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High-mass, relativistic, γ-ray emitting binaries
High-mass, relativistic γ-ray emitting binaries are efficient, complex
accelerators and powerful high-energy sources.
Important elements common to all these sources:

Relativistic outflows: winds and jets. (BINARY SCALES)
Dense radiation field.
Substantial and structured stellar wind.
Relativistic effects.
Shocks, instabilities and mixing.
Magnetic fields.
Orbital motion and eccentricity. (BEYOND BINARY SCALES)
Interactions on large scales.

(B-R & Barkov 2016 -MQ-) (Zabalza et al. 2013-PSR-)
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Relativistic outflows: winds and jets

In a HMMQ:

A jet can form, protected from the
stellar wind by accretion flows.
Magnetization, content and velocity
are unclear, possibly structured.
The jet can already suffer internal or
recollimation shocks, and mass-load.

In a non-accreting pulsar:

The unshocked pulsar wind is
expected to be magnetized,
anisotropic and ultrarelativistic.
The pulsar wind is accelerated by a
mechanism (B) of unclear efficiency.

Relativistic outflow and dense local field:
the converter mechanism can operate.
Unshocked outflows can already emit.

(Barkov & Khangulyan 2012-MQ-)

(Aharonian et al. 2012-PSR-)
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Radiation fields
Strong IC: u? ∼ 1− 100 uB(L?,38/Lo,36)

Radiation efficient even outside binary.
Hadronic processes relevant only in very
dense winds, at a jet base, or near the star.
τγγ & 0.1− 1 for dorb . 1013 cm s−1.
So far, no clear evidence of radiation
reprocessing in radio, X-rays, gamma-rays.

(B-R & Khangulyan 2011)

(Aharonian et al. 2006)

(Cerutti et al. 2010)
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Substantial and structured stellar wind
Massive stars have strong winds:

Lo/Ṁc ≈ 5× 107 (Lo,36/Ṁ−7) cm s−1,√
2Lo/Ṁ ≈ 5× 108

√
Lo,36/Ṁ−7 cm s−1.

However, Lo/Lsw ∼ 10 (Lo,36/Ṁ−7v2
w,8.3), which is

relevant at large scales.
The winds are complex:

There is a fast, clumpy polar wind.
Be star has dense slow disk but ρ ∝ r−3.

Wind structures should affect the relativistic
outflow and its emission.

(Oakazaki et al. 2011-Be PSR-)

(Perucho & B-R 2012-cl. MQ-)

(Kefala & B-R 2023-cl. PSR-)
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w,8.3), which is

relevant at large scales.
The winds are complex:

There is a fast, clumpy polar wind.
Be star has dense slow disk but ρ ∝ r−3.

Wind structures should affect the relativistic
outflow and its emission.

(Oakazaki et al. 2011-Be PSR-)

(Perucho & B-R 2012-cl. MQ-)

(Kefala & B-R 2023-cl. PSR-)

V. Bosch-Ramon (UB) Non-thermal physics of gamma-ray binaries April 13th, 2023 8 / 16



Substantial and structured stellar wind
Massive stars have strong winds:
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Relativistic effects and energetics

Relativistic outflows imply:

Reduction/enhancement of target fields:
n ∝ δ∗n′, u ∝ δ2

∗u′, B ≈ ΓB′.
Reduction/enhancement of observed
emission: Lobs = δ3

obsL
′/Γ.

Observed emission determined by specific
anisotropy and orientation of:

Particle pattern in the flow frame.
Target field pattern in the flow frame.
Lab emitting flow velocity wrt observer.

In any case, except for blazar-like jets, orbital
modulation yields a (large) minimum NT power.
These relativistic effects are likely confined to
the binary scales due to stellar wind influence.

(Bogovalov et al. 2008-wind reacc. PSR-)

(Romero et al. 2002-µblazar-)
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Shocks, instabilities and mixing
Relativistic jet or wind is shocked
from the star side.
→Shocked flow soon unstable.
In HD, Richtmyer-Meshkov, R.-T.,
and K.-H. instabilities important.
Instabilities+mixing at all scales?
What is the role of B?

(B-R et al. 2015-PSR-↑)

(Huber et al.2021-PSR-→)

(Lamberts et al. 2013-PSR-→)

(Barkov & B-R 2022-MQ-↓)

(Perucho&B-R+12-MQ-)
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(Perucho&B-R+12-MQ-)
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Magnetic fields

In winds, as σ ∼ 1, postshock
physics is affected:

The anisotropic PB modifies
size and geometry.
Flow direction and velocity
are strongly modified.
Reconnection can occur in
shocked flow current sheets.

In winds and jets, B can both
enhance or suppress instability.

(Bogovalov et al. 2019-PSR-)
(Barkov et al. 2022-PSR-) (López-Miralles et al. 2022-MQ-)
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Orbital motion and eccentricity

Orbital motion triggers a strong
Coriolis shock, which closes the
relativistic outflow behind the pulsar.
As seen, this means more instability.
A spiral structure forms on orbit plane,
underpressured perpendicularly.
High eccentricity→ one-sided mixed
flow in apastron-periastron dir.

(Barkov & B-R 2021 -PSR-)

(Barkov & B-R 2022-MQ-↑) (Huber et al. 2021-PSR-↓)
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Interactions on large scales.
Mass-loaded fast outflow interacts
with medium (radio gal., PWN?).
Proper motion? (moving jets, sPWN?)

(Barkov & B-R 2021-PSR-↑) (B-R & Barkov 2011-PSR-↓)

(Bordas et al. 2009-MQ-)
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Concluding: the qualitative picture

For powerful systems, mass and momentum come from the stellar
flows, and energy from relativistic outflow; consequences:

A non-beamed energy source could halt flow beyond rBondi.
Shocked flows pushed away from star and out of the binary.
Shocked flows prone to instabilities, mixing, reacceleration.

Intense radiation bath; consequences:

IC likely dominant; synchrotron important; radiative/adiabatic.
What happens with the absorbed γ-rays (radio to VHE)?

Orbital motion; consequences:

Shocked flows, compressed and disrupted, form a spiral.
Stellar wind presence leads to mixing and isotropization.

Large scale medium; consequences:

A powerful mixed flow cools adibatically and accelerates.
Medium interaction ideal for non-thermal processes.
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