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The Gamma-Ray Sky
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2011-12-20 - Up-to-date plot available at http://www.mpp.mpg.de/~rwagner/sources/

• Very High Energy (> 100 GeV) sky seen by Cherenkov telescopes

• Only a few TeV source have been associated with binary systems
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Gamma-Ray Binaries
Only a few binary systems exhibiting gamma-ray emission have been
detected up to now:

System Primary star Compact object P/ days
Cygnus X-3 WR BH 0.2
Cygnus X-1 ?? 09.7Ve BH 5.6
HD 215227 ?? Be BH 60.4
PSR B1259–63 09.5Ve pulsar! 1236.7
HESS J0632+057 B0 Vpe ? 315.0
LS I +61 303 B0 Ve ? 26.5
1FGL J1018.6–5856 O6V ? 16.6
LS 5039 06.5V ? 3.9

The black ones are X-ray binaries exhibiting gamma-ray emission
The green ones are the only known gamma-ray binaries
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Gamma-Ray Binaries
X-ray binaries VS gamma-ray binaries spectrum
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Gamma-Ray Binaries
Different scenarios seem to be required to describe the two kind of
sources
Microquasar Non-accreting pulsar wind

Possible scenarios

[Mirabel 2006, Science, 312, 1759]

Cyg X-1, Cyg X-3 PSR B1259�63

Introduction to gamma-ray binaries The gamma-ray sky 6

Mirabel (2006)

Cygnus X-1, Cygnus X-3 PSR B1259–63
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Gamma-Ray Binaries
Young non-accreting pulsar wind scenario

V. Zabalza et al.: GeV-TeV emission model for LS 5039

Star

Shocked pulsar wind

Shocked stellar wind

Wind
standoff

Coriolis
turnover

Orbital
motion

Pulsar

Fig. 1. Sketch of the proposed scenario at the periastron of a
close-orbit system similar to LS 5039. The region of the CD
where significant turbulence, and therefore wind mixing, are
expected to take place is indicated with a wavy line. The red
regions indicate the two proposed emitter locations.

simulations of Bosch-Ramon et al. (2012), and will therefore be
used throughout this work.

The presence and properties of this quasi-perpendicular
strong shock at the Coriolis turnover location sets apart the
characteristics of the interaction of stellar and pulsar wind with
respect to that of binary stellar systems. The non-relativistic
stellar wind in binary stellar systems can be smoothly deflected
by sound waves, as found in the simulations of Lamberts et al.
(2012). However, sound wave deflection would not affect an
already trans-sonic relativistic pulsar wind, leading to the for-
mation of a quasi-perpendicular strong shock because of struc-
ture bending. We note that this approach may not be valid for
⌘w Æ 1.2⇥10�2, as numerical simulations indicate that a recon-
finement shock, with different characteristics to those explored
above, will develop in the pulsar wind for those cases where
the stellar wind vastly overpowers the pulsar wind (Bogovalov
et al., 2008).

3. Location and properties of the non-thermal emitters

A sketch of the system, as described in the previous section, can
be found in Fig. 1. The influence of the orbital motion on the
shape of the pulsar wind zone gives rise to two distinct regions
where most of the energy of the pulsar wind is deposited in
quasi-parallel shocks: the wind standoff and Coriolis turnover
locations. The intermediate regions of the pulsar wind shock,
i.e., those not marked in red in Fig. 1, are not expected to con-
tribute significantly to the non-thermal emission of the system
given the high obliquity of the impact of the pulsar wind and
correspondingly low energy transfer into non-thermal parti-
cles.

