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Resumen de la tesis

Introduccion

En un cielo nocturno se pueden llegar a distinguir unas mil estrellas a simple vista,
aunque el nimero total de estrellas presentes en nuestra galaxia realmente asciende
a unos cien mil millones. Las caracteristicas de estas estrellas pueden ser muy
diferentes de unas a otras, en particular, presentando una masa que puede ir desde
~0.1 hasta ~150 veces la masa del Sol, lo que produce a su vez un gran rango de
tamafios, luminosidades o temperaturas.

Un gran porcentaje de las estrellas presentes en el Universo forman sistemas
binarios, donde hay dos estrellas que estan orbitando entre si. Las drbitas que des-
criben estas estrellas pueden presentar enormes diferencias de un sistema a otro.
Desde orbitas muy compactas, donde ambas estrellas estin muy proximas entre
si, hasta 6rbitas muy abiertas, donde las estrellas se encuentran muy alejadas. A
su vez, estas Orbitas pueden ser desde casi circulares, donde la distancia entre las
dos estrellas se mantiene practicamente constante a lo largo del tiempo, hasta ser
altamente elipticas, donde la distancia de mayor acercamiento entre estrellas, el
periastro, es notablemente mas pequefia que la distancia de mayor alejamiento,
el apastro. Todo esto causa que estos sistemas binarios, o simplemente binarias,
puedan mostrar un comportamiento muy dispar.

En esta tesis nos vamos a centrar exclusivamente en las binarias que producen
emisién a muy altas energias, es decir, que producen emision de rayos X o rayos
gamma (7). Para que esta emision se pueda producir se requiere un entorno sufi-
cientemente violento y energético, que permita la aceleracién de particulas (elec-
trones y protones) hasta velocidades relativistas, proximas a la velocidad de la luz.
Estas particulas son las responsables, a través de diversos mecanismos, de produ-
cir la radiacién (luz) de alta energia, como son los rayos X y rayos y. A su vez,
también producen emisién en el otro extremo del espectro, en las ondas de radio.

A pesar que las ondas de radio son la radiacién menos energética posible, en
estos sistemas estd conectada con la emisién de alta energia debido a que esta
originada por la misma poblacién de particulas aceleradas. Estudiar esta emision
radio nos permite estudiar los fendmenos de emisién y absorcidn que se producen
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Resumen de la tesis

en estos sistemas, o resolver la morfologia de la regién emisora si observamos con
interferémetros de muy larga base, es decir, utilizando conjuntamente antenas que
estdn muy distantes entre si, lo que nos permite alcanzar una gran resolucién. Por
todo lo anterior, esta tesis estd centrada en el estudio a radio frecuencias de estas
binarias de alta energfa.

Binarias con emisién en rayos y

Las binarias que emiten en rayos Y y que se han descubierto hasta la fecha se
pueden clasificar en varios tipos, pero todas ellas constan, al menos, de una estrella
muy masiva (mds de 10 veces la masa del Sol). El otro componente del sistema
binario puede ser otra estrella masiva o un objeto compacto. Este tltimo puede ser
tanto una estrella de neutrones como un agujero negro.

En el caso de tener dos estrellas muy masivas con una Orbita relativamen-
te compacta, los vientos que producen estas dos estrellas interaccionan entre si
fuertemente, chocando entre si. Este choque entre ambos vientos es un potente y
eficiente acelerador de particulas, pudiendo generar una emisién intensa en todo
el espectro electromagnético, desde las ondas de radio hasta los rayos y. A estos
sistemas se los suele denominar binarias con colision de vientos (o colliding wind
binaries). La region de choque entre los dos vientos es facilmente detectable en ra-
dio, donde se observa una emisién con forma de arco, curvada hacia la estrella con
un viento mds débil. De todas las binarias con colisién de vientos que se conocen,
unicamente una se ha detectado en rayos y: 1-Carinae. De hecho, ésta es la binaria
con colisién de vientos mds masiva que se conoce, compuesta por dos estrellas de
90-120 y unas 30 masas solares que orbitan entre si con un periodo orbital de unos
5.5 afios.

Sin embargo, las estrellas muy masivas tienen vidas muy cortas (del orden de
unos pocos millones de afios, a comparar con los 10 000 millones de afios que se
estima para la vida del Sol). Cuando una de estas estrellas llega al final de su vida,
estalla como supernova y se convierte en una estrella de neutrones o un agujero ne-
gro (en funcién de la masa que presente en el momento de producir la supernova).
En cualquiera de ambos casos, estamos hablando de un objeto extremadamente
compacto.

Durante el tiempo en que la otra estrella del sistema todavia no ha llegado al
final de su vida, tendremos un sistema binario formado por una estrella masiva y
un objeto compacto. Este tipo de sistemas puede originar también una emision de
alta energia, radiando en rayos X y/o rayos Y. En funcién de cémo sea el sistema
y qué tipo de interaccidn se produzca, se suele hablar de dos tipos diferentes de
binarias: binarias de rayos X y binarias de rayos .

Las binarias de rayos X estdn compuestas por una estrella masiva y un objeto
compacto, como acabamos de comentar, y exhiben una emision dominada por los
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rayos X (es decir, en esta regién es donde se radia mayor energia). En estos sis-
temas, la emision observada puede ser explicada por la presencia de un disco de
acrecion en torno al objeto compacto, que radia intensamente en rayos X. También
pueden producirse jets (chorros) colimados por el campo magnético, los cuales
aceleran particulas y emiten fuertemente en radio. Unicamente se han detectado
tres binarias de rayos X que emitan también en rayos y: Cygnus X-1, Cygnus X-3
y SS 433.

Por otro lado, las binarias de rayos -y exhiben una emisién dominada por los
rayos y (de ahi su nombre). Aunque estos sistemas también estdn compuestos por
una estrella masiva y un objeto compacto, presumiblemente una estrella de neu-
trones, el origen de la emisién de alta energia es completamente distinto. En estos
casos se piensa que existe un choque entre el fuerte viento de la estrella masi-
va y el viento relativista producido por la estrella de neutrones. La interaccién de
estos dos vientos serfa andloga a la mencionada en el caso de binarias con co-
lisién de vientos, aunque en este caso bastante mas energética. Hasta la fecha se
han descubierto cinco binarias de rayos y: PSR B1259-63, LS 5039, LS I +61 303,
HESS J0632+057 y IFGL J1018.6—5856. Unicamente en la primera, PSR B1259—
63, se ha confirmado que el objeto compacto es una estrella de neutrones. En el
resto de sistemas la naturaleza del objeto compacto permanece desconocida (pu-
diendo ser tanto una estrella de neutrones como un agujero negro).

Resultados de la tesis

Como se ha mencionado anteriormente, esta tesis se centra en el estudio de la emi-
sién radio de binarias de alta energia, con el objetivo de aumentar el conocimiento
que tenemos de estos objetos. Para ello, se han explorado tres binarias de rayos y
con observaciones radio, tanto a bajas frecuencias, con el fin de obtener su espec-
tro radio y la evolucién de sus curvas de luz a lo largo de la drbita, como a muy
alta resolucion (con interferémetros de muy larga base), con el objetivo de analizar
c6mo cambia la morfologia de la region emisora a lo largo de la érbita. También se
presenta el descubrimiento de una nueva binaria con colision de vientos a partir de
observaciones radio de muy alta resolucién y observaciones dpticas. Por tltimo, se
presentan los resultados obtenidos para dos fuentes que se postularon inicialmente
como posibles binarias de rayos y. A continuacién se realiza un breve resumen de
los resultados obtenidos para cada una de estas fuentes:

o LS 5039. Se ha determinado que la emision radio de esta binaria de rayos 'y
no esta modulada orbitalmente, siendo el tnico caso de todas las binarias de
rayos y conocidas en el que esto ocurre. También se ha obtenido el espectro
promedio de la fuente en el rango 0.15-15 GHz, observando que la emisién
es persistente a lo largo del tiempo (en escalas de tiempo desde dias hasta
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afios) y que presenta un cambio de pendiente a ~0.5 GHz. La presencia del
efecto Razin, detectado por primera vez en una binaria de rayos vy, da un
soporte adicional al escenario de un pulsar y una regién con choque de vien-
tos. También se han obtenido dos espectros con datos casi simultdneos en
el rango 0.15-5 GHz, similares al promedio pero que muestran ligeras dife-
rencias entre si, evidenciando cambios en los procesos de absorcién. Estos
espectros nos han permitido estimar varias propiedades de la regién emisora
utilizando un modelo sencillo, como su tamafio, campo magnético, densidad
electrénica o la tasa de pérdida de masa de la estrella.

LS I +61 303. Analizando datos de radio a bajas frecuencias se han podido
obtener las curvas de luz de esta binaria de rayos y a 150, 235 y 610 MHz,
observando que la emisién estd modulada casi sinusoidalmente a lo largo de
la érbita. El maximo de esta emision depende tanto de la frecuencia como de
la modulacién superorbital que ya se conocia a frecuencias mds altas. Una
interpretacion de los retrasos vistos en los maximos de emision a diferentes
frecuencias asumiendo una regién emisora en expansion nos ha permitido
realizar una estimacion de su velocidad de expansién, observando que ésta
es compatible con la velocidad del viento estelar, apoyando por tanto un
escenario de choque de vientos, como en el caso anterior.

HESS J0632+057. Se llevo a cabo una observacién radio de muy alta resolu-
cioén para determinar la morfologia de la regién emisora durante el maximo
secundario que se observa en rayos X. Sin embargo, la fuente no se detect6
en estos datos, evidenciando una reduccién de al menos un orden de mag-
nitud con respecto a anteriores observaciones. La falta de datos simultdneos
en rayos X no permite concluir si esta reduccién se debe a que la fuente pre-
sentaba una emisién mucho menor en ese periodo orbital o a que el aumento
de emision todavia no habia tenido lugar.

HD 93129A. La reduccién de observaciones radio con muy alta resolucion,
junto con observaciones Opticas detalladas, ha confirmado que esta fuente
es una binaria con colision de vientos. Se ha observado una emisién radio
curvada, tipica de una region donde los vientos de las dos estrellas chocan,
y coincidente con la posicién y direccién que se esperaria en el caso de
ser producida por las dos estrellas del sistema. También se ha observado un
aumento de su emisién radio durante los ultimos afios, compatible con las
evidencias de que las dos estrellas se estan aproximando al periastro, durante
el cual se prevé un aumento de la emisién como consecuencia de un choque
mas intenso entre ambos vientos.



o TYC 4051-1277-1. Cruzando catdlogos de estrellas masivas y fuentes radio,
se obtuvo una posible coincidencia para esta estrella con una fuente radio
que exhibe una emisién de origen no térmico. Sin embargo, observaciones
radio mds precias han determinado que la emision radio no estd realmente
asociada a la estrella.

o MWC 656. Este sistema es la primera binaria que se conoce que estd com-
puesta por una estrella de tipo espectral Be y un agujero negro. La bisqueda
de su contrapartida radio no ha dado resultados positivos, aunque se espera
una emision ligeramente por debajo de los actuales limites superiores.

Conclusiones

Los resultados presentados en esta tesis han permitido un mejor conocimiento de
las binarias de alta energia y su emision radio. Es la primera vez que se ha estu-
diado la emision radio a bajas frecuencias de binarias de rayos 7y, en donde varios
procesos de absorcién comienzan a ser relevantes. Los resultados obtenidos pa-
recen apoyar la idea de que la emision de estos objetos se produce por colisién
de vientos, en lugar del escenario de acrecidn/eyeccioén observado en las binarias
de rayos X. El descubrimiento de una binaria con colisién de vientos evidencia
también la importancia de observaciones de radio de muy larga base, donde resol-
ver la morfologia de la fuente radio es crucial para poder entender qué fenémenos
estdn ocurriendo en el sistema. Por todo lo anterior, y aunque pueda resultar extra-
flo, se puede concluir que las observaciones radio son una herramienta que puede
contribuir notablemente a la comprensién de las binarias de alta energia.
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Summary

High-mass binary systems involve extreme environments that produce non-thermal
emission from radio to gamma rays. Only three types of these systems are known
to emit persistent gamma-ray emission: colliding-wind binaries, high-mass X-ray
binaries and gamma-ray binaries. This thesis is focused on the radio emission
of high-mass binary systems through interferometric observations, and we have
explored several of these sources with low- and high-frequency radio observations,
and very high-resolution VLBI ones.

We have studied the gamma-ray binary LS 5039 at low and high frequencies,
and we have determined its spectra and light-curves in the frequency range of 0.15—
15 GHz by analyzing radio observations from the VLA, GMRT and WSRT. We
have observed that its spectrum is persistent along the time on day, month and year
timescales, exhibiting a turnover at ~0.5 GHz. The obtained quasi-simultaneous
spectra reveal subtle differences between them. Synchrotron self-absorption can
explain the observed spectra, but the Razin effect is necessary at some epochs.
This is the first time that this effect is reported in a gamma-ray binary. With all
these data and a simple model, we have estimated the physical properties of the
radio emitting region, providing an estimation of its size, the magnetic field, the
electron density, and the mass-loss rate of the companion star.

We have also explored the low-frequency emission of the gamma-ray binary
LS I +61 303 through GMRT and LOFAR observations. We have detected for
the first time a gamma-ray binary at a frequency as low as 150 MHz. We have
also determined the light-curves of the source at 150, 235 and 610 MHz. These
light-curves are modulated with the orbital and superorbital period, with a quasi-
sinusoidal modulation along the orbital phase. The shifts observed between the
orbital phases at which the maximum emission takes place at different frequencies
have been modeled with a simple model, suggesting an expanding emitting region,
with an expansion velocity close to the stellar wind one.

The gamma-ray binary HESS J0632+057 has been explored with a very high-
resolution EVN observation to unveil the evolution of its radio emission along the
orbit. However, the source was not detected, setting an upper-limit which is one
order of magnitude below the radio emission detected in previous observations.
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We have discovered a new colliding wind binary (HD 93129A) through a mul-
tiwavelength campaign with optical and LBA radio data. We have resolved the
radio emission from the wind collision region, observing the expected bow-shaped
structure. This source is one of the earliest, hottest, and most massive binary sys-
tems discovered up to now. We provide a rough estimation of the wind momentum
rates ratio based on the observed structure. We have also observed an increase of
the radio emission during the last years, as the system approaches to the periastron
passage, which is estimated to take place in ~2024.

Finally, we performed radio observations on two new sources that were hy-
pothesized to be gamma-ray binaries. On one hand, the star TYC 4051-1277-1
was initially proposed to be associated with a non-thermal radio source, but he
have concluded that the radio emission is originated by a quasar. On the other
hand, MWC 656 has been discovered to be the first Be/BH binary system. How-
ever, its radio emission remains undetected.

Based on these results, we have improved the knowledge of several high-
energy binary systems through their radio emission, conducting for the first time
detailed low-frequency studies on these types of sources.
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\) CHAPTER 1

Introduction
DN

High-energy binary systems are powerful astronomical sources displaying emis-
sion from radio to X-rays or y-rays. In this thesis we will study the radio emission
of some of these sources at low and high radio frequencies with different facilities
and with different angular resolutions. In this Chapter we make an introduction to
the thesis. In Sect. 1.1 we introduce high-energy astrophysics and the most com-
mon types of sources displaying high-energy emission. In Sect. 1.2 we focus on
the high-energy binary systems. Finally, in Sect. 1.3 we state the motivation of this
thesis, which is the study of the physical properties that can be determined from
the radio emission of these high-energy binary systems.

1.1. High-energy astrophysics

High-energy astrophysics is dedicated to the study of astronomical sources which
exhibit emission in X-rays or y-rays. Although some of these sources show ther-
mal X-ray emission, the majority of them exhibit non-thermal emission, involving
extreme environments. This non-thermal emission requires efficient mechanisms
to accelerate particles up to relativistic energies, being these particles the fuel for
the processes that originate the observed X-ray or y-ray emission. Since all these
high-energy photons are absorbed in the Earth atmosphere, the high-energy as-
trophysics has been closely linked to the development of rocket or satellite-based
science, or indirect ground-based observatories, being one of the youngest fields
in astrophysics. The use of sensitive instruments observing at X-rays and y-rays
has allowed us the exploration of new kinds of sources during the last decades.
The y-ray emission is usually separated in three domains: the 0.5-100 MeV,
the high-energy one (HE; ~0.1-100 GeV) and the very high-energy one (VHE;
> 100 GeV). The HE band is explored by satellites such as AGILE and Fermi,
both observing the range of 0.3-300 GeV, whereas to observe the VHE band in-
direct methods are required. Given the low number of VHE photons that arrive to
the Earth, the use of satellites is not feasible due to their reduced collecting areas.
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1. Introduction

Atmospheric Cherenkov telescopes, that use the Earth atmosphere as a calorime-
ter, are widely used for these purposes. The High Energy Stereoscopic System
(H.E.S.S.), the Major Atmospheric Gamma-Ray Imaging Cherenkov (MAGIC)
Telescopes or the Very Energetic Radiation Imaging Telescope Array System (VE-
RITAS) are the current observatories exploring the VHE sky with this method,
with the addition of the Cherenkov Telescope Array (CTA) in the coming years.
A large number of sources (~3 000; Acero et al. 2015) emitting at HE are known,
while the number of known VHE emitting sources remains relatively small (~150;
Lorenz & Wagner 2012). Figure 1.1 shows the HE and VHE y-ray sky. The VHE
sources can be clustered in few kinds of sources (see Rieger et al. 2013, for a re-
view). In the following we briefly introduce the most common ones. However,
binary systems are thoroughly described in § 1.2.

Supernova Remnants (SNRs). When a massive star (M > 10 M) reaches the
end of its life, produces an iron core that can no longer support the star itself.
Therefore, a gravitational collapse of the whole star cannot be avoided. During
this collapse, the material can reach velocities up to a fraction of the speed of light,
compressing the core and originating an explosion that liberates a huge amount of
energy in a small fraction of time. The material is, in this process, blown off from
the star into the space. A supernova appears then in the sky. After the explosion of
a star as supernova, the accelerated material quickly expands, producing a shock
wave that interacts with the interstellar medium (ISM), and a shell which is known
as supernova remnant. The shocks produced between the expanding material and
the ISM are one of the most efficient particle accelerators ever known. y-ray emis-
sion has been widely observed and studied in this kind of systems (Aharonian
2013). The accelerated particles can typically produce photons of up to ~100 TeV
(Rieger et al. 2013).

Isolated pulsars. A rapidly rotating and highly magnetized neutron star pro-
duces a collimated beam of radiation along the magnetic axis, which can emit at
different wavelengths. If the magnetic axis is not aligned with the spin axis, the
beam of radiation swaps different regions of the sky. If due to this rotation the beam
points towards the direction of the Earth, a pulsed emission is observed, hence the
name of pulsar. The intense magnetosphere of these systems is thought to ac-
celerate particles up to relativistic energies, producing y-ray emission at least via
synchrotron-curvature radiation (see de Ofia-Wilhelmi et al. 2013, for a review).

Pulsar Wind Nebulae (PWNe). A young neutron star with a rapid spin origi-
nates a relativistic wind, which strongly interacts with the original SNR. Even in
old pulsars, where their SNRs have already disappeared, the nebula originated by
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Figure 1.1. Top: high-energy y-ray all-sky map obtained with the Large Area Telescope
(LAT) detector on board the Fermi satellite above 1 GeV after five years of integration
time. Bottom: very-high energy y-ray all-sky map showing the 161 sources discovered up
to now emitting at TeV energies. Binary systems are represented by red squares. Image
Credit: NASA/DOE/Fermi/LAT Collaboration (http://fermi.gsfc.nasa.gov/ssc).
TeV source list obtained from the TevCat catalog (http://tevcat.uchicago.edu).
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the pulsar wind remains, interacting with the surrounding medium. This interac-
tion, either with the SNR or the medium, accelerates particles up to relativistic
velocities. These particles interact with the magnetic field and/or the low-energy
radiation, producing emission up to ~100 TeV. The Crab Nebula is the best-known
and brightest member of this kind of sources, considered as the “standard candle”
in HE/VHE astrophysics (see de Ofia-Wilhelmi et al. 2013, for a review).

Galactic Center. The center of the Milky Way hosts a supermassive black hole
(SMBH) of ~4 x 10° M, Sagittarius A* (Gillessen et al. 2009). It is known to
be a strong point-like radio emitter. A point-like y-ray emission, coincident with
its position, has been observed up to 30 TeV (Aharonian et al. 2009). An extended
y-ray emission of about few parsec (pc) in the direction of the Galactic plane is
also detected. However, it remains unconfirmed the direct association between this
emission and Sagittarius A* (Aharonian et al. 2006a).

Active Galactic Nuclei (AGNs). A fraction of the SMBHs located at the center
of galaxies are fueled by the surrounding material, leading to the formation of an
accretion disk and launching relativistic jets, which can originate emission from
radio to VHE. AGNs are classified in a wide number of subclasses, being Blazars
the most relevant in VHE astrophysics. These objects present a jet directly pointing
to the Earth, and thus we can observe their emission amplified by Doppler boost-
ing. Blazars and quasars are known to exhibit a fast VHE variability on timescales
down to minutes (Aleksic et al. 2014).

Gamma-Ray Bursts (GRBs). The brightest and fastest explosions detected in
the Universe are the GRBs. These events exhibit a strong flash, dominated by the
y-ray emission, which in a short interval of time (from milliseconds to minutes)
radiates the same energy than the Sun in its entire lifetime. These events are usu-
ally located at far extragalactic distances. Although the GRBs have been observed
at GeV energies, TeV emission is also expected for sources located at low red-
shifts. However, the instruments must be repositioned very quickly to detect the
flash during the first minutes, when most part of the emission is radiated. The
most common framework to explain these events establishes two different types of
GRBs. One is originated by the explosion of a supermassive star as a supernova or
hypernova, and the other one by the merger of two neutron stars (or a neutron star
and a black hole), which were previously forming a binary system. See Kumar &
Zhang (2015) for a review.

Unidentified sources. Some VHE sources have no clear counterpart, and thus
their natures remain unknown. Most of them are located in the Galactic plane,
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strongly suggesting their Galactic origin. However, the absence of a known coun-
terpart at other wavelengths does not allow us to clearly identify the origin of the
VHE emission.

1.2. Binary systems with y-ray emission

A small fraction of the discovered HE and/or VHE sources are binary systems,
usually displaying a broadband non-thermal spectral energy distribution (SED)
from radio to y-rays. Many of the properties of these systems are still poorly
understood and we see large differences in their behaviors from one system to
another. For that reason, we try to classify them as a function of their observed
behavior or their physical properties.

Binaries showing X-ray and/or y-ray emission are found in binary systems
composed of two massive stars (with masses 28 M) or a compact object and a
massive star (in both cases we refer to them as high-mass binary systems) or fi-
nally a compact object and a low-mass star (typically <1 Mg, hence low-mass
binary systems). None of the known low-mass binary systems exhibit persistent
VHE emission. However, there are tens of millisecond pulsars which are located
in binary systems with a low-mass companion that are known to show pulsed
y-ray emission (like fast rotating isolated pulsars), and continuum VHE emis-
sion is also expected to be detectable with more sensitive observatories such as
CTA (Bednarek 2014). These systems exhibit compact orbits (with orbital periods
smaller than 24 h), and most of them are classified as black widows or redbacks,
as a function of the mass of the companion star (see Roberts 2013, for a review).

In this thesis we only consider high-mass binary systems, which are the only
ones that are reported to be VHE emitters. First, we briefly mention the main
properties of the high-mass companion stars found in these systems. Secondly,
we describe the three main kinds of high-mass binary sources which are known
to display y-ray emission: colliding wind binaries, high-mass X-ray binaries, and
gamma-ray binaries.

1.2.1. The high-mass companion stars

Most parameters of a star, such as its luminosity, L, its radius, R, or the effective
temperature on its surface, T.q, are related to its mass, M. The wide range of
masses shown by stars (from ~0.1 M, to ~150 M) has lead to several methods
to classify them. One of the most useful methods is the Morgan-Keenan system
(MK; Morgan & Keenan 1973), which is based on the spectral properties of the
stars. This system introduces seven main classes, labeled with the letters O, B,
A, F G, K, and M, from the hottest to the coolest star, respectively. Each class is
divided in 10 subclasses, labeled with digits from O to 9, being 0 the hottest and 9
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the coolest star. In addition to its spectral type, the luminosity information is also
considered in the MK system, adding a Roman numeral from I to V to distinguish
between supergiant (I), giant (III), and main-sequence stars (V), or intermediate
classes in between. The labels sd or D are assigned in the case of subdwarf or
dwarf stars, respectively. In this way, a star such as the Sun is classified as a G2 V
star (main-sequence star with an effective temperature of ~5 800 K).

All binary systems discussed in this thesis present high-mass early-type stars,
with spectral types O or B. These stars have masses larger than >10 Mg, surface
effective temperatures 215000 K, and luminosities ~10*~10° L (where Ly, is
the solar luminosity). These high luminosities also involve large mass-loss rates,
typically M ~ 1075-10~8 M, yr~! (for comparison, the Sun exhibits a mass-loss
rate of Mg, ~ 10714 M yr™1).

O stars have masses in the range of ~10 and ~150 M, with surface temper-
atures between ~30000 and ~50000 K. Therefore, their emission peaks in the
ultraviolet. This kind of stars presents a really short lifetime: only 10 Myr in the
main-sequence branch, although after ~5 Myr the stars would loss enough mass
to become an early B star. The population of O stars in our Galaxy is quite small
(only 1 in 3 x 10° main-sequence stars are O-type stars), implying that typical stud-
ies about isolated O stars are made considering only ~50 stars. Many uncertainties
are thus still present in the knowledge of these systems. This type of stars exhibits
strong winds, with velocities ~2 x 103 km s~! (Krti¢ka & Kubdat 2001). The in-
teraction of these winds with the surrounding medium produces X-ray emission
even in isolated O stars, being this emission variable in an important fraction of
the known X-ray emitting O stars (Chlebowski et al. 1989). A fraction of O-type
stars, those with M > 20 M, can loss all their outer Hydrogen shell along their
lives, evolving into Wolf-Rayet stars (WR; Crowther 2007).

Be stars are a large subset of non-supergiant B-type stars that show, or have
shown at some time, emission lines in the Balmer series (Slettebak 1988). The Be-
star population represents up to ~30% of the total population of B stars (Grudzin-
ska et al. 2015). This type of stars exhibits a near-infrared excess, which is as-
sociated with a circumstellar decretion disk. This disk consists of a cool plasma
(T 2 10* K), with typical electron densities of ~4 x 10'! cm~ in quasi-Keplerian
rotation (Porter & Rivinius 2003), whereas the stellar wind exhibits velocities of
~103 km s~! (Krticka & Kubat 2001). Although the origin of this circumstellar
disk is not well understood yet, the high rotational velocity of Be stars is one of
the mechanisms that could contribute to its formation.

1.2.2. Colliding wind binaries

A significant fraction of massive stars are found in binary, or higher multiplicity,
systems (e.g. Sana et al. 2014). In such configurations, their powerful stellar winds
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are likely to collide, producing strong shocks. The current standard model for
particle acceleration in massive binaries considers the diffuse shock acceleration in
the hydrodynamic shocks produced by the colliding winds (Pittard & Dougherty
2006; Reimer et al. 2006). These colliding wind binaries (CWBs) are excellent
laboratories to study particle acceleration up to relativistic energies, exhibiting the
same physical processes as observed in SNRs, but at higher mass, photon and
magnetic energy densities.

About 40 systems of this category are known to be non-thermal radio emit-
ters (De Becker & Raucq 2013). This radio emission is thought to be synchrotron
emission from relativistic electrons accelerated in shocks (White 1985). For some
of these systems, the radio emission has been resolved into a bow shape, charac-
teristic of the presence of a wind-collision region (WCR). Since one of the stellar
winds would typically be weaker than the other one, these systems exhibit this
bow-shaped structure curved towards the star with the weakest wind. The WCR
can be spatially resolved with high resolution radio observations, which are the
most common mechanism to discover this kind of sources (De Becker & Raucq
2013).

Apart from the synchrotron emission detected in the radio domain, these ob-
jects are also expected to be non-thermal emitters in the high-energy domain. The
WCRs heat the shocked material up to temperatures of 107 K, naturally emitting
in X-rays, but also producing non-thermal X-ray emission through IC scattering.
However, X-ray emission from CWBs is difficult to be identified due to the fact
that isolated O or WR stars are also X-ray emitters.

1-Carinae, which is the most massive CWB system known, comprising a ~90—
120 M Luminous Blue Variable (LBV) star and a ~30 My, O star, is the only
case in which HE +y-ray emission has been detected (Tavani et al. 2009b; Abdo
et al. 2009a; Reitberger et al. 2015). This source is located at 2.3 kpc from Earth,
exhibiting an orbital period of ~5.5 yr (Damineli et al. 2008) and a high eccen-
tricity of 0.9 (Teodoro et al. 2012). The separation between stars at periastron is
only 1.7 AU. n-Carinae shows an X-ray and GeV light-curve modulated with the
orbital phase. At X-rays, we observe an outburst before the periastron passage, fol-
lowed by a fast drop of the emission that lasts several months. This is thought to
be originated by the occultation of the shock from the observer’s line of sight, due
to the higher opacity of the region dominated by the wind of the main star, and/or
by a disruption or collapse of the shock during the maximum approach of the two
stars. This collapse could also imply a shell ejection of material, which is also sup-
ported by optical spectral line observations (see e.g. Damineli et al. 2008). At HE,
1-Carinae exhibits a smoother light-curve than at X-rays, with a low-energy com-
ponent and a high-energy one. The low-energy light-curve (0.2—-10 GeV) exhibits
a quasi-sinusoidal modulation, with its maximum emission at periastron. How-
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ever, the high-energy one (10-300 GeV) shows a modulation similar to the X-ray
one: a maximum emission during the periastron passage, followed by a fast drop in
the emission. After several months, the emission increases again (Reitberger et al.
2015). At gigahertz (GHz) radio frequencies, a quasi-sinusoidal modulation is ob-
served, with minimum emission during the periastron passage (Duncan & White
2003).

Massive stars have very short lifetimes. When they reach the end of their lives,
they evolve into a neutron star (NS) or a black hole (BH). In the case of binary
systems, the supernova explosion will affect the system, sometimes disturbing the
orbit or completely disrupting the system. However, when the systems remain
bounded, the system will be comprised of a massive star and a compact object. The
powerful wind from the massive star, together with the strong gravitational field
originated by the compact object, produce an environment that is able to accelerate
particles up to relativistic energies and produce y-ray emission. Depending on the
kind of interaction produced within the system we typically talk about high-mass
X-ray binary systems (HMXBs) or gamma-ray binaries.

1.2.3. High mass X-ray binaries

HMXBs are binary systems composed of a compact object, either a neutron star
or a black hole, and a massive early-type star, with either an O or B spectral type.
These sources exhibit a non-thermal SED dominated by the X-ray emission, which
is explained by the presence of an accretion disk around the compact object. Only
three HMXBs have been reported to display y-ray emission up to now: Cygnus X-
1, Cygnus X-3, and SS 433. In any case, these systems display a non-thermal SED
dominated by the X-ray emission, and the y-ray emission appears occasionally.

Cygnus X-1 is located 1.9 kpc away from the Sun and composed of an 09.7 lab
star with a mass of ~19 M, and a BH of ~15 M, orbiting it every 5.6 d (Grinberg
et al. 2015). MAGIC reported evidences of TeV emission during a flare that was
also detected by INTEGRAL, Swift/BAT and RXTE/ASM (Albert et al. 2007). At
HE, AGILE also has reported significant transient emission above 100 MeV (Saba-
tini et al. 2010). Bodaghee et al. (2013) analyzed Fermi/LAT data and found three
low-significance excesses (at ~3—407) on daily timescales that are contemporane-
ous with some low-significance y-ray flares reported by AGILE.

Cygnus X-3 is located at ~10 kpc and comprised of a WR star with ~10 Mg
and a compact object of ~2.4 M, orbiting it every 4.8 h (Zdziarski et al. 2013).
The nature of the compact object remains unknown. Cygnus X-3 exhibits flaring
HE emission detected by AGILE and Fermi/LAT (Tavani et al. 2009a; Abdo et al.
2009b), although it remains undetected at VHE (Aleksic¢ et al. 2010).
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SS 433 is located at ~5 kpc (Fabrika 2004) and composed of an A3-7 star with a
mass of ~10 M, (Fabrika & Bychkova 1990) and a black hole of 10-20 M, orbit-
ing it every 13 d (Gies et al. 2002). Persistent 'y-ray emission, spatially compatible
at 3-o0 level with the position of SS 433, has been recently found with Fermi/LAT
data (Bordas et al. 2015; Bordas 2015).

1.2.4. Gamma-ray binaries

A new population of binary systems exhibiting y-ray emission has been discovered
in the last decades. This kind of systems also consists of a young massive star
and a compact object. However, in contrast to HMXBs, gamma-ray binaries are
extreme high-energy systems exhibiting a non-thermal SED clearly dominated by
the MeV-GeV photons. Only five gamma-ray binaries are known at present (see
Dubus 2013, for a detailed review):

PSR B1259—63. The first gamma-ray binary discovered at VHE, after the de-
tection reported by Aharonian et al. (2005b). Previously, the source was found
through a radio pulsar search (Johnston et al. 1992) and postulated to belong to a
new kind of sources, the gamma-ray binaries, by Tavani & Arons (1997) and Kirk
et al. (1999). PSR B1259—63 is the only gamma-ray binary which is confirmed
to host a pulsar as a compact object. With an orbital period of ~3.4 yr and a high
eccentricity of 0.87, most of its multiwavelength emission is originated around the
periastron passage, where the pulsar interacts with the circumstellar disk of the
09.5 Ve companion star. The X-ray emission clearly exhibits a two-peaked emis-
sion around periastron passage, coincident with the two epochs at which the com-
pact object is thought to cross the circumstellar disk (Chernyakova et al. 2014).
The second peak, slightly brighter, is coincident with the position of the pulsar
in front of the massive star (from the point of view of the observer). The VHE
and radio emission is similar to the X-ray one, with a peak before periastron pas-
sage, and a subsequent second one after periastron passage, which is significantly
stronger than the first one. The GeV emission only shows one outburst, which is
delayed with respect to the second peak detected at the other wavelengths (Abdo
et al. 2011). Radio pulsations from the pulsar are detected in most part of the orbit,
although they are absorbed during the periastron passage (Wang et al. 2004).

LS 5039. Initially identified as a high-mass X-ray binary from a cross-correlation
of unidentified ROSAT X-ray sources with OB star catalogs (Motch et al. 1997),
subsequent observations after the discovery of its y-ray emission (Paredes et al.
2000) leaded to the confirmation of a new gamma-ray binary (Aharonian et al.
2005a). LS 5039 is the most compact gamma-ray binary, with an 06.5 V star
and a compact object orbiting it every 3.9 d in a relatively low eccentric orbit of
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0.35 (Casares et al. 2005b). Whereas the TeV and X-ray emission is modulated
with the orbital period, exhibiting a quasi-sinusoidal light-curve (Takahashi et al.
2009), the GHz radio emission is not orbitally modulated and it only shows a small
variability (Ribé et al. 1999; Clark et al. 2001). The GeV emission also shows a
quasi-sinusoidal modulation, but anticorrelated with the TeV or X-ray ones (Abdo
et al. 2009b). This source and its radio behavior is discussed in Chapter 4.

LST+61303. This source was originally identified to be the counterpart of a HE
y-ray source detected by COS B (Hermsen et al. 1977). However, its VHE emis-
sion was not observed until several decades later by Albert et al. (2006). The sys-
tem consists of a BO Ve star and a compact object in an orbit with an orbital period
of 26.5 d and an eccentricity of 0.72, obtaining a system similar to PSR B1259—63
but much more compact (Casares et al. 2005a). The emission of LS I +61 303 is
orbitally modulated at all wavelengths, exhibiting an outburst per orbital cycle,
which takes place between orbital phases 0.5 and 0.9 at TeV, X-rays, or GHz radio
frequencies (see e.g. Paredes-Fortuny et al. 2015a). The GeV light-curve shows
a more sinusoidal shape, with the minimum located close to the apastron (orbital
phases ~0.7-0.8). The light-curves of LS I +61 303 exhibit a superorbital period
of ~4.6 yr, modulating not only the amplitude of the emission, but also the orbital
phases at which the maximum emission takes place. This source and its behavior
at low radio frequencies is discussed in Chapter 5.

HESS J0632+057. Serendipitously detected as a VHE emitter by the H.E.S.S.
Collaboration (Aharonian et al. 2007), the source was afterwards associated to the
BO pe star MWC 148 (Hinton et al. 2009). The orbit shows a period of 315 d,
with a high eccentricity of 0.83 (Bongiorno et al. 2011; Casares et al. 2012). The
behavior of HESS J0632+057 is thought to be similar to the LS I +61 303 one, but
with larger timescales due to the wider orbit. The source exhibits a main outburst at
TeV and X-rays at orbital phases ~0.3, followed by a dip at 0.45, and a secondary
broad and less clear outburst at orbital phases ~0.6-0.9 (Aliu et al. 2014). This
source and the results obtained from a new high-resolution radio observation are
discussed in Chapter 6.

