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Gamma-Ray Binaries

Mirabel (2006)

Recent GeV/TeV detections 
from X-ray binaries

↓
Gamma-Ray Binaries

Aharonian+ (2005) Aharonian+ (2005)



Gamma-Ray Binaries
• PSR B1259−63 (pulsar) 

• TeV (H.E.S.S.) & GeV (Fermi LAT)

• LS 5039 (unknown)
• TeV (H.E.S.S.) & GeV (Fermi LAT)

• LS I +61°303 (unknown)
• TeV (MAGIC/VERITAS) & GeV (Fermi LAT)

• HESS J0632+057 (unknown)
• TeV (H.E.S.S./MAGIC/VERITAS) & GeV (Fermi LAT)

• 1FGL J1018.6−5856 (unknown)
• GeV (Fermi LAT)

• Cyg X-3 (unknown)
• GeV (Fermi LAT/AGILE)

• Cyg X-1 (blackhole)
• TeV (MAGIC) & GeV (AGILE)
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PSR B1259−63

Porb = 3.4 years
Rorb > 0.7 AU

LS 2883: Be Star
Pulsar (P = 48 ms)

Non-thermal X-rays
TeV Detection



PSR B1259−63 with Suzaku
Suzaku observation of 2007 periastron passage

Detection up to 60 keV
Spectral break
 εbr =  4.5 keV
Γ1 = 1.25
Γ2 = 1.76

Spectral break 
↔ Low-energy cutoff of electron  
    spectrum corresponding to γ1 of pulsar wind

γ1 = 4 × 105

Uchiyama, TT+ 2009



PSR B1259−63 Gamma-Ray Flare

Fermi LAT
light curve

photon index

Suzaku Observations
80 ks, 40 ks (ToO), 20 ks

Fermi-LAT detected
    GeV flare after periastron

in 2011

Abdo+ 2011



Suzaku Observation during Flare
Pre-Flare During Flare

 NH = (0.573-0.575)x1022 cm−2

 Γ   =  1.76-1.78
 NH = (0.491-0.499)x1022 cm−2

  Γ   =  1.42-1.50

Detection of power-law spectra up to 60 keV



Suzaku & Fermi-LAT Spectra

Synchrotron up to GeV like Crab Nebula?

The acceleration timescale must be almost at limit tacc,min = rg/c
tsyn = tacc,min → synchrotron cutoff energy εc = 160 MeV



LS 5039

Porb = 3.9 days
Rorb ~ 0.1 AU

O6.5V
NS or BH (unknown)

Non-thermal X-rays
GeV/TeV detection



LS 5039 with Suzaku

Folded Lightcurves

Takahashi+ (2009), Aharonian+ (2006), Abdo+ (TT as a corresponding author) (2009)

Covered continuously more than orbital period 



LS 5039 with Suzaku
Spectral Parameters (XIS)

vs
Orbital Phase

Phase-averaged Spectrum

Detection up to ~ 70 keV
Power law with Γ ≃ 1.5

No emission lines
Modest Luminosity L ~ 1033 erg/s

Synchrotron origin

Takahashi+ (2009)



Efficient Acceleration
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TeV gamma−rays

Γ

VHE photon index

X−ray

GeV gamma−rays

Orbital phase

Difficult to explain the X-ray 
variability with e.g. B changes

Adiabatic Cooling?
Then, tad ~ 1 s > tacc

The acceleration timescale must 
be almost at limit

tacc,min = rg/c
   = 1 (Ee/10 TeV)(B/G)−1 s

Extreme electron acceleration

Takahashi+ (2009)



LS 5039: Long-Term Stability 

No. 1, 2009 LONG-TERM STABILITY OF X-RAY ORBITAL MODULATION IN LS 5039 L3

Figure 1. Orbital variations of photon index and unabsorbed flux in the energy
range of 1–10 keV. Each color indicates the data of XMM-Newton (blue,
cyan, and green), ASCA (red), and Chandra (magenta). The black filled and
open circles represent the Suzaku observation. Fitting parameters are shown in
Table 1.

