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R E S U M E N

Modelos radiativos para jets en binarias de rayos X

Una propiedad notable de los sistemas astrofísicos acretantes a toda escala
en el Universo es la producción de jets - flujos colimados, bipolares y extendi-
dos de materia y campo electromagnético eyectados desde las cercanías de un
objeto en rotación. Los microcuasares son binarias de rayos X con jets. Los jets
en microcuasares emiten a lo largo de todo el espectro electromagnético. La
radiación es no térmica, lo que indica que los jets aceleraran partículas hasta
energías relativistas. Comprender el origen de la emisión electromagnética es,
entonces, una de las maneras de explorar el interior de los jets.

En esta tesis se desarrolla un modelo lepto-hadrónico para la radiación
electromagnética de jets en microcuasares con estrellas compañeras de baja
masa. Se considera la interacción entre las partículas relativistas con materia,
radiación y campo magnético para obtener espectros de banda ancha. Se in-
vestiga cómo se modifica la forma de los espectros al variar los valores de los
parámetros que modelan las condiciones físicas en los jets, dentro de las cotas
impuestas por teoría y observaciones. Se presentan resultados generales y apli-
caciones a sistemas específicos. En vista de la creciente calidad y cantidad de
los datos que es actualmente posible obtener a altas y muy altas energías, se
analizan en detalle las predicciones del modelo en la banda de rayos gamma.
Los resultados podrán ser directamente contrastados en el futuro cercano con
las observaciones de telescopios de rayos gamma espaciales y terrestres de pre-
sente y futura generación.

Palabras clave: microcuasares; jets; radiación no térmica; rayos gamma; binarias de
rayos X: GX 339-4; binarias de rayos X: XTE J1118+480.
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A B S T R A C T

Radiative models for jets in X-ray binaries

An outstanding feature of astrophysical accreting sources at all scales in
the Universe is the production of jets - collimated, bipolar, extended flows of
matter and electromagnetic field ejected from the surroundings of a rotating
object. Microquasars are X-ray binaries that produce relativistic jets. Jets in
microquasars emit along the whole electromagnetic spectrum. The radiation is
non-thermal; this reveals that jets accelerate particles up to relativistic energies.
Understanding the origin of the emission is, then, one way to probe the interior
of jets.

In this thesis we develop a lepto-hadronic model for the electromagnetic
radiation from jets in microquasars with low-mass companion stars. We con-
sider the interaction of relativistic particles with matter, radiation, and mag-
netic field, and obtain broadband spectral energy distributions. We investi-
gate how the shape of the spectrum changes as the parameters that model the
conditions in the jet are varied within the constraints imposed by theory and
observations. We present general results, as well as applications to some spe-
cific systems. Motivated by the growing volume and quality of the data now
becoming available at high and very high energies, we carefully analyse the
predictions of the model in the gamma-ray band. The results will be directly
tested in the near future with the present and forthcoming space-borne and
terrestrial gamma-ray telescopes.

Keywords: microquasars; jets; non-thermal radiation; gamma rays; X-ray binaries:
individual: GX 339-4; X-ray binaries: individual: XTE J1118+480.
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I N T R O D U C T I O N : A C C R E T I O N A N D J E T S

Nothing can ever pass outwards through the Schwarzschild sphere of radius
r = 2GM/c2, which we shall call the Schwarzschild throat. We would be
wrong to conclude that such massive objects in space-time should be unob-
servable, however. It is my thesis that we have been observing them indirectly
for many years.

D. Lynden-Bell
Nature, 223, 690-694 (1969)

Some of the most energetic phenomena in the Universe take place in accret-
ing sources that host black holes. The gravitational energy lost by the infalling
matter may be efficiently released as radiation reaching the highest energies of
the electromagnetic spectrum. Investigating the effects of accretion is one of
the few ways to probe astrophysical black holes.

Active galactic nuclei (AGN) were the first astrophysical sources recognized
to be powered by accretion (Salpeter 1964, Zel′Dovich 1964, Lynden-Bell 1969).
Other types of accreting sources are known, among them young stellar objects,
cataclysmic variables, X-ray binaries (XRBs), and gamma-ray bursts (GRBs).
These objects display a very varied phenomenology brought about by the na-
ture of the accretor, the source of the accreted matter, and the surrounding
environment. The basics of the process of accretion are, nonetheless, the same:
matter spirals around a rotating body forming an accretion disc, losing angu-
lar momentum, and radiating away part of its gravitational energy. All the
sources mentioned above have yet another common characteristic: they can
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Chapter 1. Introduction: accretion and jets

produce jets.

Astrophysical jets are collimated bipolar outflows ejected from the vicini-
ties of a central object. Jets are found in the Universe at all scales (Romero
et al. 2010); they can be launched from accreting supermassive and stellar-
mass black holes, neutron stars, white dwarfs, and protostars. The typical
length, bulk velocity, lifetime, and power of astrophysical jets range over sev-
eral orders of magnitude. Jets launched from black holes and neutron stars
may have velocities close to the speed of light; these are relativistic jets.

X-ray binaries with jets are called microquasars (Mirabel et al. 1992). The
name directly suggests that they are small-scale versions of quasars, but the
analogy goes beyond morphology. The radiative properties of active galac-
tic nuclei and microquasars point to an unified description of accretion in-
flows/outflows in supermassive and stellar-mass black holes (Mirabel & Ro-
dríguez 1998). The fundamental variables in this description are the accretion
rate and the mass (and possibly the spin) of the black hole (e.g. Sams et al.
1996, Heinz & Sunyaev 2003).

The development of self-consistent models of accretion inflows/outflows
coupled with their radiative properties has proved to be a difficult task. There
are still some blanks, but much is understood about the launching, collima-
tion, acceleration, and stability of jets. Significant progress has been done
in recent years as supercomputers became commonly available and huge nu-
merical simulations feasible. Most of these simulations, however, do not deal
with the microphysical processes that give rise to the observed electromagnetic
spectrum of jets (see, nonetheless, Bordas et al. 2009, Bosch-Ramon et al. 2011,
Huarte-Espinosa et al. 2011).

