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Gamma-ray binaries are a subclass of high-mass binary systems whose energy spectrum peaks at
high energies (HE, E&100 MeV) and extends to very high energies (VHE, E&100 GeV) γ rays.
In this review we summarize properties of well-studied non-transient γ-ray binaries as well as
briefly discuss poorly known systems and transient systems hosting a microquasar. We discuss
also theoretical models that have been used to describe spectral and timing characteristics of
considered systems.
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1. Introduction

1 see

TeV Cat catalogue at htt p : //tevcat2.uchicago.edu/
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The population of Galactic X-ray sources above 2 keV is dominated by the X-ray binaries,
see e.g. [GGS02]. A typical X-ray binary contains either a neutron star (NS) or a black hole (BH)
which accrets material from a companion star. In the last case due to angular momentum in the
system, accreted material does not flow directly onto the compact object, forming a deferentially
rotating disk around the BH known as an accretion disk. X-ray binaries can be further divided
into two different classes, regardless the nature of the compact object, according to the mass of the
companion star: high-mass X-ray binaries (HMXB) and low-mass X-ray binaries (LMXB). The
secondary companion of LMXB systems is a low-mass star, which transfers matter by Roche-lobe
overflow. HMXBs comprise a compact object orbiting a massive OB class star. HMXB systems
are strong X-ray emitters via the accretion of matter from the OB companion. At the moment 114
HMXBs [Lvv06] and 187 LMXBs [Lvv07] are known.
Black hole X-ray binaries (BHXBs) are interacting binary systems where X-rays are produced
by material accreting from a secondary companion star onto a BH primary [SS73]. While some
material accretes onto the BH, a portion of this inward falling material may also be transferred
from the system via an outflow in the form of a relativistic plasma jet or an accretion disk wind,
see e.g. [MR06] for a review. Currently, the known Galactic BHXB population is made up of 19
dynamically confirmed BHs, and 60 black hole candidates [Tet+16]. The vast majority of these
Galactic BHXBs are LMXBs. Most of these systems are transient, cycling between periods of
quiescence and outburst. This behaviour is associated with changing geometries of mass inflow
and outflow, e.g. [MR06].
At higher energies, however, the situation is drastically different. While current Cherenkov
telescopes have detected around 80 Galactic sources 1 , less then 10 binary systems are regularly
observed at TeV energies, see [Dub13; Che+19b] for a review. These systems are called gammaray-loud binaries (GRLB), as the peak of their spectral energy distribution lies at GeV - TeV energy
range.
All GRLB systems host compact objects orbiting around massive young star of O or Be spectral type. This allows to suggest, that the observed γ-ray emission is produced in the result of
interaction of the relativistic outflow from the compact object with the non-relativistic wind and/or
radiation field of the companion massive star. Note that, neither the nature of the compact object
(BH or NS?) nor the geometry (isotropic or anisotropic?) of relativistic wind from the compact
object are known in the most cases. Only in PSR B1259-63 and PSR J2032+4127 systems the
compact object is known to be a young rotation powered pulsar which produces relativistic pulsar
wind. In PSR B1259-63 system the interaction of the pulsar wind with the wind of the Be star leads
to the huge GeV flare, during which up to 80% of the spin-down luminosity is released on average,
and even more on a shorter time scales [Abd+11; Che+15; Joh+18].
In all other cases the source of the high-energy activity of GRLBs is uncertain. It can be either
accretion onto or dissipation of rotation energy of the compact object. In these systems the orbital
period is much shorter than in PSR B1259-63 and PSR J2032+4127 , and the compact object
spend most of the time in the dense wind of the companion star. The optical depth of the wind to
free-free absorption is big enough to suppress most of the radio emission within the orbit, including
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2. Non-transient gamma-ray binaries
2.1 PSR B1259-63
PSR B1259-63 was first discovered as part of a search for short-period pulsars with the Parkes
64 m telescopes [Joh+92a], and was the first radio pulsar (with a 47.76 ms period) discovered in
orbit around a massive Be star LS 2883 [Joh+92b] on a highly eccentric 3.4 yr orbit [SJM14, and
references therein].
Radio observations around periastron show an increase and variability in the dispersion measurement of the pulsed signal as the pulsar passes into the stellar wind [e.g. Joh+01]. This is
followed by an eclipse of the pulsed signal from ≈ 16 days before until ≈ 16 days after periastron,
accompanied by the detection of unpulsed radio emission [Joh+05, and references therein]. These
observations suggest that during this time PSR B1259-63 enters (or closed from the observer by)
dense regions of the stellar wind.
The optical observations further suggest that the Be star disc is tilted relative to the orbital
plane [e.g. Wex+98], with the pulsar crossing the disc plane twice per orbit. Observations have
shown that the circumstellar disc is variable around periastron, with the strength of the Hα line
increasing until after periastron, as well as changes in the symmetry of the double-peaked He I line
[Che+14; Che+15; van+16].
In X-ray band the system is characterised by remarkable similarities during different periastron passages, [e.g. Che+15, and references therein]. Every passage both unpulsed radio and X-ray
fluxes peak before and after periastron, at around the same time as the pulsed radio emission becomes/ends to be eclipsed. This behaviour is usually associated with the pulsar’s passing through
the circumstellar disk inclined to the orbital plane. Second X-ray peak is about 1.5 times as high as
the first one, which is explained by [Che+19a] as a Doppler boosting near the inferior-conjunction.
In GeV and TeV energies the system has been clearly detected by Fermi-LAT and H.E.S.S.
only at orbital phases close to periastron, see Fig. 1 and [H E+19] for a review of observations.
While at TeV energies combined over different epochs observations suggest similar to X-rays
2
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the pulsed signal of the rotating NS, [ZNC10], making impossible direct detection of the possible
pulsar.
GeV observations revealed a few more binaries visible up to few GeV. Among them are Cyg
X-1 [Zan+16; Zdz+17] and Cyg X-3 [Zdz+18] – most probably BH hosting systems. However
contrary to the GRLBs described above these systems are transients and seen only during the flares,
or, in the case of Cyg X-1, during the hard state. In addition to this the peak of the spectral energy
distribution of these system happens at much lower energies than in the case of binaries visible at
TeV energies. These observations seems to suggest that wind collision can accelerate particles more
efficient that the accretion, but more sensitive observations are needed to prove it and understand
the reason.
In our review we aim to expand and update recent reviews on γ-ray binary systems [Dub13;
PB19; Che+19b] with the most recent publications. We start with “classical” point-like nontransient binaries (Sec. 2), and after that we continue with new, poorly known systems(Sec. 3),
and transient/extended systems hosting microquasars. (Sec. 4).