The pulsar wind termination region close to the wind stand-
off location has been generally considered as the preferred loca-
tion for acceleration of electrons up to ultrarelativistic energies,
which would give rise to the observed non-thermal broadband
emission through synchrotron and IC processes (e.g., Dubus,
2006). However, the intense stellar photon field at this location,
and corresponding high opacities owing to photon-photon pair
production, precludes VHE gamma-rays above ⇠40 GeV from
reaching the observer for some orbital phases with clear VHE
detections (Khangulyan et al., 2008a). On the other hand, an
emitter with constant particle injection located at the wind
standoff is compatible with the phenomenology exhibited by
the source at GeV energies. The modulation is mainly driven by
the change in the IC interaction angle, with enhanced (reduced)
emission at superior (inferior) conjunction. For the allowed
orbital inclination angles (20�–60�, Casares et al., 2005), the
modulation is too strong to reproduce the Fermi lightcurve, but
this effect may be mitigated by Doppler boosting. As a proxy for
the complex hydrodynamical properties of the flow (Bogovalov
et al., 2008), we have considered an effective bulk flow velocity
of 0.15c in the direction of the axis of symmetry of the CD apex,
which changes along the orbit (see CD aberration in Sect. 2)
but is always close to the radial direction. The bulk flow veloc-
ity of 0.15c used here applies exclusively to the Doppler effect
averaged over the CD cone and with respect to the observer
line-of-sight. Therefore, it is still possible, and, given the sim-
ulations of Bogovalov et al. (2008), probable, that the intrinsic
bulk flow velocity of the shocked pulsar wind is higher.

The pulsar wind termination shock at the Coriolis turnover
location is a good candidate for the VHE emitter. The reduced
stellar photon field density implies pair production absorption
characteristics consistent with the observed spectra at VHE. For
scenarios in which the stellar wind ram pressure is dominant,
the pulsar wind solid angle subtended by the Coriolis turnover
shock is much lower than that of the apex region. This is con-
sistent with the reduced emission power of the TeV component
with respect to the GeV component.

The magnetic field of the shocked pulsar wind is gener-
ally well known in plerions from observations (e.g., Kennel &
Coroniti, 1984), but the so-called sigma problem precludes one
from deriving it theoretically. The situation in gamma-ray bi-
naries is even more complex, as there might be a reduction of
the post shock magnetic field strength owing to the reaccel-
eration of the flow (Bogovalov et al., 2012). Since knowledge
of the post-shock magnetic field could only be obtained via a
magnetohydrodynamical simulation of the system, we have
chosen to parametrize the magnetic field energy density as a
fraction ⇠ of the pre-shock equipartition magnetic field. We
define the latter at the balance of the magnetic field energy
density and the kinetic energy density of the pulsar wind at
the shock. Therefore, for a constant value of ⇠, the post-shock
magnetic field strength will behave along the orbit as B / 1/rp,
where rp is the distance of the shock to the pulsar.

3.1. Maximum electron energy

A distinct feature of the GeV and TeV spectra of LS 5039 are the
cutoffs present at a few GeV and above 10 TeV, respectively. The
former is apparently constant along the orbit, whereas owing
to the softer TeV spectrum during superior conjunction the lat-
ter has only been detected clearly during inferior conjunction.
These spectral cutoffs can be directly related to the maximum
energy of the electrons in the respective particle populations.
The maximum energy that can be reached in any acceleration

3

Model for LS 5039 from Zabalza et al. (2012)
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Radio observations
Published long baseline observations

LS I +61 303 (Dhawan et al. 2006)

LS 5039 (Moldón et al. 2012)
Results
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• Nebula already formed at ⌧ � 21 days.

• P.A. changes. Three main directions.

PSR B1259�63 2010-2011 campaign 17

PSR B1259–63 (Moldón et al. 2012)
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Radio observations

With long baseline interferometers:
• Periodic morphological changes are reported in several

gamma-ray binaries

• The Position Angle rotates along the orbit

• Generally one-sided extended emission, but at specific orbital
phases two-sided

At very low frequencies (≪ 1 GHz) we expect…
• Absorption mechanisms arising from the spectrum

• A large extended structure (“nebula” or “halo”)

• A more steady emission along the time

• Almost unexplored up to now!

Benito Marcote bmarcote@am.ub.es API - Amsterdam 2013 8/17...

8/17



.