Current models for the radiation of relativistic jets are based on a series
of assumptions about the physical conditions in the outflows, founded in ob-
servations, theory, and simulations. The output of radiative jet models are
theoretical electromagnetic (or neutrino) emission spectra. It is expected that
the comparison of these spectra with observations helps to constrain the values
of the physical parameters that characterise the source.

Radiative models not only provide possible explanations for observations,
but may also predict detectable radiation (or not) in energy bands not yet ob-
served. It is nowadays particularly interesting to obtain predictions for the
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gamma-ray emission of relativistic jets. This is largely motivated by the de-
tection in recent years of thousands of galactic and extragalactic gamma-ray
sources, including a few X-ray binaries. Two of the galactic binaries with
gamma-ray emission (Cygnus X-1 and Cygnus X-3) are confirmed microquasars.

Continuum gamma-ray emission is non-thermal. High-energy photons are
created by the interaction of relativistic particles with matter, photons, and mag-
netic field. The synchrotron spectrum at radio wavelengths of relativistic jets
reveals the presence of relativistic electrons. Jets appear then as probable sites
of gamma-ray production.

This thesis deals with the development of a lepto-hadronic model for the
radiation of relativistic jets in microquasars. It is intended to contribute to the
understanding of the physical conditions in the jets through the study of their
broadband electromagnetic spectrum. As a particular goal, we aim to assess
the efficiency of different processes of gamma-ray emission in microquasars
with a low-mass donor star.

The thesis is organized as follows. Chapter 2 is an introduction to micro-
quasars. A one-zone jet model is developed in detail in Chapter 3. We charac-
terize the jet and the injection and distribution of primary and secondary parti-
cles. We also discuss the mechanisms of interaction of the relativistic particles
with matter, radiation, and magnetic field. Chapter 4 presents two applications
of the one-zone model. On the one hand, we study the possible association
with microquasars of a group of unidentified galactic gamma-ray sources de-
tected by the satellite AGILE. On the other hand, we apply the model to fit the
observed spectrum of the microquasar GX 339-4, and make predictions for its
high-energy emission. In Chapter 5 we develop an inhomogeneous jet model.
We present some general results and an application to the microquasar XTE
J1118+480. The general results of the thesis and the perspectives for future
works are discussed in Chapter 6. Three appendices complete this work: one
on radiative processes, another on non-thermal radiation from microquasar
coronae, and the last with the list of publications related to the thesis.

3



Chapter 1. Introduction: accretion and jets

4



2
M I C R O Q U A S A R S

The first relativistic galactic jet was discovered by Spencer (1979) in the X-ray
binary SS 433. More than a decade later, Mirabel et al. (1992) obtained a clear
radio image of a two-sided jet in 1E 1740.7-2942, see Figure 2.1. These authors
used for the first time the word microquasar to name X-ray binaries with jets.

Jets in microquasars appear as steady outflows or discrete ejections. Steady
jets are mildly relativistic, with bulk Lorentz factors ∼ 1.5− 2. Discrete ejec-
tions (blobs) may be much faster. Bulk velocities close to the speed of light are
inferred from the apparent superluminal motion of some ejections. A famous
first example of this effect was observed by Mirabel & Rodríguez (1994) in the
microquasar GRS 1915+105 (see Figure 2.1). The apparent speed of the blobs
was ∼ 1.25c, corresponding to a real bulk velocity ∼ 0.98c.

Over the last two decades there has been an extensive multiwavelength
monitoring of X-ray binaries. The latests catalogues (Liu et al. 2006, 2007) list
299 of these sources. Among them 65 are microquasar candidates since they
show non-thermal radio emission (Paredes & Zabalza 2010). The number of
confirmed or strong microquasar candidates in the Milky Way is ∼ 20,1 and
there is one confirmed microquasar in the spiral galaxy NGC 7793 (Pakull et al.
2010, Soria et al. 2010).

The observational and theoretical study of microquasars has sound moti-
vations. Many of the processes at work in accreting supermassive black holes
can be investigated as well in microquasars: launching, acceleration, and col-

1Chaty (2010), http://www.aim.univ-paris7.fr/CHATY/Microquasars/microquasars.

html.
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Chapter 2. Microquasars

Figure 2.1: Left: radio contours at 6 cm of the source 1E 1740.7-2942 obtained with
the Very Large Array (VLA). The circle is the error box of the position of central core
determined with the X-ray satellite ROSAT. From Mirabel et al. (1992). Right: radio
contours at 3.5 cm of the X-ray source GRS 1915+105, obtained with the Very Large
Array (VLA) at the epochs indicated. Two discrete ejections are launched from the
core (marked with a cross); the one on the left moves at an apparent velocity of 1.25c.
From Mirabel & Rodríguez (1994).

limation of jets, physics of black holes, relativistic shock waves in magnetized
plasmas, particle acceleration, and high-energy radiation processes. Further-
more, microquasars present two “advantages” over active galactic nuclei. First,
they are nearby objects. And second, the typical timescales of the accretion
processes in microquasars (from months to years) are much shorter than in
AGN. This allows to observe the transition between different accretion regimes
on human lifetimes.

The following sections present a short introduction to microquasars. The
physical components and the observational characteristics of microquasars are
described. A brief discussion on the theoretical modeling of their radiative
spectrum follows. The chapter closes stating the scope of this thesis in the
context of our present knowledge of the field. For additional details the reader
is referred to the reviews by Mirabel & Rodríguez (1999), Mirabel (2007), Bosch-
Ramon & Khangulyan (2009), Paredes & Zabalza (2010), and Paredes (2011).
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2.1 Physical components of a microquasar

2.1 physical components of a microquasar

Microquasars are formed by a non-collapsed star and a stellar-mass compact
object, that may be a neutron star or a black hole. The compact object (also
called primary star) accretes matter lost by the donor (also called secondary or
companion) star. A fraction of this matter is ejected from the system as two
collimated jets. The presence of jets distinguishes microquasars from the rest of
X-ray binaries. Figure 2.2 shows a simplified sketch of a microquasar. It shows
the components of the accretion flow: the accretion disc, the corona, and the
jets.

donor star

accretion
disc

corona

jet

compact
object

Figure 2.2: Sketch of a microquasar.