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Figure 1: Left and middle panels show GeV and TeV lightcurves of PSR B1259-63 as seen by Fermi-LAT
and H.E.S.S. correspondingly. Right panel present joint Fermi-LAT/H.E.S.S. SED of the source. All panels
are adapted from [H E+19]

2.2 PSR J2032+4127
Shortly after Fermi-LAT discovery of PSR J2032+4127 as a ∼ 143 ms gamma-ray pulsar
[Abd+09a], it was also detected to be a pulsar at radio frequencies [Cam+09]. The source is located
close to the extended TeV HEGRA source, TeV J2032+4130 [Aha+05b], and it was proposed
that this was a pulsar wind nebula powered by PSR J2032+4127 [Ali+14b]. However, while
PSR J2032+4127 was first thought to be an isolated pulsar [Cam+09], further radio observations
demonstrated a rapid increase in its observed spin-down rate, which was interpreted as an evidence
3
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double-peak lightcurve, the GeV observations reveal very different behaviour. In this band the system is barely detected prior and around periastron, while around ∼ 30 − 70 days after periastron, a
rapid brightening (flare) with an average luminosity approaching that of the pulsar spin-down luminosity is observed [Tam+11; Abd+11; Che+15]. While the flare seems to be present after every
observed periastron passage, it demonstrate different short-term variability pattern and energetics.
During 2017 GeV flare PSR B1259-63 shown variability on 10 minutes – few hours timescales
[Tam+18; Joh+18]. At the shortest scales the released in GeV band energy significantly (by a
factor of 5 − 30) exceeds the total spin-down luminosity.
Several models have been proposed so far to explain the observed multiwavelength emission
from this system. The broadband emission as originating from electrons accelerated in the shock
between the pulsar wind and stellar wind and produced by synchrotron and/or IC radiation was
suggested by [TA97; KBS99; Dub06; Bog+08; Kha+11; Che+14; Che+19a]. [Sv17] proposed to
explain the periastron dip in the TeV lightcurve to be due to strong gamma-gamma absorption due
to stellar and disk photons.
[Che+15] basing on the coincidence of start of the rapid decay of the Hα equivalent width with
the start of GeV flare argued that the last one is associated to the disruption of the circumstellar
disk. The GeV flare was explained as a result of synchrotron cooling of monoenergetic relativistic
electrons injected into the system during this event. The comptonization of unshocked pulsar wind
particles [Kha+12] as well as Doppler boosting [DCH10a; KCH12] were also suggested to play
a role in producing the GeV flares. [YC17] proposed that GeV flare can be a result of transition
between the ejector, propeller, and accretor phases. In this model compact object is working as an
ejector all along its orbit and being powered by the propeller effect when it is close to the orbit
periastron, in a so-called flip-flop state. However none of the models proposed so far can explain
all the details of the GeV flare during the 2014 periastron passage.
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that the pulsar is a member of a highly-eccentric binary system, where the optical companion is
a ∼ 15 MSun Be star, MT91 213 [Lyn+15]. PSR J2032+4127 thus turned out to be similar to
PSR B1259-63, described above.
Further multi-wavelength monitoring of PSR J2032+4127 by [Ho+17] refined the orbital
period to be in the range of 16 000 to 17 670 days, with an eccentricity of e = 0.961 (separation
at periastron is αper ∼ 1 au) and found the periastron passage would occur in November 2017.
Subsequent observations around this period were in good agreement with this prediction.
Long-term X-ray observations of PSR J2032+4127 prior to periastron (2004-2016) indicated
that the keV-band flux increased by a factor of 70 [Ho+17]. Close to the periastron X-ray lightcurve
of this system resembles one of PSR B1259-63 with two-peak structure, see Fig. 2. The slope of
the X-ray band spectrum hardens as the pulsar approaches the Be star, starting from ∼ −2 far from
the periastron and reaching a value of Γ ∼ 1.5 around the periastron passage [Che+19c].
In the TeV band the behaviour of the system is characterised by a complex variation of the
flux at around the periastron, see Fig. 2, left panel, adopted from [Abe+18a]. However, contrary to
PSR B1259-63 system, in the GeV band the flux of PSR J2032+4127 remained roughly constant
during the whole periastron passage.
The time evolution of PSR J2032+4127 was modelled by [Li+18] (radio, X-ray and GeV
bands), [Coe+19](optics and X-ray) and [Che+19c] (X-ray to TeV band and spectral modelling).
[Li+18] suggested that the strong X-ray dip close to periastron is explained by an increase of the
magnetization parameter of the star–pulsar colliding winds shock accompanied by flux suppression
due to Doppler boosting effect. The post-periastron rise could be a consequence of the Be stellar
disc passage by the pulsar. The absence of variability in the GeV emission was explained by the
strong dominance of the pulsar magnetospheric emission over the expected orbital-modulated IC
emission. The model was able to predict the overall shape of the orbital X-ray lightcurve, but was
not able to reproduce the details of the double-peak flux structure around periastron.
[Coe+19] reported on optical and X-ray flux measurements of PSR J2032+4127 , accompanied by SPH modelling of the Be star/pulsar interaction. In their model authors explicitly assumed
that the disc of the Be star is inclined to the orbital plane. The modelling, however, failed to describe the details of the observed X-ray lightcurve of the system, generally predicting a maximum
of the flux at periastron and has no clear prediction on the variability of the X-ray spectrum.
4
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Figure 2: GeV-TeV lightcurves and SED of PSR J2032+4127 as seen by Fermi-LAT and H.E.S.S., adapted
from [Abe+18a] and [Che+19c].

Gamma-ray binaries

Maria Chernyakova

2.3 LS I +61◦ 303
LS I +61◦ 303 was first discovered as a bright γ-ray source by the Cos B satellite [Her+77].
Shortly after the discovery, it was realised that this source was also a highly variable radio source
[GT78] and was associated with the optical source LS I +61◦ 303, a young, rapidly rotating, 10–15
M B0 Ve star [Gre+79]. A young pulsar was at first suggested to be responsible for the observed
radio emission [MT81], but no pulsations have ever been detected, despite intensive searches (e.g.
[Sid+06]). Still hidden pulsar is a plausible option, as the optical depth of the wind due to free-free
absorption is big enough to suppress most of the radio emission within the orbit, including the
pulsed signal of the rotating NS [ZNC10], impeding a direct detection of the possible pulsar.
Radial velocity measurements of the absorption lines of the primary [Cas+05; Ara+09] showed
that LS I +61◦ 303 is on an elliptical (e = 0.537 ± 0.34) orbit. The orbital period of LS I +61◦ 303
was found to be P ≈ 26.5 d from radio observations [Gre02]. A strong orbital modulation in
LS I +61◦ 303 is also observed in the optical to infrared [MM89; Par+94], X-ray [Par+97], hard
X-ray [Zha+10], and HE/VHE γ-ray [Abd+09b; Alb+09] domains. In the optical band, the orbital
period signature is evident not only in the broad-band photometry, but also in the spectral properties
of the Hα emission line [Zam+99; Par+15]. Because of the uncertainty in the inclination of the
system, the nature of the compact object remains unclear, and it can be either a NS or a stellarmass BH [Cas+05].
