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Resumen

Los microcudsares son sistemas binarios de rayos X que pueden generar jets re-
lativistas y que fueron descubiertos en nuestra Galaxia en la ultima década del
siglo XX. Su nombre indica que junto con los cudsares son manifestaciones de la
misma. fisica pero en una escala muy diferente.

Paralelamente al descubrimiento de los microcudsares, el instrumento EGRET
a bordo del Observatorio Compton de Rayos Gamma, detecté 271 fuentes pun-
tuales de rayos gamma de las cuales 170 no pudieron ser claramente identificadas
con ningun objeto conocido. Esto marcé el comienzo del estudio de poblaciones de
rayos gamma en nuestra Galaxia.

En esta tesis se presentan modelos para la produccién de rayos gamma en mi-
crocuésares, con el objetivo de mostrar que pueden ser responsables de algunos sub-
grupos de fuentes EGRET no identificadas. Estos modelos son desarrollados para
una variedad de escenarios posibles tomando en cuenta distintas combinaciones,
e.g. agujeros negros o estrellas de neutrones como el objeto compacto, estrellas
compaileras de baja y alta masa, asi como también procesos de produccién de rayos
gamma lepténicos o hadroénicos.

Los modelos de emisién de rayos gamma en microcudsares aqui presentados
pueden ser usados para explicar también observaciones en fuentes conocidas de-
tectadas en rangos de energias diferentes que las de EGRET. Se incluye al final,
una situacién de produccion de rayos gamma alternativa en objetos compactos que
no involucra a los microcuéasares, estudidandose una fuente EGRET no identificada
en particular, a la que proponemos como asociada a un pulsar magnetizado con
acrecién.
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Abstract

Microquasars, X-ray binary systems that generate relativistic jets, were discovered
in our Galaxy in the last decade of the X X* century. Their name indicates that
they are manifestations of the same physics as quasars but on a completely different
scale.

Parallel to this discovery, the EGRET instrument on board of the Compton
Gamma Ray Observatory detected 271 point like gamma-ray sources 170 of which
were not clearly identified with known objects. This marked the beginning of
gamma-ray source population studies in the Galaxy.

We present in this thesis models for gamma-ray production in microquasars
with the aim to propose them as possible parent populations for different groups of
EGRET unidentified sources. These models are developed for a variety of scenarios
taking into account several possible combinations, i.e. black holes or neutron stars
as the compact object, low mass or high mass stellar companions, as well as leptonic
or hadronic gamma-ray production processes.

We also show that the presented models for gamma-rays emitting microquasars
can be used to explain observations from well known sources that are detected in
energy ranges other than EGRET’s. Finally, we include an alternative gamma-ray
producing situation that does not involve microquasars but a specific unidentified
EGRET source possibly linked to a magnetized accreting pulsar.
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Najini skupni prihodnosti, za katero
sva se tako dolgo borila.

A mi madre y
a mi hermana






Xv

[Jai Singh, observando las estrellas]:

Medir, computar, entender, ser parte,
entrar, morir menos pobre, oponerse
pecho a pecho a esa incomprensibili-
dad tachonada, arrancarle un jirén de
clave, hundirle en el peor de los casos
la flecha de la hipétesis, la anticipacién
del eclipse, reunir en un pufio mental
las riendas de esa multitud de caballos
centelleantes y hostiles.

Prosa del observatorio
JULIO CORTAZAR
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Chapter 1

Introduction






1.1 MICROQUASARS

This thesis deals with the possibility to link two of the most intriguing and recent
discoveries of the astrophysics from the last decade of the X X** century: MICRO-
QUASARS and THE GALACTIC POPULATION OF GAMMA-RAY SOURCES.

The first complete map of the Galaxy in gamma-rays was obtained with the
ESA COS-B satellite!, launched on August 9**, 1975, and operating until April
25t 1982. It was, however, only with the advent of the Compton Gamma Ray
Observatory (CGRO) in the 1990s that population studies of gamma-ray sources
properly started. EGRET instrument, on board of CGRO, detected 271 point like
gamma-ray excesses with a significance of more than 50 on the galactic plane and
more than 40 out of it. On the other hand, X-ray binary systems able to generate
relativistic radio jets were baptized as “microquasars” with the discovery of the
sources 1E1740.7-2942 and GRS 1758-258 in 1992, soon after the beginning of the
“Compton Era”.

We will present in this thesis models for gamma-ray production in microquasars
(MQs). These models will be developed through the following chapters, where the
link with gamma-ray sources will be discussed for different scenarios.

1.1 Microquasars

When X-ray binary systems (XRB) are able to generate relativistic radio jets, we
call them microquasars. The name was given by Mirabel et al. (1992) as a clear
reference to the already quite studied phenomena associated with quasars. Quasars
and microquasars share three common basic features:

1) A spinning compact object (in the case of MQs it can be either a neutron star
(NS) or a black hole (BH)).
2) An accretion disk.

1COS-B carried a single large experiment, the Gamma-Ray Telescope. The energy range cov-
ered was: 2 keV - 5 GeV. It was originally projected to last two years, but it operated successfully
for 6 years and 8 months.
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3) Collimated jets of relativistic particles.

However, as it is indicated by their names, quasars and microquasars, are dif-
ferent manifestations of the same physics at different scales. We can highlight some
of their differences in the following table:

| Feature | Quasars | Microquasars |
Black hole mass Several million | Few solar masses
solar masses
| Accretion disk size | ~ 10° km | ~ 10% km |
Mean thermal T of | Several thousand | Several million
the accretion disk degrees degrees
Characteristic A ultraviolet and X-rays
of the disk radiation optical
Distance traveled Millions Few light-years
by the jets of light-years

All this information is summarized in a schematic way in Fig. 1.1. We can see
from the table that the linear and time scales are proportional to the black hole
mass (Sams et al. 1996). In fact, quasars have super-massive black holes located in
the center of distant galaxies (active galactic nuclei, AGN), while MQs have stellar-
mass black holes forming binary stellar systems and can be found in the Galaxy. In
quasars, the accretion disk feeds itself from disrupted stars or from the interstellar
medium of the host galaxy; in MQs, instead, the matter supply is from the com-
panion star in the binary system.

Taking into account the nature of the donor star, MQs are classified into high-
mass microquasars (HMMQs) and low-mass microquasars (LMMQs). HMMQs have
a young massive stellar companion and the mass transfer is done mainly through
the stellar wind. On the other hand, LMMQs contain an old stellar companion that
transfers mass by Roche lobe overflow.

The presence of a relativistic jet is a fundamental characteristic in quasars as
well as in MQs. The first evidence of a jet-like feature in astrophysics was discov-
ered by Curtis (1918): he found the optical jet from the elliptical galaxy M87 in
the Virgo cluster. The finding that jets can also be produced at smaller scales by
binary stellar systems is much more recent. In the late 1950s several radio sources
were matched with very dim optical objects that looked like stars, but had strange
spectra with a strong ultraviolet excess. They were called quasars for “quasi-stellar
radio source”, and it was in the early 1960s that the first spectrum lines of these
“stars” were identified showing a redshift of 0.158 (it was the case of 3C273). The
discovery of such a large redshift established the cosmological nature of quasars.
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Figure 1.1: Quasars and Microquasars are supposed to be different scales of the same
physics (from Mirabel & Rodriguez 1998).

Relativistic jets in galactic objects were first observed by Margon et al. (1979)
in SS433. This binary remained the only known object of this kind for more than
a decade. As it was already mentioned above, supermassive black hole disks emit
strongly at optical and UV wavelengths. The more massive the black hole, the
cooler the surrounding accretion disk. For a black hole accreting at the Eddington
limit, the characteristic blackbody temperature at the last stable orbit in the sur-
rounding accretion disk is given approximately by T' ~ 2 x 10" M~* (Rees 1984),
with T in Kelvin and the mass of the black hole, M, in solar masses. This explains
why whereas accretion disks in quasars have strong emission in the optical and
ultraviolet, BH and NS binaries usually are identified the first time through their
X-ray emission. It is therefore understandable that the jet phenomenon was first
discovered far away in very distant galaxies, and that, there was an impasse in the
discovery of stellar size sources with relativistic jets in our galactic surroundings
until the recent developments in X-ray astronomy. It has to be noted that among
galactic jet sources, SS 433 is unusual, because of its broad optical emission lines
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Figure 1.2: Radio counterpart from microgquasar 1E1740.7-2942. Notice the clear two-
sided jet feature (from Mirabel et al. 1992).

and its brightness in the visible that made it detectable before such a technological
development took place.

As we remarked some lines above, MQs are firstly detected by their X-ray emis-
sion as X-ray binaries. A subsequent multi-wavelength study of the system can
establish the presence of a radio counterpart, which is the unmistakable signature
of the non-thermal emission from a jet composed by relativistic particles. The con-
fluence of observations made in hard X-rays and in radio wavelengths gave as a result
the discovery, in 1992, of two such stellar sources of relativistic jets in the galactic
center region: 1E1740.7-2942 and GRS 1758-258 (Mirabel et al. 1992, Rodriguez et
al. 1992). The radio counterpart of 1E1740.7-2942 is shown in Fig. 1.2. Based on
the spectral shape, it was assumed that the steady radio emission in X-ray binaries
comes from jets (Rodriguez et al. 1995; Fender et al. 1999). This assumption
was corroborated recently with VLBA observations of GRS 1915+105 (Dhawan et
al. 2000), Cyg X-1 (Stirling et al. 2001) and other sources. The resulting VLBA
images of GRS 19154105 are in agreement with the model of a conical expanding
jet emitting through synchrotron processes (Hjellming & Johnston 1988; Falcke &
Biermann 1999). It is the high brightness temperature, the rapid variability, and
the linear polarization which suggest that the observed radio emission is due to
synchrotron processes, from the relativistic leptons in the jet.
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Another very important parallelism can be established between quasars and
MQs. Apparent superluminal?® transverse motions in the expansion of jets have
been observed in quasars (Pearson & Zensus 1987; Zensus 1997) with values up
to ten or more times the speed of light. Shortly after the quasar — microquasar
analogy was proposed, the first superluminal source in the Galaxy was discovered:
GRS 1915+105° (Mirabel & Rodriguez 1994). Thereafter, this characteristic was
observed in MQs like GRO J1655-40* (Tingay et al. 1995; Hjellming & Rupen 1995)
and XTE J1748-288° (Hjellming et al. 1998), among others.

The ejection of two radiating components into opposite directions implies (if
the viewing angle is smaller than 90°) that one of them will be approaching the
observer and the other one, receding. The synchrotron emission from the ejecta
will be affected by the Doppler effect. For example, in the case of GRS 1915+105,
the approaching condensation shows an apparent velocity on the plane of the sky of
1.25¢ and the receding one of 0.65¢ with the first one appearing brighter than the
second (see Fig. 1.3). Using VLA data, it was inferred that the ejecta moves with
a speed of 0.92c¢ at an angle ¢ = 70° to the line of sight. We can then assume that
the existence of apparent superluminal movements implies relativistic bulk motions
in the jets.

As well as there are relativistic bulk motions, recently, X-ray synchrotron emis-
sion from the jet of XTE J1550-564 has been observed (Corbel et al. 2002, Kaaret
et al. 2003), which implies the presence of extremely relativistic electrons with TeV
energies and shock reacceleration in the outer jet (see Fig. 2.8).

1.2 Gamma-Ray Sources

The study of gamma-ray emission from unidentified sources was the first motiva-
tion of this thesis, searching for an understanding of the origin of some mysterious
EGRET detections.

EGRET, which stands for Energetic Gamma Ray Experiment Telescope, was
one of the four instruments on board of the Compton Gamma-Ray Observatory.
This satellite was launched on April 5 1991 aboard the space shuttle Atlantis; on
June 4** 2000 it was safely deorbited and re-entered the Earth’s atmosphere. The
main characteristics of the four instruments (that can be seen on board in Fig. 1.4)
were:

e BATSE was optimized to measure brightness variations in gamma-ray bursts
and solar flares on timescales down to microseconds, over the energy range 30

2See Appendix C for a detailed explanation of apparent superluminal motions.

3Found with the satellite GRANAT (Castro-Tirado et al. 1994; Finogenov et al. 1994).
4Found with the satellite CGRO (Zhang et al. 1994).

SFound with the satellite X-Ray Timing Explorer (XTE)(Smith et al. 1998).
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Figure 1.3: Bright radio condensations ejected in opposite directions. The approaching
component (left) shows an apparent velocity on the plane of the sky of 1.25¢ while the
receding one (right) seems to move at 0.65¢c. Observations of GRS 1915+105 with VLA
in 1994 (from Mirabel & Rodriguez 1994).
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Figure 1.4: The Compton Gamma-Ray Observatory and its four instruments on board,
BATSE, OSSE, COMPTEL, EGRET. The four scientific instruments on Compton were
designed to operate simultaneously and cooperatively, to cover the gamma-ray energy range
from 15 keV to 30 GeV.

keV to 1.9 MeV. It was also continuously monitoring all transient sources
and bright persistent sources in the gamma-ray sky. It consisted of 8 detectors.

e OSSE was designed to undertake comprehensive spectral observations of as-
trophysical sources in the 0.05 to 10 MeV range, with capability above 10
MeV for solar gamma-ray and neutron observations. Each of the 4 detectors
had a single axis pointing system which enabled a rapid OSSE response to
target of opportunities, such as transient X-ray sources, explosive objects, and
solar flares.

¢ COMPTEL has performed the first sky survey in the energy range from 1
to 30 MeV. Source mapping was provided over a field of view of about 1
steradian.

¢ EGRET was the highest energy instrument on Compton, and covered the
broadest energy range, from 20 MeV to ~ 30 GeV. It had a wide field
of view, good angular resolution and very low background. Because it was
designed for high-energy studies, the detector was optimized to detect gamma
rays when they interact by pair-production process, which forms an electron
and a positron within the EGRET spark chamber.

As we have already mentioned, we will focus our attention on the last instru-
ment. The Third EGRET Catalog (3EG) (Hartman et al. 1999) of high-energy
gamma-ray sources includes data from April 2274, 1991, to October 37¢, 1995. The
271 sources that conform the catalog were detected at E > 100 MeV. They include:

e The single 1991 solar flare bright enough to be detected as a source.
e The Large Magellanic Cloud.

e 5 pulsars (their number has been recently extended up to 7).

11
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Figure 1.5: This diagram indicates the positions on the sky of EGRET sources of celestial
gamma-rays at energies above 100 MeV. The source positions are plotted in Galactic
coordinates with color-coded classifications. The sources are represented as point-like ones.

e Omne probable radio galaxy detection - Cen A - (there are two other candidates
at the moment).

e 66 high-confidence identifications of blazars (BL Lac objects, flat-spectrum
radio quasars, or unidentified flat-spectrum radio sources).

e 27 lower-confidence potential blazar identifications.

e ~ 170 sources not yet identified firmly with known ob-
jects.

Fig 1.5 shows the positions in the sky of these sources.

The detections included have a significance of more than 50 at less than 10
degrees from the galactic plane, where the background radiation is stronger, and
more than 40 otherwise. Most of the sources can be fitted by a single power-law
spectra, and the corresponding spectral photon index usually ranges between 1.5
and 3.0.

Our interest here will be focused on the unidentified sources. It has been shown
in Romero et al. (1999) that the distribution of the unidentified EGRET sources
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Figure 1.6: Distribution of EGRET sources with galactic latitude on the left panel and
with galactic longitude on the right panel (from Romero et al. 1999).

with galactic coordinates has a clear concentration of sources on the galactic plane
plus a concentration in the general direction of the galactic center (see Fig. 1.6).
This indicates a significant contribution from galactic sources. A correlation ana-
lysis between 3EG-low-latitude sources and bright and giant HII regions, the usual
tracers for the galactic spiral structure, shows that there is a strong correlation at
~ To-level with the spiral arms of the Galaxy, the places where stars are formed
(Romero 2001). This means that there is a significant number of Population I ob-
jects® in the parent population of the low-latitude gamma-ray sources.

The large error boxes in the location of the EGRET sources (typically ~ 1 degree
in diameter), make correlation studies to find secure counterparts very uncertain.
This technique has been successful mainly to identify sources at high latitudes (such
as bright blazars), where the turmoil is significantly lower than in the galactic plane.
Complementary tools like population studies using the known characteristics of the
gamma-ray sources, like their spectra, variability and flux density had to be used
also. The so-called log N —log S 7 studies can be particularly useful on this respect
(e.g. Reimer & Thompson 2001, Bhattacharya et al. 2003, Bosch-Ramon at al.
2005). Combining this with studies including variability and source distribution

6A term used to describe stars and other objects, such as star clusters, that tend to be found
in, or near to, the plane of a spiral galaxy and follow roughly circular orbits around the center.
They are younger than Population II objects, have a relatively high heavy element content, and
have probably been formed continuously throughout the lifetime of the disk. Extreme Population
] objects are found in spiral arms and consist of young objects, such as T Tauri stars, O stars,
B stars, and stars newly arrived on the zero-age main sequence. Older Population I objects
include stars like the Sun. All Population I stars are relatively rich in elements heavier than
hydrogen and helium since they formed from clouds of gas and dust which contained the products
of nucleosynthesis from previous generations of stars.

7A log N —log S plot displays the number of sources (IV) with a flux (S) greater than a given
value.
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models that take into account the non-uniform detection sensitivity across the sky
(Gehrels et al. 2000; Grenier 2001, 2004; Grenier et al. 2004), it has been possible
to establish a division of the sources into two well-defined groups:

I) One at low latitudes, |b] < 5°, on the galactic plane and spiral arms. These
are bright sources, relatively hard (photon index I' ~ 2.18). This group should
be formed by young sources (a few million years at most) with isotropic lu-
minosities in the range of 1034736 erg/s. These sources contain a subgroup of
clearly variable sources (Torres et al. 2001a, Nolan et al. 2003).

IT) The other group, at mid-high latitudes, includes 3 populations:

e 45 + 6 sources spatially associated with the Gould belt (star forming
region at ~ 600 pc), with I" ~ 2.25, stable and weaker. In this group
young sources are also expected but with luminosities in the range 103233

erg/s.

e 45 + 9 sources with softer spectra (I' ~ 2.5) and high variability forming
a kind of halo around the galactic center with a scale height of ~ 2 kpc.
The sources in this group might be formed in and ejected from globu-
lar clusters (however, there is no significant correlation with individual
clusters) or from the galactic plane. These sources should be old, age
measured in Gyrs, and very luminous, in the range 10%*~3" erg/s. Signif-
icant variability between different EGRET viewing periods is observed
in many of these sources (Nolan et al. 2003).

e Around 35 potentially extragalactic sources (isotropically distributed).

The transition between both groups occurs at |b| ~ 5 degrees.

1.3 Motivation of the Thesis: the Link

A few words now about the link we will propose between MQs and gamma-ray
emission. In the year 2000, Paredes et al. reported the discovery of a new micro-
quasar, LS 5039® (see Fig. 1.7). This discovery involved a very interesting issue:
the microquasar LS 5039 is inside the error box of the unidentified EGRET source
3EG J1824-1514 (see Fig. 1.9), and was therefore proposed to be its counterpart
(Paredes et al. 2000).

Two similar cases followed. The discovery of radio jets in LS I +61 303 confirmed
the microquasar nature of this binary system (Massi et al. 2001, 2004). There is
an argument that seems to suggest that LS I +61 303 is also a gamma-ray emitting
microquasar (Massi 2004a): the likely correlation of the short term variability of

8The presence of an asymmetric two-sided jet in LS 5039 was confirmed with observations from
EVN and MERLIN (Paredes et al. 2002a). The longest jet arm was estimated to reach up to ~
1000 AU (see Fig 1.8).



1.4 OUTLINE OF THE THESIS

Figure 1.7: VLBA observation where the relativistic radio jets of the microquasar LS
5039 can be seen (from Paredes et al. 2000).

3EG J0241+46103 with the orbital period of the binary. The other case has just been
proposed by Combi et al. (2004) through the association between the microquasar
candidate AX J1639.0-4642 and 3EG J1639-4702. This latter case is the most un-
certain one, since there are other potential gamma-ray emitting objects inside the
error box and the microquasar nature of AX J1639.0-4642 is not demonstrated.

The original proposal by Paredes et al. (2000) motivated the research project
described in this thesis. We investigated the possibility that MQs could be the par-
ent population of the gamma-ray sources distributed on the galactic plane and at
high latitude forming a halo around the galactic center and whose spectral energy
distribution peaks in the MeV-GeV range.

Though our first aim was to propose a new parent population for different groups
of EGRET sources, the model of microquasars emitting gamma-rays will also be
used to explain observations from well-known sources at other wavelengths than
EGRET’s. The models described in this thesis can also be applied outside this
energy range, as it will be shown for different cases.

1.4 Outline of the Thesis

In the next chapter we will review the main features of each component of a micro-
quasar. The compact object, BH or NS, the accretion disk, the corona, the stellar
companion and the jet: main characteristics and some models will be presented.
We will focus on those aspects that are more relevant from the point of view of the
possible high-energy emission.
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Figure 1.8: Observations of LS 5939 made with EVN (left panel) and MERLIN (right
panel) confirming the existence of a jet in that object. Azis units are in milliarcseconds
(from Paredes et al. 2002a).