2.1.1 The companion star

According to the mass of the donor star, microquasars (and all XRBs) are
classified into low-mass and high-mass systems. In high-mass microquasars
(HMMQs) the donor star is an O, B, or Wolf Rayet star of mass M2 ≈ 8− 20M�.
These stars lose mass mainly through strong winds. Donor stars in low-mass
microquasars (LMMQs) have M2 . 2M�. They are old stars of spectral type B
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Chapter 2. Microquasars

or later, that transfer mass to the compact object through the overflow of their
Roche lobe.

Out of the 299 sources catalogued by Liu et al. (2006, 2007), 185 are low-
mass and 114 are high-mass XRBs. The spatial distribution of high-mass XRBs
in our galaxy traces the star forming regions in the spiral arms (Bodaghee et al.
2012, Coleiro & Chaty 2011). This is expected, since the companion star is
relatively young (. 107 yr) and should not have departed significantly from
its birthplace. Low-mass X-ray binaries are concentrated towards the center of
the galaxy, especially in the bulge. These systems are old (∼ 109 yr), and some
have migrated from the galactic plane towards higher latitudes (e.g. Mirabel
et al. 2001). The position of the known galactic microquasars is shown in Figure
2.3. With some exceptions - most notably that of XTE J1118+480 - they are all
located near the plane of the galaxy.
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Figure 2.3: Spatial distribution in galactic coordinates of microquasars in the Milky
Way. Data taken from Chaty (2010), available online at http://www.aim.univ-paris7.
fr/CHATY/Microquasars/microquasars.html. The nature of some of the systems (e.g.
LS 5039 and LS I +61◦ 303) is still disputed, but they have been included in the figure
for historical reasons.

The noteworthy absence of microquasars detected at galactic longitudes
150◦ . l . 330◦ is most probably due to an observational bias, introduced
by the capabilities of the presently available X-ray observatories and radiote-
lescopes. On the one hand, as noticed by Grimm (2003), the sensitivity level
of the X-ray satellites allows the detection and identification of those XRBs
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2.1 Physical components of a microquasar

nearer than ∼ 10 kpc from Earth. This is clearly seen when the position of
the known microquasars is plotted on a face-on view of the Galaxy, see Figure
2.4. On the other hand, almost all the known microquasars are radio sources
visible from the Northern Hemisphere allowing their detection with the Very
Large Array, that has a better resolution compared to the arrays in the Southern
Hemisphere.

Figure 2.4: Spatial distribution of microquasars in the Milky Way, face-on view of the
Galaxy. The sources were located taking into account their distance to Earth. The
position of the Sun is indicated. Sketch of the Galaxy from Churchwell et al. (2009).

2.1.2 The accretion disc

Accretion onto a compact object in binary systems is not spherical. In general,
the angular momentum of the infalling matter is large enough to form an
accretion disc. The discussion on accretion disc theory presented below follows
mainly that in Frank et al. (2002) and King (2006).

Let J be the specific angular momentum of an element of plasma when it
gets trapped in the gravitational field of the compact object. Assuming that the
plasma loses energy faster than angular momentum, matter will drift to the
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orbit with the lowest energy compatible with the value of J. This is a circular
Keplerian orbit of radius

Rcirc =
J2

GM1
, (2.1)

where G is the gravitational constant and M1 the mass of the compact ob-
ject; Rcirc is called the circularization radius. An accretion disc can form if Rcirc

is larger than the effective size of the compact object, i.e., the radius of the
innermost stable circular orbit (ISCO) in a black hole, or the radius of the mag-
netosphere in a neutron star.

Dissipative processes heat the accretion flow at the expense of its rotational
and gravitational energy. The plasma also transfers angular momentum out-
wards due to internal torques. If the typical timescale of energy dissipation is
much shorter than the timescale of angular momentum redistribution, matter
will slowly spiral towards the compact object in a series of approximately cir-
cular orbits, forming an accretion disc. The characteristics of the disc strongly
depend on the efficiency of the dissipation of energy and angular momentum.
Collectively, the dissipation mechanisms are loosely termed “viscosity”.

Let us assume that the disc is axisymmetric and lies close to the plane z = 0,
and let R and φ be the radial and angular cylindrical coordinates, respectively.
The velocity of an element of plasma in the disc has a tangential component
vφ and a small radial component vR. The disc is in differential rotation with
angular velocity Ω(R), not necessarily equal to the Keplerian value

ΩK (R) =
(

GM1

R3

)1/2

. (2.2)

The structure of the disc is found solving the hydrodynamical equations
for mass, energy, and momentum conservation. To simplify the problem it is
usually assumed that the disc is thin: H � R, where H is the half-thickness
of the disc. In this approximation the dependence on z of all variables except
the mass density is neglected. The equation for the conservation of mass is
integrated in the z-direction to write it in terms of the surface density Σ (R, t),
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2.1 Physical components of a microquasar

∂Σ
∂t

+
1
R

∂

∂R
(RΣvR) = 0. (2.3)

The same procedure applied to the φ-component of the momentum equation
yields

∂

∂t

(
ΣR2Ω

)
+

1
R

∂

∂R

(
ΣR3ΩvR

)
=

1
R

∂

∂R

(
R2TRφ

)
. (2.4)

The left-hand side represents the variation of the angular momentum per unit
mass and the right-hand side the internal torques; TRφ is a component of the
stress tensor integrated over z.