which is obtained from the phase-averaged Suzaku spectrum.
Also, phase-resolved ASCA spectra were fit using NH frozen at
the phase-averaged value. As seen in Figure 1, the photon indices

obtained in the past observations follow the tendency seen in
the Suzaku data, where the indices become smaller (Γ ! 1.45)
around apastron and larger (Γ ! 1.60) around periastron. TeV
γ -ray emission presents similar trends in flux and photon indices
(Aharonian et al. 2006) as those of X-rays. Remarkably, the
X-ray flux shows almost identical phase dependency between
the Suzaku and the other data sets as seen in the bottom panel
of Figure 1. The similar tendency in fluxes and photon indices
were also presented in Bosch-Ramon et al. (2005), although the
data were background contaminated and this prevented a proper
photon index determination. The results above indicate that the
overall orbital modulation has been quite stable over the past
eight years. Variability on shorter timescales is studied in the
following subsection.

3.2. Temporal Analysis

The Suzaku light curves by Takahashi et al. (2009) revealed
variability on short timescales of ∆φ ! 0.1. To investigate
the long-term behavior of the X-ray modulation, we compared
the light curve by Suzaku and those obtained in the past
observations. To directly compare the light curves obtained
with the different detector systems, we need to convert detected
counting rate to absolute energy flux for each bin of the light
curves. For all the data other than the Suzaku, we assumed
power-law spectra with parameters shown in Table 1 and
converted the counting rate of each time bin to power-law
flux (unabsorbed flux). We adopted variable bin widths to have
equalized errors for different data sets. For the Suzaku data,
since the spectral parameters, particularly photon indices, are
significantly changed during the observation, we converted the
observed counting rate assuming the power-law parameters
obtained for each phase interval of ∆ = 0.1. The left panel
of Figure 2 shows the resulting light curves in the energy
range of 1–10 keV. Also, a magnified plot of the light curve
is shown in the right panel of Figure 2. The phase-folded

(a)

(b)

Figure 2. (a) Orbital light curves in the energy range of 1–10 keV. Top: Suzaku XIS data with a time bin of 2 ks. Overlaid in the range of φ = 0.0–2.0 is the same
light curve but shifted by one orbital period (open circles). Bottom: comparison with the past observations. Each color corresponds to XMM-Newton (blue, cyan with
each bin of 1 ks, and green with each bin of 2 ks), ASCA (red with each bin of 5 ks), and Chandra (magenta with each bin of 2 ks). Fluxes correspond to unabsorbed
values. The blue solid lines show periastron and apastron phase and the red dashed lines show superior conjunction and inferior conjunction of the compact object.
(b) Close up in 1.2 ! φ < 1.8.

Stable over a Decade
Suzaku data (2007; black) compared with 

ASCA (1999), Chandra (2004), and XMM-Newton (2003 & 2005)

The Pulsar scenario would better explain the stability
O-star (c.f. Be star) binaries more stable?

Kishishita, TT+ 2009



1FGL 1018.6−5856

Fig. 2. The orbital modulation of the flux and spectral indices of 1FGL J1018.6 5856 in the 0.1
- 10 GeV band as measured with the Fermi LAT. and are photon spectral indices
for energies below and above 1 GeV, respectively, using a broken power law model.
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•Gamma-ray properties and host 
star type (O6V) similar to LS 5039

•Characteristic X-ray peak detected 
by Swift XRT

Ackermann+ 2012



1FGL 1018.6−5856 with Suzaku
Swift XRT (2011) Suzaku XIS (2012)

The X-ray peak shifted toward earlier orbital phase
Harder spectrum during the peak 

Detailed analysis underway (TT+ in prep)



ASTRO-H

Suzaku (6m, 1.7t)

•Total Length: 14 m

• Mass: < 2.6  metric ton

• Power: < 3500 W

• Telemetry Rate: > 8 Mbps (X-band)

• Recording Capacity: > 12 Gbits

• Mission life : > 3 years

• Launch in 2015

• Launch site:

       Tanegashima Space Center, Japan

• Launch vehicle: JAXA H-IIA rocket

• Orbit Altitude:  550 km

• Orbit Type: Approximate circular orbit

• Orbit Inclination: ~ 31 degrees

• Orbit Period: 96 minutes

ASTRO-H



ASTRO-H Instruments

- 10-600 keV non-imaging
- Si/CdTe Compton Camera with Narrow FOV 
   Active Shield
- most sensitive gamma-ray detector ever

HXI

Hard X-ray Imaging System

SXS

Soft X-ray Imaging System

SXI

Soft Gamma-ray DetectorSGD

Soft X-ray Spectrometer System

- 0.3-12 keV
- Large Area Soft X-ray Telescope 
- X-ray micro calorimeter
- super resolution (<7eV at 6 keV)

- Hard X-ray Telescope (5-80 keV)
- Focal Length 12 m
- New CdTe Imager (Fine Pitch Strip)

- 0.4-12 keV
- Large Area Soft X-ray Telescope 
- Large FOV 38x38 arcmin2

- CCD spectroscopy

HXT
(telescope)

SXT-S
(telescope)

SXT-I
(telescope)

Energy 
Coverage

ASTRO-H

Spectroscopy (for diffuse source)

Area for
SoftX-rays

Area for
Hard X-rays

XMM

Chandra

Energy Coverage

Angular 
Resolution

Suzaku



Gamma-Ray Binaries with AH

Extreme Particle Acceleration in Compact Binaries

D.Khangulyan1, M.Chernyakova2 for the ASTRO-H Acceleration

Working Group

1 ISAS, Japan; 2 DIAS, Ireland
Introduction

A few gamma-ray binary systems are known to accelerate par-
ticles with unprecedented efficiency (see, e.g., Takahashi et al.,
2009). However, proper implications of these results on accel-
eration theory is still missing, since the physical scenario, that
is realized in these systems, is not yet robustly understood. The
main uncertainty is related to the nature of the compact object in
some (in fact the most intriguing) sources, which can be either a
non-accreting neutron star (pulsar), or a black hole. While in the
first case the pulsar is expected to release its rotation energy
via an ultrarelativistic pulsar wind, in the black hole systems the
main source of energy is accretion. Thus, the properties of the
acceleration sites, expected in these two scenarios, differ dra-
matically. In particular, in the binary pulsar systems, the non-
thermal particles are expected to be accelerated by a strong
ultra-relativistic shock occupying a significant region in the sys-
tem (to some extent similarly to pulsar wind nebulae). In con-
trast, the jets launched by a compact objects, are the most likely
sites for particle acceleration in accretion powered sources. It
is important to note that both types of objects do contribute to
the population of gamma-ray binary systems. In particular, the
compact object in PSR B1259-63/LS2883 is undoubtedly pul-
sar (see, Johnston et al. 1992; Aharonian et al.2005, and ref-
erences therein), while Cyg X-3 is expected to contain a stellar
mass black hole (see Tavani et al. 2009; Abdo et al. 2009, and
references therein).
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10 GeV 10 TeV1 TeV100 GeV 100 TeV

1 TeV

10 TeV
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m

Figure 1: Limitations imposed by possible accelera-
tion efficiency in LS5039

It is hard to overestimate the implication of these sources
for acceleration theory. As it was shown via interpretation
of multiwavelength data, obtained with H.E.S.S. and Suzaku
from LS5039, the efficiency of the acceleration process op-
erating in this source should be extremely high. Namely, if
the acceleration timescale is expressed as: tacc = ηRL/c ∼

0.1η(Ee/1TeV)(B/1 G)−1 s, where η ≥ 1 parametrizes the ac-
celeration efficiency, B magnetic field strength and Ee electron
energy, an efficiency of η < 3 is required (Takahashi et al.2009).
We note that the value of η = 1 corresponds to the extreme ac-
celerators with the maximum possible rate allowed by classical
electrodynamics. The accelerator operating in LS5039 might be
one of the most efficient in all astrophysical sources, thus the
nature of the compact object remaining behind this acceleration
process deserves a special attention and may give an important
insight into the physics of highly efficient accelerators.

