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This is not a talk with results…
just on-going or planned analyses

…but a Roadmap
for the coming 1–2 years at radio frequencies
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CollidingWind Binaries

HD 93129A (Benaglia, Marcote et al. 2015), Apep (Marcote et al. 2021), …



RS Oph outburst in 2021

Radio campaign (EVN + eMerlin) from 14 to 320 days after the

outburst.

Early results in (Munari, Giroletti, Marcote et al. 2022).

Expansion velocity of∼ 4 070 (East) and 3 470 km s−1 (West)

e-Merlin radio imaging
• e-MERLIN has imaged the expanding remnant from outburst in Aug 2021 to June 2022  
• Imaging reveals multi-component bipolar expansion east-west as hinted at in 1985 and 

seen in 2006 
• Resolved components are still being detected 316 & 319 days after outburst 
• The expansion appears linear, but some components have faded and early times need 

more angular resolution
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EVN campaign

Take home message
• EVN+e-Merlin performed well under quite 

extreme circumstances 

• RS Oph is well detected, with bipolar (yet 
asymmetric) emission 

• Significant similarities with 2006 episode 

• Further analysis of VLBI data and comparison 
with e-Merlin and MWL results will shed light 
on physics (shocks, geometry, medium, …)
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Preliminary
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Gamma-ray binaries (γBs)

Only nine systems discovered to date:

System Main star Porb/ days

LS 5039* O6.5 V 3.9

LMC P3 O5 III 10.3

4FGL J1405.1−6119 O6.5 III 13.7

1FGL J1018.6−5856 O6 V 16.6

LS I +61 303 B0 Ve 26.5

HESS J1832−093 B8-1.5V 86.3

HESS J0632+057 B0 Vpe 317.3

PSR B1259–63 O9.5 Ve 1 236.7

PSR 2032+4127 B0 Ve 18 000

In orange the γBs with a confirmed pulsar or

neutron star.

V. Zabalza et al.: GeV-TeV emission model for LS 5039
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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
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Zabalza et al. (2013)
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Low radio-frequency emission of gamma-ray binaries

Synchrotron self-absorption (SSA) Free-free absorption (FFA) SSA + Razin effect
7



Low-frequency radio emission of LS 5039 and LS I +61 303

Marcote et al. (2015)

LS 5039
LS I +61 303

Marcote et al. (2016)
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Low-frequency radio emission of LS I +61 303

Wind velocity of 1 500± 500 km s−1

Absorption processes?

• Free-free absorption:

vFFA = 700± 200 km s−1

• Synchrotron self-absorption:

vSSA = 1 000± 140 km s−1

Emitting region 2.4+1.7
−1.1 AU

(LS I +61 303’s semimajor axis is∼ 0.4 AU)

Marcote et al. (2016)
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Intra-hour variability and flaring activity

Chernyakova et al. (2021)

PSR B1259−63
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Intra-hour variability on radio sources
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−→ Note that this is not a gamma-ray binary!
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LS I +61 303 on intra-hour scales
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Optical light-curve from TESS, with shock-powered flares? (Mestre et al. 2022)
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Fast Radio Bursts
Extremely bright (∼ 1040 erg s−1) millisecond-duration bursts (magnetars-related?)

Lyutikov et al. (2020), Barkov & Popov (2022)
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LS I +61 303 on milliarcsecond (AU) scales

Moldón (2012)

Revisiting LS I+61◦303 with VLBI astrometry 4249

Figure 4. Left-hand panel: astrometric results of 2006 and 2015 VLBA observations, with parallax motions removed. Blue characters denote jet peaks in 2006,
and red characters denote jet peaks in 2015. The reference coordinate (zero-point) is 02h40m31.s6645, 61d13m45.s594. Right-hand panel: same as left-hand
panel, but with centres of the two ellipses overlaid. The solid ellipse in the top left corner indicates the scale of the orbit, with a semimajor axis of 0.22 mas
(Massi et al. 2012).

Figure 5. Left-hand, middle and right-hand panels are the position angle θ , X = δR.A. × cos (DEC.) and y = #Dec. of jet core versus time, respectively.
Blue/red characters and dots with error bars denote 2006/2015 observations.