After the second chapter, we will start the presentation of our proposal of MQs
generating gamma-ray emission. Different scenarios and combinations of parame-
ters will be studied. In Chapter 3 we will introduce a high-mass microquasar model,
showing the fundamental role of a high mass companion. We will develop a leptonic
model studying the interaction of the jet with the field of photons from the stellar
companion (Inverse Compton, IC). The variability observed in some sources will
also be considered.

The toy model of Chapter 3 will become more complex in Chapter 4 where
the interaction of the jet with the accretion disk and the corona photon fields will
be taken into account in order to analyze the possible contributions to the total
gamma-ray production. We will also discuss the application of the model as an
attempt to interpret some repeated soft gamma-ray events observed in Cyg X-1.

In Chapter 5 we present another kind of model to produce high-energy gamma-
rays in HMMQs. It is based on hadronic interactions between multi-TeV protons of
the jet and the ions present in the wind of the stellar companion. The gamma-ray
emission results from the decay of neutral pions that are produced in the inelas-
tic collisions between the protons from the jet and from the wind. This kind of
scattering implies also the generation of neutrinos. We include estimations for this
emission as well.

Low-mass microquasars are finally considered in Chapter 6. We come back to
a leptonic model and we propose LMMQs as the parent population of one of the
groups of the unidentified mid-high latitudes EGRET sources. We focus on the
sources that are forming a kind of halo around the galactic center. In this scenario
it will be fundamental to consider not only the interactions between leptons of the
jet and photons from external sources, but also the IC interactions with the syn-
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Figure 1.9: Location map of the EGRET source 3EG J1824-1514. We can see the
statistical probability that the gamma-ray source lies within the 50%, 68%, 95% or 99%
contour. LS 5089, here represented by a filled circle inside an open cirle, has coordinates,
[ =16.88°, and b = —1.29°, and lies in the 95% contour. It’s the onlys X-ray and radio
source in the EGRET error boz (from Ribd 2002).

chrotron photons (Synchrotron-self-Compton, SSC).

Four appendices complete the thesis. The first one is the presentation of an-
other gamma-ray producing situation, also studied during the thesis working pe-
riod. It does not involve MQs but a specific unidentified gamma-ray source, 3EG
J05424-2610 that is proposed as the gamma-ray counterpart of the Be/X-ray tran-
sient A0535+426. This is the case of gamma-rays from magnetized accreting pulsars,
where the high-energy photons are produced in the interaction of a beam of rela-
tivistic protons and a transient accretion disk.

Relevant radiative processes, that are used in the models presented in the former
chapters of this work, are described in Appendix B. A detailed explanation about
superluminal motions is presented in Appendix C. The last appendix lists the
publications completed during the development of the thesis.
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Chapter 2

Microquasars: Main Features






2.1 STATISTICS AND PROJECTIONS

In the following sections we will review the main statistical and physical charac-
teristics of MQs. MQs were discovered in recent times, and the number of objects
recognized as such is still far from representing a statistically important figure.
Questions like “Can they be assumed as rather common objects in our Galaxy?”,
are still lacking a clear answer.

On the other hand, we have to deal with the observational data we already
have in order to start to understand which are the main features of the different
components of MQs and which are the active physical processes that are taking
place in them. Observations made at different wavelengths are being interpreted
and different models are being proposed.

We need to ponder how significant are the chances to rise the number of con-
firmed MQs and also to understand the physics involved, if we want to be able to
propose them as a parent population of EGRET unidentified sources.

2.1 Statistics and Projections

Taking into account that MQs are until now considered as a particular subgroup
of XRBs that generate jets, the first step is to wonder how many XRBs are hosted
in the Galaxy. The most updated catalogs of XRBs are found in Liu et al. (2000)
for High Mass X-ray Binaries (HMXBs) and Liu et al. (2001) for Low Mass X-
ray Binaries (LMXBs). After an increase from ~ 30 known HMXBs in 1983 (van
Paradijs 1983) to 69 in 1995 (van Paradijs 1995), the new catalog contains 130 of
these sources. The number of registered LMXBs went from 33 in 1983 (van Paradijs
1983, Bradt & McClintock 1983) to 119 in 1995 (van Paradijs 1995) to reach in the
newest catalog, 150 confirmed of such XRBs. The two catalogs have then 280 XRBs
in total (several new binaries have been discovered since then).

Next step is to check how many of those 280 XRBs are also radio emitters
(Radio Emitting X-ray Binaries, REXBs), since this is the wavelength at which

21



22

2 MICROQUASARS: MAIN FEATURES

jets manifest themselves more clearly. Taking into account both catalogs, there
are ~ 75 X-ray pulsars, which are suspected not to emit in radio. It is believed
that the strong magnetic field of X-ray pulsars disrupts the accretion disk at some
thousand kilometers from the neutron star, suppressing the possibility to generate
a jet (Fender & Hendry 2000). In fact, synchrotron radio emission has never been
detected from any of these sources. Otherwise, the two catalogs contain 43 radio
emitting sources (Paredes 2004b). Once detected, the radio emission has to be re-
solved in order to confirm that it is produced by a relativistic jet. Only when the
presence of a jet is unquestionable we can call the XRB a microquasar.

Nowadays there are 16 systems identified as MQs. They are listed in Ta-
ble 2.1 (from Paredes 2004a and 2004b with some modifications)!. Different multi-
wavelength cross-searchings have been carried out in X-ray and radio source catalogs
in order to find more MQ candidates that could rise this number after being con-
firmed as such with VLBA, ATCA or VLBI observations (e.g Paredes et al. 2002b).
The chances to increase the number of MQs radically would enhance if we could
know that there are even more XRBs in the Galaxy. Grimm et al. (2002) have
made some estimate in this respect. Using data of XRBs from RXTE/ASM? they
obtained a log N — log S diagram and the luminosity function. The total number
of XRBs brighter than 2 x 103 erg s! is ~ 190 divided into ~ 55 high mass and
~ 135 low mass binaries. Extrapolating the luminosity functions towards low lu-
minosities they estimated a total number of ~ 705 XRBs brighter than 103! erg
s~!, distributed as ~ 325 LMXBs and ~ 380 HMXBs. As a consequence of these
expectations the existence of MQs in a larger number becomes more likely. In fact,
some authors sustain that jets are a quite common feature of X-ray binary systems,
suggesting that up to 70% of XRBs might produce them (Fender 2004). In such
a context it would be a matter of time to detect them, providing that new instru-
ments with more sensitivity and resolution in both X-rays and radio-band become
available. We will come back over the arguments for such a high percentage in
Section 2.3.

2.2 Physical Components

In the next four subsections we will make an overview of the main components of a
microquasar, studying their physical properties, the classifications that arise from
them and some of the models that attempt to describe the observational data. These
components are: the companion star, the disk, the corona, and the jet. Fig. 2.1
sketches a microquasar system showing the range of wavelengths corresponding to
each emitting component.

1XTE J1118+480 is included in the list because even though its relativistic jet has not been
resolved yet it is inferred from theoretical reasons.

2ASM, All-Sky Monitor, instrument on board of the satellite RXTE, Rossi X-Ray Timing
Explorer, also known as XTE.
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Figure 2.1: Sketch of the physical components of a microquasar. We can see the binary
system formed by a compact object (NS or BH) that accretes material from the stellar
companion, forming an accretion disk and corona. The potential accretion energy is
converted into high energy emission and mechanical energy of the jet, that emits from
radio wavelengths to gamma-rays, as we will propose in the forthcoming chapters (from
Fender & Maccarone 2004).

2.2.1 The Companion Star and the Compact Object

According to the mass of the stellar companion, XRBs are divided in two groups:
high mass and low mass X-ray binaries. HMXBs are systems where the donor star
is a young massive star of ~ 8 — 20 M and orbital periods are several days. The
nature of the star determines a further division of HMXBs in two subgroups: those
in which the stellar companion is a Be star (Be/X-ray binary) and those in which it
is an O or B supergiant (SG/X-ray binary). In general, these high mass companion
stars transfer mass to the compact object through strong stellar winds, though in
some cases it can also happen via Roche Lobe overflow. X-ray outbursts are ex-
pected to happen in the Be/X-ray sources during the periastron passage.

In the case of LMXBs, the companion is an older low-mass type of star, with
M < 2 Mg; it can be a white dwarf, a late-type main-sequence star, an A-type
star or an F-G sub-giant (in which case, it may be the remnant of a star that
originally was of intermediate mass ~ 1.5 to 4 Mg). The orbital periods are in the
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Figure 2.2: All-sky map where open circles representing 86 LMXBs and filled circles, 52
HMXBs. The two spatial distributions in the Galazy can be noted: HMXBs are signifi-
cantly concentrated on the galactic plane whereas LMXBs are mainly forming a halo in
the galactic bulge (from Grimm et al. 2002).

range of 0.2 to 400 hours and the mass transfer occurs through Roche Lobe overflow.

The already mentioned ASM catalog includes 340 sources being 217 galactic,
112 extragalactic, and 10 unidentified. Studying the galactic sources, Grimm et
al. (2002) found significant differences in the 3D spatial distribution of HMXBs
and LMXBs in our Galaxy as it is shown in Fig. 2.2 (in good agreement with
theoretical expectations and earlier results — van Paradijs & White 1995; White
& van Paradijs 1996; Koyama et al. 1990; Nagase 1989). Whereas HXMBs are
more concentrated towards the galactic plane with a vertical scale height of 150
pc, and clear indications of a distribution following the spiral structure, LMXBs
have a strong tendency to concentrate towards the galactic bulge and their vertical
distribution has a scale height of 410 pc. This important difference in the angular
distribution of high and low mass XRBs is also illustrated by Fig. 2.3 where the
angular distribution is represented against the galactic latitude and longitude.

L

The compact object that is present in an X-ray binary system can be either a
neutron star or a black hole. While stars are on the main sequence, the thermal
pressure of hot gas maintains an equilibrium with gravity. The source of energy
that provides the pressure comes from nuclear reactions generated in their cores.
The life of the star evolves out from the main sequence through the so-called giant
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Figure 2.3: Angular distribution of galactic HMXBs (solid lines) and LMXBs (thick
green lines) against the galactic latitude (left panel) and longitude (right panel). These
two graphs illustrate the well-known fact that HMXBs are strongly concentrated towards
the galactic plane. An important difference in the longitude distributions of HMXBs
and LMXBs can be noticed, with the second ones significantly concentrated towards the
galactic center/bulge and the former distributed in clumps approzimately coinciding with
the location of tangential points of the spiral arms (whose position is marked by arrows
in the right panel). The LMXBs number is divided by 3 on the right panel (from Grimm
et al. 2002).

branch towards the final phases when the outer layers of the star are ejected. During
all that path the nuclear processing occurs using all the available nuclear energy re-
sources of the star. In the most massive stars, M > 10M, it is quite probable that
the nuclear burning continues till the formation of iron. At the end of this phase
when the core of the star runs out of nuclear fuel, gravity overtakes and the star col-
lapses until another form of pressure appears to establish a new kind of equilibrium.
The new possible configurations in this new stage after the star collapses are are
known as white dwarfs, neutron stars and black holes. These are called “dead stars”.

Statistics made with observed cases seems to indicate that low mass stars, 1 <
M < 4M, evolve into white dwarfs, whereas more massive stars, 4 < M < 10Mg,
towards NSs. Many of these latter cases are formed in supernova explosions. Super-
nova explosions associated with even more massive stars, M > 10M,, are assumed
to end up in the formation of a stellar-mass BHs.

As we stated, the compact objects that are of our interest are NSs and BHs. In
NSs, the pressure that provides the force opposed to gravity is the quantum mechan-
ical pressure associated with the fact that neutrons are fermions and therefore only
one particle is allowed to occupy one quantum state at a time. NSs are then held
up against gravitational collapse by neutron degeneracy pressure and have masses
in the range of ~ 1.5M, to 3My with a diameter that goes from 10 to 20 km. The
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corresponding escape velocity is about half the speed of light and hence the path of
light is strongly curved by gravity. Theories support the concept that NSs should
have a solid crust and a liquid core with properties of superfluidity, having almost
no viscosity.

NSs are the last stable-star form. In the case of more compact objects the attrac-
tive force of gravity can not be balanced by any known physical force and the last
collapse to a physical singularity is unavoidable. Even electromagnetic radiation
cannot escape from this singularity since the escape velocity exceeds the speed of
light, hence the origin of the name black holes. The escape velocity from the surface
of a star of mass M and radius r can be obtained through classical calculations:
v = (2GM/r)/2. If we set v as the speed of light (c) the radius of such a star would
be r = 2GM/c*. This is the so-called Schwarzschild radius, Tse, of a black hole
of mass M. For non-rotating BHs there is a last stable circular orbit around this
point mass at 3rse,. At radii less than this value the particles start spiraling into
the singularity, located at r = 0.

Setting the values of the constant in the expression of the Schwarzschild radius
one obtains a very practical expression: rsg, = 3(M/Mg) km. This straightfor-
wardly implies that for the Sun, rs, = 3 km, which is negligible compared to the
solar radius, Ry ~ 7 x 10°> km. Instead, in the case of a NS with M ~ 3M,, we
find 75, =~ 10 km which, being of the order of the neutron star radius, means that
general relativity becomes important in determining the stability of this case.

To distinguish whether a binary system harbors a neutron star or a black hole
as the compact object is not a trivial task since the gravitational field near a NS is
nearly as strong as near a BH. Differences in the X-rays emitted by infalling matter
in the two cases are expected to be subtle. Though regular pulsations are a sure
proof that an X-ray emitter is a neutron star3, they are not always present. Many
sources like Sco X-1, are suspected to hold a NS despite the fact that they show no
sign of regular pulsations.

On the other hand there are severe differences between NSs and BHs that should
imply certain differences in the radiation spectra involving one or the other. NSs
have real surfaces whereas BHs have horizons, which represent the complete absence
of a physical surface. The characteristic magnetic field present in NSs would also
be expected to mark a distinction. Nonetheless, up to now, no one has succeeded
in predicting the spectral differences only from theoretical considerations.

There is however a decisive discriminant that can at least ensure the absence of
a NS from some XRB systems: if the present compact object has a mass greater
than 3M, then one could assume the presence of a BH. Such a mass estimation can
be obtained by measuring the orbital period and the parameters of the normal star
in the binary system. In this way the X-ray source in the binary system Cygnus

3See e.g. Begelman & Rees (1998) or Longair (1997), for a detailed explanation on the physics
of pulsars.
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X-1 was inferred to have a mass of at least 6 M, becoming in this way the first
example of a black hole candidate.

By definition microquasars have relativistic jets. Bright radio detections asso-
ciated with the production of a relativistic jet are by now a common property of
accreting black holes whereas they are not so commonly associated with accreting
neutron stars. Nonetheless the most relativistic flow observed so far in the Galaxy
has been very recently discovered by Fender et al. (2004a) in the source Circinus X-
1, whose compact object is a neutron star (Tennant et al. 1986). It was established
that the apparent superluminal velocity is Bupp > 15. Knowing that for an intrinsic
velocity § at an angle 6 to the line of sight, Bapp has a maximum value of Bapp = I'8
when 0 = cosé (see Appendix C), then I'G > 15, and it follows that the minimum
velocity solution is I' > 15, with § > 0.998. In order to have a comparison, let
us mention MQs with outflowing components are estimated to have bulk Lorentz
factors in the range of 2 < I" < 5; in the case of active galactic nuclei (AGN) typical
Lorentz factors are I' ~ 10.

An important comment is that the lower limit to I' may correspond to a pertur-
bation (shock) propagating along the flow instead of the underlying jet. We should
then consider the relation 'y = Cshock/ v/2, that is valid in the approximation of a
1D-relativistic shock propagating along a relativistic fluid, in the limit Ggpoac — 1.
This would imply 'y > 10.

It seems that Sco X-1 is another neutron star binary that may be generating
ultrarelativistic jets (Fomalont et al. 2001). The discovery of ultrarelativistic flows
in XRBs with a NS instead of a BH as the compact object, leads to the conclusion
that the generation of such jets is not related to any property that would be ex-
clusively of BHs, like the event horizon or the ergosphere. It rather highlights the
role of the accretion flow (which is a common feature of both NSs and BHs) as the
main element that might lead to the formation of the jet.

2.2.2 The Accretion Disk

We will devote this section to the physical description of the accretion disk that is
present in MQs as it can be inferred from X-ray observations. The accretion disk
component is usually modeled by the so-called “Standard Disk Model” in which
the accreting gas forms a geometrically thin and optically thick disk, producing a
quasi-blackbody spectrum due to thermal emission. The effective temperature of
the accreting gas is in the range 10° — 107 K, depending on the compact object mass
and the accretion rate, Tog oc M~14M1/4,

Accretion processes around compact objects imply the presence of rotating gas
flows. The situation is therefore modeled by hydrodynamic equations of viscous
differentially-rotating flows. The “standard disk model” is the name of the most
famous solution to this set of equations. The model was developed by Shakura &
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Sunyaev (1973) and Novikov & Thorne (1973).

If a particle is in a circular orbit around a central gravitating body, it will stay in
that orbit. If then energy and angular momentum are extracted from the particle,
it will spiral slowly inwards. In the context of the standard disk model, the viscosity
will cause the gas to lose energy and will have the effect of transporting angular
momentum outwards, allowing the accreting gas to spiral in towards the central
mass. The amount of energy that can be extracted by such a process is equal to the
binding energy of the innermost stable orbit. Around a neutron star, ~ 10% of the
rest mass can be extracted and up to 40% for orbits around a black hole (Pringle
1981). Viscosity also acts as a source of heat; some or all of this heat is radiated,
leading to the observed spectrum. The accretion process can then be an efficient
converter of rest mass to radiation.

It is known already from the 1920s (Jeffreys 1924) that the action of viscosity
on an initial ring is to spread it out. Most of the mass moves inwards losing energy
and angular momentum, but a tail of matter moves out to larger radii in order to
conserve the angular momentum.

Let us develop this idea in a more quantitative way*. A thin disk means that
the matter lies very close to the plane, which in cylindrical coordinates (R, ¢, 2)
means z = 0. We assume that the gas moves with angular velocity €2 in circles
around the accreting compact object which has mass M and radius R.°>. When the
angular velocity has the Keplerian value then,

GM\ V2
which means that the circular velocity is,
Vp = RQK(R) (22)

Since the gas is being accreted, its radial velocity, vg(R,t), near the compact ob-
ject, is negative. Another important magnitude is the disk surface density, ¥(R,?),
which is the mass per unit surface area of the disk, obtained by integrating the gas
density, p, in the z-direction.

An annulus of the disk material lying between R and R + AR has a total mass
2rRARY. and total angular momentum 27 RARY.R?Q). Taking into account that
the rate of change of both quantities is given by the net flow from the neighboring
annuli and making the limit AR — 0, we get the mass conservation equation:

4Skipped steps in any of the calculations included in this section can be followed in Shapiro &
Teukolsky (1983) and Frank et al. (2002).

SFor the case where the compact object is a BH, R, should be replaced by R, in all the
following calculations, with R;, the innermost stable orbit.

29



30

2 MICROQUASARS: MAIN FEATURES

oY 0

To obtain the conservation equation for angular momentum the procedure is the
same except that we have to include the transport due to the net effects of the
viscous torques, G(R,t):

0 «p2 0 20y _
Ro (SR*Q) + 5=(RZ0pRQ) =

1 0G
53R (2.4)
where ,

G(R,t) = 2rRVER*Q, (2.5)

with Q" = dQ/dr, and v, the kinematic viscosity.

Assuming 0Q/0t = 0, which holds for orbits in a fixed gravitational potential,
performing some algebraic combinations with all these formulas, we obtain:

9% _ 30 [r1p 0 1/2
8t—RaR{R 2 wmr) Y, (2.6)

that is the basic equation governing the time evolution of surface density in a Ke-
plerian disk. In general it is a nonlinear diffusion equation of ¥, because v may be
a function of local conditions in the disk, like ¥, R and ¢t. Therefore, in order to
solve (2.6), we need some prescription for v. Unfortunately, the nature of viscosity
is still quite unclear, and as a consequence, its mathematical form is still uncertain
and not unique. We gain some insight into the evolution of disks by choosing forms
for v that makes (2.6) solvable, which is just a mathematical help to show how the
disk’s dynamics works, rather than a physically based prediction of the theory. For
instance, assuming v = constant, (2.6) can be solved by separation of variables as:

m ., _ 1+ z?
Y(z,7) = 2 1z 1/4ea:p{—(7)} Ija(2z/7), (2.7)
0

where I /4(2z/7) is a modified Bessel function. Taking as the initial matter distri-
bution a ring of mass m at R = Ry, r = R/Ry and 7 = 12vtR;? are dimensionless
radius and time variables. Fig 2.4 shows ¥(z,7) as a function of z for different
values of 7. We can see in the figure that viscosity has the effect of spreading the
original ring in radius.