In radio, LS I +61◦ 303 was intensively monitored at GHz frequencies for many years [e.g.
Ray+97; MJH15]. The radio light curve displays periodic outbursts whose position and amplitude
changed from one orbit to the next. A Bayesian analysis of radio data allowed [Gre02] to establish
a super-orbital periodic modulation of the phase and amplitude of these outbursts with a period
of Pso = 1667 ± 8 days. This modulation has also been observed in X-rays [Che+12; LTZ14] and
γ -rays [Ack+13; Ahn+16; XWT17]. It has been suggested that the super-orbital periodicity can
depend on the Be star disc, either due to a non-axisymmetric structure rotating with a period of
1667 days [XWT17], or because of a quasi-cyclic build-up and decay of the Be decretion disc
[Neg+01; Ack+13; Che+12; Che+17]. Another possible scenario for the super-orbital modulation
is related to the precession of the Be star disc [Sah+16] or periodic Doppler-boosting effects of a
precessing jet [MT16].
5
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Additionally, [Ng+19] recently presented radio to X-ray observations of PSR J2032+4127 .
The authors found that radio and X-ray components can not be connected by a simple power law
and thus may originate from different spectral components. The authors also noticed a hint of a
spectral break at ∼ 5 keV energies which was attributed to the modification of the spectrum of
accelerated electrons by synchrotron losses.
[Che+19c] qualitatively explained observed X-ray to TeV lightcurve of PSR J2032+4127 as
well as corresponding spectrum of the source in term of the model which also suggest the inclined to
the orbital plane circumstellar disk. The authors argued that the observed spectrum can be formed
in terms of either “acceleration” (monoenergetic electrons of pulsar wind are additionally accelerating on the shock) or “cooling” (monoenergetic electrons are cooled down due to synchrotron
and Inverse Compton (IC) losses in the system). Discussing similarities with other inclined-disk
gamma-ray binaries the authors argued for a preference of acceleration scenario.
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The precessing jet model is based on high-resolution radio observations suggesting a doublesided jet [Mas+93; Par+98; Mas+04]. The precession period in this model is about 26.9 days, which
is very close to the orbital period. In this case the observed super-orbital variability is explained as
a beat period of the orbital and precession periods [MJ13].
To test the nature of the compact source in LS I +61◦ 303 [MMC17] studied the correlation
between the X-ray luminosity and the X-ray spectral slope in LS I +61◦ 303 and found a good
agreement with that of moderate-luminosity BHs. Along with the presence of 55 minutes and 2
hours long quasi-periodic oscillations in radio and X-rays correspondingly stable over the few days
[e.g. Nös+18], this supports a microquasar scenario for LS I +61◦ 303. However, in this case, it
is the only known microquasar that exhibits a regular behaviour, does not demonstrate transitions
between various spectral states, and lacks a spectral break up to hard γ-rays.
At the same time, in [ZNC10] it was shown, that the model in which the compact source is
a pulsar allowed naturally explain the keV-TeV spectrum of LSI +61 303. Authors argued, that
the radio source has a complex, varying morphology, and the jet emission is unlikely to dominate
the spectrum through the whole orbit. Within this model the superorbital period of the source is
explained as timescale of the gradual build-up and decay of the disk of the Be star. In [Che+12]
authors demonstrate presence of the superorbital variability in X-rays and show that a constant time
delay between the drifting orbital phases of X-ray and radio flares could be naturally explained if
one takes into account the time needed for electrons to reach regions transparent for radio emission.
Cyclical variations in the mass-loss of the Be star is supported by the optical observations
confirming the superorbital variability of the Be-star disk [Par+15], and is also a reason of superorbital variability in an alternative flip-flop model [Zam+01; Tor+12; PTR12; Ahn+16]. This
model assumes compact object in LS I +61◦ 303 to be a magnetar and implies a change from a
propeller regime at periastron to an ejector regime at apastron. During the periastron the pressure
of matter from the Be star outflow compress and disrupt the magnetosphere of NS, which lead to
the disappearing of the pulsar wind. In this case electrons are accelerated at the propeller shock,
which accelerates electrons to lower energies than inter-wind shock produced by the interaction
of a rotationally powered pulsar and the stellar wind of the Be star. A magnetar-like short burst
caught from the source supports the identification of the compact object in LS I +61◦ 303 with a NS
[Bar+08; Bur+12; Tor+12; Bar+19]. However, RXTE observations of LS I +61◦ 303 demonstrated
presence of few several second long flares [Smi+09], which were compared by authors to the flares
typically found in the accretion driven sources. Note however, that neither BAT, nor RXTE cannot
exclude the possibility that the observed flares are coming from another source located close to the
line-of-sight.
At GeV energies, LS I +61◦ 303 was unambiguously detected by Fermi-LAT [Abd+09b]
through its flux modulation at the orbital period. The Fermi-LAT light curve shows a broader
peak after periastron and a smaller peak just before apastron [JM14]. The peak at apastron is affected by the same orbital shift as the radio outbursts and varies on the super-orbital timescale,
leading to a decline in the orbital flux modulation as the two peaks merge.
A long-term investigation of Fermi-LAT data by [Sah+16] showed the orbital spectral variability of the source. The observed spectrum is consistent with an exponential cut-off power law with a
cut-off at 6–30 GeV for different orbital states of the system. The excess above the spectral cut-off
is part of a second emission component that is dominant at the TeV domain [Had+12; Sah+16], see
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right panel of Figure 3.
Detected at TeV energies by MAGIC [Alb+06] and VERITAS [Acc+08], the VHE emission
from LS I +61◦ 303 shows a modulation consistent with the orbital period [Alb+09] with the flux
peaking at apastron. A decade-long VERITAS observation of LS I +61◦ 303 allowed TeV emission
to be detected from the system throughout the entire orbit, with the integral flux above 300 GeV
varying in the range (3 − 7) × 10−12 cm−2 s−1 . The VHE emission is well described by a simple
power-law spectrum, with a photon index of Γ = 2.63 ± 0.06 near apastron and Γ = 2.81 ± 0.16
near periastron [KV17].
Long-term multi-wavelength monitoring of LS I +61◦ 303 indicates a correlation between the
X-ray (XMM-Newton and Swift/XRT) and TeV (MAGIC and VERITAS) data sets. At the same
time, GeV emission shows no correlation with the TeV emission. Along with the spectral cut-off
at GeV energies, this implies that the GeV and TeV gamma rays originate from different particle
populations [And+09; Ali+13; KV15].
[Bed11] propose that these populations are naturally produced by electrons accelerated on a
double shock structure created within the binary system as a result of the interaction of the pulsar
and massive star winds. The shock from the side of the pulsar is able to accelerate electrons to
higher energies than the one from the side of massive star. These two populations of electrons
produce two component γ-ray spectra caused by the IC scattering of stellar radiation.