The form of the stress tensor depends on the mechanism of angular mo-
mentum dissipation. If the torques are generated only by shear viscosity

TRφ = νΣR
∂Ω
∂R

, (2.5)

where ν is the coefficient of kinematic viscosity. This is not expected to be a
realistic approximation, since accretion discs are prone to develop instabilities
and become turbulent. One particular type of magnetohydrodynamical insta-
bility, the magneto-rotational instability (Balbus & Hawley 1991), might be a
very efficient mechanism of angular momentum transport.

Shakura & Sunyaev (1973) proposed a general expression for the stress ten-
sor based on dimensional arguments. The z-integrated component of the stress
tensor has dimensions of pressure times length. The simplest expression for
TRφ is then

TRφ ≈ αΣc2
s , (2.6)

where α is a constant, cs is the speed of sound, and Σcs is the z-integrated
isothermal pressure. Equation (2.6) is the so called “α-prescription”.

It is possible to relate α to an effective viscosity. In the thin disc approxima-
tion the half-thickness of the disc is

H ≈ cs

(
R

GM1

)1/2

R. (2.7)
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Using this expression for H, assuming that the angular velocity is Keplerian,
and equating Eqs. (2.5) and (2.6), yields

ν ≈ αcsH. (2.8)

Equation (2.8) is useful to put a loose constraint on the value of α. In a turbulent
flow the kinematic viscosity is approximately given by

ν ≈ vturb lturb, (2.9)

where vturb is the velocity of the turbulent cells relative to the mean velocity of
the plasma and lturb the maximum size of the turbulent cells. In an accretion
disc lturb cannot exceed the height scale H, and the speed vturb is expected to
be subsonic - otherwise turbulence would be likely dissipated through shocks.
This implies that α . 1.

An expression for the kinematic viscosity, the α-prescription for example,
must be provided to calculate the detailed structure of the disc. Interestingly,
in steady-state some important parameters are independent of the viscosity.

If the rotation of the disc is assumed to be Keplerian and the stress tensor
given by Eq. (2.5), combining Eqs. (2.3) and (2.4) gives an expression for the
rate of energy dissipation per unit area

D (R) =
9
8

νΣ
GM1

R3 =
3GM1Ṁ

8πR3

[
1− β

(
Rin

R

)1/2
]

. (2.10)

Here Ṁ is the mass accretion rate and β is an adimensional parameter that
depends on the boundary condition imposed at the inner radius Rin of the
disc. Integrating D(R) over the two faces of the disc from Rin to infinity gives
the total radiated power,

Ld =

(
3
2
− β

)
GM1Ṁ

Rin
. (2.11)

This is an important result: only a fraction (independent of the value of the
viscosity) of the gravitational energy of the accretion flow is radiated. The rest
is dissipated at R < Rin, or advected onto the compact object if this is a black
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2.1 Physical components of a microquasar

hole.
The radial dependence of the temperature of the disc can be directly ob-

tained from Eq. (2.10) under the hypothesis that it radiates as a black body

T(R) =
[

D(R)
σSB

]1/4

=

(
3GM1Ṁ
8πσSBR3

)1/4
[

1− β

(
Rin

R

)1/2
]1/4

, (2.12)

where σSB is the Stefan-Boltzmann constant. For R� Rin, the temperature has
the characteristic profile

T(R) ≈ Td

(
R

Rin

)−3/4

, (2.13)

with

Td =

(
3GM1Ṁ
8πσSBR3

in

)1/4

. (2.14)

The emission spectrum of the disc is found integrating the emissivity func-
tion of a black body over radius. The flux emitted at frequency ν (in units of
erg s−1 cm−2 Hz−1 sr−1) is

Fν =
cos θd

d2

∫ Rout

Rin

2π R Bν(R) dR, (2.15)

where d is the distance to the source, θd is the angle between the plane of the
disc and the line of sight, and

Bν(R) =
2hν3

c2 (exp [hν/kT(R)]− 1)
. (2.16)

Here h is the Planck constant and k the Boltzmann constant.
The shape of the spectral energy distribution (SED) is shown in Fig. 2.5. It

is a superposition of black body spectra of temperature T(R). The flux grows
as Fν ∝ ν2 for photon energies hν� kT (Rout), and decreases exponentially for
hν � kT (Rin). For intermediate energies the spectrum has the characteristic
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dependence Fν ∝ ν1/3. As T (Rout) approaches T (Rin) this part of the SED
narrows, and the spectrum becomes similar to that of a simple black body.
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Figure 2.5: Spectral energy distribution of a “standard” geometrically thin, optically
thick accretion disc as a function of the inner radius, for M1 = 10M�, T (Rin) = 106 K,
θd = 30◦, and a distance to the source d = 2 kpc. The gravitational radius of the com-
pact object is Rgrav = GM1/c2.

The standard model of geometrically thin, optically thick accretion disc is
very successful in reproducing the soft X-ray emission of accreting binaries.
It cannot, however, account for the production of hard X-rays and spectral
lines observed in some systems. The presence of a “corona” of hot plasma
surrounding the compact object was postulated to explain these observations.

2.1.3 The corona

The SED of X-ray binaries in low-hard state (see Section 2.2.1) is basically the
sum of four components: a black body spectrum of temperature kTd ∼ 0.1 keV,
a hard power-law that cuts off at ∼ 100− 200 keV, a bump at & 10 keV, and the
Fe Kα emission line at ∼ 6.4 keV.

The black body component is radiated in the accretion disc, but the hard
X-rays originate in a “corona” of hot plasma around the compact object. To
account for the observations, the thermal electrons in the corona must have a
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2.1 Physical components of a microquasar

mean energy kTe ≈ 50− 100 keV. A fraction of the photons emitted in the disc
can interact with these electrons and gain energy through inverse Compton
(IC) scattering. Comptonization (multiple Compton scattering events) of low-
energy photons by thermal electrons naturally produces a power-law spectrum
(e.g. Titarchuk & Lyubarskij 1995).

