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RESUM EN CATALA

Alguns sistemes binaris formats per un objecte compacte, que pot
ser un estel de neutrons o un forat negre, i una estrella companya
tipicament no degenerada s’han observat emetent en un ampli rang
de freqtiéncies, des de radio fins a raigs gamma. Aquests sistemes
normalment es classifiquen com a binaries de raigs X o de raigs
gamma, depenent de la freqiiencia a la qual la seva emissi6 és maxima.
Al contrari que a les estrelles convencionals, una gran part d’aquesta
emissio no pot ser explicada mitjancant processos termics, i per tant és
necessari que es donin mecanismes no térmics d’emissié de radiacio.
Les interaccions entre 1’estrella i I'objecte compacte poden resultar
en el llancament d’outflows de plasma originats al voltant de I'objecte
compacte. Aquests outflows poden adquirir velocitats properes a la
de la llum i poden accelerar particules carregades fins a energies
relativistes. Part de I’emissi6 no termica que s’observa a les binaries
de raigs X i gamma prové precisament del refredament radiatiu no
térmic d’aquestes particules. A més, quan 1’estrella companya és molt
massiva, aquesta genera un fort vent estel-lar que interacciona amb
els outflows i els afecta tant dinamicament com radiativa.

El principal objectiu d’aquesta tesi des del punt de vista teoric és
I'estudi de les interaccions entre els outflows de binaries de raigs X
i gamma i el vent estel-lar d"'una companya massiva. Per aixo, hem
desenvolupat una serie de models semi-analitics que donen una visié
completa d’aquestes interaccions en diferents tipus d’escenaris. En ells,
s’adopta una prescripcié simplificada de la trajectoria que segueixen
els outflows per tal que els calculs es puguin realitzar en un ordinador
comu. L'evolucié de les particules no termiques al llarg d’aquesta
trajectoria es calcula tenint en compte que es refreden mitjancant difer-
ents processos no térmics, com l'expansié adiabatica, o les perdues per
sincrotr6 i Compton invers. Per tal d’obtenir I'emissié detectada per
l'observador, 1’emissi6 intrinseca dels outflows es corregida per l'efecte
del beaming relativista (en cas que les velocitats involucrades siguin
prou grans), i per processos d’absorcié mediats pels camps estel-lars
de fotons i ions.

Els resultats de la modelitzacié teorica inclouen distribucions es-
pectrals d’energia i corbes de llum directament comparables amb les
dades observacionals. També s’obtenen mapes radio per a I'emissi6 a
gran escala dels outflows. Aquests tltims permeten visualitzar directa-
ment l'efecte dinamic del vent estel-lar en la trajectoria dels outflows,
que adquireixen una forma d’helix o espiral. Aquesta trajectoria dona
lloc a asimetries a les corbes de llum a diferents rangs d’energia, aixi
com canvis en les distribucions espectrals d’energia deguts principal-
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ment a variacions en processos que depenen de 1’angle entre 1’estrella
o l'observador, i l'outflow.

En relaci6 a la part observacional, aquesta tesi es focalitza en 1’analisi
de I’emissi6 potencial de raigs gamma de molt alta energia (per sobre
dels 100 GeV) de la binaria de raigs X MAXI J1820+070, observada
amb els telescopis MAGIC. L'analisi es realitza a través d"un software
personalitzat de MAGIC, que permet reconstruir ’energia i direcci6
d’arribada d’un raig gamma a través de la llum Cherenkov produida
per la cascada electromagnetica que el raig gamma genera en entrar a
I'atmosfera terrestre. Per tal de tenir una visi6 més global de la font
estudiada, 1’analisi de molt altes energies es contextualitza amb dades
multifreqiiencia de radio a raigs gamma d’alta energia, per sobre de
100 MeV.

Els resultats observacionals consisteixen en un estudi multifreqiien-
cia de la font MAXI J1820+070 en forma de corbes de llum i distribu-
cions espectrals d’energia que utilitzen dades de diferents telescopis
a freqiiencies radio, optiques, de raigs X i de raigs gamma. La font
no es detecta en raigs gamma per sobre de 100 MeV, i només es po-
den obtenir limits superiors del flux a aquestes energies. Tanmateix,
aquests limits, juntament amb els fluxos a altres freqiiencies, permeten
acotar significativament les propietats d’un emissor potencial de raigs
gamma a MAXI J1820+070, principalment la seva mida i localitzacié.

En conclusi6, aquesta tesi profunditza en el coneixement de les
interaccions entre el vent estel-lar i els outflows de sistemes binaris
d’altes energies. Es mostra que aquestes interaccions s’han de tenir
en compte per tal de caracteritzar el subconjunt d’aquests sistemes
amb una estrella massiva, en els quals el vent estel-lar és potent. En
aquesta tesi també es mostra que les observacions de sistemes binaris
en raigs gamma d’altes i molt altes energies permeten limitar de
manera important les propietats dels outflows, fins i tot quan les fonts
no son detectades i només es poden obtenir limits superiors en els
fluxos.



ABSTRACT

Some binary systems consisting of a compact object, which can be
either a neutron star or a black hole, and typically a non-degenerate
companion star, have been shown to emit broadband radiation from
radio up to gamma-ray frequencies. These systems are normally clas-
sified as X-ray or gamma-ray binaries, depending on the frequency at
which their emission has its maximum. Unlike with stars, a big part
of the observed emission cannot be explained by thermal radiation,
and therefore non-thermal radiative processes need to be invoked. The
interactions between the star and the compact object may result in
the launching of outflows of plasma originating around the compact
object position. These outflows can attain speeds close to the speed of
light, and be an efficient site for acceleration of charged particles up to
relativistic energies. A part of the non-thermal emission observed from
X-ray and gamma-ray binaries comes precisely from the non-thermal
radiative cooling of these accelerated particles. Additionally, when
the companion star is very massive, it produces a strong stellar wind
that interacts with the aforementioned relativistic outflows, modifying
both their dynamical and radiative evolution.

The main theoretical objective of this thesis is the study the interac-
tions between the outflows of X-ray and gamma-ray binary systems
and the stellar wind of a massive companion star. For this purpose,
we developed versatile semi-analytical models that give a complete
view of these interactions for different kinds of systems. A simpli-
fied computation (although consistent with the simulations) of the
trajectory followed by the outflows is adopted in order speed up the
calculations and enable their performance in common computers. The
evolution of the non-thermal particles is then computed along the
defined trajectory, taking into account that they cool down through dif-
ferent non-thermal processes, like adiabatic expansion, or synchrotron
and inverse Compton losses. In order to obtain the emission seen
by a distant observer, the intrinsic emission of the outflows is cor-
rected by applying relativistic beaming (when the involved speeds are
high enough) and accounting for absorption processes with the stellar
photon and ion fields.

The results of the theoretical modeling include broadband spectral
energy distributions and light curves that are directly comparable with
the observational data. Radio sky maps are also obtained for the large-
scale emission of the outflows. The latter allows to directly visualize
the dynamical effect of the stellar wind in the outflow trajectory, which
acquires a helical or spiral-like pattern. This modified trajectory gives
rise to asymmetries in the light curves at different energy ranges,
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as well as changes in the spectral energy distributions mostly due
to variations of angle-dependent processes influencing the outflow
emission.

From the observational point of view, this thesis focuses on the
analysis of the potential very high-energy gamma-ray emission above
100 GeV of the X-ray binary MAXI J1820+070, as seen by the MAGIC
telescopes. The analysis is done through a custom software developed
by MAGIC, which allows to reconstruct the arrival direction and
energy of a gamma ray from the Cherenkov light emitted by the
electromagnetic cascade that the gamma ray generates when it enters
the atmosphere of the Earth. In order to have a more general picture
of the studied source, the very high-energy analysis is contextualized
with multiwavelength data from radio to high-energy gamma rays
above 100 MeV.

The observational results consist on a multiwavelength study of
MAXI J1820+070 in the form of light curves and spectral energy
distributions that use data from a number of telescopes at radio,
optical, X-ray and gamma-ray frequencies. The source is not detected
in gamma-rays above 100 MeV, and only flux upper limits can be
given for those energies. Nevertheless, the obtained upper limits,
together with the observed fluxes at other frequencies, are enough to
constrain significantly the properties of a potential gamma-ray emitter
in MAXI J1820+070, mainly in terms of its size and location.

In conclusion, this thesis deepens in our understanding of the in-
teractions between the stellar wind and the outflows of high-energy
binary systems. It shows that these interactions must be taken into
account in order to properly characterize the subset of those binary
systems hosting a massive companion star, in which a powerful stellar
wind is present. In this thesis, it is also shown that observations in
high-energy and very high-energy gamma rays of binary systems
allow to set meaningful limits to the outflow properties, even when
the sources are not detected and only upper limits in the flux are
obtained.
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INTRODUCTION

A significant fraction of the stars are formed in gravitationally bound
systems with two or more members. This fraction increases steadily
with the stellar mass, being more than 60% for high-mass stars above
8 My (Duchéne and Kraus 2013; Moe and Di Stefano 2017). In binary
systems with at least one high-mass star, the most massive star will
evolve faster, typically exploding as a supernova and leaving a compact
object (CO) behind, which may be either a black hole (BH) or a neutron
star (NS). In those cases for which the two components of the binary
system are close enough, important interactions between the CO and
the companion star take place. These interactions may be in the form
of matter accretion by the CO and subsequent launching of bipolar
outflows (microquasar scenario), or, when the CO is a non-accreting
pulsar, in the form of strong collisions between the pulsar and stellar
winds (pulsar-wind scenario).

The systems described above have been shown to emit radiation in a
broad frequency range, from radio to X-rays and (in some cases) even
gamma rays. Depending on the energy at which their spectral energy
distribution (SED) peaks, they are known as either X-ray or gamma-ray
binaries. Such an emission spectrum cannot be explained by thermal
processes alone, and therefore non-thermal mechanisms need to be
invoked. This implies the existence of a population of charged parti-
cles that are accelerated up to relativistic energies, and which are the
responsible of the observed non-thermal emission through their cool-
ing via radiative processes. In many astrophysical scenarios, charged
particles are thought to be accelerated mainly via the diffusive shock
acceleration mechanism. In this process, particles gain energy by mul-
tiple crossings of a shock wave, enabled by reflections on magnetic
inhomogeneities both upstream and downstream of the shock (see,
e.g., Drury 1983, for the details). This mechanism is also known as
first-order Fermi acceleration, named after Enrico Fermi, and due to
the particle energy gain being directly proportional to the shock speed.
Other processes, like second-order Fermi acceleration, the converter
mechanism or magnetic reconnection, can also lead to efficient particle
acceleration in binary systems (e.g. Bosch-Ramon and Rieger 2012).
Once particles are accelerated to relativistic energies, they are also
cooled down by a number of non-thermal radiative and non-radiative
processes, the relative importance of each of them depending on the
exact conditions in the region. In general terms, we can highlight syn-
chrotron and inverse Compton (IC) as dominant mechanisms for the
radiative cooling of particles, especially leptons. For hadrons, proton-
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proton interactions seem to be the most efficient cooling processes. We
refer the reader to Bosch-Ramon and Khangulyan 2009; Dubus 2013
for reviews on the different radiative processes taking place in X-ray
and gamma-ray binary systems.

In this thesis, we focus (although not exclusively) on the study of
binary systems hosting a CO and a massive companion star above
~ 8 Mg. In particular, we pay attention on the influence of the stellar
wind on the non-thermal emitter morphology and radiative output.
We begin by exploring in more detail the two main scenarios proposed
to explain the observed emission of X-ray and gamma-ray binaries.

1.1 MICROQUASAR SCENARIO

Microquasars are binary systems made of a CO that accretes mat-
ter from a typically non-degenerate companion star, and launches
relativistic outflows (see Fig. 1.1 for an artistic representation). In
low-mass systems, matter accretion typically takes place when the
star overflows its Roche lobe in late evolutionary stages of its life (e.g.,
Paczyniski 1971). In high-mass microquasars (HMMQs) the CO can
also accrete matter by capturing a fraction of the intense stellar wind
(e.g., El Mellah et al. 2019). A particular case of wind capture happens
in systems with a Be companion, in which matter accretion suffers
periodic enhancements when the CO crosses the dense decretion disk
of the star (e.g., Reig 2011).

In Roche lobe overflow scenarios, and in some wind-capturing
cases, an accretion disk is formed around the CO in which the mate-
rial spirals inwards due to viscous forces (see Shakura and Sunyaev
1973, for the classical a-disk model). Accretion disks typically feature
a multi-color blackbody spectrum, with the inner regions being at
temperatures of a few million Kelvin and emitting mostly in (soft)
X-rays, and the outer regions being progressively cooler and emitting
at lower frequencies. In some accretion states, a region of hot material
forms around the CO, the so-called corona. This corona is believed
to be the responsible for most of the emission of the hard X-rays
through IC with the low-energy disk photons. Classical reviews on
microquasars can be found in Mirabel and Rodriguez 1999; Fender
and Mufioz-Darias 2016.

Periodically through the life of a microquasar, a part of the material
surrounding the CO (either from the disk or the corona) is ejected
perpendicularly to the disk in the form of collimated and relativistic
bipolar outflows, known as jets. The mechanisms by which jets are
accelerated and collimated are not fully understood, although they
may be powered by (a combination of) the accretion process, the CO
rotation or the magnetic field (e.g., Romero et al. 2017), and can be
efficient sites for particle acceleration up to TeV energies. Jets are
typically observed at radio frequencies at scales much larger than
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Figure 1.1: Artist impression of a microquasar. Credit: L. Cal¢ada / ESO.

the binary system, where this radiation is not absorbed by the stellar
wind ions through free-free absorption. Radio emission indicates
the presence of a non-thermal population of particles, which may
also radiate significantly at other frequencies up to gamma rays (see
Bosch-Ramon and Khangulyan 2009, for a review on the different
radiation processes potentially taking place in microquasars). Most
X-ray binaries hosting a BH or a weakly magnetized NS are thought
to be microquasars, although jets may be too dim and are not always
detected. For highly magnetized NSs, the strong magnetic field of the
latter may truncate the inner parts of the accretion disk, and channel
the material on to the magnetic poles of the NS. This gives rise to an
X-ray pulsar instead of a microquasar (e.g., Nagase 1989).

In HMMQ)s, the strong wind from the massive companion star, with
a typical speed of 2000 — 3000 km s~! and a mass-loss rate of 107¢ —
1072 Mg, ylr*1 (e.g., Muijres et al. 2012), can have an important effect
on the propagation of the jets. This is so both because the jets have
to propagate through a dense medium filled with wind material, and
because the lateral impact of the stellar wind may deviate them and
alter their shape significantly with respect to a windless scenario (as it
is thought to be the case in typical low-mass microquasars).

Perhaps the most likely effect that the stellar wind has on the jets
is the bending of the latter away from the star, relative to their initial
direction perpendicular to the plane of the accretion disk. For a given
stellar wind, the bending becomes more prominent the less powerful
the jets are. For sufficiently weak jets, the interaction with the stellar
wind can result in their disruption within the binary system scales (see
simulations in Perucho and Bosch-Ramon 2008; Yoon and Heinz 2015).
For significant jet bending (i.e., when the bending angle is larger than
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the half-opening angle of the jets), the orbital motion of the system and
the Coriolis force associated to it, may result in helical-shaped jets at
large scales (e.g., Bosch-Ramon and Barkov 2016). This helix-like path
may last up to a distance of several times the orbital separation, where
instabilities associated with the jet-wind interaction grow significantly
and break the defined trajectory.

Another important effect to take into account when studying the
jet-wind interaction is the eventual recollimation of the jets at the
binary system scales (Perucho et al. 2010; Yoon et al. 2016). This
happens when the jet lateral pressure, which decreases as the jet
propagates away from the CO and expands, is overcome by the wind
ram pressure, which remains approximately constant within the binary
system scales. At this point a recollimation shock develops, which can
trigger particle acceleration via the first-order Fermi mechanism. This
shock is necessarily asymmetric given the geometry of the jet-wind
interaction, meaning that the regions of the jets facing the star are more
compressed than those away from it. We note that jet recollimation
only happens for sufficiently low jet powers, since for powerful jets the
jet-wind pressure balance is never reached and the jets do not suffer a
strong recollimation shock.

There are two main known systems in which the aforementioned
interactions should be very relevant (although not necessarily easy
to observe): Cygnus X-1 and Cygnus X-3. The former consists of a
BH and an O-type star with masses of ~ 21 and ~ 41 Mg, respec-
tively, according to the latest measurements (Miller-Jones et al. 2021).
Cygnus X-3 may have either a BH or NS with ~ 2.4 M, as a com-
pact object, with a companion Wolf-Rayet star of ~ 10 M, (Zdziarski
et al. 2013; Koljonen and Maccarone 2017). Both sources display non-
thermal emission from radio up to high-energy (HE) gamma rays
above 100 MeV (see Zanin et al. 2016; Zdziarski et al. 2018, respec-
tively, and references therein). Helical radio jets have been observed
on scales of tens of microarcseconds in Cygnus X-3 during two flares
in 1997 and 2001 (Mioduszewski et al. 2001; Miller-Jones et al. 2004),
although the causes for this shape are not firmly established.

1.2 PULSAR-WIND SCENARIO

The second scenario invoked to explain the emission observed in
gamma-ray binaries involves the presence of a young, non-accreting
pulsar orbiting around a massive star. In this scenario, the relativistic
outflow consists of (mainly shocked) pulsar wind that is confined and
collimated by the stellar wind, and flows away from the binary in
the star-pulsar direction (see Fig. 1.2 for an artist impression). Shocks
are created as the result of the wind-wind interaction, which leads
to the acceleration of non-thermal particles (see Bosch-Ramon and
Barkov 2011, for a detailed study on the interaction between the stellar
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Figure 1.2: Impression of a pulsar-wind binary system. Credit: Kavli IPMU.

and pulsar winds). The aperture of the contact discontinuity (CD),
i.e., the surface where the wind pressures are equal, between the
shocked pulsar and stellar winds depends on the pulsar-to-star wind
momentum-rate ratio, with lower ratios resulting in a more collimated
outflow (see Bogovalov et al. 2008, for an analytical estimation of this
aperture angle consistent with the numerical simulations).

Similarly as with helical microquasar jets, orbital motion results in
the formation of a spiral structure for the shocked pulsar wind, with
the difference that now the flow mainly propagates in the orbital plane,
rather than perpendicularly to it. According to the simulations (Bosch-
Ramon et al. 2015) the spiral pattern may survive for distances of a
few dozen times the orbital separation, until instability growth and
mixing with the stellar wind dissolve the pattern. For highly eccentric
systems, even at the binary scales, the spiral shape is disrupted around
the direction of the apastron, where the pulsar and stellar winds are
quickly mixed and move roughly in a straight line (Barkov and Bosch-
Ramon 2016; Bosch-Ramon et al. 2017).

In those pulsar-wind binaries hosting a Be star, the presence of an
anisotropic wind typical of this kind of stars (e.g., Porter and Rivinius
2003) should be taken into account for a proper characterization of
the system. In particular, the interaction of the pulsar wind and the
decretion disk of the Be star should have a significant influence on
the properties of the shocked outflow, both from a hydrodynamical
and a radiative point of view. This effect is especially important for
those systems in which the orbital separation is only of a few stellar
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radii close to periastron, and it can be strongly dependent on the
orbital inclination with respect to the disk. On the other side of the
orbit, far from the star, the "shadow" of the disk may create a region
free of polar stellar wind where the pulsar wind could propagate
without encountering much resistance by the already diluted disk.
Therefore, the presence of a decretion disk in gamma-ray binaries must
significantly change the outflow properties with respect to the case of
an isotropic stellar wind (see, e.g., the hydrodynamical simulations
performed in Okazaki et al. 2011).

Given that the properties of the non-thermal emitter and its environ-
ment in a pulsar-wind scenario are similar to those in a microquasar
scenario (e.g., Dubus 2013), the radiative outputs of these two cases
are also expected to be alike. As a consequence of this, it is often
not possible to firmly establish the nature of a gamma-ray binary
system from its non-thermal emission only. Among the key features
that would allow for a discrimination between the two scenarios are
the observational signatures of accretion (in the form of quasi-periodic
oscillations or thermal X-ray emission, for example), which only takes
place in microquasars, or the detection of pulsed radio or gamma-ray
emission, which indicates the presence of a non-accreting pulsar and
therefore points towards a pulsar-wind scenario.

It was precisely the detection of pulsed emission what confirmed
PSR B1259-63 and PSR J2032+4127 to be pulsar-wind binaries, with
the former detected in radio (Johnston et al. 1992) and the latter
in gamma rays (Abdo et al. 2009). Both sources host a young non-
accreting pulsar orbiting a massive Be star with ~ 30 and ~ 15 M,
respectively (Negueruela et al. 2011; Lyne et al. 2015). The pulsar-wind
scenario has also been proposed for other gamma-ray binaries such as
HESS Jo632+057 (Moritani et al. 2015; Barkov and Bosch-Ramon 2018)
and LS 5039 (Takahashi et al. 2009; Moldén et al. 2012; Zabalza et al.
2013; Dubus et al. 2015), although the microquasar scenario cannot be
ruled out for these sources.

1.3 OBSERVATIONS OF VERY HIGH-ENERGY GAMMA RAYS

Some of the sources mentioned in the previous section have been de-
tected at very high-energy (VHE) gamma rays above 100 GeV. Photons
of such high energies only reach the Earth with very low fluxes (e.g.,
a very bright VHE source like the Crab Nebula has a flux of about
10 photons km~2 57! at 100 GeV, and even less at higher energies),
which makes necessary the use of large collection areas for their de-
tection. This effectively prevents observations of VHE gamma rays
from space due to the large sizes required for the potential satellites.
On the other hand, the Earth atmosphere is opaque to gamma rays,
and therefore they cannot be directly detected from the surface of our
planet.
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Figure 1.3: Schematic representation of an electromagnetic shower triggered
by a gamma-ray photon. Original image from Roldan and Lecoq
2021.

The absorption of VHE gamma rays by the atmosphere comes,
however, with a convenient advantage: the development of electro-
magnetic showers (or cascades). When a VHE photon reaches the
upper layers of the atmosphere, it creates an electron-positron pair by
interacting with an air nucleus. The generated electron and positron
in turn emit high-energy photons by bremsstrahlung, each of which
produces electron-positron pairs, repeating the process. Each step of
this process results in lower average energy particles, and the pro-
cedure continues until the average electron/positron energy drops
below a critical value at which ionization losses become dominant over
bremsstrahlung. Also, as lower energy photons are produced, other
processes besides pair production become important for them, such
as Compton scattering or photoelectric absorption, which also halt
the shower development. The total number of particles produced by a
gamma-ray photon (also called size of the cascade), and the height at
which the shower is maximally developed, i.e. where the number of
particles is highest, are therefore dependent on the initial gamma-ray
energy. Higher energy photons result in a larger particle production
and a lower height of maximum development. A sketch of the pro-
duction of an atmospheric cascade is shown in Fig. 1.3. We refer the
reader to Longair 1981 for a thorough description of the mechanisms
that come into play in the production of electromagnetic showers in
the Earth atmosphere.

As stated above, we cannot directly detect the original VHE pho-
ton, but we can nonetheless detect the products of the shower that it
triggers. This can be done through different methods, although in this
thesis we will focus on the observation of Cherenkov radiation emitted
by shower electrons and positrons propagating in the atmosphere, i.e.
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the radiation they emit as a consequence of moving faster than the
speed of light in the air (e.g., Watson 2011). This Cherenkov light,
emitted mainly in the optical and near ultraviolet, is collected by large
mirror dishes and focused on a camera consisting of fast and sensitive
photo-multiplying devices. The latter are needed due to the faint and
short (a few nanosecond long) nature of the Cherenkov light flash
triggered by a VHE gamma ray, and allow the discrimination of these
flashes from the night sky background fluctuations (e.g., Hinton 2009;
Lorenz and Wagner 2012). Moreover, one needs to have some process
(normally at a software level) to discriminate gamma-ray photons from
cosmic rays, which also produce atmospheric cascades with a similar
pattern of Cherenkov light emission. The detection of the Cherenkov
light produced by showers is done by imaging atmospheric Cherenkov
telescopes (IACTs), the current generation of which consists of the
MAGIC, H.ES.S. and VERITAS telescopes (see Aleksi¢ et al. 2016a,b;
Aharonian et al. 2006; Bolmont et al. 2014; Weekes et al. 2002; Park
et al. 2015, for a description of these instruments). These telescopes
can detect the product Cherenkov photons of gamma rays with en-
ergies from ~ 50 GeV up to ~ 100 TeV. The lower limit of this range
comes from the fact that showers generated by those gamma rays only
produce a small number of particles, and therefore few Cherenkov
photons. The upper limit arises mainly from the low photon rates at
such high energies. The increased sensitivity of the next generation
of IACTs in the CTA North and CTA South observatories (Cherenkov
Telescope Array Consortium 2019) will allow to widen the effective
energy range of the observations from ~ 20 GeV up to ~ 300 TeV. This
new generation of telescopes will become fully operational within the
next decade.

Another method to infer the arrival of a VHE gamma ray is the
detection of its charged particle products at ground level. This is done
through the Cherenkov light emitted by these particles when they
interact with a liquid medium (typically water) located inside of large
tanks. This technique requires longer exposure times to detect a source
than IACTs (months or years versus hours), but has the advantage of
covering a larger field of the sky, and a higher duty cycle owing to the
fact that it also works during daytime. It becomes especially useful for
gamma rays with energies above ~ 10 TeV for which showers can be
more efficiently separated from those produced by cosmic rays, and
the sensitivity of IACTs worsens significantly due to low statistics. The
HAWC observatory (Abeysekara et al. 2013) and the recent LHAASO
experiment (Bai et al. 2019) represent the main current facilities for
the detection of gamma rays in water Cherenkov tanks.



1.4 OVERVIEW OF THIS THESIS

1.4 OVERVIEW OF THIS THESIS

The main purpose of this thesis is to deepen in our understanding
of the physical mechanisms leading to the observed non-thermal
emission in binary systems, and especially in the interaction between
stellar winds and relativistic outflows. On the one hand, this is done
through semi-analytical modeling of these sources in the two scenarios
described above: microquasars and pulsar-wind binaries. On the other
hand, VHE gamma-ray observations with the MAGIC telescopes are
also performed, and accompanied with multiwavelength data, so that
the physical properties of the outflows producing such emission can
be constrained. This thesis is divided in three distinct parts with a
number of chapters, each of them corresponding to a published article
(or in advanced stage of preparation).

Part i focuses on the theoretical modeling of binary systems with
relativistic outflows. In Chapter 2, a non-relativistic semi-analytical
model is presented to study the hydrodynamics and non-thermal emis-
sion of HMMQ jets in regions far from the binary system. Chapter 3
improves this model by including a fully relativistic approach, which
allows for its application in regions close to the binary, where the
jets propagate at a significant fraction of the speed of light. Finally,
Chapter 4 studies the hydrodynamics and radiation in a pulsar-wind
scenario, with a specific application to LS 5039.

Part ii of this thesis, consisting of a single chapter, is centered on
the observational results obtained with the MAGIC telescopes for
the microquasar MAXI J1820+070. This source is an X-ray binary
discovered in 2018 after an exceptionally bright X-ray flare. Data
at VHE is complemented with other observations down to radio
frequencies to show a more complete picture of the source.

In Part iii, a summary of all the work done is presented, together
with the main conclusions that can be extracted from each chapter.
Also, future work perspectives on the field of X-ray and gamma-ray
binaries are also given.

Additionally, this work also contains one appendix describing the
monitoring of the HE emission from Cygnus X-3 since the start of
this thesis, as well as the VHE observations performed during several
outbursts undergone by this source in the same period.
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LARGE-SCALE NON-THERMAL EMISSION IN
HIGH-MASS MICROQUASAR JETS AFFECTED BY
ORBITAL MOTION

This Chapter contains the published version of Molina and Bosch-
Ramon (2018, A&A, 618, A146).