Observational Tests

The standard criterion to distinguish accretion powered sys-
tem is related to the presence of thermal X-ray emission ra-
diated by the inner regions of the accretion disk. However, in
certain configurations, namely when the companion optical star
does not fill the Roshe lobe, the angular momentum of ac-
creted matter is not sufficiently high to form an accretion disk,
thus such systems should lack bright thermal X-ray emission.
However even in absence of accretion disk, these systems are
still able to launch sufficiently powerful jet to satisfy the re-
quired energy budget (Barkov&Khangulyan2012). On the other
hand, the standard signature of pulsars, i.e., the pulsed emisson,
can be also significantly weakened by strong absorption in bi-
nary systems. Finally, it was shown that the radio properties of
such systems do not allow any robust conclusion regarding the
nature of the compact object. In particular, extended variable
radio structures are expected in both scenarios, as precess-
ing jet in the case of realization of the microquasar scenario
(Massi&Zimmermann2012), and spiral structures related to the
bended outflow originated in the pulsar (Dubus2006). Also, at-
tenuation of gamma-ray via pair creation process (which is un-
avoidable in gamma-ray binary systems) can create a popu-
lation of non-thermal secondary electrons, which may give an
additional contribution to extended emission (Bosch-Ramon et
al. 2008, 2011). Also it is important to note that on large spacial

scales the relativistic hydrodynamical flow in binary pulsar sys-
tems can be significantly disturbed by the Coriolis force, lead-
ing to a fast mixing of pulsar and stellar wind (Bosch-Ramon
et al. 2011, 2012). This significantly complicates interpreta-
tion of observational data. Thus, the question of the nature of
the compact sources in some binary systems, being yet un-
solved, recalls for additional observational studies. And impor-
tant progress can be reached with the future observations with
Astro-H.

Possible Observational Strategies with Astro-H

•Deep searches for thermal X-ray emission related to the ac-
cretion disk

•Deep searches for X-ray pulsed emission
• Searches of the emission produced by stellar wind

Accretion Disk Emission

To illustrate this scenario, we have considered the case of Be
star binary LSI +61◦ 303 with orbital period of Porb = 26.496 d.
The source is observed from radio up to very high-energy γ-
rays.
If the system is an accreting neutron star or black hole, one
expects to find a cut-off powerlaw spectrum in the hard X-ray
band. The cut-off energy is normally at 10 − 60 keV for neutron
stars and at ∼ 100 keV for black holes. Of course, it is possible
that the emission from the ”central engine” of the micro-blazar
LSI +61◦ 303 is ”masked” by the emission from the jet, which
can be beamed toward an observer on Earth, similarly to what
is observed in blazars. In this case the hard X-ray spectrum of
the source is a superposition of the powerlaw jet emission and
emission from the accretion disk. If the jet and accretion con-
tributions to the X-ray spectrum are comparable, then emission
from the accretion disk should at least produce an observable
spectral feature (e.g. a bump, a break or turnover) in the 10-
100 keV energy band.
Currently the hard spectrum of LSI +61◦ 303 has been checked
only with the INTEGRAL. Unfortunately the source is rather
weak for the INTEGRAL and the only possibility to measure the
spectrum was to sum up spectra collected through the years
of observations. The resulted spectra didn’t show a break, but
rather indicate a possible feature at around 50 keV. The Suzaku
observations do not constrain the spectrum of LSI +61◦ 303
above 50 keV. Clearly more sensitive observations are needed
to clarify the nature of the source, and ASTRO-H observations
can help to solve the issue, see Figure 2.
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Figure 2: Simulation of 40 ks ASTRO-H observation
of LSI +61◦ 303

Stellar Wind Emission component

One of the scenarios to determine the nature of the compact
objects is related to study of the emission produced by stellar
wind. Indeed, while in the case of direct wind accretion the stel-
lar wind is not expected to be strongly perturbed by the compact
object and the jets, presence of a powerful non-acretting pulsar
in binary system should strongly affect the stellar (Bogovalov et
al.2008,2012). In particular, a significant part of the stellar wind
is to be shocked and heated up to keV temperatures (Zabalza
et al.2011). It is important to note that this emission component,
shown in Figure 3, is characterized by not only continuum emis-
son, but should also emit a few bright lines, which can be stud-
ied with calorimeter on board of Astro-H. Detection (or equally
non-detection) of this, currently not seen emission component,
should shed light on the nature on the compact objects in a
few exceptionally important gamma-ray binary systems, e.g.,
LS5039.

