X-ray wavebands indicates that the GeV flare may
be created by physical processes different from the those re-
sponisble for the emission at other wavelengths. The VHE post-
periastron data obtained with H.E.S.S. around the 2004 peri-
astron passage do not show any evidence of a flux outburst at
orbital phases at which the GeV flare is observed. However,
the H.E.S.S. observations around the 2004 periastron passage
do not comprise the orbital phase when the GeV flare starts.
Moreover, to compare H.E.S.S. 2004 data with the GeV flare ob-
served after the 2010 periastron passage, one has to assume that
the GeV flare is a periodic phenomenon, which may not be the
case. The H.E.S.S. data taken between 9th and 16th of January
in 2011 provide a three-day overlap in time with the GeV flare.
Therefore, it is possible to directly study any flux enhancement
in the VHE band on the time scale of the HE flare. To improve
the sensitivity of the variability search the whole period of the
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flare periods (see text) are shown as black filled boxes. The dashed hor-
izontal line shows the best fit with a constant. The HE data points above
0.1 GeV as reported by Abdo et al. (2011) are shown as red filled cir-
cles. The flare start date is indicated by the dashed vertical line. The left
axis indicates the units for the VHE flux and the right (red) axis denotes
the units for the HE flux. (Bottom) The spectral energy distribution of
the HE-VHE emission. For the HE emission the overall flare spectrum
is shown as reported by Abdo et al. (2011). Marking of the data points
is the same as in the top panel. Solid lines denote the fit of the Fermi
data only with the power law with exponential cut-off (red) and the fit
of the H.E.S.S. data only with the power law (black). The dashed black
line denotes the fit of the Fermi (excluding upper limits) and H.E.S.S.
data together with the power law.

H.E.S.S observations was divided into two time periods of al-
most equal length: before (“pre-flare”) and during (“flare”) the
HE flare (see Sect. 3.4). The pre-flare and flare dataset analysis
results are presented in Table 1.

To search for variability, the flux as a function of time
was fitted with a constant, which resulted in a mean flux of
(0.91 ± 0.18) × 10−12 cm−2 s−1 (black horizontal dashed line in
Fig. 5 top). The fit has a χ2-to-NDF ratio of 0.73/1, which cor-
responds to a χ2 probability of 0.39, showing no indication for
a flux enhancement. Note that the spectral parameters obtained
by an independent fit of each of the two periods have been used
here.

If one assumes that HE and VHE emission are created ac-
cording to the same scenario, i.e. the same acceleration and ra-
diation processes and sites, then a flux enhancement of the same
magnitude as observed at HEs should be also seen at VHEs. To
investigate this hypothesis, the flare coefficient κ is introduced
as the ratio of the fluxes during the flare period and the pre-flare
period. The ratio of the HE (E > 0.1 GeV) flux averaged over
the three-day interval between (tp + 30 d) and (tp + 32 d) to the
upper limit on the HE pre-flare emission (see Fig. 5 top) yields
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3.4. Light curves

To check for variability of the source a light curve was pro-
duced on a night-by-night basis assuming the photon spectral
index obtained in the spectral fit (Fig. 2). The spectral index
was fixed at the value obtained in the spectral analysis of the
total data because of the low statistics for each individual night.
The light curve is consistent with a constant resulting in a mean
flux of (0.77 ± 0.13) × 10−12 cm−2 s−1 (horizontal line in Fig. 2)
with χ2/NDF = 6.35/4 (corresponds to the probability of 0.17;
NDF is the number of degrees of freedom), yielding no evidence
for variability in the seven-nights observation period. For each
individual night the source is detected at a statistical signifi-
cance level >3σ except for the last point, whose significance is
only 1.5σ.
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per horizontal axis. The data from the 2004 (blue squares) (Aharonian
et al. 2005b), 2007 (red triangles) (Aharonian et al. 2009), and 2011
(green circles) observation campaigns are shown. For the 2004 and 2011
data the flux is shown in daily bins while for the 2007 data the flux is
shown in monthly bins for clarity.

For a comparison with the GeV flare (see Sect. 4.2) the whole
dataset was divided into two datasets: “pre-flare” (tp + 26 d
to tp + 29 d) and “flare” (tp + 30 d to tp + 32 d). These two
datasets were analysed independently and revealed similar fluxes
and significance levels (see Table 1). A spectral analysis of the
two datasets shows that both spectra are consistent with a sim-
ple power law, yielding similar values of the spectral index (see
Table 1). The two spectral indices are consistent with the one
obtained for the total dataset. These results are discussed in
Sect. 4.2.

3.5. Re-analysis of the 2004 data

For the data taken around the 2004 periastron passage the energy
spectrum had been measured only up to ∼3 TeV (Aharonian et al.
2005b) while for the much smaller dataset of 2011 observations
the spectrum was measured up to >4 TeV and for the compa-
rable dataset of 2007 observations up to >10 TeV (Aharonian
et al. 2009) using more advanced analysis techniques with a
better understanding of weak fluxes. To fully compare obser-
vation results around different periastron passages (see below),
the 2004 data were re-analysed with the current analysis tech-
niques, the same as used for the analysis of the 2011 data de-
scribed above. The re-analysis results are compatible with the
published ones. The differential energy spectrum measured up
to ∼10 TeV is consistent with a power law with a spectral in-
dex Γ = 2.8 ± 0.1stat ± 0.2syst and a flux normalisation at 1 TeV
of N0 = (1.29 ± 0.08stat ± 0.26syst) × 10−12 TeV−1 cm−2 s−1. The
new analysis of the 2004 data is therefore compatible with the
published results when extrapolated above 3 TeV.

4. Discussion

4.1. Comparison with previous H.E.S.S. observations

In Fig. 3, the integrated photon flux above 1 TeV as a function of
time with respect to periastron (indicated by the dashed vertical
line) is shown. The light curve compiles the data from all three
periastron observation campaigns spanning from 100 days be-
fore to 100 days after the periastron. The observed flux from
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H.E.S.S. observation conditions in 2014 close to periastron

PSR B1259-63/LS 2883 - 2014 periastron

➤ H.E.S.S. has observed PSR B1259-63 in 2014 during the whole pre/post - periastron passage

➤ t per oitself observed at TeVs for the first time

➤ H.E.S.S. data being processed (including first H.E.S.S.-II observations)

➤ Detailed MWL coverage: + Fermi, INTEGRAL, Suzaku, NuStar, SALT, ATCA...