Radio observations

With long baseline interferometers:
• Periodic morphological changes are reported in several

gamma-ray binaries

• The Position Angle rotates along the orbit

• Generally one-sided extended emission, but at specific orbital
phases two-sided

At very low frequencies (≪ 1 GHz) we expect…
• Absorption mechanisms arising from the spectrum

• A large extended structure (“nebula” or “halo”)

• A more steady emission along the time

• Almost unexplored up to now!

Benito Marcote bmarcote@am.ub.es API - Amsterdam 2013 8/17...

8/17



.

Objectives
.
Low frequency radio emission
..

.

• Determine the spectrum of the gamma-ray binaries
• Search for variability
• Search for absorption mechanisms
• Infer the geometry of the system and emission models

.
Extended emission..

.

• Detect for first time the predicted extended emission around
the binary system at low frequencies (∼arcsec-arcmin)

• Determine the geometry of the system at larger timescales and
farther away distances
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Current research
.
LS 5039
..

.

O6.5 V star (23 ± 3 M⊙)
P ≈ 3.9 d
d = 2.5 ± 0.5 kpc
e = 0.35 ± 0.04
Gamma-rays: single outburst
Radio: not periodic, small variability
Casares et al. (2005)
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LS I +61 303
..

.

B0 Ve star (12.5 ± 2.5 M⊙)
P ≈ 26.5 d
d = 1.9 ± 0.1 kpc
e = 0.54 ± 0.01
Gamma-rays: doble outburst
Radio: double outburst
Aragona et al. (2009)
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LS 5039
At ∼GHz frequencies, LS 5039 exhibits (Martí et al. 1998):
• Synchrotron emission (power-law with α = −0.46 ± 0.01)
• Emission persistent with a variability ≲ 30%
Analyzing archival (not simultaneous) VLA & GMRT:
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• Martí et al. (1998) • Godambe et al. (2008) • Pandey et al. (2007)
□ VLA • GMRT ↓ VLA 330 MHz ↓ GMRT ↓ LOFAR (commissioning)

Benito 2012 Master Thesis
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LS 5039
We conducted simultaneous observations with GMRT and WSRT from
July 18 to 22, 2013: 150, 235/610 MHz, 1.4, 2.3, 5.0 GHz
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Data from WSRT with problems (Mean values from Martí et al. 1998 showed here)

• The WSRT are necessary to completely described the spectrum
• Synchrotron Self-Absorption can explain the left spectrum
• Free-Free Absorption does not change appreciably the spectra
• Razin effect seems to be needed for the right spectrum
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LS 5039
Results

From the previous spectra we infer:

• B ∼ 2·10−5 T (∼ 1·10−6 T)
• R ∼ 8 · 1011 m

• B ∼ 2·10−4 T (∼ 8·10−7 T)
• R ∼ 2 · 1012 m

.
Razin effect..

.

• The emission from relativistic charges surrounded by a cool,
collisionless plasma is exponentially suppressed at low
frequencies.

• Widely reported in Colliding Wind Binaries, but not in
microquasars
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LS I +61 303
Contrary to LS 5039, this system shows a large variability in radioNo. 1, 1998 RELATIONSHIP BETWEEN 2CG 135]1 AND LSI ]61¡303 423

FIG. 4.ÈMultifrequency radio light curves of LSI ]61¡303 observed
with the VLA corresponding to the radio outburst of 1994 JuneÈJuly.
Error bars not shown are smaller than the symbol size.

from two observations (radio phase 0.2 and 0.42) into the
OSSE energy range. Observations by & Meregh-Goldoni
etti using the ROSAT PSPC cover too low an energy(1995)
range to usefully extrapolate to c-rays, especially consider-
ing possible correlation of column density and power-law
index in their best-Ðt result. The ASCA result, on the other
hand, extends well above the energy band where absorption
is e†ective, and therefore supplies a better measure of the
underlying power law. As suggested by et al.Leahy (1997),
the extrapolation predicts considerably less emission in the