We describe a non-relativistic semi-analytical code developed to
model jets in HMMQs accounting for both hydrodynamical and radia-
tive effects. In these systems, the powerful wind from the companion
star has a strong influence on the jet propagation, and can significantly
change the jet trajectory with respect to a windless scenario. The work
presented here focuses on the jet regions far from the binary system,
where the jet flow is expected to have been slowed down by interac-
tions with the environment, and relativistic effects can be neglected.
We obtain the jet and counter-jet trajectories in these regions by apply-
ing numerical methods together with some analytical estimates taken
mainly from Bosch-Ramon and Barkov 2016, which take into account
the influence of the stellar wind and orbital motion.

The applied procedure defines a helical-shaped path for a one-
dimensional leptonic emitter, which produces non-thermal radiation
from radio to gamma rays through the synchrotron and IC mecha-
nisms. Gamma-ray absorption by electron-positron pair production
with the stellar photons (gamma-gamma absorption) is also accounted
for, although its effects are mild due to the large distances to the star
considered. In order to have a more general picture of the radiative
outputs of HMMQ jets affected by the stellar wind, different values
of the jet magnetic field and the system inclination are explored. As-
suming that particle acceleration is important at scales larger than
the binary system, the model predicts significant broadband emission
from the helical jets, including an extended radio structure tracing a
fraction of the first turn of the helix.
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ABSTRACT

Context. The stellar wind in high-mass microquasars should interact with the jet. This interaction, coupled with orbital motion, is
expected to make the jet follow a helical, nonballistic trajectory. The jet energy dissipated by this interaction, through shocks for
example, could lead to nonthermal activity on scales significantly larger than the system size.

Aims. We calculate the broadband emission from a jet affected by the impact of the stellar wind and orbital motion in a high-mass
microquasar.

Methods. We employ a prescription for the helical trajectory of a jet in a system with a circular orbit. Subsequently, assuming
electron acceleration at the onset of the helical jet region, we compute the spatial and energy distribution of these electrons, and their
synchrotron and inverse Compton emission including gamma-ray absorption effects.

Results. For typical source parameters, significant radio, X- and gamma-ray luminosities are predicted. The scales on which the
emission is produced may reduce, but not erase, orbital variability of the inverse Compton emission. The wind and orbital effects on
the radio emission morphology could be studied using very long baseline interferometric techniques.

Conclusions. We predict significant broadband emission, modulated by orbital motion, from a helical jet in a high-mass microquasar.
This emission may be hard to disentangle from radiation of the binary itself, although the light curve features, extended radio emission,
and a moderate opacity to very high-energy gamma rays, could help to identify the contribution from an extended (helical) jet region.

Key words. X-rays: binaries — radiation mechanisms: non-thermal — stars: winds, outflows — stars: massive

1. Introduction

High-mass microquasars (HMMQ) are X-ray binaries that host
a massive star and a compact object (CO) from which jets are
produced. The stellar wind can strongly influence the jet propa-
gation, both because the jet has to propagate surrounded by wind
material, and because the wind lateral impact may significantly
bend the jet away from the star. Several authors have used numer-
ical and analytical methods to study, on the scales of the binary,
the interaction of HMMQ jets with stellar winds and their radia-
tive consequences (e.g., Romero et al. 2003; Romero & Orellana
2005; Perucho & Bosch-Ramon 2008, 2012; Owocki et al. 2009;
Araudo et al. 2009; Perucho et al. 2010; Yoon & Heinz 2015;
Bosch-Ramon & Barkov 2016; Yoon et al. 2016).

On scales larger than the binary system, orbital motion
should also affect the dynamics of the jet, making it follow a
helical trajectory (e.g., Bosch-Ramon 2013; Bosch-Ramon &
Barkov 2016). There are a few well-established microquasars
in which evidence of a helical jet has been observed; for
example, SS 433, 1E 1740.7-2942 and Cygnus X-3 (Abell &
Margon 1979; Mioduszewski et al. 2001; Stirling et al. 2002;
Miller-Jones et al. 2004; Luque-Escamilla et al. 2015; see also
Sell et al. 2010 for the possible case of Circinus X-1). In the
case of SS 433, the jet helical geometry likely originates in
the accretion disk (e.g., Begelman et al. 2006); in the case of
1E 1740.7-2942, the system likely hosts a low-mass star and the
role of its wind could be minor; in the case of Cygnus X-3, the
apparent jet helical shape has an unclear origin. Bosch-Ramon &
Barkov (2016) proposed that Cygnus X-1 and Cygnus X-3 could
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be affected by orbital motion and the stellar wind, although the
uncertainties on the jet and wind properties make quantitative
predictions difficult. Unlike the case of Cygnus X-3, no clear evi-
dence of a helical or bent jet has yet been found for Cygnus X-1
(Stirling et al. 2001).

In this work we study the implications of the impact of the
stellar wind and orbital motion for the nonthermal emission of a
HMMQ, from radio to gamma rays. Using an analytical prescrip-
tion for the jet dynamics based on the results of Bosch-Ramon &
Barkov (2016), the nonthermal radiation from a helical jet (spec-
tra, light curves, and morphology) is computed numerically, con-
sidering a leptonic model with synchrotron and inverse Compton
(IC) emission.

The paper is organized as follows: in Sect. 2, the interaction
between the stellar wind and the jet is described. The technical
aspects of the model are explained in Sect. 3. The results of the
calculations are presented in Sect. 4 and a discussion is provided
in Sect. 5. Unless stated otherwise, the convention Q, = Q/10*
is used throughout the paper, with Q in cgs units.

2. Jet-wind interaction

The physical scenario considered in this work consists of a mas-
sive star with a strong stellar wind and an accreting CO from
which two jets are launched in opposite directions perpendic-
ular to the orbital plane. The binary has a relatively compact
orbit, taken circular for simplicity, with a period of P = 5days
and a separation of do = 3 x 102 cm (M, + M, ~ 43 M,).
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The luminosity of the star is taken to be L, = 10*°ergs™!,

and its temperature T, = 4 x 10*K (R, =~ 10 Ry). The
stellar wind is assumed to be spherically symmetric, with a
mass-loss rate and a velocity of My, = 107 Mgyr~! and
Ve = 2% 108 cms™!, respectively (typical for O-type stars; e.g.,
Muijres et al. 2012). Such a system would have similar param-
eters to those of Cygnus X-1, although it would be signifi-
cantly wider and with a weaker wind than Cygnus X-3 (but the
adopted wind and jet momentum rate relation will be similar;
see below).

The orbit is assumed to lie on the xy-plane, with the star
at the center of coordinates. The CO would be on the x-axis,
orbiting the star counter clockwise, and the jet (counter jet)
would initially point along Z (-Z2). The axes are defined in a
frame corotating with the CO around the companion star. The
jets are assumed to have a conical shape, with an initial half-
opening angle 0jp = 0.1rad ~ 5.7°. In this work, we do not need
to adopt a specific value for 0o, although to make our predic-
tions qualitatively valid, it should be smaller than the jet deflec-
tion angle imposed by the wind impact (see below). We take
an initial jet Lorentz factor of y; = 2, although the final results
are not sensitive to this parameter as long as the jet is strongly
supersonic and mildly relativistic. The jet power is taken as
Lj=3Xx 10 ergs.

Figure 1 sketches the scenario under study. The jet goes
through three stages, the first of which is not present in the
figure: Initially, the jet moves perpendicularly to the orbital
plane. Then, the wind impact produces an asymmetric recolli-
mation shock on the jet, which gets inclined away from the star
(stage 2). Further from the binary, the combined effect of the
stellar wind and orbital motion leads to a (orbit-related) force
that bends the already inclined jet, now against orbital motion
(clockwise in Fig. 1). In this way, the jet becomes helical, with
asymmetric shocks being expected because of the orbit-related
force (stage 3). Here it is assumed that electrons are efficiently
accelerated in those shocks, ascribed here to one specific point:
the onset of the helical jet, which neglects the fact that accel-
eration may occur along the helical jet region. Relativistic pro-
tons may also be generated in those shocks, but their radiation
efficiency would be much lower in general, and therefore they
are not considered in our calculations (see e.g., Bosch-Ramon &
Khangulyan 2009, for a discussion of the different electron and
proton cooling timescales in HMMQ).

For the radiation calculations, a fraction nyy = 1072 of L;
is injected in the form of nonthermal electrons right where the
jet starts its helical path. This fraction is only constrained by
nnt < 1, although the predicted luminosities are proportional to
its value and easy to translate if a different fraction is adopted.
Nevertheless, adopting xt = 1072 does not require particularly
efficient acceleration processes. The inclination of the system
with respect to the line of sight of the observer, assumed to be at
a reference distance of d = 3 kpc, is characterized by the angle
i. The values for the different fixed parameters of our model are
listed in Table 1.

2.1. Wind impact: jet bending

Interaction between the stellar wind and the jet can lead to bend-
ing of the latter in the x-axis direction (stage 2 above). This
bending can be characterized by an angle ¢ with respect to
the jet initial direction (i.e., the z-axis; see Fig. 1). Following
Bosch-Ramon & Barkov (2016) we introduce a nondimensional
parameter, y;, which corresponds to the ratio between the wind
momentum rate intercepted by the jet, and the jet momentum
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Fig. 1. Schematic representation of the onset of the helical jet. The posi-
tion, with respect to the star, of the change in the jet initial (bent) direc-
tion is ry, where the jet bending starts to be dominated by the added
effects of the stellar wind and orbital motion. The axes are defined in a
frame corotating with the CO.

Table 1. Fixed parameters used in this work.

Parameter Value
Star temperature T, 4x10*K
Star luminosity Ly 10% ergs™!
Wind speed Vw 2x 108 cms™!
Wind mass-loss rate M, 107 Mg yr~!
Jet luminosity L 3% 10% ergs™!
Initial jet Lorentz factor i 2
Half-opening angle 0; 0.1rad
Nonthermal energy fraction IINT 1072
Effective flow velocity Vi 5% 10°cms™!
Radial flow velocity Vr 2x10°cms™!
Orbital separation do 3x 102 cm
Period P 5 days
Distance to the observer d 3kpc
Radio interferometer resolution FWHM 1 mas

rate:
e_iOPW ej(),_]Mw,—() Vw83 (YI - 1)
L; 365 Yi

BjoMyw v(yj — De N

>

(€]

_where_MW is in units of Mg yr~! in the rightmost expression,
Py, = Myvy, is the stellar wind momentum rate, and P; is the jet
momentum rate, which can be expressed in terms of L;, ¥;, and
the initial jet velocity in ¢ units Sjo:
_ LiviBo

c(yj— 1D

An approximate computation of the bending angle ¢, with

a discrepancy of less than 10% with respect to the numerical

case, yields the following expression (for more details, see the
Appendix in Bosch-Ramon & Barkov 2016):

47TPj 47TLj’yJ',3j

(@)

J

2
”Xj

- 27y + 4Xj1/2 + 72

3



E. Molina and V. Bosch-Ramon: Nonthermal emission from HMMAQ jets affected by orbital motion

For bending angles ¢ < 0jo, the lateral impact of the stellar
wind may produce a weak recollimation shock or a sound wave
in the jet, and the large-scale jet evolution should not be strongly
affected (although the role of instability growth may still
be important; see, e.g., Perucho & Bosch-Ramon 2008, 2012;
Perucho et al. 2010 under uniform and clumpy stellar winds).
However, when ¢ is significantly larger than 0j, a strong asym-
metric recollimation shock is expected, with the jet substantially
deviating from its initial direction. In such a case, the jet is likely
to turn into a helical-shaped structure at larger scales (stage
3, above). Consequently, bending due to stellar wind impact
becomes important for the jet evolution when ¢ > 0jp.

2.2. Orbital effects: helical jet

The orbital motion of the system combined with a jet inclined by
the stellar wind (stage 2) leads, through the orbit-related force,
to a jet helical pattern. This effect becomes clearer for significant
bending angles. Otherwise, for ¢ < 0jy, the conical jet expan-
sion will dominate the geometry of the resulting structure. We
note that a helical pattern would be expected from an inclined jet
even under ballistic jet propagation, but the presence of the stel-
lar wind makes jet propagation nonballistic. Instability growth
should also play a role, but here we consider its effects only phe-
nomenologically through a slower jet flow, caused by the wind
mass entrainment and hence deceleration associated to instabili-
ties.

One can estimate the distance xy, that a nonballistic jet
travels in the x-axis direction before acquiring a negative veloc-
ity y-component, i.e., bending against the orbital motion. With
the additional assumptions that the half-opening angle of the
jet remains constant after being bent (see below), and that
Xwm 1S much larger than the orbital separation, we get (see
Bosch-Ramon & Barkov 2016, for the derivation of this expres-
sion)

K K vy
X = ——— Y~ 13 % 1083 w83 (4)
V2 @ VX ©-s

where w is the orbital angular velocity, with the normalization
corresponding to a period of several days (e.g., w = 27/5 days =
1.4 x 10 rads™"), and K is a constant of O(1), introduced to
account for the specific details of the wind—jet interaction. Here
we fix K = 1.

Knowing xym and ¢, we can compute the height z at which
the jet starts forming the helical structure: zym = Xwm/ tan ¢. For
the parameters given above, and following Egs. (3) and (4), the
location vector of the beginning of the helical structure is ry =
(1.58,0,3.56) x 10'3 cm, with ¢ = 19.8°. We note that xym =
1.28 x 103 cm>> do, as required. The distance from rq to the
staris D, = 3.88x10'3 cm and to the CO is [y = 3.77 x 103 cm.
The jet curvature due to orbital motion for distances smaller than
lo is neglected, that is, yym = 0.

The point ry (the -helical- jet base hereafter) is the position
where nonthermal electrons are injected. The evolution of these
electrons is followed from this point onwards along the helical
jet assuming that no more significant electron acceleration hap-
pens further downstream in the jet'. Electron acceleration may
also happen closer to the binary system (see Sect. 5), but here
we focus specifically on the nonthermal emission produced in
the helical jet region.

" We note that as the jet propagation is nonballistic, (weak) acceler-

ation regions may also exist all along the jet due to jet kinetic energy
dissipation.

From ry onwards along the jet, the stellar wind should have a
very important dynamical role. As the jet becomes helical due to
the presence of wind plus orbital motion, the former is also push-
ing the latter in the radial direction. Therefore, the radial velocity
(v;) of the jet flow may be as slow as the stellar wind itself, or
higher if the shocked stellar wind is effectively accelerated radi-
ally by the jet. In addition, effects of wind entrainment are likely
to affect the jet flow itself, slowing the latter down to an effective
velocity v; < Bjoc. We adopt here v, and v; as phenomenological
parameters that fulfill v, < v, < v;. They provide a simplified
prescription for the helical jet geometry, defining the pitch of
the helical jet trajectory. It is also assumed that this trajectory is
confined to the conical surface, characterized, in the nonrotating
frame, by the direction determined by the vector r¢ along the
orbit in that frame (i.e., a ring traced by the points ry, plus the
radial direction from the star), which should be a relatively good
approximation as long as [y > do.

The half-opening angle of the helical jet flow (6;) need not
be constant, as the nonballistic nature of the jet trajectory, with
weak-shock heating, rarefaction waves, wind (re)confinement,
and mass-loading, may lead to (re)collimation or (re)widening
of the helical jet, depending on the details of the jet and wind
interaction. For simplicity, at this stage we assume 0; = 0jo. In
addition, we also take v; = 5x 10°cms!and v, = 2x10° cms™!;
this is somewhat arbitrary, but except for the radio morphol-
ogy (see Sect. 5) their actual values do not qualitatively change
the results. Hydrodynamical simulations are required to prop-
erly characterize v;, vj, 0;, the role of instability growth, mass-
loading, and so on. Nevertheless, we consider our dynamical
model realistic on scales of a few D,, as large-scale perturba-
tions should grow up to a size 2D, to disrupt the helical struc-
ture.

3. Model description

We use a semi-analytical code to compute the energy and spatial
distribution of the accelerated electrons. As the orbital period
is significantly longer than the crossing time of the helical jet
length (Imax/vj), the nonthermal electrons are assumed to be in
the steady state at each orbital phase.

3.1. Energy losses

Analytical expressions for the energy losses are used in this
work. For synchrotron cooling, assuming, for simplicity, an
isotropic magnetic field B in the flow frame, one obtains, in cgs
units (Longair, 1981):

. 4
Egne ~ —gwwmagf ~ 1.6 x 107°B*,E? ergs™, )

where o1 is the Thomson cross-section, Wy, = B?/8r, and yis
the Lorentz factor of an electron with energy E. The magnetic
field at the jet base is parametrized through the ratio of magnetic
pressure to stellar photon energy density, 77g, as

B L
gr 0 4neD?

(6)

This way of normalizing B allows an easy comparison between
the expected luminosity of synchrotron and IC emission; for IC
in the Thomson regime, the two processes contribute similarly
for electrons of the same energy if g ~ 1. However, for elec-
trons of energy 2 m, ¢?/3kgT, (with kg being the Boltzmann
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constant), which scatter photons in the IC Klein-Nishina regime,
ne 2 0.1 already leads to global strong synchrotron dominance,
which is corroborated by our calculations. One can relate g with
the ratio of magnetic pressure to jet energy density (77g) for the
same B via: fjg = sz(r]B [4)(Ly/L;)(vj/c) (=0.14 ng for the values
adopted here).

Losses due to IC are computed as in Khangulyan et al. (2014)
for an isotropic electron population embedded in the stellar pho-
ton field taken as a black body of temperature 7. This expres-
sion is valid in both the Thomson and the Klein-Nishina regimes
and has an accuracy of ~ 5%:

. 3o rmm2c?R2 KA T?
Eic > _WWG(’)
R: T2, ¢ Eln(1 +5.3E
~ 3.8 x 103 x12xdo Eln +5. )ergs’l ©)

R%4 1+ 183E

with R, being the radius of the star, R the distance from the star
to the emitter, t = 4Ekp T, /m2c*, and

4.62tIn(1 + 0.156¢)
Gty = ——m8M8M8M8M8 =~
@ 1+5.62¢

For a conical jet, adiabatic losses are

®

. 2
Fa=-—222E~ 6710 23E ergs, )
3 rj rj,13
where v, ~ v;0; is the jet expansion velocity and r; is the helical
jet radius.
The total energy-loss rate is

E = Esync + EIC + Ead~ (10)

3.2. Electron distribution

The nonthermal electrons are injected in the jet base with an
energy distribution that follows a power law of index -2, typical
for efficient nonthermal sources (and for acceleration in nonrela-
tivistic strong shocks; Drury 1983), plus a cutoff at high energies
set by energy and escape losses:

)
ECUt

We note that a much steeper Q(E) would mean inefficient elec-
tron acceleration, whereas a much harder one would imply
exceptionally efficient acceleration in which most of energy is
in the highest-energy electrons.

The normalization of the electron injection is taken as a frac-
tion of the jet power available for the acceleration of nonthermal
electrons, Lyt = Nl

Q(E) < E™ 2 exp (— (11)

Emax
f E Q(E) dE = Lyr. (12)

Enin

The value of Ey;, is fixed here to 1 MeV for simplicity, although
a very high E,, greater than 0.1-1GeV for example, would
affect the more compact radio emission. The value of Ep,y is
obtained from electron acceleration constraints.

Electrons are accelerated gaining energy at a rate E,.. =
Nacc€Bc, where 1, is the acceleration efficiency, and e the elec-
tron charge. We take 7,.c = 0.01, which would correspond,
for example, to acceleration by a high-velocity (nonrelativistic)
shock under Bohm diffusion (Drury 1983). Low acceleration
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efficiencies would reduce the maximum energy of synchrotron
photons, for which the photon energy is & o E2, much more
than that of IC photons, produced in the Klein-Nishina regime at
the highest spectral end, for which ¢ ~ E (for IC in Thomson:
&« E?).

Equating E,.. = |E| yields the maximum energy that elec-
trons can reach in the accelerator (at rg): E,... However, elec-
trons can diffuse away from the accelerator before they reach
E.... Therefore, the diffusion timescale, 4 = rJ%/ZDB, is also

to be compared with the acceleration timescale, tyee = Eq/Eqcc
where rjp is the characteristic jet base radius, and Dg =
Eyc/3¢B is the diffusion coefficient assuming it proceeds in
the Bohm regime. This gives a maximum energy value E4 =
qBrj\/314cc/2; for a larger diffusion coefficient D (still < E),
E4 < /Dg/D. The E., value is obtained as the smallest among
E... and E4, whereas E,,x can be taken as several times E.

To compute the electron energy distribution along the jet, the
latter is divided in cylindrical segments with increasing radius.
The segment lengths are determined (with some exception; see
below) by v; multiplied by one fifth of the local shortest cooling
time, which is derived from fios; = Emax/|E(Emax)|. In this way,
the energy and spatial evolution of the fastest evolving electrons
is reasonably well sampled. The magnetic field is assumed to
be mostly perpendicular to the flow motion, typical for jets far
from their origin, and therefore B o rjp/r; under frozen condi-
tions and constant v;. Each individual jet division is treated as a
homogeneous emitter, which in the worse case is correct within
a ~3% error (spatial scales grow segment by segment by a factor
1 + lmax/N/lp ~ 1.03, where N is the number of segments).

For ng — 1, synchrotron cooling times become very short
(fioss < tady, With 4, being the advection timescale), and the
large N makes calculations very long. In those extreme cases,
we have adopted an approximation which consists in limiting
N and then introducing a correction factor, X fjoss/taqy, to the
injected population at the first segment. This simplified approach
can overestimate the high energy part of the electron distribution
by a factor around two, but speeds up calculations by several
orders of magnitude for extreme B cases. Nevertheless, we indi-
cate that ng — 1 is too high, as in the region of interest the jet
power is likely largely dominated by kinetic energy, and is con-
sidered here for illustrative purposes only.

To find the energy evolution up to a given segment, one com-
putes the initial energy E that electrons of energy E had when
they were injected at the jet base. This is done iteratively by mak-
ing small time steps back in time (and in space) to sample the
energy evolution of electrons backwards from a given segment:

13)

Here, E;_, is the energy that an electron had at a time 7 — dt, and
E; is the electron energy at time 7. We note that £;_; > E; due to
the negative sign of E. The linear approximation used in Eq. (13)
is only valid as long as E;_| — E; < E;.

Once Ej is known, the electron energy distribution at the jet
base, Nyo(Ey), of a segment k with length dlj, is computed as

E_=E - E(E,)dl

No(Eo) = Q(Eo) 1", (14)
with tzd" = dI/v;j (if small enough; otherwise tzd" — Hoss)- The
electron energy distribution at a segment k is computed from the
distribution when at the segment k—1:

EW(Ei1)

N(Ey) = Ni1(E-1) EdED |

15)
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where E; and E;_; are energies related by Eq. (13) in segments
k and k-1, respectively?. By applying this procedure down to the
jet base, one gets the general expression for the electron energy
distribution at each jet segment:

Ei(Ei 1)

EE) (16)

Ne(Ex) = No(Eo) ]—[
keeping in mind that Ej > mec? and Ey < Emax.

3.3. Emission of radiation

The power per photon energy unit radiated by an electron
of energy E via synchrotron emission is computed following
(Pacholczyk 1970)

V3¢3Bsin 0
hmec?
where 0 is the pitch angle between the electron velocity and

B vectors, and x = &/e., with & being the characteristic syn-
chrotron photon energy defined as
3 ehBsin® £

o= T I
“T o o 1%

Py(E) = F(x), a7

The function F(x) includes an integral of the Kjs;3({) Bessel
function, but in this work we adopt an approximation valid
within a few percent error in the range 0.1 < x < 10 (e.g.,
Melrose, 1980; Aharonian 2004):

F(x) = Xf Ksp3(0)dZ ~ 1.85x' e, (19)
The geometry of B is not well known, so an isotropic dis-
tribution in the fluid frame is assumed, taking for simplicity

Bsin6 ~ V< B? > = B+/2/3. The synchrotron spectral energy
distribution (SED) for an isotropic population of electrons with
distribution N(E) is:
el =¢ f P.(E)N(E)dE. (20)
0
The IC emission is computed considering that relativistic
electrons interact with a beam of photons with energy &. The

IC kernel for an angle 0 with respect to the initial beam direction
is (Aharonian & Atoyan 1981):

d*N(e, g 3ormict 2 2z 27
dedQ  ~ 167e)E> [ TA-0 k(-2 RA-22]
21
where by = 2(1 —cos 0)egE/m2c*, z = &/E, and & can vary in the

limits g9 < & < Ebg/(1 + by). The (apparent) IC SED at a given
direction is obtained by convolving Eq. (21) with the electron
energy distribution N(E) and the energy distribution density of
stellar photons n(gg):

d2N(0, e
L€ = 47rcsf dEf deg d(dQ)N(E)n(so)‘

Target photons other than those of stellar origin, like those com-
ing from an accretion disk, are unimportant for the jet regions
studied in this work. Synchrotron self-Compton is also negligi-
ble even when one assumes that most of the nonthermal energy
is released as synchrotron radiation.

(22)

2 We note that Eq. (15) should be corrected for segment length and
velocity if they are not constant.

3.4. Absorption of radiation

The main absorption mechanism considered in this work is
electron-positron pair production from gamma rays interacting
with stellar photons. The cross section for this process is (Gould
& Schréder 1967)

1+
-89 [(3 -BY 1“(@) - 282 —/32)] . (23)

Oyy = ECFT(I

where

ﬁ=\/1—

€ and g are the energies of the high-energy and stellar pho-
tons, respectively, and 0,, is the angle between their propagation
directions.

The optical depth of gamma-ray absorption is (Gould &
Schréder 1967)

204
2mzc

e 24
ggo(l = cos B,,)’ (24

! o0
Tyy(8) = fo‘ dl [1 = cos 0,, ()] deg n(eg, Doy, (€0, €, 0y,),
£0,min

(25)

where / is the distance to the observer covered by the gamma ray,
and &9 min = 2m§c4 /(1 = cos 0,,) is the minimum energy of the
gamma rays absorbed by the target stellar photons.

For the cases studied here, synchrotron self-absorption is
estimated in radio by computing the optically thick-to-optically
thin transition frequency (e.g., Bosch-Ramon 2009), and is
found to be negligible in general; it has therefore not been
included in the calculations. Free-free radio absorption in the
stellar wind is also negligible at the scales of the emitting region.
Nonthermal ultraviolet (UV) photons are also strongly absorbed
on their way to the observer, but we have not included this effect
as UV photons from the star would be largely dominant in any
case. In a very compact system with a very powerful stellar wind,
such as, for example, Cygnus X-3, radio absorption could still be
an issue at a distance D, from the binary, although we defer spe-
cific source studies for future work.

4. Results

The results are obtained using the parameter values given in
Table 1, together with the sets of values presented in Table 2
for i, the orbital phase @, and 75, whose variations have strong
effects on the nonthermal emission. Considering the free param-
eters, the electron energy distribution is affected only by ng,
whereas SEDs, light curves, and the emitter geometry are also
affected by a and i. Most SEDs are calculated for @ = 0.25 as a
typical example, which corresponds to one of the orbit nodes.
Varying @, we also compute some SEDs and IC light curves
to illustrate orbital variations of this component. A comparison
of SEDs and light curves is done between the extended and the
point-like (one-zone) emitter, to check which features arise when
an extended (helical) jet is considered. Finally, maps at 5 GHz
are computed to illustrate the expected radio morphologies from
a helical jet.

4.1. Nonthermal electrons

The electron energy distribution for the jet®, xE? to emphasize
the energy content at different energy scales, is shown in Fig. 2

3 The jet and counter-jet electron energy distributions are equal in our
model.
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Table 2. Values adopted for different parameters.