Swift-XRT (ToO) + NuSTAR (scheduled + ToO) observations

PSR B1259-63/LS 2883 - 2014 periastron



Fermi-LAT observations - 2014 flare event

PSR B1259-63/LS 2883 - 2014 periastron



6/25/14 4:26 PMATel #6248: Short-term X-ray/gamma-ray variability from PSR B1259-63

Page 1 of 2http://www.astronomerstelegram.org/?read=6248

Outside
GCN
IAUCs

Other 
ATel on Twitter and Facebook
ATELstream
ATel Community Site
MacOS: Dashboard Widget

Post | Search | Policies
Credential | Feeds | Email

25 Jun 2014; 14:23 UT

This space for free for your
conference.

IAU Symposium 305
Polarimetry: From the Sun to

Stars and Stellar
Environments

Costa Rica
Nov 30-Dec 5 2014

[ Previous | Next ]

Short-term X-ray/gamma-ray variability from PSR
B1259-63

ATel #6248; P. Bordas (Max-Planck-Institut fur Kernphysik), V. Zabalza (Department of Physics
and Astronomy, University of Leicester), C. Romoli (Dublin Institute for Advanced Studies), D.

Khangulyan (Institute of Space and Astronautical Science/JAXA) and G. Puehlhofer (Institut fur
Astronomie und Astrophysik, Universitat Tuebingen)

on 19 Jun 2014; 14:06 UT
Credential Certification: Pol Bordas (pol.bordas@mpi-hd.mpg.de)

Subjects: X-ray, Gamma Ray, Binary, Neutron Star, Pulsar

 
We have monitored PSR B1259-63 with Swift-XRT during its recent 
periastron passage, including the first and second neutron star 
crossings of the companion's circumstellar disk, the periastron passage 
itself (t_p) on May 4th 2014, and the expected onset of the gamma-ray 
flare (see ATels #6204, #6216, #6225 and #6231). A preliminary analysis 
of the Swift-XRT data shows the double-peak structure around t_p as 
observed in previous periastron passages, with the highest flux observed 
during the second disk-crossing on May 22nd (t_p +18d, ATel #6198). 
After this, the source X-ray flux (0.3-10 keV) has decayed steadily, 
dropping down to 2.13e-11 erg/cm2/s at t_p+30d. 

 
From June 2nd to June 12th (t_p +29d and +39d, respectively) the 
descending trend halted, and a slight increase in the X-ray flux is 
observed, from 2.43(18)e-11 erg/cm2/s to 2.51(9)e-11 erg/cm2/s. Enhanced 
gamma-ray emission has also been reported (see ATels above). On 
subsequent days, from June 13th to June 14th, a sharp X-ray "dip" has 
been observed, in which the X-ray flux dropped down to about 1.48e-11 
erg/cm2/s. Later on, from June 15th to June 18th, the X-ray flux seems 
to have recovered, displaying again values at the level of 2.14e-11 
erg/cm2/s. 

 
We also analysed Fermi-LAT data on the source from previous nights. A 
sharp decrease of the gamma-ray flux is observed, from a value of 2.1e-6 
ph/cm2/s on June 12th (t_p + 38d) to 0.77e-6 ph/cm2/s on June 14th-15th 
(2-day binning, t_p + 40d-41d), whereas the flux during June 14th-15th 
is below the detection limit (TS < 25) on a daily interval. A binned 
likelihood analysis over a square region of 30x30 degrees with the IRFs 
"P7REP_SOURCE_V15" has been employed, with the source list extracted 
from the 2FGL catalog. The lightcurve was computed by fixing first the 
background sources performing a likelihood analysis over a time period 
going from June 3rd to June 16th. We then left free to vary the 
parameters for PSR B1259-63 during daily bins. The behaviour seen in the 
daily lightcurve seems to be in agreement with the flare detected in 
2011. 
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⇒  IC by unshocked wind not responsible for X-rays...  

⇒  If flare from Doppler boosting:

      - should have a brighter X-ray counterpart  
      - should have a TeV counterpart

➤  X-ray/gamma-ray un/correlated variability?
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from the 2FGL catalog. The lightcurve was computed by fixing first the 
background sources performing a likelihood analysis over a time period 
going from June 3rd to June 16th. We then left free to vary the 
parameters for PSR B1259-63 during daily bins. The behaviour seen in the 
daily lightcurve seems to be in agreement with the flare detected in 
2011. 

Related
6248 Short-term X-ray/gamma-ray

variability from PSR B1259-63
6231 AGILE detection of a gamma-

ray flare from the PSR B1259-63
region

6225 Onset and Rapid Increase of
Gamma-Ray activity from the
Binary System PSR B1259-63
detected by Fermi LAT

6216 Fermi LAT detection of a flaring
activity from PSR B1259-63/LS
2883

6204 Flaring activity from PSR
B1259-63

6198 Fermi/LAT and Swift/XRT
observations of PSR B1259-
63/LS 2883 over the recent
periastron passage

3115 Fermi-LAT Detection of
Continued Increasing Gamma-
Ray Flux from the Binary
System PSRB1259-63

3111 Fermi LAT observations of
gamma-ray activity from the
binary system PSR B1259-63

3085 Fermi LAT Detection of GeV
Gamma-Ray Emission from the
Binary System PSRB1259-63

3046 Fermi/LAT and Swift/XRT
detection of increased activity
from the binary system PSR
B1259-63/SS 2883

2RecommendRecommend

⇒  different mechanisms for both emissions  

⇒  η-transition when “leaving” circ. disk

      - provide larger PWZ for IC  
      - hydrodynamical instabilities affecting shocked wind
      - explain delay (~5d) 2014 flare?
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Figure 1. Upper panel: PWZ lengths toward the observer as a function of days to periastron. The calculations are performed for two values of the η parameter:
η = 10−3 (CD) and η = 0.05 (SW), and three different orbital inclinations: i = 25◦, i = 45◦, and i = 75◦. Bottom panel: ratio of the PWZ lengths for the interaction
with SW and CD for −10 days (dot-dashed line) and +30 days (dash-dot-dotted line) to periastron passage; and expected ratio of the post- to pre-periastron flares
(dotted line). The inset plot shows dependence of the true anomaly (in degrees) on the epoch (in days) to periastron.
(A color version of this figure is available in the online journal.)

wind in the saturation regime. However, any explanation of this
flare should address several important issues, namely (1) the
extraordinarily high luminosity of gamma radiation at the
level close to the pulsar’s spin-down luminosity (SDL), Ė =
8 × 1035 erg s−1; (2) lack of enhanced non-thermal X-ray flux;
and (3) orbital phase of the flare.