The asymptotic behavior of I;,4(2z/7),
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Figure 2.4: A matter ring of mass m placed in a Keplerian orbit at R = Ry spreads out
under the action of viscous torques. Surface density, ¥, vs x = R/Ry, the dimension-
less radius, for different values of the dimensionless time, 7 = 12vtRy 2 where v is the

ViSCosity.

implies that

and

2z —1/2 9 2
La(22/7) (7> e/} 7>>1

(2:5)1/4 2
x | — , — XK1
T T

v [ 1 2r 2
Vg~ —99-——+———=7,>0 for 2z > 7,
Ryldx 7+ 71

-3v (1 2z
2x T

*——}<0 for 2z < 1.

(2.8)

(2.9)

(2.10)

Thus, we confirm that the outer parts of the matter distribution (2z > 7) move out-

wards, taking away the angular momentum of the inner parts, which move inwards
towards the accreting compact object.
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In the steady state® the disk structure is determined by solving simultaneously
four conservation equations: conservation of mass, angular momentum, energy, and
vertical momentum (where an expression for the pressure is needed). In addition a
prescription for v must be specified as well as a law describing the vertical energy
transport from the center to the surface (where an expression for the opacity is
needed). The set of equations is the following:

1. REST-MASS CONSERVATION

M = 2rR¥vg = constant. (2.11)

2. ANGULAR MOMENTUM CONSERVATION

(2.12)

3. ENERGY CONSERVATION

The kinematic viscosity, v, generates dissipation in the disk at a rate D(R)
per unit area per unit time, such that:

D(R) = %VZ(RQ’)Q

3GMM

nED (2.13)

An interesting issue is that expression (2.13) is independent of the major un-
certainty of the disk’s theory, the viscosity. This is at the expense of the
assumption that the chosen viscosity prescription can be adjusted to provide
the steady mass flux M.

Using (2.13) we obtain the total disk luminosity:

Ldisk = D(R) 2nR dR
R*

1GMM

2 R,

6We impose the steady state condition by setting 0/0t = 0 in (2.3) and (2.4), obtaining in
this way (2.11) and (2.12). The steady assumption will be valid whenever the external conditions
change on timescales longer than the time i ~ %2, in which changes in the radial structure of
the disk are registered, i.e. the timescale of the spreading because of viscosity effects.

(2.14)
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This is only one half of the total available accretion energy, since the total
potential drop from infinity to R, is GM/R,.. The point is that the matter
just outside the boundary layer still retains as kinetic energy one half of the
potential energy it has lost in spiraling in. Hence, the rest of the accretion
luminosity is emitted in the boundary layer. This has a practical implication:
the study of the details of emission from the inner edge of an accretion disk
can be just as important as studying the emission from the disk itself.

. VERTICAL MOMENTUM CONSERVATION

Since there is no net motion of the gas in the vertical direction, momentum
conservation along the z-direction reduces to a hydrostatic equilibrium condi-
tion. Equating the component of the gravitational force of the compact object
along the 2-direction to the vertical pressure gradient in the disk,

LiP __GM

- (z < R). (2.15)

o w

pdz

Replacing the differentials by finite differences, setting AP ~ P and 2z = H,
yields:

R3/2
H = CSW, (216)

where ¢; is the sound speed, (c2 = P/p), P, pressure, and p, density of the
disk.

. PRESSURE

The total pressure of the disk material is the sum of gas and radiation pres-
sures:

_ pkT, N 4_0T4

P
pmp 3¢ ¢’

(2.17)

where k is the Boltzmann constant, x is the mean molecular weight, m, the
proton mass, o the Stefan-Boltzmann constant, and T, the central tempera-
ture: T(R,2) = T(R,0).

. RADIATIVE TRANSPORT

The temperature T;. can be given by an energy equation relating the energy
flux in the vertical direction to the rate of generation of thermal energy by
viscous dissipation. The heat generated internally by viscosity dissipation is
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transported vertically” through the disk before being radiated at the surface.
The vertical energy transport mechanism can be either radiative or convec-
tive. We will here assume the radiative one (see Frank et al. 2002, Section
5.8, for a justification of this choice).

We then equate the heat input per unit area, D(R), with the heat loss per
unit area given by the radiative transport,

29m _ D)
3T
3GMM RN\"?
= wmr |'T\®) | (218)
where 7 is the optical depth that is defined through
T = H,RpH = K,RE, (219)

with kg = kr(p, T¢), the total Rosseland mean opacity. The opacity in the
disk is related with the photon absorption (mainly due to “free-free” transi-
tions) and the photon scattering (Thomson scattering in this case).

The optically thick condition of the standard disk model implies that 7 > 1.
If 7 becomes < 1 the radiation escape directly; the radiative transport is then
not required and equation (2.18) is no longer valid.

7. VISCOSITY

The standard model uses for the viscosity the so-called a-prescription of
Shakura & Sunyaev (1973). Suppose that the dominant process for redis-
tributing angular momentum is a turbulent viscosity. The effective kinematic
viscosity of a turbulent process is given by v ~ lv, where [ the size and v
the velocity of the largest eddies in the flow. In an accretion disk, we can
assume that the scale of the eddies is less than the disk thickness, H, and the
turbulence is subsonic®. Consequently,

v=ac H, (2.20)

with @ < 1. It is important to realize that (2.20) is a parametrization that
helps to isolate in a the present lack of knowledge on the viscosity. We have

"Since we are working under the geometrically thin disk condition (H < R), the disk medium is
then essentially “plane-parallel”, so that the temperature gradient is effectively in the z-direction,
and we need only to consider the energy transport perpendicular to the disk.

8In the case that the turbulence would be supersonic, the turbulent motions would probably
be thermalized by shocks.
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at least obtained a constraint over the new parameter, o < 1. Though just a
parametrization, the a-prescription has been very useful and has promoted a
semi-empirical approach to the viscosity issue, which looks for estimating the
magnitude of o by comparison of theory and observation.

An alternative to the turbulent viscosity process and in fact one of the more
plausible, is the magnetic viscosity (Lynden-Bell 1969, Shakura & Sunyaev
1973), where the transfer of angular momentum occurs through magnetic
stresses due to a field anchored in the disk. This kind of viscosity can also be
contained within the a-prescription, with o ~ v3/c2, where v, is the Alfvén
speed in the disk.

A more radical approach to the idea of using magnetic fields to transfer away
angular momentum has been proposed by Blandford (1976) and by Lovelace
(1976). The energy and angular momentum of the disk can be carried away
in the form of a magnetized relativistic wind (See also Blandford & Znajek
1977; Blandford & Payne 1982).

Solving the above listed set of equations we obtain the magnitudes p, ¥, H, v,
P, T., 7, and v as functions of M, M, R and a. It can be shown that for fixed
values of M and M, the disk can be divided into three distinct regions, depending
on R:

e An outer region, at large R, in which gas pressure dominates over radiation
pressure and in which the opacity is mainly due to free-free absorption.

e A middle region in which gas pressure still dominates over radiation pressure
but the opacity is mainly due to electron scattering.

e An inner region, at very small R, in which radiation pressure dominates over
gas pressure and again the opacity is dominated by electron scattering.

Let us now concentrate on the emitted disk spectrum. A very important conse-
quence of the assumption that the disk is optically thick is that each element of the
disk radiates roughly as a blackbody with a temperature T'(R). This temperature
is given by equating the dissipation rate D(R) per unit area to the blackbody flux:

oT*(R) = D(R). (2.21)

Using (2.13) for D(R) we obtain,

35



36 2 MICROQUASARS: MAIN FEATURES
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Figure 2.5: The integrated spectrum of a steady accretion disk that radiates a local black-
body spectrum at each point. The units are arbitrary, but the frequencies corresponding to
Tout = T'(Rout) and Ty are marked (from Pringle 1981).
1/4
} (2.22)

T(R) =

R\
-(%)

This temperature is analogous to the effective temperature of a star. We approxi-
mate the emitted spectrum from each element of area of the disk as:

3GMM
8w R30

2h13

-1 -2 171,-1 =1
_CZ(ehu/kT(R)_l)(ergS cm™? Hz ™! sr7?). (2.23)

For an observer at a distance D whose line of sight makes an angle 6 to the normal
to the disk plane (0 is the binary inclination), the flux at frequency v from the disk
is

o2 cosf [Fout
S, = D? / I, RdR, (2.24)

where R, is the outer radius of the disk. With the blackbody assumption, we get

3 Rout
_ 4mhv cos@/ RdR (2.25)

Sy = c2D? ehv/kT(R) _ 1"



2.2 PHYSICAL COMPONENTS

Notice that the expression we obtain for S, is independent of the disk viscosity. This
is a consequence of the assumptions of steady and optically thick disk. This implies
that if there is any important difference between the spectrum obtained with (2.25)
and the observed ones, it will not be due to our ignorance of the viscosity but to
the assumptions made.

The integrated spectrum given by (2.25) is shown in Fig. 2.5 and its functional
form is the following;:

v K kT (Rou)/h S, o v?
kT(Row)/h < v < kT, /h S, o v1/3
v> kT, /h the spectrum drops exponentially

The integrated spectrum is therefore a stretched-out blackbody. The flat part
corresponding to S, oc v'/3 characterizes the disk spectrum: unless Toy = T(Rout)
is significantly smaller than 7T, this part of the curve may be quite short and the
spectrum is not very different from a blackbody.

Finally, some remarks with respect to how the nature of the compact accreting
object may affect the disk emission. If it is a star with a strong magnetic field, we
already mentioned in previous section that the disk flow can be disrupted at some
distance from the compact object itself. In this case most of the accretion lumi-
nosity comes from the matter when it actually strikes the compact object surface
and not from the disk. If the accretion disk is around a black hole, the motion
near the inner regions deviates from the simple Keplerian law. It is assumed that
the disk extends down to the innermost stable circular orbit R;,. Within the ra-
dius R;, the gas spirals into the hole without radiating (see Stoeger 1980 for a
justification). The energy released by the accreting matter corresponds then to the
binding energy at the radius R;,. For a Schwarzschild black hole this corresponds
to about the 6% of the rest mass energy and, for a maximal Kerr hole, to about 42%.

We end this section mentioning that the major success of the standard disk
model is that the surface disk temperature it predicts approximately corresponds
to the observed UV emission in AGNs and soft X-ray emission in galactic black
holes.

2.2.3 The Corona

A strong motivation for much of the work on nonthermal and optically thin emis-
sion from accretion disks was provided by the observations of the X-ray binary
source Cyg X-1. There is reasonable evidence that the X-ray source is powered
by disk accretion onto a black hole, but the observed X-ray spectrum is too hard
to be produced by the standard, optically thick disk model that we just described
in the previous section. With that model a maximum disk surface temperature is
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T, ~ 10° K for AGNs (M ~ 107 — 10°Mg) and T, ~ 107 K for stellar-mass black
holes (M ~ 10Mg). A hard X-ray component would, however, correspond to a
temperature ~ 10° K. The standard disk model may yield such high temperatures
only if the accretion rate approaches the critical value, M.rit, that implies a high
radiative efficiency of accretion and the situation then corresponds to the critical
Eddington luminosity. Near-critical disks can strongly deviate from the blackbody
state provided « is large (Shakura & Sunyaev 1973). An overheating then occurs in
the inner region of the disk where the inflow time-scale is shorter than the time-scale
for relaxation to thermodynamic equilibrium.

The region supposed to be responsible for emission that gives rise to the ob-
served hard X-rays is named “Corona” (see Fig. 2.1). Since the observations of Cyg
X-1, different models appeared, based on different assumptions and physics, but
having the same aim to interpret and fit those observed spectra that could not be
fully explained with the standard disk model. We will focus on two of them, that
are still being developed and tested: the “Disk - Corona” model and the “Advection
- Dominated Accretion Flow” model or ADAF.

The ADAF model originates as an alternative solution to the same hydrody-
namic equations of viscous differentially-rotating flows that were solved in the stan-
dard disk model. Instead the Disk - Corona model implies to add a new component
to the standard model.

The ADAF model is a solution of the hydrodynamic equations of viscous differen-
tially-rotating flows (listed in Section 2.2.2) that works with low, sub-Eddington,
accretion rates (Ichimaru 1977; Rees et al. 1982; Narayan & Yi 1994, 1995a, 1995b;
Abramowicz et al. 1995)°. In this solution, the accreting gas has a very low den-
sity which implies on one hand that it is optically thin and on the other that it is
unable to cool efficiently within the accretion time. The viscous energy is therefore
stored in the gas as thermal energy instead of being radiated, and is advected onto
the central compact object. Since most of the viscously generated energy in the
ADAF model is stored in the gas as internal energy, rather than being radiated,
the gas temperature is quite high. This causes the gas to swell, then H ~ R and
therefore, geometrically, ADAFs are quasi-spherical. In this model the gas adopts
a two-temperature configuration that will be explained later on.

There is a compact way to express the just stated definition:

" =q"—q, (2.26)

9ADAF solutions are also possible at very high accretion rates (see e.g. the review by Reynolds
& Nowak 2003).
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where ¢*¥ represents the advective transport of energy, ¢* is the energy generated
by viscosity per unit volume, and ¢~ is the radiative cooling per unit volume.

Depending on the relative magnitudes of the terms in this equation, three
regimes of accretion may be identified:

e g = ¢~ > ¢®: this corresponds to a cooling-dominated flow where all the
energy released by viscous stress is radiated; the amount of energy advected
is negligible. The thin disk solution corresponds to this regime.

o ¢V = gt > g7: this corresponds to an ADAF where almost all the viscous
energy is stored in the gas and is deposited into the black hole. The amount
of cooling is negligible compared with the heating. For a given M, an ADAF
is much less luminous than a cooling-dominated flow.

e —¢*¥ = g~ > ¢*: this corresponds to a flow where energy generation is negli-
gible, but the entropy of the inflowing gas is converted to radiation. Examples
are Bondi accretion, Kelvin-Helmholtz contraction during the formation of a
star, and cooling flows in galaxy clusters.

It is important to point out that models based on the two-temperature ADAF
solution make certain important assumptions. The validity of these assumptions is
not yet completely proved and is currently under testing.

1. Equipartition Magnetic Fields: It is assumed that magnetic fields contribute
a constant fraction (1 — ) of the total pressure:

BQ

pmzﬂ

— (1- Apesd, (2.27)
where p,, is the magnetic pressure due to an isotropically tangled magnetic
field. The assumption of a constant § is fairly innocuous since, in general,
we expect equipartition magnetic fields in most astrophysical plasmas. In
particular, Balbus & Hawley (1991) have shown that differentially rotating
disks with weak magnetic fields develop a strong linear MHD instability which
exponentially increases the field strength to near equipartition values. ADAF
models assume § = 0.5, which means equipartition between gas and tangled
magnetic pressure.

2. Thermal Coupling Between Ions and Electrons: ADAF models assume that
ions and electrons interact only through Coulomb collisions and that there is
no non-thermal coupling between the two species. In this case the plasma is
two-temperature, with the ions much hotter than the electrons.

3. Preferential Heating of Ions: The two-temperature ADAF model assumes
that most of the turbulent viscous energy goes into the ions (Shapiro et al.
1976; Ichimaru 1977; Rees et al. 1982; Narayan & Yi 1995b), and that only a
small fraction § < 1 goes to the electrons. The parameter § is generally set to
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~ 1073 ~ m,/m,, but none of the results depend critically on the actual value
of 4, as long as it is less than a few percent. There have been several theoretical
investigations which consider the question of particle heating in ADAFs like
Bisnovatyi-Kogan & Lovelace (1997), Blackman (1999), Gruzinov (1998), and
Quataert (1998).

4. o Viscosity: The viscosity parameter a of Shakura & Sunyaev (1973) is used
to describe angular momentum transport; « is assumed to be constant, inde-
pendent of radius. Some authors have proposed that it may vary as a function
of (H/R). Since ADAFs have H ~ R, no radial dependence is expected, and
a constant o appears to be a particularly good assumption (Narayan 1996a).

The optically thin ADAF has an important constraint: it exists as a solution
only for m!% less than a critical value iy (Ichimaru 1977; Rees et al. 1982;
Narayan & Yi 1995b; Abramowicz et al. 1995), such that for m < iy, we have
gt > q~ and a consistent ADAF solution, whereas for . > 1y no ADAF is
possible. At low densities Coulomb coupling between protons and electrons is very
weak and the amount of viscous energy that is transferred to the electrons is very
small. Coulomb coupling therefore restricts the amount of energy that can be lost
by radiation. With increasing m, Coulomb coupling becomes more efficient, and
at a critical density the coupling is so efficient that a large fraction of the viscous
energy is transferred to the electrons and is radiated. Above this accretion rate,
the flow ceases to be an ADAF and becomes a standard cooling-dominated thin
disk. The critical accretion rate can be estimated by determining the m at which
the viscous heating, g%, equals the rate of energy transfer from the ions to the elec-
trons, ¢*. Observations suggest that the two-temperature ADAF solution exists up
to Tey ~ 0.05 — 0.1. This suggests that o ~ 0.2 — 0.3 in ADAFs.

It is interesting to remember, at this point, that in the case of the standard
model there is also a critical value, ¢, that implies a deviation from the thin disk
feature to an emission model like for instance the ADAF model. The confluence of
the two possible relations between m and . gives:

Thin disk to ADAF 1 < i
ADAF to thin disk m > .

The spectrum from an ADAF around a black hole ranges from radio frequencies
~ 10° Hz to gamma-ray frequencies > 10?2 Hz, and can be divided into two parts
based on the emitting particles:

1. The radio to hard X-ray radiation is produced by electrons via synchrotron,
Bremsstrahlung and IC processes (Mahadevan 1997). Comptonization process
is over the locally produced synchrotron and Bremsstrahlung radiation and
dominates the spectrum.

. . Lgaq
Vi = ——, Mpaa = ——3,
Mgad NeffC

with 7, the efficiency of converting matter to radiation.
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Figure 2.6: Schematic spectrum of an ADAF around a black hole. S, C, and B refer
to electron emission by synchrotron radiation, IC scattering, and Bremsstrahlung, respec-
tively. The solid line corresponds to a low m, the dashed line to an intermediate m, and
the dotted line to a high i ~ ey The gamma-ray spectrum is due to the decay of
neutral pions created in proton-proton collisions (from Narayan, Mahadevan & Quataert
1998).

2. The gamma-ray radiation results from the decay of neutral pions created in
proton-proton collisions (Mahadevan et al. 1997)!!.

Fig. 2.6 sketches the spectrum obtained with the ADAF model, showing the
places where the emission is generated and the radiative processes that causes it for
each frequency.

The low energy end of the spectrum, is due to synchrotron cooling by semi-
relativistic thermal electrons (Mahadevan et al. 1996). The synchrotron emission is
highly self-absorbed and is very sensitive to the electron temperature (Mahadevan
1997). The emission at the highest (peak) frequency comes from near the black hole,
while that at lower frequencies comes from further out. The peak frequency varies
with the mass of the black hole and the accretion rate, roughly as v, o< m=/2rm?!/2

11 This remains speculative since gamma-ray emission has never been observed from an accretion
disk. As we will see most models for gamma-ray production in MQs invoke processes occurring in
the relativistic jets.
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(Mahadevan 1997).

The soft synchrotron photons inverse Compton scatter off the hot electrons in
the ADAF and produce harder radiation extending up to about the electron tem-
perature ~ 100 keV (hvS, = kT.). The relative importance of this process depends
on the mass accretion rate. At high 7h, because of the increased optical depth, the
IC component dominates the spectrum.

As m decreases, Comptonization becomes less efficient and the IC component
of the spectrum becomes softer and less important. At low m, the X-ray spectrum
is dominated by Bremsstrahlung emission, which again cuts off at the electron tem-
perature (hv2, =~ kT,).

Gamma-ray emission from an ADAF is via the decay of neutral pions produced
in proton-proton collisions. The results depend sensitively on the energy spectrum
of the protons. If the protons have a thermal distribution, the gamma-ray spectrum
is sharply peaked at ~ 70 MeV, and the luminosity is not very high. If the protons
have a power-law distribution, the gamma-ray spectrum is a power-law extending
to very high energies, and the luminosity is much higher. The photon index of the
spectrum is equal to the power-law index of the proton distribution function.

Another outstanding feature is that ADAFs are much less luminous than thin
disks at low values of rin. This is because most of the energy in an ADAF is advected,
rather than radiated, leading to a low radiative efficiency. In fact, the luminosity of
an ADAF scales roughly as ~ 2. In a thin disk, on the other hand, the luminosity
scales as m (Narayan, Mahadevan & Quataert 1998).

In determining the radiation processes in ADAFs, the electrons are assumed to
be thermal, while the protons could be thermal or non-thermal. It is clear that
the spectrum will depend significantly on the energy distribution of the particles.
Mahadevan & Quataert (1997) considered two possible thermalization processes in
ADAFs: (1) Coulomb collisions and (2) synchrotron self-absorption. In the case
of the protons they found that, for all accretion rates of interest, neither Coulomb
collisions nor synchrotron self-absorption lead to any significant thermalization.
The proton distribution function is therefore determined principally by the char-
acteristics of the viscous heating mechanism, and could therefore be thermal or
non-thermal.