Study of Relativistic Shock Accelera-

tion

Binary pulsar systems supposedly contain enough powerful

Figure 3: Modeling of the thermal emission in binary
pulsar system by Zabalza et al. 2012

pulsar to prevent accretion onto neutron star (in contrast
to accreting pulsar systems), therefore one expects a re-
alization of the scenario of compactified nebula (see, e.g.,
Maraschi&Treves1981). It means that all the components typ-
ical for standard pulsar nebulae – ultrarelativistic pulsar wind,
pulsar wind termination shock, and shocked electron-positron
outflow– do present in such systems. However, not only the
characteristic time-scales but also the general properties of bi-
nary systems differ from PWNe. In the case of standard PWNe
the magnetic field strength increases in the post-shock re-
gion until magnetic field pressure reaches the equilibrium with
the gas pressure (Kennel&Coroniti1984). In binary pulsars the
magnetic field has a tendency of rapid decrease of its strength
towards flow downstream caused by bulk acceleration of the
flow (Bogovalov et al.2012). This property has a direct implica-
tion for acceleration theory. Indeed, in isolated pulsars the bulk
of the synchrotron emission is generated in regions of strong
magnetic field at large distances. The electron spectrum formed
as such distances does not correspond to the spectrum formed
at the termination shock. However, in the case of binary pul-
sars the strongest emission should be generated in the clos-
est vicinity of the termination shock, there the spectrum has
not yet been deformed by cooling. Therefore, the features of
acceleration spectrum are less deformed by cooling. In partic-
ular, it was argued by (Uchiyama&Tanaka2009) that the spec-
tral break revealed with Suzaku in the X-ray spectrum of PSR
B1259-63/LS2883 can be related to the lower energy cutoff of
the acceleration spectrum, associated with the Lorentz factor of
the relativistic pulsar wind γ ∼ 4× 105. Thus this break gives us
additional important information on the energy of the shocked
relativistic electrons and magnetic field.
However presence of the nearby X-ray pulsar IGR J13020-
6359, located only 10 minutes from the PSR B1259-63/LS2883
makes the results of Suzaku/HXD model dependent, and inde-
pendent measurements in this energy range with the imaging
instrument would be a huge benefit. Figure 4 shows simulation
of 10 ks observation of PSR B1259-63/LS2883 with Astro-H. It
can be seen that if one would try to fit such a spectrum with a
single power law the high energy data will clearly deviate from
the model.

Figure 4: Astro-H is sensitive enough to measure the
spectrum of PSR B1259-63/LS2883 up to 100 keV
just in 10 ksec

ASTRO-H Collaboration Meeting, February 18-22, 2013, Tsukuba, Japan

The Astrophysical Journal, 743:7 (9pp), 2011 December 10 Zabalza, Bosch-Ramon, & Paredes
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Figure 4. X-ray emission computed from the shocked stellar wind of LS 5039
at periastron (top) and apastron (bottom), taking Ṁ = 2.65 × 10−7 M# yr−1.
The different spectra for each orbital phase correspond to different values of
pulsar spin-down luminosity Lsd: 0.3 (blue, bottom), 3 (red, middle), and 30
(green, top) times 1036 erg s−1, corresponding to η∞ = 0.0025, 0.025, and 0.25,
respectively. The thin dashed lines indicate the intrinsic spectra, whereas the
thick solid ones are the ones absorbed owing to the stellar wind.
(A color version of this figure is available in the online journal.)