2. THE SCENARIO

The very fact of the absence of simultaneous activity in the
X-ray energy band suggests that the gamma-ray emission is
produced by the pulsar wind. Indeed, since in the cold wind
the electrons move together with the magnetic field, they lose
their energy only through IC scattering, thus IC gamma rays are
emitted without an accompanying synchrotron radiation. More-
over, for a narrow, e.g., Planckian-type, distribution of ambient
photons with temperature Tr, the upscattered gamma-ray emis-
sion will be concentrated within a narrow energy interval with a
characteristic energy Eγ ≈ 3kTrΓ2

0 ≈ 300(kTr/1 eV)Γ2
0,4 MeV

in the Thomson regime (kTrΓ0/m2
ec

4 % 1) or Eγ ≈ mec
2Γ0 ≈

5Γ0,4 GeV in the Klein–Nishina regime (kTrΓ0/m2
ec

4 ! 1).
Here Γ0 = 104Γ0,4 is wind bulk Lorentz factor.

The strength of the gamma-ray signal produced by the wind
depends on three parameters: (1) the bulk Lorentz factor of
the wind, (2) the density of the target photon field, and (3) the
pulsar wind zone (PWZ) length toward the observer (see, e.g.,

Ball & Dodd 2001; Khangulyan et al. 2007, 2011; Sierpowska-
Bartosik & Bednarek 2008; Cerutti et al. 2008). At least one of
these parameters should experience sudden changes in order to
provide a sharp increase of the gamma-ray signal as detected
by the Fermi LAT. Bogovalov et al. (2008) have shown that
the interaction of the pulsar wind can proceed in two different
regimes depending on the ratio η of ram pressures of the
interacting pulsar and stellar winds (SWs). For η < ηcr, where
ηcr & 10−2, the pulsar wind termination shock has a closed
structure, and for η > ηcr the termination shock is expected to be
unclosed (on a scale of the binary system; see Bosch-Ramon &
Barkov 2011; Bosch-Ramon et al. 2012). This hydrodynamical
instability should lead to a fast (on timescales of 103–104 s)
transformation of the termination shock. Importantly, in the case
of the interaction of the pulsar with the circumstellar disk (CD)
ηd ∼ 10−3 % ηcr, while at the interaction of the pulsar wind
with the SW ηw ∼ 5 × 10−2 ( ηcr (Khangulyan et al. 2011).
Thus, the pulsar’s entrance to and exit from the CD should lead
to fast transformations of the termination shock. In Figure 1, we
show PWZ lengths calculated for different orbital inclinations
and the η parameter (for details see Khangulyan et al. 2011).

The increase of the PWZ length by a factor of ∼10 after its
escape from the disk naturally explains the detected dramatic
increase of the gamma-ray flux during the flare (see Figure 2).
The detected gamma-ray flux with luminosity comparable to
the pulsar’s SDL requires that the Comptonization of the wind

2

Khangulyan et al.  (2012)

PSR B1259-63/LS 2883 - 2014 periastron



Gamma-ray emitting binaries with HESS

GeV TeV Class Components

PSR B1259-63 yes yes PSR binary Oe + PSR

LS 5039 yes yes ? O + C.O.

HESS J0632+057 no yes ? Be + C.O.

1FGL J1018.6−5856 yes  yes ? O + C.O.

 η-Carina yes no CW binary LBV + O(?)

transients yes no/? novae, μQ ---

yes no Classical nova Main Seq. + WD

yes no Classical nova Main Seq. + WD



Aharonian et al. (2005)

LS 5039

HESS & VERITAS Collaborations (2013)

HESS J0632+057 1FGL J1018.6-5859

ICRC 2013, HESS Collaboration

Gamma-ray emitting binaries with HESS
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Vı́ctor Zabalza (MPIK) Gamma-ray observations of gamma-ray binaries �� / ��
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�FGL J����.�-���� at TeV

� Initial HESS observations did not detect variability from cospatial
point-like source. Abramowski et al. (����)

� Source confusion with nearby plerion precluded clear identi�cation.
� New observations detect signi�cant variability and periodicity at
binary period
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● Porb= 3.9d, 

● comp. star = O6.5V, 

● C.O.= 1.7 - 5.0 Msun

● Porb= 315d, 

● comp. star = B0pe 

● C.O.= 1.3 - 7.1 Msun

● Porb= 16.6d, 

● comp. star = O6.5V, 

● C.O.= ?
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Fig. 5. Top: Integral γ-ray flux (F > 1 TeV) lightcurve
(phasogram) of LS 5039 from HESS data (2004 to 2005)
on a run-by-run basis folded with the orbital ephemeris of
Casares et al. (2005). Each run is ∼28 minutes. Two full
phase (φ) periods are shown for clarity. The blue solid ar-
rows depict periastron and apastron. The thin red dashed
lines represent the superior and inferior conjunctions of
the compact object, and the thick red dashed line de-
picts the Lomb-Scargle Sine coefficients for the period
giving the highest Lomb-Scargle power. This coefficient
is subtracted from the light curve in Fig 1 middle panel.
Middle: Fitted pure power-law photon index (for ener-
gies 0.2 to 5 TeV) vs. phase interval of width ∆φ = 0.1.
Because of low statistics in each bin, more complicated
functions such as a power-law with exponential cutoff pro-
vide a no better than a pure power-law. Bottom: Power-
law normalisation (at 1 TeV) vs. phase interval of width
∆φ = 0.1.
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� Initial HESS observations did not detect variability from cospatial
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� Source confusion with nearby plerion precluded clear identi�cation.
� New observations detect signi�cant variability and periodicity at
binary period
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 similar companion star, orbital periods... 
 but opposite phase-folded GeV-TeV lightcurve and flux-vs-hardness behaviour