1FGL J1018.6—5856. Detected in a search of periodic variable y-ray sources
from the Fermi/LAT catalog (Corbet et al. 2011), the source was confirmed to be
a y-ray binary by the Fermi LAT Collaboration et al. (2012). A reduced set of
physical parameters are known for this source. The compact object orbits an O6 V
star every 16.6 d, although the eccentricity and the semimajor axis remain un-
known. The emission of 1FGL J1018.6—5856 is orbitally modulated, exhibiting a
maximum emission at orbital phases ~0.0 at TeV and GeV energies. At X-rays a
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double-peaked light-curve is detected: a sharp peak is observed at orbital phases
~(0.0, superimposed to a quasi-sinusoidal emission with a maximum located at
~0.4. The radio emission is also orbitally modulated, with the maximum emis-
sion taking place at ~0.3, and a spectral index of zero between 5 and 9 GHz (see
H. E. S. S. Collaboration et al. 2015, and references therein).

Table 1.1 summarizes the main properties of the known gamma-ray binaries.
We observe that all these systems host a late O or BO-type star. However, their
orbital parameters exhibit a huge range of values, from orbital periods of 3.9 d to
3.4 yr, from apastron distances of 0.19 to 13 AU, and from relatively low eccentric
orbits (with e ~ 0.35) to high eccentric ones (~0.87). Figure 1.2 shows a repre-
sentation of the orbits that are known for the population of gamma-ray binaries (all
the mentioned systems with the exception of 1FGL J1018.6—5856).

The behavior of this kind of systems still represents a challenge for the high-
energy astrophysical community. Although the particle acceleration mechanisms
remain unclear, two different scenarios have been proposed. On the one hand, the
microquasar scenario sets the existence of an accretion disk, corona and relativistic
jets in the system, with the particle acceleration driven by accretion/ejection pro-
cesses (Mirabel 2006). This scenario predicts the existence of bipolar relativistic
jets, whose electrons would upscatter stellar UV photons (according to leptonic
models, Bosch-Ramon & Khangulyan 2009); or whose protons would interact
with wind ions (according to hadronic models, Romero et al. 2003). Any of both
models would explain the observed HE/VHE emission. On the other hand, the
young non-accreting pulsar scenario establishes the existence of a shock between
the relativistic wind of the pulsar and the non-relativistic wind of the companion
star, which would accelerate particles up to relativistic energies. The y-ray emis-
sion would be produced by IC scattering of stellar photons by the most energetic
electrons. The same population of electrons would produce the synchrotron emis-
sion observed at radio frequencies (Dubus 2006; Durant et al. 2011; Bosch-Ramon
2013). The most recent results seem to favor the young non-accreting pulsar sce-
nario for the four gamma-ray binaries deeply explored up to now (see Dubus 2013,
and references therein).

1.3. Motivation and overview of the thesis

The high-mass binary systems displaying high-energy emission are a really inter-
esting field to explore, as we have seen in the previous section. They involve ex-
treme environments where particles are accelerated up to relativistic energies and
subsequent interactions produce the observed emission through the whole electro-
magnetic spectrum, from radio to VHE vy-rays. In these kinds of systems, particle
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Table 1.1. Properties of the known gamma-ray binaries and their emission. For each binary system we list the spectral type of the
companion, the distance to the system, d, the orbital period P, the eccentricity, e, the periastron separation, (1 — ¢), and the apastron
separation, a(1 + ¢). We also quote the general behavior of each binary system: the flux density range at 5 GHz, the spectral index « around
this frequency, and the shape of the light-curve at radio and other wavelengths. P means that the light-curve is orbitally modulated, S that
the emission is persistent, and U that the source remains undetected. P* means that the light-curve is orbitally modulated but variations
from cycle to cycle are also observed.

Source Spectral d Pow e a(l—e) a(l+e) Sscu a Multiwavelength behavior
type (kpc) (d) (AU) (AU) (mly) radio X-ray GeV TeV
LS 5039(D 06.5V 2.9 39 035 0.09 0.19 15-30 ~ —0.5 S P P P
1FGL J1018.6-5856() 06V 19 166 - - - 1-7 ~ 0.0 P p p P
LS1+61 3030 BO Ve 2.0 265 0.72 0.1 0.7 20-200 —0.5to +0.5 P* p* px Pp*
HESS J0632+057®) BOVpe ~14 315 0.83 0.40 4.35 0.1-0.4 ~ —0.6 P P U P
PSR B1259-63() 09.5Ve 2.3 1237  0.87 0.93 134 1-100  —1.0to0.0 P* P P P

(1) Aharonian et al. (2005a), Casares et al. (2005b), Kishishita et al. (2009), Abdo et al. (2009b), Casares et al. (2012), Zabalza et al.
(2013); (2) Napoli et al. (2011), Fermi LAT Collaboration et al. (2012), An et al. (2013) Bordas et al. (2013); (3) Frail & Hjellming (1991),
Paredes et al. (1997), Strickman et al. (1998), Harrison et al. (2000), Gregory (2002), Casares et al. (2005a), Aragona et al. (2009), Acciari
et al. (2011), Hadasch et al. (2012), Ackermann et al. (2013); (4) Skilton et al. (2009), Aragona, McSwain & De Becker (2010), Bongiorno
etal. (2011), Casares et al. (2012), Bordas et al. (2012), Aliu et al. (2014); (5) Johnston et al. (1994), Wang, Johnston & Manchester (2004),
Negueruela et al. (2011), Dembska, Kijak & Lewandowski (2012), Chernyakova et al. (2014).
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LS 5039

Figure 1.2. Representation at scale of the
four orbits that are known for the population
of gamma-ray binaries. Dark circles repre-
sent the star and the lighter ellipses around
them represent a rough estimation of the cir-
cumstellar disks, both at scale. We do not
show the orbit of 1FGL J1018.6—5856 as
it remains unconstrained, but its semimajor
axis would be between the ones of LS 5039
and LS I +61 303. We note that the orienta-
tion and inclination for most of the orbits are
poorly constrained.

HESS J0632+057
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physics is clearly connected to astrophysics.

The reduced number of sources known up to now, together with the fact that
all of them have been discovered at VHE in the last decade, constitutes a breed-
ing ground for big breakthroughs in our understanding of the physical processes
and particle acceleration mechanisms involved in these systems. The discovery of
additional sources is necessary for statistical purposes. More sensitive and with
higher resolution multiwavelength observations are thus required to improve the
knowledge of these systems, discard predictions or establish the roadmap of future
models. The non-thermal processes observed at the two extremes of the electro-
magnetic spectrum, at radio frequencies and at X- or y-rays, are usually connected,
as they involve the same population of particles. Therefore, radio observations
emerge, interestingly, as a powerful tool to study in detail these high-energy sys-
tems. At low radio frequencies we can unveil the presence of some absorption
mechanisms in the spectrum. Radio observations with very high resolution allow
us to resolve on the emission, and thus distinguish the different regions that pro-
duce the observed multiwavelength emission. A more easy comparison between
different multiwavelength observations is also possible.

Based on this, this thesis is focused on the radio emission of high-mass binary
systems through interferometric observations. In general, the radio emission of
these sources shows a maximum located at GHz frequencies, which is the band
that has traditionally been used. Thanks to the addition of radio observatories
sensitive enough at much lower frequencies, in this thesis we show the first de-
tailed observations of gamma-ray binaries at frequencies between 150 MHz and
~1 GHz. To obtain a full overview of the emission, observations at GHz fre-
quencies have also been analyzed, embracing thus frequencies from 150 MHz to
15 GHz. For some systems, high resolution radio observations are critical to un-
derstand the emission, as happens in CWBs. For that reason, we also include this
kind of radio observations.

The aim of this thesis, therefore, is to derive physical properties of the high
energy binaries from their light-curves and spectra in a frequency range that has
been poorly studied, as well as to obtain the radio structure through high-resolution
radio observations. In the following we briefly give an overview of the topics
covered in this thesis.

In Chapter 2 we introduce the technique of radio interferometry, the observa-
tories that we have been used to obtain the data presented in this thesis, and we
provide an explanation about how these data are reduced and analyzed.

In Chapter 3 we show the most common emission and absorption processes
observed at radio frequencies for high-energy binary systems.

In the subsequent three chapters we present the results for three gamma-ray
binaries:

14



1.3. Motivation and overview of the thesis

In Chapter 4 we show the spectra and light-curves obtained for LS 5039 in the
range of 0.15-15 GHz, and a simple model that can explain these spectra.

In Chapter 5 we discuss the light-curves at low frequencies (0.15-0.61 GHz)
obtained for LS I +61 303. We also discuss a reasonable model to explain the shifts
in orbital phase observed between the maximum emission at different frequencies.

In Chapter 6 we show the results obtained from a high-resolution radio obser-
vation of HESS J0632+057.

In Chapter 7 we focus on a new colliding wind binary: HD 93129A. We present
the results that have confirmed its nature through optical and high-resolution radio
observations.

In Chapter 8 we present the results for two sources that were candidates to be
gamma-ray binaries at the beginning of this thesis: TYC 4051-1277-1 (§ 8.1) and
MWC 656 (§ 8.2). The first one was observed at radio frequencies and we discard
here its possible association with a Be star. The second one, MWC 656, is now
known to be the first high-mass binary hosting a Be star and a black hole. Here we
show the radio observations conducted to unveil its possible radio emission.

Finally, we present the concluding remarks of this thesis in Chapter 9.
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\) CHAPTER 2

K Radio interferometry
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This thesis is focused on the study of the radio emission of high-energy binary
systems. In this Chapter we introduce the topic of radio astrophysics. In Sect. 2.1
we summarize the development of the radio astronomy along the history, and the
main properties of radio interferometry. In Sect. 2.2 we detail the radio facilities
that have been used along this thesis. Finally, in Sect. 2.3 we introduce the common
tasks that are required to reduce and analyze the radio data.

2.1. An introduction to radio astronomy

2.1.1. Everything has a beginning

Until 1800, mankind ignored that the light was composed of more “colors” than
the ones that our eye can detect. That year, Friedrich W. Herschel (Germany,
1738-1822) made a discovery that would represent the tip of the iceberg. He
was measuring the light of the stars with a telescope and a prism to determine
how much radiation was being emitted at the different colors. At that point, he
realized that the thermometers' located beyond the red color reported even higher
temperatures, when they should not. He had just discovered that there was more
light arriving beyond the red color, the now called infrared light.

In a completely different way, The Dynamical Theory of Electromagnetism
Field, published by James C. Maxwell (Britain, 1831-1879) in 1865, demonstrated
the existence of coupled electric and magnetic (electromagnetic) waves moving at
the speed of light. He also predicted that light itself was an electromagnetic wave.
This meant the starting point in the race for the discovery of radio waves, being
originated by electrical instruments. Heinrich R. Hertz (Germany, 1857-1894)
was the first one to transmit and detect electromagnetic waves in 1887. Later on,

At that epoch, was usual to use thermometers to quantify how much light was arriving from
a star. The incident light produces an increase in the temperature of the thermometers that can be
measured.
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he also determined the velocity of these waves, confirming that it was the same
than the speed of light. The common nature of the light and the radio waves was
demonstrated.

The completion of the electromagnetic spectrum was done with two discov-
eries on the other side of the spectrum: at the high energies. First, the discovery
of the X-rays in 1895 by W. C. Rontgen (Germany, 1845-1923), making the first
radiography in the History. Secondly, Paul Villard (France, 1860—1934) discov-
ered the gamma rays in 1900 by studying the radioactive decay of Ra atoms. The
electromagnetic spectrum was established.

Going back to the radio waves, after their discovery people immediately tho-
ught about the possibility of using their transmission and reception as a new long-
distance wireless communication system. Sir Oliver J. Lodge (Britain, 1851-1940)
showed the transmission and reception of Morse code through radio waves in 1894.
The same year, Jagadish C. Bose (India, 1858-1937) also demonstrated publicly
the use of radio waves. He transmitted a signal (showing that this can pass through
walls and people) to a receiver located in another room, which activated a bell
ringing, discharged a pistol and exploded a mine. Although the emitter was not
really strong, Bose designed an instrument to focalize the signal, which could be
denominated as a precursor of the future antennas. In 1895, Alexander S. Popov
(Russia, 1859—-1906) made another public demonstration of transmission and re-
ception of radio waves to use them as a communication system. In 1898, Nikola
Tesla (Austrian Empire, 1856—-1943) demonstrated the first remote control at the
Madison Square Garden, in New York City, controlling a miniaturized boat by ra-
dio waves. After that, he focused on the transmission of electrical energy, being
granted with some patents for his successfulness in 1900. Roberto L. de Moura
(Brazil, 1861-1928) worked in wireless phonetic transmissions, conducting the
first public demonstration in 1900 in Sao Paulo. He could transmit an audio signal
up to 8 km away. Almost simultaneously, Guglielmo Marconi (Italy, 1874—1937)
made the first transatlantic radio transmission in 1901. He discovered the iono-
sphere layer and its effects in the radio waves, which affect specially at the low
radio frequencies, and he could model its reflective and refractive properties. This
study helped him to reach the goal of transmitting transatlantic signals, which re-
quires multiple reflections along the ionosphere. The battle for the invention of
the radio (as instrument) took place focused between Marconi and Tesla, mainly
because of their patents, but only the first one won the Nobel Prize in Physics in
19009 for his contributions.

During the following decades, the radio instruments exhibited a dramatic de-
velopment, faster than almost any other new technology that has appeared. This
development was intimately connected to the Army and the two World Wars. In
1904, Christian Hiillsmeyer (Germany, 1881-1957) demonstrated how, through ra-
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dio waves, a ship could be detected even under a dense fog. It was the origin of the
RAdio Detection And Ranging (RADAR or radar). This technology was strongly
developed during the previous years to the World War II. The ability to detect an
enemy (ship or plane) that was still kilometers away was promising enough to in-
vest on it a huge fraction of Army funds. After the war, a significant understanding
of these systems was reached, with a large number of highly developed antennas
and sensitive receivers. Many of these instruments where quickly adapted to study
the cosmic radiation, helping the astronomers in their research during the follow-
ing years. Hence, they were used for a completely different purpose that they were
conceived.

2.1.2. The old days

Although light outside the optical range was already discovered many decades
before, as we have already seen, till the first years of XX century almost nobody
thought that celestial sources could in fact emit at radio frequencies. Only some
attempts to detect the Sun at radio wavelengths were performed during the last
years of the XIX century and the first ones of the XX century, without success.
The starting of the radio astronomy became, surprisingly, in the decade of 1930
from the transatlantic service of the Bell Telephone Company. Some technical
problems they were obtaining with the functioning of their systems ended up in an
exhaustive search of possible interferences, conducted by Karl G. Jansky (USA,
1905-1950). He designed a rotating antenna that observed at 20.5 MHz. After
several months, he realized that one of the sources that produced the observed
interferences appeared with the same period than the orbital period of the Earth
(i.e. every 23 h and 56 min). Therefore, the signal came from the sky. Karl Jansky
concluded in 1932 (although published in 1935) that this source was placed at the
direction of the Sagittarius constellation, around the center of the Milky Way. He
had just detected for the first time the Galactic Center.

During the following years, the Sun was also detected at radio wavelengths,
coinciding with its maximum activity. In 1944 Grote Reber (USA, 1911-2002),
considered as the father of the radio astronomy, obtained the first radio map of
the sky at a frequency of 160 MHz with a 9-m antenna. He reported the radio
emission of the Galactic Plane, and several sources such as Cygnus A or Cas-
siopeia A. He also determined the non-thermal nature of the radio emission with
multifrequency observations. Instead of the expected emission proportional to the
square of the frequency (Raleigh-Jeans law, see § 3.2.1), he found negative spectral
indexes, which undoubtedly were originated by non-thermal processes.

One year later, in 1945, Hendrik C. van de Hulst (Netherlands, 1918-2000)
suggested for the first time a 21 cm (1.4 GHz) radio emission originated by the hy-
perfine transition of neutral interstellar Hydrogen (Hr). He predicted that, although
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this transition is highly improbable, the large amount of neutral Hydrogen in the
Universe could produce an emission that should be detected by the contemporane-
ous radio antennas. This prediction, and its later confirmation by Ewen & Purcell
(1951), ended in one of the revolutions in the radio astronomy. The discovery of
the Hi line allowed astronomers to map the whole structure of the Milky Way and
its rotation curve. The deepest study of our Galaxy ever conducted could be carried
on thanks to its radio emission, which is not absorbed by the dust, as it happens
for optical light.

Along the XX century the radio antennas improved, and parabolic dishes with
increasing diameters were designed. More sensitive and with higher resolution
instruments were built. Antenna dishes with diameters up to 100 m (as Effelsberg
in Germany or Green Bank in USA) became close to the physical limits of having
orientable structures with small deformations. The largest antenna ever built was
finished in 1963 in Arecibo, Puerto Rico. This dish presents a diameter of 305 m,
and rests over a natural depression in the terrain. It is thus not steerable and it can
only observe around the zenith.

2.1.3. Aperture synthesis technique, a clever solution

The biggest problem that radio astronomy has suffered since its beginning is the
resolution of its instruments. The angular resolution that any telescope can reach is
physically limited by the diameter of its collecting area, D. The fact that this area
is finite produces that a point-like source is seen, due to the diffraction of the light,
as an extended shape in the final image described by the Airy disk (Airy 1835).
The greatest angular resolution that any telescope can reach (without considering
additional effects which could decrease this value such as the atmosphere) is pro-
portional to the observed frequency, A, and inversely proportional to the diameter

of the collecting area, D:

A
0~122—, 2.1
D 2.1

where 6 is the angular radius at which the first minimum of the Airy disk takes
place. This relationship implies that for the same diameter, an optical telescope
(which observes at 4 ~ 10~7 m) produces an image with a resolution of around
five orders of magnitude better than a radio telescope (considering that it observes
at 1 ~ 1072 m)>. As an example, the largest existing radio antenna (Arecibo,
305 m) can reach a resolution of ~2 arcmin observing at 2 GHz. That is, the

2We note that at radio frequencies the effect of the atmosphere is much less relevant than at the
optical range. That produces that commonly the radio telescopes reach the diffraction limit. That is,
the resolution that we usually obtain with a radio telescope is close to the theoretical value given by
equation (2.1). In contrast, the optical telescopes obtain a much poorer resolution, compared with
the theoretical one, due to the distortion produced by the atmosphere.
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resolution of Arecibo is comparable to the human eye, and thus much worse than
almost any optical telescope, which usually have resolutions of arcseconds.

Even with the increased sensitivity of the radio telescopes, their poor resolution
remained as a big problem. In addition to the difficulty of resolving the radio
emission produced by sources located close in the sky, it was difficult to determine
the optical counterpart of the detected radio sources. Typically, inside of a radio
detection (with a resolution of arcminutes) there were tens or hundreds of optical
sources.

Sir Martin Ryle (Britain, 1918-1984) applied the concepts of interferometry to
the radio antennas to significantly increase their resolution (Ryle & Vonberg 1946).
Instead of observing with only one antenna, he proposed to observe simultaneously
the same position of the sky with two or more antennas. Properly combining their
signals, the output results in a single image with a resolution that is now limited by
the distance between antennas, b, and not only by their diameter, D. This distance b
is widely known as the baseline between the two antennas. Given that the antennas
can be separated large distances, one could easily reach b » D. Therefore, the
resolution of the instrument would dramatically increase. Whereas a dish of, for
example, 10 km, can not be built, it is possible to combine the signals from small
antennas spread up to 10 km away. Figure 2.1 represents a sketch of this idea. The
image obtained with the array of antennas is not, obviously, completely equivalent
to the one obtained with a huge individual antenna. The sensitivity of the final
result scales as the collecting area, and thus proportional to the number of antennas
and the squares of their diameters. We note that in these cases the response of the
array to a point-like source will not be anymore an Airy disk, and it can even show
a very complex pattern, which is known as the dirty beam. In radio images, an
approximation of the central part of this dirty beam as a two-dimensional gaussian
is usually given as an equivalence to the resolution of the image, which is known
as the synthesized beam. In these cases, the widths of the gaussian are provided by
the widths at which the dirty beam exhibits half of its power, or Half-Power Beam
Width (HPBW).

2.1.4. Very Long Baseline Interferometry

Once antennas spread over a long distance are connected, the only limitation is
the Earth size, and the precision of the distances between antennas and the arrival
times of the radio signal at each antenna. Within the Earth, we can only separate
antennas up to projected distances of ~10 000 km, which are close to the diameter
of our planet and the longest distance at which two antennas can observe the same
astronomical source. For distances larger than that an antenna into the space must
be positioned. However, the atmosphere plays a role here. Although we have pre-
viously mentioned that the atmosphere presents much smaller effects to the radio
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Figure 2.1. Sketch of the synthesis imaging technique. The combination of signals from
many small telescopes (bottom), with the help of the rotation of the Earth, produces a
result equivalent to the one obtained by a huge telescope (top). In this example, the syn-
thesis of the 7 small dishes produces, after 12 h of observation, an image with a resolution
equivalent to the one which would be obtained by the huge dish. We note that the sensi-
tivity would in any case increase proportional to the total collecting area and would not be
comparable.

waves compared to the optical range, these effects are not negligible, specially at
long baselines. Antennas located at different places (typically in different coun-
tries) will usually have different weather conditions. These different conditions
produce a different optical path for each antenna, which need to be compensated
to recover the constructive interferometry between antennas. Whereas at frequen-
cies 210 GHz) the troposphere is the most problematic atmospheric layer, at low
frequencies (<1 GHz) the ionosphere is the dominant one (because we are observ-
ing at a frequency close to the characteristic frequency of the plasma located in the
ionosphere).

Therefore, if we want to combine antennas located at large distances we need
to compensate the mentioned effects in each antenna. The Very Long Baseline
Interferometry (VLBI) is a technique to perform radio observations using anten-
nas which are separated very long distances, typically of the order or more than
1000 km. Historically, the atmosphere has been the main limitation to VLBI ob-
servations. As the behavior of the troposphere was better known than the one of
the ionosphere, this kind of observations was firstly developed at high frequencies.
Only in the last decades observations at low frequencies with VLBI techniques
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have been developed.

As a summary, radio astronomy has become as an important tool in modern
astrophysics. The fact that it has reached incredibly high resolutions (currently
milliarcseconds, mas, and even microarcseconds, pas), which are not accessible at
any other wavelength; that the radio emission is not absorbed by the dust in the
Galaxy; and that we observe completely different processes (mainly non-thermal
ones) than at other wavelengths such as the optical range, has established radio
astronomy as a discipline that is used in edge research astrophysics.

2.1.5. Correlation, the uv-plane and the uvw-space

Considering the most general case of a radio emitting source located at a position
R, we can disentangle the electric and magnetic field of the incoming radiation in
E(R,t) and B(R, 1), respectively. The receivers from our instruments, located at
r, will be only sensitive to the incoming electric field, and assuming a propagation
through empty space we can deduce the magnetic field arriving to the receiver:

eZm’v|R7r|/c

E,(r) = J&(R)Wd& (2.2)
where &,(R) is the distribution of the electric field on the surface dS. The signal
arriving at each pair of antennas, located at positions r; and r;, is combined in a

process called correlation, which produces

Vy(l‘1, 1’2) = <EV(1‘1)E:|: (l’1>>, (2.3)

where the asterisk represents the complex conjugate. It can be shown that this
leads into (Clark 1999)

V,(ri,rm) ~ le(s)ezm vshe™lyq, (2.4)

where I,(s) is the observed intensity at a frequency v in the solid angle dQ, located
at a direction of the unit vector s, and b = r; — r; is the baseline defined by
the two antennas. We note that /,(s) is not directly the intensity emitted by the
astrophysical source. This magnitude is affected by the response of our receivers
at the direction s (known as the attenuation beam pattern), the general response of
each antenna pair, and a large number of effects related with the calibration of each
antenna.

During an observation, we usually consider a position of the sky as reference
(e.g. pointing the antennas to the position of a target source), which is known
as phase tracking center, sp. In this case, there is a privileged reference system,
defined by sy and a plane normal to this direction. Furthermore, we can measure
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the distances in terms of the wavelength 1 = ¢/v at which the observations have
been performed (or the central frequency in the case of observing with a bandwidth
AQ). In this case, we translate the coordinates b = r; — r, = A(u, v, w), defining
the uvw-space. With these changes we can redefine the unit vector s as (I, m,n =
V1 — 12 —m?), being (I,m,n) the direction cosines, and rewrite equation (2.4) in
to

V, (1, 0,w) = f f 1, (1, m)e= 2 (utmotnw) g gy, (2.5)

The w component only becomes relevant in VLBI observations, where the antennas
follow the curvature of the Earth, or in the case of observing wide field of views
(usual in low frequency observations). In other cases, we can consider that all
antennas are coplanar, and thus w = 0. The plane defined by this condition, which
is the one previously mentioned and normal to sy, is known as the uv-plane. In
these cases, the equation (2.5) can be reduced to

V,(u,0) = |V, e = f f L(L,m)e” 2™ (tm) g qm, (2.6)

This quantity, V,, is known as the complex visibility, defined by an amplitude |V, |
and a phase ¢. Given that [, € R, then V, (—u, —v) = V*(u,v). The visibilities are
the raw data recorded by any radio interferometer, and they are calibrated by the
astronomers to recover an image of the sky. We note that equation (2.6) is a Fourier
transform between V,, and /,, and thus the image of the sky can be recovered by an
inverse Fourier transform of the recorded visibilities V,,. However, these recorded
visibilities are actually (following the notation of Fomalont & Perley 1999):

Vij(u,0) = GijVij + &; + mij 2.7)

where G;; is the baseline-based complex gain, ¢; is the baseline-based complex
offset, and 7;; is the stochastic complex noise. That is, the obtained visibilities are
affected by different phenomena or problems that must be corrected for to recover
the real signal from the sky. We will see in § 2.3 how to do this in our data.

We note that in any interferometric observation, we use a finite number of
antennas (and thus of baselines). Therefore, we do not obtain a full coverage of
the uv-plane, implying that we do not recover all the spatial frequencies from the
field of view. The better uv-coverage we get, the more accurate image we obtain.
This can be easily understood looking at Figure 2.2. Most of the short-baseline
interferometers are composed by a large number of antennas, in order to provide
a good uv-coverage. However, the long-baseline interferometers present antennas
that are spread long distances, and thus we obtain a poorer uv-coverage. In these
cases, the resulting data must be carefully analyzed. A problem, or bad calibration,
in one or some antennas can produce fake morphologies in the final image, which
are only the result of the calibration process.
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Figure 2.2. Representation of how an image is reconstructed as a function of the wuv-
coverage. On top we show different coverages, from the equivalent to a single dish ob-
servation (left), to a total uv-coverage that recovers the full image (right). On bottom we
show the image that we would recover for each uv-coverage. The original image is a re-
production of a bison of the cave of Altamira, Cantabria (Spain), under Public Domain
(CC-01.0)

2.2. Radio facilities

Lots of antennas have been built around the world, covering either single-dish or
interferometric observations, a huge range of frequencies (10 MHz-900 GHz) and
different spatial resolutions (with baselines of few meters to thousands of kilome-
ters). They allow the astronomers to choose the better instrument to perform their
research. Along this section we describe the facilities used for the work presented
in this thesis. These facilities cover high frequency interferometer arrays (VLA
and WSRT), low frequency arrays (GMRT and LOFAR), and also very long base-
line interferometers (EVN and LBA). Therefore, we have covered almost all the
baseline range available for interferometric observations at low and high frequen-
cies.

2.2.1. Very Large Array

The Karl G. Jansky Very Large Array (VLA; Perley et al. 2011)3, see Figure 2.3, is
a connected radio interferometer located in the plain of San Agustin, at an elevation
of 2 100 m and near to the city of Socorro, New Mexico (USA). Built and operated
by the National Radio Astronomy Observatory (NRAO)?, the VLA became one
of the main references in radio astronomy because of its sensitivity and resolution

Shttps://science.nrao.edu/facilities/vla
“htts://nrao.edu
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Figure 2.3. The Karl G. Jansky Very Large Array (VLA) is composed of 27 antennas with
a diameter of 25 m each. The largest separation between them is 36.4 km.

since its inauguration in 1980. The array consists of 27 antennas with a diameter
of 25 m each spread in a Y-shaped configuration. The antennas are arranged over
railway lines which allow them to be moved and change their positions within the
full array. There are four standard configurations labeled from A to D. A configu-
ration is the widest one, displaying a largest baseline of 36.4 km. D configuration,
the most compact one, shows a largest baseline of only 1 km. However, as each an-
tenna can be moved independently from the others, there are also intermediate, or
hybrid, configurations. These hybrid configurations take place during the change
from one configuration to another one, and they are labelled with the combined
name of the previous and next configurations (AnB, BnC, CnD, or DnA).

After an important upgrade during 2011-2013, the VLA can observe the full
band between 1 and 50 GHz (30 cm—6 mm) with up to 8-GHz bandwidth per po-
larization. The point-like source sensitivity is between 2 and 6 pJy after one hour
of observation. The VLA can reach a resolution of about a hundredth of arcsec for
its widest configuration (A) and highest frequency. From 1998 to 2008 the VLA
also had detectors for low-frequency observations: at 74 MHz and 330 MHz (4 m
and 90 cm). These detectors were removed, but in 2014 the VLA has started again
observations at P-band (230-470 MHz) with new and more sensitive detectors.
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Figure 2.4. The Westerbork Synthesis Radio Telescope (WSRT) is composed of 14 an-
tennas with a diameter of 25 m each. The largest separation between them is 2.7 km.

2.2.2. Westerbork Synthesis Radio Telescope

The Westerbork Synthesis Radio Telescope (WSRT; Baars & Hooghoudt 1974)°,
see Figure 2.4, is a linear array built near of Westerbork (The Netherlands) oper-
ated by the Netherlands Institute for Radio Astronomy (ASTRON), with support
from the Netherlands Foundation for Scientific Research (NWO)®. WSRT consists
of 14 antennas of 25 m diameter each one spread in a linear configuration, east-
to-west oriented, with a maximum baseline of 2.7 km. 10 antennas have a fixed
location and are equally-spaced. The remaining 4 antennas can be moved to set
different array configurations.

WSRT operates at frequencies from 330 MHz to 8.3 GHz, with dual polar-
ization (recording linear polarization at all frequencies except at 2.3 GHz, where
it records circular polarization). Given the linear shape of the array, only long
observations (of about 12 h) can properly cover the uv-plane. The root-mean-
square (rms) of a 12-hr observation lies in the range of 0.25-0.085 mJy beam™',
at frequencies 0.33-8.3 GHz, respectively. Given the redundancy of baselines, the
recorded phases are stable enough to only require calibrator runs at beginning and

Shttp://www.astron.nl/radio-observatory/astronomers/wsrt-astronomers
Shttp://www.nwo.nl
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Figure 2.5. The Giant Metrewave Radio Telescope (GMRT) is composed of 30 antennas
with a diameter of 45 m each. The largest separation between them is 25 km.

end of the observation. Interleaved runs every few minutes, as typically happens
in other arrays, are not necessary in WSRT observations.

Nowadays, WSRT is living its second youth, being the base for testing new
detector prototypes for the Square Kilometre Array (SKA; Schilizzi 2012)". A
new system which uses focal-plane arrays, called Apertif (Verheijen et al. 2008),
is being implemented in all dishes. Apertif will increase the field of view of WSRT
and will allow to survey large areas of the sky much faster than with the previous
system.

2.2.3. Giant Metrewave Radio Telescope

The Giant Metrewave Radio Telescope (GMRT; Ananthakrishnan 1995)8, see Fig-
ure 2.5, is a connected radio interferometer placed in a region about 80 km to
the North of Pune, India, operated by the National Centre for Radio Astrophysics
(NCRA)?, which is part of the Tata Institute of Fundamental Research (TIFR)'C.
GMRT consists of 30 dishes of 45-m diameter each. Fourteen of these dishes are

"https://www.skatelescope.org
8http://gmrt.ncra.tifr.res.in
‘http://ncra.tifr.res.in/ncra
Ohttp://www.tifr.res.in
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Figure 2.6. The Low Frequency Array (LOFAR) is a digital radio interferometer with
stations in The Netherlands, United Kingdom, France, Germany, Sweden, Poland and
Ireland. The photo shows the LOFAR station in Effelsberg, Germany. The Low Band
Antennas are located in the front and the High Band Antennas in the back.

located in a compact region of ~1 km?. The other sixteen ones are spread over
distances of up to 25 km along three arms describing roughly a Y-shaped configu-
ration.

GMRT observes at six frequency bands centered at 50, 153, 233, 325, 610 and
1420 MHz, with a bandwidth of 16 or 32 MHz and dual polarization. Observations
at two simultaneous frequency bands (235 and 610 MHz) are also available, using
only one polarization at each frequency. GMRT can reach a resolution between 60
and 2 arcsec, considering the lowest and the highest frequency bands, respectively.

2.2.4. LOw Frequency ARray

The Low Frequency Array (LOFAR; van Haarlem et al. 2013)'!, see Figure 2.6, is
a new generation digital radio interferometer that started its regular observations in
2012. LOFAR was designed and constructed by ASTRON, and is developed and
operated by the International LOFAR Telescope (ILT) foundation under a joint sci-
entific policy, which is a consortium of several institutions, universities and indus-

http://www.lofar.org
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trial parties from different European countries: The Netherlands, United Kingdom,
France, Germany, Sweden, Poland and Ireland.

There are two distinct antenna types: the Low Band Antenna (LBA), which op-
erates between 10 and 90 MHz and the High Band Antenna (HBA), which operates
between 110 and 250 MHz. Both are low-cost omni-directional dipole antennas
with no moving parts and each individual antenna observes all the sky at the same
time. LOFAR consists of several stations spread over all the countries mentioned
above. These stations are distributed in 24 core and 14 remote ones, all of them
in The Netherlands, and 8 international stations (additional ones could be added
in the future), displaying baselines from 100 m to 1 500 km. Each core or remote
station is composed of 48 HBAs and 96 LBAs, whereas the international stations
consist of 96 HBAs and 96 LBAs. LOFAR can theoretically reach a resolution of
0.65 arcsec and a sensitivity of 10 mJy beam™! in one hour of observation with the
LBA and a resolution of 0.2 arcsec and a sensitivity of 0.3 mJy beam~! with the
HBA, using the whole array.

LOFAR presents some science drivers to pursue fundamental science goals
during its operation. These drivers, known as Key Science Projects, are the fol-
lowing ones: Epoch of Reionisation, deep extragalactic surveys, transient sources
(Fender et al. 2007), ultra high energy cosmic rays, solar science and space weather,
and cosmic magnetism. The Transients Key Science Project (TKP) conducts one
ambitious project to investigate different sources for possible transients: the LO-
FAR Radio Sky Monitor (RSM; Fender et al. 2007). This project will become
as one of the deepest, largest-volume, and multi-epoch surveys dedicated to find-
ing low-frequency transient objects ever performed. The RSM regularly maps a
large field of the sky to search for radio transient sources using the LBA and HBA
antennas.

LOFAR is the strongest attempt of having a long baseline, high sensitivity
array for the low frequencies, and is the most developed pathfinder of SKA.

2.2.5. European VLBI Network

The European VLBI Network (EVN; Zensus & Ros 2014)!? is an European facility
and the most sensitive VLBI array in the world. The network is composed of 21
telescopes, 17 of them located in Europe, three in Asia and one in South Africa.
Figure 2.7 shows the location of the antennas used in this thesis. The network is
operated by several national agencies and institutes in Europe, China and South
Africa. The Joint Institute for VLBI in Europe (JIVE)'® was created to provide
scientific and technical support for EVN observations. In most EVN observations
the data are recorded on each telescope, and then transported and correlated at

Phttp://www.evlbi.org
Bhttp://www.jive.nl
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Figure 2.7. Location of the antennas from the European VLBI Network (EVN) used in
this work. Most of them are located in Europe, but some are located in Asia or Africa.
The shown antennas are, ordered from West to East: Robledo (Ro), Jodrell Bank (Jb),
Westerbork (Wb), Effelsberg (Ef), Medicina (Mc), Onsala (On), Torun (Tr), Hart (Hh),
Svetloe (Sv), Urumgqi (Ur), Badary (Bd) and Shanghai (Sh). The dotted lines denote the
Earth longitude and latitude in intervals of 30°.

JIVE. A mode in which the data are transferred from the telescopes to the correlator
in real time (e-VLBI technique) is also available for EVN, known as e-EVN.

Effelsberg (Germany) is the largest dish, with 100-m diameter, all the antennas
from WSRT are used as a single tied array, and most of the other antennas have
diameters between 20—40 m. The EVN can observe in the range of 1.6-22 GHz
with a bandwidth of 64 MHz with all the mentioned antennas. Observations at
330 MHz, 610 MHz, 1.4 GHz, 15 GHz and 43 GHz can be performed with only
part of the array.