Plong values. With the value of 123 cycles, we determined an accu-
rate P2,

P2 = (3311.9 ± 0.6)/123 = 26.926 ± 0.005 d. (6)

5 MO D E L L I N G T H E A S T RO M E T RY O F TH E
J E T C O R E

The emissions of LS I +61◦303 from γ -rays, X-rays, opti-
cal/infrared, and radio wavelengths have been modelled by several
authors (Taylor et al. 1992; Marti & Paredes 1995; Bosch-Ramon
et al. 2006; Romero et al. 2007; Massi & Torricelli-Ciamponi 2014)
in the context of accretion on to a compact object along an eccen-
tric orbit. Observational evidence, especially from measurements
of the radio spectral index (Massi & Kaufman Bernadó 2009) and a
high-energy double-peaked light curve (Jaron et al. 2016), favours a
microquasar rather than a pulsar wind origin (Dhawan et al. 2006).
Massi & Torricelli-Ciamponi (2014) developed a model of a pre-
cessing conical jet which emits synchrotron radiation to explain the
radio light curve. In this section, we integrate their radiation transfer

model in order to simulate observations on the sky plane. For an op-
tically thin jet, the maximum of the emission is at the jet base, while
for an optically thick jet the maximum will be displaced down the
jet where optical depth unity is achieved. The displacement of the
observed radio peaks on the sky plane is due to the emitting plasma
changing position owing to the orbital motion of the compact object
around the primary star and to the jet precession. In this section, we
first examine the two effects separately and then we derive the full
jet motion as it appears on the sky.

5.1 The orbital motion

In Massi & Torricelli-Ciamponi (2014) model, the base of the jet is
anchored to the compact object, and hence follows the compact ob-
ject along its orbit; this path is drawn as a green ellipse in Fig. 8. The
orbit plane forms an angle ζ with respect to the plane perpendicular
to the line of sight.

The system of reference in the orbital plane is at the centre of
mass of the system i.e. the point O. The y′-axis is defined by the
intersection of the orbital plane and the plane perpendicular to the

MNRAS 474, 4245–4253 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/474/3/4245/4655058
by ASTRON user
on 08 February 2018

Wu et al. (2018)
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1FGL J1018.6−5856 on milliarcsecond (AU) scales
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…but see Gaia/DR3

Fortin et al. (2022)
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LS I +61 303 on milliarcsecond (AU) scales
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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
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Zabalza et al. (2013)
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LS I +61 303 on milliarcsecond (AU) scales

t

Source size (φ = 0.5)≈ 1.4× 0.35 mas ≈ 2.8× 0.7 AU

Orbital size∼ 0.8 AU
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Take home messages

• All gamma-ray binaries are strong non-thermal radio emitters

• Expanding the observing strategies can reveal the full radio-emitting structure

• Further steps forward via very-high-time or very-high-angular resolution radio observations

• Potential connection between (young magnetar) gamma-ray binaries and Fast Radio Bursts?

• Plus several results coming on colliding wind binaries, novae,…
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Comments are welcome!
marcote@jive.eu
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Modeling the LS 5039 spectrum

The three spectra show a similar shape but with subtle differences:

• Avg. spectrum: SSA+Razin

• July 19 spectrum: SSA

• July 21 spectrum: SSA+Razin

Fit p ΩB−1/2 K`B(p+2)/2 νR[
10−16 G−1/2

] [
10 3 cmG(p+2)/2

] [
10 8 Hz

]
Avg. spectrum 2.16± 0.04 500± 800 3± 5 4.1± 0.2

July 19 1.867± 0.014 3.9± 0.3 (2.1± 0.9)× 106 –

July 21 2.24± 0.08 200± 600 0.4± 1.7 4.1± 0.7

• Estimating the free-free opacity from the stellar wind:

τ FF
ν ∝ Ṁ ν−2`−3v−2

w T
−3/2
w



Modeling the LS 5039 spectrum

Coherent picture from fits and τ FF
ν

• Avg. spectrum: SSA+Razin

• July 19 spectrum: SSA

• July 21 spectrum: SSA+Razin

• Coherent picture with:

` ∼ 0.85 mas (∼ 2.5 AU)

B ∼ 20 mG

ne ∼ 4× 105 cm−3

Ṁ ∼ 5× 10−8 M� yr−1
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