ADAF models have been applied to a number of accreting black hole systems.
They give a satisfying description of the spectral characteristics of several quiescent
black hole binaries (Narayan et al. 1996; Hameury et al. 1997) and low luminosity
galactic nuclei (Narayan et al. 1998; Manmoto et al. 1997) which are known to ex-
perience low efficiency accretion. ADAF models have also been applied successfully
to more luminous systems which have higher radiative efficiencies (Esin et al. 1997,
1998).
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L

As we already mentioned, the Disk - Corona model is not just another solution
of the set of equations that the standard disk or the ADAF fulfill; an extra compo-
nent is added to the already defined thin disk, “the corona”. Likely a low density
corona is heated by reconnecting magnetic loops emerging from the disk (Galeev
et al. 1979). This implies that the corona is coupled to the disk by the magnetic
field (for alternative models, where the corona accretes from above the disk, see,
e.g., Esin et al. 1998). According to the model for the corona formation by Galeev
et al. (1979), a seed magnetic field is exponentially amplified in the disk due to
a combination of the differential Keplerian rotation and the turbulent convective
motions. The amplification time-scale at a radius r is given by tg ~ 7/3v. where
v, Is a convective velocity. They showed that inside luminous disks the field is not
able to dissipate at the rate of amplification. Then buoyant magnetic loops ele-
vate to the corona where the Alfvénic velocity is high and the magnetic field may
dissipate quickly. The magnetic reconnection-heated corona process has therefore
two phases (Liu et al. 2002a): a mass evaporation happens at the bottom of the
magnetic flux tube and consequently builds the corona up to certain density; this is
followed by Compton scattering cooling that radiates away the previous magnetic
heating. Liu et al. (2002a) showed the dependency of this forming and heat-
ing mechanism of the corona with the accretion rate. They concluded that for low
Jluminosities (L < 0.1Lgqq) most of the accretion energy is transferred to the corona.

An alternative mechanism is proposed by Liu et al. (2002b) as a frictionally
heated corona. The existence of the corona is assumed in their model. Heat re-
leased by friction in the corona flows down into lower and cooler parts. If there the
density is low, cool matter is heated up and joins the coronal gas. Liu et al. (2002b)
found that a larger value of the viscosity implies an increase of the evaporation ef-
ficiency. The evaporated gas loses angular momentum because of the friction and
drifts towards the central object. This is compensated by a steady mass evaporation
flow from the underlying disk. Energy from the gravitational potential is released
by friction in the form of heat in the corona.

Before going deeper into corona models it is convenient to mention some rele-
vant spectral features that were the primary motivation for their formulation. We
will also introduce some basic but useful notions of plasma physics in this context.

Broad-band X/~-ray spectra of galactic black holes can be explained in terms of
successive Compton scatterings of soft photons - Comptonization- in a hot electron
cloud. Besides, both galactic black holes and Seyfert galaxies (a specific case of
AGN) show a hardening of the spectra at ~ 10 keV, which is attributed to Comp-
ton reflection (combined effect of photo-electric absorption and Compton down-
scattering) of hard radiation from a cold material (White, Lightman & Zdziarski
1988; George & Fabian 1991). This implies the presence of that close cold mate-
rial. Hard radiation, reprocessed in the cold matter, can form a significant fraction
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of the soft seed photons for Comptonization. The energy balance of the cold and
hot phases determines their temperatures and the shape of the emerging spectrum
(Poutanen & Svensson 1996).

The situation becomes more complex when a notable fraction of the total lumi-
nosity escapes at energies above ~ 500 keV. Then hard photons can produce e*e™—
pairs which will be added to the background plasma. Electrons (and positrons)
Comptonize soft photons up to gamma-rays and produce even more pairs. Thus,
the radiation field, in this case, has an influence on the optical depth of the plasma,
which in turn produces this radiation. This makes the problem non-linear.

Another complication appears when the energy distribution of particles starts to
deviate from a Maxwellian. In the so-called non-thermal plasma models, relativistic
electrons are injected to the soft radiation field.

Let us first assume a thermal pair plasma. We consider properties of an electron-
positron plasma cloud in energy and pair equilibria. There are four parameters that
describe the properties of hot thermal plasmas:

1. Iy = Lyor/(mec®r.), the hard compactness which is the dimensionless cloud
heating rate. Ly, is the heating rate of the hot cloud, o7, the Thomson
scattering cross-section and 7., the cloud size.

2. The soft photon compactness, ls, which represents the cold disk luminosity
that enters the hot cloud (corona). Ls is the luminosity of the seed soft
photons that cool the plasma.

3. 7p, the proton (Thomson) optical depth of the cloud (i.e., the optical depth
due to the background electrons).

4. The characteristic temperature of the soft photons, Tiy.

Pietrini & Krolik (1995) proposed a very simple analytical formula that relates
the observed X-ray spectral energy index to the amplification factor, I}, /l:

I -1/4
o= 1.6 (T) (2.28)

When I, /5 increases, the source becomes more “photon starved” and the observed
spectrum becomes harder.

Let us now consider various geometrical arrangements of the hot plasma cloud
and the source of soft photons. If soft seed photons for Comptonization are pro-
duced by reprocessing hard X/~v-ray radiation, then the geometry will define the
amplitude of feedback effect and the spectral slope (Liang 1979). What would be
the most probable geometry taking into account all those concepts and observation
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features?. The main possibilities are:

“Sandwich”: The simplest solution is to assume that a hot corona covers most
of the cold disk (a sandwich, or a slab-corona model). The radiative transfer in such
a geometry was considered by Haardt & Maraschi (1993) who showed that in the
extreme case, when all the energy is dissipated in the corona, the emitted spectra
resemble those observed in Seyfert galaxies. Dissipation of energy in the cold disk
(with subsequent additional production of soft photons) would produce too steep
spectra in disagreement with observations. Even harder spectra observed in Galac-
tic BHs cannot be reconciled with the slab-corona model (Gierlifiski et al. 1997),
and alternative models with more photon starved conditions and smaller feedback
of soft photons are sought.

“Magnetic flares”: A patchy corona (Galeev et al. 1979; Haardt et al. 1994),
where the cold disk is not covered completely by hot material, has certainly a
smaller feedback, and the resulting spectra are harder. A patchy corona can be
described by a number of active regions above the cold accretion disk. Both patchy
and slab-corona models predict an anisotropy break (i.e. a break in the power-law
spectrum due to the anisotropy of the seed photons) that should appear at the
energy corresponding to the second scattering order.

“Cloudlets”: Another possible solution of the photon starvation problem is to
assume that the cold disk within the hot corona is disrupted into cold dense opti-
cally thick clouds (Lightman 1974; Kuncic et al. 1997) that are able to reprocess
hard X/~-ray radiation and produce soft seed photons for Comptonization. If the
height-to-radius ratio of the hot cloud is small, we can approximate this geometry
by a plane-parallel slab. We assume further that the cold material is concentrated
in the central plane of the hot slab and has a covering factor f.. Compton reflection
comes from these cold clouds (cloudlets) as well as from the outer cooler disk. The
seed soft photon radiation is much more isotropic and the emerging high energy
spectrum does not have an anisotropy break. The covering factor defines the am-
plitude of the feedback effect. The total soft seed luminosity (with corresponding
compactness, l5) is the sum of the reprocessed luminosity and the luminosity intrin-
sically dissipated in the cold disk (with corresponding compactness, [I™*r).

“Sombrero”: In this model, the cold disk penetrates only a short way into the
central coronal region (see, e.g., Bisnovatyi-Kogan & Blinnikov 1977, and Poutanen
et al. 1997). We can assume that the X/y-ray source can be approximated by a
homogeneous spherical cloud of radius 7. situated around a black hole (probably,
a torus geometry for a hot cloud would be more physically realistic, but then it
would be more difficult to compute the radiative transfer). The inner radius, rij,,
of the cold geometrically thin, infinite disk is within the corona (ri,/r. < 1). This
geometry is also similar to the geometry of the ADAF model already discussed.
Spectra from the sombrero models are almost identical to the spectra expected
from the cloudlets model, with the only difference that the amount of Compton
reflection would be a bit larger for the same configuration of the outer cooler disk.
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From the observational point of view, these models are almost indistinguishable.

Let us add a new ingredient, by assuming that the plasma can be a “hybrid
thermal/non-thermal pair plasma”. There are reasons to believe that in a physically
realistic situation, the electron distribution can notably deviate from a Maxwellian.
A significant fraction of the total energy input can be injected to the system in form
of relativistic electrons (pairs). In this hybrid model, the injection of relativistic
electrons is allowed in addition to the direct heating of thermal electrons and then
the particle energy distribution is approximately a Maxwellian plus a power law tail.

The most important input parameters of this version of the model are:

1. The thermal compactness, I, which characterizes the heating rate of electrons
(pairs).

2. The analogous non-thermal compactness, I, which characterizes the rate of
injection of relativistic electrons.

3. The soft photon compactness, I;.
4. I'ipj, the power-law index of the non-thermal electron injection spectrum.
5. 7, the proton (Thomson) optical depth.

6. Thy
By Iy = lin + ltn, we now denote the total hard compactness.

Following this model, the spectrum of escaping radiation then consists of the
incident blackbody, the soft excess due to Comptonization by a thermal population
of electrons and a power-law like tail due to Comptonization by a non-thermal elec-
tron (pair) population (see Fig. 2.7).

For large I, /ls, most of the spectrum is produced by Comptonization of a ther-
mal population of electrons (pairs), while the tail at energies above m.c? is produced
by non-thermal electrons. For low Iy, /ls, the resulting spectrum is produced by a
single Compton scattering off non-thermal electrons.

2.2.4 The Jet

The main observational aspect that determines the identification of jets as such
is their radio emission (see Fig. 1.2 and Fig. 1.3): high brightness temperatures,
“non-thermal” spectra and high degree of linear polarization measurements indicate
an origin as synchrotron emission from relativistic electrons. However, CHANDRA
images of moving X-ray jets from the black hole transient XTE J1550-564 (Corbel
et al. 2002 - see Fig 2.8) made clear that the non-thermal electromagnetic radiation
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Figure 2.7: Spectra from the hybrid pair plasmas. Solid curves show dependence on
hard compactness ly,. Other parameters: ly/ls = 10, lpyn/lh = 0.1, 7, = 1, Ty = 2.5,
Tob = 0.2 keV. The resulting electron temperature and optical depth are (KT, Tr )=(126
keV, 1.0002), (123 keV, 1.02), and (82 keV, 1.47) for ly, = 1, 10, 100, respectively (Iy
increases from the bottom to the top of the figure). For a higher compactness, the spectrum
has a sharper cut-off at energies above 1 MeV due to larger optical depth for photon-photon
pair production. These spectra are similar to the spectra of Galactic BHs in their hard
state. Dashed curves show dependence on ly/ls. Here we fized ly, = 10, lyen/lh = 0.5. The
resulting electron temperature and optical depth (kTe,Tr) are (104 keV, 1.07), (34 keV,
1.02), and (5 keV, 1.01) for ly/ls = 10,1,0.1, respectively. Increase in ly results in a
more pronounced blackbody part of the emerging spectrum. The blackbody is modified by
Comptonization on thermal electrons (from Poutanen 1998).

from X-ray binary jets may extend to at least the X-ray band!?. The spectrum of
these moving jets ranges from radio to X-ray wavelengths and can be fitted by a
single power law with spectral index a = —0.660 + 0.005, consistent with optically
thin synchrotron emission. Corbel et al. (2002) deduced that under minimum en-
ergy conditions, the magnetic field in the jets is of 0.3 mG, which implies that the
leptons emitting in soft X-rays have been accelerated to TeV energies through the
interchange of bulk kinetic energy to particles via shocks.

Detailed investigations of the jets from X-ray binaries, both in the radio band
and at shorter wavelengths, have revealed certain features that seem to indicate a

12This observation corresponds to a transient relativistic jet. No direct evidence of X-ray non-
thermal electromagnetic radiation has yet been found in the case of steady jets.
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strong coupling between the accretion and the outflows occurring close to relativis-
tic objects. Let us review some of the main characteristics; interpretations will be
developed in the next section.

Observed bright events reveal an optically thin spectrum above some frequency,
from which the underlying distribution of the electron synchrotron emitting popu-
lation can be derived. If the electron distribution is a power law of the form

N(E)dE « EPdE, (2.29)

then determinations of the spectral index in the optically thin part of the syn-
chrotron spectrum, a,

S, o v, (2.30)

can be used through the relation p = 1 — 2a to find the index of the particles.
Observed optically thin spectral indices —0.4 > a > —0.8, indicate 1.8 < p < 2.6.
This is the same range derived for the majority of AGN jets and also for synchrotron
emission observed in other astrophysical scenarios (e.g. supernova remnants) and is
consistent with an origin for the electron distribution in diffusive shock acceleration
(e.g. Longair 1997; Gallant 2002).

Observations of apparent superluminal motion in galactic jets is a characteristic
that we already mentioned and developed in Section 1.1 (and with more details
in Appendix C). Apparent superluminal motions, Ot > 1, require intrinsic velo-
cities # > 0.7, indicating the presence of relativistic bulk motions. The associated
relativistic Doppler shift is given by

D=T7"1%F8cos¢)?, (2.31)

where ¢ is the angle to the line of sight and I is the bulk Lorentz factor of the flow;
the F signs refer to approaching and receding components respectively.

In addition to the proper motions and Doppler-shifting of frequencies, there is
a boosting effect (or de-boosting depending if we refer to the approaching or re-
ceding component) due to the relativistic Doppler factor expressed in (2.31). An
object moving at angle ¢ to the line of sight with velocity § (and resultant Lorentz
factor I') will have an observed surface brightness D~ times brighter (or fainter
in the receding component case) than in the proper system, where 2 < k < 3 and
k = 2 corresponds to the average of multiple events in e.g. a continuous jet, and
k = 3 to an emission dominated by a singular evolving event, and « as defined above.
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Figure 2.8: X-ray emission from large-scale jets produced during an outburst of the
black hole transient XTE 1550-564. The leptons radiating in soft X-rays should have TeV
energies (from Corbel et al. 2002).
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Until now it has been assumed, quite reasonably in the absence of other informa-
tion, that the jet inclination is perpendicular to the plane of the binary. However,
at least two jet sources, GRO J1655-40 and V4641 Sgr, appear to show significant
misalignments (Maccarone 2002). The clearest example of a precessing jet is SS
433. The ~ 162.5-day precession of these jets has been assumed to reflect the pre-
cession period of the accretion disk (see e.g. Ogilivie & Dubus 2001). Hjellming
& Rupen (1995) suggested a precession period for GRO J1655-40 which was very
close to the subsequently determined orbital period; similarly there seems to be
marginal evidence for precession in the jets of GRS 1915+105 (Fender et al. 1999),
LS I 461 303 (Massi et al 2004), and Cyg X-1 (Stirling et al. 2001; Pooley et al.
1999; Romero et al. 2002).

Because in X-ray binary jets only the synchrotron emission from the leptonic
(electrons and/or positrons) component has been detected, there is little direct in-
formation on the baryonic jet content (or lack of it). This is also valid in the case of
AGN. The exception is SS 433, whose jets are associated with a variety of emission
lines in optical, infrared and X-rays (e.g. Margon 1984), from where the presence
of ions can be inferred.

Finally, a comment about the distinction between jets from neutron stars and
those from black holes. Fender & Kuulkers (2001) have found that defining a
quantity “radio loudness” as the peak radio flux of transients (in mlJy), divided
by their peak X-ray flux (in Crab), black hole transients are more radio loud than
neutron stars. Black holes seem to be about one or two orders of magnitude more
radio loud than neutron star systems.

A very active research field related with jets is the investigation of their ori-
gin, how they may be generated. Blandford & Payne (1982) provided a seminal
model in which magnetic fields anchored in an accretion flow may produce “ra-
dio” jets by magneto centrifugal effects. Fig. 2.9 shows four different configurations
of accretion with magnetic fields which may induce the formation of jets. In all
these theoretical models a magnetized accretion flow is the basis for jet formation
by magnetohydrodynamic (MHD) processes. The likely key role of magnetic fields

in the coupled accretion - outflow system have been reviewed by Meier et al. (2001).

There are two ways to study these MHD jet formation processes:

e One is to straightforwardly set up and solve the full set of eight partial differ-
ential MHD equations: continuity equation (1), Navier-Stokes equation (3),
induction equation (3) and energy equation (1), making as few assumptions
as possible. Such demanding simulations run for several hours or days on
large supercomputers, calculating the evolution of a rotating disk or stellar
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Figure 2.9: Four ways to make jets with magnetic fields. A: dipole field of a rotating
neutron star. B: A collapsing object drawing and winding up an initially uniform field.
C: Poloidal magnetic field from a magnetized accretion disk. D: Frame-dragging near a
rotating black hole resulting in strong coiling of the magnetic field lines. Types C and D
(possibly also A) may be relevant for X-ray binaries; type A for isolated pulsars; types C
and D for AGN (from Meier et al. 2001).

core of the magnetized plasma and showing the effects of the field on the flow
and the flow on the field. Time evolution of multidimensional and supersonic
processes, such as jets and shock waves, can be followed in detail.

e The other approach is the semi-analytic one. The main idea is to make several
simplifying assumptions in order to reduce the set of eight partial differential
equations that can then be solved on a modest computer. The most widely
used assumptions are: i) Plasma flow and magnetic field structure do not
change with time - steady state assumption. Such solutions clearly focus only
on a long-term structure that forms after transient effects due to initial con-
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ditions have died away. ii) Simplification of the geometry - self-similarity,
i.e. the structure scales with the distance from the compact object, so that it
looks similar at every radius.

Historically speaking, the semi-analytic was the first approach to be considered;
even now, in the era of modern computers, semi-analytic models still complement
supercomputer numerical simulations. The simplifications of the semi-analytic ap-
proach may lead to less realistic solutions. For example, it is more difficult to
generate highly relativistic narrow jets with such approach (Meier et al. 2001).
However, because the results are expressed in terms of simple parameters (central
object mass, magnetic field strength, etc.), they are often applicable to many dif-
ferent situations. On the other hand, whereas semi-analytic studies often ignore
the effects of an inner accretion disk boundary or of a central black hole horizon,
and they usually do not treat the time-dependent nature of the flow. In the case
of numerical simulations, boundary conditions are taken into account, but care-
ful attention should be put when choosing them, because they can cause spurious
effects on the numerical results. Though having a careful perfect control of the
initial and/or boundary conditions, numerical simulations lack of a monitoring of
the physics developed step by step, whose control is the main philosophy of the
semi-analytic methods.

Besides the differences between these two approaches, that are definitely to be
used in a complementary way, they have a common essence with respect to the
basic steps existing in the MHD jet generation approach,

1. Generation from a seed magnetic field of a specific structure, always containing
a poloidal component, By, and a toroidal component, By, which state the
existence of rotational symmetries.

2. Magnetic braking of the existent angular momentum (of the disk, of the com-
pact object or of the young star).

3. Transfer of the extracted angular momentum and rotational energy through
torsional Alfvén waves (TAWs).

4. Transfer of the magnetic energy from the TAWs (Poynting flux) to some of
the present charged particles, pushing them upwards and outwards.

5. Collimation of those particles extracted through pinch effect.

A rather different but still magnetically working model is proposed in Tagger &
Pellat (1999). Radiative acceleration (O’Dell 1981) as an alternative to magnetic
acceleration, is unlikely to be able to push jets to the highest observed bulk veloci-
ties (Phinney 1982) but may still be operating in the case of SS 433 (Shapiro et al.
1986).

It seems quite unlikely that the jet formation region in X-ray binaries will ever
be directly imaged. Junor et al. (1999) report the direct imaging of jet formation
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around the (low-luminosity) AGN M87 at a distance of ~ 100 Schwarzschild radii
from the black hole. Comparing M87 to X-ray binaries in our own galaxy, the ratio
of distances is so much smaller than the ratio of black hole masses and therefore
than the one between Schwarzschild radii, that such imaging will not be possible.
For example, a structure of size 100 Schwarzschild radii around a 10M black hole
at a distance of 5 kpc would have an angular size of ~ 1072 arcsec (Fender 2004).
Therefore the key for studying jet formation in X-ray binaries will remain in careful
multiwavelength studies at the highest time resolution, such as those performed
with such a success on GRS 1915+105 (e.g. Mirabel et al. 1998; Klein-Wolt et al.
2002).

Another family of mechanism for launching jets invoke one-shot acceleration in
large differential drops established close to the BH (e.g. Blandford & Znajek 1977).
However, it has been recently argued that the mechanism is not efficient when the
MHD equations are solved in a regime of strong gravity (Punsly 2001). There is an
open discussion about the validity of these models.

2.3 The Dynamics: Different Spectral States - A
Cycle?

XRBs are observed in different spectral states. The two most distinctive states
(and somehow opposed in their characteristics) are the so-called “Low/Hard” and
“High/Soft” states. These and the other existing states are sketched in Fig. 2.10 as
a function of the total mass accretion rate, n. It has been proposed by different au-
thors (Narayan 1996b; Esin et al. 1997, 1998; Fender et al. 2004b with new variants)
that different spectral states observed in XRBs can be understood as a sequence of
thin disk plus coronal region models with varying rh and 7, (inner thin disk radius).