Similar to other wavelengths, the TeV light curve varies from orbit to orbit. MAGIC observations spanning over two super-orbital periods [Ahn+16] demonstrate that the TeV flux of the
periodical outburst around apastron show yearly variability consistent with the long-term modulation of about 4.5 years found in the radio band, see middle panel of Figure 3. There is no evidence
for a correlation between the TeV emission and the mass-loss rate of the Be star, but this may be
affected by the strong, short-timescale (as short as intra-day) variation displayed by the Hα fluxes.
2.4 LS 5039
LS 5039 has the shortest orbital period thus far of all known γ-ray binaries (3.9 d). It is also
known as V497 Sct, based on ROSAT X-ray data. [Mot+97] first reported it as a high-mass X-ray
7
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Figure 3: left: GeV-TeV SED of LS I +61◦ 303 as seen by Fermi-LAT, Magic and Veritas, adapted
from [Had+12]. middle: Peaks of the VHE emission in terms of the super-orbital phase, adapted from
[Ahn+16]. right SED of LS 5039. H.E.S.S. data during inferior (red) and superior conjunctions are compared with the model of [Zab+13]. The emission components from the wind standoff and Coriolis turnover
locations are indicated with a dotted and dashed line, respectively. Adapted from [Zab+13].
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2.5 1FGL J1018.6-5856
1FGL J1018.6-5856 (also known as 3FGL J1018.9-5856, HESS J1018-589A) is a first gammaray binary identified through blind search for periodic source in Fermi-LAT data [Fer+12]. γ-ray
flux from the source was found to be modulated with a period of 16.544 days. The radio and
X-ray fluxes are modulated with the same period which was interpreted as a binary orbital period [Fer+12].
Using the Gaia DR2 source parallax and assuming a Gaussian probability distribution for
the parallax measurement, [Mar+18] derived a source distance of d = 6.4+1.7
−0.7 kpc. They also
calculated the Galactic proper motion of the source and found that it is moving away from the
8
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binary. Its peculiar nature as a persistent non-thermal radio emitter was soon revealed after the
detection of a bright radio counterpart with the Very Large Array (VLA) by [MPR98]. This has
anticipated the capability of the system to accelerate electrons to relativistic energies. Follow-up
images obtained with very long baseline interferometry (VLBI) resolved the radio emission into
elongated features, and as a result, LS 5039 was interpreted as a new microquasar system [Par+00].
Moreover, at the same time, it was also tentatively associated with the EGRET γ-ray source 3EG
J1824−1514. The confirmation of LS 5039 as an unambiguous (> 100 GeV) γ-ray source was
finally obtained with H.E.S.S. [Aha+05a].
During the 20 yr since its discovery, the physical picture of LS 5039 has generally evolved
from the microquasar scenario to a binary system hosting a young non-accreting NS interacting
with the wind of a massive O-type stellar companion (see e.g. [Dub13] and references therein).
This is strongly supported by VLBI observations of periodic changes in the radio morphology
[MRP12], although no radio pulsations have been reported so far.
At different energies, the shape of the LS 5039 light curve varies, as confirmed in the most
recent multi-wavelength studies using Suzaku, INTEGRAL, COMPTEL, Fermi-LAT, and H.E.S.S.
data [Cha+16, and references therein]. The X-ray, soft γ-ray (up to 70 MeV), and TeV emission
peak around inferior conjunction after the apastron passage. In contrast, γ-rays in the 0.1-3 GeV
energy range anti-correlate and have a peak near the superior conjunction soon after the periastron
passage. No clear orbital modulation is apparent in the 3-20 GeV band. GeV-TeV spectra of
LS 5039 during superior and inferior conjunctions are shown in the left panel of Figure 3.
This dichotomy suggests a highly relativistic particle population that accounts for both Xray/soft γ-ray and TeV emission mainly by synchrotron and anisotropic IC scattering of stellar
photons, respectively. The GeV γ-ray peak would arise when TeV photons (of an IC origin) are
absorbed through pair production as the NS approaches its O-type companion, and further enhances
the GeV emission through cascading effects. Variable adiabatic cooling and Doppler boosting are
other effects proposed to play an important role when trying to understand the multi-wavelength
modulation of systems such as LS 5039 [see e.g. Kha+08; Tak+09; Dub13]. [Zab+13] proposed
that GeV and TeV photons are produced by particle populations originating from the electrons
accelerated correspondingly at the shocks formed at the head-on collision of the winds and the
termination shock caused by Coriolis forces on scales larger than the binary separation, see left
panel of Figure 3. The lower magnetic field and larger distance to the star, resulting in lower
synchrotron and IC losses, favour the acceleration of particles up to very high energies at the at the
Coriolis turnover region.
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Figure 4: Left: X-ray to TeV lightcurves of 1FGL J1018.6-5856 (adapted from [HES+15a]) Right: GeV to
TeV spectrum of 1FGL J1018.6-5856. The γ-ray absorption effects due to pair production losses are shown
with lines (adapted from [HES+15a]).

Based on optical spectroscopic observations, [Str+15] found that the maxima of the X-ray,
HE, and VHE flux correspond to the inferior conjunction. This finding was unexpected because
γ-rays are believed to be produced through anisotropic IC up-scattering of the stellar UV photons.
Therefore, the peak of the γ-ray flux should occur at the superior conjunction, especially if the
system is edge-on. This discrepancy could only be explained if the binary orbit is eccentric and the
flux maximum occurs at periastron.
NuSTAR observations [An+15] demonstrated that similar to other γ-ray binaries, the broadband X-ray spectrum is well fitted with an unbroken power-law model. The source flux shows a
9
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Galactic plane. Both the source distance and proper motion are not compatible with the position
of the SNR G284.3-1.8 (which is located at an estimated distance of ' 2.9 kpc). Therefore, it is
possible to exclude any physical relation between the binary source and the SNR.
Optical observations show that the source is positionally coincident with a massive star of
spectral type O6V(f). Spectroscopic observations of the optical counterpart allowed [Str+15] to
find that a companion star has a low radial velocity semi-amplitude of 11-12 km s−1 , which favours
a NS as a compact object. This conclusion is in agreement with the results of [Mon+17], who
constrained the eccentricity of the orbit e = 0.31 ± 0.16 and showed that the compact object is a
NS, unless the system has a low inclination i . 26◦ .
TeV observations of 1FGL J1018.6-5856 reveal two TeV sources (point-like HESS J1018589A and ∼ 0.15◦ -extended HESS J1018-589B) within Fermi-LAT localization of 1FGL J1018.65856 [HES+15a]. The flux of HESS J1018-589A source was found to be variable on night-to-night
basis and when convolved with the GeV period [HES+15a].
In a dedicated observation campaign at VHE, HESS J1018-589A was detected up to 20 TeV.
Its energy spectrum is well described by a power-law model, with a photon index Γ = 2.2 and a
mean differential flux N0 = (2.9±0.4)×10−13 ph cm−2 s−1 TeV−1 at 1 TeV. As in the case of other
γ-ray binaries, the VHE spectrum cannot be extrapolated from the HE spectrum, which has a break
at around 1 GeV. The orbital light curve at VHE peaks in phase with the X-ray and HE (1-10 GeV)
light curves, see Fig. 4.