LS 5039 vs 1FGL J1018.6-5859 



H.E.S.S. collaboration: H.E.S.S. Observations of PSR B1259-63/LS 2883 around the 2010/2011 periastron passage
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Fig. 4. Differential energy spectra of the VHE γ-ray emission from
PSR B1259-63/LS 2883 for the data collected around the 2004 (blue
squares), 2007 (red triangles), and 2010/2011 (green circles) perias-
tron passages. For the 2004 data the spectrum presented in this paper
is shown. The 2007 spectrum is extracted from Aharonian et al. (2009).

the 2010/2011 observation campaign is compatible with the
flux detected in 2004 at the similar orbital phases. Observation
periods from 2004 and 2007 were separated in time with re-
spect to the periastron position, i.e., observations in 2004 were
performed mainly after and in 2007 mainly before the perias-
tron. Therefore, it was impossible to directly confirm the repet-
itive behaviour of the source by comparing observations of
PSR B1259-63/LS 2883 at the same orbital phases. In this per-
spective, although the 2011 observations do not exactly overlap
with the orbital phases of previous studies, they cover the gap in
the 2004 data post-periastron light curve and the integrated flux
follows the shape of the light curve, yielding a stronger evidence
for the repetitive behaviour of the source.

The spectral shape of the VHE γ-ray emission from
PSR B1259-63/LS 2883 around the 2010/2011 periastron pas-
sage is similar to what was observed during previous periastron
passages (Fig. 4). The photon index of 2.92 ± 0.25stat ± 0.2syst
inferred from the 2011 data is well compatible with previous re-
sults. The spectrum measured for the 2011 data can be resolved
only up to ∼4 TeV, which is explained by a very low statistics at
higher energies due to a short exposure of the source.

4.2. Search for the equivalent “GeV Flare”

in the H.E.S.S. data

The absence of the flux enhancement during the GeV flare at
radio and X-ray wavebands indicates that the GeV flare may
be created by physical processes different from the those re-
sponisble for the emission at other wavelengths. The VHE post-
periastron data obtained with H.E.S.S. around the 2004 peri-
astron passage do not show any evidence of a flux outburst at
orbital phases at which the GeV flare is observed. However,
the H.E.S.S. observations around the 2004 periastron passage
do not comprise the orbital phase when the GeV flare starts.
Moreover, to compare H.E.S.S. 2004 data with the GeV flare ob-
served after the 2010 periastron passage, one has to assume that
the GeV flare is a periodic phenomenon, which may not be the
case. The H.E.S.S. data taken between 9th and 16th of January
in 2011 provide a three-day overlap in time with the GeV flare.
Therefore, it is possible to directly study any flux enhancement
in the VHE band on the time scale of the HE flare. To improve
the sensitivity of the variability search the whole period of the
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Fig. 5. (Top) Integrated photon fluxes above 1 TeV for the pre-flare and
flare periods (see text) are shown as black filled boxes. The dashed hor-
izontal line shows the best fit with a constant. The HE data points above
0.1 GeV as reported by Abdo et al. (2011) are shown as red filled cir-
cles. The flare start date is indicated by the dashed vertical line. The left
axis indicates the units for the VHE flux and the right (red) axis denotes
the units for the HE flux. (Bottom) The spectral energy distribution of
the HE-VHE emission. For the HE emission the overall flare spectrum
is shown as reported by Abdo et al. (2011). Marking of the data points
is the same as in the top panel. Solid lines denote the fit of the Fermi
data only with the power law with exponential cut-off (red) and the fit
of the H.E.S.S. data only with the power law (black). The dashed black
line denotes the fit of the Fermi (excluding upper limits) and H.E.S.S.
data together with the power law.

H.E.S.S observations was divided into two time periods of al-
most equal length: before (“pre-flare”) and during (“flare”) the
HE flare (see Sect. 3.4). The pre-flare and flare dataset analysis
results are presented in Table 1.

To search for variability, the flux as a function of time
was fitted with a constant, which resulted in a mean flux of
(0.91 ± 0.18) × 10−12 cm−2 s−1 (black horizontal dashed line in
Fig. 5 top). The fit has a χ2-to-NDF ratio of 0.73/1, which cor-
responds to a χ2 probability of 0.39, showing no indication for
a flux enhancement. Note that the spectral parameters obtained
by an independent fit of each of the two periods have been used
here.

If one assumes that HE and VHE emission are created ac-
cording to the same scenario, i.e. the same acceleration and ra-
diation processes and sites, then a flux enhancement of the same
magnitude as observed at HEs should be also seen at VHEs. To
investigate this hypothesis, the flare coefficient κ is introduced
as the ratio of the fluxes during the flare period and the pre-flare
period. The ratio of the HE (E > 0.1 GeV) flux averaged over
the three-day interval between (tp + 30 d) and (tp + 32 d) to the
upper limit on the HE pre-flare emission (see Fig. 5 top) yields
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LS ���� at GeV

�.� year Fermi-LAT results:
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PSR B1259-63

LS 5039

1FGL J1018.6-5856

The Astrophysical Journal, 749:54 (12pp), 2012 April 10 Hadasch et al.

Table 1
T S Values for LS I +61◦303 for Different Spectral Shapes (See Section 4.3 for Details)

Data Set Power Law + Exponential Cutoff Power Law Broken Power Law
TS TS TS

30 months of data 23995 23475 23970
Data before 2009 March 3404 3314 3415
Data after 2009 March 20714 20283 20699
Inferior conjunction (geometrically) 12548 12326 12512
Superior conjunction (geometrically) 11711 11422 11700
Inferior conjunction (angle cut) 6670 6562 6665
Superior conjunction (angle cut) 6083 5986 6063
Periastron 11656 11450 11636
Apastron 12377 12059 12361

Table 2
Parameters for LS I +61◦303 from Spectral Fitting with Power Law with Exponential Cutoff (See Section 4.3 for Details)

Data Set Photon Index Γ Cutoff Energy Flux >100 MeV
(GeV) (×10−6 photons cm−2 s−1)