Parameter Values
1B 1074, 1072, 1
i 30°, 60°
a 0-1

1038

1037 |

1036

E2N(E) (erg)

103

Ng =
[ng =10
T

T 1 1 1 1 1
108 10° 1010 10! 102 10%3
E (eV)

1034

108 107 1014

Fig. 2. Electron energy distribution of the jet XE? up to D, (dashed
lines), 3D, (dotted lines) and 25D, (the whole jet; solid lines), for g =
10~* and 1.

for yg = 10™* and 1, and up to three different jet lengths starting
from ry: Dy, 3D, and 25D, (whole jet). As seen in the figure,
a significant fraction of electrons below ~1 GeV survive beyond
3D, and for the lowest B, TeV electrons can also reach a larger
distance from the binary (see also, e.g., Khangulyan et al. 2008).
As expected, the energy distribution is steep for electron ener-
gies dominated by synchrotron and Thomson IC losses. When
IC dominates, the SED becomes harder at ~10 GeV because of
the Thomson-to-Klein-Nishina transition of the electron distri-
bution, getting steeper again only at the highest energies due to
synchrotron losses (and the effect of E).

4.2. Spectral energy distribution

Figure 3 shows the SEDs of the synchrotron and the IC emis-
sion for the same cases studied in Fig. 2, showing now within
each panel the jet and the counter-jet contributions separately.
An inclination of i = 60° is adopted, and @ = 0.25. As expected
from the severe drop in radiation efficiencies, the contribution to
the emission of the regions beyond 3D, is minor for all the cases
studied, although radio emission is still non-negligible beyond
that distance, as seen in Sect. 4.5. It is worth noting that most of
the IC radiation comes from the counter-jet because of the larger
IC 0-values. Doppler boosting is negligible for the adopted v;-
value and is not included.

The effect of the magnetic field on the synchrotron and IC
SEDs is shown in Fig. 4 for i = 30° and @ = 0.25, and for the jet
and the counter-jet separately. As expected, the synchrotron to
IC luminosity ratio depends strongly on 7g. Figure 4 also shows
the effect of gamma-ray absorption (stronger for i = 30° than for
60°), which is quite modest given the relatively large distances
from the star and the a-value considered in this plot.

Figure 5 shows the effect of the orbital phase on the IC spec-
trum. With i = 30° and ng = 1072, the SEDs for @ = 0,0.25
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and 0.5 are plotted. For @ = 0.5, which corresponds to the CO
superior conjunction (i.e., the CO is behind the star), there is a
drop of up to five orders of magnitude in the counter-jet emission
above 10 GeV due to gamma-ray absorption, which makes the jet
dominate the radiation output in this range, effectively smooth-
ing the overall impact of gamma-ray absorption for this orbital
phase.

4.3. Light curve

Figure 6 shows the IC light curves for 7z = 1072. The peak
around @ = 0.5 and 0.1-100GeV for i = 60° is explained by
the larger IC 0-angles, and the small dip for i = 30° manifests
some level of gamma-ray absorption, which starts at ~10 GeV
in a relatively hard IC SED (see Fig. 5). For energies >100 GeV,
absorption has a very strong impact on the fluxes by a factor
of several, although the jet component smoothens somewhat the
light curve around @ = 0.5 (superior conjunction of the CO)
because of reduced gamma-ray absorption due to a smaller 0,,-
value (see Fig. 5). On the other hand, the counter-jet still leads
to significant IC fluxes around @ = 0 (inferior conjunction; see
Fig. 5), unlike an emitter located very close to the CO, which
would lead to stronger differences in flux.

4.4. Extended versus one-zone emitter

Figure 7 shows a comparison between the SEDs of an extended
(helical) jet and a one-zone emitter, for the jet and the counter-
jet, for i = 30°, @ = 0.25, and 53 = 1072. The one-zone
emitter is assumed to be just one segment located at ry and of
length D, /3, which sets the electron escape time. Because of fast
radiation losses, the one-zone approximation works well in the
high-energy part of the synchrotron and IC SEDs, as expected.
Qualitatively, the extended and the one-zone emitters look quite
similar, although differences of up to a factor of 2 are seen,
mainly but not only in the jet synchrotron and IC components
at low energies, as low-energy electrons escaped from the one-
zone region are still radiatively relevant. We note that inaccurate
source knowledge and model simplifications imply systematic
uncertainties likely larger than a factor of 2, which means that
the SED alone cannot help to discriminate a helical jet model
from that of a one-zone emitter.

Figure 8 compares the light curves of an extended and a
one-zone emitter in the cases presented in Fig. 6. The fluxes
are larger (lower) for the extended emitter for 0.1-100 GeV
(>100GeV), and are symmetric around @ = 0.5. The different
behavior between the two energy bands is caused by the fact that
electrons emitting >100 GeV photons via IC reach farther from
the star than those emitting 0.1-100 GeV photons (see Sect. 4.1),
both for the counter-jet and the jet, decreasing the IC flux as they
meet a more diluted target photon field. We note that for higher
jet powers, the helical jet would start further away (see Eqgs. (1)
and (4)), in which case the light curve would become asymmet-
ric for the extended jet.

4.5. Radio emission

Radio sky maps at 5GHz for gz = 1072 and different orbital
phases are shown in Figs. 9 and 10 for i = 30° and i = 60°, respec-
tively. These maps are obtained following three steps: first, the
helical jet structure is projected into the plane of the sky. Sub-
sequently, the emission from each segment is convolved with
a Gaussian with standard deviation o~ = rj/2 to approximately
distribute the emission over the actual sky-projected area of
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Fig. 3. Synchrotron and IC SEDs of the jet (blue) and the counter-jet (green), for i = 60° and @ = 0.25, up to D, (dashed lines), 3D, (dotted lines),
and 25D, (the whole jet; solid lines), for ng = 107* (right panel) and 1 (left panel).
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Fig. 4. Synchrotron and IC SEDs of the jet (solid lines) and the counter-
jet (dashed lines), for i = 30° and @ = 0.25, and iz = 10™* (blue lines),
1072 (green lines), and 1 (red lines). The unabsorbed IC emission is also
shown (black dotted lines).

each segment. Finally, this emission is convolved again with a
Gaussian with FWHM = 1 mas in order to mimic the response of
aradio, very long baseline interferometer (see, e.g., Walker 1995
for a VLBA description). With the sensitivity of current instru-
mentation, typically of a few tens of uJy beam™, the extended
emission could be resolved, but only from the parts of the jet
that are relatively close to its base. The bending of the jet
appears more dramatic the smaller the inclination due to pro-
jection effects. The total received flux for each map is 7.4 mJy.
As the flux increases proportionally to 7nt, one could detect the
jetup to larger distances for higher nnt. To illustrate this, Fig. 11
shows a comparison between two sky maps with different non-
thermal energy fractions, 7yt = 1072 and nt = 5 X 1072, We
note that the radio fluxes also depend on 7p as o '733/ 4,

5. Summary and discussion

As argued by Bosch-Ramon & Barkov (2016), a nonballistic
helical jet region is the likely outcome of a HMMQ jet inter-
acting with the stellar wind under the effect of orbital motion.

1034 T T T T

1033 :

1032 :

1031 :
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Fig. 5. IC SEDs of the jet (solid lines) and the counter-jet (dashed lines),
fori = 30°, g = 1072, @ = 0 (red lines), 0.25 (blue lines) and 0.5 (green
lines). The unabsorbed IC emission is also shown (black dotted lines).

In the present work, we have shown that such a region is pre-
dicted to produce significant fluxes from radio to gamma rays
if Lnt ~ nwtLi 2 10%3nr_ergs™!, for a source at a few
kiloparsecs. These significant fluxes are explained by the high
synchrotron and IC efficiencies at the helical jet onset location,
ry, for typical HMMQ L, -values. Since realistic ng-values are
expected to be well below equipartition with the radiation field,
the IC component is likely to dominate the nonthermal emis-
sion, peaking around 10 GeV. Specific gamma-ray light curve
features are also predicted: a non-negligible impact of gamma-
ray absorption, combined with angular effects for this process
and IC. Peculiar changing radio morphologies, which can trace
the jet helical structure, are expected as well.

We note that hydrodynamical instabilities and wind-jet mix-
ing make our results mostly valid for the inner helical jet region,
say up to a few D,. Beyond that point, the jet helical geometry
is likely to become blurred, eventually turning into a bipolar, rel-
atively wide, and collimated supersonic outflow; a mixture of jet
and wind material. Although the flow may still be mildly rela-
tivistic for very energetic ejections, in general the resulting “jet”
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Fig. 6. Light curves of IC emission (jet + counter-jet) at 0.1-100 GeV (left panel) and >100 GeV (right panel), for i = 30° (red lines) and 60° (blue
lines), and 7z = 1072. The unabsorbed light curves are also shown (dotted lines). The CO is in inferior (superior) conjunction with the star when

the orbital phase is 0 (0.5).
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Fig. 7. Comparison of the (absorbed) SEDs of an extended (helical) jet
(solid lines) and a one-zone emitter (dashed lines) for the jet and the
counter-jet for i =30°, @ = 0.25, and g = 1072

is expected to be much faster than the stellar wind, but nonrela-
tivistic.

Our results are based on a number of strong simplifications,
in particular regarding the stability of the helical jet. There-
fore, detailed numerical simulations of the jet-wind interaction
on middle to large scales are necessary for more accurate pre-
dictions. Nevertheless, despite the simplifications adopted, the
main features of the scenario are expected to be rather robust,
at least at a semi-quantitative level. These are: non-negligible
fluxes; specific light curves characterized by the value of ry, the
interplay of jet and counter-jet emission, and angular IC and
gamma-ray absorption effects; and curved jet radio morpholo-
gies with characteristic orbital evolution. This is so because the
first- or even zeroth-order level of the dynamical, radiative, and
geometrical effects involved are taken into account in our calcu-
lations.

Two important system parameters, eccentricity and do,
have been assumed constant in our calculations. Despite being
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difficult to ascertain the impact of eccentricity in a HMMQ
without numerical calculations, simulations of pulsar-star wind
colliding in eccentric binaries (Barkov & Bosch-Ramon 2016;
Bosch-Ramon et al. 2017) suggest that the effect of eccentric-
ity should be important only for rather eccentric binaries. In that
case, the nature of the interaction structure may not be helical at
all, being not only strongly asymmetric, and inclined towards the
apastron side of the orbit, but also likely much more sensitive to
disruption. The value of do, and thus P, may also change. This
would leave the helical jet geometry unaffected: both the helical
vertical step and Xy, are o< P oc dé/ 2. On the other hand, the

luminosity would change as o« P~ « d(_)3/ 2 except for emission
produced under the fast radiative cooling regime of electrons (in
our setup the highest-energy end of the synchrotron and IC emis-
sion), which is independent of dp. The helical jet radiation in a
very wide system would be hardly detectable unless the flow is
slow, which allows electrons to radiate more energy. On the other
hand, in a very compact system, radio emission would be hard
to resolve for a slow helical jet flow, as the source would be too
small.

The emission on the scales of the binary, produced for
instance by jet internal shocks or by the first wind-induced
recollimation shock in the jet (stage 2), could be important.
In which case: (i) assuming that the same nonthermal lumi-
nosity is injected in both regions, the radio emission from the
binary scales would be strongly absorbed via synchrotron self-
absorption and wind free-free absorption; and (ii) the X- and
gamma-ray emission would be at a similar level if produced in
the fast radiation cooling regime, and at a higher level otherwise
because of the higher B-value and IC-target density. Gamma-
ray absorption could however strongly attenuate the gamma-ray
luminosity >100 GeV for most of the orbit. Therefore, the heli-
cal jet could contribute significantly to the overall nonthermal
radiation of HMMQ, and particularly in radio and >100 GeV,
even if electrons are also accelerated closer to the jet base. This
was the main motivation for this work: to perform a first explo-
ration of specific radiation features of the helical jet region, so
that it could be disentangled from the other emitting sites. For
the HMMQ Cygnus X-1 and Cygnus X-3, their uncertain wind
and jet parameters make it difficult to make concrete predic-
tions; for example, a non-ballistic jet region may not form at
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Fig. 8. As in Fig. 6 but comparing the extended jet (solid lines) and the one-zone case (dashed lines), and for the absorbed gamma-ray component

only.
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Fig. 9. Sky maps at 5 GHz for i =30°, ng = 1072, and orbital phases of 0, 0.25, 0.5 and 0.75 from left to right. Contour levels correspond to fluxes

0f 0.032, 0.1, 0.32 and 1 mJy beam™'. The beam size is 1 mas.

all (Yoon et al. 2016; Bosch-Ramon & Barkov 2016 and ref-
erences therein), and an individual detailed source analysis is
out of the scope of this work. In spite of this, our findings
are not in contradiction with the radio morphology and the
gamma-ray light curves of these sources (e.g., Stirling et al.
2001; Mioduszewski et al. 2001; Miller-Jones et al. 2004; Zanin
et al. 2016; Zdziarski et al. 2018). Future detailed model-
ing together with deep, high-resolution radio observations and
the high-energy light curves could provide hints of helical jet
emission.

The wind-jet interaction in HMMQ resembles, to a sig-
nificant extent, the wind-wind interaction in high-mass bina-
ries hosting young pulsars. The latter sources are probably
extended mostly on the orbital plane and along the orbit
semi-major axis, whereas the bipolar helical-jet structure is
focused mostly in a direction perpendicular to the orbit plane

(Bosch-Ramon et al. 2015, 2017; Bosch-Ramon & Barkov
2016). Nevertheless, the interactions of the stellar wind with
a relativistic pulsar wind or jet, on binary, middle, and large
scales, share many qualitative properties, and this may mask
a fundamentally different engine accretion vs. a pulsar wind
when observing sources of yet unknown CO. These similari-
ties are: extended radio structures with orbital evolution found
at mas scales; strong radio absorption on the binary scales; sim-
ilar hydrodynamics, and therefore impact of instabilities, adi-
abatic losses, and Doppler boosting effects*, for the shocked
flows outside the binary region; and gamma-ray light curves

4 The much higher energy per particle of shocked pulsar winds can
lead to stronger Doppler boosting effects than in a HMMQ jet, although
mass-loading smoothens this difference.
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Fig. 10. As in Fig. 9 but for i = 60°.

log [Flux(mJy/beam)]

X (mas)

Fig. 11. Sky maps at 5 GHz for i = 60°, & = 0.25, jxt = 1072 (left) and
5x 1072 (right). Contour levels are (mJy beam): 0.032, 0.1, 0.32, 1, 3.2.
The beam size is 1 mas.

strongly affected by IC and gamma-ray absorption angular
effects, in a likely extended/multi-zone emLitter. Radio observa-
tions, high-quality multiwavelength data, numerical simulations,
and realistic radiation calculations (e.g., Aharonian et al. 2006;
Perucho & Bosch-Ramon 2008, 2012; Albert et al. 2009; Fermi
LAT Collaboration 2009; Perucho et al. 2010; Moldén et al.
2011b,a, 2012; Bosch-Ramon et al. 2015, 2017; Dubus et al.
2015; Zanin et al. 2016; Yoon & Heinz 2015; Yoon et al. 2016;
de la Cita et al. 2017; Wu et al. 2018; Barkov & Bosch-Ramon
2018) are therefore needed to characterize radiation scenarios
in high-mass binaries with unknown CO, such that empirical
observables can help to disentangle the CO nature.
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A RELATIVISTIC MODEL FOR MICROQUASAR JETS
UNDER THE INFLUENCE OF A STRONG STELLAR
WIND

This Chapter contains the published version of Molina et al. (2019,
A&A, 629, A129).

The work presented here generalizes what was done in Chapter 2
mainly by including relativistic effects. This allows us to study the
jet-wind interaction in HMMQ)s at the scales of the binary system and
below, where the plasma in the jets moves at a large fraction of the
speed of light. The trajectory is computed considering momentum
transfer from the stellar wind to the jets, which results in bent jets close
to the binary system that start acquiring a helical shape at distances of
a few orbital separations. Moreover, within the binary system, the jets
are likely to suffer a recollimation shock where their lateral pressure
is overcome by the wind pressure (e.g., Perucho et al. 2010), which
may trigger efficient particle acceleration.

From the radiative point of view, given the proximity of the studied
regions to the star, absorption processes involving the latter become
important. This is the case of gamma-gamma absorption, which is
drastic for some orbital phases, and free-free absorption of photons
by the stellar wind ions, which prevents any radio emission from the
inner jet regions from reaching the observer.

The results of this improved jet-wind model for HMMQs include
strong orbital modulation of the gamma-ray emission owing to Doppler
boosting and absorption. Since local acceleration is only assumed to
happen at the recollimation shock, very close to the CO, emission is
highly concentrated at the binary scales except for microwave and
infrared frequencies. Even so, significant differences with respect to a
scenario with a straight, unbent jet are found, especially in the form
of asymmetries in the light curve (LC) around the inferior conjunction
of the CO.
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ABSTRACT

Context. High-mass microquasars (HMMQs) are systems from which relativistic jets are launched. At the scales of several times the
binary system size, the jets are expected to follow a helical path caused by the interaction with a strong stellar wind and orbital motion.
Such a trajectory has its influence on the non-thermal emission of the jets, which also depends strongly on the observing angle due to
Doppler boosting effects.

Aims. We explore how the expected non-thermal emission of HMMAQ jets at small scales is affected by the impact of the stellar wind
and the orbital motion on the jet propagation.

Methods. We studied the broadband non-thermal emission, from radio to gamma rays, produced in HMMQ jets up to a distance
of several orbital separations, taking into account a realistic jet trajectory, different model parameters, and orbital modulation. The
jet trajectory is computed by considering momentum transfer with the stellar wind. Electrons are injected at the position where a
recollimation shock in the jets is expected due to the wind impact. Their distribution along the jet path is obtained assuming local
acceleration at the recollimation shock, and cooling via adiabatic, synchrotron, and inverse Compton processes. The synchrotron and
inverse Compton emission is calculated taking into account synchrotron self-absorption within the jet, free-free absorption with the
stellar wind, and absorption by stellar photons via pair production.

Results. The spectrum is totally dominated by the jet over the counter-jet due to Doppler boosting. Broadband emission from mi-
crowaves to gamma rays is predicted, with radio emission being totally absorbed. This emission is rather concentrated in the regions
close to the binary system and features strong orbital modulation at high energies. Asymmetric light curves are obtained owing to the
helical trajectory of the jets.

Conclusions. The presence of helical shaped jets could be inferred from asymmetries in the light curves, which become noticeable
only for large jet Lorentz factors and low magnetic fields. Model parameters could be constrained if accurate phase-resolved light
curves from GeV to TeV energies were available. The predictions for the synchrotron and the inverse Compton radiation are quite

sensitive of the parameters determining the wind-jet interaction structure.

Key words. X-rays: binaries — radiation mechanisms: non-thermal — relativistic processes — stars: winds, outflows —

stars: massive

1. Introduction

Microquasars are binary systems consisting of a compact object
(CO), either a black hole or a neutron star, that launches rela-
tivistic jets powered by accretion of matter from a companion
star. When the companion is a massive star, these systems are
called high-mass microquasars (HMMQs) and accretion onto
the CO takes place as the latter captures a fraction of the stel-
lar wind. This mechanism is compatible with the presence of
an accretion disk around the CO (El Mellah et al. 2019b), which
is a necessary condition for jet formation. In HMMQ)s, interac-
tion between the jets and the stellar wind may play an important
role in both the propagation and the radiation produced by the
jet, as the combined effect of the wind and orbital motion devi-
ates the jets from a straight trajectory. Several works study the
dynamical influence of the stellar wind on the jets of HMMQs,
and their expected radiative output, at the scales of the binary
system (e.g., Romero & Orellana 2005; Khangulyan et al. 2008,
2018; Perucho & Bosch-Ramon 2008, 2012; Araudo et al. 2009;
Owocki et al. 2009; Perucho et al. 2010; Yoon et al. 2016).

Article published by EDP Sciences

At larger scales, the effect of orbital motion becomes
important and could make the jets follow a helical trajectory
(see, e.g., Bosch-Ramon & Barkov 2016, for a semi-analytical
study about this). Current observations allow for a detection
of this kind of pattern in microquasars. The most famous
case is perhaps SS433, in which the helical structure is likely
caused by precession of the accretion disk (Begelman et al.
2006; Monceau-Baroux et al. 2014). Jet precession has also been
observed in 1E 1740.7-2942 (Luque-Escamilla et al. 2015),
even though it is a low-mass microquasar in which the stel-
lar wind is not expected to have a strong dynamical influence.
Cygnus X-3 is another system for which helix-like jets have
been found (Mioduszewski et al. 2001; Miller-Jones et al. 2004),
although the cause of their shape remains unclear. Finally, one
may expect a strong wind-jet interaction in Cygnus X-1, given
that it hosts a massive star close to the CO (e.g., Yoon et al. 2016;
Bosch-Ramon & Barkov 2016). Nevertheless, observations have
not shown evidence of the presence of helical jets in Cygnus X-1
so far (Stirling et al. 2001).

A129, page 1 of 10



A&A 629, A129 (2019)

Since the orbital motion could leave a strong imprint on
jet radiation in HMMQs, Molina & Bosch-Ramon (2018, here-
after MB18) computed the non-thermal radiative output of heli-
cal jets along the orbit using a phenomenological prescription
for the jet kinematics. That work focused on a jet region rather
far from the binary system, and the jet speed was taken well
below the speed of light, due to a braking effect caused by insta-
bility growth and subsequent mixing of jet and wind material
(Bosch-Ramon & Barkov 2016). However, closer to the launch-
ing site, within a few orbital separations from the jet base, the jet
is thought to be relativistic (e.g., Fender et al. 2004). In that case,
absorption processes and radiation cooling become more impor-
tant, and Doppler boosting should be considered to compute the
observable radiation.

The work presented here complements what was done in
MB18 by studying in detail the wind-jet interaction on the scales
of the binary system and its peripheral region. For that purpose,
the jet trajectory is computed accounting for orbital motion and
the momentum transferred by interaction with the stellar wind.
The leptonic jet radiation is computed using a semi-analytical
code, modeling the jets as one-dimensional emitters that radi-
ate via the synchrotron and inverse Compton (IC) mechanisms.
Absorption in radio and gamma rays is also accounted for.

The paper is organized as follows: in Sect. 2, we describe the
physical system under study, as well as the the technical aspects
of the dynamical and radiative models adopted. In Sect. 3, we
present the main results of this work. Finally, a summary and a
discussion of the results are given in Sect. 4.

2. Model description
2.1. System properties

The system studied in this work is a generic HMMQ, simi-
lar to Cygnus X-1, in which a CO is accreting matter from a
massive companion star. The orbit is considered to be circu-
lar, with a period of T = 4days and a separation of a =
3x10'2cm~ 0.2 AU. A jet and a counter-jet are ejected in oppo-
site directions perpendicularly to the orbital plane, and progres-
sively deviate from their initial direction by the combined effects
of the stellar wind and orbital motion. The star is located at
the origin of our coordinate system, which co-rotates with the
CO counter-clockwise. For simplicity, we assumed that the star
rotates synchronously with the coordinate system. The initial
direction of the jets is taken as the z-axis. The x-axis is defined
by the star-CO direction and the y-axis is perpendicular to it,
in the direction of the orbital motion. The orbital phase of the
CO is characterized by ¢. The system is assumed to be at a dis-
tance of d = 3kpc from an observer that sees the system with
an inclination i with respect to the z-axis. Figure 1 illustrates this
scenario.

The companion is a typical O-type star in the main sequence,
with a temperature of 7, = 40000K and a luminosity of L, =
10% ergs~! (Heap et al. 2006), which correspond to a radius of
R, ~ 7.4 x 10" cm. The stellar wind is assumed isotropic, with
a velocity following the usual S-law form vy = veo(1 — Ry /1),
where v, = 2 x 108cms™! is the terminal wind speed, r is
the distance to the star, and 8 = 0.8 is typical for hot massive
stars (e.g., Pauldrach et al. 1986). Although the B-value is not
tightly constrained, our results are almost insensitive to it within
its usual range for O-type stars, 0.7 < 8 < 1 (Puls et al. 1996),
and not very sensitive to values of 3 up to 3 found for some stars
with different spectral types (Crowther et al. 2006). However, if
a smaller a was considered, a variation of the 3-value would have
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Fig. 1. Sketch of considered scenario (not to scale). We show a jet seg-
ment at a height z (black dot) and its projection in the xz-plane (grey
dot). We also show the recollimation height z.., the length / along the
jet, the jet half-opening angle 6;, the jet bending angle with respect to
the z-axis (6), the inclination angle of the orbit 7, the orbital separation
a, the star radius R,, and the orbital phase ¢ (set to 0 and 0.5 for the
inferior and superior conjunctions, respectively). The counter-jet (not
shown) is symmetric to the jet with respect to the xy-plane.

a higher impact in our results given the proximity of the jets to
the star. We also note that the adopted v, is typical for O-type
stars, but can be significantly lower for those with a later spectral
type (~500km s~! for the B-supergiant in Vela X-1; Sander et al.
2018). The combination of a larger 3 and a smaller v, for stars
with a later spectral type would likely make their wind influ-
ence on the jets negligible. The mass-loss rate of the stellar wind
is taken as M,, = 1070 Mg yr~!, which is also a characteristic
value for O-type stars (Lamers & Cassinelli 1999; Muijres et al.
2012).

As shown in Fig. 4 of Yoon et al. (2016), for a case similar
to that studied here, the geometry of a jet shocked by the stel-
lar wind departs from that of a conical jet. On the other hand,
the shocked material surrounding the jet also takes part in the
wind-jet momentum transfer, although this effect is difficult to
capture without detailed simulations. Thus, for simplicity, we
assume that the jets have a conical shape of half-opening angle
6; = 0.1rad, since they have been shown to be significantly col-
limated (e.g., Stirling et al. 2001). The jets are assumed to have
a constant Lorentz factor y; from their launching to end points,
the latter located at several a. Two values of y; are considered in
order to assess the impact of this parameter in the results (e.g.,
due to different Doppler boosting).

Both jet and counter-jet have a kinetic power of L; = 5 X
10% erg s, a fraction iyt of which is injected into non-thermal
electrons accelerated with a rate E,.c = accecB, where ;e is
the acceleration efficiency, and e the elementary charge. The
fiducial values of 7Nt and 77, are both set to 0.1, but they are
not well constrained beyond the fact that they both should be
<1 (see Sect. 4). We focus here on electrons (and positrons) as
hadronic radiation processes are far less efficient than leptonic
ones under the conditions assumed in the emitting regions (e.g.,
Bosch-Ramon & Khangulyan 2009). We characterize the mag-
netic field at the jet base through a fraction np of the total jet
energy density (see Sect. 2.3). Table 1 summarizes the different
parameters that are used in this work.
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Table 1. Jet, star, and system parameters that are used throughout this
work.

Parameter Value
Stellar temperature Ts 4x10*K
Stellar luminosity L, 10 ergs™!
Mass-loss rate M, 107 Mg yr!
Terminal wind speed Voo 2% 10%cms7!
B-law exponent B 0.8
Jet luminosity Li 5x10%ergs™
Non-thermal energy fraction Nt 0.1
Acceleration efficiency Nac 0.1
Jet half-opening angle 0; 0.1rad
Orbital separation a 3x 102 cm
Orbital period T 4 days
Distance to the observer d 3kpc
Jet Lorentz factor Yi 12,3
Magnetic pressure fraction g 1074, 10721
System inclination i 0°, 30°, 60°

Notes. The last three are free parameters for which different values are
explored.

