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In this talk…
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Suitable conditions for burst production
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

3

Zabalza et al. (2013) Lyutikov, Barkov & Giannios (2020)

Barkov & Popov (2022)
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Intra-hour variability and flaring activity

Chernyakova et al. (2021)

PSR B1259−63

0

100

200

300

S
2.

2
G

H
z/

m
Jy

5

10

15

20

F
0.

3−
10

ke
V

10
−1

2
er

g
cm
−2

s−
1

0.7

0.8

0.9

1.0

1.1

F
0.

1−
1

G
eV

10
−6

cm
−2

s−
1

0.0 0.5 1.0 1.5 2.0
φorb (P = 26.4960 d, JD0 = 2 433 366.775)

0

5

10

15

20

F
>

1
Te

V
10
−1

2
cm
−2

s−
1

LS I +61 303

Benito Marcote (marcote@jive.eu) 4



What is a Fast Radio Burst (FRB)?

Fast
Duration of ∼ 1 µs–10 ms

Radio
Observed at 0.2–8 GHz

Burst
Bright ∼ 0.1–100 Jy

(∼ 1040–44 erg s−1)

Narrow-band emission (∆ν
ν ∼ 0.1–0.5)

Redshifts of z ∼ 0.01–1

. 4% show more than one burst
FRB 140514
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A Galactic Burst from SGR 1935+2154

SGR 1935+2154 is a Galactic magnetar

Recently entered into an active state

producing high-energy bursts

On 28 April 2020…

• CHIME FRB detection: ∼ 1 kJy ms

(CHIME/FRB Collaboration 2020)

• STARE2 FRB detection: ∼ 1.5 MJy ms

(Bochenek et al. 2020)

• Simultaneous X-ray burst

(Mereghetti et al. 2020)
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A Galactic Burst from SGR 1935+2154

A magnetospheric emission (Mereghetti et al. 2020)
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4.4 kpc. isotropic emitted energy of  1.4 x 1039 erg



 burst spectrum, an exponentially cutoff power law with photon index G = 0.7. Peak energy: 65 keV



PRECISE
Pinpointing Repeating ChIme Sources with EVN dishes

AstroFlash
astroflash-frb.github.io
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Localizing FRBs to milliarcsecond precision

FRB 20121102AFRB121102 with HST

Host galaxy

Star-forming region

FRB121102

Clearly associated with a star-
forming region in the host

Bassa et al. 2017

Chatterjee et al. (2017, Nat, 541, 58)

Marcote et al. (2017, ApJL, 834, 8)

Tendulkar et al. (2017, ApJL, 834, 7)

Bassa et al. (2017, ApJL, 843, 8)

FRB 20180916B

Marcote et al. (2020, Nature, 577, 190)

Tendulkar et al. (2021, ApJL, 908, L12)

Star-forming dwarf galaxy

Star-forming spiral galaxy

Globular cluster!

FRB 20200120E

Kirsten, Marcote et al. (2022, Nat, 602, 585)

Nimmo et al. (2022, Nat Astr, 6, 393)
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Westerbork
6,775 from 7,555 available hours (90%) in 2024

ASTR FL SH
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Energy distribution of the bursts

(Kirsten et al. 2024, Nature Astronomy, 8, 337) Figure 2: Cumulative burst energy distribution of spectral energy densities.
In the left panel we show detections by Westerbork (Wb) and Stockert (St), FAST26 and NRT27 at 1.4 GHz (L-band).
In order compare between the different observational campaigns we only show bursts that were observed between MJD
59869 and 59910. Comparing the different rates reveals a break in the distribution towards higher energies (→ 3 ↑
1030 erg/Hz). The purple and blue vertical line correspond to the completeness threshold as indicated in Table 1. The red
and black vertical lines denote the point where the distribution can be best described by a single power law as calculated
by the Python package powerlaw. Transparent data points which are on the left side of the vertical lines were excluded
in the fit. When fitting we set a 20 % error on the energies and quote two errors. The first error is the 1ω statistical
uncertainty on the fit and the second error is the 1ω error after the bootstrapping method. In the right panel we show
detections observed at 0.3 GHz (P-band).

17

(Ould-Boukattine et al. 2024, in press)

Energy distribution from FRB 20201124A bursts, but also reported in other FRBs.
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Observing LS I +61 303 with the Westerbork Telescope
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Totaling 133 hours at 1.6 GHz
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Observing LS I +61 303 with the Westerbork Telescope

Excluded region with current observations for LS I 61 303 (work in progress)

(as compared to the energy distribution for FRB 20201124A)
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Take home messages

The radio domain allows a much higher time and angular resolution to explore high-energy systems.

It’s still unclear the true nature of Fast Radio Bursts: likely different scenarios and some may be

binary-related.

Some gamma-ray binaries are perfect target to search for FRBs, like LS I +61 303.

After 133 observing hours on the source, we haven’t detect any burst emission.
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FRBs: ultra-luminous sources on the millisecond timescales
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FRB 20180916B: chromatic emission

(Pastor-Marazuela et al. 2021)



FRBs with persistent radio emission
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(Bhandari, Marcote, et al. 2023, ApJL, 958, L19)



FRB 20181030A: radio source potentially associated with the FRB (Bhardwaj et al. 2021)



magenta: wandering black hole candidates



PRS-like candidates identified in nearby dwarf galaxies (Vohl et al. 2023)



VT: PWN candidate (Dong  Hallinan 2023)



Mereghetti et al. (2020)



The Second Localized Repeating FRB 20180916B

EVN baseband data

Highly linearly polarized (& 80%)

No circularly polarized (. 15%)

Constant polarization Position Angle

but with a few deg. variations

Magnetospheric origin?

Marcote et al. (2020, Nature, 577, 190)
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