Part of the radiation scattered in the corona is reprocessed in the disc by
photoabsorption, iron fluorescence, and Compton scattering (George & Fabian
1991). The combined effect of these processes generates the “reflection bump”
observed above ∼ 10 keV. The iron fluorescence line arises when an inner-shell
electron in a weakly ionized Fe atom absorbs an X-ray, and the vacancy is
occupied by an electron of the upper energy levels. The strongest line is the Kα

line (corresponding to the electron transition 2p → 1s) at ∼ 6.40 keV. The line
often appears distorted because of scattering (Torrejón et al. 2010) and strong
gravitational effects (Fabian et al. 2000, Reynolds & Nowak 2003).

The typical size of the corona can be estimated from the variability timescale
of the hard X-ray emission. If tmin is the shortest variability timescale, then the
size of the emission region cannot be larger than Rc ∼ ctmin. For galactic accret-
ing black holes tmin ∼ 1 ms, then Rc . 300 km; this is about ten Schwarzschild
radii for a black hole of 10M�.

Two types of models for the corona can be found in the literature: models of
“disc + corona”, and Advection-Dominated Accretion Flows (ADAFs) and its
extensions. In disc + corona models the corona is simply added as a separate
component besides the accretion disc. In ADAF models the corona appears as
a self-consistent solution of the hydrodynamic equations for an accretion flow.

In disc + corona models (see Poutanen 1998 for a review) a certain geometry
is assumed for the corona. This is an important detail, since the location of the
corona with respect to the disc determines the amount of feedback between the
two regions. Some of the proposed geometries are depicted in Figure 2.6. In a
sandwich configuration (e.g. Dove et al. 1997) the corona is formed by slabs that
cover the disc on both sides. A patchy corona (e.g. Stern et al. 1995) is composed
of magnetized clouds above the disc. Finally, in the sombrero configuration (e.g.
Poutanen et al. 1997) the disc is truncated at a certain inner radius and the
corona fills the region closer to the compact object. The external radius of
the corona is larger than the inner radius of the disc, so the two components
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spatially overlap. Whereas the disc is optically thick and geometrically thin, the
corona is assumed to be optically thin and geometrically thick, with H/R ∼
0.5− 1.

Figure 2.6: Different configurations of disc + corona: from top to bottom, a sandwich,
sombrero, and patchy corona.

Once a geometry is chosen, the characteristics of the corona (the electron
temperature Te and the optical depth τ) and its radiative spectrum must be
found solving the coupled kinetic equations for particles and radiation. Several
effects add complexity to the model. For example, if Te is large, the high-energy
tail of the electron distribution is expected to deviate from a Maxwellian; this
population of non-thermal particles can produce significant radiation above
mec2 ∼ 500 keV. In that case, the creation of electron-positron pairs by two-
photon annihilation must be taken into account (e.g. Vieyro & Romero 2012).

Advection-Dominated Accretion Flows, like the standard disc model, rep-
resent a self-consistent solution of the hydrodynamical equations for a viscous
plasma in accretion. The fundamental difference between an ADAF and a thin
accretion disc is that, by definition, an ADAF is radiatively inefficient. A signif-
icant fraction of the energy of the plasma is advected towards the compact ob-
ject instead of being radiated. The characteristics of the ADAF solution depend
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2.1 Physical components of a microquasar

on the value of the accretion rate. The solution for Ṁ < ṀEdd
2 has been ex-

tensively applied to model the spectrum of X-ray binaries and low-luminosity
AGN.

The set of equations to be solved in an ADAF model is essentially the same
as in a thin disc model, except for the energy balance equation. In a thin disc
all the energy released by viscous dissipation is radiated, whereas in an ADAF
a fraction is allowed to be advected. The steady-state height-averaged equation
for the conservation of energy reads (Narayan & Yi 1994)

ΣvRT
ds
dR

= Q+ −Q−. (2.17)

The left-hand side represents the advected entropy; s is the entropy per unit
mass. The right-hand side is the difference between the power released by
viscous dissipation (Q+) and the power radiated per unit area (Q−).

In most ADAF models the temperature of ions and electrons in the plasma
is different, with Ti � Te. This is based on the supposition that the energy
dissipated by viscosity preferably heats the ions and only a small fraction is
transferred to the electrons. The two species do not thermalize on relevant
timescales, since they are only weakly coupled via Coulomb scattering and
electrons cool much more quickly than ions (Shapiro et al. 1976). The power
Q+ can then be written as

Q+ = Qadv + Qie ≡ f Q+ + Qie. (2.18)

This expression states that a fraction of the energy dissipated by viscosity is
advected with the ions and the rest is transferred from ions to electrons. The
parameter f fixes the amount of energy advected. If the flow is radiatively
perfectly efficient, f = 0; if there is no cooling and all the energy is advected,
f = 1. Equation (2.18) is more general than the usual condition of energy
balance in a one-temperature accretion disc, where local energy balance is im-
posed so Q+ = Q−. Assuming that the radiative output is only due to the
electrons and these cool completely, then

2The Eddington mass accretion rate is defined as ṀEdd = LEdd/c2, where the Eddington
luminosity of an object of mass M is LEdd ≈ 1.3× 1038M/M� erg s−1.
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Q− = Qie. (2.19)

The expression for Q− must account for all the relevant processes of electron
cooling (synchrotron radiation, IC scattering, Bremsstrahlung, etc), appropri-
ately corrected by absorption effects.

Finally, to find the temperature profile of the flow an equation of state for
the plasma is required. The flow is radiatively inefficient, so the radiation
pressure may be neglected.3 The total pressure is thus the sum of the pressure
exerted by the magnetic field and by an ideal gas of electrons and ions with
different temperatures.

Narayan & Yi (1994, 1995a,b) found a solution for the set of equations of
an ADAF. Its characteristics differ from those of a thin disc when f is close to
unity. The main features of the solution are:

• the speed of sound is comparable to the Keplerian velocity, cs ∼ ΩKR = vK,

• the flow is quasi spherical, H ∼ R,

• the radial velocity is proportional to the viscosity parameter, vR ∼ αc2
s /vK,

it is much larger than in a thin disc, and a considerable fraction of the free-fall
velocity,

• the angular velocity is smaller than the Keplerian value, Ω < ΩK, and

• in the inner regions Te ∼ 108 − 109 K and Ti ∼ 1011 − 1012 K.