A brief description of each state follows:

o Quiescent state: This is the lowest luminosity state and has n < 1072, Due
to the low accretion rate, Comptonization is weak, and the X-ray flux is
much lower than the optical flux. The radiative efficiency is very low and the
systems are extremely dim.

e Low/Hard state: For tm above 1072 and up to ~ 107! the geometry of the
accretion flow is similar to that of the quiescent state, but the luminosity and
radiative efficiency are larger (and increase rapidly with 7). Comptonization
becomes increasingly important, giving rise to a very hard power law spectrum
which peaks around 100 keV. Even though in this state the coronal emission
predominates, an excess at energies < 1 keV is interpreted as radiation from
the retracted thin disk (Baluciniska-Church et al. 1995) with a characteristic

temperature, kTyp, of order 0.1 - 0.3 keV (usually quite poorly determined,
due to strong interstellar absorption in that spectral range).
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e Intermediate state: At still higher accretion rates, m approaches e, ~ 0.1,
the coronal region progressively shrinks in size, the inner radius decreases, and
the X-ray spectrum changes continuously from hard to soft. This occurs at
roughly constant bolometric luminosity. In this state, the thin disk becomes
radiatively comparable to, or even brighter than, the coronal region emission.

e High/Soft state: At still higher accretion rates, m > g, the coronal region
cannot exist as an independent entity at any radius, and the thin disk comes
all the way down to the last stable orbit; there is, however, a weak coronal
region (with m < ). A typical high state spectrum resembles a standard
thin disk spectrum with a characteristic temperature k7T, = 0.5 — 1 keV,
and a power-law tail due to the weak coronal emission. Although signatures
of Compton reflection are also observed in this state (e.g. Tanaka 1991), its
amplitude is much more difficult to determine since it depends on the assumed
distribution of ionization and detailed modeling of the continuum, which is
rather curved in the spectral region around the iron edge.

This would then be a sequence through which the coronal region gains impor-
tance and then looses it in favor of the thin disk and so on. While the corona
is in its main activity period, the cold disk slowly regenerates and its edge moves
inwards up to the last stable orbit, gradually becoming the main site of emission.
The emission is then mainly soft with a little hard contribution. When the matter
in the innermost part of the disk is engulfed by the BH there is a quick change
of state usually accompanied by a mayor radio outburst. There is some evidence
that seems to indicate a disk/jet coupling, i.e a relation between the inflow and the
outflow of matter (we will come back to this point with more detail further on in
this section). The disappearance of the inner part of the thin disk is then followed
by the formation of the corona and the generation of the jet!3.

It is important to remark that in addition to the explanation it gives of the dif-
ferent possible spectral states, the combination of a cold disk with a Comptonizing
corona provides also a satisfactory explanation to other observed spectral charac-
teristics, i.e. a fluorescent iron line at ~ 6.4 keV, an iron edge at ~ 7 keV, and
the reflection “hump” at 10 - 30 keV. During the hard state, some of the photons
from the coronal region are intercepted by the disk and Compton reflected by the
colder matter back to the observer, producing this way the mentioned features. In
the High/Soft state both, the iron line and the iron edge, appear to be smeared
due to probably gravitational redshift and Doppler effect, implying that the cold
disk extends very close to the central black hole (see Reynolds & Nowak 2003 for a
comprehensive discussion).

&

Two important issues can be mentioned at this point. On one hand, the presence
of jets or the lack of them, as well as their characteristics, seem to be also related

13Similar sequences have been proposed in the context of AGNs, e.g. Donea & Biermann (1996).
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Figure 2.10: The configuration of the accretion flow in different spectral states shown
schematically as a function of the total mass accretion rate m. The coronal region is
indicated by dots and the thin disk by horizontal bars. (Adapted from Esin et al. 1997)

with the sequence of spectral states we have described above. On the other hand,
the coupling between the thin accretion disk and the jet generation is apparently
supported by a strong correlation between radio and X-ray flux.

Hannikainen et al. (1998) were the first to notice a broad correlation between
the radio and X-ray fluxes for the black hole binary GX 339-4 on its Low/Hard
state. A similar correlation between radio and X-ray fluxes was found for Cyg
X-1 (Brocksopp et al. 1999), and Fender (2001) suggested that the magnitude of
the radio/X-ray flux ratio was similar for all Low/Hard state black holes. In the

past years the understanding of this coupling between radio and X-ray emission has
advanced significantly. Corbel et al. (2000, 2003) and Corbel & Fender (2002) in
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a detailed long-term study of GX 339-4, have found that the radio emission in the
Low/Hard state scales as

Lra.dio 0.8 Ll))(, (232)

where b ~ 0.7 for X-rays up to at least 20 keV. This relation holds over more than
three orders of magnitude in soft X-ray flux. In fact, by compiling data for ten
Low/Hard state sources, it was found that in the luminosity range 1075Lggq <
Lx < 1072Lgyq, all systems are consistent with the same coupling with a very small
scatter (less than one order of magnitude in radio flux). Jets in the Low/Hard state
are steady and self-absorbed (radio spectral index, o > 0). Bulk Lorentz factors of
these jets were deduced by Gallo et al. (2003) to be I' < 2.

The radio/X-ray coupling that appears in the Low/Hard state under the form
(2.32) induced some authors to suggest that both, radio and hard X-rays, have the
same origin: synchrotron emission from the compact jet. This jet model was pro-
posed by Markoff et al. (2001), where it was applied to the MQ XTE J1118+480.
Since then it was improved and applied to GX 339-4 in Markoff et al. (2003) and
further generalized in Falcke et al. (2004). The radio emission is well known to be
generated through optically thick synchrotron from the compact jet. It has been
pointed out by Corbel & Fender (2002; though apparently firstly noted by Motch
et al. 1985) that the infrared/optical bands show a spectral break from optically
thick to optically thin synchrotron emission which seems to indicate that the X-ray
spectrum is an extension of the second.

At the beginning, this approach to the hard X-ray emission was received as an
alternative explanation to the by then established idea that this kind of X-rays
arise via thermal Comptonization of softer photons in a hot corona (such models
are described in Section 2.2.3; a different interpretation of the here discussed cor-
relation, but in the context of the coronal models, can be found in Zdziarski et al.
2003). Nowadays the need of both mechanisms of hard X-ray production starts to
be suggested (Markoff et al. 2003, Falcke et al. 2004, Bosch-Ramon et al. 2005 and
Fender et al. 2004b) since they seem to be able to account for different character-
istics that are present in the spectra of MQs.

A third alternative to mimic this high-frequency part of the observed MQs spec-
tra was proposed by Georganopoulos et al. (2002). In that scenario the hard X-rays
would be due to EC scattering of photons from the companion star or the accre-
tions disk by the leptons of the jet (more on this proposal will be said along the
forthcoming chapters).

The next step in the sequence of spectral states is the transition from the
Low/Hard to the High/Soft state is the so-called “intermediate” or recently also

14The formalism of this proposal is based on previous works developed by Falcke & Biermann
(1995, 1999) for AGNs.
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called “very high” state, VHS/IS, which seems to be associated with the formation
of discrete, powerful jets. These jets have important differences with the middling
relativistic steady optically thick ones present in the Low/Hard state: they are op-
tically thin, transient and have I" > 2 (Fender et al. 2004b).

The VHS/IS is itself divided into hard-VHS/IS and soft—-VHS/IS. Fender et al.
(2004b) showed through radio observations how the compact jet persists into the
hard-VHS/IS before the outcome of the outbursts that occur in the transition to
the soft—-VHS/IS while X-rays are softening. These outbursts or very relativistic
transient jets are optically thin at radio as well as X-ray wavelengths. After these
flares happen the fact that the radio emissions disappear is taken as a proof that the

jet does not exist anymore in the soft—VHS/IS and nor will it exist in the following
High/Soft state.

The components associated with radio flares have higher bulk Lorentz factors
than the previously ejected steady jet. These components might be due to internal
shocks that could arise when the fastest discrete ejections catch up the slower steady
jet. Fender et al. (2004b) proposed that the very relativistic jets that are produced
in the middle of the VHS/IS are likely to be formed by the coronal matter that is
ejected, which, in this way, will also disappear in the transition to the High/Soft
state.

Before 1998, radio monitoring of GX 339-4 in the Low/Hard state had already
established the existence of a weak, mildly variable radio counterpart (Hannikainen
et al. 1998). When in 1998 the source spent a year in the High/Soft X-ray state, no
radio counterpart was detected despite multiple observations (Fender et al. 1999).
The source subsequently returned to the Low/Hard X-ray state and the weak radio
counterpart reappeared (Corbel et al. 2000). This was the strongest evidence that
in “soft” disk-dominated states the radio jet was either non-existent or more than
an order of magnitude weaker. This conclusion was supported, among other obser-
vations of different XRBs, by the detailed studies of GRS 1915+105 reported by
Klein-Wolt et al. (2002), in which steady “soft” X-ray states are never associated
with bright radio emission.

This cycle of spectral states and the jet characteristics in each step are repre-
sented in a schematic way in Fig 2.11.

A second issue of the relation between accretion disks and generation of jets
has been observed many times in the collimated ejections of GRS 19154105, which
provides one of the best studied cases supporting the proposed disk/jet connection.
In Fig. 2.12, simultaneous observations realized on September 8th 1997 (Mirabel et
al. 1998) are presented at radio, infrared and X-ray wavelengths. The data show
the development of a radio outburst, with a peak flux density of about 50 mJy, as
a result of a bipolar ejection of plasma clouds. Previous to the radio outburst there
was a former outburst in the infrared. The simplest interpretation is that both
flaring events were due to synchrotron radiation generated by the same relativistic

57



o8

2 MICROQUASARS: MAIN FEATURES

VHS/IS
HS Soft Hard LS

+\ intensity

Disc inner radiu
L]

1v

Jet Lorentz factor
- 5
® 5

iv
<+ jji -

ii 1

Figure 2.11: The central boz panel represents an X-ray hardness-intensity diagram. HS
= high/soft state, VHS/IS = very high/intermediate state, LS = low/hard state. The
lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness.
The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other
transients take in repeatedly hardening and then crossing zone iii — the “et line” — from
left to right, producing further optically thin radio outbursts. Sketches around the outside
illustrate the relative contributions of jet (blue), corona (yellow) and accretion disk (red)
at these different stages of the spectral states cycle (from Fender et al. 2004b).

electrons of the ejected plasma. The adiabatic expansion of the jets causes losses of
energy of these electrons and as a result the spectral maximum of their synchrotron
radiation is progressively shifted from the infrared to the radio wavelengths. At
the same time of the emergence of plasma clouds that produce the infrared and
radio flares, a sharp decay and hardening of the X-ray emission occur. This can
be noticed at 8.08 - 8.23 h UT in the figure. The X-ray dip is interpreted as the
disappearance of the inner regions of the accretion disk (Belloni et al. 1997). Part
of the matter content in the disk is then ejected into the jets, while the rest is finally
captured by the central black hole. The recovery of the X-ray emission level at 8.23
h UT is interpreted as the progressive refilling of the inner accretion disk with a new
supply of matter that will gradually reach the last stable orbit around the black
hole. Similar effect has been observed in time scales of years in the extragalactic
source 3C 120 (Marscher et al. 2002).
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Figure 2.12: Multi-wavelength behavior of the microquasar GRS 1915+105 as observed
in September 8th 1997 (Mirabel et al. 1998). The radio data at 3.6 cm (blue squares)
were obtained with the VLA interferometer; the infrared observations at 2.2 micron (red
squares) are from the UKIRT; the continuous line is the X-ray emission as observed by
RXTE in the 250 keV range. These observations show the disk/jet coupling, i.e a relation
between the inflow seen in X-rays and the outflow of relativistic plasma clouds observed
as synchrotron emission at infrared wavelengths first and later at radio wavelengths (from
—original version— Mirabel et al. 1998, modified in Paredes 2004b).

)

At this point the thesis sustained by some authors that most likely the 70%
(Fender 2004) of the galactic X-ray binary systems are able to generate jets looks
more than reasonable considering that:

e All known BH systems which are either in the Low/Hard X-ray state, or in the
intermediate, are associated with the formation of a jet (though of different
kind). Then the majority of known binary BHs are, or have been in the past,
associated with a jet.

e The six brightest low magnetic field neutron star systems, the “Z sources”,
are all associated with jets. The lower luminosity, low magnetic field systems,
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which are dubbed as “Atoll” sources, may be associated with radio emission
(although as in the case of black holes there may be bright soft states without
jets), implying that the lack of radio detections of the majority is a sensitivity
issue (for detailed description on these two kind of sources, see Fender 2004).

e The high magnetic field neutron stars, including all but two of the accreting
X-ray pulsars, are not associated with radio emission.

This basically means that all the systems except the high magnetic field X-ray
pulsars, and a small number of black hole and neutron star systems which are in
persistent “soft” states, are expected to have or to have had jets.



Chapter 3

High-Mass Microquasars as Gamma-Ray
Sources






3.1 UNIDENTIFIED EGRET SOURCES: THE GALACTIC PLANE GROUP

3.1 Unidentified EGRET Sources: the Galactic
Plane Group

As it is mentioned in Section 1.2, about 170 out of 271 point like gamma-ray sources
included in the third EGRET catalog have not yet been clearly identified with ob-
jects detected at lower energies. Many of these sources form a group that is con-
centrated towards the galactic plane and well correlated with the spiral arms of
the Galaxy; something that indicates a significant contribution from Population I
objects. Several types of objects have been proposed as possible counterparts of
these gamma-ray sources, including early-type stars (both isolated and forming bi-
nary systems), accreting neutron stars, radio-quiet pulsars, interacting supernova
remnants, and black hole candidates (see Romero 2001, 2004 and references therein).

In this chapter we will present a model for galactic variable gamma-ray sources
based on the idea of precessing high-mass' microblazars?. In our model, the jet
precession will be induced by the gravitational torque of the high-mass stellar com-
panion, which is in a non-coplanar orbit, on the accretion disk of the compact object
(BH or NS). We propose that gamma-rays can be produced by external Compton
(EC) scattering of UV stellar photons of the massive companions by relativistic
leptons (electrons and/or positrons) far from the base of the jet. We shall discuss
cases where the particles are in the form of a “blob” ejected from the central engine
and where the particles are continuously injected in the form of a persistent jet.
In the case of high-mass binaries, this mechanism for generation of gamma-rays is
more efficient than Compton scattering upon disk photons or self-synchrotron jet
emission (Georganopoulos et al. 2002) and, in combination with the gravitational
effects of the stellar companion, it can be used to explain gamma-ray sources vari-
able on time scales from weeks to years.

1Let us recall the reader from Section 2.2.1 that HMXBs are distributed along the galactic
plane.

2Aharonian & Atoyan (1998) and Mirabel & Rodriguez (1999) proposed that microquasars
with jets forming a small angle with the line of sight —by analogy with the unified model for
AGNs- could appear as microblazars, sources with highly variable and enhanced nonthermal flux
due to Doppler boosting.
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3.2 Inverse Compton: the Jet - Photon Field In-
teraction

Let us consider a binary system where accretion onto the compact object results
in the production of twin, relativistic e*e -pair jets propagating in opposite direc-
tions. A sudden variation in the injection rate can result in the formation of a blob
(for which we adopt spherical geometry) which propagates down the jet with a bulk
Lorentz factor I'. We shall follow the general treatment derived by Georganopoulos
et al. (2001) for EC scattering in extragalactic blazars, adapting it to microblazars.

In the blob frame the relativistic leptons are considered to have an isotropic
power-law density distribution,

k

I 4 - I—PP 7 31
n'(v’) ol (71, 72:7 "), (3.1)

where v’ is the Lorentz factor of the leptons, k is a constant, and

P(’Yl7727’y/) =

1 form <v'<m
0 otherwise.

Using the Lorentz invariant n/v? and the relation v = D’ between the Lorentz
factor of the electrons/positrons in the lab frame and the blob frame respectively,
we get that the electron density in the lab frame is

k _
n(’)/) = ED2+:D’Y pP(’YlDa’Y?D)fY)a (32)

where D = [['(1F Bcos®)]”" is the usual Doppler factor: 3 and ¢ are the bulk
velocity in units of ¢ and the viewing angle, respectively.

The energy distribution of the effective number of electrons is

Ne () = n(y)Ver, (3.3)

where Vg is the effective observed volume of the blob defined by,

+o0
Vet = / d3x/ dt 6 (t—x-n/c). (3.4)
blob —c0

To relate Vg with V, the volume of the blob in its frame, we have to rewrite (3.4)
in terms of the spatial coordinates in the blob frame, keeping the time ¢ in the lab
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frame. Knowing that dz = d2'/T", dy’ = dy, d2’ = dz and 2’ = ['(z — cft), we
perform the integral over ¢t and we obtain®:

1

Verr = ['(1 — Bcos ¢)

/ d*z’ =VD. (3.5)
blob

Using at this point expressions (3.2) and (3.5) into Neg, (3.3), we get,

kV _
Nea(v) = 4—7TD3+”7 P P(v,D,v,.D, 7). (3.6)

The blob is injected into an isotropic monoenergetic? photon field and will then
produce the inverse Compton upscattering of some of these photons. The lab frame
rate of IC interactions per final photon energy is,

de . 3JTC
dtde  4egy?

f(@), (3.7)

where o is the Thomson cross section, € and ¢y are the energies of the scattered
photons and seed photons in units of m.c?. For the case of Thomson scattering
and assuming isotropic scattering in the electron frame (Blumenthal & Gould 1970),

€

f(z) = 2(1 - z)P(1/44* 1,2), = (3.8)

N 4v2%¢

The specific luminosity is then obtained by integrating the scattering rate (3.7)
over the particle energy distribution (3.6), and multiplying by the observed photon
energy em.c? and the number density n, = U/egm.c® (where U is the energy density
of the photon field). The limits of integration are vmin = (¢/4€0)/? and Ymax = Y2D.
The final expression is:

aL Di+e kVorcU e

L = =
¢ dedS) 8meg  €o X
1
x D—(1+P)< ¢ —_ )+ 39
{(”) 9B p)D? 1+p (3:9)

(&) ey

3To solve the time integral we use:

&(g(x)) = Z |g’(1—$z)|5(x - x;), z; such that g(z;) =0 and ¢'(z;) #0.

4In the coming sections and chapters we will apply the model to specific photon fields. Some
of them will have blackbody distributions and we will work with the peak of such distribution, €g,
adapting the situation in a first approximation to a monoenergetic photon field.
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When p > —1 and Ymin < Ymax, the specific luminosity reduces to:

— —(p—1)/2
_ AL s KVoreU27t (e TPV (3.10)
¢ dedQ meo(1 +p)(3+p) \ €

The luminosity per sr is given by L = €L, and the scattered photons have:

{ e (3.11)

212
€max, T = 460'72D

In the Klein-Nishina regime® the expression for f(z) in (3.7) becomes®

(4eyT)?

P(1/4+%1

flz) = [2xlnx+x+1—2a¢2+

(3.12)
€

Tr =
degv?(1 —¢/7)

and hence the procedure to calculate L. requires numerical integrations instead
of working with an analytical expression like in the Thomson case (3.9). In this
context:

4egy? D?
EminKN = 7-— v
min, KN (1 + 460’)/1_D)
o (3.13)
L]

In the case of a single blob, the interaction time with the photon field, and
hence the duration of the gamma-ray flare, will be strongly limited by the appar-
ently superluminal speed of the feature. For instance, in the case of an O7 star
and a blob with G = 0.98 (I" = 5), the flux will decrease to 1/e of its original value

E.FE
5When (m:cg;]2 > 1, which is equivalent to yeg > 1.

8Obtained by Jones (1968).
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in ~ 1 s. Gamma-ray production through EC in blobs in microblazars are then
transient phenomena difficult to detect on Earth. This is not the case, however, of
microblazars with persistent jets.

The amplification due to the Doppler factor in (3.10) is given by D3*?. This
factor changes to D?*? when we consider a continuous relativistic flow instead of
a blob ejection. The change comes from the fact that in the jet-like case the ob-
served flux is obtained by integrating over the area (and thereafter the luminosity as
well) of the feature instead of integrating over the volume as we did in the blob case’.

3.3 External Photon Field: the High-Mass Com-
panion Star

3.3.1 Gamma-Ray Emission

Let us now consider some concrete examples of binary systems, where the jet is
injected into the photon field due to the high-mass companion star.

We have calculated the spectral energy distribution for a specific model with
p = 2, bulk Lorentz factor I' = 5, viewing angle ¢ = 10 deg, photon field of an
O7 star (photon energies ~ 10 eV), and a high-energy cut-off of v, = 103 >> ;.
The results are shown in Fig. 3.1, where we also show the energy distribution of the
stellar photons. The important point is that luminosities of ~ 103737 erg s7! can
be obtained in the observer frame at EGRET’s energy range, i.e. 100 MeV - 20 GeV.