TABLE 6

Ha FIT PARAMETERS

MJD

Parameter 49,528.7 49,530.7

j
b
(A� ) . . . . . . . . . . . . . . . . . . . 6657.53^ 0.07 6657.56 ^ 0.09

j
r
(A� ) . . . . . . . . . . . . . . . . . . . . 6565.94^ 0.04 6565.93 ^ 0.09

j
c
(A� ) . . . . . . . . . . . . . . . . . . . 6560.88^ 0.40 6561.12 ^ 0.49

FWHM
b
(A� ) . . . . . . . . . . . 4.5^ 0.2 3.5 ^ 0.2

FWHM
r
(A� ) . . . . . . . . . . . . 4.5 ^ 0.2 5.8 ^ 0.3

FWHM
c
(A� ) . . . . . . . . . . . 20.6^ 1.1 26.7 ^ 1.4

Peak
b
(mJy) . . . . . . . . . . . . 98 ^ 5 135 ^ 8

Peak
r
(mJy) . . . . . . . . . . . . 165 ^ 5 172 ^ 7

Peak
c
(mJy) . . . . . . . . . . . . 47 ^ 5 78 ^ 7

Flux
b
(mJy) . . . . . . . . . . . . . 474 ^ 42 502 ^ 49

Flux
r
(mJy) . . . . . . . . . . . . . 794 ^ 41 1060 ^ 80

Flux
c
(mJy) . . . . . . . . . . . . . 1050 ^ 85 2180 ^ 118

Continuum (mJy) . . . . . . 250^ 10 450 ^ 10

OSSE range than was observed. The OSSE integral Ñux
from 50È300 keV during VP 325 is (4.3^ 1.1) ] 10~4
photons cm~2 s~1, while the integral of the ASCA best-Ðt
power-law models extrapolated to the same energy range
are (1.0 ^ 0.4) ] 10~4 and (0.5^ 0.2) ] 10~4 photons
cm~2 s~1 for radio phases 0.2 and 0.42 respectively. These
are inconsistent at the 2.8 p and 3.4 p levels, assuming that
the spectrum does not change (in particular, does not
harden signiÐcantly) from 10 to 300 keV.

Since the relatively large OSSE Ðeld of view does not
exclude the nearby QSO 0241]622 as a possible source of
emission, we have also plotted the result of EXOSAT (2È10
keV) observations of the QSO & Pounds(Turner 1989),
corrected for its position in the OSSE collimator response.
Note that the 1.7 photon index power-law spectrum used to
model the EXOSAT data is consistent with the OSSE
result.

When we look at an overall view of the spectra from this
region, no clear picture emerges. However, the fact that
OSSE and COMPTEL results fall signiÐcantly above an
extrapolation of the ASCA spectra and that the OSSE and
COMPTEL spectra are consistent with the X-ray spectrum
of QSO 0241]622, lead to the likelihood that at least some,
and perhaps a signiÐcant amount, of the Ñux observed by
both OSSE and COMPTEL might come from the QSO
rather than LSI ]61¡303. Cycle-to-cycle variations in the
X-ray emission may also contribute to the observed discrep-
ancy. More contemporaneous X-ray and c-ray data are
required to test for the existence of cycle to cycle variability
of the LSI ]61¡303 system and to better study the X-ray
period recently reported by et al.Paredes (1997a).

Similarly, the low signiÐcance of the OSSE light curves
shown in does not allow us to use temporal signa-Figure 2
tures to associate LSI ]61¡303 with the OSSE source. We
note that the Ñux detected by OSSE is relatively higher
during the 1994 April observation, in apparent coincidence
with a prominent onset and slow decay of a radio Ñare. 1994
June observations show a null detection in the BATSE
energy range in coincidence with an extended minimum of
the radio light curve. 1994 July observations by OSSE show
a Ñuctuating low-intensity c-ray Ñux in coincidence with the
onset and decay of another radio Ñare. We see little or no
evidence of c-ray emission before the radio Ñare during July,
although the X-ray evidence (e.g., et al.Paredes 1997a ;

et al. indicates that the high-energy Ñare pre-Leahy 1997)
cedes the radio. We are therefore unable to use either spec-
tral or temporal OSSE information to unambiguously
associate the c-ray emission from this region of the sky with
LSI ]61¡303.