ADAFs models have been applied to reproduce the spectrum of X-ray bi-
naries in low-hard state, outburst, and quiescence; see e.g. Esin et al. (1997,
1998, 2001a) and Narayan et al. (1996, 1997). The radiative output of an ADAF
extends from radio to X-rays/gamma rays (e.g. Mahadevan et al. 1997). Up
to X-ray energies the emission is mainly determined by the cooling of thermal
electrons through synchrotron, Bremsstrahlung, and inverse Compton inter-
actions. Gamma rays may result from the decay of neutral pions created in
inelastic collisions of (thermal or non-thermal) very energetic protons with low

3Radiation pressure cannot be neglected if the accretion rate is high, see e.g. Abramowicz
et al. (1995).
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2.1 Physical components of a microquasar

energy protons. The injection of relativistic protons and electrons in the corona
has been recently addressed by Vieyro & Romero (2012).

Some generalizations of the ADAF model have been developed. Blandford
& Begelman (1999) introduced the so called Adiabatic Inflow-Outflow Solution
(ADIOS). The set of equations in an ADIOS includes terms that account for the
energy and angular momentum carried away by a wind. The authors proposed
that radiatively inefficient accretion flows around neutron stars may have the
characteristics of an ADIOS. Pure ADAF solutions are not possible near neu-
tron stars, since the advected matter would eventually release its energy when
impacting on the surface of the star. In an ADIOS, however, the wind reduces
the matter density near the neutron star, and the flow may remain radiatively
inefficient. See also Bogovalov & Kelner (2010) for a related model.

Another generalization of ADAFs are the Magnetically-Dominated Accre-
tion Flows (MDAFs, see e.g. Meier 2005 and Fragile & Meier 2009). These are
accretion flows in which the magnetic pressure dominates over thermal and
radiation pressure. In an MDAF the plasma remains cool and optically thin,
and is radiatively very inefficient. MDAFs may develop in the inner regions
of an ADAF. In the MDAF region a closed magnetosphere funnels the plasma
towards the black hole along the field lines. In the transition zone between the
MDAF and the ADAF the magnetic field lines may open up to infinity. This
is an interesting feature of MDAF models, since an open magnetosphere is
expected to favour the launching of jets and winds.

2.1.4 The jets

The ejection of jets is a common feature in accreting systems. Jets carry away
part of the energy and angular momentum of the accretion flow and/or the
compact object in the shape of a flux of matter and electromagnetic field.

Microquasars can produce two type of outflows: continuous steady jets
and discrete ejections. Continuous jets are observed during the low-hard state,
whereas the ejection of blobs occurs during the transition between spectral
states. Jets in microquasars are mildly relativistic, with typical bulk Lorentz
factors Γjet . 10. Apparent superluminal motion of the discrete ejections is
observed in some sources (e.g. Mirabel & Rodríguez 1994, Tingay et al. 1995,
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Orosz et al. 2001).

The power of microquasars jets is Ljet ≈ 1037− 1040 erg s−1 (e.g. Gallo et al.
2005, Sell et al. 2010, see also Heinz & Grimm 2005 and references therein).
The most powerful jets inject enough energy in the surrounding medium as
to distort it significantly. The best known example of jet-medium interaction
is that of the galactic microquasar SS 433 inside the nebula W50. A system
similar to SS433/W50 has been recently discovered by Pakull et al. (2010) in
the galaxy NGC 7793.

It is usually accepted that the launching, acceleration, and collimation of
relativistic jets is directly related to the action of a large-scale electromagnetic
field. The formation of jets is studied, analytically and through numerical
simulations, using the equations of Magnetohydrodynamics (MHD) in its clas-
sical or relativistic formulation. The standard MHD model of jet dynamics is
presently well established, although it does not provide completely satisfactory
explanations for all the observed properties of jets. Most probably, relativistic
jets result from the action of several mechanisms that operate at different length
scales.

The launching of relativistic jets couples the accretion disc and the compact
object. Two models of jet launching have received particular attention: the
Blandford-Znajek mechanism (Blandford & Znajek 1977), and the Blandford-
Payne or magneto-centrifugal mechanism (Blandford & Payne 1982).

Blandford & Znajek (1977) proposed a mechanism to extract energy and
momentum from a rotating black hole surrounded by a magnetosphere. As-
trophysical black holes are not expected to be charged, therefore the magnetic
field must be created by electric currents in the external medium - for example
in an accretion disc. The efficiency of the Blandford-Znajek mechanism is re-
lated to the spin of the black hole and the configuration of the magnetosphere.
Theoretical results (see e.g. Meier 2011 and references therein) indicate that
jets are more likely to be launched from retrograde black holes (that rotate
in opposite sense with respect to the accretion disc) because these have open
magnetospheres. The jets from retrograde black holes are also more powerful.
These results agree with the observations of supermassive black holes.

In black hole X-ray binaries it is not still clear whether the Blandford-Znajek
mechanism is related to the jet launching. Two recent searches for correlations
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between the jet properties and the spin of the black hole led to opposite con-
clusions. On the one hand, no correlation was found by Fender et al. (2010).
Narayan & McClintock (2011), on the other hand, claim that there exists a corre-
lation between the spin and the radio luminosity at 5 GHz in the case of discrete
jets. Narayan & McClintock (2011) argue that the different results obtained by
Fender et al. (2010) are due to the choice of another proxy for the jet power.
Furthermore, they argue that no correlations should be expected for continuous
jets, since these form relatively far from the black hole where relativistic effects
are weak. Discrete jets are likely formed when the inner disc or the corona
are ejected, so the launching region is nearer the black hole. Both the works
of Fender et al. (2010) and Narayan & McClintock (2011), however, are based
on data from a few sources for which there exist estimates (some very uncer-
tain) of the black hole spin, so their results cannot be taken as definite for the
moment.