First 8 months of data 2.21 ± 0.04stat ± 0.06syst 6.3 ± 1.1stat ± 0.4syst 0.82 ± 0.03stat ± 0.07syst
30 months of data 2.07 ± 0.02stat ± 0.09syst 3.9 ± 0.2stat ± 0.7syst 0.95 ± 0.01stat ± 0.07syst
Data before 2009 March 2.08 ± 0.04stat ± 0.09syst 4.0 ± 0.6stat ± 0.7syst 0.75 ± 0.03stat ± 0.07syst
Data after 2009 March 2.07 ± 0.02stat ± 0.09syst 3.9 ± 0.3stat ± 0.7syst 1.00 ± 0.01stat ± 0.07syst
Inferior conjunction (geometrically) 2.14 ± 0.02stat ± 0.09syst 4.0 ± 0.4stat ± 0.7syst 1.07 ± 0.02stat ± 0.07syst
Superior conjunction (geometrically) 2.02 ± 0.03stat ± 0.09syst 3.9 ± 0.3stat ± 0.7syst 0.85 ± 0.02stat ± 0.07syst
Inferior conjunction (angle cut) 2.17 ± 0.03stat ± 0.09syst 4.1 ± 0.5stat ± 0.7syst 1.11 ± 0.03stat ± 0.07syst
Superior conjunction (angle cut) 2.15 ± 0.03stat ± 0.09syst 5.0 ± 0.7stat ± 0.7syst 0.91 ± 0.02stat ± 0.07syst
Periastron 2.14 ± 0.02stat ± 0.09syst 4.1 ± 0.4stat ± 0.7syst 1.01 ± 0.02stat ± 0.07syst
Apastron 2.01 ± 0.03stat ± 0.09syst 3.7 ± 0.3stat ± 0.7syst 0.90 ± 0.02stat ± 0.07syst
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Figure 4. Overall 30 month LS I +61◦303 spectrum (red) in comparison with
the earlier published one (black) over 8 months is shown. TeV data points taken
by MAGIC and VERITAS are shown in gray. They are not simultaneously taken
with the GeV data, whereas the data for the VERITAS upper limit (in green)
are.
(A color version of this figure is available in the online journal.)

and corresponding best fit using the updated data set described
in Section 2 are shown in Figure 4, together with previously
derived results from the LAT and TeV observations. Two sets of
TeV data are plotted: we show the non-simultaneous data points
obtained by the Cherenkov telescope experiments MAGIC and
VERITAS. (These data correspond to phases around 0.6–0.7
and represent several orbits observed in the period 2006–2008,
before Fermi was launched.) Additionally, we show the latest

measurements performed by VERITAS, which established a
99% CL upper limit.14 The new VERITAS upper limit spans
several orbits during which, simultaneously with our LAT
data, no detection was achieved. The LAT data along the
whole orbit are still best described by a power law with an
exponential cutoff. The T S value for a source emitting γ -rays
at the position of LS I +61◦303 with an SED described by
a power law with an exponential cutoff is highly significant.
The relative T S value comparing a fit with a power law and
a fit with a power law plus an exponential cutoff clearly
favors the latter, at the ∼20σ level. The photon index found
is Γ = 2.07 ± 0.02stat ± 0.09syst; the flux above 100 MeV is
(0.95 ± 0.01stat ± 0.07syst) × 10−6 photons cm−2 s−1, and the
cutoff energy is 3.9 ± 0.2stat ± 0.7syst GeV. Results for the
obtained T S values for each fit to different data sets are listed
in Table 1 and all fit parameters obtained for the exponentially
cutoff power-law models are listed in Table 2.

Figure 4 shows that the data point at 30 GeV deviates from
the model by more than 3σ (power law with cutoff, red line).
Although in our representation it is only one point, it is in
itself significant, with a T S value of 67 corresponding to ∼8σ .
Therefore, and similar to the case of LS 5039, with the caveat
of having only one point determined in the SED beyond the
results of the fitted spectral model, we investigate the possible
presence of a second component at HEs. As in the case for
LS 5039, we use the likelihood ratio test to compare two
models: model A is a power law with a cutoff and model B
is a power law with a cutoff plus an additional power law.
According to this test, the probability of incorrectly rejecting
model A is 5.7 × 10−15 (7.8σ ). The T S value for this extra

14 We derive this differential upper limit by using the VERITAS-reported
integral flux upper limit for phases 0.6–0.7 (Acciari et al. 2011) assuming a
differential spectral slope of 2.6.
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GeV - TeV connection in gamma-ray binaries



➤  The GeV and TeV components are difficult to reconcile with a single IC emitter
              

➤  different GeV/TeV components?
     

              ● magnetospheric + pulsar wind (e.g. Torres 2011)
              ● striped pulsar wind (e.g. Petri & Dubus 2010)
              ● unshocked wind (PSR B1259-63 flare; Khangulyan et al. 2012)
              ● high-Γ shocked wind (Bogavolov et al. 2012, Kong et al. 2012)
              ● shock apex + Coriolis turnover (Bosch-Ramon & Barkov 2011)

      GeV emitter requires: 

      TeV emitter requires: ● High energy cutoff at Ee ~ 10 TeV → high acceleration efficiency
● γγ absorption precludes a deep TeV emitter

● High efficiency in converting pulsar wind power into non-thermal luminosity.
● Injection high energy cutoff at Ee ~ 10 GeV → low acceleration efficiency
● A location close to the compact object → good variability behaviour for IC 

Szostek & Dubus (2011)

Candidate locations in a binary pulsar

� Typical view of pulsar binary:
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TeV emitter location:
� Shocked pulsar wind
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� Magnetospheric emission
� Striped pulsar wind Petri & Dubus ����
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Candidate locations in a binary pulsar

� However, considering orbital motion yields a di�erent picture:
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Geometry proposed by
Bosch-Ramon & Barkov (����),
and con�rmed through
hydrodynamical simulations
by Bosch-Ramon et al. (����).

TeV emitter location:
� Coriolis turnover shock

GeV emitter location:
� Wind stando� shock

Vı́ctor Zabalza (MPIK) Gamma-ray observations of gamma-ray binaries �� / ��Bosch-Ramon & Barkov (2011), Zabalza et al. (2013)
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GeV TeV Class Components

PSR B1259-63 yes yes PSR binary Oe + PSR

LS 5039 yes yes ? O + C.O.