2.2.6. Australian Long Baseline Array

The Australian Long Baseline Array (LBA; Tzioumis 1997)'* is the only VLBI
network fully located in the southern hemisphere. The array combines antennas
from different institutions which operate together as a National Facility managed

Yhttp://www.atnf.csiro.au/vlbi
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Figure 2.8. Location of the antennas from the Long Baseline Array (LBA) network
that have been used in this work. The antennas shown are, ordered again from West to
East:Ceduna (Cd), Hobart (Ho), Parkes(Pa), Mopra (Mp), and ATCA (At).

by the Commonwealth Scientific and Industrial Research Organisation (CSIRO)"3.
The core is located in the South-East of Australia and the full array is composed
of the following antennas: Parkes (64 m), the Australia Telescope Compact Array
(ATCA; composed of 6 antennas of 22 m each), Mopra (22 m), all of them from
the Australia Telescope National Facility (ATNF), and Hobart (26 m) and Ceduna
(30 m), from the University of Tasmania. Additionally, more antennas can be re-
quested into the array for special observations: the Tidbinbilla antenna (70 m, from
the Deep Space Network, NASA), the Hartebeesthoek antenna (26 m, from the Na-
tional Research Foundation in South Africa), the Warkworth dish (12 m, from the
Auckland University of Technology, New Zealand) and a single ASKAP antenna
(from the Australian Square Kilometre Array Pathfinder). Figure 2.8 shows the lo-
cation of the antennas used in this thesis. The LBA, as in the case of EVN, presents
two modes for data taking: record the data on each antenna and then transport them
to the correlator, or correlate the data in real time. The LBA can observe at 2.3 and
8.4 GHz with all the antennas, and in the range of 1.4-22 GHz with most of them.
The raw data is transported to a correlator facility and correlated in real time. Since
2008, the main VLBI correlation for the LBA is done at the Curtin University of

Bhttp://atnf.csiro.au
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Technology using the DiFX software correlator, under a service agreement with
ATNF.

2.3. Data reduction and analysis

2.3.1. A brief overview on radio data reduction

The reduction of radio interferometric data includes the use of several common
tasks, independently of the type of interferometer used, or the setup of the observa-
tion, and are briefly summarized in the following'®. Almost all the data presented
in this thesis have been calibrated and analyzed using standard procedures mainly
within AIPS!7. Other tools such as Obit!® (Cotton 2008), ParselTongue'” (Kettenis
et al. 2006) and SPAM?° (Intema et al. 2009) have also been used mainly to run
scripts that call AIPS tasks to reduce the data. In the case of WSRT or recent VLA
data (after its upgrade in 2011-2013), we have used CASA?! to perform the data
reduction and analysis.

Editing and flagging the data

The raw visibilities obtained from the correlator usually exhibit data that are cor-
rupted or useless. Actually, keeping these data would end up in a high noise in
the final image, which would be thus of poor quality, or even in completely wrong
results (hence the popular sentence: “no data are better than bad data™). These
bad data, which must be flagged, can be a result of different problems encountered
during the data taking. In particular, we could have data recorded while one or
more antennas were not pointing to the expected source yet (known as telescope
off-source data); instrumental problems, such as having one or some antennas that
were not properly recording the data; or radio frequency interference (RFI): ra-
dio signals that are not coming from astrophysical sources but from different radio
emitters, such as radio or tv channels, mobile phones, planes passing through the
sky, or additional ground-based phenomena. Any of these phenomena can pro-
duce a signal that is orders of magnitude brighter than the signals coming from

16 All the data used along this thesis have been taken in continuum mode, and thus all the proce-
dures mentioned here are referred to this type of observational mode.

7The Astronomical Image Processing System, AIPS, is a software produced and maintained by
the National Radio Astronomy Observatory (NRAO), a facility of the National Science Foundation
operated under cooperative agreement by Associated Universities, Inc. http://aips.nrao.edu

Bhttp://www.cv.nrao.edu/~bcotton/Obit.html

Yhttp://www.jive.nl/jivewiki/doku.php?id=parseltongue:parseltongue

Mhttps://safe.nrao.edu/wiki/bin/view/Main/HuibIntemaSpam

2I'The Common Astronomy Software Applications, CASA, is also a software produced and main-
tained by the NRAO. http://casa.nrao.edu
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astrophysical sources. RFI is strongly dependent on the frequency: whereas at
frequencies above ~1 GHz we do not observe a relevant amount of RFI, at fre-
quencies as low as 150 MHz we can loose an important fraction of the recorded
data due to this effect, even up to ~30% in some of the observations reduced in
this thesis. Frequencies between 80 and 110 MHz are, for example, extremely
contaminated of RFI because of the emission of radio channels.

In new-generation radio interferometer arrays, such as LOFAR, or in pipelines
developed for arrays such as the VLA, automatic tasks are performed to remove
the RFI. However, a manual examination and flagging is still required in all obser-
vations to completely remove the bad signals.

Calibrating the data

After removing the bad data, we need to calibrate the remaining ones. The raw
amplitudes and phases of the visibilities exhibit in general slightly wrong values for
each baseline, and we must recover the right ones by applying gain factors. In this
process, an amplitude calibrator is usually observed during a short run to properly
scale the flux densities of the sources. The sources used as amplitude calibrators
must be strong radio sources exhibiting a constant emission, well known at any
epoch and frequency. This allow us to correctly scale the obtained raw amplitudes
for all the observed sources. Typically, a phase calibrator is also observed. The
sources observed as phase calibrators must be compact (ideally, point-like sources)
and bright enough to be clearly detected. These sources must also be located
close to the target source (a few degrees or less), being observed in short runs
interleaved with the target source ones. During the calibration process, the phases
are corrected for the phase calibrator, setting them to zero, and then the solutions
are transferred to the target source. Therefore, all phase solutions and astrometric
positions are referred to the phase calibrator position. We note that the phase
calibrator position is not the real position in the sky of the source used as phase
calibrator, but the value set during the correlation as such position. This implies
that in case of using a position slightly displaced from the real position of the phase
calibrator (e.g. because at observing time the position of the phase calibrator was
not well known), we will need to compensate this displacement after the calibration
to obtain accurate astrometric measurements. With the use of both, amplitude and
phase calibrators, we can correct for amplitudes and phases in the target source
data. For a more detailed description of the calibration process, see Fomalont &
Perley (1999).

In the case of VLBI observations, we usually reach resolutions of milliarcsec-
onds. The only sources that are compact and bright enough are highly variable,
therefore they cannot be used as amplitude calibrators. In these observations, the
amplitudes are usually calibrated by fitting the system temperatures, Ty, of the
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receivers. In this fit we look for the solution that produces consistent visibility am-
plitudes between all antennas. Two additional steps are also performed in VLBI
data: ionospheric corrections and fringe fitting. Given that the antennas are sepa-
rated long distances, we find completely different atmospheric conditions from one
antenna to another, resulting as we mentioned in the previous sections, in different
optical paths for the incoming signal. In the case of the ionosphere, nowadays
we know the state of this layer at any location in the Earth thanks to GPS based
measurements and we can compensate its effects in the data. The long separations
between antennas also imply that any small error in their positions produces signif-
icant errors in the phases of the visibilities. To properly find phase and amplitude
solutions we conduct a least-square fit, using the data from all baselines, which is
known as fringe fitting (Cotton 1995).

Cleaning and imaging

Once we have flagged and calibrated the visibilities, in amplitude and phase, we
are ready to obtain an image of the field of view. From equation (2.6) we can see
that the brightness distribution of the field of view can be obtained by applying
an inverse Fourier transform. However, the process is not straightforward given
that the uv-plane is not fully covered. The most common algorithm to perform this
process is CLEAN (Hogbom 1974). It assumes that the sky is mainly dark, and
it is composed of a certain number of point-like sources. Then it subtracts a few
per cent (typically 1-10%) of the brightest source in the field of view, assuming
that it is a point-like source. Therefore, it subtracts the dirty beam centered on
that position and normalized to the mentioned flux density. In next iterations,
it subtracts recursively a few per cent of the brightest source. When no more
sources are detected above the noise level, the algorithm stops. From the initial
image, known as dirty image, we end up with an image, which basically shows the
residual noise in the field of view, and a list of clean components, which consist
of the positions of the point-like components that have been removed and the flux
density removed in each one. To obtain the final image, and recover the flux density
distribution of the sky, we add again all these components to the residual noise
image. But this time we add the point-like sources, convolving them with the
synthesized beam. It can be proven that the CLEAN algorithm obtains an accurate
distribution of the sky, even with the presence of extended sources (which are
interpreted as a combination of point-like sources).

Most of the interferometer arrays provide a non-uniform uv-coverage, with a
larger number of antennas at short baselines and fewer at long baselines. During
the cleaning process we can play with the weight assigned to different baselines.
Two typical choices are used: natural or uniform weighting. The first one assigns
constant weight to all visibilities, providing the optimal point-like source sensi-
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tivity in the image. The second one assigns weights inversely proportional to the
density of visibilities in the uv-plane (i.e. to the local coverage of the uv-plane),
producing a higher noise level but increasing the resolution of the final image. In-
termediate weightings between these two choices are considered by using a Briggs
robustness parameter, or robust, in the weighting (Briggs 1995). Different pack-
ages use different definitions of robust, but in AIPS a robust of +5 (+2 in CASA)
is equivalent to a natural weighting, whereas a robust of —5 (—2 in CASA) is
equivalent to a uniform weighting. A robust of zero is usually a good trade-off
between sensitivity and resolution.

In general, the cleaning process is conducted manually. That is, at each step the
user decides what regions of the sky must be cleaned, or when the cleaning process
should stop. The largest difference with respect to an automatic cleaning appears
when there are strong sources together with a poor uv-coverage. In these cases,
several artifacts will be present in the final image, and automatic tasks are still not
good enough to distinguish that they are not real sources and that they should not
be cleaned as such. However, in arrays such as LOFAR, where the amount of data
is remarkable, a manual cleaning is usually unfeasible.

Self-calibration

Once we have obtained the cleaned image, the calibration process ends. However,
this image is not the most optimal one. We can still produce a more accurate one
with a lower noise. The initial calibration has transferred the solutions from the
amplitude and phase calibrators to the target source, which is located in a different
direction in the sky. Therefore, there can be effects that have not been properly
corrected. The next step is to use the model of the sky produced during the cleaning
process (i.e. the list of clean components) to calibrate again the data, in a process
known as self-calibration.

New solutions assuming that the cleaned model is the true flux density distri-
bution of the sky are computed. At this step, it is very important to consider a
correct model. An incorrect model will produce errors in the solutions and thus in
the new images. For that reason, it is recommended that the model created dur-
ing the first cleaning considers only unambiguous components (i.e. no sources in
the detection limit, or components that could be artifacts). The first model is an
approximate model of the sky. We calibrate the data based on that model, usu-
ally correcting only the phases, and clean them again. Additional cycles of self-
calibration/cleaning can be carried out, each time with a more accurate model of
the sky. A self-calibration correcting the amplitudes can also be performed. How-
ever, this step is a bit more risky, as it can introduce wrong flux density values in
the image. Therefore, it is only performed when we are sure that the clean model
is accurate enough, and we check after this calibration that the flux densities of
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the sources have not significantly changed. After some cycles we will not improve
anymore the model or the final image, and we finish the data reduction.

For data at high frequencies, one or two self-calibration cycles are enough to
obtain the optimal results. However, at low frequencies, because of the large field
of view of the images, we usually conduct about five or six self-calibration cycles.

Measuring flux densities

The final data should show, if the calibration has been done without problems,
the most accurate image of the observed field of view, with correct flux density
values. Now we need to estimate the noise level of the image, or of the part of the
image in which we are interested, and the flux densities from the detected sources.
The two used packages (AIPS and CASA) provide two main different methods
to measure flux densities. tvstat in AIPS, which is called imstat in CASA,
allows us to define an arbitrary region in the image and obtain the statistics from
this region. Among other parameters, we obtain the maximum and minimum flux
density from the region, the mean or median value, the integrated flux density,
the standard deviation, or the rms for the whole region. These tasks are useful
to estimate the rms of the whole image or around an interesting source. They
can also be used to determine the flux density from any source that can not be
fit by a gaussian component. The other method is performed by the task jmfit
in AIPS, or its equivalent imfit in CASA. These tasks fit a gaussian component
to the predefined region. In the case of the existence of a point-like source on
it, we obtain the parameters from the gaussian fit to the source: the peak and the
integrated flux density, and the position of the peak. Therefore, with this fit we
obtain the position of the source and its flux density.

2.3.2. Tg; corrections in the GMRT data

The power measured by a radio antenna contains the radio emission from a wide
number of sources. It is common to separate this power in two components:
PocT, + Ty, where T, is the antenna temperature, which includes the contri-
bution from the target sources, and Ty is the system temperature. Ty includes
the contributions from the Galactic diffuse emission (Tsy or sky brightness tem-
perature), the receiver noise, feed losses, spillover and atmospheric emission, all of
them considered as the effective receiver temperature, 7. (Crane & Napier 1989;
Sirothia 2009):

Tsys = Lsky + Terc (2-8)

While at high frequencies the contribution of the Galactic diffuse emission, Ty, i8
negligible compared to T, it becomes dominant at low frequencies, thus produc-
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ing very high system temperatures. This is particularly relevant when observing
close to the Galactic plane.

To recover the emission from the target sources, Tsys must be determined and
removed from the measured power P. For single-dish antennas and most inter-
ferometers, Tgys can be accurately determined through injected calibration signals
and is automatically subtracted for each antenna. In the case of GMRT, the ob-
servations are, in general, conducted with the Automatic Gain Controller (AGC)
enabled to avoid possible limitations such as saturation produced by RFI or excess
power. However, this rescales the gain of the system in the presence of strong
emission (such as the one of the Galactic plane). In these kind of observations, the
determination of Ty is not accurate enough and it requires to be accounted for
during the calibration of the radio data. The amplitudes of the complex visibilities
are proportional to the ratio of the antenna temperature to the system temperature
(Ta/Tsys). In a typical radio observation, the amplitude calibrator allows us to re-
cover the real flux densities of the sky and the target source. In the case of GMRT
we will end up with the following visibilities for the calibrator (C) and the target
source (S):

Ta(C) T(S)
, Vg oc
Tsys(C) Teys(S)

During the calibration process, the amplitudes of the complex visibilities are cor-
rectly scaled (or calibrated) to flux densities by applying a scaling factor G o Tgy(C).
The scaling factor is determined with the amplitude calibrator, which presents a
known constant flux density along the time. Therefore, in this process the con-
tribution of Tys(C) is evaluated and properly removed. Schematically, after the
calibration process we recover the calibrated visibilities, V, of the amplitude cali-
brator:

Ve o

(2.9)

Ve =GVc (2.10)

However, for the target source we apply the same scaling factor:
Vs =G Vs (2.11)

which will only provide properly calibrated visibilities for the target source, Vs,
if Toys(S) = Tgys(C). For target sources at high Galactic latitudes and/or at high
frequencies the Galactic diffuse emission is negligible, and thus Ty is similar for
C and S?°. For target sources close to the Galactic plane and/or at low frequencies
Tsys(S) » Tsys(C) (because the amplitude calibrator is never located close to the
Galactic plane). In this case, we will need to quantify the ratio Tgy(S)/Tsys(C), or
Tys correction, to obtain the correct flux density values in the target source field.

22Provided that other effects dependent on the antenna position, such as elevation, are considered
during the calibration process.
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Since the gamma-ray binaries LS 5039 and LS I +61 303 lie very close to the
Galactic plane, an accurate correction of Ty is mandatory to properly estimate
the flux densities of these sources at each frequency (see Chapters 4 and 5).

The Haslam approximation

A common method to implement this correction is based on estimating the sky
temperature values, Ty, from the measurements made by the all-sky 408 MHz
survey, which was conducted with several single-dish radio telescopes (Haslam
et al. 1982).

Assuming that the Galactic diffuse emission follows a power-law spectrum,
we can determine the sky temperature at a frequency v for any position in the sky
(@, 0) from the emission reported at 408 MHz by

Y
1) @.8) = T8 (@.0) (3553ms ) (2.12)
The spectral index for the Galactic diffuse emission is usually assumed to be
vy = —2.55 (Roger et al. 1999). The sky brightness at the positions of the am-
plitude calibrator and the target source, convolved with the synthesized beam of
our interferometer, allows us to estimate the ratio of the sky temperatures between
both positions. From equation (2.8) we have seen that Ty, can be divided in two
terms, with T, being dominant at low frequencies and/or close to the Galactic
Plane. The T, values can be obtained from the tabulated data available in the
specification documents of GMRT and the Ty values from equation (2.12). With
these data we determine the Ty(S)/Tsys(C) ratio, which is the T'sys correction.
However, this method has some problems. First, it assumes a constant spectral
index for the Galactic diffuse emission across all the sky. Secondly, it assumes that
the response of our instrument to the Galactic diffuse emission is the same as those
of the radio telescopes used for the Haslam survey. Thirdly, it does not take into
account the Tys dependence on the elevation of the Galactic diffuse emission.

Direct measurement of the self-power for each antenna

A more accurate method to implement the Ty correction should only involve
measurements conducted with the same radio telescope. In the case of an interfer-
ometer, one can obtain the power measured at any given frequency and elevation
for each antenna in the array by self-correlating the corresponding data from that
antenna. Although the sky brightness is the same for all the antennas, the power
that comes from T, is different for each antenna, given its internal origin. Thus,
considering the full array as a collection of isolated single-dish antennas, the prob-
lem is reduced to determine the power of each antenna separately, the so-called
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self-power, and then average all the self-powers to derive the power of the inter-
ferometer.

The self-correlated data of each antenna is proportional to the system temper-
ature. Therefore, the ratio between the self-powers for each antenna for the target
source and the amplitude calibrator is equal to the ratio between the system tem-
peratures at these two positions. This ratio is thus a more accurate measurement
of Tsys(S)/Tsys(C) than the Haslam method to estimate the contribution from the
Galactic diffuse emission.

As GMRT can not produce self-correlated data at the same time than standard
correlated data, additional observations have to be conducted. The self-power for
each antenna is measured at the position of the flux calibrator and the position of
the source with the same configuration than in the standard correlated observations.
To avoid possible dependencies with the elevation of the sources, both types of
observations should be conducted when the sources are at similar elevations.

The self-correlated data show stronger RFI than the standard correlated data,
and thus a large number of channels must be removed through a dedicated flagging
process. The obtained amplitudes in different channels show a large dispersion.
For that reason, it is recommended to take first the average of the ratios for each
antenna and each channel, to minimize the dispersion, and then average all the
ratios. The use of the median, instead of the mean, is also recommended and it has
been used along our data reduction process. The derived value of the ratio is the
Tsys correction that must be applied to the image of the target source field to obtain
the correct flux density values.

The main source of error in this method is the large dispersion of all the self-
powers measured. This can be reduced by accumulating more data obtained in
different epochs, because the Galactic diffuse emission is persistent.

Sirothia (2009) determined the Tys corrections for GMRT with direct mea-
surements of the full sky at 240 MHz, and compared the obtained results with the
Haslam approximation at that frequency. Although the two methods report similar
values for the whole map, these authors found a high scatter in the comparison of
the corrections obtained using both methods, with an rms in these differences of
~56%. Dependencies on the elevation and diurnal/nocturnal time have also been
found.

Table 2.1 shows the Ty corrections (C) found with the two discussed methods
for the two gamma-ray binaries observed with GMRT in this thesis: LS 5039 and
LS T +61 303. In the case of LS 5030, we observe similar corrections at 610 MHz,
but different ones at 235 MHz (of about 60%), although the Cyy and Csp values are
roughly compatible at 3-0 level in both cases. At 154 MHz the corrections are very
different and clearly incompatible. We have seen that the Haslam approximation
overestimates the Ty correction for the field of LS 5039 at all frequencies. At
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Table 2.1. Ty corrections (C) determined in this work for the position of LS 5039 and
LS I +61 303 using the amplitude calibrators 3C 286 and 3C 48 with the Haslam approx-
imation (Cy) and with the direct measurement of the self-powers (Csp). Uncertainties are
reported at 1-o0- level. In this work we have used Csp to correct our data.

v LS 5039 LST1+61 303
(GHz) Cu Csp Ch Csp
154 ~40 19402 <14 15402
235 ~3.0 1.9+0.3 ~14 1.522 +0.016

610 ~1.6 1.39 £ 0.06 ~1.1 1.328 +£0.010

235 MHz we have obtained an overestimation by an amount in agreement with the
rms observed by Sirothia (2009) at 240 MHz. As the direct measurements of the
self-powers provide more reliable values of the Ty corrections, and allow us to
compute the corresponding uncertainties, we have used Csp to correct our GMRT
data.

In the case of the gamma-ray binary LS I +61 303, we observe a smaller con-
tribution of the Galactic emission, and both methods provide similar values. How-
ever, with the direct measurements we obtain more precise corrections, which have
been the ones considered in this thesis.
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CHAPTER 3
\J Radio emission and
\_A\absorption processes

In this Chapter we summarize the equations considered in the thesis for the emis-
sion and absorption processes. First, we introduce some fundamental magnitudes
such as the luminosity, intensity or flux in Sect. 3.1, and we derive the flux density
of an emitting region as a function of its emissivity and absorption coefficients in
Sect. 3.1.1. Second, we present the most common emission processes observed at
radio frequencies relevant to this work in Sect. 3.2. Finally, we present the absorp-
tion mechanisms considered in this thesis in Sect. 3.3. We note that the notation
and derivations of the equations presented here are based on Longair (2011) and
Rybicki & Lightman (1979).

3.1. Fundamental magnitudes

The luminosity, L, is defined as the energy irradiated per time unit by any celestial
source. It is thus the power emitted by the source, measured in erg s~! in the
centimeter-gram-second, cgs, system (or in W in the International System of Units,
SI). The monochromatic luminosity, L,, is the luminosity per unit of frequency v,
and both can be obviously related through:

o0

L= J L, dv. (3.1)
0

For a source located at a distance D, we define the flux as the power received per

area unit:
L,

" 4nD?

The surface brightness, or intensity, I,, is defined as the power received (or
emitted) per area unit and per solid angle unit. Therefore, it can be related to the
flux by

(3.2)

v

szf I, cos 6 dQ2, (3.3)
Q
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where 6 denotes the incident angle between the direction of the particles and the
normal to the incident area, and we integrate over the solid angle Q. We note that
we can approximate this relation to F, ~ Q [, for a source covering a small solid
angle.

3.1.1. Radiative transport

The radiation usually crosses a certain amount of material before reaching the
Earth. In this path, part of the radiation can be absorbed. We can define the
absorption coefficient, k,, as the decrease of the intensity when the radiation passes
through a path of length ds:

dl, = —«, I, ds. (3.4)

At the same time, the source is radiating with an emissivity1 J,, and thus con-
tributes to increase the intensity by

dI, = J,ds. 3.5)

Therefore, the equation of the radiative transport becomes:

dr
d_v =J, -1, (3.6)
S

which can be integrated to obtain the incident intensity as:

I, = Iy (1 —e ™). (3.7)

Ky

It is convenient here to introduce the opacity, 7,, defined as

¢

T, = J Kyds 3.8)
0

Assuming an isotropic emitting source subtending a small solid angle Q, the flux

density results:

J
S, = J LdQ ~ Q= (1 —ef), 3.9)
Q

Ky
where ¢ is the linear size of the source. At radio frequencies, due to the extremely
low values obtained for common sources, the flux density is usually measured in
Jansky (Jy) units, which are defined as

1Jy=10%ergem?s ' Hz ' = 1072 Wm 2 Hz '

'The emissivity is defined as the energy radiated per volume unit, per time unit, per frequency
unit, and per solid angle unit.

44



3.2. Radio emission

3.2. Radio emission

The radio emission observed from astrophysical sources can be produced by a
wide number of mechanisms. In this section we detail the ones that are relevant
for the work presented in this thesis. Given that we are exclusively focused in the
radio continuum emission, we will not mention emission or absorption processes
corresponding to transition lines in atoms or molecules.

3.2.1. Thermal black body emission

We must start with one of the oldest known radiative processes, the black body
(BB) emission. A BB is defined as an ideal body that absorbs all the incoming
electromagnetic energy. If this body is in thermal equilibrium with its medium, it
must also radiate energy (otherwise it will not be in thermal equilibrium as it is
absorbing energy). Although the BB is an ideal case, most of the thermal bodies
in the Universe are very close to a BB and this is an accurate approximation.

Every object with a temperature 7 thus radiates electromagnetic energy ac-
cording to the Planck’s law of black-body radiation:

2hy3 1
_ 2 (3.10)

where 1,,(T) is the power radiated per area unit, per solid angle unit, per frequency
unit by a body at a temperature 7', & is the Planck constant, c is the speed of light
in the vacuum, kg is the Boltzmann constant, and v the frequency. We note that
the frequency at which the maximum emission takes place is given by the Wien’s

displacement law:
1 h

Vmax ~ m kB_T
For typical main-sequence stars (with temperatures between 2 000-50 000 K), the
maximum of the emitted radiation peaks in the optical range. To obtain the max-
imum emission at radio frequencies, the source must be at a temperature < 10 K.
Therefore, only some really cold molecular clouds or the Cosmic Microwave Back-
ground (CMB) are objects where their BB emission peaks at radio frequencies.
In general, we observe sources with 7 >» 100 K. Given that at radio frequen-
cies v ~ 10° GHz, we obtain k}é—VT ~ 4.8 x 10™* « 1. This allow us to approximate
the Planck’s law by the Rayleigh-Jeans law:

(3.11)

2kgTV?

I(T) ~ 225 oo 2 (3.12)

C

Even for the CMB, which displays a temperature ~2.7 K, and is the coolest
observable object in the Universe in thermal equilibrium, we obtain values of
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3. Radio emission and absorption processes

k}};—"T ~ 0.018 at 1 GHz (or 0.18 at 10 GHz). The Rayleigh-Jeans approxima-
tion is thus valid for almost any radio observation in where we detect BB thermal
emission. Therefore, we observe this emission at radio frequencies as a quadratic

function of the frequency.

3.2.2. Synchrotron emission

When the first spectra at radio frequencies were taken, an inverted spectrum was
observed, i.e. ocv® with @ < 0, contrary to the oc V2 expected from a thermal
BB emission. This was the first and clear signature that non-thermal emission
processes were taking place.

The most common non-thermal process observed at radio frequencies is the
synchrotron emission, produced by relativistic electrons moving in presence of a
magnetic field B. These electrons are accelerated by B, producing a helicoidal
movement and thus a continuous angular acceleration. The force produced by the
magnetic field over the particle is known as the Lorentz force:

p= gv « B, (3.13)

where p = ymeV, e is the electron charge, m is the electron mass, v is the velocity
of the electron, and y the Lorentz factor, which is defined as

! _ (3.14)

V1= (/c)?  J1-p

While this particle is being accelerated, it emits electromagnetic radiation with a
power (Longair 2011)

Y

YY)
Qe 2UJ_EB

Pon = 357

2B8%y*corUg sin? a, (3.15)

mzc?

. . 4
where we have introduced the Thomson-cross section ot = 3%2264»4’ and the en-
€

ergy density of the magnetic field Ug = B?/8m. Assuming an isotropic velocity
distribution, we can integrate over all directions, obtaining (sin> @) = 2/3, and
thus

4 B E \°
(Pgyny = §ﬁz«yzcaTUB ~ 2.56 x 1071 <—> < > . (3.16)

8n ) \ mec?

In many astrophysical scenarios we observe a particle population that exhibits

a power-law energy distribution. In the general case, we assume that the energy
distribution is given by:

N(E)dE = KE "dE, (3.17)
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where N(E) is the number of particles with an energy between E and E + dE,
and K is the normalization of the spectrum. The emission from this distribution of
particles results (Longair 2011):

3 (p—1)/2
J, — alp) YICBK (3B W2 3
(4n)%ey cme \ 2mm3c?
where o 1 S
alp) = ﬁ (4 1 ) (4 12) (4 4). (3.19)

2 (p+ 1 (§+9)

For typical values of p ~ 2, we obtain the typical synchrotron spectrum, where the
emission is oc v~/2, Tt is usual to define the spectral index as @ = (1 — p)/2, and
then J, oc v*.

3.3. Absorption processes at low frequencies

3.3.1. Synchrotron self-absorption

The synchrotron emission is also balanced with an absorption process at low fre-
quencies, the so-called synchrotron self-absorption (SSA). As the synchrotron
emission increases at lower frequencies, at a certain point the absorption mech-
anisms become dominant over emission, producing a cutoff in the spectrum. The
absorption coefficient, x3°4, for a random magnetic field results in (Longair 2011):

3 p/2
SsA _ V3e i <3_e> b(p)v= P2 (3.20)

v 8n2eyme 2m3c
where
Vi (3p+22 3p+2 p+6\ __,/p+8
= —7T I I'({—— T — . 21
b(p) = 5 12 12 4 1 (3.21)

From these equations we can we can determine the SSA opacity as

A 3354 x 10711(3.54 x 10'8)P KB 2p(p)yy P2 0 (3.22)
We note that in the optically thick part of the spectrum, we obtain a flux density
S, ocv'/?, (3.23)

a positive spectral index, independent of the value of p.
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3.3.2. Free-free absorption

When radiation passes through a plasma, part of the radiation is absorbed by the
charged particles in the plasma, the so-called free-free absorption or Bremsstrahlung
(FFA). In this case, the absorption coefficient is related to the properties of the
plasma as (Rybicki & Lightman 1979):

A~ 30M2 vg2, ek Ty AU (3.24)
where M_7 is the mass-loss rate of the companion star in a binary system in units
of 1077 M, yrfl, YGHz.max 18 the frequency at which the maximum emission takes
place (or turnover frequency), in GHz units, £y is the radius in the spherically
symmetric case, measured in AU, vw g 3 is the velocity of the stellar wind, in units
of 2 x 108 cms~! and Tw 4 is the wind temperature, in units of 10* K. From this

relation we can obtain directly the free-free opacity:

FFA _ anns2 .2 3 2 32
7,0~ 30MZ ey, maavtws s Twa - (3.25)

3.3.3. Razin effect

The Razin-Tsytovitch effect (also known as Tsytovitch-Eidman-Razin or simply
Razin effect, as we will refer to it in the following; Hornby & Williams 1966), is
an absorption effect produced when the relativistic particles pass through a non-
relativistic, or thermal, plasma. The presence of this plasma implies a refractive
index n < 1, that can be related with the plasma frequency, v,, by:

2

Y 2
=1 (2), = (3.26)
y e

where n, is the electron density.

Meanwhile, the synchrotron emission from relativistic particles is strongly
beamed along the direction of motion of these particles, producing a boosting of
the emitted power oc y2. This emission is then concentrated only around a small
angle along the direction of motion given by 6, oc y~'. However, this y factor

depends on the refractive index, and therefore, this beaming effect can be written

as
O ~y = /1 —n2p2. (3.27)

At low radio frequencies we approach the plasma frequency, and the refractive
index drops quickly to zero. In that case, the beaming effect is suppressed (6, ~
1). We observe then a large decrease in the synchrotron emission. This decrease
produces a quasi-exponential cutoff, which can be approximated by an exponential
cutoff in the emissivity (Dougherty et al. 2003):

J, ~ J, e R VR = 20n.B~". (3.28)
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We note that at high frequencies this effect is irrelevant given that n ~ 1.

The Razin effect is widely observed in solar bursts studies or in systems such as
colliding wind binaries, where the presence of a thermal plasma (the stellar wind)
is significant and originates a detectable absorption at the low frequencies.
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CHAPTER 4

\) Physical properties of the
K gamma-ray binary LS 5039
through low- and
high-frequency observations

We have studied in detail the 0.15-15 GHz radio spectrum of the gamma-ray bi-
nary LS 5039 to look for a possible turnover and absorption mechanisms at low
frequencies, and to constrain the physical properties of its emission. We have an-
alyzed two archival VLA monitorings, all the available archival GMRT data and
a coordinated quasi-simultaneous observational campaign conducted in 2013 with
GMRT and WSRT. The data show that the radio emission of LS 5039 is persistent
on day, week and year timescales, with a variability $25% at all frequencies, and
no signature of orbital modulation. The obtained spectra reveal a power-law shape
with a curvature below 5 GHz and a turnover at ~0.5 GHz, which can be repro-
duced by a one-zone model with synchrotron self-absorption plus Razin effect. We
obtain a coherent picture for the size of the emitting region of ~0.85 mas, setting
a magnetic field of B ~ 20 mG, an electron density of 7, ~ 4 x 10° cm™ and
a mass-loss rate of M ~ 5 x 1078 M, yr~!. These values imply a significant
mixing of the stellar wind with the relativistic plasma outflow from the compact
companion. At particular epochs the Razin effect is negligible, implying changes
in the injection and the electron density or magnetic field. The Razin effect is re-
ported for the first time in a gamma-ray binary, giving further support to the young
non-accreting pulsar scenario. This work has been published in Marcote et al.
(2015).

4.1. Introducing LS 5039

LS 5039 is a binary system composed of a young 06.5V star of ~23 M, and a
compact object of 1-5 M, (Casares et al. 2005b) with coordinates

a = 18"26™ 15.0593° (+1.4 mas), &6 = —14° 50’ 54.301” (+1.9 mas)
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at the epoch of MJD 53797.064, being located at 2.9 + 0.8 kpc with respect to the
Sun (Moldén et al. 2012a). This system presents a compact orbit with a period
of 3.9 d and an eccentricity of 0.35 (Casares et al. 2005b). The source exhibits a
photometric visual magnitude of 11.3, which is known to be optically stable within
0.1 mag over the years and 0.002 mag on orbital timescales (Sarty et al. 2011).

Paredes et al. (2000) proposed for the first time that LS 5039 was associated
with an EGRET +vy-ray source. H.E.S.S. detected the binary system in the 0.1—
4 TeV energy range (Aharonian et al. 2005a), and later reported variability at those
energies along the orbital period (Aharonian et al. 2006b). Fermi/LAT confirmed
the association with the EGRET source by clearly detecting the GeV counterpart,
which showed also an orbital modulation (Abdo et al. 2009b). The system has
been observed and detected with different X-ray satellites, showing moderate X-
ray variability and a power-law spectrum with low X-ray photoelectric absorption
consistent with interstellar reddening (Motch et al. 1997; Rib6 et al. 1999; Reig
et al. 2003; Bosch-Ramon et al. 2005; Martocchia et al. 2005). A clear orbital
variability of the X-ray flux, correlated with the TeV emission, has been reported
by Takahashi et al. (2009). However, the GeV emission is anticorrelated with
these ones. Figure 4.1 shows the light-curve of LS 5039 at TeV, GeV, and X-rays.
Extended X-ray emission at scales up to 1-2 arcmin has also been detected (Durant
et al. 2011). X-ray pulsations have also been searched for, with null results (Rea
etal. 2011).

At radio frequencies, Marti et al. (1998) conducted a multifrequency study of
LS 5039 with the VLA from 1.4 to 15 GHz with four observations spanning 3
months (one run per month). The radio emission of the source has a non-thermal
origin, and can be described by a power-law with a spectral index of @ = —0.46 +
0.01. These authors reported a flux density variability below 30% with respect to
the mean value. Rib6 et al. (1999) and Clark et al. (2001) presented the results of
a radio monitoring campaign conducted on a daily basis during approximately one
year with the Green Bank Interferometer (GBI) at 2.2 and 8.3 GHz frequencies.
The emission was similar to the one reported in Marti et al. (1998), exhibiting
a mean spectral index of @ = —0.5f8:§ (Rib6 et al. 1999). Clark et al. (2001)
constrained any orbital modulation to be < 4% at 2.2 GHz. Searches of pulsed
radio emission have been also conducted with null results, probably because of
strong FFA by the dense wind of the companion at the position of the compact
object (McSwain et al. 2011).

The radio emission of the source is resolved at milliarcsecond scales using
VLBI observations. Paredes et al. (2000, 2002) found an asymmetrical bipolar ex-
tended emission on both sides of a bright dominant core, suggesting that LS 5039
was a microquasar. Later on, Rib6 et al. (2008) reported persistent emission from
the dominant core and morphological changes of the extended emission on day
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Figure 4.1. Light-curves of LS 5039 folded with the orbital period at X-rays, MeV, GeV,
and TeV, from top to bottom, respectively. Data adapted from Kishishita et al. (2009),
Collmar & Zhang (2014), Abdo et al. (2009b), and Aharonian et al. (2005a), respectively.
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timescales, which were difficult to reconcile with a microquasar model. Finally,
Moldén et al. (2012b) discovered morphological variability modulated with the
orbital phase, and pointed out that a scenario with a young non-accreting pulsar
is more plausible to explain the observed behavior. In this case the relativistic
wind from the pulsar shocks with the stellar wind of the massive companion and
a cometary tail of accelerated particles forms behind the pulsar (see Moldén et al.
2012b and references therein for further details).