2.2. Jet dynamics

The trajectory of the jet is computed starting from a height
20 = 2 % 10" cm, small enough so that wind effects are negli-
gible. The counter-jet starts at —zp. Initially the jets propagate
in the Z direction. However, the interaction with the stellar wind
bends them away from the star in the X direction within the scales
of the binary system. Additionally, at larger scales, the Coriolis
force related to the orbital motion makes the jets bend in the
—y direction, opposite to the sense of the orbit. We obtain the
trajectory of the jets by dividing them into segments and com-
puting iteratively how they are reoriented due to the momentum
transfer by the stellar wind. In cylindrical coordinates, the first
jet segment sets the following initial conditions for the position
r and the momentum P:

r = (r,¢,z) = (a,‘PvZO)v

Py = (P,, Py, P,) = (0,0, Pjdo), (€))
where P; = Lyy;Bj/c(yj — 1) is the total jet thrust, 8; = vj/c is the
jet propagation velocity in units of the speed of light ¢, and dr is
the segment advection time. In order to get the initial conditions
for the counter-jet trajectory one just needs to change the sign of
the z coordinate in both r; and P;. The Coriolis plus wind forces
acting on each segment are:

F, = S,pwvycosb,

. (4n(r —a) 2nr 2

Fy = pyS. _— 2

¢pw¢mm( T ’T)’ ?2)
F, = S,pwvwsiné,

where p,, is the wind density, 6 is the angle between the r and
z coordinates of the segment, and S, and S, are the segment
surfaces perpendicular to the x and ¢ directions, respectively.
As we work under the assumption of an isotropic, spherically
symmetric wind, py = M, /4v,d2, with d, = ||r|| being the
distance to the star. Nevertheless, it is worth mentioning that
some level of wind beaming towards the accretor is expected,
especially for slow winds (Friend & Castor 1982; Gies & Bolton

1986; El Mellah et al. 2019a). This would increase the wind den-
sity in the orbital plane with respect to the isotropic case, while
decreasing it off the plane, thus reducing the wind influence
on the jets farther from the CO. Nonetheless, we neglect wind
beaming since we work with a simplified prescription and a fast
stellar wind is considered. The first term in the min function is
the velocity corresponding to the Coriolis force at each segment
position, while the second term is the wind velocity in the ¢
direction as seen from the jet, as the wind-jet relative ¢-velocity
cannot be larger than the wind tangential velocity in the non-
inertial frame'. The forces in Eq. (2) are then used to compute
the momentum of the subsequent segments as:

P, = P; + F;dr. 3)

As we are taking here a constant propagation velocity v;, the
additional momentum that this prescription generates is assumed
to go into heat of the shocked structure made of interacting
jet and wind material. However, we do not consider the back
reaction of the accumulated heat, nor instability growth and
mixing, on the interacting flows. A more accurate and realis-
tic account of the process would require carrying out costly
3-dimensional, relativistic hydrodynamical simulations. For
simplicity, we use a phenomenological approach to compute the
jet trajectory, acknowledging that as the jet segments get farther
from the binary, our model becomes less realistic. Nevertheless,
as the most relevant emitting regions are close to the binary sys-
tem (see Sect. 3), we consider our approach a reasonable one at
this stage. For illustrative purposes, Fig. 2 shows the path fol-
lowed by the jet for y; = 1.2 and 3.

2.3. Particle cooling

In this work, primed quantities refer to quantities in the fluid
frame (FF), whereas unprimed quantities refer to the labora-
tory frame (LF). The jet emission is computed as in MB18,
but accounting for relativistic effects and additional absorption
mechanisms. The electron distribution and the synchrotron and
IC luminosities are calculated first in the FF at each point along
the jets. Then, the luminosities are computed as seen by the
observer taking into account Doppler (de)boosting. Finally, these
luminosities are corrected by different absorption processes.
The point where the non-thermal electrons are injected is
located at a height z;ec (—zrec for the counter-jet) for which a rec-
ollimation shock is formed due to the jet and wind momentum
fluxes balancing each other in the y-axis direction (perpendicu-
lar to the jet propagation). This condition can be approximately
expressed as follows (Bosch-Ramon & Barkov 2016):

P Pw (a—z) @)
ﬂz?ccy_jz dna’ \a? + Z?CC '
where Py, = M,v,, is the wind thrust. For y; = 1.2 we obtain
Zee = 1.4 x 10'2cm =~ 0.47a, whereas for yj; = 3, zree = 3.1 X
10" cm ~ 0.10a. Some combinations of Py, P; and y; yield non-
physical (complex) values of z.. in Eq. (4), which means that for
those sets of parameters no recollimation shock is formed, as the
momentum flux balance is never reached (see Yoon et al. 2016,
for a non-relativistic simulation where this effect is studied).
Electrons are injected at?o) ~ (a,0, +zr.), since the jet dis-
placement in the x and y coordinates is small at z = =*zg

! We recall that we are assuming a star rotating synchronously with

the CO, and thus the wind tangential velocity associated with the stellar
rotation is zero.
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Fig. 2. Trajectory followed by the jet for y; = 1.2 (solid purple line) and
3 (solid green line). The projections in the orbital plane are also shown
with dashed lines. The jet length is 50a, and the counter-jet is symmetric
to it with respect to the xy-plane (not shown). The blue circle at the
origin of coordinates represents the star (to scale). The jets are plotted
starting from the corresponding recollimation shocks.

(50.0054 in the worst case). The particles are assumed to fol-
low a power-law energy distribution with spectral index -2, typ-
ical for acceleration in strong shocks via the Fermi I mechanism
(e.g Drury 1983), with a minimum energy of E/ . = 1 MeV. An
exponential cutoff is also assumed:

El
; ) (&)

cutoff’

Q/(E/) o EHZ exp (_

where E’ is the electron energy in the FF. The normalization of
Q’(E’) is obtained from the condition that the total power avail-
able for non-thermal electrons in the FF is L{,; = nNTLj/yjz.

Electrons are convected from 7; along the jet path while they
cool down via adiabatic, synchrotron and IC processes. For sim-
plicity, we neglect particle acceleration beyond 75, even though
weak shocks and turbulence may (re)accelerate particles further
downstream in the jets. Analytical expressions are used for the
energy losses in the FF (see Longair 1981; Khangulyan et al.
2014 for synchrotron and IC losses, respectively). The char-
acteristic timescale for adiabatic cooling is #;; = E'/E;d =
3R;/26;vyy;, where R;(I) o [ is the jet radius.

The magnetic pressure at the accelerator (located at 7o) is
characterized in the FF as a fraction 5y of the total jet energy
density:

72
B L

Br

(6

2.2 .7
TYiTi0vi

where B = By/v; and 10 = Rj(Zwc) are the magnetic field and
the jet radius at 7, respectively. For the same B/, this fraction
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relates to the ratio of magnetic pressure to stellar photon energy
density in the LF as nj; = 4(r0/rj,0)2(Lj/L*)ﬁj"7]3, which is use-
ful to compare the expected radiation outputs of synchrotron
and IC processes. This yields 3 ~ 1953 for y; = 1.2, and
1ny = 200np for y; = 3. The jet magnetic field is assumed per-
pendicular to the flow in the FF, since at the scales considered in
this work, far from the jet launching point, a dominant toroidal
component for the magnetic field is expected (e.g., Pudritz et al.
2012). Given the adopted assumptions plus frozen in conditions,
the magnetic field at each jet point can be computed as:
70
B(l) = By=>-- (7
0

The cutoff energy E/ . is the maximum energy that the
electrons can achieve in the accelerator region in the FF, and
it is obtained as follows:

1. We compare the acceleration timescale #,,, = E’/E/..

E’ [NaccecB)) with the cooling timescale #; = E’/E’, where

E’ is the cooling rate accounting for adiabatic, synchrotron
and IC losses. In this work we set 77, = 0.1 as a representa-
tive case with efficient particle acceleration. The energy E iy
at which the two timescales are equal is the maximum energy
that electrons can attain before the energy losses overcome
the energy gain by acceleration.

: e L )
2. We compare t,.. with the diffusion timescale ;. = o /2D,

where D = E’c/3eB, is the diffusion coefficient in the Bohm
regime. If diffusion is a dominant process, particles can-
not reach EJ5SS before escaping the accelerating region. We
can estimate the maximum energy attainable by the elec-
trons before they diffuse away from the accelerator, E/4ifT,
by equating #;.. = ..

3. We obtain the cutoff energy as Ef, o = min(Efs, E/diMy,
For the different sets of parameters considered in this work

we always obtain a E | .. of a few TeV.

In order to compute the electron energy distribution N’(E’, 1)
along the jet, the latter is divided into 1500 segments with size
dl = 10! cm, extending to a total length of ; = 1.5 x 104 cm
= 50a. Once the injection function Q’(E’) is determined, the
electron energy distribution N’(E’,[) is computed for each seg-
ment / in an iterative way as done in MB18, but considering
that all quantities must be expressed in the FF. This defines a
structured, linear relativistic emitter along the trajectory shown
in Fig. 2.

2.4. Radiation

We focus our study in the computation of synchrotron and IC radi-
ation of leptons along the jets. Hadronic processes are likely much
less efficient at the scales considered in this work, given the con-
ditions of the emitting regions. Relativistic bremsstrahlung is also
expected to be unimportant in comparison to the synchrotron and
IC mechanisms (Bosch-Ramon & Khangulyan 2009).

At each segment of the jet, the spectral energy distribution
(SED) of the emitted synchrotron radiation for an isotropic pop-
ulation of electrons in the FF is given by (Pacholczyk 1970):

,N2eB'() [

,L/s,ynl —
el (D =¢ mec2h

F(X)N'(E', 1) dE’, ®)
Erin

where ¢’ is the photon energy, m. is the electron mass, # is the
Planck constant, X' = &'/¢/, and &, = V3ehB'E"*/(2 \2am3cd)
is the critical photon energy assuming an isotropic distribution
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of the pitch angle 6}, between the electron velocity and the mag-
netic field, such that B’ sin6j ~ \{(B?) = B’+/2/3. The func-
tion F(x’) can be approximated by F(x') ~ 1.85 x"~!/3¢¥ for
x" € [0.1, 10] (Aharonian 2004).

For the calculation of the IC emission we only consider the
up-scattering of stellar photons; other radiation fields (such as
the one from the accretion disk) are negligible in comparison to
the stellar one on the relevant scales. Synchrotron self-Compton
also turns out to be negligible. We use the prescription developed
by Khangulyan et al. (2014) to compute the interaction rate of
an electron with a monodirectional field of target photons with
a black body distribution, d>N’/de’d¢’. For simplicity, we do not
consider possible deviations from a black-body spectrum owing
to absorption of stellar photons by wind material, since this is
not expected to have a significant effect on the IC emission (see
Reitberger et al. 2014, for an illustrative comparison between a
black-body and a monochromatic stellar spectrum in colliding-
wind binaries). Assuming an isotropic distribution of electrons
in the FF, the IC SED at each jet segment is computed as:

gLIC() = &7 f i N'(E',1)dE’ O)

e o de dr ’ ‘

Once the luminosities are obtained in the FF, we trans-
form them into what would be seen by the observer. For a sta-
tionary jet such as the one considered in this work, we have
el, = E’Léégbs/yj (Sikora et al. 1997), where dops = [y(1 —
Bj cos Bobs)]~! is the Doppler factor between the emitter and the
observer, the velocity of the former and the latter making an
angle Oqps in the LF (e.g., Dermer & Schlickeiser 2002). This
transformation is done individually for each jet segment, as Gqps,
and thus d,ps, varies from one to another. Photon energies as seen
by the observer are &€ = dops&’-

2.5. Absorption mechanisms

Two main photon absorption processes are considered in this
work: electron-positron pair creation from gamma rays interact-
ing with stellar photons (yy—absorption, GGA), and the absorp-
tion of low-energy photons by the free ions present in the wind
(free-free absorption, FFA). Synchrotron self-absorption is also
computed and found to be negligible in comparison to FFA in
this scenario, regardless of the adopted parameters. The absorp-
tion coeflicients are calculated directly in the LF, as the emitted
luminosities are previously transformed to what would be seen
by the observer (see Sect. 2.4).
The optical depth for GGA is computed as follows:

00
deg n(g9)oy, (&, £9, 9),
£ ()

Ty (&) = fds [1 - cosb,,(s)]
(10

where s parametrizes the gamma-ray photon trajectory along the
line-of-sight, d is the distance to the observer, 6,, is the angle
between the momentum of this photon and the stellar photons,
&o is the energy of the latter, which follows a black body dis-
tribution n(gp), and o, is the cross-section for GGA, obtained
from Eq. (1) of Gould & Schréder (1967). The lower integral
limit £f™ = 2mZc*/e(1 — cos@,,) is the energy threshold for
the creation of an electron-positron pair.

Regarding the FFA process, its absorption coefficient is given
by (e.g., Rybicki & Lightman 1986):

4¢°

2r
— ZZ 'T—I/Z -3 1-— —hv/kgT , 11
M= Sehe \ 3kgme - MY (1-e™™T)gr, D

with nj. being the number density of ions/electrons in the
wind, 7 its temperature, Z the mean atomic number (taken as
1), v the photon frequency, and gg the average Gaunt factor,
which can be estimated as gz ~ 9.77[1 + 0.0561n(T3/?/Zv)]
(Leitherer & Robert 1991).

FFA is strongly dependent on the wind density (as o), and
consequently would also be significantly affected by the pres-
ence of wind beaming (see Sect. 2.2). Also, for hv < kgT the
absorption is «cv™2, so its effect is much larger for low radio fre-
quencies. The FFA optical depth can be calculated as

d

T8(v) = f ag(v,r) ds, 12)
0

where r is the distance to the star. Given that the stellar wind has

a density n,, o 7~2 and that we are modeling a compact system in

which the jet inner regions are close to the star, strong absorption

is expected in radio.

In addition to the three aforementioned absorption processes,
occultation of some parts of the jets by the star is also taken
into account (e.g., Khangulyan et al. 2018). Although unimpor-
tant for most system configurations, stellar occultation can have
a moderate impact on the radiation output for high system incli-
nations (i > 60°) when the CO is behind the star (see Sect. 3.3).

3. Results

We explore different values for three free parameters of our
model: y;, np, and i (see Table 1). Moreover, we also study the
orbital variability of the results by varying ¢ between 0 and 1
(see Fig. 1). The energy losses and the particle energy distribu-
tion are only affected by y; and 5, whereas the radiative outputs
also depend on i and ¢. The observer is assumed to be always in
a position such that the CO is closest to the observer for ¢ = 0
(inferior conjunction), and farthest from the observer for ¢ = 0.5
(superior conjunction). As we are considering a circular orbit, by
studying a whole period we cover all the possible system config-
urations.

3.1. Particle distribution

In Fig. 3, we show the electron energy distribution of each
jet segment for y; = 1.2 and 75 = 1072 and | (which yield
Bj, = 28.2G and 282G, respectively), as well as the total elec-
tron energy distribution up to three different lengths along the
jet. The relevant timescales for the first jet segment, where rel-
ativistic electrons are injected, are shown in Fig. 4 for y; = 1.2
and 173 = 1072, Both the electron distribution and the timescales
associated to it are the same for the jet and the counter-jet. For
np = 1, synchrotron is the dominant cooling mechanism for elec-
trons with £’ > 50 MeV, and those with E’ > 1 GeV cool down
already within the first segment. At lower electron energies the
cooling is dominated by the adiabatic expansion of the jet, which
allows most of the particles below ~50 MeV to reach distances
outside the binary system. For 173 = 1072, the synchrotron dom-
inance only happens above ~30 GeV, and there is also a signifi-
cant contribution of IC losses for 1 GeV < E” < 70 GeV, as seen
in Fig. 4. However, this contribution is only relevant for the inner
I ~ 103 cm of the jet, where the stellar radiation field is strong;
farther away adiabatic losses also dominate in this energy range.

3.2. Spectral energy distribution

The SEDs in this section are computed using ¢ = 0.25 as a
representative situation. Figure 5 shows the combined SED (as
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Fig. 3. Energy distribution of the electrons along the jet up to 0.1a (dot-
ted line), a (dashed line), and the whole jet (solid line), for y; = 1.2,
ns = 1072 (top panel), and nz = 1 (bottom panel). The contribution
of the individual jet segments is color-coded, with the color scale rep-
resenting the position of each segment along the jet. Segments have a
constant length of d/ = 10! cm ~ 0.03a.

seen by the observer) of the jet and the counter-jet for y; = 1.2,
i =30°%and ng = 102 and 1. The contribution of the regions
of the jets further from to the CO is also depicted. The bump at
low energies of the synchrotron SED for 7z = 1 is a numeri-
cal artifact without physical meaning caused by how the first jet
segment is treated when computing the particle distribution for
intense energy losses (see MB18, a bump is also hinted in the
electron energy distribution in Fig. 3). The np-value has a strong
influence on the synchrotron and IC luminosities, as expected
from its relation to 13. The SED is totally dominated by the
emission at the binary system scales, except for the low-energy
end of the synchrotron component, in which the radiation out-
put comes mainly from the more external regions given the high
level of FFA close to the star. This same absorption process is
the responsible for the lack of radio emission in the spectrum.
GGA is significant even for small system inclinations, despite a
low i not favouring this absorption process.

The separate jet and counter-jet SEDs are presented in Fig. 6
for i = 0°,30° and 60°, 7z = 1072, and ; = 1.2 and 3. The jet is
responsible for most of the emission even for a high inclination,
which reduces the effect of Doppler boosting. Figure 7 shows the
evolution along the jet of the Doppler boosting factor, (5(3)bs /; for
v; = 1.2 and 3, and i = 0°, 30° and 60°. Results are only shown
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Fig. 4. Characteristic timescales for the first jet segment for y; = 1.2
and 573 = 1072, Cooling (solid lines), acceleration (dashed line), and
diffusion (dotted line) processes are shown.
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Fig. 5. Total (jet + counter-jet) synchrotron and IC SEDs for y; = 1.2,
i =30° ¢ = 0.25, and 73 = 1072 (purple lines) and 1 (green lines).
Dashed lines show the contribution of the jets beyond a length a, and
black dotted lines represent the unabsorbed emission.
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up to [ = 10a, as the contribution of the jets to the SED beyond
this length is negligible. For y; = 1.2, 5<3>bs/7j remains almost
constant because 6,ps does so, given the small jet deviation with
respect to a straight trajectory at the scales shown in the plot (see
Fig. 2). For this y;—value, the emission is boosted with respect
to the FF as long as i < 60°. For y; = 3 the variation of the
Doppler boosting factor along the jet becomes more important
due to its helical shape, and the emission is already deboosted
for i 2 30°. We note that a higher y; implies more boosting only
when i ~ 0. This can further be seen in Fig. 6, where only for the
case of i = 0 the SED for y; = 3 becomes comparable to that for
v =1.2.

! The intrinsic jet emission is also highly influenced by the
value of v; as the latter affects the magnetic and photon fields
in the FF. In terms of particle cooling, the relative importance
of each process varies with ;. Synchrotron losses become less
efficient for increasing Lorentz factor, as #, o B? « yjz,
whereas adiabatic losses become more dominant, as t,; o yj".
The dependence of IC cooling with y; is more complex (see
Khangulyan et al. 2014), but for the cases considered in this

work the variation of 7. is small compared to that of 7, and
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Fig. 6. SEDs of the jet (purple lines) and the counter-jet (green lines)
for ng = 1072, ¢ = 0.25, i = 0 (top) 30° (middle) and 60° (bottom), and
v; = 1.2 (solid lines) and 3 (dashed lines).

l;d' In general, the combination of the effects of y; on the intrin-
sic and observed radiative outputs results in a decrease of the
detected emission when y; increases, except for small enough
values of i.

3.3. Orbital variability

Figures 8 and 9 show the total SEDs for np = 1072, i = 30°
and 60°, and different values of ¢ € [0,0.5], y; = 1.2 and 3,
respectively. Emission is almost symmetric for the remaining
orbit, that is ¢ € (0.5, 1), despite the helical trajectory of the
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Fig. 7. Doppler boosting factor as a function of jet position for ¢ = 0.25,
7i = 1.2and 3, and i = 0 (solid lines), i = 30° (dashed lines), and i = 60°
(dotted lines). The black solid line at (Sgbs /v; = 1 sets the border between
boosting (>1) and deboosting (<1). Only the values up to / = 10a are
shown.

jets. The difference, thus, being only of a few percent, is not
shown in the plot. Synchrotron emission at £ 3 1072 eV remains
almost constant over the whole orbit, with slight variations cor-
responding to small changes in the dops in the inner jet regions.
At lower energies, especially for i = 60°, the difference becomes
a bit more noticeable due to FFA becoming stronger as the CO
approaches the superior conjunction (¢ = 0.5). Both IC emission
and GGA are strongly affected by the orbital phase and steadily
increase as ¢ goes from 0 to 0.5. This makes the IC radiation out-
put at most photon energies increase towards the superior con-
junction, with the exception of the highest gamma-ray energies
(¢ 2 100 GeV), for which the emission of the phases closer to
the inferior conjunction is larger due to less efficient GGA. This
effect is more pronounced for high inclinations, as the strength
of GGA increases with i close to the superior conjunction.

Figures 10 and 11 show the light curves at different energy
bands for y; = 1.2 and 3, respectively. Two inclinations, i = 30°
and 60°, are studied for nz = 1072, Light curves for straight
(unbent) jets moving perpendicular to the orbital plane are also
shown for comparison, although we note that this is not a realis-
tic case given the adopted wind and jet parameters. The bumps
seenat g = 0.5 and € < 10 GeV are caused by photon occultation
by the star. Orbital modulation for ¢ > 100 MeV becomes more
important the higher the system inclination is. As an example,
in the case of y; = 3 (Fig. 11) and 10GeV <& < 100 GeV, for
i = 30° the flux changes only by a factor of ~3 along the orbit,
whereas for i = 60° it changes by a factor of ~20. This effect
is not observed for € < 100 MeV, as the weakly ¢-dependent
synchrotron emission dominates at these energies.

The fluxes for bent and straight jets are similar between
them, with differences of at most ~15% for g = 1072. The situ-
ation is the same when one considers the orbit-averaged values.
This is explained by the strong concentration of the emission at
the jet inner regions (<a; see Fig. 5), where the difference in the
shape of straight and helical jets is small. For y; = 1.2, this dif-
ference remains small even for / > a. If one considers a lower
magnetic field, however, the situation changes. Figure 12 shows
the light curves for y; = 3 and np = 107 (By = 4.04G). As
the energy losses close to the CO are less intense, IC emission
is more significant for / > a and the light curves have distinct
features due to the helical jet trajectory. On the one hand, the
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Fig. 8. Total synchrotron and IC SEDs for y; = 1.2, 5 = 1072, i =30°
(top) and 60° (bottom), and difterent orbital phases between 0 and 0.5.
SEDs for 0.5 < ¢ < 1 are not represented because they almost overlap
with those shown.

difference in the fluxes with respect to straight jets is higher, up
to ~40% for £ > 10 GeV. On the other hand, asymmetries in the
light curves with respect to ¢ = 0.5 arise for i = 60°.

4. Summary and discussion

We have extended the study performed in MB18 to the inner
regions of HMMAQ jets in order to assess the role of the wind-jet
interaction at the binary system scales. On those scales, the jet is
likely to be more relativistic than further away from the binary
(i.e., MB18, the scales studied in). We have shown that the stel-
lar wind plus orbital motion can have a significant effect on the
jet radiative output. As a result of this wind-jet interaction, the
jets get a helical shape that affects angle-dependent processes
such as IC scattering, GGA, and relativistic Doppler boosting.
Most of the jet emission is produced at distances below a few
orbital separations. If one compares the present results to those
of MB18, one finds that the predicted fluxes are similar, although
Ly is here an order of magnitude higher, meaning more efficient
acceleration is assumed in the strong, asymmetric jet recollima-
tion shock than in the shock at larger scales considered in MB18.
The radio emission is severely absorbed in the stellar wind via
FFA. This prevents us to use this emission to trace the helical jet
structure, as it was done in MB18. Additionally, the small scales
considered in this work would require a very high (u-arcsecond)
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Fig. 9. Same as in Fig. 8, but for y; = 3.0. Note the change in the y-axis
scale.

angular resolution to address such a study. The high proximity
to the star also makes IC emission and GGA more susceptible to
change along the orbit, which results in a much stronger orbital
modulation than in MB18, especially for high-energy gamma
rays with € > 100 MeV. Evidence of such a modulation has been
found for Cygnus X-3 (Zdziarski et al. 2018), and hints of such
an effect have also been observed in Cygnus X-1 (Zanin et al.
2016; Zdziarski et al. 2017).

Including the helical shape of the jets has a moderate impact
on the predicted light curves with respect to the straight jet case,
introducing a variation not higher than ~40%, with this value
depending on the strength of the magnetic field. At the ener-
gies at which GGA plays an important role (¢ > 10GeV), the
emission from helical jets is consistently more absorbed close to
the superior conjunction due to the additional distance that the
gamma-rays have to travel embedded in the stellar photon field.
Nonetheless, this feature must be taken with caution, as a similar
effect could be seen for straight jets with acceleration at 7 < Zec,
not associated with the recollimation shock. Moreover, helical
jets may have stronger energy dissipation, and thereby particle
acceleration, than straight jets at z > z... (not considered here),
which could counterbalance also this effect. For small magnetic
fields, the asymmetry in the light curves of jets with a helical
shape could hint at the presence of this kind of jet structure in
HMMQs. This asymmetries were also obtained by Dubus et al.
(2010) when studying the effect of jet precession in the gamma-
ray light curve of Cygnus X-3.
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Fig. 10. Integrated light curves for y; = 1.2, 75 = 1072, i = 30° and 60°,
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bent jets such as those in Fig. 2, whereas green lines represent the results
for straight jets. Dashed lines show the orbit-averaged flux values. Note
the change in the flux normalization for each i.
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The parameters nny and 7, used in our model are very
difficult to constrain both observationally and from first prin-
ciples, and thus we have only taken representative values for
them. In the case of nnt, the values of the luminosities and
fluxes are easily scalable as ocnnt. The value of 1, affects
the maximum energy that the electrons can attain, and conse-
quently the peak position of the synchrotron and IC components

i=30°

> 100 GeV

i=60°

> 100 GeV

10-100 GeV
L L

2 10-100 GeV 1

9} i

by 0.1-10 GeV |
L L

—2-
=
3]

- 4 =)= = = = =
I I

cm ‘]

-1

Fx10*? [erg s
Fx10* [erg st cm‘z]
o

:
7 ‘
2ot A 1
— 2.2 = - = =
1-100 keV o 1-100 keV i
‘ ‘

0O 02 04 06 08 1 0 02 04 06 08 1
? ®

©o
T T ToTT

Fig. 12. Same as in Fig. 10, but for y; = 3 and np = 1074,

in the SED. A significantly lower value of 7,.. would not allow
synchrotron (IC) photons to reach X-rays (gamma rays above
100 GeV), whereas the GeV emission would remain relatively
unaffected. As noted, it is also possible that electrons are accel-
erated in a continuous region extending beyond 7. This would
modify the particle distribution in such a way that relativistic
electrons could propagate further downstream along the jet with-
out cooling down within the first jet segment. As synchrotron
losses would not be so dominant further from the CO, this would
result in an increase in the emitted gamma-ray luminosity and
a decrease in the X-ray luminosity. In addition, the maximum
electron and emitted photon energies could be somewhat higher
if not limited by synchrotron cooling but by the accelerator size
(e.g., Khangulyan et al. 2008). In the present work, for simplic-
ity, we neglect electron acceleration beyond z, but this possi-
bility should be considered in future studies.