HESS J0632+057 no yes ? Be + C.O.

1FGL J1018.6−5856 yes ? ? O + C.O.

 η-Carina yes no CW binary LBV + O(?)

transients yes no/? novae, μQ ---

yes no Classical nova Main Seq. + WD

yes no Classical nova Main Seq. + WD

Gamma-ray emitting binaries with HESS



 

• distance: 2.3 kpc 
• eccentricity: ~0.9
• period: 5.54 years
• primary star = LBV, M = 80 - 120 Msun, 

                                       dM/dt ~10-4 - 10-3 Msun yr-1

• secondary star = O/WR, M = 30 Msun, 

                                       dM/dt ~10-5 Msun yr-1

credits: N. Smith & J. A. Morse 

Colliding wind binary systems

Eta Carinae

Farnier et al. (2011)

mailto:%20Jon%20dot%20A%20dot%20Morse%20at%20nasa%20dot%20gov
mailto:%20Jon%20dot%20A%20dot%20Morse%20at%20nasa%20dot%20gov


 

H.E.S.S. upper limits

- No positive signal found yet (@ Eth > 470 GeV )
   • Eta Carinae ≤ 7.7 ×10-13 ph cm-2 s-1 
   • Carina Nebula ≤ 4.2 ×10-12 ph cm-2 s-1 

H.E.S.S. Collaboration (2012)

Eta Carinae

H.E.S.S.-II observations in 2014
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Figure 2: Multi-wavelength lightcurve of Eta Carinae as shown in [1] for the previous cycle. The grey bands indicate

when Eta Carinae is visible to H.E.S.S. under zenith angles smaller than 40
◦
. Note that due to the 5.5 years orbital

period, only periods that have not been covered by H.E.S.S. yet would be observed.

3

HESS-II 
⦿  Opportunities with HESS-II 

–  unique object, wide interest in astrophysics community 
–  energy threshold of HESS-I system was already !470 GeV (Fermi sees emission 

up to 300 GeV) 
–  variability timescales of < months can only be observed with IACTs 
–  next periastron passage in summer next year 
–  next one only in 2019, when CTA will be operational 
–  guaranteed science output 

! observation proposal 
for 2013/2014 submitted 
November last year 
! updated proposal in 
this year for 2013, since 
CT5 commissioning was 
delayed 
what can we expect to 
see? 



GeV TeV Class Components

PSR B1259-63 yes yes PSR binary Oe + PSR

LS 5039 yes yes ? O + C.O.

HESS J0632+057 no yes ? Be + C.O.

1FGL J1018.6−5856 yes ? ? O + C.O.

 η-Carina yes no CW binary LBV + O(?)

transients yes no/? novae, μQ ---

yes no Classical nova Main Seq. + WD

yes no Classical nova Main Seq. + WD

Gamma-ray emitting binaries with HESS



● GRS 1915+105, Cyg X-3, Cyg X-1, SS433, Cir X-1, V464 Sgr, 1E 1740 ...:
   ➤  Steady HE/VHE γ-ray emission still lacking (Acero+ 2009), (Aleksic+ 2010), (Saito+ 2009)...

   ➤  HE outbursts in Cyg X-3 (Tavani et al. 2009; Abdo et al. 2010) and Cyg X-1 (Sabatini et al. 2010)

   ➤  At VHE, only a hint during outburst of Cyg X-1 (Albert et al. 2007) - needs confirmation

transients: μQs
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Figure 5: Differential sensitivity at selected energies as a function of observation time.
These plots were generated for a detection significance of 5σ in the relevant energy bin
and a minimum number of 25 events.

in the > 25GeV range [36, 37]. For such observation the systematic error on
the background level can be significantly reduced, since the local background
can be determined from the off-phase of the pulsar. In this case the aim is
no more the detection in each energy bin, but rather a very small error on
the measured flux. In Figure 6 we illustrate the effect of requiring 10σ per
energy bin (and correspondingly 100 events to get the same error on the flux
in the signal-limited regime) and the suppression of the systematic error on
the cross-over energy Ecross. For the special case of the pulsar observations,
the cross-over energy can be significantly reduced and will be close to ∼ 25
GeV (compared to ∼ 40 GeV in the standard case of 5σ and 10 events and
1% systematic error on the background flux).
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transients: novae

➤  Fermi-LAT new gamma-ray source class: Symbiotic novae... and Classical novae
 

Cheung  (2012)
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Figure 2: Fermi-LAT 1-day binned (> 100 MeV) lightcurves of the three detected gamma-ray novae. The start dates
indicated are from top to bottom, 2012 June 9, 2012 June 15, and 2010 March 10. Detections with ≥ 3σ significances
are the points with flux error bars shown in black, while data with 2− 3σ significances are shown in gray; upper limits
are shown for point with < 2σ significances.

the LAT error circle.
Nova Sco 2012 was classified as a classical nova [36]

which are typically accreting through Roche lobe over-
flow rather than from a RG wind as in the case of
symbiotic-like recurrent nova. The recurrence time
for CN are ∼ 104 years and the estimated rate is for
∼ 35 such events per year in our Galaxy [33]. (Con-
trast: only ∼ 10 total recurrent nova are known.)
This implied that CN could possibly be common as
gamma-ray emitters, but still begs the question why
this particular event and not others were detected by
the LAT (cf., Fig 1).

3.2. Discovery of Nova Mon 2012, and its
Fraternity
Nova Mon 2012 was discovered initially by the

LAT as an unidentified gamma-ray transient, Fermi
J0639+0548, in late-June [7]. VLA observations were

triggered on the Fermi detection, but the source was
∼ 20◦ from Sun at the time (in the Monoceros re-
gion of the Galaxy) and thus precluded optical and
X-ray observations. Due to its similar long-duration
in gamma-rays to the V407 Cyg 2010 and Nova Sco
2012 cases (Fig. 2), the possibility that the gamma-
ray source could be a nova was noted internally1

1Aside: After the association of Fermi J1750–3243 with Nova
Sco 2012 in late July, I began considering the possible nova
origin for other unidentified gamma-ray transients (near and
off the Galactic plane), and reasoned that Swift-UVOT optical
observations of Fermi J0639+0548 when the source came out
of its Sun constraint could test this idea. Instead, on August
14, after discussing some results with collaborator, S.N. Shore,
he noted in passing that he had “just activated a ToO at the
NOT for the new nova in Mon, it’s a pretty one but likely
wasn’t seen by Fermi (but you might check, discovered 9 Aug).”
Immediately when I heard the new nova was in Monoceros, I
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Figure 4: High energy γ-ray light curves expected for RS Oph (2006), as compared
with Fermi/LAT sensitivities for Eγ > 100 MeV.