3.2. Model Constraints
Assuming 2CG 135]1 is associated with the radio/X-ray

source, we may ask whether our observations place any
constraints on two proposed models of the system currently
under debate.

In the Ðrst model LSI ]61¡303 is assumed to contain a
nonaccreting young pulsar in orbit around the mass-losing
Be star (e.g., & Treves In thisMaraschi 1981 ; Tavani 1995).
case the high-energy emission results from the interaction of
the pulsar wind with the circumstellar material surrounding
the Be star, a mechanism that has recently been shown to
operate in the Be star/pulsar system PSR 1259[63 (Tavani
& Arons The modulation of the radio emission may1997).
be due to the time-variable geometry of a ““ pulsar cavity ÏÏ as
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FIG. 5.ÈTime evolution of the LSI ]61¡303 nonthermal radio spectrum during the outburst of 1994 JuneÈJuly. Spectra are labeled according to the date
and radio phase of the observation.

a function of orbital phase. Ultimately the high-energy
shock emissivity will depend on the geometrical and radi-
ative characteristics of the pulsar cavity as the pulsar orbits
around the primary. Long timescale modulations in the
emission from the system are explained by the inÑuence of a
time-variable mass outÑow from the Be star, and its e†ect
on the size of the pulsar cavity and its emissions.

The second model for the LSI ]61¡303 system proposes
that the high-energy emission results from super-Eddington
accretion of the circumstellar material surrounding the Be
star onto a neutron star (e.g., et al. &Taylor 1992 ; Marti�
Paredes As well as producing the high-energy1995).
photons, this is assumed to result in a stream of relativistic
particles that cool by synchrotron emission, resulting in the
radio emission. The modulation of the radio light curve is
assumed to be due to the relativistic electrons only being
accelerated during a short period (or periods) of each orbit,

with wind optical depth e†ects dictating the time delay
between the injection of the electrons and the visibility of
the radio emission.

We shall now consider (at least qualitatively) whether
each of the proposed models can explain the observed fea-
tures of the phase-resolved radio and X-ray spectra.

3.2.1. Nonaccreting Pulsar Model
The pulsar model for 2CG 135]1 is based on a non-

accreting high-energy source. A rapidly rotating pulsar, as
expected in young binary systems located near the Galactic
plane, can be sufficiently energetic to avoid accretion of
gaseous material provided by the mass outÑow of a massive
companion star. A relativistic pulsar wind, made of
electron/positrons (possibly ions) and electromagnetic Ðelds
can sweep away the gaseous material from the Be star com-
panion and produce high-energy emission by a relativistic

Strickman et al. (1998)
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LS I +61 303
• ∼ 30 unpublished archival GMRT observations at 235/610 MHz

in 2005–2006 and one observation at 150 MHz in 2008
• We performed with the TKP 6 LOFAR observations in Cycle 0

at ∼150 MHz
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• GMRT detection at 150 MHz
Sν > 30 mJy
ϕ = 0.5
(point-like source)

• LOFAR not detected anything
rms ∼ 6–10 mJy
ϕ = 0.4, 0.0

• On-going work to determine the
spectrum with the 235/610 MHz
archival GMRT data
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Conclusions
For LS 5039…
• We have reported a turnover in the spectrum at frequencies

below 1 GHz
• The shape of the spectrum changes with the time
• A strong suppression appears at very low frequencies

No detections at 150 MHz up to now
• Similarities with CWBs could support the pulsar scenario

For LS I +61 303…
• Still on-going work
• A full covering of an orbit is required to compare the emission

with the observed at GHz frequencies
The peak of the emission is reached at the same time, or after?

• Extended emission could remain during the weak point-like
emission

Benito Marcote bmarcote@am.ub.es API - Amsterdam 2013 16/17...

16/17



Thank You!
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