Another free parameter in our model is related to the mag-
netic field strength, 775. As shown in Fig. 5, this parameter has a
strong impact on the produced fluxes at all photon energies, and
it also affects the degree of concentration of the emission close
to the CO: the higher 7 is, the more concentrated the emission
is. The position of the synchrotron high-energy cutoft is rather
insensitive to rp, whereas it strongly affects the (unabsorbed)
IC high-energy cutoff. Therefore, for a higher 75 (stronger B)
the synchrotron and IC cutoffs get closer. It is worth noting as
well that, for a matter dominated jet, it is not expected that 1
approaches 1. However, depending on the location of z.. (and
thus on the value of v;), even values of np well below one could
still mean rather high values for 775, yielding an IC flux compa-
rable or even higher than the synchrotron one. As an example,
a magnetic fraction 7z = 1072 implies ny = 2fory = 3,
and 773 =~ 0.19 for y; = 1.2. This also means that, regard-
less of the value of 7p, the strong impact of z.. on the value
of 7}, shows that the synchrotron and the IC predictions are
rather sensitive to the parameters determining the wind-jet inter-
action, which are not well constrained (e.g., Yoon et al. 2016;
Bosch-Ramon & Barkov 2016).
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The wind-jet interaction makes our results valid only for
distances up to a few a. The development of instabilities and sig-
nificant mixing of the jet and wind material are expected to hap-
pen already on the binary system scales (Perucho et al. 2010).
The former could have an important effect on the jet trajectory
at larger scales, while the latter would imply a reduction of 7;
the more the wind material is mixed with the jets. The assump-
tion of a constant #;-value is also a simplification, as it is likely
that the aperture of the jets is modified by the action of the stel-
lar wind (Bosch-Ramon & Barkov 2016). Despite all this, these
effects should not have a significant impact on our results as in
our model the radiation output tends to be concentrated on a
region at z < a (except for z. ~ a). In any case, proper 3D
relativistic simulations of HMMQ jets on large scales would be
needed for a more accurate study of the wind-jet interaction.

Both jet instability growth and wind-jet mixing are
expected to become more important for clumpy winds
(Perucho & Bosch-Ramon 2012), which are usual in massive
stars (Owocki & Cohen 2006; Moffat 2008). Non-homogeneous
winds may also change the accretion rate of material onto
the CO by a few 10% within timescales of several minutes,
with a time-averaged value similar to that of an isotropic wind
(El Mellah et al. 2018). This would consequently modify the jet
power, introducing also a time variability in L;. Moreover, a
clumpy wind would also affect the intensity of FFA, given the
latter’s dependence on the wind density. Considering a sim-
ple microclumping model, typical clumping factors <100 (e.g.,
Mokiem et al. 2007; de Koter et al. 2008) would increase the
free-free opacity by a factor of f < 10 (Muijres et al. 2011),
and the wind would remain opaque up to frequencies /2 < 3
times larger than for a homogeneous wind (see Eq. (11)). There-
fore, the qualitative results presented in this work regarding the
absorption at radio frequencies are independent of the detailed
considerations on wind clumping.

Finally, we emphasize that detailed information (e.g., well-
sampled light curves) in different energy bands is required
in order to significantly constrain the parameter space of the
system physical properties. This is the only possible way to
disentangle the degeneracy arising from multiple parameter
combinations that yield similar results for quantities such as the
average flux at a specific energy band. Such studies could be
addressed in a future with current and in development obser-
vatories, such as NuSTAR (hard X-rays), e-ASTROGAM (MeV
gamma-rays), Fermi (high-energy gamma rays), and CTA (very
high-energy gamma rays). Devoted observing time with these
instruments would help to improve our knowledge on the inter-
play between the stellar wind and the jets in HMMQs, and the
associated non-thermal processes.
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A DYNAMICAL AND RADIATION MODEL OF
PULSAR-STAR COLLIDING WINDS ALONG THE
ORBIT

This Chapter contains the published version of Molina and Bosch-
Ramon (2020, A&A, 641, A84).

In this work, we adapt the hydrodynamical and radiative model
developed in Chapters 2 and 3 for its use in pulsar wind binaries, with
a specific application to the case of LS 5039. From the hydrodynamical
point of view, the outflows of pulsar wind binaries differ from the
microquasar jets in that their motion takes place mainly in the orbital
plane, and that they are typically less collimated. In this scenario,
our phenomenological trajectory computation is in reasonably good
agreement with numerical simulations (Bosch-Ramon et al. 2015) up
to distances of several orbital separations.

Regarding the non-thermal features of the model, it now considers
two sites for particle acceleration, one at the two-wind standoff loca-
tion and the other one at the Coriolis shock produced when orbital
effects start to dominate the flow propagation. The non-thermal energy
content and intrinsic emission are more prominent downstream of
the Coriolis shock than upstream of it. Nonetheless, for those orbital
phases close to the inferior conjunction of the pulsar, the observed
emission is dominated by the inner regions of the outflow, where
Doppler boosting is more important due to higher flow speeds. Sim-
ilarly as with HMMQ jets, the spiral-like structure of the outflow
can be traced via its synchrotron radio emission for sufficiently high
magnetic fields.

The application of the model to LS 5039 yields a reasonably good ex-
planation of the general non-thermal behavior of this source, especially
at X-ray and VHE gamma-ray energies. The main discrepancy with
the observations comes, as in previous works (e.g., Takahashi et al.
2009; Zabalza et al. 2013; Dubus et al. 2015), from the underestima-
tion of the MeV emission, which possibly requires accounting for the
emission of the unshocked pulsar wind to be properly characterized
(Bosch-Ramon 2021).
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ABSTRACT

Context. Gamma-ray binaries are systems that emit nonthermal radiation peaking at energies above 1 MeV. One proposed scenario to
explain their emission consists of a pulsar orbiting a massive star, with particle acceleration taking place in shocks produced by the
interaction of the stellar and pulsar winds.

Aims. We develop a semi-analytical model of the nonthermal emission of the colliding-wind structure, which includes the dynamical
effects of orbital motion. We apply the model to a general case and to LS 5039.

Methods. The model consists of a one-dimensional emitter, the geometry of which is affected by Coriolis forces owing to orbital
motion. Two particle accelerators are considered: one at the two-wind standoft location and the other one at the turnover produced
by the Coriolis force. Synchrotron and inverse Compton emission is studied taking into account Doppler boosting and absorption
processes associated to the massive star.

Results. If both accelerators are provided with the same energy budget, most of the radiation comes from the region of the Coriolis
turnover and beyond, up to a few orbital separations from the binary system. Significant orbital changes of the nonthermal emission
are predicted in all energy bands. The model allows us to reproduce some of the LS 5039 emission features, but not all of them. In
particular, the MeV radiation is probably too high to be explained by our model alone, the GeV flux is recovered but not its modulation,
and the radio emission beyond the Coriolis turnover is too low. The predicted system inclination is consistent with the presence of a
pulsar in the binary.

Conclusions. The model is quite successful in reproducing the overall nonthermal behavior of LS 5039. Some improvements are
suggested to better explain the phenomenology observed in this source, such as accounting for particle reacceleration beyond the

Coriolis turnover, unshocked pulsar wind emission, and the three-dimensional extension of the emitter.

Key words. gamma rays: stars — radiation mechanisms: non-thermal — stars: winds, outflows — stars: individual: LS 5039

1. Introduction

Gamma-ray binaries are binary systems consisting of a com-
pact object, which can be a black hole or a neutron star, and
a nondegenerate star. These sources emit nonthermal radiation
from radio up to very high-energy (VHE) gamma rays (above
100 GeV), and the most powerful ones host massive stars (see
Dubus 2013; Paredes & Bordas 2019, for a review). The main dif-
ference with X-ray binaries, which may also show persistent or
flaring gamma-ray activity (see, e.g., Zanin et al. 2016; Zdziarski
et al. 2018, for Cygnus X-1 and Cygnus X-3, respectively, and
references therein), is that in X-ray binaries the (nonstellar)
emission reaches its maximum at X-rays, whereas gamma-ray
binaries emit most of their radiation at energies above 1 MeV.
Thus far, there are nine confirmed high-mass gamma-ray
binaries for which emission above 100 MeV has been detected:
LST+61 303 (Tavani et al. 1998), LS 5039 (Paredes et al. 2000),
PSR B1259-63 (Aharonian et al. 2005), HESS J0632+057
(Aharonian et al. 2007; Hinton et al. 2009), 1FGL J1018.6-
5856 (Fermi LAT Collaboration 2012), HESS J1832-093
(Hess & Abramowski 2015; Eger et al. 2016), LMC P3
(Corbet et al. 2016), PSR J2032+4127 (Abeysekara et al. 2018),
and 4FGL J1405-6119 (Corbet et al. 2019). There are other can-
didate systems with a pulsar orbiting a massive star that exhibit

Article published by EDP Sciences

nonthermal radio emission, but for which gamma rays have yet
to be detected (see Dubus et al. 2017, and references therein).

The two most common scenarios proposed to explain the
observed nonthermal emission in gamma-ray binaries involve
either a microquasar, which generates nonthermal particles in
relativistic jets powered by accretion onto a compact object (see,
e.g., Bosch-Ramon & Khangulyan 2009, for a thorough study of
the scenario), or a nonaccreting pulsar, in which energetic parti-
cles are accelerated through shocks produced by the interaction
of the stellar and pulsar winds (e.g., Maraschi & Treves 1981;
Leahy 2004; Dubus 2006; Khangulyan et al. 2007; Sierpowska-
Bartosik & Torres 2007; Zabalza et al. 2013; Takata et al. 2014;
Dubus et al. 2015). With the contribution of orbital motion at
large scales, this wind interaction leads to the formation of a
spiral-like structure that is mainly composed of shocked pulsar
material that can extend up to several dozens of times the orbital
separation (see, e.g., Bosch-Ramon & Barkov 2011; Bosch-
Ramon et al. 2012, 2015; Barkov & Bosch-Ramon 2016, for an
analytical description and numerical simulations of this struc-
ture).

In this work, we present a model to describe the broadband
nonthermal emission observed in gamma-ray binaries through
the interaction of the stellar and pulsar winds. The novelty of
this model, with respect to previous works, is the application of

A84, page 1 of 11



A&A 641, A84 (2020)

Table 1. Parameters that are used in this work.

Parameter Value
Star Temperature Ty 4x10*K
Luminosity L, 10¥ ergs™!
Mass-loss rate My, 3% 1077 My yr!
Wind speed vy, 3x108cms™!
Pulsar Luminosity L, 3x10% ergs!
Wind Lorentz factor I, 10°
System Orbital separation D 3x102cm
Orbital period T 5 days
Orbital eccentricity e 0
Distance to the observer d 3kpc
Nonthermal fraction nnt 0.1
Acceleration efficiency 17,cc 0.1
Injection power-law index p -2
Coriolis turnover speed veor 3 X 10%, 109 cms™!
Magnetic fraction 1z 1073, 107!
System inclination i 30°, 60°

Notes. The last three are those for which different values are explored.

a semi-analytical hydrodynamical approach to study the com-
bined effect of the stellar wind and orbital motion on the emit-
ter, which is assumed to be one-dimensional (1D; see Molina &
Bosch-Ramon 2018; Molina et al. 2019, for a similar model in
a microquasar scenario). The paper is structured as follows: the
details of the model are given in Sect. 2, the results for a generic
system are shown in Sect. 3, a specific application to the case of
LS 5039 is done in Sect. 4, and a summary and a discussion are
given in Sect. 5.

2. Description of the general model

As a representative situation, we study a binary system made of
a massive O-type star and a pulsar that orbit around each other
with a period of 7' = 5 days. The orbit is taken circular for sim-
plicity, with an orbital separation of D = 3 x 10'>cm ~ 0.2 AU.
The stellar properties are typical for a main sequence O-type star
(Muijres et al. 2012), namely a temperature of 7, = 40000 K
and a luminosity of L, = 10* ergs~!. For simplicity, we model
the stellar wind as an isotropic supersonic outflow with a veloc-
ity of v, = 3 x 108cms™! and a mass-loss rate of M, =
3 x 1077 Mg yr~'. The wind velocity is taken constant and not
following the classical S-law for massive stars (e.g., Pauldrach
et al. 1986), as the effect of considering such a velocity profile
for standard S values is small for the purpose of this work. The
pulsar has a spin-down luminosity of L, = 3x10°® erg s™!, which
is taken here as equal to the kinetic luminosity of the pulsar wind.
The latter is assumed to be ultra-relativistic and isotropic, with
Lorentz factor I', = 10°. The distance to the system is taken to be
d = 3kpc, and the inclination i is left as a free parameter. A list
of the parameter values used for a generic gamma-ray binary can
be found in Table 1, and a sketch of the studied scenario is pre-
sented in Fig. 1. Throughout this section, the notation u = ]l is
used to refer to a vector norm. Also, we use primed quantities in
the fluid frame (FF), and unprimed ones in the frame of the star,
assumed here to be the laboratory frame (LF).

2.1. Dynamics

The interaction of the stellar and the pulsar winds produces
an interface region between the two where the shocked flow
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Fig. 1. Schematic zenithal view of the studied scenario (not to scale).
Only a fraction of the orbit is shown for clarity.

pressures are in equilibrium: the so-called contact discontinu-
ity (CD). Close to the binary system, where the orbital motion
can be neglected, the shape of this surface is characterized by
the pulsar-to-stellar wind momentum rate ratio, defined as

L

P
= — 1
n Movee (1

for I'; > 1. The asymptotic half-opening angle of the CD can be
approximated by the following expression from Eichler & Usov
(1993), which is in good agreement with numerical simulations
(e.g., Bogovalov et al. 2008):
0 =28.6°(4 —*m'3 . 2)
The apex of the CD, where the two winds collide frontally, is
located along the star-pulsar direction at a distance from the star
of rapex = D/(1 + 4/n), with D being the orbital separation. For
the adopted parameters, we obtain = 0.018, § = 28.7°, and
Fapex = 0.88D = 2.6 x 10'2 cm, the latter being constant owing
to the circularity of the orbit.

The star is located at the origin of the coordinate system,
which co-rotates with the pulsar. The x-axis is defined as the star-
pulsar direction, and the y-axis is perpendicular to it and points in
the direction of the orbital motion. We model the evolution of the
shocked stellar and pulsar winds in the inner interaction region as
a straight conical structure of half-opening angle 6 and increas-
ing radius R, the onset of which is at x = rypex, Where it has a
radius of Ry = D — rypex, roughly corresponding to the character-
istic size of the CD at its apex. The shocked flows are assumed to
move along the x direction in this region (i.e., the orbital velocity
is neglected here with respect to the wind speed), until they reach
a point where their dynamics start to be dominated by orbital
effects, the Coriolis turnover. Beyond this point, the CD is pro-
gressively bent in the -y direction due to the asymmetric inter-
action with the stellar wind, which arises from Coriolis forces
(see Fig. 1 for an schematic view). As a result, the shocked flow
structure acquires a spiral shape at large scales. One can estimate
the distance of the Coriolis turnover to the pulsar rco by follow-
ing the analytical prescription in Bosch-Ramon & Barkov (2011),
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which comes from equating the total pulsar wind pressure to the
stellar wind ram pressure due to the Coriolis effect (for I', > 1):

L,  puD) (47r)2 )

3

- e
drerl,  (L+rco/DP\T ) "

where py,(r) = M, /4rr?v,, is the stellar wind density at a dis-
tance r from the star. Although approximate, this expression
agrees well with results from 3D numerical simulations (Bosch-
Ramon et al. 2015). Numerically solving Eq. (3) for our set of
parameters yields rcor = 0.94D. We note that in the case of an
elliptical system rcor changes along the orbit.

The radiation model explained in Sect. 2.2 focuses on the
shocked pulsar material flowing inside the CD. The values of the
Lorentz factor of this fluid are set to increase linearly with dis-
tance from the CD apex (I'y = 1.06,vy = c¢/3) to the Coriolis
turnover (' = 4,v = 0.97¢), based on the simulations by
Bogovalov et al. (2008). Beyond the Coriolis turnover, and due to
some degree of mixing between the pulsar and stellar winds (see,
e.g., the numerical simulations in Bosch-Ramon et al. 2015), we
fix the shocked pulsar wind speed vco to a constant value that is
left as a free parameter in our model, and could account for dif-
ferent levels of mixing. The shocked stellar wind that surrounds
the shocked pulsar wind plays the role of a channel through which
the former flows, and may have a much lower speed. This channel
is assumed to effectively transfer the lateral momentum coming
from the unshocked stellar wind to the shocked pulsar wind.

The trajectory of the shocked winds flowing away from the
binary, which are assumed to form a (bent) conical structure,
is determined by accounting for orbital motion and momen-
tum balance between the upstream shocked pulsar wind and the
unshocked stellar wind, with a thin shocked stellar wind channel
playing the role of a mediator. This conical structure is divided
into 2000 cylindrical segments of length d/ = 0.05D, amount-
ing to a total length of 100D. Initially, all the shocked material
moves along the x axis between x = rypex and x = D + rcg.
At the latter point, its position and momentum are, in Cartesian
coordinates of the co-rotating frame,

—r) = (D + rcor, 0)

4 .
P = (Pdt,0), “4)

where P is the momentum rate of the shocked flow, which we
estimate as:
L,

p=2
C

(&)

For simplicity, we are not considering the contribution of the
momentum of the stellar wind loaded through mixing into
the pulsar wind before the Coriolis turnover. This contribution
depends on the level of mixing, and could be as high as QM,,v,,,
with Q = R?/4(D + rco)? being the solid angle fraction sub-
tended by the shocked pulsar wind at the Coriolis turnover, as
seen from the position of the star. We note, nonetheless, that
the inclusion of the stellar wind contribution to P has a mod-
est impact on the radiation predictions of the model and can be
neglected at this stage.

The unshocked stellar wind velocity in the co-rotating frame
has components in both the x and the y directions:
(y > —.X)

+ wr—,
r

6

w = Vw

. (x,y)
r

where w is the orbital angular velocity, and the hat symbol
is used to distinguish ¥,, from the purely radial component of

the wind, vy,. In a stationary configuration, the force that the
unshocked stellar wind exerts onto each segment of the shocked
wind structure is

—

- A . ‘A}w
Fy :pwvwa sina— ,
Vw

@)

N
with « being the angle between ¥, and the shocked pulsar wind
velocity ¥, and § sina = 2RdIsina the segment lateral sur-
face normal to the stellar wind direction. The component of

F,, parallel to the fluid direction is assumed to be mostly con-
verted into thermal pressure, whereas the perpendicular com-

—
ponent Fi, = I—'“: sin @ modifies the segment momentum direc-
tion. Thus, the interaction with the stellar wind only reorients
the fluid, but it does not change its speed beyond the Coriolis
turnover'.

We find the conditions for the subsequent segments by apply-
ing the following recursive relations:

- -
P, =P+ Fwdti

)

- —_
Vitl = Vig-

1

- - -
rier =i +vids

v

(®)

where v; is the shocked pulsar wind velocity in each segment,
and dy = dl/v; is the segment advection time. This proce-
dure yields a fluid trajectory semi-quantitatively similar to that
obtained from numerical simulations within approximately the
first spiral turn (e.g., Bosch-Ramon et al. 2015).

2.2. Characterization of the emitter

The nonthermal emission is assumed to take place in the
shocked pulsar wind, which moves through the shocked stellar
wind channel and follows the trajectory defined in the previous
section. We consider a nonthermal particle population con-
sisting only of electrons and positrons. These are radiatively
more efficient than accelerated protons (e.g., Bosch-Ramon &
Khangulyan 2009), but the presence of the latter cannot be
discarded. Particles are accelerated at two different regions
where strong shocks develop: the pulsar wind termination shock,
located here at the CD apex; and the shock that forms in the
Coriolis turnover (as in Zabalza et al. 2013, hereafter the Coriolis
shock). In our general model, we consider for simplicity that
both regions have the same power injected into nonthermal parti-
cles (in the LF), taken as a fraction of the total pulsar wind lumi-
nosity: Lyt = nntLp, with gyt = 0.1. They also have the same
acceleration efficiency 7, = 0.1, which defines the energy gain
rate E},. = naccecB’ of particles for a given magnetic field B'.
The latter is defined through its energy density being a fraction
of the total energy density at the CD apex (indicated with the
subscript 0):

72
B L

20 gy
87 TR3vol}

)

The magnetic field is assumed toroidal, and therefore it evolves
along the emitter as B’ o« R™'I'"!. For simplicity, we assume

! There must be some acceleration of the shocked flow away from the

binary as a pressure gradient is expected, but for simplicity this effect is
neglected here.
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that all the flow particles at the Coriolis turnover are repro-
cessed by the shock there, leading to a whole new population
of particles. This means that the particle population beyond the
Coriolis shock only depends on the properties of the latter, and
is independent of the particle energy distribution coming from
the initial shock at the CD apex. This assumption divides the
emitter into two independent and distinct regions: one region
between the CD apex and the Coriolis turnover (hereafter the
inner region), and one beyond the latter (hereafter the outer
region). We recall that the inner region has a velocity profile cor-
responding to a linear increase in I', whereas in the outer region
the fluid moves at a constant speed (see Sect. 2.1).

To compute the particle evolution, the emitter is divided into
1000 segments of length 0.1D, in order to account for the same
total length as in Sect 2.1. An electron and positron population
is injected at each accelerator following a power-law distribution
in the energy E’, with an exponential cutoff and spectral index

p:
max )
El

Q'(E') o« E exp (—

where E7,,, is the cutoff energy obtained by comparing the accel-
eration timescale, 5. = E’ /|E/ .|, with the cooling and diffusion
timescales, w01 = E'/|E’| and g = 3R*eB’2cE’, respec-
tively (R is the perpendicular size and thus is taken R’ = R). We
adopt p = —2 because it allows for a substantial power to be
available for gamma-ray emission. Harder, and also a bit softer
electron distributions would also be reasonable options. The par-
ticle injection is normalized by the total available power L{ =
Lxt/T2. We note that E/,,. and Ly are not the same for both
accelerators, since their properties differ. Particles are advected
between subsequent segments following the bulk motion of the
fluid (see Appendix B2 in de la Cita et al. 2016), and they
cool down via adiabatic, synchrotron, and inverse Compton (IC)
losses as they move along the emitter. The particle energy dis-
tribution at each segment is computed in the FF following the
same recursive method as in Molina & Bosch-Ramon (2018),
which yields, for a given segment k:

O(EO) ]—l ’(E/

E(E)
where E| is the energy of a given particle at the location of seg-
ment k, and E7 is the energy that this same particle had when it
was at the position of segment i, with i < k (we note that E{ > E}
due to energy losses).

For every point where we have the particle distribution, the
synchrotron spectral energy distribution (SED) is computed fol-
lowing Pacholczyk (1970). The IC SED is obtained from the
numerical prescription developed by Khangulyan et al. (2014)
for a monodirectional field of stellar target photons with a black-
body spectrum. The distribution of electrons is isotropic in the
FF. These SEDs are then corrected by Doppler boosting and
absorption processes, the latter consisting of gamma-gamma
absorption with the stellar photons (e.g. Gould & Schréder
1967), and free-free absorption with the stellar wind ions (e.g.,
Rybicki & Lightman 1986). We do not consider emission from
secondary particles generated via the interaction of gamma
rays with stellar photons, although it may have a nonnegligi-
ble impact on our results (see discussion in Sect. 5.2). Partial
occultation of the emitter by the star is also taken into account,
although it is only noticeable for very specific system-observer
configurations. For a more detailed description of the SED com-
putation we refer the reader to Molina et al. (2019).

(10)

NL(E}) = (1
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Fig. 2. Characteristic timescales in the FF for v, = 3 X 10°, and
ns = 1073 (top panel) and 107" (bottom panel). Solid and dashed lines
represent the values at the CD apex and the Coriolis turnover locations,
respectively.

3. General results

For the results presented in this section, we make use of the
parameter values listed in Table 1. The orbital phase ® is defined
such that the pulsar is in the inferior conjunction (INFC) for
® = 0, and in the superior conjunction (SUPC) for ® = 0.5.

3.1. Energy losses and patrticle distribution

Figure 2 shows the characteristic timescales in the FF for the
cooling, acceleration, and diffusion processes, for veor = 3 X
10° cms™', and g = 1073 and 107!, which correspond to initial
magnetic fields of Bj = 4.15G and 41.5 G, respectively. In gen-
eral, particle cooling is dominated by adiabatic losses at the low-
est energies, IC losses at intermediate energies, and synchrotron
losses at the highest ones unless a very small magnetic field with
ns < 1073 is assumed. The exact energy values at which the
different cooling processes dominate depend on 77z, and also on
whichever emitter region we are looking at. Given the depen-
dency of the synchrotron and acceleration timescales on the
magnetic field, and that the latter decreases linearly with dis-
tance, E7 ,, is higher at the Coriolis turnover than at the CD apex
(see where the synchrotron and acceleration lines intersect in
Fig. 2), allowing particles to reach higher energies at the location
of the former. The larger region size involved and longer accu-
mulation time, combined with the lower energy losses farther
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Fig. 3. Particle energy distribution in the FF for vcor = 3 X 10° cms™!,

and np = 107> (green lines) and 107! (purple lines). The contributions
of the inner and outer regions are represented with dotted and dashed
lines, respectively, and their sum is shown by the solid lines.

from the star, make the nonthermal particle distribution to be
dominated by the outer region of the emitter, with just a small
contribution from the inner part at middle energies, as seen in
Fig. 3 (we recall that both regions are assumed to have the same
injection power in the LF). The only significant effect of increas-
ing the post-Coriolis shock speed to vc,r = 10" cms™! is the
increase of the adiabatic losses by a factor of ~3 at the Coriolis
turnover location and beyond (not shown in the figures). This
results in a decrease of N’(E”) for E’ < 100 MeV, where adia-
batic cooling (and particle escape) dominates.

3.2. Spectral energy distribution

The synchrotron and IC SEDs, as seen by the observer, are
shown in Figs. 4 and 5 for veer = 3 X 10°cms™! and veor =
10'°cmss™!, respectively. We take a representative orbital phase
of ® = 0.3,i = 60°, and 3 = 1073 and 107!, The overall SED
has the typical shape for synchrotron and IC emission, with the
magnetic field changing the relative intensity of each compo-
nent. The IC SED is totally dominated by the outer region even if
it is farther from the star and the target photon field is less dense
than in the inner region. This happens because the former con-
tains many more (accumulated) nonthermal particles that scatter
stellar photons (see Fig. 3), and also because the ratio of syn-
chrotron to IC cooling is smaller than in the inner region (there-
fore, more energy is emitted in the form of IC photons at the
electron energies where radiative losses dominate). Synchrotron
radiation, on the other hand, is more equally distributed between
the two regions. We note, however, that Doppler boosting could
make the inner region dominate both the IC and synchrotron
emission in a broad energy range for orbital phases close to the
INFC (see Sect. 3.3, and the discussion in Sect. 5.1).

3.3. Orbital variability

Light curves for two different system inclinations, i = 30° and
60°, and post-Coriolis shock speeds, vcor = 3 X 10° cms™! and
10" cms™!, are shown in Figs. 6 and 7 for nz = 1073, Aside
from a change in the flux normalization, the behavior of the light
curves is very similar for 7z = 107!, The modulation of X-rays
is correlated with that of VHE gamma rays (top and bottom pan-
els, respectively). Low-energy (LE) gamma rays (second panel)
show a correlated modulation with VHE gamma rays and X-rays
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Fig. 4. Observer synchrotron (purple lines) and IC (green lines) spectral
energy distributions for ® = 0.3, voy = 3 x 10°cms™!, i = 60°, and
1 = 107 (top panel) and 10~" (bottom panel). The contributions of the
inner and outer regions are represented with dotted and dashed lines,
respectively. The black dotted lines show the total unabsorbed emission.

for veor = 10%cms™!, and an anti-correlated one for veo =
3 x 10° cms~!. This change in the LE gamma-ray modulation
is caused by a higher boosting (deboosting) of the outer region
emission close to the INFC (SUPC) for veoy = 100cms™!,
which overcomes the intrinsic IC modulation. This same effect
is responsible for high-energy (HE) gamma rays (third panel)
to not show a clear correlation with other energy bands at high
Vcor, Whereas they are anti-correlated with VHE gamma rays and
X-rays (and correlated with LE gamma rays) at low vce. The
fact that Doppler boosting modulates the emission in the oppo-
site way as IC does also cause the predicted variability in the
inner region as seen by the observer to significantly decrease
with respect to its intrinsic one, whereas the effect on the outer
region is less extreme due to a lower fluid speed. Asymmetries
can be observed in the light curves due to the spiral trajectory
of the emitter, although they are mild because most of the radia-
tion is emitted within a distance of a few orbital separations from
the star, where the spiral pattern is just beginning to form. The
asymmetry only becomes more noticeable for HE gamma rays,
i = 60°, and vcor = 10'° cms™! (third panel in Fig. 7), in which a
double peak structure can be seen. The proximity to the star also
makes VHE emission close to the SUPC to be almost suppressed
by gamma-gamma absorption.