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2.6 HESS J0632+057
In contrast to other γ-ray loud binaries, HESS J0632+057 remained the only system that for
a time was lacking detection in the GeV energy band. Only recently have indications of a GeV
detection with Fermi-LAT been reported by [MC16] and [Li+17]. The system was initially discovered during H.E.S.S. observations of the Monoceros region [Aha+07] as an unidentified point-like
source. Its spatial coincidence with the Be star MWC 148 suggested its binary nature [Aha+07;
Hin+09]. With dedicated observational campaigns, the binary nature of the system was confirmed
by radio [Ski+09] and soft X-ray [Fal+10] observations. In the TeV band, the system was also
detected by VERITAS and MAGIC [Ale+12; Ali+14a].
The orbital period of HESS J0632+057 of ≈ 316 ± 2 d [Mal+17; Mai+19], with a zero-phase
time T0 = 54857 MJD [Bon+11], was derived from Swift/XRT observations. The exact orbital
solution and even the orbital phase of periastron is not firmly established and is placed at orbital
phases φ ≈ 0.97 [Cas+12] or φ ≈ 0.4 − 0.5 [Mor+18; Mal+17].
The orbital folded X-ray light curve of HESS J0632+057 has two clear emission peaks: first
at phase φ ≈ 0.2 − 0.4, and second at φ ≈ 0.6 − 0.8 separated by a deep minimum at φ ≈ 0.4 −
0.5 [Bon+11; Ali+14a], see Fig. 5. A low-intermediate state is present at φ ≈ 0.8 − 0.2. The
orbital light curve in the TeV energy range shows a similar structure, as was reported by [Mai+15].
Indications of orbital variability in the GeV range were reported by [Li+17].
The X-ray-to-TeV spectrum of HESS J0632+057 is shown in Fig. 5. Several models have been
proposed so far to explain the observed variations of the flux and spectrum throughout the orbit. In
the flip-flop scenario [see e.g. Mor+15, and references therein] the compact object is assumed to
be a pulsar that passes periastron at φ = 0.97. Close to apastron (orbital phases ≈ 0.4 − 0.6), the
10
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correlation with the spectral hardness throughout all orbital phases.
A comparison of the light curves of 1FGL J1018.6-5856 at different energy ranges shows
that both the X-ray and the low-energy (E < 0.4 GeV) γ-ray bands are characterised by a similar
modulation (a broad maximum at φ = 0.2 − 0.7 and a sharp spike at φ = 0, see Fig. 4), thus
suggesting that they are due to a common spectral component. On the other hand, above ≈ 1 GeV,
the orbital light curve changes significantly because the broad hump disappears and the remaining
structure is similar to the light curve observed at VHE. Based on these results, [AR17] suggested
that the flux in the GeV band is due mainly to the pulsar magnetosphere, while the X-ray flux is
due to synchrotron emission from shock-accelerated electrons and the TeV light curve is dominated
by the up-scattering of the stellar and synchrotron photons through external Compton (EC) and
synchrotron self-Compton (SSC) mechanisms, in an intrabinary shock. The light curves at different
energy ranges can be reproduced with the beamed SSC radiation from adiabatically accelerated
plasma in the shocked pulsar wind. This is composed of a slow and a fast outflow. Both components
contribute to the synchrotron emission observed from the X-ray to the low-energy γ-ray band,
which has a sinusoidal modulation with a broad peak around the orbit periastron at φ = 0.4. On
the other hand, only the Doppler-boosted component reaches energies above 1 GeV, which are
characterised by the sharp maximum that occurs at the inferior conjunction at φ = 0. This result
can be obtained with an orbital inclination of ≈ 50◦ and an orbital eccentricity of ≈ 0.35, consistent
with the constraints obtained from optical observations. In this way, the model could also explain
the variable X-ray spike coincident with the γ-ray maximum at φ = 0.
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pulsar is in a rotationally powered regime, while it switches into a propeller regime when periastron
is approached (phases 0.1 − 0.4 and 0.6 − 0.85). When the gas pressure of the Be disc overcomes
the pulsar-wind ram pressure, the pulsar wind in a flip-flop scenario is quenched (phases 0 − 0.1
and 0.85 − 1). Because the Be disc of the system is estimated to be about three times larger than the
binary separation at periastron, the compact object enters a dense region of the disc near periastron.
In this situation, the strong gas pressure is likely to quench the pulsar wind and suppress highenergy emissions. Alternatively, the observed orbital variations can be explained within the “similar
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Figure 5: X-ray-to-TeV lightcurves (left and middle panels, adopted from [Mai+19]) and spectrum of
HESS J0632+057 during its high state (green points; orbital phases φ ≈ 0.3 − 0.4) and low state (blue points;
φ ≈ 0.4 − 0.5). The data are adopted from [Mal+17] (X-rays), [Li+17] (mean GeV spectrum, black points),
and [MC16] (green upper limits). TeV data are adopted from [Mai+15]. The solid lines show the “similar
to PSR B1259-63” model flux, while dashed and dot-dashed lines illustrate contributions from synchrotron
and IC model components correspondingly. See text for more details.

to PSR B1259-63” model [Mal+17]. The similar two-peak behaviour of the HESS J0632+057 and
PSR B1259-63 orbital light curves allows us to assume that the orbital plane of HESS J0632+057
is inclined with respect to the disc plane, similarly to PSR B1259-63. Orbital X-ray and TeV peaks
within this model correspond to the first and second crossing of the disc by a compact object.
Higher ambient density during these episodes leads to more effective cooling of the relativistic
electrons by synchrotron and IC mechanisms, resulting in an increased level of X-ray and TeV
emission. The orbital phase of periastron in this model is located at phase φ ≈ 0.4 − 0.5 [Mal+17].
The break in the GeV-TeV spectrum at ≈ 200 GeV can be interpreted as a corresponding break
in the spectrum of emitting relativistic electrons. The X-ray-to-GeV and TeV parts of the spectrum
are explained as synchrotron and IC components. An initial power-law (Γ1,e ≈ 1.3) spectrum
of electrons can be modified by synchrotron energy losses at above Ebr ≈ 1 TeV, resulting in a
Γ2,e ≈ 2.3 higher energy slope. The absence of cooling in the energy band below 1 TeV could be
attributed to the escape of the sub-TeV electrons from the system. A similar interpretation of the
spectral energy distribution was proposed by [Che+15] for PSR B1259-63.
Alternatively, the spectral break in the electron spectrum can occur at the transition between
the domination of adiabatic and IC or synchrotron losses (see e.g. [Kha+07] and [Tak+09] for
PSR B1259-63 and LS 5039). The adiabatic loss time is naturally shortest in sparse regions outside
of the Be star disc and longest in dense regions inside it.