absorption at energies below 1 keV for the periastron spectrum.
The column density at this phase is of the order of 1022 cm−2,
even higher that the measured interstellar one. In contrast, the
apastron spectrum for the highest spin-down luminosity shows
negligible circumstellar absorption. At apastron, the pulsar
would be close to inferior conjunction, and the high opening
angle of the CD would mean that most of the thermal X-ray
emission only has to travel through the unshocked pulsar wind
to reach the observer (see Figure 2), thus being barely absorbed.
As discussed in Section 3.3, the hardest X-rays will come from
the region around the apex of the CD. For high values of the
spin-down luminosity, the apex of the CD at periastron will be
close to the stellar surface, and the velocity of the incoming
wind will be low owing to the wind β-velocity law. Therefore,
the X-ray emission from the apex will be softer, an effect that
can be seen in the high-energy part of the topmost spectrum of
Figure 4. For the parameters used to compute this spectrum, the
stagnation point of the CD is at only 0.39 stellar radii from the
surface of the star, and the wind velocity at the shock is about
one-third of the terminal velocity. Note how this effect is not
apparent in the corresponding apastron spectra, for which the
stagnation point is much farther from the stellar surface.

5.2. Spin-down Luminosity Upper Limits

To derive the upper limits of the pulsar spin-down lumi-
nosity, we chose to explore the stellar mass-loss rate values
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Figure 5. Spin-down luminosity upper limits as a function of orbital inclination
and stellar mass-loss rate.
(A color version of this figure is available in the online journal.)

Table 2
Pulsar Spin-down Luminosity Upper Limits

Mass-loss Rate Inclination Lsd Upper Limit
(M# yr−1) (1036 erg s−1)

20◦ 3.3
5 × 10−8 45◦ 4.3

70◦ 5.6

20◦ 4.5
1.5 × 10−7 45◦ 4.9

70◦ 4.8

20◦ 4.4
4.25 × 10−7 45◦ 4.0

70◦ 3.9

mentioned in Section 4.1, corresponding to the estimates of
Bosch-Ramon et al. (2007), Szostek & Dubus (2011), and
Sarty et al. (2011): 5 × 10−8 M# yr−1, 1.5 × 10−7 M# yr−1,
and 4.25 × 10−7 M# yr−1, respectively. The orbital inclination
(i = 20◦–70◦; Casares et al. 2005) will affect the importance of
circumstellar absorption at periastron in the emitted spectrum.
The result of the pulsar spin-down luminosity upper limit de-
termination, for the whole ranges of mass-loss rate and orbital
inclination, is shown in Figure 5. A summary of the results for
the extremes and midpoints of the ranges can be seen in Table 2.

We found that pulsar spin-down luminosities above 6 ×
1036 erg s−1 are excluded by the lack of spectral thermal fea-
tures in the observed periastron and apastron spectra, for any
combination of mass-loss rate and orbital inclination. This up-
per limit corresponds to the extreme inclination of 70◦, and for
moderate orbital inclinations the upper limit is at all times be-
low 5.5 × 1036 erg s−1. Although the wind kinetic luminosity
available for Ṁ = 5 × 10−8 M# yr−1 is lower than for the other
cases, the upper limits derived are at least as strict as for higher
mass-loss rates. We found that the reduced absorption owing to
the lower density of the stellar wind results in brighter emission
below 1 keV. In the last column of Table 1, we show the best-
fit results of the thermal plus non-thermal source model when
fixing the spin-down luminosity at the upper limit we found.
The thermal component was computed taking the midpoint val-
ues of mass-loss rate and orbital inclination. As compared to
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Wide-band Spectroscopy
with SXS + HXI + SGD

Wide-band Spectroscopy
with SXS

40 ks observation of LS I +61°303
Simulation by M. Chernyakova

Model by Zabalza+ (2012)



Summary
• Suzaku observed gamma-ray binaries such as PSR 

B1259−63, LS 5039, and 1FGL 1018.6−5856

• Wide-band coverage of Suzaku is a powerful tool to 
study non-thermal emission from gamma-ray binaries

• Suzaku results suggest extreme electron acceleration 
in PSR B1259−63 and LS 5039

• Suzaku observations of 1FGL J1018.6−5856 revealed 
a shift of a lightcurve structure, which was not 
observed in a similar system, LS 5039

• ASTRO-H will probe gamma-ray binaries with its 
excellent energy resolution and wide-band coverage