The magneto-centrifugal mechanism of jet launching also involves a large-
scale magnetic field generated by the electric currents in the disc. It is assumed
that the footpoints of the magnetic field lines are anchored to the plasma, so
the rotation of the disc forces the lines into co-rotation. If the angle between the
field lines and the outwards radial direction is less than ∼ 60◦,4 the elements of
plasma on the surface of the disc are in unstable equilibrium. When perturbed,
they get accelerated away from the disc along the poloidal field lines - just
like beads threaded in a rigid wire (Lyutikov 2009, Sa̧dowski & Sikora 2010).
The magneto-centrifugal mechanism has been shown to work in Schwarzschild
and Kerr space-times, and also in a Newtonian gravitational field. It may then
lead to the launching of jets from black holes and neutron stars but also from
non-collapsed stars in young stellar objects.

Magneto-centrifugal forces accelerate the jet up to the Alfvén surface, de-
fined as the surface where the jet bulk velocity equals the Alfvén speed. In
this region the magnetic field lines stop co-rotating with the disc and wind up,
developing a significant toroidal component as shown in Figure 2.7.

In the standard MHD model, further acceleration of the outflow is achieved

4This is the maximum angle for instability in a Schwarzschild black hole. It is slightly
smaller for a Kerr black hole with spin a = −1, and approaches 90◦ for a = 1; a is taken
positive (negative) if the black hole and the disc rotate in the same (opposite) sense.

21



Chapter 2. Microquasars

Figure 2.7: Left: jet launching region near an accretion disc. Magnetic pressure is neg-
ligible inside the disc but dominates in the disc atmosphere. In this region the plasma
is approximately force-free and the flow is along the field lines. The kinetic energy
density of matter dominates over magnetic energy density beyond the Alfvén surface.
Right: geometry of the magnetic field lines beyond the Alfvén surface. The field lines
no longer co-rotate with the disc, and start to wind up developing a significant toroidal
component. The shape of the Alfvén surface is only schematic. From Spruit (2010).

by conversion of magnetic energy into bulk kinetic energy. A relevant param-
eter is the magnetization σ, defined as the ratio of the electromagnetic energy
flux to the kinetic energy flux across a section of the jet. Near the launching re-
gion jets are Poynting-dominated, so the initial magnetization is σin � 1. The
maximum possible bulk Lorentz factor of the jet, corresponding to complete
conversion of magnetic energy into kinetic energy, is Γmax

jet = σin.

MHD acceleration is quite efficient in non-relativistic jets: near the Alfvén
surface most of the magnetic energy has converted into kinetic energy and the
jet approaches its terminal velocity (e.g. Giannios 2011). This is not true, how-
ever, for relativistic jets. The efficiency of energy conversion strongly depends
on the symmetry of the flow and the characteristics of the external medium.

Two-dimensional ideal MHD models predict that the acceleration efficiency
depends on the shape of the jet. The bulk Lorentz factor increases as the
jet propagates only when the streamlines satisfy a condition of “differential
collimation”: the separation between nearby flow surfaces should increase
faster than their radius (Komissarov et al. 2009, Komissarov 2011). Jets with a
parabolic-shaped boundary have the best acceleration rate - Γjet increases un-
til σ ∼ 1. Differential collimation of the streamlines may be achieved as the
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combined effect of the radial Lorentz force exerted by the toroidal component
of the magnetic field (“hoop stress”) and the pressure of the external medium
(e.g. Komissarov et al. 2009). In a microquasar, the confining external medium
may be the corona or a slow wind expelled from the accretion disc.

Acceleration due to MHD forces is an spatially extended process because
Γjet grows relatively slowly as the jet expands and advances. Indeed, after the
magnetization has dropped to σ ∼ 1 it only decreases logarithmically with
distance. Therefore, if no other mechanism operates, the jet becomes matter-
dominated at extremely large distances from the central engine (Lyubarsky
2010).

It appears unlikely that the conditions in the confining medium and the
magnetic field configuration remain appropriate to sustain acceleration over
such length scales. Beyond the region where standard MHD acceleration be-
comes inefficient, other processes may contribute to increase the bulk Lorentz
factor of relativistic jets up to the large values inferred specially in AGN and
GRBs. Some alternatives are reviewed in Komissarov (2011) and Meier (2011);
these include energy dissipation by magnetic reconnection or magnetic instabil-
ities, recollimation shocks, and impulsive jet ejection. Tchekhovskoy et al. (2008,
2010) found that in a collapsar the jets can suffer an abrupt re-acceleration
when they break the surface of the collapsing star and become deconfined.
Time-dependent numerical simulations by these authors yield Lorentz factors
Γjet ≈ 102 − 103, in agreement with observations of long GRBs.

Relativistic jets are usually discovered because of their characteristic flat
synchrotron radio spectrum. The distribution in energy of the electrons that
emit the synchrotron radiation is non-thermal and follows approximately a
power-law. Some mechanisms of particle acceleration that lead to the forma-
tion of a power-law spectrum are diffusive shock acceleration (also known as
first-order Fermi process; Bell 1978, Drury 1983), magnetic reconnection (e.g.
Zenitani & Hoshino 2001, Kowal et al. 2011), and the converter mechanism
(Derishev et al. 2003).

Diffusive shock acceleration is usually quoted as the mechanism at work
in jets, mainly because internal shocks are expected to develop when differ-
ent regions of the jet collide. However, the internal shock model has some
caveats. As discussed above, ideal MHD models predict that relativistic out-
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flows remain Poynting-dominated, but for magnetizations σ & 0.1 the effi-
ciency of shocks to heat the plasma is greatly reduced (Kennel & Coroniti
1984). Furthermore, the magnetic field is largely parallel to the shock front, an
unfavourable configuration for particle acceleration. Diffusive shock accelera-
tion still appears to be the most efficient mechanism in the mildly relativistic
jets in microquasars (Bosch-Ramon & Rieger 2011). The action of other acceler-
ation processes, however, should not be discarded.