Figures 8 and 9 show, for i = 30° and 60° respectively,
simulated radio sky maps at 5 GHz for vy = 3 x 10° cms™!,
and 73 = 1073 and 107!, They are obtained by convolving the
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Fig. 5. Same as in Fig. 4, but for veo, = 10" cms™!.

projected emission of each segment with a 2D Gaussian with
increasing width to approximately simulate the segment perpen-
dicular extension. The resulting maps are then convolved again
with a Gaussian telescope beam of full width at half maximum
(FWHM) = 0.5 mas. The contours are chosen so that the outer-
most one is 10 uJy beam™!, on the order of the sensitivity of very-
long-baseline interferometry (VLBI). Due to free-free absorp-
tion, radio emission from the inner region is highly suppressed,
and what can be seen in the sky maps comes mostly from the
outer region. In particular, the part of the outer region that con-
tributes most to the radio emission is located close to the Coriolis
shock, and has an angular size of ~0.5 mas, which corresponds
to a linear size of ~1 AU at the assumed distance of 3 kpc. For
high np and the assumed angular resolution, the initial part of
the spiral structure can be traced in the radio images, especially
for low inclinations. For small 75, only the sites very close to
the Coriolis shock contribute to the emission due to the low syn-
chrotron efficiency farther away, and hints of a spiral outflow
cannot be seen. Regardless of the magnetic field value, the posi-
tion of the maximum of the radio emission shifts for as much as
~1 mas at different orbital phases.

4. Application to LS 5039

LS 5039 is a widely studied binary system hosting a main
sequence O-type star and a compact companion, the nature of
which is still unclear. Low system inclinations (i < 40°) favor a
black hole scenario, whereas higher inclinations favor the com-
pact object to be a neutron star. Inclinations above ~60° are
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Fig. 7. Same as in Fig. 6, but for vco, = 10" cms™.

unlikely due to the absence of X-ray eclipses in this system
(Casares et al. 2005). LS 5039 has an elliptical orbit with a semi-
major axis of a = 2.4x10'2 cm, an eccentricity of e = 0.35+0.04,
and a period of T =~ 3.9 days. The superior and inferior
conjunctions are located at ® = 0.058 and 0.716, respectively,
with ® = 0 corresponding to the periastron. The star has a
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Fig. 8. Simulated radio sky maps at 5 GHz for different orbital phases, vy = 3 x 10°cms™, i = 30°, and 573 = 1073 (top panel) and 107!

(bottom panel). The assumed telescope beam is shown as a gray circle in the bottom left corner of the first plot. The contour lines start at a flux of
10 uJy beam™" and increase with a factor of 2. The star is represented (to scale) with a blue circle at (0,0), and the solid green line shows the axis
of the conical emitter, the onset of which points toward the observer for ® = 0, and opposite to it for ® = 0.5.

luminosity of L, = (7 + 1) x 103¥ ergs™', a radius of R, = 9.3 +
0.7 Ro, and an effective temperature of T, = (3.9 + 0.2) x 10*K
(Casares et al. 2005). The stellar mass-loss rate obtained through
Ho measurements is in the range M,, = 3.7-4.8 X 1077 Mg yr~!
(Sarty et al. 2011), although this value would be overestimated if
the wind were clumpy (e.g., Muijres et al. 2011). The assumption
of an extended X-ray emitter (as it is the case in this work) places
an upper limit for M,, of up to a few times 10~7 M yr~!, with
the exact value depending on the system parameters (Szostek
& Dubus 2011; see also Bosch-Ramon et al. 2007). The lack
of thermal X-rays in the shocked stellar wind, in the context
of a semi-analytical model of the shocked wind structure, puts
an upper limit in the putative pulsar spin down luminosity of
L, <6x10% ergs™" (Zabalza et al. 2011). The latest Gaia DR2
parallax data (Gaia Collaboration 2018; Luri et al. 2018) sets a
distance to the source of d = 2.1 + 0.2 kpc. The rest of the model
parameters are unknown for LS 5039.

Carrying out a statistical analysis is hardly possible in our
context, as we have many free parameters or parameters that are
loosely constrained. Thus, we have looked for a set of parame-
ter values that approximately reproduce the observational data,
but the result should be considered just as illustrative of the
model capability to reproduce the source behavior, and not a

fit. We note that, for this purpose, we use a different value of
the nonthermal power fraction for each accelerator (r]‘f}lT for the
CD apex, and nﬁT for the Coriolis shock). Table 2 shows all
the model parameters used for the study of LS 5039, which are
left constant throughout the whole orbit. For these parameters,
we obtain = 0.035, 6 = 35.5°, 0.55a < rypex < 1.14a, and
1.03a < rcor < 1.29a, with the lower (upper) limits correspond-
ing to the periastron (apastron).

Figure 10 shows, for i = 60°, the computed SED averaged
over two wide phase intervals, one around the INFC (0.45 <
® < 0.90), and the other one around the SUPC (0.90 < ® or
® < 0.45). Observational data points of Suzaku (Takahashi et al.
2009), COMPTEL (Collmar & Zhang 2014), Fermi/LAT (Fermi
LAT Collaboration 2009; Hadasch et al. 2012), and H.E.S.S.
(Aharonian et al. 2006) averaged over the same phase inter-
vals are also plotted. The SEDs for different system inclina-
tions in which a pulsar scenario is viable (40° < i < 60°)
are not represented due their similarity to the one shown in
Fig. 10. Synchrotron emission dominates for £ < 10 GeV, with
IC only contributing significantly at VHE. With the excep-
tion of the COMPTEL energies (1 MeV < & <30MeV), the
SED reproduces reasonably well the magnitude of the observed
fluxes, especially for X-rays and VHE gamma rays. At energies
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Fig. 9. Same as in Fig. 8, but for i = 60°.

of 100MeV < & <10GeV, the model overpredicts (underpre-
dicts) the emission around INFC (SUPC). The hard electron
spectrum allows the IC component not to strongly overestimate
the fluxes around 10 GeV, although we must note that IC emis-
sion from secondary pairs, not taken into account, may increase
a bit the predicted fluxes.

The computed LS 5039 light curves are shown in Fig. 11 for
the limits of the system inclination range allowed for a pulsar
binary system (40° < i < 60°). Most of the emission comes
from the outer region, regardless of the energy range. As in the
SED, the model matches well the Suzaku and H.E.S.S observa-
tions, except for an underestimation of the latter fluxes around
the SUPC. Inclinations close to 60° are favored by the presence
of a double peak in the VHE fluxes, which is not reproduced for
lower values of i. This double peak is originated by the effect of
the system orientation in the IC emission and Doppler boosting;
the peak at @ ~ 0.5 has a higher intrinsic IC emission, but a
lower boosting than the peak at ® ~ 0.85. At Fermi/LAT ener-
gies, the model predicts a maximum in the light curve around
the INFC and a minimum around the SUPC, contrary to what
is observed. This happens because, in this energy range, the
model emission is dominated by synchrotron radiation, which
has a maximum around the INFC due to Doppler boosting. In the
COMPTEL energy range, the relative behavior of the computed
light curve is similar to the observations, although a factor of 4-5
lower.
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Table 2. Parameters used for the study of LS 5039.
Parameter Value
Star Temperature 7', 4x 10*K
Luminosity Ly 7 x 108 ergs™!
Mass-loss rate My, 1.5x 1077 Mg yr™!
Wind speed vy, 3x108cms™!
Pulsar Luminosity L, 3 x 10%ergs™!
Wind Lorentz factor I, 10°
System Orbit semi-major axis a 2.4 %102 cm
Orbital period T 3.9days
Orbital eccentricity e 0.35
Distance to the observer d 2.1kpc
CD apex NT fraction 7]‘{}] 0.03
Cor. shock NT fraction ny, 0.18
Acceleration efficiency 7,cc 0.8
Injection power-law index p -1.3
Coriolis turnover speed vcor 3% 10°cms™!
Magnetic fraction ng 0.02
System inclination i 40°, 60°

Figure 12 shows the computed radio sky map of LS 5039 at
5 GHz, for i = 60° and a telescope beam with FWHM = 0.5 mas.
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Fig. 10. Observer synchrotron and IC SEDs of LS 5039 for i = 60°,
averaged over the INFC (red lines; 0.45 < ® < 0.90) and SUPC
(blue lines; 0.90 < @ or ® < 0.45) phase intervals. Dotted and dashed
lines represent the contributions of the inner and outer regions, respec-
tively. From left to right, data from Suzaku, COMPTEL, Fermi/LAT,
and H.E.S.S. are also represented.

The sky map for i = 40° is very similar and is not shown. Since
we do not consider particle reacceleration beyond the Coriolis
shock, these maps show the synchrotron emission up to a few
orbital separations from the latter, as farther away synchrotron
emission is too weak to significantly contribute to the radio flux.
This lack of reacceleration does not allow for a meaningful com-
parison between our model and the observations. While the pre-
dicted total radio flux at 5 GHz, averaged over a whole orbit,
is 0.10mly, the detected one is around 20 mJy (Moldén et al.
2012). The assumption of a hard particle spectrum (p = —1.3)
needed to explain the SEDs makes most of the available power
to go into the most energetic electrons and positrons. There-
fore, only a small part of the energy budget goes to those lower
energy particles responsible for the radio emission, which makes
the latter considerably fainter than in the generic case studied in
Sect. 3, in which p = —2. Despite the almost point-like and faint
nature of the radio source, the emission maximum is displaced
along the orbit by a similar angular distance of ~1 mas.

5. Summary and discussion

We have developed a semi-analytical model, consisting of a 1D
emitter, which can be used to describe both the dynamics and
the radiation of gamma-ray binaries in a colliding wind scenario
that includes orbital motion. In the following, we discuss the
obtained results for a generic system and for the specific case
of LS 5039, as well as the main sources of uncertainty.

5.1. General case

In general, a favorable combination of nonradiative and radia-
tive losses, and residence time of the emitting particles, leads to
an outer emitting region that is more prominent in its nonther-
mal energy content and emission than the inner region. Thus,
the SEDs are dominated by the outer region for most orbital
phases. Moreover, both radio and VHE gamma-ray emission are
suppressed close to the star due to free-free and gamma-gamma
absorption, respectively, unless small system inclinations i < 30°
and/or orbital phases close to the INFC are considered. Nev-
ertheless, the light curves show a nonnegligible or even dom-
inant contribution of the inner region close to the INFC for a
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Fig. 11. From top to bottom: light curves of LS 5039 in the Suzaku
(1-10keV), COMPTEL (10-30 MeV), Fermi/LAT (0.1-10GeV), and
H.E.S.S. (0.2-5 TeV) energy ranges, for i = 40° (purple lines) and 60°
(green lines). The contributions of the inner and outer regions are shown
with dotted and dashed lines, respectively. The phases corresponding to
the INFC (SUPC) are shown with red (blue) vertical dashed lines. Flux
units are not the same for all the plots.

broad energy range. This is mainly caused by the inner region
emission being more Doppler-boosted than the outer region one,
due to the flow moving faster in the former. Higher values of
Veor (Which could indicate a lower degree of mixing of stellar
and pulsar winds) tend to decrease the radiative output of the
outer region due to an increase in the adiabatic losses and in the
escape rate of particles from the relevant emitting region. This
trend is only broken for orbital phases close to the INFC, where
a higher Doppler boosting is able to compensate for the decrease
of intrinsic emission in the outer region. Doppler boosting (and
hence the adopted velocity profile) has also a high influence on
the orbital modulation of the IC radiation in both the inner and
outer regions, to the point that emission peaks can become val-
leys owing to a change in the fluid speed of a factor of ~3 in the
outer region”.

Radio emission could be used to track part of the spiral tra-
jectory of the shocked flow for strong enough magnetic fields
with n7p > 0.1, while no evidence of such spiral structure is pre-
dicted for low fields. In any case, as long as the overall radio
emission is detectable, variations of the image centroid position
on the order of 1 mas (for a distance to the source of ~3kpc)
could be used as an indication of the dependency of the emitter
structure with the orbital phase. This behavior is not exclusive

2 A similar effect is expected to happen if different velocity profiles are
assumed for the inner region, but this has not been explicitly explored
in this work.
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Fig. 12. Same as in Fig. 9, but for the LS 5039 model parameters, with i = 60°. Note the change in the color scale.

of a colliding wind scenario, however, since the jets in a micro-
quasar scenario could be affected by orbital motion in a simi-
lar manner (e.g., Bosch-Ramon 2013; Molina & Bosch-Ramon
2018; Molina et al. 2019).

There are some limitations in our model that should be
acknowledged. One of them is the simplified dynamical treat-
ment of the emitter, considered as a 1D structure. Not using
proper hydrodynamical simulations makes the computed trajec-
tory approximately valid within the first spiral turn, after which
strong instabilities would significantly affect the fluid propaga-
tion, as seen in Bosch-Ramon et al. (2015). Nonetheless, since
most of the emission comes from the regions close to the binary
system, we do not expect strong variations in the radiative out-
put due to this issue. We are not considering particle reacceler-
ation beyond the Coriolis shock, although additional shocks and
turbulence are expected to develop under the conditions present
farther downstream (Bosch-Ramon et al. 2015), and these pro-
cesses could contribute to increase the nonthermal particle ener-
getics. Accounting for reacceleration would in turn increase the
emission farther from the binary system, resulting for instance
in more extended radio structures, although with the aforemen-
tioned inaccuracies in the trajectory computation gaining more
importance.

Finally, we note that the model results for a generic case
could change significantly for different values of some param-
eters that are difficult to determine accurately. The fluid speed
and detailed geometry in the inner and outer regions are hard to
constrain observationally. Precise values of the magnetic field,
the electron injection index, the acceleration efficiency, and the
nonthermal luminosity fraction are also difficult to obtain due to
the presence of some degeneracy among them. Any significant
changes in these quantities with respect to the values adopted in
this work could have a strong influence on the emission outputs
of the system.

5.2. LS 5039

Several model parameters can be fixed for the study of LS 5039
thanks to the existing observations of the source. Those param-
eters that cannot be obtained from observations are deter-
mined by heuristically (although quite thoroughly) exploring the
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parameter space, trying to better reproduce the observed LS 5039
emission. For this purpose, a hard particle spectrum is injected at
both accelerators, with a power-law index p = —1.3, and a very
high acceleration efficiency of 77, = 0.8 is assumed in both loca-
tions (we note that values between 0.5 and 1 give qualitatively
similar results). These values are higher than those used for the
general case, already quite extreme, although they cannot be dis-
carded given the current lack of knowledge on the acceleration
processes taking place in LS 5039 (or even the emitting pro-
cess; see, e.g., Khangulyan et al. 2020, for an alternative origin
of the gamma rays in which a synchrotron-related mechanism
does play a role). Additionally, since the outer region behavior
reproduces better the observed (X-ray and VHE) light curves, a
higher nnt is assumed for the Coriolis shock than for the CD
apex, providing the former with a larger nonthermal luminosity
budget (i.e., nnt = 0.18 versus 0.03).

The model nicely reproduces the observed X-ray and VHE
gamma-ray emission of LS 5039, as well as the HE gamma-ray
flux, although it fails to properly account for the HE gamma-
ray modulation due to the synchrotron dominance in this energy
range. A possible solution to this issue could be the inclusion of
particle reacceleration beyond the Coriolis shock, which com-
bined with the lower magnetic field may result in enough IC
emission to explain the observed modulation of the HE gamma
rays. This would also alleviate the extreme value of 7,.. needed
for the synchrotron emission to reach GeV energies. The largest
difference between the model predictions and the observations
comes at photon energies around 10 MeV, where the emission is
underestimated by a factor of up to 5 (although interestingly the
modulation is as observed). Some MeV flux would be added if
we accounted for the synchrotron emission of electron-positron
pairs created by gamma rays interacting with stellar photons
(e.g., Bosch-Ramon et al. 2008; Cerutti et al. 2010), which is not
included in our model. However, this component cannot be much
larger than the TeV emission, as otherwise IC from these sec-
ondary particles would largely violate the 10 GeV observational
flux constraints. Therefore, the energy budget of secondaries
alone cannot explain the MeV flux.

The lack of predicted VHE emission around the SUPC is due
to strong gamma-gamma absorption. The fact that we use a 1D
emitter at the symmetry axis of the conical CD overestimates
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this absorption, since we are not considering emitting sites at
the CD itself, which is approximately at a distance R from the
axis (see Fig. 1) or even farther (see the shocked pulsar wind
extension in the direction normal to the orbital plane in the cor-
responding maps in Bosch-Ramon et al. 2015). Within a few
orbital separations from the pulsar (where most of the emission
comes from), the CD is significantly farther from the star than
its axis, and the observer, star, and flow relative positions are
also quite different, allowing for lower absorption in some of
the emitting regions. Therefore, the use of an extended emit-
ter would reduce gamma-gamma absorption and increase the
predicted VHE fluxes around the SUPC, possibly explaining
the H.E.S.S. fluxes. Particle reacceleration beyond the Coriolis
shock may also make some regions farther away from the star to
emit VHE photons that would be less absorbed. As already dis-
cussed for the general case, reacceleration would also extend the
radio emission and, if accounted for, could allow for a sky map
comparison with VLBI observations (e.g., Moldén et al. 2012).
Thus, one could constrain a reacceleration region added to our
model using VLBI observations, but this is beyond the scope
of the present work. It is worth noting that emission from sec-
ondary particles could also have a significant contribution to the
extended and nonextended VLBI components (Bosch-Ramon &
Khangulyan 2011).

Our computed SED is qualitatively different to the best fit
scenario presented in del Palacio et al. (2015), in which a one-
zone model was applied for an accelerator in a fixed position at
a distance of 1.4a ~ 3.3 x 10'2cm from the star. Although the
general shape is similar, their SED is totally dominated by IC
down to ~1 MeV, whereas in our model IC is only relevant at
energies >10 GeV. Another one-zone model in Takahashi et al.
(2009) explains well the X-ray and VHE gamma-ray emission
and modulation, although it underestimates the fluxes at MeV
and GeV energies (which were not available by the time of pub-
lication of this work). Our synchrotron and IC phase-averaged
SEDs above 100 MeV are somewhat close to those in Zabalza
et al. (2013). They applied a two-zone model to LS 5039, with
the two emitting regions located at the CD apex and the Cori-
olis shock. Their model reproduces better the GeV modulation,
although it also fails to explain the MeV emission, and under-
estimates the X-ray emission by more than one order of magni-
tude. Similar results were obtained by Dubus et al. (2015) with
a model that computes the flow evolution through a 3D hydro-
dynamical simulation of the shocked wind close to the binary
system, where orbital motion is still unimportant (and thus, it
does not include the Coriolis shock). Modulation in the HE band
is well explained there, although both the X-ray and the MeV
emission are underestimated. All of the above, added to the fact
that the 1D emitter model presented in this work also fails to
reproduce some of the LS 5039 features, seems to point toward
the need of more complex models to describe the behavior of
this source, accounting for particle reacceleration, using data
from 3D (magneto-)hydrodynamical simulations to compute the
evolution of an emitter affected by orbital motion, and possibly
including the unshocked pulsar wind zone to correctly describe
the MeV radiation (see, e.g., Derishev et al. 2012).
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Part I1

BINARY SYSTEMS WITH THE MAGIC
TELESCOPES






MULTIWAVELENGTH OBSERVATION OF
MAXI J1820+070

The work presented in this chapter corresponds to a paper in prepara-
tion for submission to the Monthly Notices of the Royal Astronomical
Society. This paper includes data from the MAGIC, H.E.S.S. and VER-
ITAS collaborations, the latter two not shown here due to privacy
policies.

5.1 INTRODUCTION

X-ray binaries are systems consisting of a non-degenerate star and
a compact object — either a BH or a NS — that accretes matter from
the companion star. In low-mass X-ray binaries, the companion mass
is below ~ 1 My, and accretion on to the compact object normally
takes place via the Roche lobe overflow mechanism (e.g. Remillard
and McClintock 2006). Typically, low-mass X-ray binaries with a BH
(BH-LMXBs) also feature transient jets launched from the latter, which
are powered by the accretion process, the magnetic field or the BH
rotation, or a combination of them (see Romero et al. 2017, and refer-
ences therein). These jets can efficiently accelerate charged particles
to very high energies, and emit non-thermal radiation from radio to
gamma rays as a result of the radiative cooling of the accelerated parti-
cles (see e.g., Mirabel and Rodriguez 1999; Fender and Mufioz-Darias
2016, for a review on jets in X-ray binaries).

Most of the time, BH-LMXBs are in a quiescent state and remain
undetected until they undergo periodic outbursts that may last for
several months, and during which their luminosity increases by sev-
eral orders of magnitude. A BH-LMXB can be mainly classified into
either a soft state (SS) or a hard state (HS) based on the hardness of
its X-ray spectrum during one of these outbursts. At the beginning of
the outburst, a BH-LMXB is typically in the HS, in which the X-rays
exhibit a hard-spectrum component. This emission is likely originated
in a hot corona around the BH, where IC scattering of low-energy
photons coming from the accretion disk takes place. The HS also
features jet synchrotron emission, which is mostly seen at radio and
infrared wavelengths, although it may also be responsible for a signifi-
cant contribution to the X-ray output of the system (e.g. Fender and
Mufoz-Darias 2016). Eventually, as the outburst goes on, the source
will transition to the SS. In this state, most of the X-rays are of thermal
origin, emitted by the hot inner regions of the accretion disk. Also,
radio emission fades away, indicating a lack of jet activity (although
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weak jets may still be present and remain undetected). In a typical
outburst, a BH-LMXB normally completes the HS-SS-HS cycle, going
through short-lived intermediate states during the H5-SS and SS-HS
transitions (see Fender and Belloni 2012, and references therein for a
more detailed description of the states of BH-LMXBs). High-energy
(HE, above 100 MeV) and very high-energy (VHE, above 100 GeV)
gamma rays are not typically detected coming from BH-LMXBs (Ah-
nen et al. 2017; H. E. S. S. Collaboration et al. 2018), with the main
exception of the ~ 40 detection at HE of V404 Cygni during an out-
burst in 2015 (Loh et al. 2016; Piano et al. 2017). On the other hand,
HE emission is detected from high-mass systems like Cygnus X-1 and
Cygnus X-3, with likely jet origin in both cases (see Zanin et al. 2016;
Fermi LAT Collaboration et al. 2009; Tavani et al. 2009a; Zdziarski et al.
2018). Nevertheless, the VHE detection of high-mass X-ray binaries
remains also elusive (Aleksi¢ et al. 2010, 2015; MAGIC Collaboration
et al. 2017, 2018), with the possible exception of SS433, for which
the HAWC Collaboration claimed a detection of ~ 20 TeV photons
originating in a region very far from the binary system (where the jets
interact with the supernova remnant around the source; Abeysekara
et al. 2018), and perhaps Cygnus X-1, which was detected at a ~ 4¢
level on a single night by MAGIC (Albert et al. 2007). Increasing the
number of X-ray binaries detected in HE and VHE gamma rays would
enable a better physical characterization of these systems in terms of
their magnetic field, particle acceleration mechanisms and maximum
particle energy, or gamma-ray absorption processes, among others.

MAXI J1820+070 (RA = 18"20m21%.9, Dec = +07°1107") is a BH-
LMXB that was first discovered in the optical band on 2018 March
6 (MJD 58183.6) by the All-Sky Automated Survey for Supernovae
(ASAS-SN; Tucker et al. 2018), and on March 11 (MJD 58188.8) it was
also detected in X-rays by the Monitor of All-sky X-ray Image (MAXI;
Kawamuro et al. 2018). Soon after its discovery, MAXI J1820+070
showed an exceptionally high X-ray flux peaking at ~ 4 times that
of the Crab Nebula (e.g., Del Santo and Segreto 2018; Shidatsu et al.
2019). A distance to the source of 2.96 + 0.33 kpc was determined from
radio parallax (Atri et al. 2020), which is consistent with previous mea-
surements from Gaia DR2 data (Gandhi et al. 2019). The estimates for
the jet speed and inclination during transient ejections in the HS-SS
transition are, respectively, 0.89¢ = 0.09c and 63° £ 3° (Atri et al. 2020).
Assuming the latter value as the binary inclination, the BH and stellar
masses were constrained from optical spectroscopy measurements to
8.48707° M, and 0.61703Me, respectively (Torres et al. 2020). Spec-
troscopic measurements set the orbital period of MAXI J1820+070 to
16.4518 £ 0.0002 h (Torres et al. 2019). The parameters above yield an
orbital semi-major axis of 5 x 10! cm.

MAXI J1820+070 remained in the HS from the beginning of the
outburst in March until early July (2018), when it began its transi-
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Figure 5.1: Top panel: Swift/BAT LC of MAXI J1820+070 during the 2018 out-
burst. Vertical lines show the dates when MAGIC observations
were done. Bottom panel: Evolution of the MAXI J1820+070 hard-
ness ratio of the 4-10 to 2—4 keV fluxes as seen by MAXI/GSC.
The source states are superimposed as red (HS), blue (SS) and
yellow (HS-SS and SS-HS) background colors. Plot provided by
Jean-Pierre Ernenwein.

tion to the SS. This source state lasted until late September, when
MAXI J1820+070 started transitioning back to the HS shortly before
becoming quiescent and putting an end to the outburst, which lasted
a total of ~ 7 months. During its outburst, MAXI J1820+070 was
observed with a wide variety of instruments at radio (e.g., Atri et
al. 2020; Bright et al. 2020), near infrared (e.g. Sdnchez-Sierras and
Murfioz-Darias 2020), optical (e.g., Veledina et al. 2019; Torres et al.
2019; Shidatsu et al. 2019), and X-ray (e.g., Roques and Jourdain 2019;
Shidatsu et al. 2019; Buisson et al. 2019; Fabian et al. 2020; Chakraborty
et al. 2020; Zdziarski et al. 2021) frequencies. Making use of the re-
sults in Shidatsu et al. 2019 to define the exact dates of the beginning
and end of each source state, the HS is set in MJD 58189.0 — 58303.5
and MJD 58393.0 — 58420.0, the HS-SS transition in MJD 58303.5
— 58310.7, the SS in MJD 58310.7 — 58380.0, and the SS-HS transi-
tion in MJD 58380.0 — 58393.0. The evolution of the X-ray state of
MAXI J1820+070 can be seen in Fig. 5.1, which shows its X-ray LC
in the 15-50 keV range, and its hardness ratio (i.e., the flux ratio of
high-energy to low-energy X-rays) from Swift/BAT and MAXI/GSC
data.

We present the results of observations at VHE gamma rays from
MAXI J1820+070 with the MAGIC telescopes. In order to give a more
complete picture of the source, we also include Fermi-LAT data of HE
gamma rays, as well as multiwavelength observations from radio to
X-rays. This chapter is structured as follows: Section 5.2 describes the
observations and data analysis for each telescope. Section 5.3 presents
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Table 5.1: Summary of the observations of MAXI J1820+070 by the MAGIC
telescopes. The effective observation time, the zenith angle range
and its median are shown for each source state.

Source state Time [h] Zenith angle (median) [deg]

Hard State 14.2 21 - 58 (34)
HS — SS 4.9 21 — 48 (27)
SS — HS 3.4 28 — 56 (41)

TOTAL 22.5 21 - 58 (32)

the results of this work, for which a discussion is given in Section 5.4.
Finally, we conclude with a summary in Section 5.5.