A broken power-law shape of the spectrum is not unique for the “similar to PSR B1259-63”
model. A similar shape of the spectrum can also be expected within the flip-flop model because
11
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3. Poorly studied sources
In this section we briefly discuss sources which either do not have unambiguous binary interpretation (HESS J1832-093), or recently discovered binary systems on which little data is available(LMC P3 and 4FGL J1405.1-6119)
3.1 HESS J1832-093
HESS J1832-093 is a γ-ray binary candidate discovered as a TeV point source by H.E.S.S.
This source lies in the vicinity of SNR G22.7-0.2, which can suggest its possible association
with this SNR [HES+15b]. However, several follow-up observations in X-rays instead support
the binary nature of this source [Ege+16; Mor+17]. A simple power law model well describes
the TeV spectrum with a photon index of Γ = 2.6 ± 0.3 and an integrated photon flux above
1 TeV of F = (3.0 ± 0.8) × 10−13 cm−2 s−1 [HES+15b]. An XMM-Newton observation of the
source field discovered a bright X-ray source, XMMU J183245-0921539 within the γ-ray error
circle [HES+15b]. This source is also associated with a point source detected in a subsequent
Chandra observation campaign [Ege+16]. During the Chandra observations, an increase of the
2-10 keV flux of the order of 4 with respect to the earlier XMM-Newton measurement and the coincidence of a bright IR source at the Chandra error box suggest a binary scenario for the γ-ray
emission [Ege+16].
4FGL J1832.9-0913 is a γ-ray source included in the 4FGL catalog, close to the position of
HESS J1832-093 and spatially compatible with the SNR G22.7-0.2. Intensive Swift monitoring of
the system allowed [MR20] to find a period of about 86 days both in X-ray and GeV energy bands.
The overall spectral energy distribution of the source strongly resembles the known γ-ray binary
HESS J0632+057 and peaks in γ-rays. The TeV and GeV spectral components do not arise from
a single power law, since the upper limits at intermediate γ-rays prevent such connection. This is
12
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both interpretations of the break origin can be valid for this model. The two models can be distinguished by CTA observations of the variation in slope and low-energy break position throughout
the orbit.
Within the flip-flop model at orbital phases φ = 0 − 0.4, the compact object moves from a
denser to increasingly sparser regions of the Be star disc. The spectrum of relativistic electrons
becomes increasingly less dominated by the losses. This results in a gradual hardening of the TeV
slope and in a shift of the break energy to higher values. At phases φ ≈ 0.6 − 1, the compact object
enters denser regions of the disc, which should lead to a gradual softening of the slope and shift
of the energy break to lower energies. The spectrum is expected to be hardest when the object is
beyond the Be star disc (orbital phase ≈ 0.4). This phase corresponds to the minima of observed
emission. The softest spectrum is expected when the compact object approaches periastron, that is,
at phase φ ≈ 0.97.
In the “similar to PSR B1259-63” model the compact object intersects the disc of the Be star
twice per orbit (at orbital phases 0.2 − 0.4 and 0.6 − 0.8) where the soft spectrum with the low
position of energy break is expected. At phases 0 − 0.2, 0.4 − 0.6 and 0.8 − 1 in the “similar to
PSR B1259-63” model, the compact object is beyond the dense regions of the disc. At these orbital
phases a hard slope with energy break shifted to higher energies can be expected.
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similar to what has been observed in some other γ-ray binaries, like LS I +61◦ 303, LS 5039 and
HESS J0632+057. Near infrared spectroscopy of the IR counterpart of HESS J1832-093, allowed
[Tam+20] to identify it as an O-, or less likely, early B-type star.
3.2 LMC P3
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LMC P3 is the first and, up to the moment, the only known extragalactic γ-ray binary. It was
detected in 2016 with the Fermi-LAT in the Large Magellanic Cloud from a search for periodic
modulation in all sources in the third Fermi-LAT catalog [Ace+15]. The system has an orbital
period of 10.3 days and is associated with a massive O5III star located in the supernova remnant
DEM L241 [Cor+16]. Swift/XRT X-ray and ATCA radio observations demonstrated that both Xray and radio emission are also modulated on the 10.3 day period, but are in anti-phase with the
γ-ray modulation. The X-ray spectrum is well described by a single power law with Γ = 1.3 ± 0.3,
modified by a fully covered absorber. The resulting value of the hydrogen column density of a fully
covered absorber is comparable with the Galactic HI value.
Optical radial velocity measurements suggest that, unless the system has a very low inclination
the system contains a NS [Cor+16]. Low inclinations, however, result in a range of masses of the
compact object above the Chandrasekhar limit, e.g. a BH with a mass of M=5M will have an
◦
◦
inclination i = 14+4
−3 , and i = 8 ± 2 for M=10M . The source is significantly more luminous
than similar sources in the Milky Way at radio, optical, X-ray and γ-ray wavelengths. It is at least
four times more luminous in GeV gamma rays and 10 times more luminous in radio and X-rays
than LS 5039 and 1FGL J1018.6-5856, though the luminosity of the companion star and the orbital
separations are comparable in all three systems.
The LMC has been observed extensively with H.E.S.S. since 2004. The data which were
collected for the LMC between 2004 and the beginning of 2016 results in an effective exposure
time for LMC P3 of 100 hours [HES+18]. The sensitivity of H.E.S.S. does not allow a detection
of flux variations of the object on a nightly basis. The low flux coming from the system does not
allow for any statistically significant detection of periodicity using a Lomb-Scargle test and the
Z-Transformed Discrete Correlation Function. Folding the light curve with the orbital period of the
system of 10.301 days, clearly demonstrates the orbital modulation of the VHE with a significant
detection only in the orbital phase bin between 0.2 and 0.4 (orbital phase zero is defined as the
maximum of the HE light curve at MJD 57410.25). The H.E.S.S. spectrum during the on-peak part
of the orbit is described by a power-law with a photon index Γ = 2.1 ± 0.2. The averaged slope
along the total orbit is softer with Γ = 2.5 ± 0.2. The VHE flux above 1 TeV varies by a factor
more than 5 between on-peak and off-peak parts of the orbit.
The minimum HE emission occurs between orbital phases 0.3 - 0.7. The shift between the
orbital phase of HE and VHE peaks is not unique to this γ-ray binary. For example, a similar shift
is observed in LS 5039 (see Section 2.4), as the angle-dependent cross section of IC scattering and
γγ absorption due to pair-production affects the HE and VHE in different ways (e.g. [DCH08;
KAB08; NC08]).
Recently reported optical spectroscopic observations of LMC P3 have better constrained the
orbital parameters [van+19]. The observations find the binary has an eccentricity of 0.4 ± 0.07 and
place superior conjunction at phase ∼ 0.98 and inferior conjunction at phase ∼ 0.24. These phases
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correspond to the points of the maxima reported in Fermi-LAT and H.E.S.S. light curves respectively. The mass function found (∼ 0.0010 M ) favours a NS companion, for most inclination
angles.