At low radio frequencies (<1 GHz) only a few observations have been pub-
lished up to now. Pandey et al. (2007) performed two observations with GMRT
simultaneously at 235 and 610 MHz, and reported a power-law spectrum with a
spectral index of @ ~ —0.8 at these frequencies. On the other hand, Godambe
et al. (2008) conducted additional GMRT observations and reported a turnover at
~1 GHz, with a positive spectral index of @ ~ +0.75 at the same frequencies
(further discussed in Bhattacharyya et al. 2012). These results would indicate, sur-
prisingly, that the flux variability of LS 5039 increases significantly below 1 GHz
(see a possible explanation in the framework of the microquasar model in Bosch-
Ramon 2009). However, as discussed in this work, the change in the spectrum is
the result of using different and uncomplete calibration procedures.

The radio spectrum of gamma-ray binaries is dominated by the synchrotron
emission, which is expected to be self-absorbed at low frequencies. The spectrum
could also reveal the presence of other absorption mechanisms such as FFA or the
Razin effect. Given that the Razin effect is widely reported in CWBs, we would
also expect to observe this effect in gamma-ray binaries. Both types of systems
probably share the origin of their emission: the collision between the winds of the
two components of a binary system and the presence of shocks (see Dougherty
et al. 2003, for the case of CWBs). Therefore, similar absorption processes must
take place.

Due to the surprising behavior of the radio emission of LS 5039 at low fre-
quencies obtained with a limited number of observations, we decided to make an
in-depth study of the source. We have reduced and analyzed two monitorings of
LS 5039 at high frequencies that we conducted several years ago, most (if not all)
of the publicly available low-frequency radio data, and conducted new coordinated
observations to get a complete picture of the source behavior at low and high radio
frequencies. This has allowed us to monitor the variability of LS 5039 on different
timescales (orbital and long-term), and determine its spectrum using simultane-
ous and non-simultaneous data. This Chapter is organized as follows. In the next
section we present the radio observations analyzed in this work. In Sect. 4.3 we
detail the data reduction and analysis of these data, and the results are presented
in Sect. 4.4. We detail the emission models used to describe the observed spectra
in Sect. 4.5, and discuss the observed behavior in Sect. 4.6. We summarize the
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obtained results and state the conclusions of this work in Sect. 4.7.

4.2. Radio observations

The data presented along this Chapter include two high-frequency VLA monitor-
ings, all the available archival low-frequency radio observations performed with
the GMRT, and a new coordinated campaign that we conducted in 2013 using
GMRT and WSRT.!>:3 The details of all these observations, including the used
facilities and configurations, the observation dates and frequencies, can be found
in the first six columns of Table 4.1. Figure 4.2 summarizes these observations in
a frequency versus time diagram.

4.2.1. VLA monitorings

Two multi-frequency monitorings have been conducted with the VLA: one in 1998
(Marti et al. 1998) and another one in 2002 (unpublished). In addition to the 2002
data set, we have reduced again the 1998 data set to guarantee that all the VLA
data have been reduced using the same procedures.

The 1998 VLA monitoring consists on four observations conducted between
February 11 and May 12 at 1.4, 4.8, 8.5 and 15 GHz using two Intermediate Fre-
quency (IF) band pairs (RR and LL circular polarizations) of 50 MHz each (project
code AP357). The amplitude calibrator used was 3C 286. The phase calibrators
used were 1834—126 at 1.4 GHz, 1820—254 at 4.8 and 8.5 GHz, and 1911—-201
at 15 GHz.

The 2002 VLA monitoring consists of 16 observations conducted between
September 23 and October 21 (covering around seven orbital cycles) at the same

frequency bands and using the same calibrators than the previous monitoring (pro-
ject code AP444).

'The VLA and ATCA data archives contain several isolated observations of LS 5039 above
1 GHz which have not been analyzed in this work, because sporadic flux density measurements are
not useful for the study of short term and orbital flux density modulations. These heterogeneous data
sets could be useful in future spectral studies.

2We have also analyzed two unpublished VLA observations conducted on 2006 December 16
and 18 at 330 MHz (project code AM877). However, we only obtained upper limits, because the
noise is too high to clearly detect the source according to the GMRT data presented below. For this
reason we will not explicitly include these observations and the obtained results in the rest of this
work.

3We have also analyzed a LOFAR observation performed in 2011 at 150 MHz during its com-
missioning. However, the noise and the quality of the image at this stage were not accurate enough
for our purposes.
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Table 4.1. Summary of all the data of LS 5039 presented in this work. For each observation we show the facility used together with its
array configuration (if any), the project code, the reference if previously published, the calendar date, the Modified Julian Date (MJD) of
the central observation time, the corresponding orbital phase (using P = 3.90603 d and MJDy = 51942.59), and the flux density values at

5039 through low- and

high-frequency observations

properties of the gamma-ray binary LS

4. Physical

each frequency with the 1-o- uncertainty (3-o- upper-limits in case of non-detection).

Facility Project code Ref. Calendar date ~ MJD ¢ Sisamuz - S23smHz - SeloMHz S 14GHz $23GHz S48GHz S'8.5GHz S15GHz
(dd/mm/yyyy) (mly) (mly) (mly) (mly) (mly) (mly) (mly) (mly)
VLA-D AP357 (1) 11/02/1998 50856.20  0.87 - - - 27+4 - 21.8+0.5 17.40+0.10 12.440.3
VLA-A AP357 (1) 10/03/1998 50883.10  0.76 - - - 38.6+1.0 - 23.70+0.10  17.7740.08 13.3+0.2
VLA-A AP357 (1) 09/04/1998 50913.00 0.41 - — — 39.8+0.7 — 22.70+0.10  15.85+0.07 11.80+0.18
VLA-A AP357 [€))] 12/05/1998 50946.00  0.86 - — — 455+1.0 — 26.0+0.2 18.2340.12 13.9+4+0.2
VLA-BC AP444 - 23/09/2002 5254096  0.19 - - - 36.8+1.4 - 20.5+0.5 14.3+0.5 9.440.7
VLA-BC AP444 - 28/09/2002  52545.07 0.24 - - - - - 24.4+40.2 16.5+0.3 -
VLA-BC AP444 - 29/09/2002  52546.96 0.73 - - - 29.2+1.7 - 2231404 14.740.3 8.440.7
VLA-BC AP444 - 02/10/2002  52549.04 0.26 - - - 27.5+1.3 - 15.6+0.5 9.740.5 6.54+0.6
VLA-BC AP444 — 05/10/2002  52552.03  0.03 - - — 33.6+1.2 — 18.8+0.3 11.3+0.4 8.4+0.4
VLA-BC AP444 - 07/10/2002 5255498 0.78 - - - 3242 - 15.61+0.6 6.3+0.5 -
VLA-C AP444 - 12/10/2002  52559.01  0.81 - - - 345+1.9 - 20.0+0.4 16.7+0.3 13.3+04
VLA-C AP444 - 12/10/2002  52559.93  0.05 - - - 38.5+1.1 - 25.6+0.2 18.0+0.2 12.0+0.5
VLA-C AP444 — 14/10/2002  52561.03  0.33 - — — — — 20.25+0.19 14.54+0.3 10.8+0.5
VLA-C AP444 - 15/10/2002 52562.02  0.58 - - - - - 25.1+0.2 16.5+1.0 10+2
VLA-C AP444 - 15/10/2002 52562.98  0.83 - - - 4242 - 29.6+0.2 20.8+0.3 15.3+0.6
VLA-C AP444 - 17/10/2002  52564.96  0.34 - - - 31.6+1.7 - 21.6+0.2 14.940.3 9.340.7
VLA-C AP444 — 19/10/2002  52566.01  0.60 - — — 35.0+1.8 — 23.6+0.5 13.0+0.6 7.940.7
VLA-C AP444 — 19/10/2002  52566.91  0.83 - — — 36.4+1.3 — 23.9+0.2 16.6+0.2 3.74+0.3
VLA-C AP444 - 20/10/2002 52567.95 0.10 - - - 26.2+1.5 - 18.9+0.2 14.8+0.2 11.2+0.6
VLA-C AP444 - 21/10/2002  52568.94  0.35 - - - 29.1+1.6 - 24.1+0.3 18.6+0.3 123404
GMRT 06PDAOL  (2) 03/08/2004  53220.57 0.18 - < 200 5145 - - - - -
GMRT 07PDAOL  (2) 07/01/2005 53377.21  0.28 - 2749 28+4 - - - - -
GMRT 07PDAO1 — 21/01/2005 53391.20 0.86 - <11 3843 - - - - -
GMRT 07PDAO1 — 22/01/2005 53392.20 0.12 - 18+6 49+3 - - - - -
GMRT 08SKCO1 - 01/10/2005 53644.60 0.75 - 28+9 46+3 - - - - -
GMRT 09PDAO1 - 16/12/2005 53720.17  0.09 - 26+8 41+2 - - - - -
GMRT 09SBBO1 (3,4) 15/03/2006  53809.04 0.84 - 3149 49+3 — — - - -
GMRT 13MPAO1 — 23/02/2008 54519.00  0.63 <6 - - - - - - -
GMRT 14SVG02 - 17/04/2008 54573.81  0.66 - 19+6 3542 - - - - -
GMRT 14SVG02 - 10/05/2008 54596.78  0.55 - 25+8 31.3+1.8 - - - - -
GMRT 14SVG02 - 10/08/2008 54688.63  0.02 - <7 40+2 - - - - -
GMRT 24001 - 18/07/2013  56491.56  0.60 <6 - - - - - - -
GMRT 24_001 — 19/07/2013 56492.60 0.87 - 34411 5143 - - - - -
WSRT R13B012 - 19/07/2013 56492.75  0.90 - - - - 30.6+1.0 22.4240.15 - -
GMRT 24 001 - 20/07/2013 56493.56  0.11 <12 - - - - - - -
GMRT 24001 — 21/07/2013 56494.57  0.37 - 24+7 3742 — — - - -
WSRT R13B012 — 21/07/2013 56494.75  0.42 - — — — 27.240.7 18.68+0.11 - -
GMRT 24_001 — 22/07/2013 56495.73  0.67 <8 - - - - - - -

(1) Marti et al. (1998); (2) Pandey et al. (2007); (3) Godambe et al. (2008); (4) Bhattacharyya et al. (2012)
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Figure 4.2. Summary of all the data presented in this work in a frequency versus time
diagram, including the Modified Julian Date (MJD, bottom axis) and the calendar year
(top axis). Squares represent the VLA monitorings in 1998 (blue) and 2002 (red), green
circles correspond to the archival GMRT observations, black markers represent our coor-
dinated GMRT (diamonds) and WSRT (pentagons) quasi-simultaneously campaign (the
open pentagon represents a data set that could not be properly calibrated, see text). The
radio data presented here span 15 yr.

4.2.2. Archival GMRT observations

We have reduced all the existing archival GMRT data of LS 5039. These data set
includes 10 simultaneous observations at 235 and 610 MHz taken between 2004
and 2008: two published in Pandey et al. (2007), one reported in Godambe et al.
(2008), and seven additional unpublished observations. There is an additional ob-
servation at 154 MHz performed in 2008. The GMRT data were obtained with
a single IF, with dual circular polarization at 154 MHz (RR and LL), and single
circular polarization at 235 MHz (LL) and 610 MHz (RR). The 154 and 235 MHz
data were taken with a 8 MHz bandwidth and the 610 MHz data with 16 MHz (with
64 channels at 235 MHz and 128 channels at the other bands). In all these obser-
vations, 3C 286 and/or 3C 48 were used as amplitude calibrators and 1822—096
or 1830—360 as phase calibrators. We have reduced again the published data to
guarantee that all the GMRT data have been reduced using the same procedures.

4.2.3. Coordinated GMRT-WSRT campaign in 2013

To study in detail the radio emission and absorption processes in LS 5039, we
obtained for the first time a quasi-simultaneous spectrum of the source at low and
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high radio frequencies with the GMRT (project code 24_001) and WSRT (project
code R13B012) on 2013 July 18-22.

We observed LS 5039 with the GMRT at 154 MHz on July 18, 20, and 22
in three 8-hr runs, and simultaneously at 235 and 610 MHz on July 19 and 21
in two 4-hr runs. We conducted WSRT observations at 1.4, 2.3 and 4.8 GHz on
July 19 and 21 in two 10-hr runs, which took place just after the GMRT ones
at 235 and 610 MHz. The GMRT IFs, channels and polarizations are the same
as the ones described in Sect. 4.2.2. The total bandwidths are 16 MHz at 154
and 235 MHz, and 32 MHz at 610 MHz (double than in the earlier observations
reported in Sect. 4.2.2). The WSRT data were obtained with eight IFs of 46 chan-
nels each, with dual circular polarizations at 2.3 GHz (RR and LL) and dual linear
polarizations at 1.4 and 4.8 GHz (XX and YY). The total bandwidth is 115 MHz
at all frequencies. We used 3C 286 and 3C 48 as amplitude calibrators for both
observatories and 1822—096 as phase calibrator for GMRT (no phase calibrators
are needed for WSRT due to the phase stability).

4.3. Data reduction and analysis

The raw visibilities were loaded into AIPS and flagged removing telescope off-
source times, instrumental problems or RFI. The VLA data have been reduced
using amplitude and phase calibration steps. Self-calibration on the target source
was successful at 1.4, 4.8 and 8.5 GHz, but failed for most of the 15 GHz ob-
servations due to the faintness of the source. For this reason, we preferred not to
self-calibrate any VLA data of LS 5039 to compare the results at all frequencies
with exactly the same data reduction process.

The GMRT data have been reduced as follows. First, we performed an a
priori amplitude and phase calibration using an RFI-free central channel of the
band. Afterwards, we performed the bandpass calibration. Finally, we calibrated
all the channels of the band in amplitude and phase considering the bandpass
calibration. We imaged the target source and conducted several cycles of self-
calibration/imaging to correct for phase and amplitude errors. Given the huge field
of view of the GMRT images (few degrees), we have not considered only the uv-
plane but the full uvw-space during the imaging process. In the final images a
correction for the primary beam attenuation has also been performed.

In addition, for the GMRT data we have also performed a correction of the sys-
tem temperature, 7Tys, for each antenna to subtract the contribution of the Galactic
diffuse emission, which is relevant at low frequencies (see §2.3.2). This Tiys cor-
rection was performed not only using archival self-correlated observations of the
target source and the calibrators, but also using recent data taken at our request
after the campaign in 2013. The obtained Ty corrections are directly applied to
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the flux densities of the final target images, noting that these corrections imply an
additional source of uncertainty.

The WSRT data have been reduced using amplitude and phase calibration
steps. The solutions for the amplitude calibrators were directly extrapolated to
the target source. The data were imaged and self-calibrated a few times. We had
calibration problems at 1.4 GHz, and we could not extract any result from the
corresponding data.

During the imaging process we have used a Briggs robustness parameter of
zero in all cases. For the VLA and GMRT data the synthesized beam had a major
axis around two times the minor axis. For the VLA in A configuration we have
obtained geometrical mean values for the synthesized beam between 2.3 arcsec
(1.4 GHz) and 0.18 arcsec (15 GHz). In D configuration these values increase up to
58 arcsec at 1.4 GHz. With GMRT we have obtained synthesized beams between
18 and 5 arcsec (at 154 and 610 MHz, respectively). The WSRT observations
exhibit an elongated synthesized beam with a major axis around 10 times the minor
axis as a consequence of the linear configuration of the array and the declination of
the source. For WSRT the synthesized beam was 110 x 10 arcsec? with a position
angle (PA) of 5° at 2.3 GHz, and 48 x 5.7 arcsec” with PA of —1° at 4.8 GHz.

The measurement of the flux density value of LS 5039 in each image has been
conducted using the tvstat task of AIPS by considering a small region centered
around the target. We also measured the root-mean-square (rms) flux density of a
region centered on the source, but clearly excluding it, and considered this to be
the flux density uncertainty. However, in some cases the noise around the source
is larger than the obtained rms (due to poor uv-plane coverage, calibration errors,
etc.). In such cases, we repeated the flux density measurement a few times using
different region sizes, and considered the dispersion of the obtained values as a
measure of the flux density uncertainty. In any case, these uncertainties were never
above 50% of the corresponding rms values. The jmfit task of AIPS has also been
used to double check the flux densities of LS 5039.

To guarantee the reliability of the measured flux densities, we have monitored
the flux densities of the amplitude calibrator for the VLA observations and the flux
densities of several background sources detected in the field of view of LS 5039
for the GMRT observations. The constancy of the obtained VLA flux densities
(below 3% at 1.4 and 15 GHz and below 0.4% at 4.8 and 8.5 GHz) and the lack of
trends in the GMRT flux densities, allow us to ensure that the reported variability
of LS 5039 (see below) is caused by the source itself, and not by additional effects
during the observations or the calibration process.
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Figure 4.3. Multi-frequency light-curves of LS 5039 as a function of the Modified Julian
Date (MJD) for the VLA monitoring in 2002. Error bars represent 1-0- uncertainties.

4.4. Results

LS 5039 appears as a point-like source in all the VLA, GMRT and WSRT images,
and we summarize the results for all these observations in Table 4.1. In this section
we focus first on the VLA monitoring performed in 2002 to study the variability of
LS 5039 at high frequencies along consecutive orbital cycles. Later on, we move
to the GMRT observations to study the variability at low frequencies. We continue
by reporting the high frequency spectra from the VLA monitoring of 2002. We
then combine all the data to show the full radio spectrum of LS 5039 from 0.15 to
15 GHz. Finally, we report on the quasi-simultaneous spectra from 0.15 to 5 GHz
from the coordinated GMRT-WSRT campaign in 2013.

4.4.1. Light-curve at high frequencies (>1 GHz)

Figure 4.3 shows the multi-frequency light-curves obtained from the VLA moni-
toring in 2002 as a function of time. The flux of LS 5039 is persistent, and shows
variability along all the observing period (&~ 28 d) on timescales as short as one
day. The trend of the variability is roughly similar at all frequencies. Apart from
the daily variability, there is an evolution of the flux density on timescales of the
order of 10 d. A y? test provides a probability of variability of 8—40c-, depending
on the frequency. Since the flux density values encompass those of the 1998 moni-
toring (see Marti et al. 1998 and our values in Table 4.1) and show similar average
values at all frequencies, we conclude that the emission of LS 5039 is similar in

60



4.4. Results

50 ® 14GHz ]
B 48GHz ]
¢ 85GHz
40 F . 15.0 GHz i ]
®

> L % i §§§ ]
= 30 ]

E m® ¢ ¢ =
; L
0fgs m ™ 1

.‘ R . .. “’ Q‘ ¢ .QA
10f¢ ¢ ]

4

0 | | | | | | | ]
00 01 02 O 04 05 06 07 08 09 1.0
¢ (P =3.90603 d, MID, = 51942.59)

Figure 4.4. Folded multi-frequency light-curves of LS 5039 with the orbital period for the
VLA monitoring in 2002. The campaign covers around 7 consecutive orbital cycles. Error
bars represent 1-o- uncertainties.

both epochs (1998 and 2002).

In Figure 4.4 we plot the same data as a function of the orbital phase. The
reduced number of observations and the presence of some gaps (~0.35-0.55, ~
0.60-0.70, ~ 0.85-1.00) do not allow us to clearly report on any significant orbital
modulation on top of the reported daily and weekly variability. We note that at
orbital phase ~ 0.8 there is a large dispersion of flux densities at all frequencies.
We have also binned the multi-frequency light-curves with different bin sizes (0.15,
0.20, 0.25) and different central bin positions to increase the statistics, but we
have not seen any significant deviation with respect to the mean values or larger
variabilities at specific orbital phases (not even at phase 0.8). To further search
for deviations at phase ~ 0.8, we have re-analyzed the full GBI data at 2.2 and
8.3 GHz, consisting on 284 observations spanning 340 d (Rib6 et al. 1999; Clark
et al. 2001), obtaining null results.

4.4.2. Light-curve at low frequencies (<1 GHz)

Figure 4.5 (top) shows the light curves of LS 5039 at 235 and 610 MHz as a func-
tion of the orbital phase from all the analyzed GMRT observations: the archival
GMRT observations (2004-2008) and the two GMRT observations from the coor-
dinated GMRT-WSRT campaign in 2013. The source exhibits a persistent radio
emission at both frequencies during this 9-yr period. At 610 MHz LS 5039 shows
clear variability (607). At 235 MHz the variability is not significant (107) for the
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Figure 4.5. Top: folded light-curves of LS 5039 with the orbital period at 235 and
610 MHz of the archival GMRT observations from 2004 to 2008 and the two GMRT obser-
vations from the coordinated GMRT-WSRT campaign in 2013. Error bars represent 1-o
uncertainties (resulting from the combination of the image noise and the Ty, correction
uncertainties). Upper limits at 235 MHz are plotted at the 3-0- level. Bottom: spectral in-
dexes derived from the data above. We observe a mean spectral index of @ ~ 0.5 between
235 and 610 MHz.

most conservative decision of considering the upper-limits as detections with flux
densities corresponding to three times the uncertainties.

These smaller significances in the variability with respect to the high frequency
ones are produced mainly by the larger uncertainties of the flux densities, which
are a combination of the image noise and the dominant Tys correction uncertain-
ties. When we apply these corrections, we increase the typical 1-3% uncertainties
to ~ 8% uncertainties in the flux densities at 610 MHz, and from 6-16% to ~ 40%
at 235 MHz. As the Ty corrections are scaling factors which are equally applied
to all the observations and only depend on the frequency, they only affect the ab-
solute values of the flux densities, but not their relative differences. This means
that we can determine the dispersion of these data prior to applying the Tiys cor-
rections. In this case, we obtain that the source is variable at 610 and 235 MHz
with a confidence level of 350 and 60, respectively. At 610 MHz variability on
day timescales is also detected (see MJD 53391-53392 and MJD 56492-56494 in
Table 4.1).
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Therefore, we see the same behavior than at high frequencies: variability on
timescales as short as one day, with a persistent emission along the years, and
without clear signals of being orbitally modulated. Observing the 610 MHz data
(Figure 4.5, top), a small orbital modulation seems to emerge, with a broad maxi-
mum located at ¢ ~ 0.8-0.2 and a broad minimum at ¢ ~ 0.3-0.7. To guarantee
that this variability is not due to calibration issues, we have monitored the flux den-
sities of up to seven compact background sources in the field of LS 5039. Their
flux densities vary in different ways, but none of them shows the same trend of vari-
ability as LS 5039. Whether the orbital modulation suggested above for LS 5039
is produced by the poor sampling or by an intrinsic modulation of the source will
remain unknown until further detailed observations are conducted.

The spectral indexes from Figure 4.5 (bottom) provide a mean of @ = 0.5 £+
0.8. Given the large uncertainties, we can not claim for variability at more than
a 3-0 level. However, if we do not consider the uncertainties related to the Tiys
corrections we do obtain a significant variability of the spectral index, which is
exclusively produced by the two observed upper-limits.

4.4.3. High frequency spectra (>1 GHz)

Figure 4.6 shows the spectrum of LS 5039 for each observation within the VLA
monitoring in 2002. The spectra can be roughly fit with a power law, but they
show a slight curvature below ~5 GHz in most cases. Given this curvature and
the fact that at 15 GHz we can have a larger dispersion due to changing weather
conditions, we have derived a power law for the remaining frequencies (4.8 and
8.5 GHz) to estimate the spectral index @. The obtained values are in the range
from —0.35 to —1.1, with an average value of « = —0.57 + 0.12, compatible
with previously reported values. No signatures of orbital modulation are detected.
However, around orbital phase 0.8 we observe the most extreme spectra, with the
steepest and flattest ones.

4.4.4. Non-simultaneous spectrum

Figure 4.7 (top) shows the obtained spectrum (0.15-15 GHz) from LS 5039 with
all the data presented in this work (VLA monitorings in 1998 and 2002, the archival
GMRT observations in 2004-2008, and the coordinated GMRT-WSRT campaign
in 2013). All these data cover around 15 yr of observations. The source is always
detected above 0.5 GHz. At 235 MHz the source is detected most of the times, but
as already mentioned there are some upper limits. On 2004 August 3 (¢ = 0.18)
the rms of the image at this frequency is much higher than the flux density ex-
pected for the source and thus these data have not been taken into account in what
follows. At 154 MHz the source is not detected in any observation, neither com-
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Figure 4.6. Spectra of LS 5039 from the VLA monitoring in 2002 ordered with the orbital
phase. The dashed line represents the power law derived from the 4.8 and 8.5 GHz data.
Signals of a curved spectrum below ~2 GHz are visible in most cases. At orbital phases
~0.8 we observe the most extreme spectra (the steepest and the flattest ones).
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Figure 4.7. Top: non-simultaneous spectrum of LS 5039 obtained with all the data pre-
sented in this work (VLA 1998 & 2002, GMRT 2004-2008, GMRT-WSRT 2013). Error
bars represent 1-0- uncertainties. Upper limits are plotted at the 3-0 level (one at 235 MHz
lies outside the figure limits). Bottom: average flux density value at each frequency. Er-
ror bars represent the standard deviations. The upper-limit at 235 MHz outside the figure
limits has not been considered in the averaging. This average spectrum has been fit with
three different absorption models: FFA, SSA, and SSA plus Razin effect (SSA+Razin).
Mean square errors (within the symbol sizes, not shown in the figure) have been used as
uncertainties in the fitting process (see text), while the data at 2.3 GHz and the upper-limits
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4. Physical properties of the gamma-ray binary LS 5039 through low- and
high-frequency observations

Table 4.2. Average value of the flux density (S,) of LS 5039 and its relative variability
(6S, - S, at each frequency, considering all the data presented in this work. Ny, values
have been considered at each frequency. In all cases we report a variability below 25%.
At 2.3 GHz we only have two observations to compute the mean value, so the amplitude
of the variability is not relevant and cannot be compared with the rest of the data.

v/ GHz Nops S,/ mly 68, -8,/ %
0.235 11 23+5 20
0.610 12 3946 16

1.4 17 36+5 15
23 2 2834 1.6 6
4.8 22 22+3 12
8.5 20 168 +1.7 10
15 18 11+3 25

bining all the existing data. The spectrum is clearly curved, with a turnover around
~0.5 GHz.

We observe that the emission of LS 5039 along the years remains persistent
with a moderate variability above the turnover frequency (below the turnover the
uncertainties become larger). Given this behavior, we averaged the flux density of
LS 5039 at each frequency, considering the 235 MHz upper-limits as detections
with flux densities corresponding to three times the uncertainties. We show the
average values in Figure 4.7 (bottom) and quote them in Table 4.2. We observe
a standard deviation below 25% at all frequencies. The average value and the
variability reported at 2.3 GHz (from WSRT data) are not as accurate as in the
other cases because we only have two observations at such frequency.

It is worth noting also that we obtained remarkable differences between the
GMRT results presented here and those published in Pandey et al. (2007), Go-
dambe et al. (2008) and Bhattacharyya et al. (2012). All these differences are
related to the Ty corrections of GMRT data (explained in detail in § 2.3.2). We
first realized that Godambe et al. (2008) and Bhattacharyya et al. (2012) did not
take into account these corrections, and thus all the flux densities from their data
were under-estimated. In fact, the values we obtain before applying the Tgys cor-
rections are compatible with the published ones in these two papers. In the case of
Pandey et al. (2007), the origin of the discrepancy is different at each frequency.
At 610 MHz, these authors did not apply the mentioned corrections (assuming that
the contribution of the Galactic diffuse emission at such frequency is small, while
we have found that it is relevant). At 235 MHz these authors obtained the Tiys
corrections using the Haslam approximation, which overestimates the flux density
in this case (see § 2.3.2 and Table 2.1). These are the reasons why Pandey et al.
(2007) obtained a negative spectral index while we obtain a positive one at these

66



4.4. Results

B 2013 July 19

{ ® 2013 July 21 ]
5t — —  SSA model fit to July 19 4
—— SSA-+Razin model fit to July 21

| | | | | |

0.2 0.5 1 2 5 10
v /| GHz

Figure 4.8. Quasi-simultaneous spectra of LS 5039 obtained with the coordinated GMRT-
WSRT campaign in 2013. The data < 1 GHz were taken with GMRT and the data >
1 GHz with WSRT. The green squares represent the data of 2013 July 19 (¢ ~ 0.9) and
the red circles the data of 2013 July 21 (¢ ~ 0.4). The black arrows show the 3-0 upper
limits from the 154 MHz GMRT data of 2013 July 18, 20 and 22. The green dashed line
shows a SSA model fit to the July 19 data and the red solid line shows a SSA+Razin model
fit to the July 21 data.

low frequencies.

4.4.5. Quasi-simultaneous spectra

To avoid the problem of the non-simultaneity of the data in the previous spectrum,
we conducted coordinated GMRT and WSRT observations in 2013 July 19 and
21. The results of these observations are shown in Figure 4.8. Although the two
obtained spectra are qualitatively similar, again with a turnover around ~0.5 GHz,
we observe differences between them. The spectrum from 2013 July 19 exhibits a
stronger emission and a pure power law behavior from 0.6 to 5 GHz, while on July
21 the spectrum is slightly curved. The data at 154 MHz were not simultaneous
(taken every other day on 2013 July 18, 20 and 22) and provided upper limits on
the flux density values of LS 5039. The combination of these three epochs does
not improve remarkably the final upper limit, which is similar to the lowest one in
Figure 4.8.
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4. Physical properties of the gamma-ray binary LS 5039 through low- and
high-frequency observations

4.5. Modeling the LS 5039 spectrum

We will now explain the different models that can fit the observed spectra of
LS 5039 in the 0.15-15 GHz range and we will constrain some of the corre-
sponding physical parameters. As discussed previously, the high frequency spectra
above 1 GHz can be roughly fit with a power law with a negative spectral index of
a ~ —0.5. This, together with the compact radio emission seen at VLBI scales,
has led to establishing the synchrotron nature of the radio source (Paredes et al.
2000). In addition, we have also unambiguously revealed the presence of a low-
frequency turnover, which takes place at ~0.5 GHz.

To explain the observed radio spectrum of LS 5039 we have considered a sim-
ple model. The fact that the extended emission is only responsible for a small
fraction of the total flux density (Moldén et al. 2012b) allows us to consider as a
first approximation a one-zone model. The absence of a clear orbital modulation
in the radio flux density implies that the characteristics of the emitting region must
be similar at any orbital phase from the point of view of the observer. The simplest
model which verifies this condition is a spherically symmetric emitting region. For
simplicity, we have also assumed that the emitting region is isotropic and homoge-
neous. In this region we consider the presence of a synchrotron emitting plasma.
The turnover below ~0.5 GHz could be produced either by SSA, FFA or Razin
effect.

Considering a synchrotron emission from a power-law particle density distri-
bution (as seen in § 3.2.2), we obtain a flux density emission given by equation
(3.9), with

Jy oc a(p) K BPHD/2,,(1=p)/2, (4.1

and k, = k554 + kEFA is the absorption coefficient, where
KESA o K B(P+2)/2 b(p) V—(p+4)/2, 4.2)

and
KA o g2 73772, 4.3)

As the relativistic synchrotron emitting plasma is surrounded by a non-relati-
vistic plasma from the stellar wind of the massive companion, the mentioned Razin
effect would be also expected. In this case, we approximate the absorption in the
emission by an exponential cutoff following equation (3.28).

Different combinations of the mentioned absorption mechanisms have been
considered to explain the observed spectra of LS 5039, namely: SSA, FFA, SSA
+FFA, SSA+Razin, FFA+Razin, and SSA+FFA+Razin. We have fit the data and
obtained y? statistics from the residuals, from which we have computed the re-
duced value using the number of degrees of freedom (d.o.f.): y? = y?/d.o.f.
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4.5. Modeling the LS 5039 spectrum

In the case of the non-simultaneous average spectrum we have taken into ac-
count all the data except the values at 2.3 GHz (given that we only have two obser-
vations at such frequency, the inferred mean value is not representative enough)
and except the upper-limits at 154 MHz. In this case we observe that any of
the considered models fit the data with y?> « 1, implying that their uncertain-
ties are overestimated. The reason is that these uncertainties reflect the vari-
ability of the source, and thus the dispersion of the data, but not the uncertainty
of the mean value at each frequency. Therefore, we need to consider the mean
square errors, dividing the standard deviation at a given frequency by the square
root of the number of measurements at such frequency. When using the mean
square errors, we observe that there are three models which can explain the spec-
trum: FFA, SSA and SSA+Razin (see Figure 4.7, bottom, where mean square
errors, within the size of the symbols, are not plotted). The x? from these fits
are 2.5, 4.6 and 1.9, respectively. The SSA+Razin model is thus the most accu-
rate model to explain the LS 5039 average emission, and predicts a spectral index
of assa+Rrazin = —0.58 £ 0.02 for the optically thin part of the spectrum. Con-
sidering the different upper-limits at 154 MHz as possible flux density values at
that frequency (i.e., a flux density of 30 + o), we observe that the SSA+Razin is
still the best model to reproduce the data (although if the assumed flux density at
154 MHz is as low as <7 mJy, a FFA+Razin seems to be needed).

In the case of the quasi-simultaneous spectra (Figure 4.8), we have followed
the most conservative choice of considering the largest upper-limit at 154 MHz as
the possible flux density of LS 5039 at such frequency (12 £+ 4 mJy). We have fit
the two spectra using all the possible models mentioned above, and assessed their
validity with a y? test. A SSA+Razin model explains the spectra at both epochs,
with x? of 0.14 and 0.48 for 2013 July 19 and 21, respectively. However, we
note that on 2013 July 19 the SSA and the SSA+Razin models produce the same
spectrum, because there is no significant contribution of the Razin effect at this
epoch, and thus a SSA model fit produces a more significant explanation (y? =
0.07, given the additional degree of freedom). On 2013 July 21, a SSA model
fit can not reproduce the observed spectrum (y?> = 5.7), which can be explained
by a FFA model (> = 1.4). In addition, both the July 19 and 21 spectra are
also reproduced by a FFA+SSA model (with y? = 0.014 and 0.75, respectively).
However, if we consider a more restrictive flux density of 742 mJy at 154 MHz, we
observe that the SSA+Razin model still reproduces satisfactorily both spectra with
x? = 1.5 and 0.40, respectively (with a pure SSA model on July 19 as mentioned
before, and thus X% = 0.83 without the Razin contribution). On the other hand,
with this lower flux at 154 MHz, the FFA+SSA model still explains the spectrum
of July 19 (y? = 0.72) but with a small contribution of FFA, while the July 21 is
harder to be explained by this model (y? = 1.8).
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high-frequency observations

Table 4.3. Parameters fit to the averaged data (A.S.) with a SSA+Razin model. The data

on 2013 July 19 (J19) were fit with a SSA model and the data on 2013 July 21 (J21) with

a SSA+Razin model. The parameters are: p=1—2a, P| = QB2 P, = K ¢ B(P+2)/2,
and vg = 20n. B~ .

Fit p P, P, VR
(107*G~12)  (10°cmGP*+2/2)  (10*Hz)
AS.  2.16+0.04 500 + 800 3+5 41402
J19  1.867 +0.014 39+0.3 (2.1+0.9) x 10° -
121 224 40.08 200 + 600 04+1.7 41407

Therefore, the SSA+Razin model can explain both spectra. However, on 2013
July 19 the contribution of the Razin effect is negligible, and thus we observe a
pure SSA. The FFA model, in contrast, only explains the spectrum on 2013 July
21. The SSA+FFA can explain the two quasi-simultaneous spectra, although with
a small contribution of FFA on July 19, but can not explain the average spectrum
discussed in the previous paragraph.

In summary, a SSA+Razin model emerges as the most reasonable to explain
the spectra of LS 5039, with a different contribution of the Razin effect, which
might not be present at all, depending on the epoch. We note that we only have 1—
3 degrees of freedom in the fitting process, implying that in some cases it is subtle
to distinguish between models producing similar spectra.

For the discussed models, the underlying physical parameters are coupled.
Therefore, the number of free parameters is lower than the number of the physical
ones. For the SSA model, we only have three parameters to fit: p, P| = Q B Y 2
and P, = K¢ B:(P+2)_ For the SSA+Razin effect model, we have the three previ-
ous parameters and an additional one: vg = 201, B~!. We can not decouple these
physical parameters without making assumptions on some of them. Therefore, we
prefer to work directly with the coupled parameters for the different spectra, which
are quoted in Table 4.3.