Another similar example can be seen in Fig. 3.2 where the important difference
with the case of Fig. 3.1 is that the leptons of the jet are assumed to have a high
energy cut-off in the TeV range®. This situation corresponds to an electron Lorentz
factor of v = 10™%. The stellar companion is also a high-mass type corresponding
to an O9 I star.

The spectral energy distribution of the IC emission has a peak at MeV energies,
due to the effect of losses on the particle spectrum®. At energies above 10!° eV
the Klein-Nishina effect becomes important and the spectrum softens significantly.
The Klein-Nishina spectral energy distribution resulting from a power law electron
energy distribution is not a power law, and it is not possible to assign a unique spec-
tral index to it. The photon spectral index at the MeV-GeV band is I ~ 2. At TeV
energies, where the spectral index is I' > 3, the luminosity is L(E > 1 TeV) ~ 1032

“See Kembhavi & Narlikar (1999) and references therein for the calculations that justify this
change.

8We saw in Section 2.2.4 that the existence of TeV electrons in microquasar jets (at least at
large scale) have been recently inferred from the detection of synchrotron X-ray emission in XTE
J1550-564 (Corbel et al. 2002).

9This physical effect will be described in Chapter 4.
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Figure 3.1: Spectral high-energy distribution of the scattered photons for a microguasar
injecting a power-law spectrum of electrons in the photon field of the high-mass stellar
companion (an O7 star in this ezample). A cut-off at Lorentz factors v ~ 10% has been
assumed. The spectral energy distribution of the star is also shown (left top corner).

erg s—1. Hence, one of these microquasars located at a few kpc might be a detectable
TeV gamma-ray source. For instance some of the unidentified MeV sources detected
in the galactic plane by COMPTEL (Zhang et al. 2002, 2004) might correspond
to sources of this type, and they are potential targets for high-energy Cherenkov
imaging telescopes like HESS or MAGIC.

3.3.2 Precession vs Variability

The companion star in a high-mass microblazar system not only provides a pho-
ton field for inverse Compton interactions, but also a gravitational field that can
exert a torque onto the accretion disk around the compact object. The effect of
this torque, in a non-coplanar system, is to induce a Newtonian precession of the
disk. If the jets are coupled to the disk, as it is usually thought, then the precession
will be transmitted to them. This situation, which should not be confused with
the geodetic precession (a purely General Relativity effect), has been extensively
studied in the case of SS433 (Katz 1980) and extragalactic sources like 3C 273 and
A0235+16 (e.g. Romero et al. 2000, 2003b).

A sketch of the situation is presented in Fig. 3.3. The disk Keplerian angular
velocity is,

1/2
wa = (G]y) , (3.14)

T4
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Figure 3.2: Inverse-Compton spectral energy distribution for a microquasar with a mas-
sive stellar companion. Leptons in the jet are assumed to have a power-law energy distri-
bution with an indez p = 2 and a high-energy cut-off at multi-TeV energies. Notice the
softening of the spectrum at high-energies due to the Klein-Nishina effect.

where M is the mass of the compact object and r4 is the radius of the precessing
part of the disk. The orbital period is Ty, and the orbital radius is given by Kepler’s
law, with m the mass of the star:

G
3 _ 2
™™= 3 (m+ M)TZ . (3.15)

The angular velocity of the tidally induced precession can then be approximated
by,

_ 3Gmcos@

3.16
47‘,3nwd ( )

Wwp =

where @ is the half-opening angle of the precession cone (Katz 1980, Romero et al.
2000). We can now introduce a time-parametrization of the jet’s viewing angle as
(see Abraham & Romero 1999):

¢(t) = arcsin [z° + y2]1/2 (3.17)
z = (cosésin ¢ + sinb cos ¢g sinwyt) cosny —
—sin 6 coswpt sinng
y = (cosBsin¢g + sin b cos ¢o sinwpt) sinng +

+ sin 6 cos wpt cos g,



70

3 HIGH-MASS MICROQUASARS AS GAMMA-RAY SOURCES

Infalling Matter Companion Star

Accretion Disk N

Figure 3.3: Precessing jet model.

where all angles are defined in Fig. 3.3.

In Fig. 3.4 we show the time evolution of the boosting amplification factor of
the gamma-ray emission for the case of a continuous jet for two different sets of
geometrical parameters (viewing angle of 10 deg and precession half-opening angle
of 1 and 10 deg). Time units are normalized to the precession period T'.

We see that the flux density can change by a factor of ~ 6 x 10 in a single
period. A very weak, otherwise undetected gamma-ray microblazar, can increase
its flux due to the precession and then enter within the sensitivity of an instrument
like EGRET, producing a variable unidentified gamma-ray source. The duty cycle
(i.e. the fraction of time in which the source is highly variable) in this example is
~ 0.2, so the source could appear in several EGRET viewing periods.

Just to give a feeling of the magnitudes involved, we mention that for a black
hole of 4 Mg, an O7la stellar companion, an orbital period of 10 days, a half-opening
angle of 10° for the precession, and an accretion disk of ~ 5 10* em (=~ 5 1072 a.u.),
we get a precession period T ~ 100 days. The source could then be detectable ~ 70
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Figure 3.4: Variation of the amplification factor for continuous jet emission as a func-

tion of time in the precessing microblazar model (for two different opening angles). Time
units are normalized to the precessing period.

days per year. This is consistent with some EGRET observations of highly variable
sources (e.g., the case discussed by Punsly et al. 2000).

3.4 Discussion

Taking into account that there exist more than ~ 130 high-mass X-ray binaries de-
tected so far'® and that this number should be a small fraction of the total number

10See Section 2.1.
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of these objects in the Galaxy, it is not unreasonable to expect the existence of a
few tens of microblazars at mid and low galactic latitudes that could be responsible
for the variable galactic gamma-ray sources detected by EGRET. In particular, we
already mentioned that Paredes et al. (2000) have proposed that the microquasar
LS 5039, a massive X-ray binary with persistent non-thermal radio emission, could
be physically associated with the gamma-ray source 3EG J1824-1514. In fact they
suggested that the observed gamma-ray flux is the result of EC scattering of UV
photons from the high-mass stellar companion. Our calculations support that sug-
gestion (see also the more recent treatment by Bosch-Ramon & Paredes 2004).

The recently discovered X-ray transient V4641 Sgr, which seems to harbor a
~ 9 Mg-black hole and displays extreme superluminal velocities, could also be a
microblazar (Orosz et al 2001). Since the stellar companion is a late B-type star,
external Compton gamma-ray production is not expected to be very efficient in
this case, but its high-energy emission could fall within GLAST sensitivity. An-
other interesting candidate, from the theoretical point of view, is the high-mass
X-ray binary LS I +61 303, which presents a one-sided jet at milliarcsecond scales
and evidence for a precessing accretion disk (Massi et al. 2001, 2004). The intrinsic
jet velocity, however, seems not to be very high: ~ 0.4¢, but the source location
is consistent with its identification with a highly variable gamma-ray source 3EG
J0241+6103 (Tavani et al. 1998, Torres et al. 2001a). A recent discussion of this
object as a potential gamma-ray source can be found in Massi (2004a, b)

Perhaps the best way to identified precessing gamma-ray microblazars is through
the detection of the electron-positron annihilation feature in their spectra. This an-
nihilation signature should appear as a broad, blueshifted (by a factor D) line in the
spectrum at a few MeV, exactly within the energy range of IBIS imager of the IN-
TEGRAL satellite. Due to the precession of the jet, the Doppler factor will change
periodically with time, and hence the position of the annihilation peak should os-
cillate in energy in the lab frame around a mean value (for a detailed discussion of
the phenomenon see Abraham et al. 2001). Chandra X-ray observations of non-
thermal radio sources within the EGRET location error boxes (a complete list of
these sources is given by Torres et al. 2001a) could help to find candidates to new
microquasars (through the detection of X-ray disk emission), and then INTEGRAL
exposures could be used in an attempt to find the annihilation line. Such a detec-
tion would be a remarkable discovery, since it would establish, at a same time, the
matter content of the jets in microquasars, and would help to clarify the nature of
some variable unidentified high-energy gamma-ray sources. Unfortunately, INTE-
GRAL sensitivity seems not to fulfill pre-launch expectations and the detection of
the annihilation line might require prohibitively long integration times in most cases.

To finish this chapter, a comment that concerns the fact that not all high-mass
microblazars should be confined to the galactic plane. Recent direct measurements
of proper velocities in high-mass microquasars (Ribé et al. 2002) show that these
objects can present very high velocities and then could be ejected from the galactic
plane. This is also supported by the discovery of V4641 Sgr at b ~ —4.8 deg
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(estimated distance: 7.4 < d < 12.3 kpc). In the case of microquasars with high-
mass companions, which are young objects, we could expect to find them up to
distances ~ 100 pc (Ribé et al. 2002) or even more (e.g. V4641 Sgr) from the

galactic plane.
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External Fields: Jet Interactions






4.1 EXTERNAL PHOTON FIELDS: THE DISK AND THE CORONA

4.1 External Photon Fields: the Disk and the
Corona

We briefly recall the reader from Chapter 2 that the soft X-ray blackbody compo-
nent in the SED of MQs is usually understood as emission from a cold, optically
thick accretion disk, whereas the power law component is thought to be originated
in an optically thin hot corona by thermal Comptonization of photons from the disk
—disk/corona model- or locally produced by synchrotron and Bremsstrahlung radi-
ation —~ADAF model. The hot corona would fill the inner few tens of gravitational
radii around the black hole. The accretion disk penetrates only marginally in the
coronal region. We already saw that in the hard state the thermal X-ray emission
is dominated by the corona, with typical luminosities of a few times 1037 erg s™!. In
the soft states, the disk approaches to the black hole and then most of the energy
dissipation occurs through it.

All photon fields that interact with the jet are shown in Fig. 4.1. The photon
field of the corona is assumed to be isotropic. External inverse Compton interac-
tions with these photons can be treated in the Klein-Nishina regime since yeg > 1,
with €y the peak of the spectral energy distribution of the coronal photons in units
of the electron rest energy (egmec? ~ 100 keV).

In the case of the photons from the accretion disk and the companion star we
can make calculations in the Thomson regime. Taking into account that the pho-
tons from the disk come from behind the jet, an additional factor (1 — cos ¢)®+1/2
that reduces the effects of beaming has to be introduced (Dermer et al. 1992).
The stellar photons, instead, can be treated as an isotropic field, at least as a first
approximation as we already saw when we studied the interaction of the jet with
this photon field in Chapter 3.

The emerging spectrum of the specific luminosity can be approximated by a
power law of index (p — 1)/2 in the Thomson regime, whose complete expression
is given by (3.10). In the Klein-Nishina regime, where numerical integrations are
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Figure 4.1: External photon fields to which the jet is exposed.

necessary, the results significantly depart from a power law, resulting in a softer
spectrum (see Fig. 3.2).

The Compton losses in the different regions will modify the injected electron
spectrum, introducing a break in the luminosity power law at the energy at which
the cooling time equals the escape time. This will occur at (e.g. Longair 1997):

3me.c?

= 4.1
4O'TF2Utesc ( )

b

Here tes is the average time spent by the particles in the field region (typically
tesc ~ I/c, with [ the linear size), and the rest of the symbols have their usual mean-
ings. The spectrum will steepen from an index p to p + 1 for energies higher than
~Yp. After the interaction of the jet with the photons from the disk and the corona,
the modified spectrum will be injected in the stellar photon field region, suffering
further losses and modifications.

4.2 Application to Cygnus X-1

4.2.1 Main Properties of the System and Observations

Cygnus X-1 is the most extensively studied black hole candidate in the Galaxy. It
is a very bright X-ray binary with a compact object of ~ 10.1 Mg and a companion
09.7 Iab star of ~ 17.8 My (Herrero et al. 1995), at an estimated distance of ~ 2
kpc (e.g. Gierlifiski et al. 1999 and references therein). As in other sources of this
type, the X-ray emission switches between soft and hard states, being most of the
time in the latter. The spectrum in both states can be approximately represented
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Figure 4.2: The radio image of the continuous jet of Cygnus X-1 at 8.4 GHz obtained
by Stirling et al. (2001) when the source was in the Low/Hard state.

as the sum of a blackbody plus a power law with exponential cut-off (e.g. Poutanen
et al. 1997). During the soft state the blackbody component is dominant and the
power law is steep, with a photon spectral index I' ~ 2.8 (e.g. Frontera et al. 2001).
During the hard state more energy is in the power law component, which is then
harder, with photon index ~ 1.6 (e.g. Gierliriski et al. 1997).

Cygnus X-1 has a persistent, mildly variable, compact continuum counterpart
of flat spectrum (e.g. Pooley et al. 1999). During many years, evidence for non-
thermal radio jets in Cygnus X-1 was lacking, despite the efforts of the observers
(e.g. Marti et al. 1996). Finally, the jet was detected by Stirling et al. (2001)
at milliarcsecond resolution using VLBA observations - see Fig 4.2. The jet-like
feature extends up to ~ 15 mas with an opening angle of less than 2 degrees. The
spectrum seems to be flat, and no counterjet is observed. The total radio emission
at 8.4 GHz is ~ 11 mJy, with variations of ~ 2 mJy over timescales of 2 days (Stir-
ling et al. 2001). The average angle with the line of sight, if the jet is perpendicular
to the disk, seems to be ~ 30° (Fender 2001).

Recently, the Interplanetary Network detected a transient soft-gamma ray event
from the general direction of Cygnus X-1 (Golenetskii et al. 2002). Analysis of pre-
vious data indicates that at least other two events were observed during 1995. These
latter events were also detected by BATSE instrument on the Compton Gamma-Ray
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Observatory, suggesting that they were originated in Cygnus X-1 (Schmidt 2002).
The luminosities above 15 keV of the outbursts were in the range 1 — 2 x 10%® erg
s~!, much higher than the typical thermal luminosity in the hard state.

4.2.2 Spectral Energy Distributions

In this section we suggest that these soft-gamma ray flaring events can be inter-
preted in terms of non-thermal microblazar activity. We study the effects of the
interaction of the relativistic jet with the ambient photon fields from the accretion
disk, the corona, and the companion star, and we calculate the expected non-
thermal contribution to the keV-MeV spectrum. In this context the recurrent char-
acter of the events can be explained through variable Doppler boosting originated
in the precession of the jet.

A sketch of the injection of a relativistic leptonic jet at a few Schwarzschild
radii from the central black hole and its subsequent propagation through the ambi-
ent photon fields is shown in Fig. 4.3. The individual electrons have Lorentz factors
v in the lab frame and the flow is assumed to have a bulk Lorentz factor I'. In
accordance to the disk/jet symbiosis model (e.g. Falcke & Biermann 1999, Markoff
et al. 2001) and the estimated accretion rate of Cygnus X-1, M ~ 1078M yr~!
(e.g. Poutanen et al. 1997), we adopt a mean particle density n = 10** cm™2 for the
jet at 10rse, from the black hole. In our calculations we have adopted two different
values for the original electron energy index': a hard index p = 1.5 and a steeper
index p = 2.3. The jet was assumed forming an angle of 30 degrees with the line of
sight, and a bulk Lorentz factor I' = 5 was adopted. The initial part of the jet was
modeled as a cylindrical structure.

The jet will traverse first the coronal region. The parameters that characterize
this region and its photon field in the hard state change with time. We shall assume
here the typical values given in Table 4.1. Following Poutanen et al. (1997), the
coronal region was considered as a spherical region of ~ 500 km in radius.

The results obtained for the two assumed electron distributions are shown in
Fig. 4.4 and Fig. 4.5. There, we show all the components due to external Comp-
ton scattering of the different photon fields by the injected electrons in the lab
frame. This non-thermal contribution should be added to the thermal compo-
nents shown in Fig. 4.1 in order to recover the total emission. We can see that
the non-thermal emission is dominated by the up-scattering of the stellar photons.
Moreover, gamma-rays produced within the coronal region will be mostly absorbed

1Let us remember that the electron energy distribution is assumed to be a power law (see
Section 3.2),

L3

. D2+P,Y—PP(,),1D’ 72-D’ ’Y)

n(y) =
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Infalling Matter Star Companion

Accretion Disk

Figure 4.3: Sketch of the general situation discussed in this chapter. A relativistic jet is
injected close to the black hole in Cygnus X-1. This jet must traverse photon fields created
by the cold accretion disk, the hot corona, and the stellar companion. Inverse Compton
up-scattering of some of these photons is unavoidable. Here 0 is the half-opening angle of
the cone defined by a possibly precessing jet.

in the local field through pair creation. Using the simple formulae by Herterich
(1974) along with the adopted parameters for the coronal region, we estimate an
optical depth 7 ~ 1 for photons of 5 MeV. The probability for a 10 MeV photon to
escape from the corona is only 0.1.

For a viewing angle of 30 degrees, we still have the thermal emission dominating
by a factor of 5. But if we introduce the gravitational effects of the companion star,
then precession of the disk should occur. In Fig. 4.6 we show the modification of
the beaming amplification factor of the external inverse Compton emission for a
precessing angle of 16.5 degrees. The time axis is normalized in units of the period
T. We see that there is a variation of about 1 order of magnitude in the emission
measured in the observer’s frame because of the precession. This means that when
the jet is closer to the line of sight, the non-thermal luminosity can reach values of
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Table 4.1: Observational characteristics of Cyg X-1 in its soft and hard states (from
Poutanen et al. 1997).

Parameter Hard state Soft state
Lebs 2 1 x 10%" erg/s 4 x 10%" erg/s
Lgbs b 4 x 107 erg/s 1 x 10% erg/s
a’ 0.6 1.6

T4 0.13 keV 0.4 keV
Es 150 keV > 200 keV
Ct 0.4 0.55

20Observed soft luminosity (total luminosity below ~ 1 keV in the hard state and
below ~ 3 keV in the soft state)

bObserved hard luminosity

“Energy spectral index

dTemperature of the soft component

eCut-off energy of hard component

fCovering factor of the cold matter

~ 10%8 erg s7!, as observed in the recurrent outbursts detected by the Interplane-
tary Network. The transit through the peak of flux magnification can be very fast
in the observer frame, leading to quick and transient states when the total flux is
dominated by the non-thermal contribution.

The angular velocity of the tidally induced precession can be approximated by
(3.16). For a half-opening angle of the precession cone, § = 16.5 deg as we have
assumed, the observed orbital period of 5.6 days, and a precessing period of ~ 140
days (Brocksopp et al. 1999, see below), we get a disk size of ~ 3.9 x 10! c¢m, quite
reasonable for a wind-accreting system like Cygnus X-1.

4.3 Discussion

The above outlined model incorporates the different known components of Cygnus
X-1, accretion disk, corona, stellar companion, and relativistic jet, in an integrated
picture where transient non-thermal outbursts are a natural and expected result.
The amplitude of these outbursts can be similar to what has been recently observed
in some intriguing flaring episodes in this source.

Our model is different from the model proposed by Georganopoulos et al. (2002)
not only because we incorporate the effects of precession, but also because we do
not attempt to explain the bulk of X-ray emission as non-thermal all the time.
This emission is normally dominated by thermal Comptonization in the hot corona
around the black hole, except during the microblazar phase, and in this case we in-
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Figure 4.4: Results of the model for an injection electron spectrum with index p = 1.5 in
a cylindrical jet forming a viewing angle of 30 degrees. The bulk Lorentz factor isT" =5
and the electron power law extends from v; = 2 to v = 103. Three different components
are shown, resulting from the up-scattering of photons from the star (top panel), the
disk and the corona (bottom panel, solid and dashed lines respectively). Notice that the
contribution from the coronal photons is not a power law because of the Klein-Nishina

effect.

corporate the effects of the interaction of the jet with the corona in our calculations.
We emphasize that, as it is shown in Fig. 4.4 and Fig. 4.5, during the transient mi-
croblazar phase the X- and soft gamma-ray spectrum will be softer than in the
normal hard state, when the coronal emission dominates. This is an unavoidable
consequence of the steepening produced by Compton losses in the injected electron
spectrum and can be used to test our proposal, not only through new observations
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Figure 4.5: Idem Fig. 4.4 for p=2.3.

of Cygnus X-1, but also of other potentially precessing MQs as LS 5039 and LS I
+61 303 (Paredes et al. 2002a; Massi et al. 2004).

Brocksopp et al. (1999) have found multiwavelength evidence for the presence
of a 142.0 + 7.1 days period in Cygnus X-1. The optical and X-ray period seem to
originate in the precession of the accretion disk (Brocksopp et al. 1999), whereas
the modulation at radio wavelengths is probably produced by the associated preces-
sion of the jet (see Pooley et al. 1999). The morphology of the extended radio jet,
with a clear bend, is also consistent with a precession of the inner beam (Stirling et
al. 2001). The periodic signal in the radio lightcurve, however, is not expected to
be as strong as at high energies since the magnification factor for the synchrotron
emission goes as DG*P)/2 whereas as we already saw for the external Compton
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Figure 4.6: Variation of the amplification factor for the external inverse Compton emis-
sion from the jet (electron power-law indices of p = 1.5 —dots- and p = 2.3 —solid line-) as
a function of time in the precessing microblazar model for Cygnus X-1 (precessing opening
angle of 16.5 degrees). Time units are normalized to the precessing period.

component, it goes as D?*P.