The detection of VHE emission during the entire orbit is critical for detailed modelling that
will allow us to understand what is happening in the system.
3.3 4FGL J1405.1-6119

4. Microquasars
Microquasars are binary systems with a compact object (NS or a BH) orbiting around an
optical star. Matter outflow from the optical star lead to formation of an accretion disk around the
compact object and a relativistic collimated jet. These binary star systems are known under the
name of ‘microquasars’ because the physical processes taking place in these systems mimic on a
smaller scales ones happening in quasars (‘quasi-stellar-radio-source’). The first time this term was
used in 1992 following the discovery of the relativistic radio jet from 1E1740.7-2942, one of the
most luminous sources of soft gamma-rays in the Galactic Center region [Mir+92].
At the moment more than 20 microquasars are known. Subsequent observations demonstrated
correlation between the mass of the compact object, radio (5 GHz) and X-ray (2–10 keV) luminosities (e.g. [FKM04]), strengthening the link between AGNs and microquasars. In AGNs, jets are
known to be places of efficient particle acceleration and produce broad band non-thermal photon
emission. The resulting radiation emission can extend from radio up to the very high-energy (VHE;
E>100 GeV) band. According to the TeVCat 2 more than 65 AGNs has been already detected by
current Cherenkov telescopes. If similar jet production and particle acceleration mechanisms operate in microquasars and AGNs, this might imply that microqusars should be sources of VHE γ-ray
emission as well. At the moment only 3 microqusars, Cyg X-1, Cyg X-3 and SS433, are detected
at gamma-rays.
2 http://tevcat2.uchicago.edu/
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4FGL J1405.1-6119 has been identified as a gamma-ray binary from the modulation of gammaray flux, which shows a period of 13.7 days [Cor+19]. Gamma-ray emission is characterised with
the presence of two maxima per orbit. SWIFT/XRT observations show that X-ray emission is also
modulated at this period, but with a single maximum that is closer to the secondary lower-energy
gamma-ray maximum. A radio source, coincident with the X-ray source is also found from Australia Telescope Compact Array observations, and the radio emission is modulated on the gammaray period with similar phasing to the X-ray emission. As with 1FGL J1018.6-5856 and LMC P3,
which were also detected from modulated gamma-ray emission with the LAT, 4FGL J1405.1-6119
contains an O, rather than a Be, star primary. For a distance of 7.7 kpc, the implied maximum
gamma-ray luminosity is comparable to, and possibly higher than, that of LS 5039, while approximately half that of 1FGL J1018.6-5856 and a tenth that of LMC P3. The system is heavily obscured
in the optical band. Further multiwavelength observations are needed to better constrain physical
properties in the system.
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Figure 6: left: Broad-band spectra of Cyg X-1 in the hard (blue) and soft (red) states compared to hybridComptonization accretion-flow models, adapted from [Zdz+17]. middle: Broad-band spectra of Cyg X-3
in the soft (magenta) and hard (blue) states, adapted from [Zdz+18]). right:Broadband spectral energy
distribution of the eastern emission region e1 of SS433, adapted from [Abe+18b].

Cyg X-1 is an X-ray binary with a (14.8±1.0) MJ BH on an almost circular 5.6 d orbit around
a (19.2±1.9) MSun O9.7Iab supergiant star [Bro+99]. Orbital period is detected in both X-ray and
radio energy bands due to absorption/scattering of the radiation by the stellar wind [BFP02; SZ07].
In X-rays source also exhibit a super-orbital variability with a 300-day period [ZPS11]. Cygnus
X-1 was classified as a microquasar after the detection of a one-sided relativistic radio-jet [Sti+01].
It displays the two principal X-ray states of BH transients, the soft state and the hard state (see left
panel of Figure 6). Both are described by the sum of a blackbody-like emission from the accretion
disk that peaks at 1 keV (dominant in the soft state) and a power-law tail (dominant in the hard
state). During hard state the source displays persistent jets from which synchrotron radio emission
is detected, whilst in the soft state, these jets are disrupted.
In the hard state, the main component of the X-ray spectrum is thermal Comptonization in
a plasma with the electron temperature of about 100 keV, which features a sharp cut-off at about
200 keV. Beyond 1 MeV, there is a clear high-energy tail, measured upto 3 MeV. The origin of
the photon tail may be Compton scattering by a power-law electron tail above the thermal electron
distribution in the accretion flow. In the soft state, there is a strong disc black body component in
the X-ray spectrum, peaking at 1 keV, followed by a high-energy tail, measured up to 10 MeV (e.g.
[McC+02]).
Analysis of the Fermi-LAT data demonstrated the presence of the steady high-energy γ-ray
emission from Cyg X-1 in the hard and intermediate spectral states [MZC13; Zan+16; Zdz+17].
[Zdz+17] explained the observed hard-state γ-ray emission above 100 GeV spectra within a selfconsistent jet model, taking into account clumping and all the relevant emission and absorption
processes. In the soft spectral state, the emission is detected only up to 80 MeV. Detected emission
below 100 MeV is well explained by the high-energy tails of the emission of the accretion flow, in
both the hard and the soft states [Zdz+17].
First Magic observations of Cyg X-1 in 2006 resulted in a tentative detection of a flare from
the source at a 3.2 σ confidence level [Alb+07]. This detection coincided with an X-ray flare
seen by RXTE, Swift and INTEGRAL observatories. After the first detection in 2006 MAGIC
performed observations of the source for 100 hours between 2007 and 2014 [Ahn+17], mainly
during hard state. No significant excess above 200 GeV was detected for steady, orbital or daily
basis emission. An orbital-phase analysis did not show any orbital modulation neither during hard
(83 hours of observation) neither during soft (14 hours) states. These results rule out VHE emission
from the large scale jet, or from the interaction between the jet and surrounding medium above the
15
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4.1 Cyg X-1
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sensitivity level of MAGIC. More sensitive instruments as CTA would be required to detect steady
TeV emission.
4.2 Cyg X-3

4.3 SS 433
SS 433 is a binary system containing a supergiant star that is overflowing its Roche lobe with
matter accreting onto a compact object (either a BH or a NS) (e.g. [Mar84; Fab04]). Two jets of
ionised matter with a bulk velocity of approximately 0.26c (where c is the speed of light in vacuum)
extend from the binary, perpendicular to the line of sight, and terminate inside a supernova remnant
W50 (e.g.[Fab04]). The lobes of W50 in which the jets terminate, about 40 parsecs from the central
source, are accelerating charged particles, as follows from radio and X-ray observations, consistent
with electron synchrotron emission [GPS80; Bri+07].
[Abe+18b] reported results of High Altitude Water Cherenkov (HAWC) Observatory observations of SS 433 collected between November 2014 and December 2017. In 1017 days of measurements with HAWC, an excess of γ-rays with a post-trials significance of 5.4 σ has been observed
in a joint fit of the eastern and western interaction regions of the jets of SS 433. The γ-rays detected
16
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Cyg X-3, one of the first discovered X-ray binaries [Gia+67], is a unique and puzzling system.