4.6. Discussion

First we will discuss the physical implications of the modeling of the obtained
radio spectra for LS 5039. Secondly, we will discuss the radio variability of the
source, making a comparison with its multi-wavelength emission and the one ob-
served in other gamma-ray binaries.
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4.6. Discussion

4.6.1. Physical properties from the spectral modeling

In this work we have reported multi-frequency data of LS 5039 that have allowed
us to obtain a non-simultaneous average spectrum in the 0.15-15 GHz range, and
two quasi-simultaneous spectra in the 0.15-5 GHz range, showing in all the cases
a turnover at ~0.5 GHz. The high-frequency emission is roughly explained by a
power-law with a spectral index of @ ~ —0.5 (implying p ~ 2), which is typical of
non-thermal synchrotron radiation, although some indications of curvature below
5 GHz are observed. All the observed spectra of LS 5039 can be explained with
the models which are summarized in Table 4.3. A SSA+Razin model explains the
average spectrum and the 2013 July 21 spectrum, showing both similar properties
(on the parameters p ~ 2.2 and vg ~ 0.41 GHz), whereas on 2013 July 19,
the spectrum is explained by a pure SSA model, with a negligible contribution
of the Razin effect (vg ~ 0). In this case we observe a significant lower index
p = 1.867 £ 0.014, a 7-0 deviation with respect the average spectrum. The P;
and P, parameters can only be constrained for the 2013 July 19 spectrum (see
Table 4.3). Therefore, only in the case of p and vg we can claim for changes
between the spectra obtained at different epochs. It seems that changes in the
injection index but also in the electron density or the magnetic field are present in
LS 5039 on timescales of about days.

The Razin effect is widely observed in CWBs, where there is a non-relativistic
shock between the winds of two massive stars, with typical values of vg ~ 2 GHz
(van Loo 2005). Interestingly, the vg value inferred for LS 5039 on the aver-
age spectrum and on 2013 July 21 is only a factor of 5 smaller. The presence of
the Razin effect in this gamma-ray binary, and the fact that shocks are present in
CWaBs, provides further support to the scenario of the young non-accreting pulsar,
where shocks also take place, for LS 5039. We remark that the presence of the
Razin effect is also supported by the curvature reported on most of the LS 5039
spectra below 5 GHz, which is easily explained with the consideration of this effect
but hardly explained by a SSA or FFA model.

The magnetic field B can be estimated from the P parameter obtained on the
2013 July 19 spectrum, by assuming a solid angle Q for the emitting region, with
a radius ¢ in the spherically symmetric case considered here. From Moldén et al.
(2012b) it is known that most of the radio emission arises from the compact core,
which is not resolved with VLBI observations at 5 GHz, and thus has an angular
size with a radius <1 mas. At the ~3 kpc distance of the source this represents
~3 AU, or about 10 times the semimajor axis of the binary system. We consider
a solid upper-limit for the angular radius (£d~") of ~1.5 mas, and a lower-limit
of ~0.5 mas taking into account the orbital parameters and the absence of orbital
modulation (which would be produced by the changing shock geometry and by
absorption effects). From the central value of 1 mas we estimate B ~ 35 mG. For
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Figure 4.9. Electron number density for the non-relativistic plasma (n.) as a function of
the angular radius of the emitting region (£d~', bottom axis) and of the magnetic field
value (B, top axis). B is determined from the angular radius and the P; parameter of the
pure SSA fit to the 2013 July 19 data (see Table 4.3). The red dashed line denotes the
ne values inferred from the vg parameter of the SSA+Razin fits (which is directly related
to B). Solid black lines represent the n, values obtained with different mass-loss rates
M. Values below the red dashed line imply an unrealistic mixing above 100% of the non-
relativistic wind inside the synchrotron radio emitting relativistic plasma. The vertical
dotted line shows the central value of 1 mas.

angular radius in the range of 0.5-1.5 mas we obtain a wide range of magnetic
field values of 2-180 mG (see x-axes in Figure 4.9). These values range from
much smaller to close to the B ~ 200 mG value inferred from the VLBI images at
5 GHz assuming equipartition between the relativistic electrons and the magnetic
field (Paredes et al. 2000). They are also encompassed with the 3-30 mG range
quoted in Bosch-Ramon (2009) using luminosity arguments for the lower limit
and imposing FFA to derive the upper bound. The obtained magnetic field value
of B ~ 35 mG for 1 mas allows us to constrain the Lorentz factor of the electrons
emitted at 0.5 GHz to y ~ 60, confirming that we are in the relativistic regime
(Pacholczyk 1970). Using the vg value obtained from the SSA+Razin fits we
derive the electron density for the non-relativistic plasma, n., as a function of B
(red dashed line in Figure 4.9), with values in the range of 4 x 10*—4 x 10% cm >
for the 0.5—1.5 mas range, and of 7 x 10° cm ™ for the central value of 1 mas. We
can compare these values with the ones obtained from the stellar wind velocity and
mass-loss rate. The velocity of the stellar wind is vy, ~ 2440 km s~! (McSwain
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Figure 4.10. Mass-loss rate (M) for different free-free opacities (7g) as a function of the
angular radius of the emitting region (£d~", bottom axis) and of the magnetic field value
(B, top axis). The relation between £d~' and B is the same as in Figure 4.9. Only the
region below ¢ ~ 1 should be considered according to the observations, implying a low
value for M. The vertical dotted line shows the central value of 1 mas.

et al. 2004). Considering a mass-loss rate of M ~5%x1077 Mg, yr~! (Casares et al.
2005b) we estimate . ~ 2.6 x 10° cm—3 for 1 mas, and thus a mixing of ~25% of
the non-relativistic wind inside the synchrotron radio emitting relativistic plasma.

All these values allow us to estimate the free-free opacity with equation (3.25).
Assuming a temperature for the stellar wind of T, ~ 1.3 x 10* K (Krti¢ka & Kubt
2001) we obtain T¢ ~ 50 for an angular radius of 1 mas (see Figure 4.10), which
is not compatible with the presence of radio emission. However, from optical
spectroscopy there are indications of clumping, which might reduce the mass-loss
rate by one order of magnitude down to M ~ 5 x 1078 Mg, yr~! (Casares et al.
in preparation). This would yield 7g ~ 0.5 (Figure 4.10), and thus the region
would be optically thin to free-free opacity. This lower value of M would imply
ne ~ 2.6 x 10° cm™>, which is smaller than the value derived from the SSA+Razin
model fits (see Figure 4.9). For this mass-loss rate, only angular radii of ~0.85 mas
or smaller would be supported (or the mixing would be above 100%). At the same
time, from Figure 4.10 we observe that for sizes <0.8 mas we obtain ¢ > 1.
Therefore, the inferred value for the radius of the emitting region is ~0.85 mas,
implying a significant mixing of the non-relativistic wind inside the synchrotron
radio emitting relativistic plasma, even close to ~100%. Another explanation in
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agreement with this value is the production of the radio emission by secondary
electrons produced after photon-photon absorption within the stellar wind (Bosch-
Ramon et al. 2008).

In summary, from the spectral modeling assuming a homogeneous one-zone
emitting region we derive an angular radius of ~0.85 mas (£ ~ 2.5 AU at 3 kpc),
yielding B ~ 20 mG, and n, ~ 4 x 103 cm™—3. The mass-loss rate must be around
M ~ 5 x 10-8 Mg yr~!, i.e. about one order of magnitude smaller than the value
reported in Casares et al. (2005b), thus supporting the presence of a clumpy stellar
wind. A high mixing with the relativistic plasma is supported.

4.6.2. Variability

In this work we have reported day to day variability, trends on week timescales and
the absence of orbital variability. The absence of orbital modulation in the radio
emission of LS 5039 puts some constraints on the characteristics of the emitting
region or radio core, in the sense that they can not change dramatically along the
orbit or that the changes in different physical parameters should compensate each
other, always as seen from the point of view of the observer. In addition, the
reported stability along the years of the average radio emission at all frequencies
implies that this emitting region must be also stable on these timescales. On the
other hand, hydrodynamical instabilities in the shocked material or in the outflow
properties could explain more easily the observed variability on timescales of days
and the trends observed on timescales of weeks (Bosch-Ramon 2009).

In contrast to the radio emission, LS 5039 shows orbitally modulated flux
at other wavelengths. The X-ray light-curve is periodic, exhibiting a maximum
around orbital phases 0.7-0.8 (during the inferior conjunction of the compact ob-
ject). It also exhibits small spikes at ¢ ~ 0.40 and 0.48 and a strong spike at
¢ ~ 0.70, probably originated by geometrical effects. The X-ray emission, in-
cluding these spikes, presents a long-term stability (Kishishita et al. 2009). The
TeV light-curve is similar to the X-ray one, exhibiting a maximum around phase
0.7, a minimum flux at superior conjunction, and a strong spike but in this case at
phase ~0.8 (Aharonian et al. 2005a). The two light-curves are correlated, with the
TeV variability ascribed to photon-photon pair production and anisotropic inverse
Compton scattering and the X-ray variability to adiabatic expansion (Takahashi
et al. 2009). The GeV light-curve, also periodic, exhibits the maximum emission
around the periastron and superior conjunction (¢ ~ 0.0), with the minimum emis-
sion during the apastron and inferior conjunction (¢ ~ 0.6). Therefore, the GeV
emission is almost in anti-phase with the X-ray and TeV emission, and is thought
to reflect the change in the angle-dependent cross-section of the inverse Compton
scattering process and in the photon density (Abdo et al. 2009b).

The absence of orbital modulation in radio is thus a particular case in the mul-
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tiwavelength emission of LS 5039. However, it is interesting to note the deviations
from the general behavior observed around orbital phase 0.8 (as it happens at X-
ray and TeV energies). Although in most cases they are not significant enough,
we observe an increasing flux density at high frequencies around phase 0.8 (Fig-
ure 4.4), a higher flux density emission at 610 MHz starting just before phase 0.8
and extending until phase 0.2 (Figure 4.5), and a large dispersion in the high fre-
quency spectral index close to phase 0.8 (Figure 4.6). Since the radio emission
of low energy electrons might arise at scales significantly larger than the orbital
system size, the fact that we see hints of variability during the inferior conjunc-
tion of the compact object at orbital phase 0.8 might suggest the presence of an
additional component due to Doppler boosting or to a decrease in the absorption
at radio frequencies when the cometary tail is pointing closer to the observer (as
invoked by Dhawan, Mioduszewski & Rupen 2006 to explain the radio outbursts
of LS T +61 303).

To compare the behavior of LS 5039 with the one detected in the other known
gamma-ray binaries, we summarize some of their properties in Table 1.1. Given
the reduced number of known sources and the large differences in their physical
properties, a statistical comparison between them is impossible. However, it is re-
markable that LS 5039 is the only case in which the radio emission is not orbitally
modulated in a periodic or almost periodic way. At high energies (from X-rays
to TeV) all of them, including LS 5039, show a periodic emission. That makes
even more special the behavior of the radio emission of this source with respect
to the rest of gamma-ray binaries. This behavior could be related to the fact that
LS 5039 presents the shortest orbital period (3.9 d) and the smallest known eccen-
tricity (0.35), which naturally imply a higher absorption of the inner part of the
radio outflow. 1FGL J1018.6—5856 can probably be considered as the physically
most similar system to LS 5039, because both have similar massive stars (spectral
type O6 V versus 06.5 V) and the shortest orbital periods (16.6 versus 3.9 d). Un-
fortunately, the eccentricity of 1FGL J1018.6—5856 is still unknown, and in the
case of being high it could easily explain the observed orbitally modulated radio
emission (e.g. due to changes in the absorption processes), contrary to the case of
LS 5039.

4.7. Summary and conclusions

We have presented a coherent picture of the 0.15-15 GHz spectrum of LS 5039,
solving the discrepancies of the low frequency data reported in previous publica-
tions. We have unambiguously revealed the presence of a curvature in most of
the spectra below 5 GHz and a persistent turnover that takes place at ~0.5 GHz.
As described in this work, the average spectrum of LS 5039 can be approximated
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by a simple model with one-zone emitting region, which can be considered ho-
mogeneous and spherically symmetric, radiating according to a SSA model and
exhibiting evidence of Razin effect. The Razin effect, reported for the first time
in a gamma-ray binary, explains the mentioned curvature below 5 GHz. As this
effect is commonly observed in CWBs, it is expected to be present in case that
the emission from gamma-ray binaries arises also from a shock originated by the
winds of the companion star and the compact object, as it happens in the young
non-accreting pulsar scenario. We observe a certain stability for the parameters
of the fits that are well constrained between the average spectrum and particular
epochs. However, at other epochs the source shows a slightly different behavior
that implies changes in the injection and in the contribution of the Razin effect
(and thus changes in the electron density or the magnetic field). The presence of
FFA cannot be discarded in some of the spectra, although the SSA+Razin model
is the only one which can explain all the observed spectra. For angular radii in
the range of 0.5-1.5 mas we derive magnetic field values of B ~ 2-180 mG.
A coherent picture within the one-zone modeling, considering reasonable values
of free-free opacity, is obtained for an angular radius of 0.85 mas, B ~ 20 mG,
ne ~4x10°cm3,and M ~ 5x 108 M,, yr~!. These values imply a significant
mixing of the stellar wind within the relativistic plasma of the radio outflow. This
is the first time that a coherent picture of the physical properties of the assumed
one-zone emitting region is presented for LS 5039, including the magnetic field
value of the radio emitting plasma.

We have also shown that the radio emission of LS 5039 is persistent with a
small variability on day, week and year timescales. This variability is present in all
the explored frequency range (0.15-15 GHz), and the relative variation in the flux
densities is similar at all frequencies, exhibiting a standard deviation of ~10-25%.
The absence of orbitally modulated variability constrains the characteristics of the
radio emitting region. The observed variability would be produced by stochastic
instabilities in the particle injection or in the shocked material, but not by geo-
metrical effects due to the orbital motion. Although the persistence of the flux
density was known at 1-yr timescales, we have extend this knowledge up to scales
of ~15 yr. At orbital phases ~0.8 we have detected signatures of an increasing
flux density trend at high frequencies, of the starting of an enhanced flux density
emission at 610 MHz, and of a large dispersion in the high frequency spectra. Al-
though these signatures are not significant, it is notable that they all happen at the
same orbital phase when there is enhanced X-ray and TeV emission. Additional
monitoring campaigns, specially at low frequencies but also at high frequencies
could clarify if this behavior is the result of a reduced number of observations or if
it is an intrinsic effect from the source due to Doppler boosting or changes in the
absorption mechanisms possibly connected with the X-ray or TeV emission.
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LS 5039 remains undetected at 154 MHz with the cumulative of ~17 hr of
GMRT observations, although according to the modeling its flux density should
be close to our upper-limits. A detection with more sensitive interferometric ob-
servations would improve our knowledge about the absorbed part of the spectrum.
We expect that the higher sensitivity of LOFAR would allow us to clearly detect
the source for first time at such frequency. In the future, other facilities such us
LWA, MWA, SKA-low, together with LOFAR, GMRT and the new low-frequency
receivers at the VLA, will significantly improve the sensitivity and resolution of
low frequency radio observations in the 10 MHz—1 GHz range, thus allowing for
detailed studies of absorption in gamma-ray binaries.
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CHAPTER J
\) Variability at low frequencies
J&\of the gamma-ray binary

LS | +61 303

LS I +61 303 is a gamma-ray binary that exhibits an outburst at GHz frequen-
cies each orbital cycle of ~26.5 d and a superorbital modulation with a period of
~4.6 yr. Its low-frequency emission has not been studied in detail up to now. At
these low frequencies we would expect to see a modification of the outburst profile
due to absorption processes, such as synchrotron self-absorption, free-free absorp-
tion, or Razin effect. To unveil the low-frequency radio emission of LS I +61 303
we have performed a detailed study by analyzing all the archival GMRT data at
150, 235 and 610 MHz, and conducting regular LOFAR observations within the
RSM at 150 MHz. We have detected the source for the first time at 150 MHz,
which is also the first detection of a gamma-ray binary at such a low frequency.
We have obtained the light-curves of the source at 150, 235 and 610 MHz, all of
them showing orbital modulation. The light-curves at 235 and 610 MHz also show
the existence of superorbital variability. A comparison with contemporaneous 15-
GHz data shows remarkable differences with these light-curves. At 15 GHz we see
clear outbursts, whereas at low frequencies we see variability with wide maxima.
The light-curve at 235 MHz seems to be anticorrelated with the one at 610 MHz,
implying a shift of ~0.5 orbital phases in the maxima. We model the shifts be-
tween the maxima at different frequencies as due to the expansion of a one-zone
emitting region assuming either free-free absorption or synchrotron self-absorption
with two different magnetic field dependences. We always obtain a subrelativistic
expansion velocity, in some cases being close to the stellar wind one. This work
has been published in Marcote et al. (2016).

5.1. Introduction

LS I+61 303 is a binary system comprising a young main-sequence B0 Ve star of
10-15 M, and a compact object orbiting it with a period Py, = 26.496 £+ 0.003 d
(Gregory 2002) and an eccentricity e = 0.72 + 0.15 (Casares et al. 2005a). The
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mass of the compact object remains unconstrained, although a neutron star would
be favored in the case of a high inclination of the orbit (>25°), and a BH in the
case of a low inclination (Casares et al. 2005a). The system is located at 2.0 +
0.2 kpc according to H I measurements (Frail & Hjellming 1991), with coordinates
(Moldén 2012)

a = 2M"40m31.75, 5= +61°13'45.6".

Assuming the epoch of the first radio observation as the origin of the orbital phase,
IJDg = 2443 366.775, the periastron passage takes place in the orbital phase range
0.23-0.28 (Casares et al. 2005a; Aragona et al. 2009). LS I +61 303 was initially
identified as the counterpart of a gamma-ray source detected by COS B (Hermsen
et al. 1977), and subsequently an X-ray counterpart was also detected (Bignami
et al. 1981). X-ray observations with RXTE/ASM revealed an orbital X-ray mod-
ulation (Paredes et al. 1997). The system was also coincident with an EGRET
source above 100 MeV (Kniffen et al. 1997) and finally it was detected as a TeV
emitter by MAGIC (Albert et al. 2006), which was later confirmed by VERITAS
(Acciari et al. 2008). An orbital modulation of the TeV emission was also found
by MAGIC (Albert et al. 2009). A correlation between the TeV and X-ray emis-
sion was revealed using MAGIC and X-ray observations, which together with the
observed X-ray/TeV flux ratio, supports leptonic models with synchrotron X-ray
emission and IC TeV emission (Anderhub et al. 2009; but see Acciari et al. 2009
for other interpretations). Finally, Fermi/LAT reported GeV emission, orbitally
modulated and anti-correlated with respect to the X-ray/TeV emission (Abdo et al.
2009b).

The 1-10 GHz radio light-curve of LS I +61 303 is also orbitally modulated,
showing a clear outburst each orbital cycle that increases the < 50-mJy steady flux
density emission up to ~100-200 mJy. These outbursts are periodic, although
changes in their shape and intensity have been reported from cycle to cycle (Pare-
des et al. 1990; Ray et al. 1997). Strickman et al. (1998) studied the evolution of a
single outburst with multifrequency observations in the range 0.33-23 GHz. The
outburst is detected at all frequencies, but the flux density peaks first at the highest
frequencies, and later at the lower ones. A low-frequency turnover was also sug-
gested to be present in the range 0.3—-1.4 GHz (Strickman et al. 1998). Figure 5.1
shows the light-curves of LS I +61 303 at different wavelengths.

A long-term modulation is also observed at all wavelengths in LS I +61 303,
the so-called superorbital modulation, with a period Py, = 1667 + 8 d or ~4.6 yr
(Gregory 2002). This modulation was firstly found at GHz radio frequencies (Pare-
des 1987; Gregory et al. 1989; Paredes et al. 1990), affecting the amplitude of
the non-thermal outbursts and the orbital phases at which the onset and peak of
these outbursts take place, drifting from orbital phases of ~0.45 to ~0.95 (Gre-
gory 2002). The source exhibits the minimum activity at GHz frequencies during
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Figure 5.1. Light-curves of LS I +61 303 folded with the orbital period at radio, X-rays,
GeV, and TeV (from top to bottom, respectively). The data have been obtained from Har-
rison et al. (2000) (radio and X-rays, in black circles and green diamonds, respectively),
Hadasch et al. (2012) (GeV, in blue squares), and Acciari et al. (2011) (TeV: detections in
red circles and upper-limits in gray) at similar superorbital phases (¢s, ~ 0.1), with the
exception of the TeV ones, which cover almost all the superorbital phase range.
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the superorbital phase range of ¢5, ~ 0.2-0.5, whereas the maximum activity takes
place at ¢so ~ 0.78-0.05, assuming the same JDy as for the orbital phase. A sim-
ilar behavior is also observed in optical photomegftric and Ha equivalent width
observations that trace the thermal emission of the source (Paredes-Fortuny et al.
2015b). The origin of the superorbital modulation could be related to periodic
changes in the circumstellar disc and the mass-loss rate of the Be star (Zamanov
et al. 2013), although other interpretations within the framework of a precessing jet
are still discussed (see Massi & Torricelli-Ciamponi 2014, and references therein).

At milliarcsecond scales LS I +61 303 has been observed and resolved several
times (Massi et al. 2001, 2004; Dhawan et al. 2006; Albert et al. 2008; Moldén
2012). Dhawan et al. (2006) showed a changing morphology as a function of the
orbital phase, resembling a cometary tail. Albert et al. (2008) observed similar
morphological structures at similar orbital phases to those considered in Dhawan
et al. (2006). Later on, Moldén (2012) also reported this behavior: the morphology
of LS I +61 303 changes periodically within the orbital phase. These morphologi-
cal changes have been interpreted as evidence of the pulsar scenario (Dubus 2006,
2013), although other interpretations have also been suggested (see Massi et al.
2012, and references therein). It must be noted that radio pulsation searches have
also been conducted with unsuccessful results (McSwain et al. 2011; Canellas et al.
2012).

At the lowest frequencies (< 1 GHz), only a few observations have been pub-
lished up to now. Pandey et al. (2007) conducted two observations of LS I +61 303
at 235 and 610 MHz simultaneously with the GMRT. They observed a positive
spectral index of @ &~ 1.3 in both epochs and reported variability at both frequen-
cies at a 2.5 and 20-0 level, respectively. Although Strickman et al. (1998) also
observed the source at 330 MHz three times during one outburst, given the large
uncertainties of the obtained flux densities they could not infer variability at more
than the 1-0 level. At these low frequencies we should observe, as in the case
of LS 5039 (see §4), the presence of different absorption mechanisms, such as
SSA, FFA or the Razin effect. In addition, at these low frequencies we should also
expect extended emission at about arcsec scales originating from the synchrotron
emission from low-energy particles (Bosch-Ramon 2009; Durant et al. 2011).

In this work we perform the first deep and detailed study of the radio emission
from LS I +61 303 at low frequencies through GMRT and LOFAR data to unveil
its behavior along the orbit. We compare the results with contemporaneous high-
frequency observations conducted with the Ryle Telescope (RT) and the Owens
Valley Radio Observatory (OVRO) 40-m telescope. In Sect. 5.2 we present all
the radio data analyzed in this work together with the data reduction and analysis
processes. In Sect. 5.3 we present the obtained results and in Sect. 5.4 we discuss
the observed behavior of LS I +61 303 in the context of the known orbital and
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Figure 5.2. Summary of all the data presented in this work in a frequency versus time
diagram (Modified Julian Date, MJD, on the bottom axis and calendar year on the top axis).
The vertical dashed line separates the GMRT data (left) from the LOFAR data (right).
Green squares represent the 610-MHz GMRT observations, red circles correspond to the
simultaneous GMRT observations at 235 MHz, the orange diamond shows the 154-MHz
GMRT data and the blue pentagons represent the LOFAR observations at ~150 MHz.
The open pentagon corresponds to the commissioning LOFAR observation, which is not
considered in the results of this work. The gray bands indicate the time intervals during
which 15-GHz RT and OVRO observations used in this work were conducted.

superorbital variability. Our conclusions are presented in Sect. 5.5.

5.2. Observations and data reduction

To reveal the orbital behavior of LS I +61 303 at low radio frequencies we have
analyzed data from different instruments and different epochs. These data include
archival GMRT observations from a monitoring program in 2005-2006, as well
as three additional archival observations from 2005 and 2008. They also include
a LOFAR commissioning observation in 2011 and five LOFAR observations per-
formed in 2013. RT and OVRO observations at 15 GHz, contemporaneous to these
low-frequency observations, have also been analyzed to obtain a complete picture
of the behavior of the source. In Figure 5.2 we summarize all these observations in
a frequency versus time diagram. In the first seven columns of Table 5.1 we show
the log of the low-frequency observations.
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Table 5.1. Summary of the low-frequency data of LS I +61 303 presented in this work. Each row corresponds to one observation for which
we show the facility used, the project code of the observation, the date (in calendar date and Modified Julian Date, MJD) of the center of the
observation, the corresponding orbital phase ¢or (using Poy = 26.4960 d and JDy = 2443 366.775), the corresponding superorbital phase
(assuming Py, = 1667 d and the same JDy), the total time on source (¢), and the flux densities at each frequency with the 1-o uncertainty
(3-0 upper-limits in case of non-detections).

Facility Project Code Date MID o Pso t S~150MHz  S235sMHz  S610MHz
(dd/mm/yyyy) (min) (mly) (mly) (mly)
GMRT 07PDAO1(1 07/01/2005 53377.47 0.84 0.01 30 - 34 + 10 169 + 3
GMRT 09PDAO1 24/11/2005 53698.63 096 0.20 82 - < 31 899+ 13
GMRT 09PDAO1 25/11/2005 53699.71 0.00 0.20 56 - < 30 90 + 2
GMRT 09PDAO1 26/11/2005 53700.58 0.03 0.20 82 - 23 +4 845+ 19
GMRT 09PDAO1 27/11/2005 53701.59  0.07 0.20 164 - 35+ 4 793+ 12
GMRT 09PDAO1 29/11/2005 53703.62 0.15 0.20 80 - 41 + 4 72.8 + 1.5
GMRT 09PDAO1 12/12/2005 53716.70  0.64 0.21 60 - 56 £ 6 69.3 + 1.6
GMRT 09PDAO1 13/12/2005 53717.65 0.68 0.21 70 - 41 +2 585+ 1.3
GMRT 09PDAO1 15/12/2005 53719.61 0.75 0.21 80 - 38+9 675+ 1.5
GMRT 09PDAO1 16/12/2005 53720.53  0.79 0.21 524 - 39.0+19 612408
GMRT 09PDAO1 17/12/2005 53721.56 0.82 0.21 130 - 33+3 97.1 + 1.1
GMRT 09PDAO1 18/12/2005 53722.53 0.86 0.21 216 - 40 + 4 92.1 + 1.1
GMRT 09PDAO1 19/12/2005 53723.53 090 0.21 80 - 43 +5 87.8 + 1.7
GMRT 09PDAO1 29/12/2005 53733.61 028 0.22 80 - 48 + 11 64.8 + 1.7
GMRT 09PDAO1 30/12/2005 53734.49  0.31 0.22 80 - - 588+ 1.9
GMRT 09PDAO1 31/12/2005 5373541 035 022 56 - 53+5 54 +3
GMRT 09PDAO1 08/01/2006 53743.71 0.66 0.23 41 - < 69 26+ 3
GMRT 09PDAO1 09/01/2006 5374436  0.68 0.23 144 - < 46 26.7 + 0.7
GMRT 09PDAO1 10/01/2006 5374555 0.73 0.23 82 - 20 + 4 339+ 1.0
GMRT 09PDAO1 19/01/2006 53754.67 0.07 0.23 82 - - 936 + 1.6
GMRT 09PDAO1 20/01/2006 53755.49 0.10 0.23 70 - 36 +2 999+ 1.6
GMRT 09PDAO1 21/01/2006 53756.31 0.14 0.23 48 - - 88.4 + 1.1
GMRT 09PDAO1 05/02/2006 5377131 0.70 0.24 60 - 20+5 64 +2
GMRT 09PDAO1 06/02/2006 5377227 0.74 0.24 82 - <33 759+ 14
GMRT 09PDAO1 07/02/2006 53773.61 0.79 0.24 82 - 22+5 90.3 + 1.7
GMRT 13MPAO1 18/02/2008 54514.28 0.74  0.69 662 52 4+ 11%* - -
GMRT 08DTO051 20/09/2008 5472990 0.88 0.82 492 - 140 + 2 337+ 3
LOFAR L84298-1.84317 17/01/2013 56309.83  0.51 0.76 200 32 +6f - -
LOFAR L89566-1.89589 10/02/2013 56333.71 041 0.78 116 < 2411 - -
LOFAR  L100374-L.100397 10/03/2013 56361.67 0.47 0.80 116 < 281 - -

LOFAR  L107793-L107816 24/03/2013 56375.58 0.99  0.80 116 77 + 9Tt - -
LOFAR  L160534-L160557 14/07/2013 5648742 021 0.87 116 31 + 6ft - -

(1) Pandey et al. (2007). * This observation was centred at 154 MHz with a bandwidth of 16 MHz.  This observation was centred at 142 MHz with a bandwidth of
2.3 MHz. 1 These observations were centred at 149 MHz with a bandwidth of 0.8 MHz.
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5.2.1. Archival GMRT observations

The GMRT monitoring covers the observations performed between 2005 Novem-
ber 24 and 2006 February 7, at 235 and 610 MHz, simultaneously. These data sets
include 25 observations spread over this time interval, all of them obtained with a
single IF, with single circular polarization at 235 MHz (LL) and 610 MHz (RR).
The 235 and 610 MHz data have bandwidths of 8 and 16 MHz, divided into 64 and
128 channels, respectively. These observations display a wide range of observing
times, from 30 min to 11 h (see column 7 in Table 5.1). 3C 48, 3C 147 and 3C 286
were used as amplitude calibrators, and 3C 119 (0432+416) or 3C 48 as phase
calibrators.

In addition to the previous monitoring, there are also three isolated archival
GMRT observations. Two of these observations were carried out on 2005 Jan-
uary 7 and on 2008 September 20, at 235 and 610 MHz, using the same setup as
that described above. The remaining observation was performed at 154 MHz on
2008 February 18, with dual circular polarization (LL and RR) and a bandwidth
of 16 MHz divided into 128 channels. 3C 48, 3C 147 and 3C 286 were again
used as amplitude calibrators, and 3C 119 was the phase calibrator for the three
observations.

The GMRT data were calibrated and analyzed using standard procedures within
AIPS, although Obit, ParselTongue and SPAM have also been used to develop
scripts that call AIPS tasks to easily reduce the whole GMRT data set. We loaded
and flagged the raw visibilities in AIPS, removing telescope off-source times, in-
strumental problems or RFI. A first calibration using a unique channel, free of
RFI, was performed on the data, and after that we bandpass calibrated them. A
more accurate flagging process was performed later on and we finally calibrated
the full data set in amplitude and phase, taking into account the previous band-
pass calibration. The target source was imaged and self-calibrated several times
to correct for phase and amplitude errors that were not properly corrected during
the previous calibration, using a Briggs robust weighting of zero in the cleaning
process. As the GMRT field of view at these low frequencies covers a few degrees
(between ~5 and 1.5° at 154 and 610 MHz, respectively), we needed to consider
the full uvw-space during the imaging process and correct the final images for the
primary beam attenuation. The GMRT observation performed on 2005 November
28 could not be properly calibrated and hence could not provide results, leading to
a total of 24 flux density measurements. In the observations performed on 2005
December 30, 2006 January 19 and 21, the 235 MHz data could not be properly
calibrated: the runs were relatively short and a large amount of data had to be
flagged, thus providing clean images that were not good enough to self-calibrate
the data, preventing the collection of reliable flux densities.

After this data reduction process, we also performed a correction of the sys-
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5. Variability at low frequencies of the gamma-ray binary LS I +61 303

tem temperature, Ty, for each antenna to subtract the contribution of the Galactic
diffuse emission, relevant at low frequencies (see § 2.3.2). The obtained Tys cor-
rections were directly applied to the flux densities of the final target images. We
note that these corrections imply an additional source of uncertainty that does not
affect the relative flux density variations from one epoch to another at a given fre-
quency. The uncertainties introduced in the flux densities are close to the typical
rms values obtained at 235 and 610 MHz, but at 154 MHz the uncertainties in-
creased from ~5% to ~20%.

The measurement of the flux densities in each image was done using the
tvstat and jmfit tasks of AIPS, both of them providing consistent values in
all cases. We determined the rms noise of the images using tvstat in a region
around the source without including it nor any background source.

To guarantee the reliability of the measured flux densities we monitored the
flux density values of four background sources detected in the field of view of
LS I +61 303. The lack of a similar trend in all sources allows us to be confident
that the variability described below is intrinsically related to LS I +61 303 and not
due to calibration issues.

5.2.2. LOFAR observations

We have also analyzed several LOFAR observations conducted with the HBAs.
First, we conducted a deep 6-h LOFAR observation at 140 MHz during its com-
missioning stage on 2011 September 30 to test the system and estimate the ex-
pected behavior of LS I +61 303 at these low frequencies. This observation was
performed using 23 core stations plus 9 remote stations, with a total bandwidth
of 48 MHz divided in 244 subbands (or IFs). These data show a large rms noise
level, with possible large uncertainties in the absolute flux density scale related to
the calibration process. Hence we will not use these in this work (see preliminary
results of this observation in Marcote et al. 2012).

In 2013, we conducted five 3-hr LOFAR observations at around 150 MHz
within the Radio Sky Monitor (RSM). The target source was always centered on
transit, using 23 core stations plus 13 remote stations. In four of these observations
we observed the source at 149 MHz with a total bandwidth of ~0.8 MHz divided
into 4 subbands. 3C 48 or 3C 147 were used as amplitude calibrators, observed
in runs of 2 min interleaved in 11-min on-source runs. The observation on 2013
January 17 was conducted with a different setup: 20-min on-source runs centred
at 142 MHz and divided into 12 subbands, with a total bandwidth of 2.4 MHz.

The LOFAR data were calibrated using standard procedures within the LO-
FAR Imaging Tools (LofIm, version 2.5.2, see Heald et al. 2010 and van Haarlem
et al. 2013 for a detailed explanation). The data were initially flagged using stan-
dard settings of the AOFlagger (Offringa et al. 2012), and averaged in time and
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frequency with the LOFAR New Default Pre-Processing Pipeline (NDPPP) with
an integration time of 10 s and 4 channels per subband. In general, very bright
sources did not need to be demixed from the target data sets, as they did not con-
tribute significantly to the visibilities'.

The calibration was performed on each subband individually with the Black-
Board Selfcal (BBS) package using standard settings, and the solutions were trans-
ferred to the target field. We used an initial sky model for the field of LS I +61 303
based on the VLA Low-Frequency Sky Survey (VLSS, Cohen et al. 2007). A
manual flagging was performed using the casaviewer and casaplotms tasks
from CASA and the imaging process was conducted with a development version
of AWImager (Tasse et al. 2013). The resulting model was used in a later phase
self-calibration, and we imaged the data again. The last two tasks were performed
recursively between 2 and 5 times until the solutions converged. Due to the bright
extended emission that is detected in the field of LS I +61 303 (located in the re-
gion of the Heart Nebula, see Figure 5.3, left) we only kept baselines larger than
0.2 kA (or 400 m) in subsequent analyses. Although the maximum baseline in
the recorded data was ~85 kA (or 170 km), the baselines =8 kA (17 km) were
removed during the data reduction (either during the manual flagging or during
the self-calibration process). We used a Briggs robust weighting of zero again,
because it produced the lowest noise level in the final images, and a pixel size of
10 arcsec’.

We used the imstat and imfit tasks from CASA to measure the LS I +61 303
flux densities and the rms of the images. To guarantee the reliability of the mea-
sured flux densities in the LOFAR images, we monitored the same four back-
ground sources chosen in the GMRT images. The lack of a similar trend in all
sources, exhibiting consistent values with the ones inferred from the GMRT im-
ages, allows us again to be confident about the absence of flux calibration issues
above the noise level in the LOFAR data.

We note that given the large field of view of these low-frequency images (ei-
ther from the GMRT data or from the LOFAR ones), we detect differences in the
ionospheric refractive effects for different regions across the field of view. These
effects, in combination with the self-calibration cycles performed during the re-
duction process, produce slight displacements of the sources from their original
positions. In general, it is common to end up with differences of up to the order of
the synthesized beam size, although with differences in moduli and direction for
different regions of the field.

'The demixing process consists of removing from the target field visibilities the interference
produced by the strongest off-axis sources in the sky, the so-called A-team: Cyg A, Cas A, Tau A,
Vir A, Her A and Hyd A.

>The beam is then undersampled, but allowed us to image a large field of view. However, the
obtained synthesized beams and flux densities are stable with different pixel sizes.
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Figure 5.3. Left page: field of LS I +61 303 seen by POSS II (Reid et al. 1991) at optical
red F band (top), and by LOFAR at 149 MHz on 2013 July 14 without performing any cut
in the uv-distance (bottom). The synthesized beam of the radio image, shown in the lower
left corner, is 23 x 15 arcsec? with a PA of 64°, and the rms is 8 mly beam ™! around the
target source position. The positions of the sources present displacements of about half
a synthesized beam, on average, with respect to the previously-recorded ones (see text).
The location of LS I +61 303 is marked with the white cross on both images. The source
is masked by extended emission from the Heart Nebula in this image. Top: zoom around
the position of LS I +61 303 in the 154-MHz GMRT observation (top left) and in the 2013
July 14 149-MHz LOFAR observation applying the final cut at baselines below 0.2 kA (top
right). The source is clearly detected in both cases. The synthesized beams, shown on the
bottom left corner, are 27 x 12 arcsec? with a PA of 80°, and 27 x 15 arcsec? with a PA
= 49°, and the rms values are 11 and 6 mJy beam™!, respectively. Contours start at 5-c-
noise level and increase by factors of 2!/2. In the GMRT image (top left), we have applied
a shift of 25 arcsec to recover the proper astrometric positions. No shift is required in the
LOFAR image (top right).