Oph (Shore et al. 2011). Fermi/LAT detected it on the same day and then
repeatedly for a few days, with a peak flux in γ-rays observed between 13 to 14
March 2010, i.e. about 3–4 days after the optical outburst (Abdo et al. 2010).
So, our predictions for RS Oph can now be tested with real observations with
Fermi/LAT. However, less multiwavelength observations are available for V407
Cyg (2010) than for RS Oph (2006).

There are two main differences between the two objects. First, V407 Cyg is
not a standard recurrent nova, as RS Oph, since no regular eruptions were known
before 2010 (Munari et al. 2011). Second, the orbital period is much larger for
V407 Cyg than for RS Oph (43 years vs. 456 days); then, the separation between
the white dwarf and the AGB star in V407 Cyg is very large (about 15 AU, 10
times larger than in RS Oph). This means that the shock wave needs about 7 days
to reach a distance equal to the binary separation, and thus it should propagate
through the red giant wind perturbed by the orbital motion. On the contrary, in
RS Oph free expansion of the shock wave through the unperturbed wind occurred
from day one after outburst. We also note that nonthermal radio synchrotron
emission is not (yet) reported for V407 Cyg (2010), contrary to RS Oph (2006).

We have made a preliminary estimate of the γ-ray flux from neutral pion decay
in V407 Cyg (2010), getting Fγ(Eγ > 100 MeV) ∼ 10−6 photons cm−2 s−1, for an
estimated mean postshock density for a few days after outburst of ∼ 2×109 cm−3,
a nova energy output of ∼ 1044 erg and a distance of 2.7 kpc. This result is
consistent with the peak γ-ray flux detected by Fermi/LAT about 3–4 days after
the optical outburst.

4. SUMMARY AND DISCUSSION

Recurrent novae in symbiotic binaries are expected to accelerate particles and
emit high-energy γ-rays detectable with Fermi/LAT, because of the shock wave
propagation in the dense wind expelled by the red giant star. According to our
calculations, RS Oph (2006) would have been detected by Fermi. V407 Cyg (2010)

P. Martin and G. Dubus: Particle acceleration and non-thermal emission in V407 Cyg

Fig. 6. Properties of the γ-ray emission for Run 1, the base
case scenario of a shock propagating in a wind. Top panel:
time-averaged spectrum over the first 15 days; the dashed (dot-
dashed) curve is the inverse-Compton scattering on the red gi-
ant (nova) photons. Middle panel: light curves in the 100MeV-
100GeV band; the collective upper limit on the flux from day
19 to 33 is 0.8 ×10−7 ph cm−2 s−1 (not shown for simplicity).
Bottom panel: non-thermal energy in particles and cumulated
radiation; the red and blue solid (dashed) curves correspond to
particles (radiation); the black solid (dashed) curve is the total
non-thermal energy (initial nova kinetic energy).

Fig. 7. Properties of the γ-ray emission for Run 2, the scenario
of a shock propagating in a wind, optimized for the case of V407
Cyg. Color coding and graph elements are described in Fig. 6.
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Summary

● Gamma-ray binaries offer unique conditions to test particle acceleration and emission
   processes in geometrically variable (and predictable) conditions

● Five systems detected so far at VHEs (four with H.E.S.S), new systems, transients, μQs, expected

● The GeV-TeV phenomenology is however extremely rich

    ➤ PSR B1259-63: only known pulsar-binary - but still far from understood (flares, double-peak...)
    ➤ LS 5039, 1FGL J1018: O-star, similar P~days... but strong differences (hardness ratio, phase-folded l.c)    
    ➤ HESSJ0632, LS I +61 303: Be-stars, GeV long-term variability/ non-detection, double-peak in l.c.

● H.E.S.S.-II already here: lower threshold (enter Fermi range), higher statistics (short-term variab.)

    ➤ PSR B1259-63 and Eta Carina: periastron passages in 2014 
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Figure 3: H.E.S.S. II prospects for the reconstructed spectrum after 2 (blue point), 5 (magenta) and 30 (green)
hours of observations in high state emission (see text).

on any timescale can be used to study the effect of cooling and particle escape. Short-time changes in
the γ-ray lightcurve would point towards an origin of the emission in the colliding wind region and reflect
changes in the physical conditions therein. Monthly variability as seen for Fermi-LAT, however, could
point towards an origin of the emission outside of the binary system. A day corresponds to ∼ 10A.U. and
the semi-major axis of Eta Carina, whereas a month corresponds to ∼ 500A.U. well outside the colliding
wind region.

2.3 Eta Carinae during periastron passage

The final goal is to use the results of the proposed observations to prepare and optimise observations for
periastron passage in 2014. As can be seen from Figure 2, H.E.S.S. can observe Eta Carinae shortly before
the X-ray maximum and increased Fermi-LAT flux (see also [2]). During the last periastron passage in
January 2009, Eta Carinae was observed in half a dozen other wavelength bands such as X-rays, IR, mm,
UV or Optical. Although RXTE is no longer in orbit and hence stopped the monitoring campaign on Eta
Carinae, the recently launched NuSTAR will most likely observe it within the next months and during
periastron passage (Forster, priv. comm.). Together with the Fermi-LAT and H.E.S.S. observations this
gives a very good chance to observe this unique object over the full spectral range.