Cyg X-3 is the only known binary in the Galaxy containing both a compact object and a WolfRayet star with a very short orbital period of 4.8 h. The compactness of the system produces an
unusually high absorption, probably caused by the wind of the companion star, which complicates
the identification of the compact object (1.4 MSun NS, or less than 10 MSun BH). Despite this
strong X-ray absorption, the X-ray spectrum shows two main spectral X-ray states resembling the
canonical states of the BH binaries (see middle panel of Figure 6). The hard state is characterized
by a weak soft thermal component and a strong non-thermal power-law emission that peaks at hard
X-ray energies, whereas the soft state, though showing a non-thermal tail [SZM08], is dominated
by the optically thick thermal disk emission. In Cygnus X-3, however, the hard state displays a
high-energy cutoff at ∼ 20 keV, significantly lower than the 100 keV value found for BH binaries.
Cygnus X-3 is the strongest radio source among the X-ray binaries, whose flux can vary several
orders of magnitude during its frequent radio outbursts. These major flares happen only in soft state
[SZM08]. High-energy γ-ray emission from the system was discovered by the Fermi-LAT and
AGILE [Fer+09; Tav+09] in the soft spectral state. The GeV power-law emission and its orbital
modulation appear to be due to Compton upscattering of the stellar emission from the companion
WR star by jet relativistic electrons with a power-law distribution with the spectral index of 3.5
and the low-energy cutoff at the Lorentz factor of 103 [DCH10b; Zdz+18]. Along with Cyg X1, Cyg X-3 is one of only two X-ray binaries that are certainly powered by accretion for which
non-extended HE γ-ray emission has been detected at a high statistical significance.
Despite observing the source during strong radio and HE outbursts, no significant excess was
found by MAGIC. One has to consider the extremely high absorption due to the Wolf-Rayet, which
may affect VHE gamma-ray emission. Note however a report from SHALON mirror Cherenkov
telescope [SS18], where authors claim a detection of a VHE γ-ray source, positionally coincident
with the microquasar Cyg X-3, and revealing variability on 4.8 h time scale.
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by HAWC can be produced either by protons with energy of at least 250 TeV, or by electrons of
at least 130 TeV to up-scatter the cosmic microwave background (CMB) low-energy photons to
25-TeV γ-rays.
[Abe+18b] modelled broadband spectral energy distribution of the eastern emission region e1
(see right panel of Figure 6) and showed that the flux of VHE γ- rays observed by HAWC makes
the proton scenario for SS 433 unlikely, because the total energy required to produce the highly
relativistic protons is too high, as the jets of SS 433 are known to be radiatively inefficient, with
most of the jet energy transformed into the thermal energy of W50 [Pan17] rather than into particle
acceleration.
Highly relativistic electrons, on the other hand, can produce γ-rays much more efficiently,
primarily via IC scattering of CMB photons to γ-rays. The IC losses due to upscattering of infrared
and optical photons are suppressed owing to the Klein–Nishina effect and are thus dominated by
scattering of CMB photons [Mod+05]. The observation from HAWC suggests that the highly
energetic electrons in SS 433 are probably accelerated in the jets and near the VHE γ-ray emission
regions [Abe+18b].
Analysis of the Fermi LAT data, led to the discovery of the significant γ-ray emission from the
region around SS433 [Bor+15; Sun+19; Ras+19; Xin+19]. The analysis are very model dependent
and can lead to very different conclusions. In [Xin+19] authors use 10 years of the Fermi LAT data,
and conclude that a stable emission is coming from the western interaction region in W50 at a level
greatly exceeding predictions of the leptonic model discussed in [Abe+18b]. In [Ras+19] authors
are using 9 years of Fermi-LAT data, and third Fermi catalogue (3FGL), which includes updates of
the Galactic and extragalactic diffuse models, not used in [Xin+19]. Usage of the 3FGL catalogue
lead authors for a conclusion that the observed GeV emission is centred on SS43. Authors also
note that the GeV emission is probably extended with a best-fit extension of (0.84±0.27)◦ . The
spectrum is best fit by a log-parabola with no evidence for emission above 500MeV. In [Ras+19]
authors report an evidence at the 3 σ level for modulation of the γ-ray emission with the precession
period of the jet, but no significant evidence for orbital modulation of the emission. These results
suggest that at least some of SS433’s γ-ray emission originates close to the base of the jet. In
[Sun+19] authors analyze 10 years of Fermi-LAT data towards the SS433/W50 region. Using the
latest source catalog and diffuse background models, they conclude that SS433/W50 is detected
with a significance of ∼ 6σ in the photon energy range of 500 MeV - 10 GeV. In this energy range
an extended flat disk morphology with radius of (0.45±0.06)◦ shifted by and 0.2◦ away from the
nominal position is preferred over a point-source description, suggesting that the GeV emission
region is much larger than that of the TeV emission detected by HAWC. The size of the GeV
emission is instead consistent with the extent of the radio nebula W50, so that the GeV emission
may originate from this supernova remnant. Thus GeV results are very dependent on the selection
of the diffuse background models and dedicated analysis on the possible systematic errors is still
needed.
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Sandro Mereghetti: Two sgr-like gamma-ray bursts have been seen from LSI +61 303 with
SWIFT/BAT (in 2008 and 2012). This suggest that the compact object in this system is a NS.
We discuss this point in details in section 2.3.

Josep M. Paredes How robust is the knowledge of the orbit of PSR J2032+4127?
The best studies of the orbital parameters of PSR J2032+4127 was done by [Ho+17]. While it
was not possible to obtain a unique solution because the orbital period and eccentricity were still
highly covariant. The conclusions of [Ho+17] was that any solution with orbital period in the range
of 16000 –17670 days, with corresponding eccentricity in the range of 0.94 – 0.99, is likely to be
acceptable.
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Dmitry V. Bisikalo: What are the arguments in favour of inclined decretion disks?
In the case of the neutron star - Be star binary system, the supernova that produces the neutron
star give it a "kick" velocity, changing the orientation of the orbital plane, making the disk of the
Be star inclined and elongating the orbit of the neutron star. In the case of PSR B1259-63 the idea
of tilted disk was first introduced by [Gho95; MJM95]. This is a natural explanation of the 40 days
eclipse of the pulsed emission in the system around the periastron. [Gho95] looked into the details
of the propeller spindown effects during the periastron passage, while [MJM95] studied the orbital
variability of the dispersion and rotation measures as the pulsar approaches the periastron. Both
approaches demonstrates that the inclined disk is a preferable solution.
It should be also noted that according to e.g. [HTP02] the time needed for the tidal forces
to align the plane of the disk with the orbital plane is similar to the time needed to circularise the
orbit, and indeed all binaries where we see evidence for the inclined disks has high eccentricity.