5.2.3. Complementary 15-GHz observations

Two complementary observing campaigns that were conducted at the same epochs
as the GMRT monitoring and the LOFAR observations have also been included in
this work.

The Ryle Telescope (Pooley & Fender 1997) has observed LS I +61 303 at
15 GHz over many years, with contemporaneous observations during the epoch
at which the 2005-2006 GMRT monitoring was performed. The observations are
centered at 15.2 GHz, recording Stokes I + Q and a bandwidth of 350 MHz. The
four mobile and one fixed antennas were arranged in a compact configuration, with
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5. Variability at low frequencies of the gamma-ray binary LS I +61 303

a maximum baseline of 100 m.

The observing technique is similar to that described in Pooley & Fender (1997).
Given that we used baselines up to 100 m, we obtained a resolution in mapping
mode of about 30 arcsec. The observations included regular visits to a phase cal-
ibrator (we used J0228+6721) to allow corrections for slow drifts of instrumental
phase; the flux-density scale was established by nearby observations of 3C 48,
3C 147 or 3C 286.

Observations of LS I +61 303 were also conducted with the OVRO 40-m dish
covering the epoch of the 2013 LOFAR observations. These data are part of a
long-term monitoring that has been presented in Massi et al. (2015). The data
were reduced by these authors following the procedures described in Richards
etal. (2011).

5.3. Results

LS I +61 303 appears as a point-like source in all the images. The resulting syn-
thesized beams for the GMRT data range from 30 x 14 arcsec? to 15 x 5.4 arcsec?,
from 154 to 610 MHz, respectively. The synthesized beam for the LOFAR data is
about 20 x 15 arcsec”. The left panel of Figure 5.3 shows the field of LS I +61 303
obtained from the LOFAR observation conducted on 2013 July 14 without apply-
ing any uv-cut during the imaging process. The zoomed images (Figure 5.3, top)
show the source as seen from the 154-MHz GMRT observation and from one of
the LOFAR runs that we have analyzed in this work. The flux density values of
all the GMRT and LOFAR observations are shown in Table 5.1. In this section we
discuss the light-curves obtained from the 235/610-MHz GMRT monitoring and

from the ~150-MHz LOFAR observations, including the 154-MHz GMRT data.

5.3.1. Light-curves at 235 and 610 MHz

The dual 235/610-MHz mode in the GMRT observations allows us to observe the
state of LS I+61 303 and its evolution simultaneously at these two frequencies.
Figure 5.4 shows the flux densities of all the analyzed GMRT observations (the
GMRT monitoring at 235 and 610 MHz and the three isolated GMRT observa-
tions) as a function of the MJD (bottom axis) and the superorbital phase (¢, top
axis). We observe that the flux densities obtained in the GMRT monitoring at
610 MHz (conducted at ¢g, ~ 0.2, around the minimum activity of LS I +61 303
at GHz frequencies) are significantly lower than the ones obtained in the other two
observations (conducted at ¢, ~ 0.8-0.0, during the maximum activity). We also
observe this effect at 235 MHz with respect to the observation at ¢y, ~ 0.8 (but
not at ¢y, =~ 0.0). This indicates the existence of the superorbital variability at
frequencies below 1 GHz.

90



5.3. Results

5o (Pso = 1667 d,JDg = 2443 366.775)

0.0 0.2 04 0.6 0.8
350 — T T T T
® GMRT 610 MHz
300} | MW GMRT 235 MHz 4
GMRT 154 MHz
A
250 RT 15 GHz |
> 200} |
CHg I
vy 150} -
100 - 8
50 8
L
0 ! ! = T - ! ! ! !
53400 53600 53800 54000 54200 54400 54600 54800

MID

Figure 5.4. Flux density values of LS I +61 303 as a function of the MJD obtained from
all the analyzed GMRT data (2005-2008). We show the superorbital phase, ¢,, on the
top x-axis. The green circles represent the 610-MHz data, the red squares the 235-MHz
data, and the orange diamond the 154-MHz ones. The gray triangles represent the daily
averages of the RT data at 15 GHz. Error bars represent 1-0- uncertainties. We note
that the source exhibits larger flux densities during the isolated GMRT observations (at
superorbital phases of ¢s, ~ 0.80-0.95) than during the GMRT monitoring (¢, ~ 0.2).

Figure 5.5 focuses on the GMRT monitoring only, showing the 610 and 235-
MHz light-curve of LS I +61 303 along three consecutive orbital cycles. The
610-MHz data exhibit variability with maxima roughly coincident with the out-
bursts observed in the 15-GHz RT data (e.g. see MJD ~ 53720). However, at
610 MHz we observe that the decay of the emission is slower (e.g. compare the
decays in MJD 53695-53705, 53720-53725). The average flux density during the
whole monitoring is 70 mJy, with a standard deviation of 20 mJy and a significant
variability. For these variability analyses (and in the rest of this work) we have
taken the most conservative choice to consider the 3-o- upper-limits as the possible
flux density value of the source, assuming S, ~ 30 + 0. At 235 MHz we observe
a smaller degree of variability, with no clear correlation with the previous one. In
this case we infer an average flux density of 37 + 8 mJy and a variability at a 6-0
confidence level.

Folding these data with the orbital phase (Figure 5.6, top), we clearly see that
the radio emission is orbitally modulated. At 610 MHz we observe that the en-
hanced emission takes place in the range of ¢, ~ 0.8—1.1, whereas at 15 GHz the
maximum occurs at ¢op, & 0.8 and shows a faster decay. At 235-MHz we observe
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Figure 5.5. Same as Figure 5.4 but zooming in on the GMRT monitoring observations. In
this case we show the orbital phase, ¢, on the top x-axis. The vertical dashed lines show
the epochs at which ¢, = 0. We observe the presence of enhanced emission at 610 MHz
coincident with the outbursts at 15 GHz but with a slower decay (see MJD 52695-52705,
53720-53725). In contrast, at 235 MHz we observe a smaller degree of variability, with
no clear orbital trends. The arrows represent the 3-0- upper-limits.

that the flux density increases between ¢, ~ 0.0 and 0.4. This phase range is
followed by an interval without data between phases 0.4 and 0.6, after which we
observe the largest flux density value followed by a fast decrease in the flux den-
sity. The increase and decrease of the flux density are traced by 4-5 data points
in each case. Therefore, we observe that the maximum emission probably occurs
in the range between ¢op ~ 0.3 and ~0.7, which is the location of the minimum
at 610 MHz. In fact, the 235 MHz and the 610 MHz light-curves are almost an-
ticorrelated. Figure 5.6 (bottom) shows the spectral index « (determined from the
235 and 610 MHz data) as a function of the orbital phase. The spectral index is
also orbitally modulated, following essentially the 610-MHz flux density emission.
From the isolated GMRT observations we obtain a spectral index coincident with
the modulation observed from the GMRT monitoring, despite the much larger flux
density values (see open hexagons in Figure 5.6, bottom). We note that Figure 5.6
shows data from different orbital cycles that have been poorly sampled. In addi-
tion, we remark that the outbursts seen at GHz frequencies exhibit changes from
cycle to cycle. Therefore, we note that the profile seen in the folded light-curve is
different than the one we would obtain in a single orbital cycle.
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Figure 5.6. Top: folded light-curve with the orbital period of the data shown in Figure 5.5.
The 610 MHz data show a quasi-sinusoidal modulation with enhanced emission at @, ~
0.8—1.1, whereas the 15-GHz outbursts take place at ¢o, ~ 0.8 with a fast decay. The
235 MHz light-curve is almost anticorrelated with the one observed at 610 MHz. Bottom:
spectral index @ derived from the GMRT data presented above. Open hexagons represent
the spectral index from the isolated GMRT data (not shown on top). Error bars represent
1-0 uncertainties and the arrows represent the 3-o- upper/lower-limits.

5.3.2. Light-curve at ~150 MHz

Several data sets at a frequency around 150 MHz have been analyzed: one GMRT
observation at 154-MHz, one LOFAR observation at 142 MHz and four LOFAR
observations at 149 MHz. In the following, we will refer to all these observations
generically as 150-MHz observations. We note that the differences between these
frequencies would not imply any significant change in the flux density values of
LS I +61 303 for reasonable spectral indices.

The 150-MHz GMRT data (obtained at a superorbital phase of ¢s, ~ 0.69)
reveal for the first time a detection of LS I +61 303 at this frequency’, being a

3We note that LS I +61 303 was inadvertently detected at ~150 MHz in a study of the Galactic
emission made by Bernardi et al. (2009) with WSRT. The source is marginally detected in the Fig-
ures. 2 and 3 of Bernardi et al. (2009), close to the edge of the primary beam. At these positions the
flux density measurements are much less reliable, and thus we will not discuss these data here. We
also note that the positions of the sources in the mentioned figures present a general displacement of
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Figure 5.7. Flux density values of LS I +61 303 as a function of the MJD obtained from
the 150-MHz LOFAR observations (conducted at ¢y, ~ 0.8). We show the orbital phase,
with labels every ¢on, = 0, on the top x-axis. We detect variability and a strong increase
in the flux density of LS I +61 303 of at least a factor 3 in only 14 d (between MJD 56361
and 56375). The open triangles represent the contemporaneous OVRO data at 15 GHz.

point-like source with a flux density of 52 + 11 mlJy.

The 150-MHz LOFAR observations taken within the RSM in 2013 (¢s, ~
0.76-0.87) allow us to obtain a light-curve of the source on week timescales (spread
along 7 orbital cycles). These results are shown in Figure 5.7. With these data we
clearly detect variability and a strong increase in the flux density of at least a factor
3 in only 14 d between MJD 56361 and 56375 (approximately half of the orbital
period). Folding these data with the orbital period, and adding the GMRT data at
approximately the same frequency, we obtain the light-curve shown in Figure 5.8.
We note that all these observations were conducted at similar superorbital phases.
We observe a kind of baseline state with flux densities around 30 mJy on top of
which there is a stronger emission between ¢o, ~ 0.7-1.0 (given the reduced cov-
erage of the orbit, we certainly cannot constrain this range and it could actually be
wider). Despite the poor sampling, the onset of the outburst at 150 MHz could take
place at the same orbital phase as in the contemporaneous 15-GHz OVRO data, al-

about 5 arcmin to the East direction with respect to the real positions.
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Figure 5.8. Folded light-curve with the orbital period from the data shown in Figure 5.7
plus the 150-MHz GMRT observation (orange diamonds). The flux density is orbitally
modulated, exhibiting an enhanced emission at ¢, ~ 0.7-1.0. Due to the poor sampling,
we can not determine the delay of the peak emission between 150 MHz and 15 GHz,
although a delay seems to be observed between these frequencies.

though the maximum of the outburst appears to be delayed at 150 MHz. The
average flux density for these 150-MHz observations is 35 + 16 mlJy (considering
the upper-limits as the possible flux density value of the source: S, ~ 30 + o).

5.4. Discussion

We have presented here data of the gamma-ray binary LS I +61 303 at low radio
frequencies, from 150 to 610 MHz. This is the first time that a gamma-ray binary
is detected at 150 MHz, although previous searches have been performed in other
sources (see Marcote et al. 2015, or § 4, for the case of LS 5039). A multifrequency
monitoring conducted with the GMRT in 2005-2006 (at a superorbital phase of
¢so ~ 0.2) shows significant variability at 610 MHz with the maximum emission
at orbital phases of ¢op &~ 0.8—1.1. This variability is roughly coincident with
the outbursts observed at 15 GHz, but with a significantly wider shape, a delay of
about 0.2 orbital phases, and a slower decay. However, at 235 MHz we show that
the maximum emission of the source occurs in the range between ¢op = 0.3 and
~ 0.7. The light-curve is thus almost anti-correlated with respect to the 610-MHz
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one. The LOFAR observations were conducted, in contrast, at a superorbital phase
of ¢so ~ 0.8. In this case we observe a behavior similar to the one observed at
610 MHz: a large variability with the maximum emission taking place at orbital
phases between 0.7 and 1.0.

In this section we discuss the observed behavior at 150, 235 and 610 MHz and
its relationship with the superorbital modulation. It must be noted that the compact
VLBI radio emission detected at GHz frequencies represents >90% of the total flux
density of LS I +61 303, leaving small room for extended radio emission (Paredes
et al. 1998). For this reason, and also because of the limited number of frequencies
with available light-curves (and the use of data from different orbital cycles), we
assume a one-zone model with an homogeneous emitting region. We consider
here the two most probable absorption mechanisms: free-free and synchrotron
self-absorption (there are not enough data to consider the Razin effect such as in
LS 5039, § 4). We infer the physical changes required in the system to explain the
observed delay between the orbital phases at which the maximum emission takes
place at different frequencies.

From Figure 5.4 we observe that the superorbital phase still has an important
role at these low frequencies, as we detect a much larger flux density at high ¢,
than at low ones. Given that we only have two isolated observations at high super-
orbital phases, we cannot determine what was the state of the source during these
observations (maximum of the orbital variability, minimum or in between). There-
fore, we can not accurately estimate the increase of the emission as a function of
the superorbital phase.

A correlation between changes in the thermal emission of the circumstellar
disk, observed from optical photometry and Ha observations, and the superorbital
modulation of the non-thermal emission has been reported (Paredes-Fortuny et al.
2015b, and references therein). A larger amount of material in the disk (higher
values of Ha equivalent width) is observed at superorbital phases coincident with
the maximum emission at GHz frequencies (¢, ~ 0.8-0.0). This larger amount of
material in the disk might imply more target material for a shock with the putative
pulsar wind. This could potentially lead to a more efficient particle acceleration
and stronger emission, but also to a larger absorption at low radio frequencies.
The presence of stronger radio emission and a clear variability at 150 MHz at
these superorbital phases indicates that the emission increase, probably produced
as a result of the more efficient particle acceleration, seems to dominate over the
decrease due to enhanced absorption at these low radio frequencies.

The positive spectral indices obtained from the GMRT monitoring (Figure 5.6,
bottom) confirm the suggestion of a turnover between 0.3 and 1.4 GHz made by
Strickman et al. (1998), and we constrain it to be in the 0.6—-1.4 GHz range. As-
suming that the spectrum at low frequencies is dominated by FFA we can estimate

96



5.4. Discussion

the radius of the emitting region with the condition that the free-free opacity, given
by equation (3.25), is

T ~ 30M° 7VGHz mangSI \7\/28 3Tv_v%4/2 =L (5.1)
Assuming a luminosity of L ~ 4.65 L, typical from BO V stars, we derive a
mass-loss rate of M,7 ~ 0.5 (Howarth & Prinja 1989), for which we will assume
reasonable values in the range of M_; ~ 0.2—1. Considering the effective tem-
perature of T ~ 28000 K, also expected for this type of star (Cox 2000), we
deduce a wind velocity of 1500 + 500 km s~! (or vw.g3 ~ 0.75, Kudritzki & Puls
2000). We also expect a wind temperature of ~10 000 K at a distance of the order
of the apastron (Krticka & Kubat 2001), and a turnover frequency vgazmax ~ 1
(as mentioned before). With these values we estimate a radius for the spherically
emitting region of 2. 4+1 T AU.

We can compare thls result with the displacements of the peak positions ob-
tained with VLBA observations along one orbital cycle by Dhawan et al. (2006).
From their Figure 4 we observe displacements as large as ~2.5 and ~2 mas (~5
and ~4 AU) at 2.2 and 8.4 GHz, respectively, which in our spherically symmetric
model imply radii of ~2.5 and ~2 AU. Although we are using a spherical model,
we note that the radius that we have derived is clearly compatible with these val-
ues, as expected considering that the emission has to be produced far away enough
from the massive star to avoid being in the optically thick part of the spectrum due
to free-free absorption.

On the other hand, we can consider that the emitting region is expanding, and
thus the turnover frequency evolves along the time. In this case we consider that
the transition from an optically-thick to an optically-thin region would produce the
delay between the different maxima observed at 235 and 610 MHz, as previously
reported for other binary systems (Ishwara-Chandra et al. 2002). From equation
(5.1) we can determine the radius of the emitting region when the turnover is lo-
cated at a frequency v:

3 g3y 223 pol/2 =23
by =303 M v Ty v (5.2)
With this relation we can infer the velocity of the expanding emitting region, or
expansion velocity, assuming it to be constant for simplicity:
A 4, — ¢
v=— =2 (5.3)
At A¢P0rb
where A¢ is the shift in orbital phase for the maximum at a frequency v, and
vy, and Py, is the orbital period. We can consider for simplicity the case that
M_7, vw g3 and Tw 4 remain constant during this expansion. Figures 5.5 and 5.6
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5. Variability at low frequencies of the gamma-ray binary LS I +61 303

show that the peak of the emission at 610 MHz is located somewhere between
dorb ~ 0.8 and 1.1. In parallel, we observe that the flux density at 235 MHz
remains increasing at ¢, ~ 0.4, and in the range of 0.6-0.7 the flux density is
already decreasing. Therefore, the maximum emission probably takes place in the
range of 0.3—0.7. These values imply that the maximum emission exhibits a shift of
~0.2-0.9 in orbital phase between the two frequencies. Although the uncertainty
in this shift is large, we can assume a shift of ~0.5 to provide a rough estimation of
the expansion velocity for the radio emitting region. Assuming this value and with
all the previously mentioned data, we infer that the emitting region should expand
by a factor of 2.0 = 0.5 during this delay of ~0.5 in orbital phase (~13 d) from 610
to 235 MHz, implying a constant expansion velocity of vpps = 350 +220 km s~ .
If we also consider the shifts in orbital phase with respect to the maximum at
15 GHz, we can deduce, from equations (5.2) and (5.3), the expected delay in
orbital phase as a function of the velocity, vrpa, and the frequency, v:

301/3 WYk U—2/3 712
_ -7 W83 w4 —2/3 72/3)
Adrea = ( 15723 5.4
drEA UrFA Porb YGH, >4

Figure 5.9 shows the velocity curves derived from this equation, where a fit to the
considered shifts at 235 and 610 MHz with respect to 15 GHz produces a constant
velocity of vppa = 660 £ 280 km s~!. This velocity is a factor of ~2 smaller than
the one of the stellar wind. However, the derived velocity depends strongly on
the assumed mass-loss rate, which is unconstrained from the observational point
of view. Figure 5.10 shows the derived expansion velocity of the emitting region
for different values of the mass-loss rate (in Figure 5.9 we assumed M_7 = 0.5).
We note that for mass-loss rates of M,7 ~ 1 (which is still possible) the derived
velocities overlap with the range of possible stellar wind velocities. In any case,
these velocities are much lower than the relativistic velocity of the putative pulsar
wind (see discussion in Bogovalov et al. 2012).

Dhawan et al. (2006) estimated the outflow velocity along the orbit at 2.2
and 8.4 GHz, obtaining maximum values of ~7 500 km s~! near periastron and
~1000 km s~! near apastron. Therefore, the expansion velocities derived here are
also close to the one derived by these authors near apastron.

If instead of FFA we consider SSA as the dominant absorption process at low
frequencies, we can estimate the properties of the emitting region in the optically
thick to optically thin transition. In this case, from equation (3.22) we obtain the
condition

A = 3354 x 10711(3.54 x 108)PKBOHI2p(p)y P20 — 1. (5.5)

Assuming p ~ 2 (i.e. @ ~ —0.5 in the optically thin region, similar to the average
spectral index observed in LS I +61 303 above ~2 GHz) we would expect that
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Figure 5.9. Shift in orbital phase (A¢) expected for the maxima in the flux density emis-
sion between a frequency v and 15 GHz for different velocities of expansion of the radio
emitting region (vgga ) assuming that FFA is the dominant absorption process and following
equation (5.4). The black circles represent the shifts observed at 235 and 610 MHz with
respect to 15 GHz in the folded light-curve. We fit the data with an expansion velocity of
~700 km s~ ! (dashed line).

the quantity K B> ¢ decreases a factor of ~18 during the delay of 0.5 in orbital
phase between the maximum emission at 235 and 610 MHz. These three quantities
(K, B, ) are coupled in the equation above and thus we can not estimate them
separately. All of them would a-priori change along the orbit, but since we assume
an expanding region from the same population of accelerated particles, K should
remain constant (provided that losses are not significant). Additionally, one can
consider different dependences of B as a function of £: B ~ £~2 (as in a spherical
expansion) or B ~ £~ ! (as in a conical or toroidal expansion, as it happens either in
a relativistic jet from the microquasar scenario or in a cometary tail from the young
non-accreting pulsar scenario). With these considerations we expect an expansion
factor of ~2.6 (if B ~ €7%) or ~18 (if B ~ ¢~ 1). To derive the expansion velocity
of the emitting region, we can assume the radius of £ = 2.41’}} AU that we have
obtained at 1 GHz in the FFA case, which is also compatible with the results from
Dhawan et al. (2006). With these assumptions, and the equations (5.3) and (5.5),
we obtain the shifts in orbital phase between the maximum at a frequency v and at
15 GHz:

v3GHZ —153
vssaPorb3.354 x 1011(3.54 x 1018)2KB2b(2)

Apssa = (5.6)
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Figure 5.10. Velocities, vppa, of the expanding emitting region as a function of the mass-
loss rate, M , derived from the considered delay between the maxima at 235 and 610 MHz
with respect to 15 GHz, assuming a free-free absorbed region. The green line represents
the mean derived velocity and the light green shaded region represents the possible ve-
locity values by considering the uncertainties in the orbital phase shifts between different
frequencies, and in the stellar wind velocity. The vertical dashed line denotes the derived
mass-loss rate. The horizontal lines represent the mean and lower value of the stellar wind
velocity (solid and dotted line, respectively).

Figure 5.11 shows the derived velocity curves as a function of the frequency and
the orbital phase shift for the SSA case. In the case of B ~ £~2 we can fit the data
with a constant velocity of vgsa = 1000 £+ 200 km s~!, where the uncertainties
result from the propagation of the uncertainties in ¢ at 1 GHz. The fitted velocity
is also compatible with the one of the stellar wind. In the case of B ~ ¢~! the
data are best-fitted with a constant velocity of 17000 + 2000 km s~!, which is
significantly faster than the stellar wind one. In any case, both velocities in the SSA
scenario are clearly slower than the relativistic velocity of the putative pulsar wind
or the relativistic jet. We note that if energy losses were considered, the derived
expansion velocities would be even lower than the ones discussed. A dependence
of B ~ {~! would be more plausible given the conical geometry of the current
scenarios, based either on a cometary tail or a jet. However, at least in the young
non-accreting pulsar scenario, the emitting region at low frequencies could exhibit
a more toroidal or spherical geometry after mixing with stellar wind, in which case
a dependence closer to B ~ £{~2 would be expected.

We show that either FFA or SSA (with different magnetic field dependences)
can explain the delays of the low-frequency emission of LS I +61 303 with expan-
sion velocities of ~1000 or ~17 000 km s~!, depending on the considered model.
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5.4. Discussion

On the one hand, a large expansion velocity of ~17000 km s~! could be accom-
modated either in the young non-accreting pulsar scenario or in the microquasar
one. In the first scenario the obtained velocity would indicate that the stellar wind
does not dominate the expansion of the emitting region. In the second one, this
velocity could be an estimate of the lateral expansion velocity of the jet. On the
other hand, low expansion velocities of ~1 000 km s~! appear too low to represent
the lateral expansion velocity of the jet, while they could be obtained in the young
non-accreting pulsar scenario if the stellar wind dominates the expansion of the
emitting region.

We can also compare the delays predicted by our models with the simultaneous
data taken between 2.6 and 15 GHz in 2012, ¢, ~ 0.6 (Zimmermann et al. 2015).
These data show that the peak of the emission at these frequencies takes place at
roughly the same orbital phases, setting a delay <0.05 within this frequency range.
Although this delay is compatible with the three fitted models within uncertainties,
we note that the FFA and SSA with B ~ ¢~ models predict delays closer to 0.1
orbital phases, while delays close to zero could only be reproduced by the SSA
with B ~ ¢~! model. However, we stress that the superorbital phase of the 2012
observations is 0.6, different to the one of the GMRT monitoring (0.2), and thus
the orbital variability as a function of the frequency could be different.

Extrapolating these results to 150 MHz, we infer an orbital phase delay of
about 0.9 (assuming FFA) or ~1.0 (assuming SSA with B ~ ¢~2). In the case
of SSA with B ~ ¢~! we would expect a mixing between different outbursts.
However, these results cannot be directly compared with the obtained light-curves
at 150 MHz. These data were taken at different superorbital phases (¢so ~ 0.9
instead of ~0.2), and we observe a larger flux density emission and a larger vari-
ability at these 150 MHz data than the ones expected from an extrapolation of
the 235 and 610-MHz light-curves. This implies, as mentioned before, that the
superorbital phase still plays a significant role at low frequencies. In any case,
the observed shift at 150 MHz with respect to the 15-GHz data is not well con-
strained and it could be between ~0.0 and ~0.5 orbital phases, with the possibility
of observing a full cycle shift (and thus between 1.0 and 1.5). We note that these
values are roughly compatible with the ones derived from the 235 and 610-MHz
data assuming a one-cycle delay. However, we cannot discard the possibility of
being observing a delay of only ~0.0-0.5 orbital phases, as we would expect less
absorption at these high superorbital phases, which would also explain why we see
a large orbital variability.
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Figure 5.11. Same as Figure 5.9 but assuming that SSA is the dominant absorption process
and following equation (5.6). Two different dependences of B have been considered: B ~
¢=% (top) or B ~ {~! (bottom). The dotted line on the top panel represents the mean
value of the derived wind velocity. We note that with the dependence B ~ {2 (top) we
can easily explain the data with an expansion velocity of ~1000 km s~', while with the
dependence B ~ ¢~! (bottom) a velocity of ~17 000 km s~! is required.

5.5. Conclusions

We have detected for first time a gamma-ray binary, LS I +61 303, at a frequency
as low as 150 MHz. This detection establishes the starting point to explore the
behavior of gamma-ray binaries in the low frequency radio band, which will al-
low us to unveil the absorption processes that can occur in their radio spectra or
light-curves. Additionally, we have obtained light-curves of LS I +61 303 at 150,
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235 and 610 MHz, observing orbital and superorbital variability in all cases. In the
folded light-curve with the orbital period we observe quasi-sinusoidal modulations
with the maxima at different orbital phases as a function of the frequency. The ob-
served delays between frequencies seem to be also modulated by the superorbital
phase. The flux density values are also modulated by the superorbital phase, with
the source displaying a stronger emission at ¢s, ~ 1.

We have modeled the shifts between the maxima at different frequencies as
due to the expansion of a one-zone spherically symmetric emitting region assum-
ing either free-free absorption or synchrotron self-absorption with two different
magnetic field dependences. The derived expansion velocities are clearly subrel-
ativistic and in some cases close to the stellar wind one. Both the young non-
accreting pulsar scenario and the microquasar scenario could accommodate the
obtained highest velocities (~17 000 km s~!), although the first scenario seems to
be favored in the case of low velocities (~1000 km s~!), which are close to the
stellar wind one.

The limited amount of data acquired up to now precludes detailed modeling to
establish the origin of the variability at different frequencies and epochs. Further
multi-epoch observations of LS I +61 303 with LOFAR are needed. These data
would allow us to determine the light-curve of LS I +61 303 folded in orbital phase
and study its changes as a function of the superorbital phase. A good coverage of
a single orbital cycle is mandatory to obtain a reliable profile of the variability
of LS I +61 303 due to the significant differences observed between outbursts at
different orbital phases. Future simultaneous multifrequency observations with
the GMRT, LOFAR and the VLA at different superorbital phases would allow us
to study the light-curve of LS I +61 303 and its dependence with the frequency.
These data could unveil the changes in the physical parameters that characterize the
emitting region and the absorption processes required to explain the superorbital
modulation. Finally, the use of the International stations in LOFAR observations
(longer baselines) would allow us to search for the extended emission at arcsec
scales that is expected to arise at low frequencies.
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CHAPTER 6
\J Radio emission decrease in
»A\the gamma-ray binary

HESS ]0632+057

The gamma-ray binary HESS J0632+057 exhibits an orbitally modulated X-ray
light-curve with a main and a secondary X-ray outburst. Existing radio observa-
tions were taken mostly around the main X-ray outburst, with only a couple ob-
servations at other orbital phases. Previous EVN observations performed in 2011
during and just after the main X-ray outburst reveal an extended radio emission
and a decay in the total radio flux density. A similar behavior during the secondary
X-ray outburst was expected: a new radio outflow could be produced, probably
with a different orientation due to the different orbital phases. To unveil the radio
emission of HESS J0632+057 during this secondary X-ray outburst, we observed
the source at orbital phase ¢ = 0.76 simultaneously with the EVN and WSRT. The
use of both arrays was expected to allow us to determine the changes of the radio
emission at different angular scales. However, we have only found two upper-
limits to the emission of HESS J0632+057, both from the WSRT and from the
EVN data. The EVN data point out a strong decrease in the radio emission of at
least one order of magnitude with respect to the main X-ray outburst, which indi-
cates a different variability of the compact radio emission compared to the X-ray
one. However, the lack of simultaneous X-ray data prevents us from properly un-
derstand what is the origin of this decrease. These results have been published in
the proceedings of a poster shown in the /2th European VLBI Network Symposium
and Users Meeting (Marcote et al. 2014a).

6.1. Introduction

HESS J0632+057 is a binary system comprising a BO Vpe star of 13—-19 M, and
a compact object of 1.3-7.1 M, (Aragona et al. 2010), with coordinates

a = 06" 32™ 59.257°, 5 = +05° 48" 01.16”
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Figure 6.1. X-ray light-curve of HESS J0632+057 folded with the orbital period from
Swift-XRT data. Different orbital cycles are indicated by different colors and markers.
Adapted from Aliu et al. (2014).

at the epoch of MJD 55607 (Moldén et al. 2011), being located ~1.5 kpc away
from the Sun. The orbit of the system shows a high eccentricity of e = 0.83 +0.08
(Casares et al. 2012) and an orbital period of 315:? d (Aliu et al. 2014).

HESS J0632+057 was discovered by the H.E.S.S. Collaboration as a point-
like TeV source (Aharonian et al. 2007). Subsequently, variability in the TeV
emission was reported by Acciari et al. (2009). A variable X-ray counterpart (Ac-
ciari et al. 2009; Hinton et al. 2009) and also a variable radio counterpart (Skilton
et al. 2009) were found later. The massive BO Vpe star MWC 148 was confirmed
as the optical counterpart of the TeV source (Hinton et al. 2009). As it is shown in
Figure 6.1, the X-ray emission exhibits a main outburst in the orbital phase range
of 0.3-0.4 followed by an X-ray dip at orbital phases 0.43—-0.46, and a secondary
outburst between orbital phases 0.6 and 0.9 (phase ¢ = 0 is arbitrarily defined at
MIJD 54 857 according to Bongiorno et al. 2011, while the periastron takes place
at orbital phase 0.97 following Casares et al. 2012). The maximum of the main
X-ray outburst changes slightly in amplitude and phase from cycle to cycle, while
the X-ray dip remains stable. The X-ray profile of the main outburst and the fol-
lowing dip resembles to the light-curve observed in 1n-Carinae, which is known
to be originated by wind collisions. However, in HESS J0632+057, most of the
X-ray emission exhibits a non-thermal origin (Falcone et al. 2010). In contrast
to the main X-ray outburst and the dip, the orbital phases at which the secondary
X-ray outburst takes place vary significantly from cycle to cycle (see Figure 6.1).
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The earliest outburst has been reported at ¢ ~ 0.6, whereas the latest one has been
observed at ~0.8 (Aliu et al. 2014).

We note that HESS J0632+057 has not been detected yet at GeV energies,
making the system unique among all the known gamma-ray binaries (Caliandro
et al. 2013), as it is shown in Table 1.1. The orbital variability of the TeV emis-
sion is clearly correlated with that of the X-ray emission, suggesting that both
are originated by the same population of accelerated particles (Aliu et al. 2014).
These authors show that simple one-zone leptonic models explain this correlation
assuming that the X-ray emission is produced by synchrotron emission of the ac-
celerated particles, whereas the TeV emission is produced by IC scattering of the
UV radiation originated in the companion star by the same accelerated particles.

The SED of HESS J0632+057 is very similar to the one of LS I +61 303, but
one order of magnitude fainter (Hinton et al. 2009). The eccentricities of both
systems are similar, and both host a BO star with a circumstellar disk, although
the orbital period is about one order of magnitude larger in HESS J0632+057. We
note that the distance to HESS J0632+057 is smaller than to LS T +61 303 (~1.4
versus 2.0 kpc, respectively), implying that the source must be intrinsically fainter.
This is probably related to the larger separations between the companion star and
the compact object.

6.1.1. The radio emission of HESS J0632+057

HESS J0632+057 has been previously explored with radio interferometers at GHz
frequencies. Skilton et al. (2009) conducted six GMRT observations at 1.3 GHz,
and three contemporaneous VLA observations at 5.0 GHz, all of them covering the
main X-ray outburst and the subsequent dip in the same orbital cycle (from orbital
phases ~0.3 to 0.55). Whereas the 1.3-GHz GMRT data show a stable emission
of about 0.67 mly, the three 5-GHz VLA data show significant variability, with
an average flux density of ~0.28 mJy. However, we note that this variability is
not correlated with the X-ray light-curve. These authors also conducted one ob-
servation at 5 and 8 GHz with the VLA during the secondary X-ray outburst. Two
upper-limits were inferred from these data, although their 3-0- values are close to
the flux density values detected in the previous observations at 5 GHz.

Two EVN observations were conducted in 2011 during, and just after, the main
outburst, revealing an extended emission with an one-sided structure that extends
~50 mas (Moldén et al. 2011). The position of the peak of the emission suffers
a displacement of about 14 mas (21 AU) between the two observations, aligned
with the direction of the extended emission, and implying a projected expansion
velocity of ~1200 km s~!. HESS J0632+057 shows a flux density emission of
0.41 £ 0.09 mJy during the peak of the main X-ray outburst, and 0.18 £+ 0.03 mJy
during the subsequent dip. A significant decrease in the radio emission is thus ob-
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served, following the X-ray behavior. This decay, which is not seen in the GMRT
data analyzed by Skilton et al. (2009) at roughly the same frequency, suggests the
presence of an extended radio outflow that is filtered out at VLBI scales.

A similar behavior could be expected during the secondary X-ray outburst.
However, almost all the existing radio data were taken around the main one. We
decided to conduct a new EVN observation to track the evolution of the extended
emission reported by Moldén et al. (2011) in another part of the orbit, during the
secondary X-ray outburst. In Sect. 6.2 we present this observation and the obtained
results, and we discuss them in Sect. 6.3. Finally, we state the conclusions of this
work in Sect. 6.4.

6.2. EVN observation and results

We conducted a 10-hr EVN observation on 2014 February 20 (at ¢ = 0.76, during
the secondary X-ray outburst) using the following 14 antennas: Ef, Jb, Kn, Wb,
Mc, On, Tr, Sh, Ur, Hh, Sv, Zd, Bd and Ro (project code EM111). The observation
was conducted at 1.6 GHz, using eight IFs, with dual circular polarization (RR and
LL), each of them with a bandwidth of 16 MHz divided in 32 channels. We used
J0619+0736 as phase calibrator, which together with 0528+134 and DA 193 were
used as fringe finders. The data were correlated at JIVE. WSRT (Wb) data were
also recorded separately to obtain an image sensitive to larger angular scales. In
this case, 64 channels were recorded with full circular polarization (RR, LL, RL,
and LR).

We reduced the data within AIPS and Difmap (Shepherd et al. 1994)!. After an
initial flagging and automatic ionospheric corrections, we fringe fit and bandpass
calibrated the data. We produced a model for the phase calibrator with Difmap,
after several cycles of imaging and self-calibration. This model allowed us to
produce a more accurate calibration of the data. We transferred its solutions to the
target source data and we produced the final image in AIPS again. We note that the
data from the Sv antenna could not be recorded, and thus data of only 13 antennas
are present in the final dataset.

Figure 6.2 shows the images obtained with WSRT and the EVN around the
field of HESS J0632+057. The source is not detected above the noise level, estab-
lishing 3-0 upper-limits of 0.7 mJy beam ™! (for the WSRT data) and 30 pJy beam ™!
(for the EVN data). Figure 6.3 (top) shows the radio light-curve of the source
folded with the orbital period. In addition to our new radio data (highlighted by a
vertical pale red line, at orbital phase 0.76), the light-curve includes all the avail-
able radio data at a similar frequency (i.e. the previously mentioned GMRT data at

'ftp://ftp.astro.caltech.edu/pub/difmap/difmap.html
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Figure 6.2. Images of the field of HESS J0632+057 as seen from the WSRT data and from
the EVN data (zoom). Radio emission from the source is not detected in any of them, with
3-0 upper-limits of ~0.7 mJy beam~! and 30 wJy beam™!, respectively. The position of
HESS J0632+057 is denoted by the red circle, and the synthesized beams are shown on
the bottom right corner of each image.