The time lag between the two high-energy flares observed in 1995 is ~ 75 days,
about a half of the value reported by Brocksopp et al. (1999), but since Cygnus
X-1 is a wind-accreting system variations in the period along a span of several years
are possible. Certainly, more observations on longer time spans are necessary to
constrain the dynamical models. In the model presented here the duty cycle of
the microblazar phase is rather small, ~ 10%. Future X-ray observations of non-
thermal flares can be used for a better determination of the geometric parameters.

We saw that in the case of Cyg X-1 an interesting resulting characteristic is
that most of the gamma-rays produced within the coronal region will be absorbed
by pair production. Sooner or later these pairs will annihilate producing a broad,
blueshifted feature in the MeV spectrum that might be detected by the INTEGRAL
satellite. It is expected that this satellite will probe Cygnus X-1 spectrum and its
temporal evolution at this energy range, helping to test and constrain the model
here proposed?.

2Tt is expected though not certain, taking into account the remarks we made in Section 3.4
about the after-launched resulting INTEGRAL sensitivity.
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Chapter 5

Hadronic Gamma-Ray Emission






5.1 COMPONENTS OF THE MODEL

5.1 Components of the Model

The model for gamma-ray production in MQs proposed in Chapters 3 and 4 was
based on the process of IC upscattering of seed photons from the high-mass stel-
lar companion, the disk and the corona. In that context the resulting gamma-ray
emission is dominated by the EC of the stellar photon field. Besides, pair creation
absorption mechanism in the disk and coronal X-ray field might quench the contri-
butions from these two regions to the total gamma-ray emission.

In this chapter we present a new mechanism for the generation of high-energy
gamma-rays in MQs that is based on hadronic interactions occurring outside the
coronal region. The gamma-ray emission arises from the decay of neutral pions
created in the inelastic collisions between relativistic protons in the jet and the ions
of the stellar wind. The requisites for the model are a windy high-mass stellar com-
panion and the presence of multi-TeV protons in the jet!. The presence of hadrons
in MQ jets like those of SS 433 has been inferred from iron X-ray line observations
(e.g. Kotani et al. 1994, 1996; Migliari et al. 2002), although direct and clear
evidence exists only for this source so far. In what follows we describe the model
and present the results of our calculations.

5.1.1 Hadronic Jet

The general situation discussed in this chapter is shown in Fig. 5.1. A binary sys-
tem is formed by a black hole and a high-mass early-type star. A relativistic e — p
jet is ejected perpendicularly to the accretion disk plane. For simplicity, we shall
assume that this is also the orbital plane, but this condition can be relaxed to al-
low, for instance, a precessional motion or more general situations as discussed by
Maccarone (2002), Butt et al. (2003), and Romero & Orellana (2004).

Interactions of hadronic beams with moving clouds in the context of accreting pulsars have
been previously discussed in the literature by Aharonian & Atoyan (1996). For an early discussion
in a general context see Bednarek et al (1990).
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Figure 5.1: Sketch of the general situation in the hadronic windy MQ: relativistic e—p jet
is injected close to the black hole in a MQ with a high-mass stellar companion. The stellar
wind penetrates on the jet from the sides. The resulting interaction produces gamma-ray
emission. In the figure perpendicularity is assumed between the jet and the orbital plane,
but this particular assumption can be relazed in a more general situation.
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The jet axis, z, is assumed to be normal to the orbital radius a. We shall allow
the jet to expand laterally, in such a way that its radius is given by

R(z) = €2, (5.1)

with € < 1 and 29 < 2 < 2ax. For € = 1 we have a conical beam. The jet starts
to expand at a height zy ~ a few hundred km above the black hole, outside the
coronal region. The particle spectrum of the relativistic e — p flow is assumed to be
a power law,

Ne p(Ee,p) = Ke,p E. 3* (5.2)

e'p ’

valid for E;"" < E, , < E,™, in the jet frame (denoted by the prime). The
corresponding particle flux will be,

C

‘]é,p(Ee/:,p) - 47rNé,p(Eela,p)' (53)

Since the jet expands, the proton flux can be written as:
en
BB = Ko (2) By, (5.4)

where n > 0 (a value n = 2 corresponds to the conservation of the number of
particles, see Ghisellini et al. 1985). Using relativistic invariants, it can be proven
that the proton flux, in the observer (or lab) frame, becomes (e.g. Purmohammad
& Samimi 2001)

—Q
en L[ToPl (Ep — B4/ E? — m2c* cos 0) ’

1/2
sin? @ + I'2 (cos 60— ﬂp———)

I(Ey ) = 22 (2)

i\ (5.5)

7 _ 2.4
,/EP mac

where I' is the bulk Lorentz factor, 8 is the angle subtended by the emerging photon
direction and the jet axis, and [ is the corresponding velocity in units of ¢. The ex-
ponential dependence of the cross section on the transverse momentum (p;) of the in-
cident protons beams the gamma-ray emission into an angle ¢ < cpy/mpI" ~ 0.17/T
along the proton direction, hence justifying the assumption that both directions are
similar. Note that only photons emitted with angles similar to that of the inclina-
tion angle of the jet will reach a distant observer, and thus ¢ can be approximated
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by the jet inclination angle.

In order to determine the matter content of the jet we will adopt the jet-disk
coupling hypothesis proposed by Falcke & Biermann (1995) and applied with success
to AGNs (see also Falcke & Biermann 1996), i.e. the total jet power scales with the
accreting rate as:

Qj = giMaiacc, (5.6)

with g = 107! — 1073, The number density n{ of particles flowing in the jet at
Ry = R(zp) is then given by,

Q;

Ring = — | 5.7
CT LT pcg ( )
where m,, is the proton rest mass. From here we can obtain ng:
/ QjMdisk
= O 5.8
"o ncRim, (5:8)
Additionally,
E’I,max
nly = / N'(E., z) dE., (5.9)
E;min
Then, if E" >> E;,"““, which is always the case, we have,
Ko = ng(ap — 1)(E,™")>, (5.10)

which gives the constant in the power-law spectrum at zg.

5.1.2 The Wind from the High-Mass Companion Star

Early-type stars, like OB stars, lose a significant fraction of their masses through
very strong supersonic winds. Typical mass loss rates and terminal wind veloci-
ties for O stars are of the order of 1075 My yr~! and 2500 km s™!, respectively
(Lamers & Cassinelli 1999). At the base of the wind, the density can easily reach
107*2gem™3. Such strong winds provide a field of matter dense enough as to pro-
duce significant hadronic gamma-rays when they penetrate on the jet from the sides.
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The structure of the matter field will be determined essentially by the stellar
mass loss rate and the continuity equation: M, = 4wnr?p(r)v(r), where p is the
density of the wind and v is its velocity. Hence,

M,

" drro(r)’ (5:11)

p(r)

The radial dependence of the wind velocity is given by (Lamers & Cassinelli 1999):

v(r) = Vs (1 - E>C, (5.12)

r

where 4, is the terminal wind velocity, 7, is the stellar radius, and the parameter
¢ ~ 1 for massive stars. Hence, using the fact that r? = 22 + a2 and assuming a
gas dominated by protons, we get the particle density of the medium along the jet

axis:
M, T —<
= 1-— 5.13
n(2) 4T MpV00 (22 + a?) ( Vz2+ a2) (5.13)

The stability of a relativistic jet under the effects of an external wind has been
recently investigated by Hardee & Hughes (2003) through both theoretical analysis
and numerical simulations. Their results indicate that jets surrounded by outflowing
winds are in general more dynamically stable than those surrounded by a stationary
medium. Note that protons pertaining to the wind can diffuse into the jet medium.
The wind penetration into the jet outflow depends on the parameter

w ~vR(2)/D, (5.14)

where v is velocity of wind, R(z) is the radius of the jet at a height z above the
compact object, and D is the diffusion coefficient. w measures the ratio between
the convective and the diffusive timescale of the particles. In the Bohm limit, with
typical magnetic fields By ~ 1 — 10 G, w < 1, and the wind matter penetrates the
jet by diffusion.
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5.2 Gamma-Ray Emission in the Hadronic Model

The p — p interaction results in the production of pions whose decay chain leads to
gamma-ray and neutrino generation:

p+p — p+p+ar®+b(rt+77), aandbeN

m — 2
Tt — v, +ut — vy+et +uv.+ 7,
T — v, +u” — vy,te +v.tuvy,

The differential gamma-ray emissivity from 7%-decays is:

(ap)

— 0
Gy(Ey) = Amopp(Ep) 2 Jp(Ey, 0)na- (5.15)
p

Here, the parameter 7, takes into account the contribution from different nuclei
in the wind and in the jet (for standard composition of cosmic rays and inter-
stellar medium 7y = 1.4 — 1.5, Dermer 1986b). J,(E,) is the proton flux dis-
tribution evaluated at E = E,. The cross section opp(E,) for inelastic p — p
interactions at energy E, ~ 10E, can be represented above E, =~ 10 GeV by

opp(Ep) = 30 x [0.95 + 0.06 log(E,/GeV)] mb. Finally, Z;ff}ro is the so-called
spectrum-weighted moment of the inclusive cross-section. Its value for different
spectral indices o, is given, for instance, in Table Al of Drury et al. (1994). Notice

that ¢, is expressed in ph s™! erg™! when we adopt CGS units.

The spectral gamma-ray intensity (photons per unit of time per unit of energy-
band) is:

- -
!

L(E,,0) = [ nl)ay ()7, (5.16)

where V is the interaction volume.

Since we are interested here in a general model and not in the study of a par-
ticular source, the spectral energy distribution

L™ (E,,6) = E2L,(E,,6) (5.17)

is a more convenient quantity than the flux. Using egs. (5.5), (5.13), (5.15) and
(5.16), we get:
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522, o0 1
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This expression gives approximately the 7%-decay gamma-ray luminosity for a windy
MQ at energies E, > 1 GeV, in a given direction ¢ with respect to the jet axis.

Depending on the characteristics of the primary star and the geometry of the
system, high-energy gamma rays can be absorbed in the anisotropic stellar photon
field through pair production, and then inverse Compton emission from these pairs
can initiate an e*-pair cascade. This effect has been studied in detail by Bednarek
(1997) and Sierpowska & Bednarek (2005). The main effect of these cascades is
a degradation of TeV gamma-rays into a form of softer MeV-GeV emission. Very
close systems (a ~ 10! cm), with O stars and perpendicular jets, can be optically
thick for gamma-rays between ~ 1072 — 10 TeV. If the jet is inclined towards the
star, the effect can be stronger (Bednarek 1997). For systems with larger separa-
tions, the opacity rapidly falls below unity.

5.2.1 Specific Spectral Energy Distributions

In order to make some numerical estimates, we shall adopt the specific MQ model
presented in Table 5.1. The values chosen for the different parameters are typical
for MQs with O stellar companions, like Cygnus X-1. We shall consider a conical
jet (¢ = 1) with conservation of the number of protons (n = 2) and a high-energy
cut-off for the population of relativistic protons of £, = 100 TeV. The minimum
distance from the jet to the primary star is a = 70 R ~ 5 x 10'? cm.

In Fig. 5.2 we show the spectral high-energy distribution for models with proton
index ap = 2.2 and o, = 2.8, and for different values of the jet/disk coupling pa-
rameter g;, with the results obtained using a numerical integration routine. We have
added an exponential-like cut-off at £, ~ 0.1E,"**. Since the forward momentum
of the protons in the jet is so great, the gamma-rays will be highly beamed, within
an angle © ~ arctg (R/z). Hence, only hadronic microblazars would be detected
(see, nonetheless, Romero & Orellana 2004). We assumed a jet inclination with
respect to the line of sight of 10 degrees.
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Table 5.1: Basic parameters of the model

Parameter Symbol Value

Type of jet € 1

Black hole mass Mn 10 Mg
Injection point 2o 50 RS

Initial radius Ry 5 R,

Radius of the companion star ., 35 Ry

Mass loss rate M, 107° Mg yrt
Terminal wind velocity Voo 2500 km s~}
Black hole accretion rate Mgk 1078 Mg yr!
Wind velocity index ¢ 1

Jet’s expansion index n 2

Jet’s Lorentz factor r 5

Minimum proton energy E7 in 10 GeV
Maximum proton energy B 100 TeV
Orbital radius a 27,

*Rg = GMbh/CQ.

5.3 Production of Neutrinos and Secondaries

Neutrinos are also generated by pion decay chains (see Section 5.2). The signal-
to-noise (S/N) ratio for the detection of such a v-signal can be obtained analyzing
the event rate of atmospheric v-background and comparing it with the event rate
from the source (see e.g. Anchordoqui et al. 2003 for details). The S/N ratio in
a km-scale detector (like IceCube) in the 1-10 TeV band (including the effects of
neutrino oscillations) is ~ 3 for one year of operation, assuming an inclination angle
of 30 degrees, o, = 2.2 and that the neutrino spectrum roughly satisfies (e.g. Dar
& Laor 1997):

dF, dF.
Yo~ 0.7 S (5.19)
dE, dE,

This S/N is high enough as to justify speculations on the possibility of detecting
a hadronic microblazar first from its neutrino signal (a serendipitous discovery in
a detector like IceCube), and only later from its gamma-ray emission (through a
pointed observation).

The here presented hadronic model contemplates the production of gamma-rays
in MQs as the final stage that follows the decay of neutral pions previously gener-
ated in p — p interactions. However, neutral pions can also be produced by p — v
interactions (also called “photo-meson” processes), which as an alternative model
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Figure 5.2: Spectral high-energy distribution for windy MQs with proton inder ap = 2.2
and ap = 2.8, for different jet/disk coupling constants (q;). The jet inclination with
respect to the line of sight is assumed to be 10 degrees. An angle of 30 degrees reduces the
luminosity for about two orders of magnitude.

also gives rise to the generation of TeV photons and neutrinos? (Levinson and Wax-
man 2001, Distefano et al. 2002). The site where the emission is generated in this
case is within the coronal region in the innermost part of MQs’ jets. This implies a
fundamental difference of this model with the one used in this chapter. Pions are
then produced in collisions of hadrons from the jet with the strong external X-ray
photons (e.g. from the hot corona) and with the synchrotron photons produced by
leptons inside the jet. In this process protons are required to be accelerated up to
very high energies (~ 10 eV) in the inner jet, in order to produce a significant
flux of multi-TeV neutrinos. This requirement might represent an important dif-
ficulty for the photo-meson model considering that the possibility for particles as
protons to be accelerated up to such energies in MQs is still under strong discussion.
Besides, neutrinos are supposed to extract more energy from the original protons

2This kind of model is similar to the AGN proton initiated cascade model of Mannheim & Bier-
mann (1992), Mannheim et al. (1992) and Mannheim (1993). See also Biermann & Strittmatter
(1987) for the presentation of pioneering ideas in this sense.
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in the p — p process than in the p — v one: E®* = %Eg‘a" and B = ;—OE;,“”

respectively (Alvarez-Muiiz & Halzen 2002).

It is not possible to separate in the neutrino signal the contributions from the
photo-meson and p — p channels, but simultaneous X-ray observations can help to
determine the characteristics of the relevant photon fields to which the inner jet is
exposed, making then possible estimates of each contribution in particular cases.
That one channel might dominate over the other will depend on the relative tar-
get density of the photons and protons in the source region where the protons are
accelerated (Halzen & Hooper 2002). In any case the detection of TeV neutrinos
from MQs could be used as an important diagnostic of jets’ content. This kind of
detection would immediately imply the presence of hadrons in the jets. Therefore
it would help to discriminate e — p jets from pair dominated ones (see Bednarek et
al. 2004 for additional discussion).

Another interesting aspect of the hadronic microblazar described in this chapter
is that e* are injected outside the coronal region through 7% decays (see Section 5.2).
These leptons do not experience the severe IC losses that affect to primary elec-
trons and pairs when crossing the disk and coronal photon fields as we mentioned in
Chapter 4. These secondaries will mainly cool through synchrotron radiation (at X-
rays, in the case of TeV particles) and IC interactions with the stellar seed photons
(that would result into an additional source of MeV-GeV gamma-rays). The spec-
trum of secondary pairs roughly mimics the shape of the proton spectrum. Hence,
synchrotron emission from these particles will present indices agn >~ (ap — 1)/2,
which for values of ap, ~ 2 are similar to what is observed in MQs’ jets at radio
wavelengths. The losses of the primaries in the inner source lead to a soft par-
ticle spectrum that is then injected in the region where the particles produce IC
gamma-rays through interactions with stellar UV photons. Pure leptonic models
for the gamma-ray flux (e.g. Kaufman Bernadé et al. 2002, Romero et al. 2002)
then require particle re-acceleration in order to explain the flat radio-spectrum of
sources like LS 5039 far from the core. In the hadronic model, the leptons might
be injected in situ with the right spectrum through hadronic decays, avoiding the
problem.

At TeV gamma-ray energies hadronic microblazars which are optically thin to
pair production can be detected as unidentified, point-like sources with relatively
hard spectra. This kind of sources could display variability. In the near future,
new ground-based Cherenkov telescopes like HESS and MAGIC? might detect the
signatures of such sources on the galactic plane. Hadronic microblazars might
be part of this population, as well as of the parent population of low latitude
unidentified EGRET sources.

3The VERITAS project is also expected to contribute to the detection of this kind of sources.
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6.1 VARIABLE GAMMA-RAY SOURCES OFF THE GALACTIC PLANE

6.1 Variable Gamma-Ray Sources off the Galac-
tic Plane

A brief description of the mid-high latitude EGRET sources was included in Chap-
ter 1. In what follows, we will describe in some more detail the properties that
induce to the classification of these sources in three subgroups. The 93 unidenti-
fied sources detected away from the Galactic plane are displayed in Fig 6.1. Their
concentration at 3° < |b| < 30° and in the inner half steradian indicates (at a 7o
confidence level) that 70 to 100 % of them have a Galactic origin, depending on the
choice of Galactic scale height. Their temporal and spatial characteristics reveal
an heterogeneous sample. Fig. 6.2 shows their variability index distribution, which
closely follows that of the variable AGN sources (Nolan et al. 2003). The average
§ index is 0.79 £ 0.08, 0.66 + 0.06, and 0.42 + 0.06 for the halo, AGN, and Belt
sources, respectively. The halo sources are clearly variable. Taking into account
the detection biases (Grenier 2000), the spatial distribution of the variable sources
implies an origin in a thick galactic disk with a scale height of 1.3 + 0.6 kpc. At
typical distances of 5 to 10 kpc, the luminosities of the halo sources range from 2 to
30 x 10% erg s7! sr™! above 100 MeV. They exhibit large luminosity L. /Lx ratios
of a few hundred.

The compact objects likely to power sources located high above the plane in-
clude millisecond pulsars and microquasars with a low-mass star companion, both
having migrated away from the galactic plane or escaped from globular clusters. In
the first case we refer to MQs that could have been ejected by kicks imparted in the
natal supernova explosions to galactic centric orbits (Mirabel & Rodrigues 2003).
In the second case they might have been born in globular clusters from where they
might have been injected in large galactic orbits (Mirabel et al. 2001). Until now
no gamma-ray source is found to be positionally coincident with a globular cluster.

Pulsed gamma-rays have been detected from the ms pulsar PSR J0218+4232,
in phase with the radio and X-ray peaks (Kuiper et al. 2002). This object shares
many traits with the halo sources: a distance of 5.7 kpc and an altitude of 1.6 kpc,
a luminosity of 1.6 x 10* erg s™! sr™! and a spectral index of 2.6 above 100 MeV.
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Figure 6.1: All-sky plot, in galactic coordinates, of the unidentified EGRET sources at
latitudes |b| > 3°. The steadier sources associated with the Gould Belt and the variable
sources are marked as circles and stars, respectively.

PSR J0218+4232 does not belong to a globular cluster either. Yet, no long-term
variability is expected from theory (Zhang & Cheng 2003).

In the next section, we explore whether low-mass microquasars can produce the
halo sources despite their intrinsic faintness and softness compared with the young
high-mass systems. The stellar luminosity in LMMQs is reduced by 4 to 6 orders
of magnitude with respect to the case of a high-mass stellar companion. There is
also a reduction of 1 order of magnitude in the emission from the accretion disk.
The thermal emission in both components peaks a decade or two lower in energy.
Compare Fig. 4.1 with Fig. 6.6 to check these differences luminosities and peak
energies.

Only leptonic models can be considered for halo sources since hadronic ones
require the presence of an early type of companion star in order to ensure the exis-
tence of strong stellar winds (Romero et al. 2003a).

6.2 Emission from Low-Mass Microquasars

XTE J1118+480 is a LMMQ at a high galactic latitude above the plane, b = 62°,
and a distance of 1.8 & 0.6 kpc. It lies at 1.6 & 0.5 kpc above the galactic plane
(McClintock et al. 2001a). The central object accretes matter through a disk from
a low-mass star via Roche lobe overflow. McClintock et al. (2001a) and Wagner et
al. (2001) constrained the companion spectral type to be between K5 V and M1 V.
A large mass function, f(M) =~ 6 M®, strongly suggests that the compact object is
a black hole in a fairly compact binary system with a short orbital period of 4.1 hr
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Figure 6.2: Distributions of the § variability indices from Nolan et al. (2003) for the
firm AGN, Gould Belt, and halo sources at latitudes |b| > 3°.