5.2 OBSERVATIONS AND DATA ANALYSIS
5.2.1 MAGIC data

MAXI J1820+070 was observed during its 2018 outburst by the MAGIC
IACT array (Aleksi¢ et al. 2016a), which is a stereoscopic system of
two telescopes located at the Roque de los Muchachos Observatory in
La Palma, Spain (29°N, 18°W, 2200 m above sea level). The telescopes
are equipped with mirror dishes with a diameter of 17-m, and fast
photo-multiplier tube cameras with a 3.5° field of view. The MAGIC
observations were performed from March to October 2018, covering
the initial HS of the source as well as the state transitions. After data
quality cuts a total of 22.5 h of observations remain. We divided our
data sample according to the X-ray state (or transition) of the source
as defined in Sect. 5.1. The top panel of Fig. 5.1 shows the specific
days in which MAGIC observations were performed. A summary
breakdown of these observations, including their zenith angle, is
shown in Table 5.1.

The low-level analysis of MAGIC data was performed using the
standard procedure (see Aleksi¢ et al. 2016b). No significant signal was
detected from the data set regardless of the energy binning considered,
neither by analyzing all the data together, or by separating them by
source state or in daily bins. In all cases, the detection significance
was below 2.5¢. The gamma-ray upper limits upper limits (ULs) at
different energy bins were computed following a maximum-likelihood
ratio test as described in the Appendix of this chapter. A confidence
level (C.L.) of 95% was used, and a global systematic uncertainty of
30% was taken, which accounts for the systematic error in both the
flux normalization and the energy scale. For the UL computation, the
source VHE gamma-ray spectrum was assumed to follow a power law
with spectral index &« = 2.5, i.e. dAN/de x ™.
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5.2.2  Fermi-LAT data

Fermi-LAT" data selected for the analysis presented in this paper cover
the period MJD 58189 — 58420. The data were analyzed with the latest
available fermitools v. 2.0.8 with P8SR3_V3 response functions (SOURCE
photon class)?.

We performed a standard binned likelihood analysis of a 14°-radius
region around the MAXI J1820+070 position. The analysis is based on
the fitting of a spatial and spectral model of the sky region around
the source of interest to the data. The model of the region included all
sources from the 4FGL DRz catalog (Abdollahi et al. 2020) as well as
components for isotropic and galactic diffuse emissions given by the
standard spatial and spectral templates iso_P8R3_CLEAN_V2_v1.txt
and gll_iem_vO7.fits.

The spectral template for each 4FGL source in the region was se-
lected according to the catalog model. MAXI J1820+070 was modeled
as a point-like source with a power-law spectrum. Following the recom-
mendation of the Fermi-LAT collaboration, our analysis is performed
with energy dispersion handling enabled. The flux upper limits were
calculated at a 95% C.L. with the help of the IntegralUpperLimit
module for a power-law slope fixed to a = 2.5, as for the VHE data
analysis.

5.2.3 Additional multiwavelength data

We use data from several radio telescopes at different frequencies
taken from Bright et al. 2020. Optical data are taken from Celma
2019, in which observations performed with the Joan Oré Telescope
(TJO; Colomé et al. 2010) and Swift/UVOT are reported. The opti-
cal fluxes are already corrected from interstellar extinction using a
hydrogen column density of Ny = 1.12 x 10! em™2 and Ny /Ay =
2.87 x 10*! cm~2 mag~!, being Ay the extinction in the V band. This
yields an interstellar extinction going from 0.2 to 0.6 mag, the limits
corresponding to the I and U bands, respectively (see Celma 2019, and
references therein). We also include public LCs from MAXI/GSC3 and
Swift/BAT*.

For the SEDs of MAXI J1820+070, INTEGRAL (Winkler et al. 2003)
data are added to that of the previously mentioned instruments, based
on results by Roques and Jourdain 2019 from MJD 58206 to 58246,
during the first half of the HS. NICER> (Gendreau et al. 2012) data
are also used, and were retrieved through the HEASARC database as
pre-processed event files. Re-processing and filtering are done with

1 Fermi-LAT analysis by Denys Malyshev

2 See description of Fermi-LAT response functions.

3 http://maxi.riken.jp/star_data/J1820+071/31820+071.html

4 https://swift.gsfc.nasa.gov/results/transients/weak/MAXIJ1820p070
5 NICER analysis by Sebastien Le Stum
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Table 5.2: Integral flux upper limits at different source states, computed above
100 MeV from Fermi-LAT data, and above 200 GeV from MAGIC
data. For the SS-HS transition, the UL above 300 GeV is shown

instead.
Source state UL (¢ > 100 MeV) UL (g > 200/300 GeV)
[phecm =2 s71] [phecm =2 s71]

Hard State 35x 1078 3.8 x 10712

HS — SS 1.5 x 1077 3.0 x 10712

Soft State 2.7 x 1078 —

SS — HS 5.0 x 1078 32x 10712
Hard State 6.6 x 1078 —

TOTAL 21 x1078 2.2 x 10712

NICERDAS software available in the HEAsoft distribution (v6.26)
using standard criteria. The data shown in this thesis are not de-
absorbed from interstellar absorption. Spectra were extracted using
the extractor function from the ftools package. Error bars are 1o
Poisson uncertainty. Energy and gain calibrations were performed
using the HEASARC Calibration Database version XTI (20200722). To
avoid telemetry saturation, the fraction of active modules had to be
adjusted. This was taken into account considering that each module
contributes equally to the effective area. NICER observed for 109 h,
21.8 h and 4.56 h during the HS, the HS-SS transition and SS-HS
transition, respectively.

5.3 RESULTS

The observations of MAXI J1820+070 reported in this work do not
show any significant emission in either HE or VHE gamma rays,
regardless of the source state. The computed integral flux ULs for
Fermi-LAT and MAGIC data are shown in Table 5.2 for each X-ray
state. The former are calculated for photon energies ¢ > 100 MeV,
whereas the latter are computed at ¢ > 200 GeV for the HS, the HS-SS
transition and the whole sample, and at ¢ > 300 GeV for the SS-HS
transition. The increase in energy threshold of the last data set is due
to a higher average zenith angle of the observations, which does not
allow electromagnetic showers triggered by lower energy gamma rays
to be detected.

Fig. 5.2 represents the ULs on the VHE differential flux obtained for
5 different energy bins and each source state for which observations
were performed. For the SS-HS transition, the lowest energy bin is not
computed due to the increased energy threshold of the corresponding
observations.
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Figure 5.2: Differential flux upper limits of MAXI J1820+070 obtained from
MAGIC data for different energy ranges and source states. The
dashed black line shows 1% of the differential spectrum of the
Crab Nebula.

Fig. 5.3 shows the LCs of MAXI J1820+070 at different frequencies,
with the gamma-ray LC corresponding to the ULs in Table 5.2. The
radio fluxes in the top panel include both the core emission from the
jet regions close to the binary system, and the radiation emitted by
discrete ejections launched during the HS-SS transition. Core emis-
sion is dominant during the source HS, while the ejections dominate
throughout the SS, during which no core emission is detected (see
Bright et al. 2020, for the details). Optical fluxes in the second panel
are obtained from a total set of 16457 images taken in the 5 Johnson-
Cousins filters (with central wavelengths around 366, 435, 548, 635
and 88o nm, respectively from the U to I filters), and distributed over
113 different nights between March and November 2018. The X-ray
LCs in the third panel are obtained from the daily integral fluxes
of MAXI J1820+070 from MAXI/GSC (for 2 keV < ¢ < 20 keV) and
Swift-BAT (for 15 keV < & < 50 keV). The gaps represent the periods
when the source was not observed with these instruments.

The SEDs of MAXI J1820+070, averaged for those source states in
which VHE data are available, are shown in Fig. 5.4. We note that the
jump between NICER and INTEGRAL data in the top panel is just an
effect of the different time coverage of the observations. While NICER
data are averaged over the whole duration of the HS, INTEGRAL data
only cover roughly the first half of it (see Sect. 5.2.3), when the average
X-ray flux was higher.
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Figure 5.3: From top to bottom: Radio, optical, X-ray, and gamma-ray light

curves of MAXI J1820+070 during its 2018 outburst (MJD 58189.0 —
58420.0). The shaded areas correspond to the HS (red), the HS-SS
and SS-HS transitions (yellow) and the SS (blue). The units of
the third panel are [ph cm~2 s7!] for MAXI/GSC, and [counts
cm~2 s~ 1] for Swift/BAT. The latter fluxes are multiplied by 10
for a better visualization. The bottom panel shows Fermi-LAT
ULs above 100 MeV (purple lines), and MAGIC ULs (green lines,
multiplied by 10%) for each source state and transition for which
data are available, as well as for the whole outburst. The VHE
ULs are computed above 200 GeV except for the SS-HS transition
(MJD 58380.0 — 58393.0) for which 300 GeV ULs are shown.
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Figure 5.4: From top to bottom: Spectral energy distributions of

5.3 RESULTS

MAXI J1820+070 averaged over the HS, the HS-SS transi-
tion, and the SS-HS transition. Optical fluxes are corrected from
interstellar absorption, whereas NICER ones are not. Note the
use of MeerKAT data instead of eMERLIN ones in the bottom

plot.
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5.4 DISCUSSION

In this section, we start with a short description of the multiwavelength
behavior of MAXI J1820+070 based on the data from radio to X-rays.
Together with these data, the computation of HE and VHE gamma-ray
flux ULs performed in this work, allows us to constrain the size and
distance to the BH of any putative region able to produce HE or VHE
gamma rays (from now on the potential gamma-ray emitter). This
is done through a number of analytical estimates, as well as some
reasonable assumptions regarding the magnetic field strength and
the distribution (energy dependence and maximum energy) of the
non-thermal particles.

Radio emission from MAXI J1820+070 is evidence for jet activity dur-
ing the whole 2018 outburst. This emission is dominated by a steady
jet in the HS, discrete blobs in the HS-SS transition (the emission of
which is also dominant throughout the SS as the blobs move away
from the binary system), and a jet rebrightening during the SS-HS
transition (Bright et al. 2020). Without accounting for blob emission
during the SS, which is causally disconnected from the accretion disk,
the radio and hard X-ray fluxes have similar behaviors: they decrease
slowly through the HS, have a steep decrease in the HS-SS transition,
are practically undetectable during the SS, and increase again in the
SS-HS transition. This is in accordance with the standard picture of
BH-LMXBs, in which steady radio jets in the HS coexist with a hard
X-ray emitting corona (sometimes considered to be the base of the jet;
Markoff et al. 2001) both of them disappearing in the SS. During the
HS, jet synchrotron emission is likely the dominant contribution to the
SED up to infrared frequencies, beyond which the spectrum becomes
dominated by disk and coronal emission (Rodi et al. 2021; Tetarenko
et al. 2021).

Regarding the contribution from the star to the overall SED, MAXI
J1820+070 had a magnitude of 17.4 in the G filter (with a central
frequency around 460 nm) before the outburst, which is at least 3
magnitudes above the observed optical magnitude during the flare
(the latter corresponding to a flux about 15 times larger than before
the outburst). These 17.4 magnitudes in G can therefore be taken as
an upper limit for the intrinsic emission of the star. In addition, the
small solid angle of the star as seen by the BH, assuming a stellar
radius equal to that of the Roche lobe, i.e. ~ 10!! cm, means that the
luminosity of the reprocessed X-rays in the stellar surface should be
relatively small. All this implies that the optical and ultraviolet con-
tribution from the star during the outburst should be negligible, and
we can safely assume that the observed optical fluxes are dominated
by thermal emission from the outer regions of the accretion disk (we
recall that the jet is also not dominant at these frequencies).
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The estimates performed in the following paragraphs make use of
the observations for the HS, but similar arguments can be used for
the state transitions as well, for which results are given at the end of
this section. The particles responsible for the non-thermal emission
are assumed to be only electrons (and positrons), and the hadronic
contribution is neglected. Additionally, the derived jet inclination and
speed in MAXI J1820+070 make the counter-jet emission much more
deboosted than the jet one. We therefore focus the discussion on the
jet emission and neglect the counter-jet contribution. Additionally, we
use primed quantities for those given in the reference frame moving
with the jet flow, while unprimed ones refer to the laboratory frame.

The spectral shape derived from the two radio points at 5.07 and
15.5 GHz in Fig. 5.4 is of the form ¢ dN/de « "7, which indicates a
highly self-absorbed synchrotron emission at those frequencies. This
points towards a transition frequency from an optically thick to an
optically thin synchrotron emission at least a few times larger than
15.5 GHz. We assume this frequency (as seen by the observer) to
be 19 = 100 GHz, with a corresponding extrapolated spectral flux
density of Fy = 300 mJy (we note that Rodi et al. 2021 find a higher
transition frequency of 10* GHz, although this is based on single-day
observations instead of the average over the whole HS, as in this work).
Since observations at 100 GHz are not available, we assume that the
non-thermal electrons reach the energies required for such emission
(~ 100 MeV, see below). The values in the jet frame of v}, = 19/6 and
F} = Fy6?/T can be used to constrain the magnetic field B’ and size R
of the radio emitting region (unprimed as the line of sight is almost
perpendicular to the jet) through the following relation in cgs units
(in which the distance to the source is implicit; Bosch-Ramon 2009;
Pacholczyk 1970):

vy ~ 1.6F)*/°B'1/5R4/5 . (5.1)

The magnetic field is parametrized through the fraction 7 of magnetic
to non-thermal energy density:

B2 Ely
% - 17 V/ 4 (5'2)

where V' &~ 47tR3T' /3 is the proper volume of the emitting region, and
E{r is the energy budget of the non-thermal electrons. We note that
this is an approximate approach with a spherical emitter geometry,
and that the actual shape could be different (in particular a cylindrical
or conical jet-like emitter). Taking an electron distribution N'(E’) =
QE'"? with p = 2 between E; ~ 50 MeV and E[,, ~ GeV yields

EI,\TT ~ an(EI/nax/Erlnin) ~ 3Q ’ (53)

with Q being a normalization constant. We note that p, E/ , and E[ .

are not strongly constrained by the observations, but using typical

65



66

MULTIWAVELENGTH OBSERVATION OF MAXI ]1820+07O

values of p ~ 2, makes Eq. (5.3) not very sensitive to the exact values
of E/ .. and E[ .. In any case, the chosen values of E/ . and E[,,,
are enough to explain the observed (and extrapolated to vp) radio
emission. We can relate the synchrotron spectral luminosity with the
particle distribution with the so-called synchrotron delta-function

approximation:

., dE
L;/ ~ N/(E/)‘E;yn|@ ’ (54)
where El,, = —1.6 x 1073B?E" erg s~ ! is the synchrotron energy-loss

rate of electrons with characteristic energies of E/ = 10*¢/1/2B'~1/2 erg,
in cgs units (e.g., Pacholczyk 1970).

Taking an equipartition magnetic field with 7 = 1 (approximately
corresponding to the minimum energy requirement for synchrotron
radiation; e.g., Longair 1981), Egs. (5.1) to (5.4) provide a radio emitter
size of R &~ 2.4 x 10'> cm, a non-thermal energy budget of E{; ~
5.6 x 1038 erg, and a magnetic field of B’ ~ 10 G. The latter is consistent
with the best-fit value obtained by Rodi et al. 2021, taking into account
the dependence of B’ with distance used in their model. With this
value of B/, the electrons responsible for emitting synchrotron photons
at v are those with average energy E = T'E’ ~ 125 MeV.

In order to put constraints on a potential gamma-ray emitter, we
assume that gamma rays are produced by IC scattering of photons
coming from the accretion disk or the corona by jet electrons. Given
the conditions in MAXI J1820+070, the discussion can be done in the
context of the Thompson regime, which is approximately valid at the
energies adopted (see below), and simplifies very much the estimates
derivation. In this regime, IC is more efficient and the energy gain of
the scattered photons is proportional to the square of the electrons
Lorentz factor . We take characteristic energies for HE and VHE
gamma rays of 100 MeV and 100 GeV, respectively. We note that the
latter energy is taken slightly below the VHE ULs in order for IC to
still happen in the Thomson regime, and we assume that at 100 GeV
we would have UL at the same level in SED units as those measured
at 200 GeV and shown in Fig. 5.4. The HE gamma rays would be
the result of the IC scattering of target X-ray photons with typical
energies of ~ 1 keV by Eyg ~ 150 MeV electrons (y ~ 300), while
VHE emission would come from optical photons with ~ 1 eV scattered
by Evie ~ 150 GeV electrons (7 ~ 3 x 10°). These are reference values
for which data at the target photon energies are available, although we
note that target photons with energies around the chosen ones would
also contribute to the IC emission at the characteristic HE and VHE
gamma-ray energies.

As long as the assumptions regarding the magnetic field and elec-
tron population hold, the same electrons (i.e., those with the same
energy E ~ 100 MeV) are responsible for the 100 GHz emission via
synchrotron, and the 100 MeV emission via IC. This means that we
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can derive constraints on the potential HE emitter based on the prop-
erties derived above for the radio emitter. The IC radiative output at
HE as seen by the observer can be estimated from the (extrapolated)
synchrotron radio emission at vy as seen by the observer:

de T Votog (5.5)

where EiC = —0.039u'E"? is the IC energy-loss rate in the Thomson
regime. The energy density of the target photon field with luminosity
Liar is 4/ =~ u/T? = L/47tr*cT?, where r is the distance from the
potential HE emitter to the BH. This expression is valid as long as the
target photons reach the jet mainly from behind (Dermer and Schlick-
eiser 1994), which is likely the case in MAXI J1820+070. Knowing from
the Fermi-LAT ULs in Fig. 5.4 that the flux in Eq. (5.5) cannot be higher
than ~ 10~ 11 erg cm~2 571, we obtain a constraint for the distance of
rag = 3 x 101 cm, meaning that potential HE emission must come
from jet regions at the edge of or outside the binary system. Actually,
this lower limit for distance is larger given that the radio emitter size
derived above is already a few times 10'? cm. Conversely, r cannot be
more than a few times 10! cm, the exact value depending on the jet
opening angle, since that would increase the emitter size and the syn-
chrotron radio emission would become optically thin, contradicting
the observations. We note that, in this range of distances and for the R
and B’ derived above, the energy density of the synchrotron soft X-ray
photons (emitted as long as the electrons reach ~ 100 GeV) should be
comparable to that of the X-rays coming from the corona and/or the
disk. Therefore, synchrotron self-Compton must be responsible for a
significant fraction of the total HE emission of MAXI J1820+070.

In order to perform estimations on the VHE emission, we assume
that electrons are accelerated up to Eypg. This is reasonable given the
magnetic field obtained above, since high acceleration efficiencies are
not required to reach those energies (we only need 77a.c < 2 % 10°, with
tl <« = NaccE'/ecB’ being the acceleration timescale). The electrons with
energies around Eypg emit synchrotron photons of ~ 1 keV. At these
energies, the SED is dominated by the accretion disk and the corona, so
the jet contribution cannot be directly observed. Nonetheless, recalling
that synchrotron emission is taken as optically thin above 100 GHz,
the ~ 1 keV radiative output can be extrapolated with the additional
assumption (also used in the computation of E{;y) that the non-thermal
electrons with Eyyg have a similar energy budget as those with Eyg
(i.e., p ~ 2). This is consistent with the fact that, for the derived emitter
properties and electron energies, non-radiative losses are dominant
and therefore p is not modified by them. The same argument used
for the IC HE emission can then be used to derive the VHE emission,
taking now the energy density corresponding to optical target photons
(for the IC cooling rate) and the extrapolated synchrotron flux at
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~ 1 keV (for the synchroton cooling rate) Eq. (5.5), and the lowest
energy VHE UL in Fig. 5.4. This results in a distance to the BH of
the potential VHE emitter of rypg 2 4.9 X 102 cm. We recall that the
derived R from radio observations puts the emitter at most at a few
times 10! cm from the BH.

We note that the distances derived above are sufficiently large for the
jet gamma-ray emission to be unaffected by gamma-gamma absorption
with the external photons from the disk and corona. The distance up
to which this process is important can be estimated by imposing
Tyy ~ Oy T 2 1, where Ty is the optical depth, ¢, is the maximum
cross-section for gamma-gamma absorption (Gould and Schréder
1967), and 1 = Ly /4711 Cerar is the number density of the absorbing
target photons. For the HE (VHE) gamma rays, the characteristic target
energy is eir ~ 3 keV (3 eV), and target photons have a luminosity of
Liar ~ 1.1 x 10% erg s™1 (~ 1.4 x 10% erg s !). This makes gamma-
gamma absorption relevant for r < 10° ecm (< 1.3 x 10 cm), much
smaller than the minimum emitter distances obtained above. Internal
gamma-gamma absorption with synchrotron photons can be neglected,
since the number density of those photons is small for the derived
emitter size.

We recall that all these computations are averages over the whole
HS, and that they are done assuming a strong equipartition magnetic
field with # = 1. Decreasing this value results in more constraining
emitter distances. For instance, taking 7 = 0.01 (B’ ~ 3 G) yields a
radio emitter size R ~ 1.8 x 10'2 cm, ryg > 9 x 10'! cm and rypg >
1.5 x 1013 cm. In addition, the estimations above can also be done
for the state transitions by using the corresponding radio and IC
target photon fluxes derived from the SEDs. We use for simplicity the
same value of vg as for the HS, although this does not need to be the
case, and we keep 77 = 1. For the HS-SS transition, an emitter size
of R ~ 6.8 x 10!! cm is obtained, corresponding to B’ ~ 14 G and
E\r ~ 24 x 1037 erg. This leads to rug 2 4.5 X 10" em and rypg >
9.3 x 101! cm. For the SS-HS transition, we obtain R ~ 3.7 x 10'! cm,
B’ ~ 17 G, and E{; ~ 5.3 x 10% erg, resulting in rgg > 10" cm
and rypg 2 1.6 x 10! cm. The smaller estimated radio emitter size
and minimum distances to the BH constrain the potential gamma-ray
emitter location to be about a factor 5 closer to the binary system in
the state transitions than in the HS, although still far enough so that
gamma-gamma absorption is unimportant.

5.5 SUMMARY AND CONCLUSIONS

We have performed observations of the exceptionally bright X-ray
source MAXI J1820+070 during its 2018 outburst with the MAGIC
experiment in VHE gamma rays. A total of 22.5 h of data were taken
during the initial HS of the source and the state transitions. Fermi-
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LAT data in HE gamma rays covering the whole outburst are also
analyzed. The source is not detected at HE or VHE regardless of the
energy binning considered, neither for the whole data sample or for
the individual source states. Integral and differential HE and VHE
flux ULs are provided for each source state, as well as for the whole
outburst. These gamma-ray ULs are complemented with additional
multiwavelength data from radio to X-rays, in order to provide con-
text to the source interpretation. The radio and X-ray flux evolution
throughout the outburst show the expected behavior for a typical
BH-LMXB, indicating a source following the usual HS-SS-HS cycle.

Radio emission throughout the whole outburst provides evidence
for the presence of jets with a population of non-thermal particles (elec-
trons and possibly positrons) emitting via the synchrotron mechanism.
Using reasonable and conservative extrapolations for the spectrum
of the emitting electrons, the latter should also emit gamma rays
through IC scattering of photons coming from the accretion disk and
the corona, and synchrotron self-Compton. The non-detection of these
gamma rays puts constraints on the emitting region based on radio
data and the HE and VHE flux ULs computed in this work. For an
equipartition magnetic field, the potential HE emitter associated to the
radio emitter must be located in the jet at a distance from the BH be-
tween a few 10'2 and a few 10 cm for the HS, and a factor ~ 5 closer
for the state transitions. The additional assumption that electrons are
accelerated up to ~ 150 GeV with a power-law index of ~ 2 also
places a putative VHE emitter in a similar region. Having the emitter
closer (farther) than the region defined by these limits would violate
the gamma-ray (radio) observations. This relatively narrow range of
allowed distances indicates that the HE and VHE gamma-ray flux of
MAXI J1820+070 (and possibly other BH-LMXBs showing evidence
for non-thermal emission) seems not too far from being detectable
with the current instrument sensitivities (as it was for V404 Cygni at
HE), and may be detectable by future gamma-ray telescopes like the
Cherenkov Telescope Array (Paredes et al. 2013; Cherenkov Telescope
Array Consortium 2019; Inoue et al. 2019), or for especially bright
outbursts with current instrumentation.

We also want to note that observations in the 100 — 1000 GHz band
would be very useful to constrain the non-thermal emitter properties
by means of assuring whether non-thermal particles are accelerated
up to a few hundred MeV or not, as well as establishing the transition
frequency between the optically thin and optically thick synchrotron
regimes.
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APPENDIX: COMPUTATION OF THE GAMMA-RAY FLUX UPPER LIM-
ITS

For each energy bin, the low-level data analysis yields: the number of
gamma-ray events recorded in the direction of the source (ON region)
and in control regions with only background events (OFF regions), Non
and N,g, respectively; the exposure ratio of the OFF to ON regions,
T; the effective observation time of the source after data quality cuts,
tefr; and the effective collection area averaged over the considered
energy interval, < Aeg >. We assume a power-law distribution for the
gamma rays coming from the source, i.e. dN/de = Ke™*, where K
is the flux normalization constant, ¢ is the gamma-ray energy, and a
is the spectral index. With this, the expected number of gamma rays
coming from the source in the energy interval [emin , €max| can be
expressed as

€max dN l-a _ 1—a

B= test Aeti(e) - de = K <At > teff% . (56)

€min

In order to obtain the range of values of K compatible with the ob-
served quantities, we fix the value of &« and proceed with a maximum
likelihood method as described by Rolke et al. 2005. We define a
Poissonian likelihood function as

(ep +b)Non  (Th)Nost 1 1 (e — eo>2
L= X X exp | —= , (5.
Non! Noff! OV 27T P 2 Oe (5 7)

where the multiplied terms correspond, from left to right, to the sta-
tistical distributions of a Poissonian signal, a Poissonian background,
and a detection efficiency with a Gaussian uncertainty. The factors
b and €, which are treated as nuisance parameters, are the expected
number of background events in the signal region, and the expected
detector efficiency, respectively. The parameters €y and o, are the esti-
mates for the efficiency and its standard deviation, respectively. Fixing
€o = 1 allows us to account for the relative systematic uncertainty of
the instrument through the value of ..

With the likelihood function defined, we find the values K, b and &
that maximize L, which can be obtained analytically for the likelihood
function expressed in Eq. (5.7). We then test the null hypothesis K = Kj
versus the alternative hypothesis K # K, through a likelihood ratio
test statistic:

, (5.8)

where b(Ky) and é(Kp) are the values that maximize L for a given
Kp. According to the Wilks theorem (Wilks 1938), under the null
hypothesis the distribution of the quantity —2In A converges to a x>
distribution with 1 degree of freedom for large enough statistics. This
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allows us to find the range of Ky compatible with the observations,
i.e. being n = v/ —21In A, the null hypothesis is excluded at a no level.
Finally, the upper end of this range of Kj is translated to an upper
limit in flux through the assumed spectral shape for the source.
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SUMMARY, DISCUSSION AND CONCLUSIONS

This last chapter is devoted to summarize the main results presented
in this thesis, discuss their key features and give some general conclu-
sions. Additionally, future work prospects in the field of X-ray and
gamma-ray binaries are also given.

6.1 MICROQUASAR JETS AFFECTED BY THE STELLAR WIND

The articles presented in the first two sections of Part i give insight on
the interaction between HMMQ jets and the stellar wind at the binary
system scales and beyond. This interaction is something to be taken
into account when characterizing these systems, and it likely has an
influence on the observed emission. As already pointed out by the
analytical estimates in Bosch-Ramon and Barkov 2016, a non-ballistic
helix-like structure is likely formed for the jet and counter-jet, with
typical turn distances of a few tens of orbital separations. Arguably,
this trajectory is not maintained for much longer distances owing to
instability development, as well as significant wind mixing (e.g., Peru-
cho et al. 2010). Since the phenomenological jet trajectories computed
in Chapters 2 and 3 do not take these effects into account, they remain
mostly valid only for (roughly) the first helix turn. Nevertheless, the
particularities of the particle acceleration and cooling mechanisms in
the two microquasar jet models developed during this thesis make the
qualitative predictions on the radiative output not very sensitive to
the exact trajectory at large scales, and can therefore be considered
quite robust. We note that a more accurate computation of the path
followed by jets under the influence of a strong stellar wind would
require the use of complex 3-dimensional (magneto-)hydrodynamical
simulations in order to properly account for the effects stated above.