1.3 GHz from Skilton et al. 2009 and the EVN data from Moldén et al. 2011). The
X-ray light-curve is also shown for comparison.

We observe a decrease in the flux density values of at least one order of mag-
nitude with respect to the previous EVN detections published by Moldén et al.
(2011). With the WSRT data we have obtained a 3-0 upper-limit at the level of the
previous GMRT detections reported by Skilton et al. (2009), and thus we cannot
conclude if the total emission of HESS J0632+057 is weaker at this epoch.
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Figure 6.3. Top: radio light-curve of HESS J0632+057 folded with the orbital period.
The upper-limits inferred in this work from the EVN and WSRT data (red and blue arrow,
respectively) are highlighted by the vertical pale red line at orbital phase 0.76. We also
show the 1.3-GHz GMRT data from Skilton et al. (2009) represented by green squares,
and the 1.6-GHz EVN data from Moldén et al. (2011) by red circles. The gray circles
represent the X-ray data shown in Figure 6.1 (also shown on bottom). Error bars represent
the 1-0 uncertainties and arrows represent 3-0- upper-limits. Bottom: TeV light-curve of
HESS J0632+057 folded with the orbital period from the data presented by Aliu et al.
(2014).

6.3. Discussion

The obtained upper-limit from the EVN data reveals a strong decrease in the radio
emission of HESS J0632+057 of at least one order of magnitude with respect to
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the one observed during the main X-ray outburst. Considering the radio/X-ray be-
havior observed during the main X-ray outburst, this strong decrease was somehow
unexpected, although we do not have contemporaneous X-ray data during the cy-
cle of the EVN/WSRT data. The ratio between the radio and the X-ray flux around
the main X-ray outburst is ~107°. We observe from Figure 6.3 that this ratio is
roughly constant along the outburst decay if we consider exclusively the EVN ob-
servations by Moldon et al. (2011). Considering the non-simultaneous X-ray data
from Swift, and assuming the same X-ray emission also during our EVN observa-
tion, the ratio goes down to <10~ during the secondary X-ray outburst. We note
that the TeV/X-ray flux ratio remains roughly constant along all the orbital phases
(see Figure 6.3, bottom).

The observed reduction in the radio/X-ray flux ratio from one epoch to the
other could be explained by different behaviors. On the one hand, the radio and
the X-ray emission could arise from different populations of accelerated particles.
Therefore, no correlation would be expected from the emission of the two pop-
ulations. However, this scenario is unlikely, as we see in other systems that the
same population appears to originate the radio and the X-ray emission. On the
other hand, we need to consider that the radio and the X-ray data were not simul-
taneous. This fact can lead into two different possibilities. First, the emission of
HESS J0632+057 could be much fainter than the one observed in previous orbital
cycles. We have seen a large variability from cycle to cycle, with changes in ampli-
tude and shape in the X-ray light-curve, particularly during the secondary outburst.
Secondly, we could have observed the source before the start of the secondary out-
burst. No radio outflow would thus have been originated yet. Comparing the three
secondary X-ray outbursts observed by Aliu et al. (2014), see Figure 6.1, we note
that one took place at orbital phase ~0.6, another one in the phase range 0.75—
0.80, and in the last one they only observed the decrease of the emission, at phases
~0.85 (and thus the outburst could have taken place at ~0.8). Given that the radio
outflow is expected to be produced just after or simultaneous to the X-ray outburst,
this is a feasible possibility. In case of a late outburst, the radio outflow would have
not been produced yet. In such case, the radio emission produced by the previous
outflow, originated during the main X-ray outburst, would be faint enough to be
undetectable in our data.

6.4. Conclusions

The 2014 EVN upper-limit during the secondary X-ray outburst implies a strong
decrease, of at least one order of magnitude, in the radio emission of HESS J0632
+057 compared to the previous EVN observations reported by Moldén et al. (2011)
during the main X-ray outburst. This strong decrease indicates a different variabil-
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ity of the compact radio emission compared to the X-ray one. However, the large
variability observed in the secondary X-ray outburst from cycle to cycle, together
with the fact that the radio and X-ray data were not simultaneous, implies that we
do not know if the X-ray outburst had actually occurred at the epoch of the EVN
observations. In case of a late outburst, it is possible that the radio outflow had not
been originated yet, and thus no strong radio emission would be observed.

Simultaneous radio and X-ray observations are thus mandatory to understand
the behavior of HESS J0632+057, and to determine the possible connection be-
tween the radio and X-ray emission. Furthermore, a better coverage of the radio
light-curve of the source is necessary to unveil its radio emission along the or-
bit. Repeated multiwavelength observations during several orbital cycles could
reveal possible shifts in orbital phase observed in the secondary X-ray outburst
and wether these same shifts are present in the radio light-curve.
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CHAPTER '/
\J The discovery of the colliding
2\ wind binary HD 93129A

Radio observations are an effective tool for discovering particle acceleration re-
gions in colliding-wind binaries (CWBs) through detection of synchrotron radia-
tion. Only five wind-collision regions (WCRs) have been resolved to date at radio
frequencies on mas angular scales. HD 93129A, a prototype of the very few known
02 I stars, is a promising target for study. Recently, a second massive, early-type
star about 50 mas away was discovered, and a non-thermal radio source was de-
tected in the region. Preliminary long-baseline array data suggest that a significant
fraction of the radio emission from the system comes from a putative WCR. We
seek evidence that HD 93129A is a massive binary system with colliding stellar
winds that produce non-thermal radiation through spatially resolved images of the
radio emitting regions. We conducted observations with the LBA to resolve the
system at mas angular scales. ATCA data have also been analyzed to derive the
total radio emission. We compiled and analyzed optical astrometric data from the
historical Hubble Space Telescope (HST) archive to obtain absolute and relative as-
trometry of the stars with mas accuracy. The optical astrometric analysis leads us
to conclude that the two stars in HD 93129A form a gravitationally bound system.
The LBA radio data reveal an extended bow-shaped non-thermal source between
the two stars, which is indicative of a WCR. The wind momentum-rate ratio of
the two stellar winds is estimated from these data, providing a rough estimation of
the mass-loss rate ratio. The ATCA data show a point-like source with a change
in the flux density level between 2003-2004 and 2008-2009, which are modeled
with a non-thermal power-law spectrum with spectral indices of « = —1.03 +£0.09
and —1.21 + 0.03, respectively. These results have been published in Benaglia,
Marcote et al. (2015) and Marcote et al. (2014b). The contribution of the author of
this thesis has been focused on the reduction and analysis of the LBA radio data.
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7. The discovery of the colliding wind binary HD 93129A

7.1. Introduction

HD 93129A is the brightest source in the most crowded part of the young open
cluster Trumpler 14, in the Carina nebula, and it has been studied for several
decades. It was firstly classified as an O3 star (Walborn 1982), though was later
reclassified as an O2 If* (Walborn et al. 2002). Mason et al. (1998) suggested that
HD 93129A was a speckle binary, and Nelan et al. (2004) confirmed the presence
of two components, Aa and Ab, from HST observations with the Fine Guidance
Sensors (FGS) instrument. The Ab component is an O3.5 V star, currently located
at a distance of about 55 mas with respect to Aa (140 AU at the distance of 2.5 kpc
at which the system is located). These authors also provided the PA between both
components (but see Nelan et al. 2010), and Maiz Apellaniz et al. (2008) detected
proper motion along the radial direction between both components by analyzing
multiepoch HST data with a relative velocity of about 2 mas yr~!. This velocity
is much higher than the observed velocities between stars in the field, supporting
the binary nature of the system. These authors suggested a highly elliptical and/or
inclined orbit, but without determining the orbital parameters. Table 7.1 shows the
main parameters of HD 93129A that are relevant along this work.

The relative motion of the two stars can be traced from archival HST/FGS ob-
servations taken from 1996 to 2009, together with VLT/NACO and VLTI/PIONIER
observations reported by Sana et al. (2014). Figure 7.1 shows the relative astrom-
etry from all these measurements. The oldest ones present large uncertainties be-
cause the position angle of the system was unknown, and the two components were
only resolved along only one of the two FGS axes. For later observations, rough
estimations of the position angle avoided this problem, allowing more accurate

Table 7.1. Adopted parameters of HD 93129A that are relevant in this work.

Parameter Value  Unit Ref.

Aa spectral type 02 If* Walborn et al. (2002)

Ab spectral type 035V Benaglia et al. (2006)
Am(map — ma,) 0.90 £0.05 mag Nelan et al. (2010)

Wind terminal velocity! 3200 + 200 kms~! Taresch et al. (1997)
System mass 200 +£45 Mg Maiz Apellaniz et al. (2008)
Effective temperature 42500 K Repolust et al. (2004)
System luminosity 6.2 log(L/Ly) Repolustetal. (2004)
X-ray luminosity'f 1.3 x 1077 Ly Cohen et al. (2011)
Distance 2.5 kpc Walborn (1995)

T Derived assuming a single star.
T Derived from the energy band 0.5-8 keV.
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Figure 7.1. Relative positions, including error bars, of HD 93129Ab with respect
to Aa, derived from archival HST/FGS data (green labels) and from VLT/NACO and
VLTI/PIONIER data published by Sana et al. (2014, red labels). The primary component,
Aa, is placed at the origin.

measurements.

Radio emission coincident with the position of HD 93129A is detected in the
range of 1.4-24.5 GHz with flux densities of 1-10 mJy (Benaglia et al. 2006). The
spectrum shows a power-law emission with a negative spectral index, typical from
synchrotron emission.

At X-rays, Cohen et al. (2011) determined that the X-ray emission observed
for HD 93129A is dominated by a thermal component originated by the individual
stellar winds in the system. Moreover, Gagné et al. (2011) reported a ratio be-
tween the X-ray and bolometric luminosities of Lx /Ly ~ 1.3 x 10~7. This value
suggests that only a small contribution of the X-rays could come from a putative
CWR. However, for very early-type stars with strong and dense winds, such as
HD 93129A, the individual X-ray emission should be somewhat fainter than sug-
gested by the canonical ratio of Lx /Lo ~ 10~7 (De Becker 2013; Owocki et al.
2013).

HD 93129A is fairly close to the Fermi source 1FGL J1045.2—5942. This
source is associated with n-Carinae, the only CWB detected at y-rays up to now
(Reitberger et al. 2015). It seems very unlikely that HD 93129A contributes to
the emission detected by Fermi, as clarified by Abdo et al. (2010). At VHE, no
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7. The discovery of the colliding wind binary HD 93129A

source has been found around the position of HD 93129A in the TevCat catalog'.
Therefore, we conclude that there is no known y-ray emission associated with
HD 93129A.

With the firm possibility of having a binary nature, HD 93129A became as
a candidate to be one of the earliest, hottest and most massive binary systems
discovered up to now in the Galaxy. The radio emission could be originated by
a WCR, which could only be revealed with high-resolution VLBI observations
and accurate astrometric measurements. We have reduced and analyzed optical
HST/FGS observations and ATCA and LBA radio observations to characterize the
source, unveiling the presence of a WCR. In Sect. 7.2 we present the analyzed data.
In sect. 7.3 we detail the results obtained from the optical and radio observations,
which are discussed in Sect. 7.4. Finally, we state the conclusions of this work in
Sect. 7.5.

7.2. Multiwavelength campaign

Multiwavelength observations are required to unveil the nature of HD 93129A.
High-resolution radio data can resolve the radio emission. High resolution optical
data are also necessary to determine the positions of the two stars of the system,
comparing them to the radio emission. In the case of a WCR, we would expect
a bow-shaped radio structure located between both stars. To test this possibility,
we analyzed HST/FGS data and conducted two LBA radio observations. ATCA
observations have also been analyzed to infer the spectrum of HD 93129A and its
possible variability along the time.

7.2.1. Optical observations with the Hubble Space Telescope

To improve the absolute astrometric position of HD 93129A (only the positions
from the Tycho catalog were available previously, with uncertainties of about 0.1"),
we have reanalyzed the archival HST/FGS data. The FGS instrument on the HST
is composed of two-channel white-light shearing interferometers that provide po-
sitional measurements of guide stars to enable accurate pointing and stabilization
of the HST. The FGS is capable of resolving sources down to ~15 mas when oper-
ated in its high angular transfer mode (TRANS), or performing sub-mas astrometry
when operated in position mode (POS). See Nelan (2014) for a description of FGS
and its operation.

HD 93129A was observed with HST/FGS in eight epochs between 2006 and
2009 in TRANS and POS mode. The first mode provides the component separa-
tion, position angle, and magnitude difference at each epoch, whereas the second

Thttp://tevcat.uchicago.edu
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mode supplies the relative positions of the field stars and composite HD 93129A
system. The combination of both modes provides the position of the two compo-
nents, Aa and Ab, with respect to the field of stars at different epochs, and allows
us to infer the proper motions of the system.

To compare the FGS coordinates of HD 03129Aab to the radio source, it is
necessary to convert the relative FGS positions to the absolute International Celes-
tial Reference System coordinates (ICRS). We used the PPMXL catalog” (Roeser
et al. 2010) for the coordinates and proper motions of the seven reference stars as
input to a model that finds the right ascension, @, and declination, ¢, of the target
source. The FGS observations were obtained between 2006 and 2009, while the
PPMXL coordinates are at the epoch J2000. The proper motions of the reference
stars must be taken into account for the most accurate correlation of the FGS data
with the radio observations. However, the proper motions provided by PPMXL
have large uncertainties. As it is standard in FGS astrometry (Nelan & Bond 2013;
Benedict et al. 2007), the PPMXL proper motions are input considering uncertain-
ties into the model, which combines the FGS astrometry from the eight epochs.
The model outputs the best fitting proper motion for each reference star, based
upon the FGS measurements but constrained by the PPMXL input values.

7.2.2. LBA radio observations

Two LBA observations on HD 93129A have been performed up to now. First,
HD 93129A was observed on 2007 June 22 at 2.3 GHz as part of the eVLBI ex-
periment vt11D3, using three antennas: Parkes, Mopra, and ATCA with a total
observing time of 10 h and 3-hr of time-on-source. PKS 0637—752 (JO635—7516)
was used as amplitude calibrator and J1047—6217 as phase calibrator. Standard
VLBI calibration procedures were used, obtaining a synthesized beam of 0.2 x
0.05 arcsec?, PA = 31°. The results of this observation were published in Benaglia
et al. (2010), who reported a point-like source with a flux density of ~3 mly (see
Figure 7.2).

A more detailed LBA observation was conducted on 2008 August 6 at 2.3 GHz.
Five antennas were used this time: Parkes, Mopra, ATCA, Ceduna, and Hobart
(project code V191B). ATCA was used in tied-array mode (i.e. all ATCA antennas
were recording as a single station). The baselines range from 100 to 1 700 km, pro-
viding an angular resolution of ~15 mas and a better uv-coverage than in the previ-
ous observation. Figure 7.3 shows the uv-coverage for this observation. The total
observing time was 11 h, with 3.2 h of time-on-source. J1047—6217 was used as
phase calibrator, and PKS 0637—752, 1549—790, J1051—-6518, and J1023—6646

2PPMXL is a catalog of positions, proper motions, 2MASS and optical photometry of 900 million
stars and galaxies, aiming to be complete down to about magnitude V = 20 for the full-sky. It is the
result of a re-reduction of USNO-B1 together with 2MASS to the ICRS.
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Figure 7.2. Image of HD 93129A from the 2007 LBA data. The optical positions of
the two stars are marked with crosses (Aa is the southern one, and Ab the northern one).
The rms of the image is 0.1 mJy beam~!. Contours start at 3-o noise level and increase
by factors of 2!/2. The synthesized beam, shown on the bottom right corner, is 0.2 x
0.05 arcsec?, with a PA = 121°.

were used as fringe finders. The data were recorded at 256 Mbps provided by four
IFs of 16-MHz bandwidth at each of the two recorded circular polarizations. We
correlated the data with the DiFX correlator, using 128 channels per IF, 125-kHz
wide each, and an integration time of 2 s. The data from the ATCA antennas were
also correlated as an independent interferometer to obtain the total flux density of
the source (the LBA correlated data are not sensitive to the short baselines).

The data reduction was performed using AIPS. Bad data were flagged using
telescope a-priori flag files and information provided in the observing logs. A
manual flagging was also performed to remove the remaining wrong data. The
amplitude calibration was performed using the antenna system temperatures, and
phase solutions on the calibrators were obtained using the fring task from AIPS.
The fringe finders and the phase calibrator were used for the bandpass calibra-
tion. We firstly produced an accurate model of the phase calibrator through several
self-calibration and imaging cycles within Difmap. The phase solutions and the
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Figure 7.3. uv-coverage of the LBA observation of HD 93129A on 2008 August 6. Five
antennas were used (Parkes, Mopra, ATCA, Ceduna, and Hobart) in a 11-hr observation.
HD 93129A was observed during 3.2 h. We note the relatively poor uv-coverage of the
LBA data.

amplitude scale were then transferred to the target source, which was imaged. No
self-calibration was attempted due to the faintness of the target source.

7.2.3. ATCA radio observations

All the archival ATCA observations of HD 93129A were analyzed to obtain a
spectrum of the source. In addition to the data presented by Benaglia et al. (2006)
and the observations associated with the LBA projects mentioned here, we found
an unpublished project (C1726) that observed the source at 4.8 and 8.6 GHz during
3.3 h. We summarize in the first three columns of Table 7.2 all these observations
(project code, date, and frequency). In all these data HD 93129A appears as a
point-like source.
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Table 7.2. Radio flux densities of HD 93129A at different frequencies obtained with
ATCA and LBA data. We include the project code, the data, and the used flux density
calibrator name with its flux density value.

Array/project Date v S, Flux calibrator S 5“1
(dd/mm/yyyy) (GHz)  (mJy) Jdy)

ATCA/C678T
28/01/2003 48  41+04 1934—638 2.84
28/01/2003 8.6 20+02 1934—638 5.83
20/12/2003 14 94409 1934—638 14.98
20/12/2003 24 78+04 1934—638 11.59

05/05/2004 17.8 1.8+0.15 Mars -

05/05/2004  24.5 1.5+0.35 Mars -
ATCA/V191B

06/08/2008 23 7.5+0.11 0637-752 5.32
LBA/V191B

06/08/2008 23 2.9+0.51 - -
ATCA/C1726

18/01/2009 4.8 5.6+0.3 1934—-638 5.83
18/01/2009 8.6 29+03 1934—638 2.86

T Benaglia et al. (2006)

7.3. Results

7.3.1. Optical astrometry of Aa and Ab

The data from the HST/FGS observations allow us to determine the positions and
proper motions of the HD 93129Aa and Ab components. The absolute positions
inferred for the epoch of 2008 August 6 (when the last LBA observation was con-
ducted) are:

@pas Opa = 10743M57.4555, —59°32/51.36"
@b, Sap = 10143M57.456°, —59°32/51.33",

where the uncertainty in each coordinate is 27 mas, dominated by the PPMXL
catalog uncertainties in the position and proper motion of the seven FGS reference
stars surrounding HD 93129A. However, the relative position between Aa and Ab
is well determined, leading to a separation of 36 + 1 mas and PA = 12 + 1°. The
proper motions derived from the FGS data are:

ust ~ —84masyr!,  utt ~ 2.6 masyr-

Ut~ —9.0masyr!, i~ 0.0 masyr .

1
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7.3.2. Resolving the radio source

Figure 7.4 shows the radio images obtained from the 2008 August 6 LBA obser-
vation at 2.3 GHz. In the high-resolution image we observe a bow-shaped radio
emission with a flux density of 1.5 £ 0.5 mJy. In the low-resolution one, the struc-
ture is poorly resolved, and we obtain a larger flux density value of 2.9 + 0.5 mJy,
with a peak flux density of 1.8 + 0.2 mJy beam ™!, assuming a two-dimensional
Gaussian fit. The larger flux density value in this last image is expected as we are
recovering part of the extended emission which is detected only with the shortest
baselines. The position of the radio emission lies between the astrometric positions
of the stars derived in the previous section. In addition, the bow-shaped emission
is extended in a direction perpendicular to the line joining the two stars (which
is well constrained to be PA = 12 + 1°). A centroid fit from the observed ra-
dio emission in the high resolution image (see Figure 7.4, top) shows a position
of ac = 10M43™M57.5462°%, 6¢ = —59°32/51.339”. A systematic uncertainty of
1.1 mas in @ and 2.8 mas in ¢, due to the position error of the phase reference
calibrator in the second International Celestial Reference Frame (ICRF2), sets an
absolute uncertainty in the position of the radio source of about 3 mas.

The phase calibrator was slightly resolved on the longest baselines, showing a
total flux density of 0.994+0.02 Jy. This value can be compared with the simultane-
ous ATCA data, which shows a flux density for the same source of 1.300+0.002 Jy.
This discrepancy can be explained either by emission that is filtered out in the LBA
data due to the lack of short baselines, or by an incorrect amplitude scale of the
LBA data (typically, the use of Ty to calibrate the amplitudes can introduce an
uncertainty of about 10%).

7.3.3. Radio spectrum from ATCA data

The flux densities obtained from the ATCA data (Table 7.2) cover frequencies from
1.4 to 24 GHz and epochs between 2003 and 2009. Simultaneous observations at
4.8 and 8.6 GHz were performed in January 2003 and in January 2009, which al-
low us to estimate the spectral index at the two epochs. Simultaneous observations
at 1.4 and 2.4 GHz were also conducted in December 2003. Figure 7.5 shows the
spectra derived from all the ATCA data. The non-thermal origin of the radio emis-
sion at frequencies below ~10 GHz is clear due to the obtained negative spectral
index. However, a thermal component is expected to be dominant at > 20 GHz.
Comparing the two epochs at which there are 4.8 and 8.6-GHz data, we observe
an increase from 2003 to 2009 in the total flux density emission of HD 93129A.
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Figure 7.4. Images of HD 93129A obtaiend from the 2008 August 6 LBA observation at
2.3 GHz with high angular resolution (fop) and with a tappering to increase the weight of
the shorter baselines (bottom). The rms are 0.21 and 0.13 mJy beam ™!, and the synthesized
beams, shown on the bottom right corner of each image, are 15 x 11 mas? with a PA of
85°, and 31 x 23 mas? with a PA of 89°, respectively. Contours start at 3-0- noise level
and increase by factors of 2'/2. The crosses denote the absolute position of the Aa and
Ab components of the system and the corresponding 1-o- uncertainties at the epoch of the
radio observation. We note that although the absolute positions of both components are
not well constrained, the relative position between them exhibits an uncertainty of only
1 mas in distance and 1° in PA.

122



7.4. Discussion

T T T T

10 ® 2003-01-28 |
- W 2003-12-20
- + 2004-05-05
_ - S ) 2008-08-06
_ ® 2009-01-18
5k ]
>
=
g
~
-
%)
2k i
\ ]‘
N
: \
N\
1 I I ! - I
1 2 5 10 20

v /| GHz

Figure 7.5. Spectra of HD 93129A obtained from the ATCA data presented in Table 7.2
at different epochs. The data from 2003 have been fit with two different models: a FFA
model (red dotted line), and a FFA plus a thermal component, considering also the 2004
data (red solid line). The 2008-2009 data have been fit with a FFA model (blue dashed
line).

7.4. Discussion

7.4.1. On the binary nature of HD 93129A

One question that still needs to be answered is if HD 93129Aa and Ab form a grav-
itationally bounded binary system. The system is being monitored in the OWN
Survey project (Barbd et al. 2010). Preliminary radial velocity curves show slight
variations although no period has been determined yet. In the simplest scenario,
assuming that the two stars are in the plane of the sky, we estimate a separation of
only 66 AU, which implies, together with the relative proper motions, a bounded
system. Based on the HST/FGS data, the separation between the two components
between 1996 and 2009 has been decreasing at approximately 2.4 mas yr~!, but
VLTI data report a faster motion of about 4.2 mas yr—! between 2011 and 2013
(Sana et al. 2014). This is consistent with a scenario where the two stars are ap-
proaching periastron. Furthermore, the existence of a WCR coincident with the
region between the two stars makes highly improbable that HD 93129A is not a
bounded binary system.
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7. The discovery of the colliding wind binary HD 93129A

7.4.2. Orbit estimation

The relative motion observed between the components Aa and Ab supports that
HD 93129A is a gravitationally bound system. However, the current relative po-
sitions (see Figure 7.1) cover a small part of the orbit and thus are inadequate
for performing a standard determination of orbital elements. No definitive radial
velocity variation has been reported, which is not surprising given the wide sepa-
ration and apparent near linear trajectory of the stars. Nevertheless, a first approx-
imation of an orbital fit was attempted. An algorithm that minimizes the weighted
square distance between the measured data points and the fit orbit (Casco & Villa,
private communication) was used to determine a preliminary set of orbital param-
eters. Our results suggest an orbital period of the order of 200 yr, an eccentricity
larger than 0.9, and a semimajor axes of about 37 and 93 mas, for components Aa
and Ab, respectively. The fit solution also points to a periapsis argument of about
220° and an inclination of about 103°. Figure 7.6 shows the fit to the orbit. We
note that this fit only provides a rough idea of the orbit. The large uncertainties
in the positions and the small coverage of the orbit can produce extremely differ-
ent orbital solutions. Actually, the available data is still roughly compatible with
a straight trajectory. In any case, this fit provides a preliminary basis to organize
future dedicated observational campaigns, and we estimate that the next periastron
passage would take place in 2024.

7.4.3. Estimating the wind-momentum rates

The image obtained from the 2008 LBA data (Figure 7.4, top) shows a bow-shaped
radio emission, slightly curved around the Ab component. This shape resembles
the one observed in other CWBs, such as WR 140 (Dougherty et al. 2005), WR 146
(O’Connor et al. 2005), or Cyg OB2 #5 (Ortiz-Ledn et al. 2011). Assuming that the
radio source is centered on the stagnation point of the WCR, the wind momentum
rates ratio, 7, can be expressed as

.

R Myv

n = (—") ===, (7.1)
Ry Mjv,

where R; is the distance between the WCR and the i-star, Mi is the mass-loss rate,
and v; is the wind velocity (Usov 1992). We note that 7 is independent of the
inclination of the orbit.

We can use the observed shape of the WCR to estimate 7. As Pittard &
Dougherty (2006) showed for WR 140, the radio emission of the WCR is close to
the stagnation point, and the opening angle has not reached the asymptotic value.
They also noted the challenge of identifying the stagnation point relative to the
stellar components due to opacity effects. In the best case, we can assume that the
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Figure 7.6. Preliminary fit for the orbit of HD 93129A using the data shown in Figure 7.1.
The triangles represent the derived position of Ab from the fit at the epoch of each obser-
vation. The black circle at the origin of coordinates represents the Aa star.

contact discontinuity (CD) between the two stellar winds follows the radio emis-
sion (Canto et al. 1996). Figure 7.7 represents the shape of the CD for different
values of 7 relative to the detected radio emission. The relative positions between
the two stars are well constrained, so only a global offset with respect to the radio
image could take place. We observe that, again, values of n between ~0.4 and
~0.6 are the best match to the observed radio emission. We estimate thus n ~ 0.5.
The stellar winds of the two stars are assumed to have reached their terminal ve-
locities before colliding, considering the wide orbit, and we also assume that the
terminal velocities of both components are similar. Therefore, we can observe
from equation (7.1) that n reduces to a mass-loss rate ratio, leading My ~ 0.5M,.

7.4.4. The mass-loss rates of HD 93129A

The determination of the mass-loss rate, M , can be conducted through a wide num-
ber of methods, each one with same advantages and/or limitations (see e.g. Puls
et al. 2008, for a review). The mass-loss rate of HD 93129A has already been
estimated in different works. Taresch et al. (1997) estimated it by fitting the He
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Figure 7.7. Same image as Figure 7.4 (top), with contours starting at 3o~ level and increase
of 1 mJy beam~!. We show the theoretical contact discontinuities for different values of 7.
The black circles represent the positions of the Aa and Ab stars. We note that the relative
position between the two stars is well constrained, although a global offset of up to 30 mas
could take place between these positions and the radio image. Values of  ~ 0.5 roughly
match with the morphology of the observed emission.

profile but also using a more complete spectral synthesis approach in the ultra-
violet, assuming that HD 93129A was an isolated star. Both approaches provide
consistent values of about 2 x 107> M, yr~!. In case of the presence of two very
similar components, these authors considered that these values should be reduced
by a factor 23/ ~ 1.7. Also using Ha line diagnostics, Repolust et al. (2004)
derived a value of about 2.4 x 107> Mg, yr~!, noting that this result could suffer
from contamination by a companion star.

Benaglia & Koribalski (2004) inferred the mass-loss rate through 4.8 and 8.6-
GHz ATCA radio data. They derived a spectral index @« = —1.2 + 0.3, considering
the presence of thermal and non-thermal emission. As shown by Wright & Barlow
(1975), the mass-loss rate of a star with a thermal wind can be expressed in terms
of the fraction of thermal emission that contributes to the radio flux density. Con-
sidering this fraction at a given frequency, fr, it is possible to express the mass-loss
rate as
3/4

M= f7/"7.2 x 107 Mgyr ', (7.2)

at 8.6 GHz and for a stellar distance of 2.5 kpc.
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Table 7.3. Mass-loss rate values derived for HD 93129A from different methods.

Reference Method M

(107> Mg yr 1)
Taresch et al. (1997) Ha profile 1.8
Taresch et al. (1997) Ultraviolet lines 2.08
Repolust et al. (2004) Ha profile 2.36
Benaglia & Koribalski (2004) 8.6 GHz radio flux 7.2 fT3/ ¢
This Work Separating T and NT fluxes 4.9

An estimate of the thermal emission from the two stellar winds can be obtained
from the radio data presented by Benaglia et al. (2006) from ATCA observations
at 17.8 and 24.5 GHz. At these frequencies, non-thermal emission is negligible
and can be disregarded to zeroth order. The total flux density is then the sum of the
thermal emission from the two stellar winds and is characterized by a spectral in-
dex of @ ~ +0.6 (Wright & Barlow 1975). Consequently, the thermal contribution
to the flux at lower frequencies can be derived by extrapolation and assuming no
variations between 2003 and 2004. This leads to a thermal contribution at 8.6 GHz
of 1.2 mJy, compared with a total flux of 2.00 4 0.15 mJy (see Table 7.2). There-
fore, fr ~ 0.6 and thus M ~ 4.9 x 1075 M, yr—!. Table 7.3 summarizes all the
estimations of the mass-loss rate of HD 93129A performed to date.

The main conclusion here is that the mass-loss rate determinations are chal-
lenging when dealing with a binary system. Considering the large number of
binaries among O-type stars (see e.g. Sana et al. 2014, and references therein),
many observational determinations of M should certainly be viewed with caution,
including the ones of HD 93129A.

7.4.5. Flux density variability of HD 93129A

Figure 7.5 shows an increase of ~37% in the flux density of HD 93129A be-
tween 2003 and 2009 at 4.8-GHz, and of ~45% at 8.6 GHz. These data indicate
a significant increase in the flux density between the two epochs. Such a trend
is indeed anticipated if the two stars are approaching the periastron passage (as
it has been reported in other CWBs such as WR 140, Dougherty et al. 2005). A
synchrotron component that dominates over the thermal emission from the stellar
winds of the two stars can explain the measured flux densities. We modeled the
data with a power-law spectrum with a low-frequency cutoftf produced by FFA.
We firstly fit the data from 2003 and 2004, taking into account the thermal con-
tribution at high frequencies. We assume that the flux density should not vary
significantly within this interval of time, given the separation between Aa and Ab.
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From these data we infer the presence of a turnover at ~1.4 GHz, and a spectral
index of @ = —1.03 £ 0.09. The data from 2008 and 2009 have been fit with the
same model of synchrotron emission plus FFA. No thermal component has been
considered given that there are no contemporaneous data at high frequencies. In
this case, we observe a higher emission at frequencies ~5-10 GHz, the presence
of a turnover at higher frequencies: ~3 GHz, and a bit steeper spectrum, with
a=—121+0.03.

The observed drift of the turnover frequency to higher frequencies could also
be indicative of a stronger and denser WCR. During the approach to the periastron
passage, we expect an increase of material in the WCR, producing a stronger radio
Oemission. However, this would also lead to more absorption at low frequencies.

7.5. Summary and conclusions

The LBA observation of the massive binary HD 93129A shows an extended and
curved radio emission with a flux density of ~3 mlJy at 2.3 GHz. Following a
detailed analysis of high-resolution HST and VLTI data, we provide compelling
evidence that the radio emission is coincident with the expected position of a wind
interaction region between components Aa and Ab, suggesting a wind-momentum
ratio of ~0.5.

Archival ATCA observations in the range of 1-25 GHz, reduced again in a
uniform way, show that the flux density increased between 2003 and 2009, being
both epochs well fit by a power-law spectrum with a negative spectral index. Sim-
ilar increases in flux have been reported in other CWBs as the two stars approach
to periastron. Therefore, the results presented in this work lend significant and
additional support to the idea that WCRs are the sites where relativistic particles
are accelerated in CWBs.

VLBI observations of CWBs specifically help to quantify the properties of the
non-thermal radio emission. Such measurements are crucial for models aimed to
reproduce the particle acceleration and non-thermal physics at work in these ob-
jects. Future VLBI observations of HD 93129A across a wide frequency range
would allow us to determine more accurate properties of the derived spectrum,
hence the properties of the relativistic electron populations involved in the syn-
chrotron emission process, and potentially reveal associations between flux varia-
tions and changes in the properties of the WCR. Additional VLBI observations,
specially during the putative periastron passage, would reveal the evolution of
the WCR during the approach of the two stars. Significant changes in the mor-
phology and emission are expected, as observed in other CWBs. In parallel, new
ATCA observations, preferably simultaneous across all the observing frequencies,
are necessary to obtain accurate total flux densities. Repeated observations dur-
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ing the approach to the putative periastron passage would reveal whether the flux
increases as observed in other CWBs.

Despite HD 93129A has not been reported to be a VHE +y-ray source, ob-
servations with the forthcoming Cherenkov Telescope Array (CTA), in particular
during the periastron passage, will surely provide useful constraints to help under-
standing the high-energy phenomena in these objects. However, a more accurate
knowledge of the orbit is necessary to estimate the time of, and separation at, pe-
riastron to model its possible multiwavelength emission. A similar behavior to the
one observed in n-Carinae, with an enhanced emission around periastron, could be
expected if the two stars are close enough.
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CHAPTER 8
J Searching for new gamma-ray
A binaries

In this Chapter we present the results obtained for two sources that were postulated
to be gamma-ray binaries, TYC 4051-1277-1 (Sect. 8.1) and MWC 656 (Sect. 8.2).
We have conducted radio observations to unveil their natures and their possible
connection to high-energy emission.

8.1. The candidate TYC 4051-1277-1

The reduced population of known gamma-ray binaries does not allow us to dis-
criminate what kind of physical processes are really common to the whole popu-
lation or which are related with particularities of each source. The low number of
sources that have been discovered up to now precludes to perform statistical stud-
ies. For this reason, new searches for new gamma-ray binaries are quite important,
although this is a difficult task. Given that this kind of sources displays emis-
sion along the full electromagnetic spectrum, a usual method to find new ones is
the cross-identification of sources across public catalogs at different wavelengths.
This kind of searches is not only helpful for the gamma-ray binaries, but for all
kind of sources displaying multiwavelength emission. However, the comparison
between different catalogs is not straightforward (e.g. one has to deal with ex-
tremely different resolutions and intrinsic problems at each wavelength).

Whereas in the optical range there is a huge amount of catalogs with accurate
stellar positions, spectral types, or spectra, at the other wavelengths the amount
of data is not so large. At radio wavelengths, there are few surveys with enough
resolution and sensitivity, such as the NRAO VLA Sky Survey at 1.4 GHz (NVSS:
Condon et al. 1998), the Westerbork Northern Sky Survey at 330 MHz (WENSS:
Rengelink et al. 1997), and the TIFR GMRT Sky Survey at 150 MHz (TGSS').
The LOFAR Multifrequency Snapshot Sky Survey at 60 and 150 MHz (MSSS:
Heald et al. 2012), which is currently being conducted, will be a new addition

'http://tgss.ncra.tifr.res.in
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to these radio surveys in the coming years. At X-rays one can find surveys like
the Second ROSAT All Sky Survey, (Boller et al. 2014) at soft X-ray energies, or
the XMM-Newton Serendipitous Source Catalogue (2XMMi-DR3; Watson et al.
2009), observing at energies between 0.2 and 12 keV. At GeV there is the Third
Fermi/LLAT Source Catalog (3FGL; The Fermi-LAT Collaboration 2015), whereas
at TeV there is the H.E.S.S. Galactic Plane Survey (HGPS; Carrigan et al. 2013).
In this section we present the results of a cross-identification between the cat-
alog of Luminous Stars in the Northern Milky Way (LS, Hardorp et al. 1959) and
the WENSS and NVSS radio surveys. In this cross-identification we obtained two
positive coincidences, and we conducted dedicated optical and radio observations
to validate them. We will focus only in one of these two coincidences and in the
radio data analyzed by the author of this thesis. A full discussion of these results
has been published in Marti, Luque-Escamilla, Casares, Marcote et al. (2015).