Figure 3 presents the prospects for H.E.S.S. II and the reconstructed Eta Carinae spectrum after 2, 5
and 30 hours (blue, magenta and green points, respectively). We assumed a reconstruction with the Paris-
MVA algorithm and performances based on [4]. In order to account for observations performed at ∼ 40◦

zenith angle, the 20◦ zenith angle effective area has been degraded, with no acceptance below 100 GeV
and worst performance below 340 GeV. The intrinsic spectral shape for Eta Carinae was assumed to agree
with the high energy component observed in the Fermi-LAT data during the first 21st months [5], and
compatible with the constraints obtained with H.E.S.S. Under these assumptions, a significant detection
could be achieved after 2 hr of observations. A longer exposure would result in a better knowledge of the
source spectrum, allow us to measure the intrinsic energy cutoff of the CWB and a possible detection of
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These plots were generated for a detection significance of 5σ in the relevant energy bin
and a minimum number of 25 events.

in the > 25GeV range [36, 37]. For such observation the systematic error on
the background level can be significantly reduced, since the local background
can be determined from the off-phase of the pulsar. In this case the aim is
no more the detection in each energy bin, but rather a very small error on
the measured flux. In Figure 6 we illustrate the effect of requiring 10σ per
energy bin (and correspondingly 100 events to get the same error on the flux
in the signal-limited regime) and the suppression of the systematic error on
the cross-over energy Ecross. For the special case of the pulsar observations,
the cross-over energy can be significantly reduced and will be close to ∼ 25
GeV (compared to ∼ 40 GeV in the standard case of 5σ and 10 events and
1% systematic error on the background flux).
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Figure 1. VHE gamma-ray and X-ray light curves of LS I +61 303 during
the multiwavelength campaign of 2007 September. Top: flux above 300 GeV
vs. the observation time in MJD and the orbital phase. The horizontal dashed
line indicates 0 flux. The vertical arrows mark the times of simultaneous VHE
gamma-ray and X-ray observations. Bottom: de-absorbed flux in the 0.3–10 keV
energy range for the seven XMM-Newton observations (filled circles) and the
nine Swift ones (open circles). Error bars correspond to a 1σ confidence level in
all cases. Dotted lines join consecutive data points to help following the main
trends of the light curves. The sizes of the symbols are larger than the time span
of individual observations.

3.2. X-rays

We summarize in Table 2 the parameters of the spectral
fits and variability obtained for both the XMM-Newton and
Swift/XRT data sets. All X-ray fluxes quoted hereafter are de-
absorbed. We note that there is no significant hardness ratio
change within each of the observations, in contrast to what was
found in the XMM-Newton observations reported by Sidoli et al.
(2006). In principle this implies that, for each observation, the
flux and corresponding uncertainty obtained from the spectral
fit is a good estimate of the flux during the whole observation.
However, moderate count-rate variability on timescales of ks
is present in most observations, ranging from 6% to 17% for
the XMM-Newton data and from 9% to 25% for the Swift data
(see Table 2). The rms of this variability should be considered
in addition to the statistical uncertainty when providing a flux
measurement spanning several ks. We converted this count-rate
variability into flux variability by multiplying the degree of
variability defined in Section 2.2 with the fluxes coming from
the spectral fits. Since no spectral change is detected within
each observation, we added this flux variability in quadrature
to the spectral fits flux errors. This procedure provides the
more realistic total flux uncertainties quoted in parentheses in
Table 2, and used hereafter.

In Figure 1 (bottom) we show the 0.3–10 keV light curve
of LS I +61 303. The source displays a steady flux during the
first four observations and shows a steep increase at phase 0.62,
which is followed by a slower decay up to phase 0.69 (XMM-
Newton) and probably up to phase 0.72 (Swift). The behavior
is very similar to the one seen at VHE gamma rays, although
at X-ray energies the baseline has a significant flux. Later on,
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Figure 2. De-absorbed X-ray fluxes as a function of VHE gamma-ray fluxes.
Only the 10 simultaneous fluxes, marked with arrows in Figure 1, have been
considered. Error bars correspond to a 1σ confidence level in all cases. The
solid line represents a χ2 linear fit to all data points.

there is a significant increase of the X-ray flux up to phase 0.8.
This high flux is detected with a sparse sampling up to phase
0.9, and the source goes back to its baseline flux at phase 1.0.
This high X-ray flux between phases 0.8 and 1.0 occurs when
the source is also detected at VHE gamma rays.

3.3. X-ray/VHE Gamma-ray Correlation

A clear correlation between the X-ray and VHE gamma-
ray emissions is seen during the outburst, with a simultaneous
peak at phase 0.62 (see Figure 1). To study the significance of
this correlation, we selected the X-ray data sets that overlap
with MAGIC observations. There are six overlapping MAGIC/
XMM-Newton data sets, for which strictly simultaneous ob-
servations range from 3.3 to 3.9 hr. For the four overlapping
MAGIC/Swift data sets, the strictly simultaneous observations
range from 2.2 to 4.1 hr (although the Swift runs have gaps). In
Figure 2 we plot the X-ray fluxes against the VHE fluxes (from
Tables 1 and 2) for all 10 simultaneous pairs, which are marked
with arrows in Figure 1. The linear correlation coefficient for
the six simultaneous MAGIC/XMM-Newton pairs that trace the
outburst is r = 0.97. For the 10 simultaneous pairs we find
r = 0.81 (a |r| larger than that has a probability of about
5 × 10−3 to be produced from independent X-ray and VHE
fluxes). Minimizing χ2 we obtain χ2 = 7.68 for 8 degrees of
freedom and the following relationship: F(0.3–10 keV)/[10−12

erg cm−2 s−1] = (12.2+0.9
−1.0) + (0.71+0.17

−0.14) × N (E >300 GeV)/
[10−12 cm−2 s−1] (non-Gaussian uncertainties). This fit is plot-
ted as a solid line in Figure 2.

However, as can be seen in Figure 2, the flux uncertainties
are relatively large. This calls for a test of the reliability of the
correlation strength considering the errors of individual data
points. To this end, we use the z-Transformed Discrete Correla-
tion Function (ZDCF), which determines 68% confidence level
intervals for the correlation coefficient from unevenly sampled
data (see, e.g., Edelson & Krolik 1988; Alexander 1997). The
Fisher z-transform of the linear correlation coefficient is used to
estimate the 68% confidence level interval. Applying the ZDCF
to the X-ray and VHE light curves reported here we obtain
the following uncertainties for the linear correlation coefficient:
r = 0.81+0.06

−0.21. The sensitivity of the MAGIC telescope requires
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