6.1.1 Inner jet regions

In the regions close to the binary system, where the jets move at
relativistic speeds and the effect of Doppler boosting is significant, the
counter-jet emission is negligible in comparison with the one from the
jet except for very high inclinations. The discussion on the non-thermal
radiative output within a few binary separations from the system
is therefore focused on the jet. Assuming that particle acceleration
only takes place in the jet at the recollimation shock triggered by the
stellar wind, the emission is highly concentrated within one orbital
separation, except if the recollimation happens at the edge of the
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binary system. Only the lowest energy tail of the synchrotron emission
has a significant contribution from jet regions outside the binary, and
this (radio) emission is in any case highly absorbed by the wind ions
through free-free absorption. It is therefore not possible to observe
any extended emission from the jet as long as the assumption that
particles are not accelerated beyond the recollimation shock holds.

The helical shape of the jet affects angle-dependent processes such
as IC scattering, Doppler boosting, and gamma-gamma and free-free
absorption (the latter through the change in the ion column density
towards the observer), changing the jet radiative output with respect
to a straight, unbent jet (i.e., a case that does not account for the
dynamical effect of the wind). Nevertheless, these effects are only
mild due to the fact that the emission mostly comes from the jet
innermost regions, where the helical trajectory is only beginning to
develop. The biggest observable difference between a helical and a
straight jet emerges when considering a weak magnetic field, and thus
dominant IC losses over synchrotron losses. This results in asymmetric
LCs above ~ 10 GeV (which are not expected for straight jets) and
in general more absorption close to the superior conjunction of the
CO. We note that the observational signatures of a helical jet would be
more pronounced if acceleration happened beyond the recollimation
shock, although this is not considered in our model. This is not un-
likely given that the jets have to propagate through a dense medium
consisting of wind material, and therefore shocks (and consequent
particle acceleration) may also be produced in the jets outside of the
binary system. Additionally, due to the reduced energy losses far from
the system, high-energy particles would survive longer and radiate
their energy over larger distances. All this would result in a more
extended helical jet emission with clearer observational features than
those predicted by the model in Chapter 3.

6.1.2 Outer jet regions

In the model of Chapter 2, non-thermal particles are injected at the
point where the jet dynamics start to be dominated by the stellar
wind, located approximately at a distance of ~ 10 times the orbital
separation for typical jet and massive star wind parameters. So far
from the binary system, the jets are expected to have been strongly
mixed with the stellar wind, effectively decreasing their speeds down
to a non-relativistic regime. The larger distances to the star of these
jet regions imply less prominent absorption features, as well as a
smaller variation of angle-dependent quantities along the helical path.
Altogether results in a much smaller modulation of the gamma-ray
emission than for the inner regions. Also, negligible Doppler boosting,
combined with a higher intrinsic IC emission for the counter-jet due
to angular effects, makes the latter dominate the global observed
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IC SED over the jet. Contrary to what happened in the inner jet
regions, the lack of free-free absorption of the radio emission allows to
somewhat trace the helical jets for large enough magnetic fields (and
thus synchrotron emission). Helix-like shaped jets have been observed
for Cygnus X-3 (Mioduszewski et al. 2001; Miller-Jones et al. 2004),
and observations do not discard such phenomenon also happening in
Cygnus X-1 (Stirling et al. 2001), although the physical cause of these
trajectories remains unclear.

6.1.3 Sources of uncertainty and additional considerations

The models discussed above make use of a number of assumptions
and simplifications which could significantly affect the obtained re-
sults. There are also some model parameters relevant for the radiative
output of the system that are very difficult to constrain observationally,
making the results very dependent on the values taken for them. In
this section, the main sources of uncertainty in our models, coming
both from parameter uncertainties and assumed simplifications, are
addressed.

A first consideration to take into account is the fact that, for simplic-
ity, the stellar wind is assumed isotropic and homogeneous. Neverthe-
less, massive stars normally feature a non-homogeneous clumpy wind
(Owocki and Cohen 2006; Moffat 2008). This makes jet disruption and
mixing with the stellar wind more likely than for an homogeneous
case (Perucho and Bosch-Ramon 2012), effectively decreasing the dis-
tance range up to which our phenomenological trajectory computation
is valid. Moreover, wind clumps interacting with the jets may also
have a non-negligible contribution to the total radiative output of the
system through the shocks that they generate (de la Cita et al. 2017).
Regarding absorption processes, for a given mass-loss rate, the pres-
ence of clumps in the wind effectively increases its free-free opacity by
up to a factor of 10, for typical clumping factors of massive stars (e.g.,
Muijres et al. 2011). This would make free-free absorption significant
up to frequencies < 3 times larger than in the homogeneous case (we
note that this is not relevant for the outer jet regions, where free-free
absorption does not play an important role). Finally, wind clumping
may also introduce temporal, minute-timescale variations of the mass
accretion rate in HMMQs (EI Mellah et al. 2018). This would be trans-
lated to variations in the jet power, which would in turn modify the
balance between jet and wind pressures and momentum rates, and
thus the overall shape of the helical jets. Another consideration relative
to the stellar wind is that some degree of beaming of the latter towards
the CO is expected, especially for slow winds (El Mellah et al. 2019).
Such effect would decrease the wind density outside of the orbital
plane, decreasing its overall effect on the jets. Nonetheless, we note
that this does not affect much the models in Chapters 2 and 3 since
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we are considering fast winds with speeds of ~ 2000 km s~ typical
for O-type stars, for which beaming is not so important.

Even though the models presented are not applied to specific
sources, there are a number of quantities that are difficult to constrain
observationally regardless of the source. Some of these quantities
include the magnetic field strength, the acceleration efficiency or the
amount of energy in the form of non-thermal particles. Regarding the
magnetic field strength, the articles in Chapters 2 and 3 already explore
explicitly its effect on the results. The acceleration efficiency basically
affects the maximum energy that the non-thermal particles can obtain
(which also depends on the magnetic field if acceleration happens
under the diffusive shock acceleration mechanism, as we assume). This
maximum particle energy in turn affects the synchrotron and IC SEDs
by shifting their peaks, and thus setting the position of the energy
cutoffs in the spectrum. Finally, the non-thermal energy budget acts
as a normalization of the overall emission of the system, increasing or
decreasing the radiative output by a given factor independent of the
energy of the emitted radiation. More detailed and specific discussions
on the different sources of uncertainty in the models can be found in
the corresponding articles, to which the reader is referred for more
information.

6.2 PULSAR-WIND SYSTEMS ALONG THE ORBIT

In the following, the main conclusions extracted from the pulsar-wind
model are summarized both for a generic case and for the specific
model parameters corresponding to LS 5039. We note that similar
sources of uncertainty as those described in the previous section are
also present in this case, namely the validity of the hydrodynamic
computation only up to a few tens of orbital separations, and some
poorly constrained parameters the values of which can significantly
affect the radiative output of the system. Also, only two accelerators
are assumed, one at the two-wind stagnation point and the other
at the Coriolis shock (located at a few orbital separations from the
pulsar). This limits the energetics of non-thermal particles far from
the binary system, since they are mostly cooled down once they reach
distances of 5 — 10 orbital separations. This effect could be (partially)
compensated with the inclusion of additional shocks downstream
of the Coriolis turnover, which are actually expected according to
numerical simulations (Bosch-Ramon et al. 2015). This is not done
in our model in order not to add too much complexity, given the
uncertainties present in the properties of these shocks.
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6.2.1 General scenario

The generic case assumes a pulsar with a spin-down luminosity of
3 x 10% erg s~! orbiting a typical O-type star in a circular orbit with
a separation of 3 x 102 cm and a period of 5 days. Under these con-
ditions and with the same available energy budget for non-thermal
particles in both accelerators, the inner region of the emitter (between
the wind standoff and the Coriolis turnover locations) generally con-
tributes less to the total observed radiation than the outer region
(beyond the Coriolis turnover). The exception to this happens close to
the inferior conjunction of the pulsar and for sufficiently high inclina-
tions, for which Doppler boosting makes the inner region dominate
the emission. The proximity to the star also makes radio and VHE
gamma-ray emission to be considerably absorbed for most orbital
phases, through free-free and gamma-gamma processes, respectively.
As with microquasar jets at large scales, the synchrotron radio emis-
sion from the outer regions is extended and traces part of the spiral
structure of the outflow for high enough magnetic fields.

6.2.2  The specific case of LS 5039

The parameters that best allow us to reproduce the observed behavior
of LS 5039 include a very high acceleration efficiency of #acc = 0.8
(with the energy gain rate of the particles being E/.. = #accecB’),
and a hard particle injection with power-law index of 1.3. Also, the
outer region is given a higher non-thermal energy budget, since it
reproduces better the observations of the source. The average X-ray,
HE and VHE fluxes are well explained by the model, although it fails
to properly account for the HE gamma-ray modulation. The VHE LC
is well reproduced, including the double peak around the inferior
conjunction of the pulsar, although the emission is underpredicted
close to the superior conjunction, where it is almost totally absorbed.
This strong absorption would be alleviated with the use of a 3D emitter,
instead of the current 1D emitter located along the "axis" of the CD,
since that would locate part of the emitter farther from the star. The
inclusion of particle reacceleration beyond the Coriolis shock would
also contribute in this direction, allowing the most energetic particles
to reach farther along the shocked structure. Reacceleration is probably
needed for a meaningful comparison of the model predictions with
the radio observations, since the latter extend with significant fluxes
up to scales much larger than those probed in our work (Moldén
et al. 2012). Besides this, the biggest flaw of the model comes in the
MeV range, for which observations are underpredicted by a factor of
~ 5. This underestimation of the MeV emission is a common issue for
many models applied to LS 5039 (e.g., Takahashi et al. 2009; Zabalza
et al. 2013; Dubus et al. 2015), and seems to point towards the need
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of including (at least) the contribution to the MeV radiation of the
unshocked pulsar wind (see Bosch-Ramon 2021, for the unshocked
pulsar wind emission around periastron), and synchrotron emission
of secondary electron-positron pairs produced by the interaction of
gamma rays with stellar photons (e.g., Bosch-Ramon et al. 2008; Cerutti
et al. 2010).

63 OBSERVATIONS OF MAXI ]1820+O7O

MAXI J1820+070 is the brightest BH-LMXB in X-rays ever observed by
the current generation of IACT telescopes. The source was observed
with the MAGIC telescopes during an outburst in 2018, for a total
of 22.5 h after data quality cuts. These observations were performed
when MAXI J1820+070 was in the HS, as well as during the HS-
SS and the SS-HS state transitions. The MAGIC observations were
complemented with Fermi/LAT data at HE gamma rays, as well as
additional data from radio, optical, and X-ray telescopes.

The analysis of the VHE data does not yield any significant detection
of the source at these energies. Instead, differential and integral flux
ULs are given for each source state with a 95% C.L. and assuming a
power-law photon spectrum with index —2.5. The differential ULs are
between 1 and 10% of the Crab Nebula flux, depending on the state
of the source and the energy bin. HE emission is also not detected
from MAXI J1820+070, and ULs with the same C.L. and assumed
spectral shape as for the VHE analysis are computed. The evolution
of the radio and hard X-ray fluxes follows the expected behavior for
a BH-LMXB in outburst, with radio-emitting jets coexisting with a
corona emitting hard X-rays during the HS, both of them disappearing
in the SS.

The computed HE and VHE ULs, together with the multiwavelength
data from radio to X-rays available for MAXI J1820+070, allow us to
constrain significantly the properties of a potential gamma-ray emitter
in this source. For this purpose, some simple analytical estimations are
made using a number of reasonable assumptions, mainly regarding
the extrapolation of the radio-emitting electron particle distribution at
high energies. With this, the particles responsible for the synchrotron
radio emission are the same as those responsible for the potential
HE emission via IC with X-ray photons, and we can put constraints
on the properties of the jet regions responsible for the potential HE
emission through the available radio data. Among others, the putative
HE (and radio) emitter is constrained to have a linear size in the range
~ (3.7 — 24) x 10! cm, depending on the source state. This range
of values, combined with the Fermi-LAT ULs and the X-ray fluxes,
sets a distance from the emitter to the BH between ~ 10'2 and a few
times 103 cm. As long as the non-thermal particles reach the required
energies, the jet regions responsible for the potential VHE emission



64 FUTURE WORK PROSPECTS

are also limited in space to a similar range as the HE emitter. If these
putative gamma-ray emitters were closer to the BH, the gamma-ray
ULs would be violated, whereas having the emitters farther than the
estimated distance range would contradict the radio observations.

64 FUTURE WORK PROSPECTS

From the theoretical point of view, a future improvement to the pulsar-
wind model that would make it more realistic would be the proper
computation of the 3-dimensional CD resulting from the wind-wind
interaction. This would substitute the current, simplified 1D emitter at
the axis of a conical CD. The evolution of the particle distribution and
its radiation could then be computed for an emitter made of a number
of streamlines flowing within the defined 3D shape. These lines would
propagate farther from the star, and with different orientations, than
the current 1D emitter consisting of a single streamline. Therefore,
processes depending on the distance to the star and the flow direction,
like IC, gamma-gamma absorption, or free-free absorption, would see
their effects significantly modified by the new, more realistic emitter.
Both analytical (e.g., Usov 1992; Cant6 et al. 1996) and numerical
(e.g., Bosch-Ramon 2021) prescriptions exist for the computation of
the shape of the CD, with the analytical ones only being valid for
an axisymmetric CD. This axisymmetry is only realistic as long as
orbital effects are small, i.e., as long as we focus our study to the
emitter regions well before the Coriolis turnover. Even in this case,
a reorientation of the CD with respect to the star-pulsar direction is
needed in order to account for the non-radial component of the stellar
wind in the pulsar reference frame. The inclusion of orbital effects
affects non-trivially the shape of the CD, and its computation needs
to make use of some simplifications regarding how momentum is
transferred between the stellar and pulsar winds (Bosch-Ramon 2021).

Another improvement to both the microquasar and pulsar-wind
models would be the inclusion of a non-isotropic stellar wind. This
is especially relevant for those systems with a Be stellar companion,
which features a circumstellar decretion disk in its equatorial plane.
The material in these disks follows quasi-Keplerian orbits, and has a
much higher density than its polar counterpart (e.g., Carciofi 2011).
The dynamic and radiative influence of a decretion disk on the out-
flows is therefore very different to that of a radial isotropic wind,
and should be considered for a proper characterization of binary sys-
tems hosting a Be star. Unless the equatorial plane of the star and
the orbital plane are largely misaligned, the effect of the decretion
disk on the relativistic outflow should be particularly important in
the pulsar-wind scenario. The inclusion of this feature in our model
would allow for a better characterization of binary systems such as
LS T +61 303, PSR J2032+4127, PSR B1259-63 or HESS Jo632+057, all of
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them consisting of a CO (confirmed to be a pulsar in PSR J2032+4127
and PSR B1259-63) and a Be star.

Regarding the work performed on MAXI J1820+070, a possible
improvement of the estimations would be to take into account a jet-
like emitter instead of a spherical one located at a given distance from
the BH, especially in the HS of the source. Additionally, other radio
spectral indices, like the one obtained by Tetarenko et al. 2021, could
be considered, which would affect the extrapolated radio flux at the
synchrotron transition frequency from the optically thin to the optically
thick regime. In any case, the study performed for MAXI J1820+070
shows that we may be not too far from detecting (HE or VHE) gamma-
ray emission from low-mass microquasars in outburst. It is therefore
important to keep monitoring these sources in order to be able to react
fast in case of strong flares. This is reinforced by the fact that CTA
(Cherenkov Telescope Array Consortium 2019), the next generation
IACT observatory with improved sensitivity and increased energy
range, will begin operations within the next few years. Moreover,
even if a source is not detected, the gamma-ray ULs combined with
multiwavelength data can still be used to put significant constrains
on the system properties. This also applies, even more given their
physical conditions, to HMMQs, which have never been detected at
VHE (although we note the detection hint of Cygnus X-1 reported in
Albert et al. 2007). In particular, it would be interesting to perform
a global analysis of all the MAGIC data available for Cygnus X-3
(see Appendix a), since it could allow us to put the most stringent
constrains up to date regarding the VHE emission of the source.
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GAMMA-RAY OBSERVATIONS OF CYGNUS X-3
WITH FERMI-LAT AND MAGIC

This appendix contains a report on HE and VHE gamma-ray obser-
vations of Cygnus X-3 obtained during the course of this PhD Thesis.
The ultimate goal was the detection of VHE gamma-ray emission
from Cygnus X-3 with MAGIC after triggering observations based on
the UB Fermi pipeline at HE gamma rays. Upper limits at VHE are
reported.

A.1 INTRODUCTION

Cygnus X-3 (Cyg X-3) is a high-mass microquasar hosting a Wolf-Rayet
star and a CO of unknown nature, with both the BH and (weakly mag-
netized) NS scenarios being possible. Zdziarski et al. 2013 estimated a
mass of the CO of 2.4721 M, and a companion mass of ~ 10733 M.
The two objects orbit around each other in a very close orbit with
a period of 4.8 h (Parsignault et al. 1976), and the distance to the
source was set to 7.4 = 1.1 kpc by McCollough et al. 2016. At this
distance, the derived (absorption-corrected) bolometric X-ray lumi-
nosity of Cyg X-3 reaches up to several times 10® erg s~! during
flares, making it the brightest of the known X-ray binaries. Taking
into account that the Eddington luminosity for an object of mass M is
1.26 x 10%(M/ M) erg s—!, we note that the inferred luminosity of
Cyg X-3 is above the Eddington limit for most of the CO mass range
stated above, and always in the NS scenario (M < 2.5 M,)). Extended
radio emission in the form of jets has also been observed from Cyg X-3
during some flaring episodes (e.g., Marti et al. 2000; Marti et al. 2001;
Mioduszewski et al. 2001; Miller-Jones et al. 2004; Egron et al. 2017).
Being an X-ray binary, Cyg X-3 shows variable emission at different
frequencies depending on the state of the source, which is typically
characterized through the shape of its X-ray spectrum (see Sect. 5.1).
This variability is especially significant at radio wavelengths, for which
the flux can change more than 3 orders of magnitude between different
source states (e.g., Egron et al. 2021).

As mentioned in Chapter 5, Cyg X-3 is one of the two only known
microquasars to have been consistently detected at HE with a signif-
icance above 50 (Tavani et al. 2009b; Fermi LAT Collaboration et al.
2009), the other one being Cyg X-1 (which is also a high-mass system).
Additionally, there is also a strong hint of detection of the low-mass
system V404 Cyg at a ~ 40 level during a flare in 2015 (Loh et al. 2016;
Piano et al. 2017). Emission at VHE has never been detected from
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Cyg X-3 or any other microquasar (see Aleksi¢ et al. 2010 for Cyg X-3,
and Aleksi¢ et al. 2011, 2015; MAGIC Collaboration et al. 2017; Ahnen
et al. 2017; MAGIC Collaboration et al. 2018; H. E. S. S. Collaboration
et al. 2018 for other sources), although we note the ~ 40 detection
hint of Cygnus X-1 in a single night by MAGIC (Albert et al. 2007).
Another possible exception to the non-detection of microquasars at
VHE is the case of SS5433, for which the HAWC Collaboration claimed
a detection of ~ 20 TeV photons coming from a region very far from
the binary system, where the jets interact with the supernova remnant
around the source (Abeysekara et al. 2018).

This appendix focuses on the gamma-ray emission of Cyg X-3 by
making use of an automatic pipeline for the analysis of Fermi-LAT
HE data (Sect. a.2), and MAGIC VHE observations triggered by the
latter results (Sect. a.3). In the following, the observations of Cyg X-3
in these two energy ranges are described.

A.2 MONITORING WITH FERMI-LAT

During the last ~ 11 years, Cyg X-3 has been actively monitored
through a Fermi-LAT analysis pipeline developed and maintained by
the high-energy astrophysics group of the University of Barcelona.
This pipeline automatically runs at noon on a daily basis, and analyzes
all the source data® available from the previous day. The results of the
analysis pipeline include an integral flux of gamma rays with energies
above ¢ > 100 MeV, and a test statistic (TS) that evaluates the goodness
of a likelihood fit to the data. It has been shown that the latter behaves
approximately as the square of the detection significance (e.g., Mattox
et al. 1996). We refer the reader to Zabalza 2011; Galindo 2018 for the
details on the Fermi-LAT analysis and the working procedure of the
pipeline, including how background sources are treated.

For this work, we use Fermi-LAT data of Cyg X-3 taken during the
course of this PhD thesis, specifically between MJD 57874 and 59304 (1
May 2017 — 31 March 2021), and automatically analyzed by the pipeline.
The fluxes and TSs for this period are shown in Fig. a.1. The average
flux of Cyg X-3 at ¢ > 100 MeV was of (3.5+0.1) x 1077 cm™2 571,
with the quoted error corresponding only to the statistical uncertainty
of the average computation.

The main function of the pipeline is to identify flaring episodes of
Cyg X-3 at HE gamma rays, so that a quick reaction is possible and
MAGIC observations can be scheduled for the same day in which
the pipeline results are obtained (i.e. about 1 day after the Fermi-LAT
data were taken). We want to select those days in which the source is
clearly detected (high TS) and is emitting more than it usually does
(flux significantly above the average). As seen in Fig. a.2, the Fermi-LAT

Fermi-LAT data are public and can be downloaded from the data server at https:
//fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi


https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
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Figure a.1: Daily values of the Fermi-LAT integral flux and TS of Cyg X-3
between MJD 57874 and 59304. Error bars in the fluxes are not
shown for visualization purposes. The dashed orange line shows
the average flux over the whole period.

flux and TS have a clear positive correlation. A visual inspection of
the data allows us to set a TS limit of 20, above which all fluxes are
larger than the average one. This is also the case when considering the
error bars, as seen in Fig. a.3, in which a zoom has been made around
the top right quarter of Fig. a.2. Therefore, we adopt the strategy of
setting a TS = 20 as the triggering threshold for MAGIC observations.

A.3 MAGIC OBSERVATIONS

Observations of Cyg X-3 with the MAGIC telescopes started in 2006
and have been regularly performed until nowadays. The results of
the first 3 years of data (amounting to 69.2 h, 56.7 h after quality
cuts) can be found in Aleksi¢ et al. 2010. Between 2010 and 2021,
a total of 170.3 h of observations were devoted to Cyg X-3, both
during flaring and quiescent episodes. Out of them, we focus here
on the data taken during the same period as the Fermi-LAT ones, i.e.
between MJD 57874 and 59304. During this time, 54.3 h of data were
taken, always during flaring episodes of the source. This does not
necessarily mean that the Fermi-LAT TS was always larger than 20,
since oscillations of this quantity happen within a flare (see Fig. a.1),
and MAGIC data are taken ~ 1 day later than the Fermi-LAT ones.
After removing bad quality data (mostly due to bad weather), 40.0 h
of MAGIC observations remain, covering a zenith angle range from 5
to 50 deg. The details of these observations are shown in Table a.1.
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Figure a.2: Fermi-LAT flux as a function of the TS for Cyg X-3 between
MJD 57874 and 59304. The dashed orange line shows the av-
erage flux, and the vertical red line shows the chosen TS limit
above which the source is considered to be flaring and MAGIC
observations may be triggered. Flux error bars are not shown for
visualization purposes.
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Figure a.3: Same as in Fig. a.2, but zooming in on the top-right corner. Flux
error bars are included.



A.3 MAGIC OBSERVATIONS

Table a.1: Summary of the observations of Cyg X-3 by the MAGIC telescopes,
after data quality cuts, between MJD 57874 and 59304. The ob-
servation time, zenith angle median and integral flux ULs above
100 GeV are shown for each day, as well as for the total sample.
The ULs are computed for a 95% C.L. and assuming a power-law
spectral index of —2.6.

MJD  Time Zenith angle UL (¢ > 100 GeV)

[h] [deg] [107! em™2 s71]
58306 1.1 23.2 1.7
58307 1.1 17.1 49
58341 3.0 15.6 29
58346 2.0 14.0 1.1
58347 1.3 13.3 091
58583 1.0 43.6 4.0
58639 2.1 36.4 1.7
58640 2.6 35.8 0.97
58641 1.5 26.3 1.3
58659 1.6 39.6 51
58660 1.5 33.8 3.1
58663 2.0 31.3 2.1
59020 1.8 15.5 3.1
59024 2.6 15.0 24
59056 1.8 13.9 3.0
59074 0.8 24.0 4.7
59075 0.5 19.7 3.7
59077 1.8 13.9 4.2
59100 0.7 12.8 0.25
59101 1.9 13.7 4.8
59102 2.0 13.8 2.0
59103 1.4 13.7 0.59
59106 2.0 14.5 3.1
59133 1.9 333 0.55

TOTAL 40.0 18.0 0.53
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Figure a.4: Light curve with the obtained MAGIC integral flux ULs above
100 GeV stated in Table a.1 (blue arrows). The blue horizontal
line at the bottom of the plot represents the UL for the whole
dataset. The Fermi-LAT fluxes above 100 MeV on those days are
also shown (green crosses, multiplied by 10~* for visualization
purposes), together with their average (dashed orange line).

MAGIC data are analyzed following the standard procedure de-
scribed in Aleksi¢ et al. 2016b. The analysis does not yield a significant
detection of Cyg X-3, neither for a daily time binning or for the whole
data set (the detection significances are always below 2¢), and only
flux ULs are obtained. These ULs are computed following a maximum-
likelihood ratio test, as in Rolke et al. 2005 (see also the appendix in
Chapter 5). The daily and total integral flux ULs above 100 GeV are
shown in Table a.1 and Fig. a.4. They are computed for a 95% C.L.
and assuming a power-law spectrum with spectral index of —2.6, i.e.
dN/de « 29,

The differential flux ULs of Cyg X-3 accounting for all the data
analyzed in this thesis are shown in Fig. a.5. For comparison, the
results from Aleksi¢ et al. 2010, obtained using mono data taken with
a single MAGIC telescope, are also represented. That work used a
total of 56.7 h of good-quality data obtained following radio and HE
gamma-ray flares, and used a spectral index of —2.6 and a C.L. of 95%,
as in this thesis. Even with a smaller observation time, the differential
ULs obtained in this work are tighter than those reported by Aleksi¢
et al. 2010, except for the energy bin around 600 GeV. This is consistent
with the significant improvement of the MAGIC sensitivity at all
energies during the ~ 10-year time gap between the two data sets.
This sensitivity improvement mainly (although not only) comes from
the use of stereo observations, which only became possible after 2010,
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Figure a.5: Differential flux ULs of Cyg X-3 from the MAGIC data listed
in Table a.1. Thick purple lines show the results from this work
(for the whole data sample), while thin green lines represent the
results from Aleksi¢ et al. 2010. The dashed blue line represents
1% of the differential spectrum of the Crab Nebula.

instead of mono ones (see Aleksi¢ et al. 2016b). In particular, given
that the current sensitivity is especially better at the lowest energies,
the energy threshold of the data could be lowered from 250 GeV to
100 GeV, and ULs could be given at lower energies than those reported
in Aleksi¢ et al. 2010. The looser flux UL obtained for the energy bin
around 600 GeV could be explained by the variable nature of ULs
owing to small statistical fluctuations in the number of signal and
background events (which is inherent to how they are computed; see
the appendix in Chapter 5).
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LIST OF ACRONYMS

BH black hole

BH-LMXB black hole low-mass X-ray binary

CcD contact discontinuity

c.L. confidence level

co compact object

HE high-energy

HMMQ high-mass microquasar

HS hard state

IACT imaging atmospheric Cherenkov telescope

1c inverse Compton

LC light curve

NS neutron star

SED spectral energy distribution

ss soft state

TS test statistic

UL upper limit
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