(Wagner et al. 2001). The disk may be precessing under the stellar tidal influence
(Torres et al. 2002).

The rapid and correlated UV-optical-X-ray variability in the low-hard state is
interpreted as a signature of the strong coupling between a hot corona and a jet
emitting synchrotron radiation up to, at least, the UV band (Hynes et al. 2003;
Chaty et al. 2003; Malzac et al. 2004). The outflow has remained steady through
the outburst evolution (Chaty et al. 2003).

The coronal emission extends up to ~ 150 keV (McClintock et al. 2001b). The
optical to hard-X-ray data can be modeled by the Comptonization in a hot corona
or in the inner accretion flow of the soft photons emitted by the outer cold disk

with an inner radius of ~ 55Rs., and a temperature of ~ 24 eV (Esin et al. 2001;
McClintock et al. 2001b; Malzac et al. 2004).

XTE J1118+480 therefore serves as a good example for a low-mass microquasar
and we adopt its characteristics as input to our model (see table 6.1). SED of
the thermal stellar, disk and coronal components, taken from the aforementioned
publications, are displayed in Fig. 6.6. The case of an F star companion is also
considered in Fig. 6.7. We calculate the EC emission from interactions of the jet
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Table 6.1: Parameter set corresponding to the MQ XTE J1118+480 and used in the
model

Black hole mass My, = 6.5 MG

Mass accretion rate M =3x10"8 M@ yr!

K-M star bolometric luminosity Lym = 4 x 10%2 erg/s

F star bolometric luminosity Ly = 1.5 x 10* erg/s

Star temperature kTkm =1 eV and kTp = 1.8 eV
Star orbital radius D, =1.7x10" cm
Jet/accretion power ratio Giet = Piet/Mc? = 1073 to 1072
Corona luminosity Leor = 7.8 x 103 erg/s
Corona outer radius Reor = 108 cm

Corona photon index (dNx/dE x EX®) «Qcor = 1.8

Corona cut-off energy E... = 150 keV

Disk luminosity Lgisk = 8.6 x 10% erg/s

Disk temperature KTy = 24 €V

Initial jet radius Rjet = 1.9 x 107 cm

Jet bulk Lorentz factor [jet =3 to 10

Jet viewing angle ¢ = 1° to 30°

Jet electron index (dN./dE x E;P) p=2to3

Maximum electron energy E.nax = 5 GeV to 5 TeV
Minimum electron energy E.min=1to5 MeV

with the three radiation fields following the model developed in Chapters 3 and 4.
We therefore assume a population of et — e~ pairs in a persistent, cylindrical jet,
with a power-law distribution in number density per unit energy, N(E.) = kE_?,
between E™" and E™#*, The jet is assumed to be parallel to the disk axis, at an
angle ¢ to the line of sight. It moves with a bulk Lorentz factor I" and carries a
total power P = qjetM c? (adopting the jet-disk coupling proposed by Falcke &
Biermann 1995).

The coronal region is assumed to fill a sphere inscribed in the inner disk radius.
Let us recall that the Compton losses in the different regions can modify the in-
jected electron spectrum, introducing a break in the power-law from an index p to
p+1 at the energy at which the cooling time equals the escape time. In the scenario
studied here, this occurs with the disk radiation field. We have seen from previous
chapters that another important ingredient can be the absorption from two-photon
pair creation in the ambient radiation. It turns out to be quite effective near the
disk (7 > 1) whereas the coronal and stellar fields are optically thin (7 < 1) to
the gamma-rays. These conclusions are supported by Fig 6.3 and Fig 6.4 where we
show the computed opacity, 7, of the stellar photon field onr one hand and of the
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disk and corona fields on the other.

The ambient radiation from the companion star, F,, has an optical depth for a
photon with energy E., given by (Jauch & Rohrlich 1976):

(E,) = (r) / N(E,) o(E,, E,)dE,, (6.1)

where (r) is the mean dimension of the pair production region and o(FE,, E,) is the
photon-photon pair creation cross section given by:

2
e

r
Oete~ (E*, E,Y) =

- -+ e-em (7)) 62

1-¢
(m562)2} 1/2
The seed
E.E,

photon field from the star is assumed to be a blackbody type and its differential
number density, dn(E) = N(E)dE, is (Leung et al. 1993):

where 1, is the classical radius of the electron and £ = |1 —

FE2dE,
72 (hic)3(eB/T — 1)’

N(E,)dE, = (6.3)

The coronal region was considered as a spherical region of ~ 55Rgg, in radius.
Considering that this area is filled by seed photons from the disk and from the hot
corona, we calculate the total opacity taking into account its dependency on 7:

T(E'ya T‘) = / / [Ndisk(EX7 'rl) + Ncorona.(EXa T,)] X
T 0
X Og—e+ (Ex, E—y) dEx d’f‘l. (64)

The disk photon distribution is that of a blackbody,

mB(Ex) R?l' k
Ni _ is ’ .
with Rdisk = 55RSch, and
2FE3
B(Ex) = > (6.6)

(hc)Q (eEx/deisk _ 1) ’

The corona photon distribution is a power law such that:
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Figure 6.3: The optical depth for a photon with energy E., in the ambient radiation from
the companion star. The stellar field is clearly optically thin to the gamma-rays since
T < 1 for the whole range of E,.
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As it has been discussed, in the observer frame, the IC contributions from in-
teractions with the stellar and coronal photons to the SED are amplified by D?*?
whereas the disk one by D?*P(1 — cos ¢)(!*P/2. As it can be seen in Fig. 6.5, the
amplification factor corresponding to the star and corona peaks along the jet axis
in ¢ = 0°, whereas one for the disk peaks in ¢ ~ 15° to 20°, for ' ~ 3 and p = 2 to 3.

In Section 4.3 we clarified the differences between the application of our leptonic
model to the HMMQ Cygnus X-1 and the work presented by Georganopoulos et
al. (2002) on the same object. Now we have to point out that with respect to
the LMMQ XTE J1118+480, the scenario we are discussing also differs from that
of Georganopoulos et al. (2002) who have imposed a much lower energy cut-off
to the electrons so that the hard X-ray emission results from EC interactions with
the stellar and disk photons rather than from a hot inner accretion flow or from a
hot coronal plasma energized by magnetic flares above the disk, elements that are
absent in their model.
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Figure 6.4: Optical depth for gamma-rays in the inner region of a LMMQ. In the upper
plot both photon densities, from the disk and the corona, are included in the calculation.
On the bottom, only the coronal photon density was considered showing that the opacity
is completely due to the seed photons from the disk. The opacity goes down progressively
and the last layers from r/55Rgse, ~ 10~ are already optically thin to the gamma-rays of
any energy.
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Figure 6.5: Amplification factors on the SEDs: A = D?*P in the cases of the coronal
and stellar contributions to the SED (top); A = D*™P(1 — cos ¢)P+tV/2 for the disk one
(bottom). ¢: viewing angle.

Figures 6.6 and 6.7 show the SED obtained per steradian in the laboratory
frame for a LMMQ with the parameters listed in Table 6.1, adding the contribu-
tions from the three external photon fields. The EC coronal component (in the
Klein-Nishina regime) is dominant in the COMPTEL 3-30 MeV band whereas the
EC disk component (in the Thomson regime) takes over above 100 MeV. This is
why the maximum gamma-ray luminosity is reached for ¢ close to 15°, reflecting
the angle dependence of the disk amplification factor. This emission has a photon
spectral index of 2.5 between 0.1 and 1 GeV. The IC stellar component is small
at all viewing angles. These results show that even though the spectral index in
the EGRET band matches that of the unidentified sources, the maximum predicted
luminosity, Lyax ~ 4 x 102*(E/100MeV) =% erg s7! sr™1, is 5 orders of magnitude
too faint to account for the typical halo source fluxes at distances of 5 to 10 kpc.

The relative contributions of the three EC components change in the case of an
extreme microblazar where the bulk Lorentz factor I' reaches 10, electron energies
extend up to 5 TeV, and the jet axis is close to the line of sight (¢ = 1°). The
generation of such a highly relativistic outflow, with I' > 10, has been recently
observed from Circinus X-1, a neutron star with a stellar-mass companion as it is
discussed in Section 2.2.1. Particle energies as high as 10 TeV have been inferred for
the large-scale jets of the low-mass microquasar XTE J1550-564 (see Section 2.2.4),
0.1 pc away from the black hole (Corbel et al. 2002).
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Figure 6.6: Spectral energy distribution of the EC emission from the jet of a microquasar
with a K-M star companion, seen at angles of 5° (A), 15° (B), and 30° (C) from its axis,
for T =3, gjee = 1072, and a jet electron index p=2.8 with v™® = 2 and Y = 10*.

Fig. 6.8 shows the result of our calculations for a low-mass microblazar. The
assumed parameters are indicated in the caption. The corona EC emission predom-
inates in a short range of energies up to several hundred MeV for an F star and to
several GeV for a K-M star, beyond which the harder, stellar EC component takes
over. The disk EC emission is negligible because of the lesser amplification at small
viewing angle. The ~ 35 times larger energy density that the jet encounters around
an I star compared with the case of a K-M star results in a modest luminosity
increment by a factor <5 at the beginning of the EGRET band up to a maximum
factor ~ 30 at the end of that range. Anyhow, the very low luminosities, as well
as the generally too soft spectra, with photon indices ranging from 3 to 4, cannot
account for the typical characteristics of the EGRET sources. Nor would these
systems be detected above 100 GeV by the new-generation Cherenkov telescopes
since the predicted luminosity falls orders of magnitude below their sensitivity in
all cases, even when multi-TeV electrons are present in the jet.

6.3 Discussion

LMMQs can remain quiescent for years or decades before brightening by as much
as a factor 107 in X-rays in a week. The accreting keV luminosity of ~ 10%° erg
s~!sr~! adopted in the previous section corresponds to such a flaring state, i.e. to a
bright X-ray source with a vF,, flux of 2.6 x 107* (D/5kpc)~2 MeV cm~2 s!. The
GeV emission obtained is mainly due to the EC of the seed photons from the disk
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Figure 6.7: Spectral energy distribution of the EC emission from the jet of a microguasar
with an F star companion, seen at angles of 5° (A), 15° (B), and 30° (C) from its awis,
forI' = 3, gjet = 1072, and a jet electron index p=2.8 with y™8 = 2 and v® = 101.

or the corona (depending on the conditions in the jet). The predicted luminosity
should be considered as an upper limit for comparison with the unidentified sources
and in that sense EC emission in low-mass microquasars largely fails to explain the
variable EGRET sources at large scale heights.

In contrast with high-mass systems where the external radiation energy density
largely surpasses the magnetic one, SSC emission in low-mass systems is likely to
dominate even for a modest field strength of ~ 10 G in the jet. For this value
the magnetic energy density compares with that of a K-M star. Applying the
model developed by Bosch-Ramon et al. (2005) to a cylindrical jet, we can get
luminosities similar to those expected from the EGRET halo sources (see Fig. 6.9).
The luminosity per unit of frequency for the synchrotron radiation in the observer
frame is:

L™ = D2+p/ 2w Rs,T,dz, (6.8)

Zmin

where R is the radius of the jet, s, is the source function of the synchrotron emission
from an isotropic particle distribution and 7, is the synchrotron optical depth of
the jet!.

The resulting SSC emission has a luminosity in the jet frame given by:

1The expressions for s, and 7, can be found in Pacholezyk (1970).
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Figure 6.8: Speciral energy distribution of the EC emission from the jet of an extreme
microblazar with an F or K-M star companion, seen at 1° from its axis, for I' = 10,
Gjet = 1072, and a jet electron index p=2.3 with ,),mm =10 and v"® = 107.

/Zmax
Z,

min

€0rmax 'Yemax dN €
/ / Usyn(€0)n (%)dtd —d'ydeodz (6.9)

€0min Yemin

dN,
where X is the surface of a perpendicular jet slice, Jrde dp is the lab frame rate of IC
€

interactions per final photon energy (see 3.7) and Usyyn, the synchrotron radiation
density is given by:

SuTy

(6.10)

Usyn,v =
yn, c

Fig. 6.9 shows the luminosity of the SSC emission as calculated from the observer
frame. The integration of (6.9) is first performed in the co-moving frame and then
transformed to the lab:

€L, = D*PL,. (6.11)
The energy of the scattered photon in the jet’s reference frame, ¢, is boosted to:
€ =De. (6.12)

The synchrotron part of the spectrum is ~ 100 — 1000 times fainter than the
near-IR to UV synchrotron emission recorded from XTE J1118+480 during the
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Figure 6.9: Spectral energy distribution of the synchrotron and SSC emission from the
jet of an extreme microblazar, with a 10 G magnetic field, seen at 1° from its azis, for

T =10, gjer = 1072, and a jet electron index p=2.3 with 4PN = 10 and Y2 = 10°.

[

outburst?, the adopted electron index in Fig. 6.9 being softer than that of XTE
J1118+4-480 to avoid a too hard spectrum at high energies. The latter softens be-
yond 10 GeV because of the Klein-Nishina effect. One should keep in mind, however,
that v+ absorption against the disk photons is not included in the calculation al-
though it could efficiently limit the emerging gamma-ray flux (Bosch-Ramon et al.
in preparation). Adiabatic losses in an expanding jet would also modify the result
although not severely.

SSC emission in a low-mass microquasar appears then an interesting possibility
to be investigated in greater detail, bearing in mind that modeling the high-energy
radiation from these fascinating objects is severely limited by the highly uncertain
choice of the jet bulk motion and magnetic field. These first results of SSC emission
in LMMQs, make of these objects a promising parent population for the halo group
of unidentified EGRET sources.

2See Markoff et al. (2001) for a synchrotron model of this specific object.
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The fact of being a scale-down version of quasars makes of microquasars a very
interesting type of object, rich in an important variety of physical phenomena that
were always difficult to study in detail in quasars considering their time scales and
distances. For example, MQs have already provided an important insight into the
connection between accretion disk instabilities and the formation of jets, since the
characteristic times in the flow of matter onto a black hole are proportional to
its mass, and therefore the accretion-ejection phenomena in quasars should last
10° — 107 times longer than the analogous phenomena in MQs. In this way, varia-
tions on scales of tens of minutes in MQs have revealed events that had been difficult
to observe in quasars.

Before the launch of the CGRO, only one AGN had been detected at high-energy
gamma-rays. We are referring to the quasar 3C 273 that was observed in this wave-
length by COS B (Swanenburg et al. 1978). After phases I (91/05 — 92/11) and II
(92/11 - 93/09) of the CGRO, EGRET detected with a high degree of confidence,
33 AGNs in high-energy gamma rays (£ > 100 MeV) (von Montigny et al. 1995,
and references therein). The strong connection between this high-energy emission
and the presence of relativistic jets has been widely discussed, for example in the
mentioned paper from von Montigny at al. (1995) and many other similar refer-
ences. Following the line of the quasar — microquasar analogy, it looks reasonable
at least to suspect the possibility that high gamma-ray emission could arise from
MQs’ jets as well.

In fact, the association proposed by Paredes et al. (2000) of the microquasar LS
5039 with the gamma-ray unidentified source 3EG J1824-1514, was a first observa-
tional step towards the identification of the gamma-ray emitting galactic jet sources.

This was the starting point for the research described in this thesis, also moti-
vated by the significant number of unidentified gamma ray sources contained in the
34 EGRET catalog. Many of these sources, as we saw in this text , are suspected to
be of galactic origin because of their spatial distribution. In order to establish mi-
croquasars as a parent population of some subset of unidentified gamma-ray sources
we had first to look for a basic theoretical picture that could justify the gamma-ray
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production in different scenarios involving diverse conditions given in microquasars.

We started with a very simple leptonic toy model, in the context of high-mass
microquasars, where the emission is due to inverse Compton process between rela-
tivistic leptons of the jet and the photon field of the high-mass stellar companion.
We showed then that some variable unidentified EGRET sources in the galactic
plane could be produced (with luminosities in the range ~ 1035=%7 erg s71) by micro-
quasars with precessing jets. When the jet points towards the observer, gamma-ray
emission could be detectable yielding a variable source with weak or undetectable
counterpart at longer wavelengths. The “microblazar” case was studied in some
detail, reaching the conclusion that some weak or distant sources could periodically
appear in the detectors like EGRET due to variable Doppler boosting magnification.

The next step was to add some complexity to the leptonic model, by studying
also the inverse Compton interactions with other external photon fields due to the
accretion disk and the corona. We concluded that for HMMQs the predominant
contribution comes from the scattering of the stellar photon field. This is explained
by the higher luminosities obtained in this way for MeV gamma-ray energies. For
higher energies, where the luminosities due to the upscattered disk and coronal
photons might be important, the absorption by pair creation makes it difficult for
these gamma-rays to escape in many cases. At this point, the model was applied
to the recurrent flaring events that have been recently reported for the galactic
black hole candidate Cygnus X-1 at X-ray and soft gamma-ray energies, obtaining
the observed luminosities and explaining the variability of these events through the
precession of the jet.

We then turned towards hadronic models for the gamma-ray emission in HM-
MQs, where the jets are assumed to have a relativistic proton content. The jets of
microquasars with massive, early-type stellar companions are exposed to the dense
matter field of the stellar wind. We presented estimates of the gamma-ray emission
expected from the jet-wind interaction (typical luminosities of ~ 103473 erg s71,
spectra harder than in leptonic cases). The proposed mechanism could explain some
of the unidentified gamma-ray sources detected by EGRET on the galactic plane
as well as predict possible neutrino detections since those particles are produced in

the successive decays that follow the p — p interaction.

In the case of the subset of unidentified EGRET sources whose spatial distribu-
tion forms a halo around the galactic center, we considered low-mass microquasars
as their possible counterparts since these are old sources that, as we saw, can present
large proper motions. We performed detailed calculations of the jet inverse Comp-
ton emission in the seed photon fields from the star, the accretion disk, and the
hot coronal region, in different configurations of parameters such as jet Lorentz fac-
tors, powers, and angles with the line of sight. The conclusion was that unlike the
HMMQs case, the external Compton emission largely fails to produce the required
luminosities. Synchrotron-self-Compton emission appears as a promising alterna-
tive.



In order to test these models in a statistically significant number of sources, new
generation of gamma-ray detectors is needed. In fact these satellites are already
planned for the quite near future, which is the case of the AGILE and GLAST
missions. Their sensitivity is expected to be about 10 to 100 times better than the
EGRET one.

The variety of models proposed along the thesis was not only applied to the
EGRET range of energies, but also to lower ones, like in the case of the soft gamma-
ray emission from Cyg X-1, as well as to predict TeV gamma-ray production in the
hadronic or the leptonic cases. The jets of microquasars could not only be the site
of emission that would cover the electromagnetic spectra from radio to MeV, GeV
or even TeV energy ranges, but as we proposed here they may also be a source of
neutrinos. Furthermore, it has even been suggested that they may be important
sites of particle acceleration in the interstellar medium'®.

The existence of TeV emission in MQs might be soon confirmed by new and
powerful instruments like MAGIC, HESS and VERITAS. Neutrino observations
with IceCube and ANTARES will be crucial with respect to the hadronic model
predictions.

In such a rich context of physical processes to be explained, observations to
be interpreted, diverse theories to be tested, we certainly foresee new projects to
straightforwardly continue and immediately complement the work developed during
this thesis period. To begin with, a deep and detailed study of the SSC emission in
low-mass microquasars systems is desirable, after realizing the promising prospect
this process could have to explain the observed luminosities in some cases. Different
combinations of parameters as well as scenarios with and without adiabatic losses
will be studied.

The generation of jets, either steady or transient, is also a pending issue that
will be explored in the next stage of our research. This is a more difficult ground
that involves the complex physics relating the accretion disk to energetic outflows
of matter. The tight correlations observed in MQs between radio emission and
changes in the X-ray state hopefully will provide some new hints to make progress
in this direction.

'Heinz & Sunyaev (2002) have discussed the possible contribution of X-ray binary jets to the
production of galactic cosmic rays. They conclude that, whereas in terms of overall energetics
such jets are still likely to inject less power into the ISM than supernovae, they may contribute a
specific and detectable component to the cosmic ray spectrum. In particular, the shocks in the ISM
associated with jets from X-ray binaries will be considerably more relativistic than those associated
with the supernovae, and thus may be considerably more efficient for particle acceleration.
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7 CONCLUSIONS

The central aim of this thesis was to propose diverse models that could support the
wdea that microquasars are possible gamma-ray emitters. In the different models
developed for this work, gamma-rays are produced by leptonic or hadronic processes
always related with the interaction of the jets with diverse photon and matter fields.
The next stage of our research will be connected with the generation of these jets
as well as with the different lines of research opened along the thesis period. The
discovery of this local scale-down version of quasars is allowing a better understand-
ing of the physics related with the accretion-ejection relativistic phenomena in the
Universe.
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