8.1.1. Cross-identifying possible target sources

Two fundamental properties can be highlighted from the known gamma-ray bina-
ries: all of them host an early-type massive star and they also exhibit non-thermal
radio emission. Considering these two properties, we conducted a cross-identifica-
tion between known luminous early-type stars (mainly from the LS catalog) and ra-
dio sources detected in WENSS and NVSS. We compared the positions of sources
detected in the three catalogs, considering as possible coincidences any separation
below 2”. This value was chosen due to the existing astrometric uncertainties in
the three catalogs. Additional stellar catalogs with spectral class information, such
as the one compiled by Voroshilov et al. (1985), were also used. Early-type stars
(the ones seen in gamma-ray binaries), and sources with non-thermal radio emis-
sion were only considered as possible candidates. The estimation of the spectral
index, to determine its possible non-thermal origin, was performed by comparing
the two radio catalogs. Only sources detected in both, WENSS and NVSS, were
thus considered. Most of the radio sources detected in WENSS were also detected
in the NVSS, but not viceversa. Therefore, our identification is mainly limited by
the WENSS survey.

Given the limited resolution of the surveys, during this type of cross-identi-
fication we clearly get a probability to obtain chance coincidences. To estimate
this probability we carried out simulations using Monte Carlo techniques with
simulated WENSS populations. For each simulation we counted the chance co-
incidences between the LS stars and the simulated WENSS population within a
few arc-seconds. We finally conducted 10° simulations, obtaining about 20 co-
incidences, and thus a probability of chance coincidence for a given LS star of

’http://cdsarc.u-strasbg.fr/viz-bin/Cat?III/76A
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Figure 8.1. Field of TYC 4051-1277-1 as seen by the Second Palomar Observatory Sky
Survey (POSS II: Reid et al. 1991) in the F band (red). The radio map from the NVSS is
superimposed in contours. TYC 4051-1277-1 is detected as the brightest star in the center
of the image, with a magnitude ~11. The NVSS J023529+623520 radio source is almost
centered at the same position, with a flux density of ~6.8 mJy.

~2 x 107*. This value implies that we would expect ~1 chance coincidence, on
average, in our comparison.

Two coincidences were found in this cross-identification: the star TYC 4051-
1277-1, which was compatible with the radio sources WNB 0231.5+6222 and
NVSS J023529+623520 (see Figure 8.1); and the star TYC 3594-2269-1, compat-
ible with the radio sources WNB 2130.2+4736 and NVSS J213203+474948. In
both cases the positions were compatible within 1-0 of the astrometric error and
the (non-simultaneous) radio spectra exhibit spectral indexes between ~—0.6 and
—0.9, and thus show a clear non-thermal origin. In addition, TYC 4051-1277-1 is
located close to an unassociated Fermi gamma-ray source 2FGL J0233.9+6238c.

Taking into account the information from the two previous paragraphs, the
matches found are not statistically significant, and they could just represent chance
coincidences. Despite of that, we started a detailed exploration of these systems to
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clarify if they were real coincidences or not. In the following, we will only focus
on the TYC 4051-1277-1 association, the only one that the author of this thesis has
explored at radio frequencies.

8.1.2. Optical observations

A spectroscopic optical observation of TYC 4051-1277-1 was conducted with the
4.2-m William Herschel Telescope (WHT) at the Roque de los Muchachos Ob-
servatory, in La Palma (Spain), on 2012 October 25 during 1800 s. The obtained
spectrum shows dominant absorption lines corresponding to the Balmer series. A
classification of the spectrum leaded in a spectral type of B9 III for the star (which
had been previously classified as B9 V).

Optical photometric observations were also conducted to obtain the light-curve
of the source. These observations were performed by the robotic 0.5-m telescope
Fabra-ROA Montsec (TFRM, Fors et al. 2013) at the Observatori Astronomic del
Motsec, in Lleida (Spain). The observations were taken along 81 nights between
2012 July 31 and 2014 February 5. The source was observed around 20 times per
night with short exposure times of 25-45 s. From these data we detect variability
at 2-0 confidence level, with a possible period of about 6.08 d which was not
statistically significant. Therefore, the hints of periodicity would indicate a binary
nature for this source.

8.1.3. Radio observations and results

Although the radio source is detected in both, WENSS and VLSS, dedicated ob-
servations with radio interferometers would provide higher resolution and a more
accurate astrometric position.

Service radio observations with WSRT were conducted on 2012 November
5 to explore the possible association of TYC 4051-1277-1 with NVSS J023529
+623520 (project code S12B003). The source was observed at 2.3 and 4.9 GHz
during 10.5 h with 8 IFs of 128 channels each, with a total bandwidth of 128 MHz.
Runs of 15 min at each frequency were interleaved to guarantee the optimal uv-
coverage for both frequencies. We used 3C 48 and 3C 147 as amplitude calibra-
tors at the beginning and at the end of the observation, respectively. Given that a
phase calibrator was not used during the observation, we could not perform precise
astrometric measurements in the obtained images.

Figure 8.2 shows the obtained images at 2.3 GHz and 4.9 GHz. The 2.3-GHz
image presents a synthesized beam of 10.7 x 7.2 arcsec? with a PA of —16°, and a
rms of 100 pwJy beam™!. We detect a point-like source with a flux density of 6.23 +
0.13 mJy. The 4.9-GHz image presents a synthesized beam of 4.8 x 3.2 arcsec?
with a PA of —12°, and a rms of 80 wJy beam™!. In this case, we resolve the source
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Figure 8.2. Field of TYC 4051-1277-1 observed with WSRT at 2.3 GHz (top) and 4.9 GHz
(bottom). At 2.3 GHz we detect a point-like source with a flux density of 6.23 +0.13 mJy.
However, at 4.9 GHz the source is resolved in a double-lobed shape with a total flux
density of 3.19 + 0.09 mJy. The synthesized beams are shown on the bottom left of
each image. Astrometry is not accurate due to absence of phase calibrator during the
observation, showing a large deviation between both images. For this reason we do not
show the position of TYC 4051-1277-1. We note that the two images show different scales.

135



8. Searching for new gamma-ray binaries

Table 8.1. Flux density values measured for the radio source NVSS J023529+623520
from the WSRT and VLA data. At 2.2 GHz we did not resolved the source, whereas at
4.9/5.5 GHz we separate it into two components (the northwest one, NW, and the southeast
one, SE). Two-dimensional gaussians were fitted to each component to measure the flux
density values. In the case of the 2.2-GHz data and the measurement of total flux density
at 4.9 GHz we have used the imstat task of CASA (see § 2.3.1).

Facility v/GHz Component S,/ mly

WSRT 22 - 6.23 +£0.13
WSRT 4.9 total 3.19 £0.09
WSRT 4.9 NW 1.61 +£0.08
VLA 5.5 NW 1.06 £+ 0.05
WSRT 4.9 SE 1.63 +£0.08
VLA 55 SE 1.27 +£0.04

into a double-lobed shape with a total flux density of 3.19 + 0.09 mJy. Assuming
two Gaussian components, the individual flux densities for each lobe are 1.61 +
0.08 mJy and 1.63 + 0.08 mJy, for the northwest and the southeast component,
respectively. From the total flux density detected at both frequencies, we estimate
a spectral index of @ & —0.88+0.17, typical of non-thermal synchrotron emission.

One short 30-min VLA observation was also conducted on 2013 October 20 to
provide an accurate astrometry for the radio source (project code 13B-032). The
observation was performed with the B configuration of the array at 5.5 GHz. The
new WIDAR correlator was used, observing with 16 IFs of 64 channels each, with
a total bandwidth of 2 GHz. 3C 48 was used as amplitude and bandpass calibrator,
and J0228+671 as phase calibrator. The source was observed only during 5 min,
but given the large bandwidth of the new VLA setup, we could reach enough sen-
sitivity for our purposes. The obtained synthesized beam for this observation was
1.10 x 0.82 arcsec® with a position angle of —28.7°.

The VLA data® resolved again the source into a double-lobed shape, with flux
densities of 1.06 +0.05 mJy and 1.27 +0.04 mJy (for the northwest and the south-
east component, respectively). Table 8.1 summarizes the flux density values ob-
tained from all the mentioned radio data (from the WSRT and VLA observations).
We could also infer an accurate astrometry of the two lobes, obtaining the follow-
ing positions:

NW: 02"35™29.061 + 0.003%, +62°35'20.19 + 0.02”
SE: 02"35M20.634 + 0.001°, +62°35'16.53 + 0.02"

3We note that the VLA data was neither reduced nor analyzed by the author of this thesis. How-
ever, the discussion presented in this work is supported by both, the WSRT and the VLA data.
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Figure 8.3. Field of TYC 4051-1277-1 observed with the VLA at 5.5 GHz. The rms of the
image is 20 pJy beam ™!, and the contours start at 3-0- noise level and increase by factors of
2!/2. The synthesized beam, shown on the bottom right of the image, is 1.11 x 0.82 arcsec?
with a PA of —29°. The cross represents the optical position of the TYC 4051-1277-1 star.
Adapted from Marti et al. (2015).

for the northwest (NW) and the southeast (SE) components. These positions are
~5 arcsec away with respect to the known (optical) position of TYC 4051-1277-
1, and thus, the radio source is not compatible with the position of the star (see
Figure 8.3).

8.1.4. Discussion

The images obtained by the WSRT and the VLA data unambiguously show that
the radio source NVSS J023529+623520 (or WNB 0231.5+6222) is not associated
with the TYC 4051-1277-1 star. We have obtained an upper-limit of 0.06 mJy for
the radio emission of the star, provided by the VLA observation. The fact that the
source exhibits a two-lobed shape, together with the non-thermal spectral index of
a ~ —0.88 £ 0.17, is a strong indicatiion that the source is likely a radio galaxy
with bent jets (see Figure 8.3). A comparison with the field observed by the Two
Micron All Sky Survey (2MASS; Skrutskie et al. 2006) in search of a point-like
infrared core in between the two lobes provided null results.

We observe a significant discrepancy between the flux densities reported from
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the WSRT and the VLA data for the two components of the radio source, with
lower values in the VLA data. Although there is a slight difference between the
observed central frequencies for each array (4.9 and 5.5 GHz, respectively), we
would estimate a flux density of 1.45 + 0.08 mJy for both components at 5.5 GHz,
based on the obtained WSRT flux density values and the derived spectral index.
We obtain a significant deviation between the predicted value and the one obtained
from the VLA image for the NW component (at more than 3-07). This implies that
the source could present extended emission which is filtered out with the longer
VLA baselines, but still detected with the WSRT ones.

The possible variability and photometric period of ~6 d observed in TYC 4051-
1277-1 from the optical data is not statistically significant and more data are re-
quired to confirm this behavior. In any case, this variability could also be associ-
ated with a slow low-amplitude pulsation that is common in B-type stars.

8.1.5. Conclusions

We have presented an approach to identify new early-type luminous stars display-
ing non-thermal emission, which is typical of the known gamma-ray binaries, by
cross-identifying catalogs of sources detected in optical and radio. The negative
results obtained here for the possible association of the TYC 4051-1277-1 star with
the radio source NVSS J023529+623520 are expected from a statistical point of
view, as discussed in § 8.1.1. We note that we also obtained negative results for
the other possible association discussed at the beginning of the section (see Marti
et al. 2015). However, this detailed study was required to unambiguously reject or
accept the obtained possible associations.

Despite the null results, we have obtained accurate positions for the non-
thermal radio emission and the possible extragalactic origin of the radio source
NVSS J023529+623520. We have not detected radio emission associated with
TYC 4051-1277-1, but we have provided an improved spectral classification of
the star. A possible, but not significant, optical periodic variability has been re-
ported for TYC 4051-1277-1, and a more extended optical campaign is required
to clarify this point and the origin of this variability, in case of being confirmed.

The cross-identification of sources between different catalogs is thus a pow-
erful tool to discover new sources that display emission at different wavelengths.
However, all the obtained associations must be considered with caution. Catalogs
with higher resolution will allow us to reduce the probabilities of change coinci-
dences.
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8.2. MWC 656, the first Be/BH system

The Be star MWC 656 became an interesting source to the high-energy community
when it was proposed to be the possible counterpart of a y-ray flare detected by
AGILE from an unknown source. After discovering its binary nature, MWC 656
became a new gamma-ray binary candidate. Subsequent multiwavelength obser-
vations revealed the presence of a BH as a compact object, and MWC 656 was
confirmed as the first known system to host a Be star and a BH. In this section we
present the work done to discover the possible radio counterpart of MWC 656 and
the results obtained.

8.2.1. Chronicle of a discovery

The y-ray satellite AGILE detected on 2010 July 25-26 a point-like source flar-
ing with a flux of 15 x 1077 ecm™2 s~! above 100 MeV, leading to a significance
above 50 (Lucarelli et al. 2010). This source was designed as AGL J2241+4454,
with coordinates @ = 22"41™, § = 44°50’ (or Galactic coordinates of / = 100.0°,
b = —12.2°). This position exhibits a large uncertainty of about +0.6°. Despite
the AGILE significance, Fermi/LAT could not confirm the detection. From simul-
taneous data they inferred a conservative upper-limit on the integral flux above
100 MeV of 3.0 x 10~7 em™2 s~ ! at 95% confidence level®.

Williams et al. (2010) suggested two possible counterparts compatible with
the position of the gamma-ray detection. On one hand, the probable quasar RX
J2243.1+4441, discovered by its X-ray emission but with an unidentified optical
counterpart (Brinkmann et al. 1997). On the other hand, the Be star HD 215227
(a = 22M42M575, § = 44°43'18", also known as MWC 656, as we will refer to the
system in the following). Williams et al. (2010) reported a period of 60.37 +0.04 d
through optical photometric observations, suggesting the presence of a companion
orbiting this star. They determined that the circumstellar disk contributes with
~33% of the total optical flux emission (without specifying the wavelength range),
and the observed changes in the optical emission could possibly be related with
changes in the disk produced by the passage of the companion. From spectral
observations these authors also inferred changes in the Hy emission line on day
timescales. These changes are unexpectedly fast for typical Be stars, suggesting
again perturbations of the circumstellar disk probably produced by the presence of
the companion.

This system presented similarities with the gamma-ray binary LS I +61 303:
both display a relatively similar period (~60 d versus ~26 d), both host a Be star,
and the changes observed in the optical photometry and spectral lines in MWC 656
resemble somehow the ones observed in LS I +61 303. Therefore, the high-energy

“http://fermisky.blogspot.com.es/2010/07/
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community became quickly interested in this source to unveil if it was actually a
binary, or if it could be associated with the AGILE detection, and thus be a new
addition to the reduced population of gamma-ray binaries.

8.2.2. Studying its multiwavelength emission

Several multiwavelength campaigns were focused on the MWC 656 star and its
possible association with the AGILE detection. Optical observations were con-
ducted to obtain the orbital parameters of the binary system and the evolution of
the circumstellar disk. X-ray observations with XMM-Newton and TeV observa-
tions with MAGIC were conducted to determine the possible high energy emission
of this system. Radio observations were also conducted to discover the radio coun-
terpart of the system and study its radio emission in case of detection. Although
we have been working only in this last part (the radio data), we will discuss first
the observations conducted at different wavelengths and their results, given that a
multiwavelength knowledge is mandatory to fully understand the nature of these
kinds of sources.

Optical observations

Casares et al. (2012) confirmed the binary nature of MWC 656 from Ha emission
line observations. They inferred an eccentricity of 0.4 for the orbit by assuming
the previously reported orbital period of 60.37 +0.04 d (Williams et al. 2010), and
provided a rough estimation of the mass of the companion of ~2.7-5.5 M,, which
is compatible with a neutron star or a black hole.

An ongoing optical campaign with the TFRM is being carried out since 2012
May 12 to obtain an accurate light-curve of MWC 656. Preliminary results for
four months (two orbital cycles) were published by Paredes-Fortuny et al. (2012),
showing a sinusoidal light-curve with the maximum at orbital phase 0 and a semi-
amplitude of 0.024 £+ 0.001 mag when folded with the 61.37-d period, compatible
with the results reported by Williams et al. (2010). We note that the origin of
the orbital phase is defined arbitrarily at MJDy = 53242.8, coinciding with the
maximum of the optical emission (Williams et al. 2010).

Later on, Casares et al. (2014) conducted additional detailed optical observa-
tions, improving the radial velocity light-curve of the Be star and refining its clas-
sification, resulting in a B1.5-B2 III star. These results constrained the mass of the
compact object to 3.8—-6.9 M, and thus unambiguously indicating the presence of
a black hole. A distance of 2.6 + 0.6 kpc was also derived for the system. The
Fem and He lines in the optical spectrum of the source indicate the presence of
a decretion disk around the main star (the circumstellar disk) but also an accretion
disk around the BH.
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8.2. MWC 656, the first Be/BH system

X-ray observations

X-ray observations were conducted with XMM-Newton, showing a faint X-ray
source compatible with the optical position of MWC 656 at 2.40 in the 0.3—
5.5 keV band (Munar-Adrover et al. 2014). The obtained spectrum reveals the
presence of two components: an absorbed thermal black body component, com-
patible with the one expected from isolated Be stars, and a non-thermal power-law
component that dominates above 0.8 keV. The inferred total X-ray luminosity is
Lx = (3.7+ 1.7) x 10°" erg s—!, being the thermal component Ly, = (2.14_%2) X
10*! erg s~! and the non-thermal component Lyow = (1.61’(1):8) x 103! erg s—!.
This non-thermal component implies a luminosity of (3 + 2) x 1078 Leqq, where
Leqq 18 the Eddington luminosity, being compatible with a BH in quiescence state.

High Energy and Very High Energy y-ray observations

Fermi/LAT could not confirm the mentioned AGILE detection, and even with an
analysis of 3.5-yr of cumulative observations, Fermi/LLAT reports an upper-limit of
9.4 x 10719 ecm=2 s~ at 90% confidence level (Mori et al. 2013). However, a de-
tailed analysis reveals that most of the AGILE photons were received in a time slot
not covered by Fermi. The first Fermi scan available after this flare, about 1-h later,
also shows a peak in the emission, with a value just below the 3-0 significance
limit (Alexander & McSwain 2015). Recently, nine more flaring events, registered
by AGILE between 2007 and 2014, have been reported by Munar-Adrover (2015).
Unfortunately, almost all these flares took place at zenith distances above 50° as
seen by Fermi. At these high zenith distances, the effective area of the Fermi satel-
lite decreases significantly, which might explain the absence of detections from
this satellite.

The MAGIC telescopes have also observed the source to constrain its VHE
emission (Aleksi¢ et al. 2015). Two observations were performed on May—June
2012 and June 2013 (just after the periastron passage). The June 2013 obser-
vation was part of a multiwavelength campaign together with the XMM-Newton
observation discussed in the previous subsection and published by Munar-Adrover
et al. (2014). Neither the cumulative data nor the daily analysis report a signifi-
cant emission of MWC 656, setting an upper-limit for the flux above 300 GeV of
2 x 10712 em™2 57! at a 95% confidence level. This flux value corresponds to a
luminosity of L-300 Mev < 1033 erg s—! assuming a typical power-law model with
a photon index of I' = 2.5 (Aleksic et al. 2015). An extrapolation of the emission
observed initially by AGILE to VHE would predict a luminosity of L-300 Mev ~
2 x 103 erg s~!, which is excluded by the mentioned upper-limit. However, as
the AGILE detection would be related with a flare, it can not be compared with the
steady state during the MAGIC observations (no flares have been reported during
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8. Searching for new gamma-ray binaries
these observations).

8.2.3. Searching for the radio counterpart

MWC 656 was initially considered as a new gamma-ray binary candidate. Under
this initial consideration, we expected a radio flux density for the source between
0.1 and 200 mJy at GHz frequencies (the range displayed by the known gamma-
ray binaries, which are located at a similar distance than MWC 656). Therefore,
the source should be detectable by the current radio observatories. We note that
this was the motivation at the time that the radio observations were conducted,
although nowadays we know that MWC 656 is the first known Be/BH HMXB, as
we have explained above.

Moldoén (2012) conducted three radio observations with the EVN at orbital
phases of 0.82, 0.17 and 0.38 during 2011, but the source remained undetected
with a lowest upper-limit of 30 pJy beam~! at 3-o noise level. However, we had
two main considerations to these results to continue observing the source. First,
most of the known gamma-ray or X-ray binaries exhibit variable radio emission.
Therefore, at the time when the EVN observations were conducted, the source
could present an inactive or quiescent state, or fainter radio emission. At other
epochs, or different orbital phases, MWC 656 could display a stronger emission
(as happens in LS I +61 303 or PSR B1259-63, with a radio emission that changes
dramatically as a function of the orbital phase). Secondly, the EVN observations
were not sensitive to angular scales larger than ~100 mas (or ~300 AU considering
the distance of ~2.6 kpc). In case of an extended emission larger than such angular
scales, the EVN observations could not detect it. However, we note that in any
of the explored gamma-ray binaries we do not see extended emission at scales
larger than these ones. For all these reasons, we continued the search of the radio
counterpart of MWC 656.

WSRT observations

We requested service time to observe MWC 656 with WSRT (project code S11B/
013). We conducted five runs at 1.4 GHz, performed between 2011 December 26
and 2012 February 17, with observing times between 4 and 7 h. 8 IFs (with XX
and Y'Y linear polarizations) of 64 channels each were used in all the observations,
with a total bandwidth of 20 MHz. We used 3C 286, 3C 147, 3C 48 and/or CTD93
as amplitude calibrators.

These WSRT data reveal the presence of a strong quasar, RX J2243.1+4441
(the other proposed candidate to be the counterpart of the AGILE flare), located
at a distance of few arcmin to the East of the MWC 656 position (see Figure 8.4).
MWC 656, however, remains undetected in all the images with a lowest 3-0- upper-
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Figure 8.4. Field of MWC 656 observed with WSRT at 1.4 GHz on 2012 January 14.
The white cross represents the position of MWC 656, although we do not detect any radio
emission above the rms of 60 uJy beam ™! (setting a 3-o- upper-limit of 180 uJy beam™!).
We observe strong interferences produced by the bright quasar RX J2243.1+4441 located
to the East of MWC 656 as a consequence of the poor uv-coverage and the low resolution
of the image. The synthesized beam, shown on the bottom left corner of the image, is
28 x 8.5 arcsec” with a PA of —180°.

limit of 180 wJy beam~! (see Table 8.2 for the values obtained in all the radio
images). We note that the detected quasar strongly affects all the field of view due
to the poor uv-coverage and the low resolution of the WSRT data. Therefore, a
better uv-coverage and higher resolution is required to correctly clean the structure
of the quasar and obtain rms values closer to the theoretical ones (we estimated
theoretical rms values of about 15 uJy beam~! for these data, but we obtained
60 wly beam ™).

VLA observations

To avoid this problem, we conducted VLA observations in its A configuration
(project code 12B-061), which guaranteed us a better uv-coverage and a high
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Table 8.2. Summary of the radio observations of MWC 656 conducted with WSRT and the
VLA. We show the facility, the date and MJD of the central observation time, the central
frequency v and the total observing time ¢, the corresponding orbital phase @ (using
P = 60.37 d and MJDy = 53242.7), and the inferred 3-0- upper-limit for the undetected
radio emission of MWC 656.

Facility Date MID v t  ¢o  3-0 upper-limit
(dd/mm/yyyy) (GHz)  (h) (1Jy beam™")

WSRT  26/12/2011  55921.78 14 6.5 038 210
WSRT  03/01/2012  55929.64 14 6.7 0.51 200
WSRT 14/01/2012  55940.60 14 64 0.69 180
WSRT 11/02/2012  55968.52 14 6.8 0.15 200
WSRT  17/02/2012 5597552 1.4 7.0 0.27 180
VLA-A  05/10/2012  56205.19 3.0 1.0 0.07 65
VLA-A  15/10/2012 5621533 3.0 1.0 0.24 55
VLA-A  06/12/2012 5626721 3.0 1.0 0.10 40

resolution. We observed MWC 656 at 3.0 GHz, the optimal frequency band to
obtain the best signal-to-noise ratio (assuming a typical power-law emission for
the source with @ ~ —0.5), and a field of view large enough to include both,
MWC 656 and the quasar RX J2243.1+4441. 1-h runs were conducted at three
different epochs: on 2012 October 5, 15, and on 2012 December 6. We observed
with 16 IFs of 64 channels each one, with a total bandwidth of 2 GHz. We used
3C 48 as amplitude calibrator and J2202+4216 as phase calibrator.

In these images, we properly resolve the quasar RX J2243.1+4441 (shown
in Figure 8.5), observing a point-like core, a jet towards South, and two lobes
originated by the shocked material at the end of the two putative jets (the detected
one and the one expected in the opposite direction). With the high resolution of
the VLA data we could properly clean the map and thus reach lower rms values,
avoiding the presence of strong interferences such as the ones observed in the
WSRT images. However, MWC 656 remains undetected in all the images, with a
lowest upper-limit of 40 uJy beam~! at 3-0- noise level. In Table 8.2 we summarize
the results obtained for all the observations, indicating the obtained 3-o upper-limit
in each run. We note that the theoretical rms values for the VLA data were ~6—
7 wly beam~!. Due to 4 IFs that were lost at the edge of the band in the data, we
would expect a bit larger values, of ~9 pJy beam™!. However, we have obtained
rms values of about 13—21 wJy beam~!. Hence, lower values could be still reached
with a better uv-coverage, implying longer runs.
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Figure 8.5. Zoom around the bright quasar RX J2243.1+4441 that is detected in the field
of MWC 656. The image corresponds to the VLA observation conducted on 2012 October
15 at 3 GHz. The synthesized beam, shown on the bottom left corner, is 0.71 x 0.54 arcsec?
with a PA of —74°.
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8.2.4. Current understanding of MWC 656

MWC 656 is the first known Be star hosting a BH companion, establishing a new
type of binary system. Until the publication of Casares et al. (2014), 81 Be X-ray
binaries had been discovered. Before the discovery of MWC 656, 48 Be X-ray
binaries hosted a neutron star and no one hosted a confirmed black hole. This was
known as the missing Be/BH X-ray binary problem. From the current evolutionary
models we expect a dominant number of Be/NS systems over the Be/BH ones, with
ratios of ~10-50 (Belczynski & Ziolkowski 2009). This numbers point out that for
the known population of Be/NS systems we would expect ~0-2 Be/BH systems.
Therefore, the discovery of MWC 656 is consistent with these numbers and we
would not expect to find out many of these systems. However, we note that most
of the Be/NS systems have been discovered by its X-ray emission. In contrast,
MWC 656 has been discovered by the claimed gamma-ray flare, exhibiting a low
X-ray emission. The search of these Be/BH binary systems could be thus biased,
and it could be even harder to detect them.

According to the latest results, MWC 656 consists of a Be star that presents
a Keplerian circumstellar (decretion) disk, and a black hole that exhibits an ac-
cretion disk around it. The material from the circumstellar disk falls to the accre-
tion disk of the BH, forming a hot spot on it (Figure 8.6 shows a representation
of this scenario). The expected mass transfer is low (with maximum values of
~10~'"" M yr=1), which would originate extremely long periods between out-
bursts, and transient activity almost suppressed in between (Casares et al. 2014).
Figure 8.7 shows the SED of MWC 656 obtained to date.

The source remains undetected at radio frequencies, and we cannot confirm
that MWC 656 is actually a radio emitter. Although the radio observations ana-
lyzed in this work have not improved the upper-limits reported by Moldén (2012),
we have improved the coverage of the orbit, excluding emission above ~50 ply
beam~! in most part of it. Therefore, radio emission stronger than such value be-
comes now improbable, unless the source experiences a flaring activity. We note
that the observed y-ray flaring activity by AGILE could also produce a radio flaring
activity.

The dim X-ray flux emission that has been observed indicates that MWC 656
exhibits a quiescent state, with an accretion highly inefficient. We know that the
BH LMXBs in the low hard state, including the quiescent state, exhibit a correla-
tion between the radio and X-ray luminosity (as suggested and confirmed by Gallo
et al. 2003 and Falcke et al. 2004). Assuming that this correlation could still be
valid for BH HMXBs, and hence for MWC 656, Munar-Adrover et al. (2014) es-
timated the ratio between the measured X-ray luminosity of MWC 656 and the
current upper-limits at radio frequencies by using the two most accurate determi-
nations of the correlation, reported by Gallo et al. (2012) and Corbel et al. (2013).
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Figure 8.6. Representation of the
MWC 656 system. We observe the
Be star on the bottom together with
its decretion disk. The material falls
to the accretion disk that is orbiting

the black hole (on top), forming a

hot spot.
© Gabriel Pérez - SMM (IAC).
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Figure 8.7. SED of MWC 656 including the available data up to 2014. We include the
stringent radio upper-limit from the EVN observations (Moldén 2012), the XMM-Newton
X-ray observations from Munar-Adrover et al. (2014), the Fermi/LAT upper-limits (Mori
et al. 2013), the AGILE detection at HE (Lucarelli et al. 2010), and the VHE upper-limits
from MAGIC (Aleksi¢ et al. 2015). This figure has been adapted from Aleksi¢ et al.
(2015).

In such case, we would expect a radio flux density at 8.6 GHz of about 81’2 wly
(derived using the correlation obtained by Gallo et al. 2012) or 13:51 wly (from the
correlation derived by Corbel et al. 2013). In any case, we would expect a radio
emission below, but close, to the current upper-limits.

A multiwavelength observation with simultaneous data at X-rays (using the
Chandra satellite) and at radio frequencies (using the VLA) will be conducted in
July 2015. The source will be observed in the 812 GHz band during 6 h, with
the A configuration of the VLA. The theoretical rms is 2 uJy beam~!. At these
frequencies, the quasar will be fainter than at 3 GHz and the resolution of the
image will be higher, and the uv-coverage of the data will be much better than
in the previous observations. Therefore, we expect to obtain rms values close to
the theoretical ones in this observation. These values should be low enough to
detect the putative radio emission of MWC 656, provided it follows the mentioned
correlation.
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8.2. MWC 656, the first Be/BH system

Table 8.3. Flux density values obtained from the core and south lobe components of the
quasar RX J2243.1+4441 shown in Figure 8.5 from the VLA observations at 3.0 GHz. We
provide the flux density values of the core fitting a Gaussian component with imfit, and
the peak and integrated flux density from the South lobe using imstat.

Date MJD § core S;(;:]t(h lobe S is;)tuth lobe
(dd/mm/yyyy) (mly)  (mJybeam™')  (mly)

05/10/2012 56205.19 2.22 +£0.04 3.2 37.5+ 1.0

15/10/2012 56215.33  2.21 £0.02 6.3 76.5+ 1.0
06/12/2012 56267.21 2.06 +0.02 3.9 44 £5

8.2.5. On the quasar RX J2243.14+4441 in the field of view of
MWC 656

The detected quasar RX J2243.1+4441 in the field of MWC 656, and clearly re-
solved in the VLA data (e.g. Figure 8.5), was initially considered as the other
possible candidate to be the origin of the AGILE flare (Williams et al. 2010). After
the discovery of the Be/BH system in MWC 656, all attention turned to this bi-
nary system. However, we note that the origin of the y-ray flare is still unknown.
For that reason, it is worth to study the emission of RX J2243.1+4441 along the
three obtained VLA images. These data could allow us to determine if the radio
emission of the quasar is variable on timescales of 10 d and 2 months. Due to its
extragalactic origin, the spatial scales of the source imply that only the compact
core component can exhibit variability on these timescales. From the structure
seen in Figure 8.5, we have studied the variability of the compact core and the
South lobe. The North lobe has not been studied due to its morphological com-
plexity, which makes difficult to provide accurate flux density values. We note
that a significant variability for the core emission could point out the possibility of
flares, which could be associated with the AGILE detections.

We summarize the obtained measurements in Table 8.3. The core compo-
nent seems to be stable along the three observations, exhibiting a flux density of
~2.2 mJy beam~'. However, we obtain surprising results for the South lobe. Ei-
ther the integrated or the peak flux densities show a significant increase of about
a factor of two for the emission from 2012 October 5 to October 15. The lobe
increased from the original 37.5 + 1.0 mJy to 76.5 + 1.0 mJy. On December 6, the
flux density emission decreased again, obtaining values close to the initial ones.
We note that this lobe can be split in three point-like components plus an extended
emission (see Figure 8.5). We have performed a rough estimation of the flux den-
sity emission for these components. However, the flux density increase cannot be
directly associated with any of these individual components.
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The reported variability on ~10 d timescales cannot be explained by any mech-
anism, given that the lobe must present a size of tens of kpc or even Mpc. However,
the stability of the core component guarantees that this variability cannot be related
with calibration issues or systematic errors in the flux density values of each im-
age. At this point, the presence of a Galactic source, confused within the quasar
lobe, becomes as the most reasonable answer. The nature of this hypothesized
source must be resolved in the future. The new VLA observation to be conducted
at 10 GHz could provide new clues about this source due to its higher resolution.

We have also searched for optical data available for the field of view of RX
J2243.1+4441 in the USNO, 2MASS, and Sloan Digital Sky Survey (SDSS) cata-
logs, but these data do not provide any possible counterpart (no optical sources are
detected around the position of the quasar or any of the lobes). Furthermore, the
available X-ray XMM-Newton data shows that all the X-ray emission comes from
the core of the quasar, and significant X-ray emission is not observed from any of
the lobes (P. Munar-Adrover, private communication).

8.2.6. Concluding remarks

The AGILE vy-ray flare has unveiled an interesting region of the sky that needs
to be explored in depth. It has lead to the discovery of the first Be/BH binary
source. A quasar which is resolved at radio frequencies, emits at X-rays, but is still
unassociated to an optical counterpart, could also be responsible of the mentioned
y-ray flare. The presence of a variable Galactic radio source, confused with one of
the lobes of the quasar, is also hypothesized from the latest radio results.

It is clear the needed of additional multiwavelength observations to study these
two (or three) sources in detail. The planned observation with Chandra and the
VLA can provide useful data to unveil part of these unresolved questions.
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In this thesis we have studied several high-energy binary systems at radio frequen-
cies, either with connected interferometers (such as GMRT, LOFAR, VLA and
WSRT) or with very long baseline radio interferometers, VLBI (such as the EVN
and LBA). We have studied the gamma-ray binaries LS 5039 and LS I +61 303 at
low radio frequencies, determining their spectra and light-curves. The gamma-ray
binary HESS J0632+057 has been explored with VLBI observations, although we
only provide upper-limits on its radio emission. The new colliding wind binary
HD 93129A has been discovered through VLBI radio observations and optical
data. Finally, we have also performed radio observations on two new sources that
were hypothesized to be gamma-ray binaries, TYC 4051-1277-1 and MWC 656:
whereas the first one is unassociated with the observed radio emission, the second
one is the first Be/BH binary system known and remains undetected in radio.

The gamma-ray binaries had barely been studied at low radio frequencies be-
fore the results presented in this thesis. All the detailed studies previously pub-
lished were focused at GHz frequencies, where the spectrum is unabsorbed. How-
ever, we have demonstrated that data at these low frequencies, where some absorp-
tion processes start to be relevant, can provide new clues in the determination of the
physical properties of these binary systems. A study of the absorption mechanisms
through the obtained radio spectra allows us to constrain the regions at which the
radio emission is produced. The knowledge obtained at radio frequencies allows a
better modeling of the multiwavelength emission of these sources.

In the case of colliding wind binaries, we have seen how VLBI observations
can reveal the extended bow-shaped non-thermal radio emission that is originated
between the two stars. VLBI observations are thus critical to unveil the nature of
the radio emission. An accurate astrometry, not only in the radio data but also
at other wavelengths, is necessary to confirm the existence of a wind collision
region in these cases. The results presented in this work support the idea that
wind-collision regions are the sites where relativistic particles are accelerated in
colliding wind binaries.
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Interestingly, radio data can contribute significantly to the knowledge of high-
energy astrophysical sources. The study of high-energy binary systems through its
radio emission can characterize the emitting region and the properties of the sys-
tems. The higher resolution and sensitivity compared to other wavelengths allow
us to resolve this region, leading to morphological studies of the systems. We can
determine the evolution of the extended emission produced in gamma-ray bina-
ries or the wind collision region originated in colliding wind binaries. The low-
frequency observations, which have been barely considered up to now, together
with high-frequency and VLBI observations allow us to obtain a coherent picture
of the origin and nature of the radio emission in all these systems. The addition of
an array such as LOFAR, with long baselines and high sensitivity, together with the
GMRT, the return of the VLA at low radio frequencies, and the upcoming SKA,
will produce important results in the coming years.
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