Whatever the acceleration mechanism is, the detection of non-thermal ra-
diation undoubtedly reveals that there are relativistic electrons or positrons
in the jets. The exact full composition of the jets, however, is unknown. Jets
launched by the Blandford-Znajek mechanism start as a flux of electromagnetic
field and get afterwards loaded with electron-positron pairs generated in situ.
But if the jets are fed with matter from the accretion disc or the corona they
may also contain baryons. There is one source, the microquasar SS 433, where
the presence of hadrons in the jets has been confirmed through the detection
of Doppler-shifted iron lines (Migliari et al. 2002). The same processes that ac-
celerate electrons might be efficient as well to accelerate hadrons.5 Indeed, the
composition of cosmic rays shows that protons can be accelerated to relativistic
energies. The consequences of the injection of relativistic protons in the jets of
microquasars are discussed below, and are one of the topics of this thesis.

2.2 observational characteristics

2.2.1 Spectral states and the role of jets

Black hole X-ray binaries go through different spectral states, classified accord-
ing to the timing and spectral characteristics of the X-ray emission. The four
canonical states are (e.g. McClintock & Remillard 2006, Belloni et al. 2011)
the low-hard, high-soft, very high, and quiescence states. Intermediate states with

5The same mechanism (diffusive shock acceleration) that accelerates particles in supernova
remnants (SNRs) is expected to operate in jets. The presence of relativistic electrons in SNRs is
inferred from the detection of non-thermal radiation, but there is also strong evidence support-
ing the presence of relativistic protons in two systems, Cassiopeia A and Tycho. The combined
data of the gamma-ray satellite Fermi and the Cherenkov array VERITAS, favour a hadronic
(due to decay of neutral pions created in proton-proton collisions) over a leptonic origin of the
high energy and very high energy emission from these sources (Araya & Cui 2010, Morlino &
Caprioli 2012).
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mixed properties are also observed. These five spectral states can be briefly
characterised as follows:

• Low-hard (LH) state: the X-ray flux follows a hard power-law F ∝ E−α
γ of

index α ∼ 0.4− 0.9, with an exponential cutoff at ∼ 100 keV. The Fe Kα line at
∼ 6.4 keV is observed in many sources. All these features can be explained in
terms of Compton scattering of photons from the accretion disc in a hot corona,
plus the reprocessing of some the scattered radiation in the disc. The presence
of steady jets in the LH state is inferred from the flat/slightly inverted shape
of the radio spectrum. The radio and X-ray emission are tightly correlated,
suggesting that the jets may also contribute at X-ray energies. The typical
luminosity of jets in the LH state is ∼ 1036−37 erg s−1.

• Quiescence state: similar to a faint LH state. The X-ray spectrum is domi-
nated by a hard power-law of very low luminosity (∼ 1030−35 erg s−1).

• Very high (VH) state: the X-ray spectrum is a power-law without indication
of a cutoff up to ∼ 100 keV. The power-law is steeper than in LH state. Some
sources in VH state show quasi-periodic oscillations (QPOs). The role of jets
during the VH state is not clear. In some cases the onset of the VH state
coincides with the quenching of the radio emission; in other sources discrete
ejections are observed during the VH state or the transition to it.

• High-soft (HS) state: the spectrum below ∼ 10 keV is dominated by the
thermal emission of an accretion disc of temperature kTd ≈ 0.5 − 1 keV. A
steep power-law tail extends into the hard X-rays. The Fe Kα line is broadened,
probably because the disc extends closer to the compact object than in the LH
state. The radio emission is strongly suppressed, suggesting the absence of
jets.

• Intermediate states: XRBs spend most time in the four spectral states de-
scribed above, but there are also epochs when the characteristics of the X-ray
emission cannot be accounted for in terms of purely one spectral state. In such
cases the source is said to be in an intermediate state. Intermediate states occur,
for example, during the transition between two of the main spectral states.
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Figure 2.8 shows the SEDs of several black hole XRBs in low-hard, high-soft,
and very high state. The distinguishing features of each state are clearly seen.

Figure 2.8: SEDs of several black hole X-ray binaries in the low-hard state (left), high-
soft state (center), and very high state (right). From McClintock & Remillard (2006).

Esin et al. (1997) developed a model to explain the change between spectral
states in terms of variations in the mass accretion rate. In this model the X-ray
emission originates in an accretion disc and a two-temperature ADAF corona.
The transition radius between the disc and the corona is a function of the
accretion rate, as depicted in the left panel of Figure 2.9. The parameters are
normalized to the gravitational radius of the black hole and the Eddington
mass accretion rate: rtr ≡ Rtr/Rgrav and ṁ ≡ Ṁ/ṀEdd, respectively.
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Figure 2.9: Left: structure of the accretion disc and the corona as a function of the
mass accretion rate. From Esin et al. (1997). Right: hardness-intensity diagram along
the complete cycle of transitions between spectral states. The value of the bulk Lorentz
factor of the jet and the inner radius of the disc are plotted in the bottom panel. The
configuration of the disc, corona, and jet in each phase is shown. From Fender et al.
(2004b).

In quiescence the accretion rate is very low and the transition radius is large,
ṁ . 10−2 and rtr ≈ 103−4. The radiation from the disc is negligible and the
corona is radiatively very inefficient. At higher accretion rates, 10−2 . ṁ . 0.1,
the source enters the LH state. The configuration is similar but the radiative
efficiency of the corona increases, whereas the disc is still very faint.

The two-temperature ADAF solution exists only for accretion rates lower
than a critical value ṁcrit(rtr). The transition radius decreases as the accretion
rate increases. Eventually, the disc extends up to the innermost stable orbit
and the corona disappears. The corresponding value of the critical accretion
rate depends on the details of the model, but it is of the order of ṁcrit ≈ 0.1.
The disappearance of the corona sets the transition from the LH to the HS
state. In HS state the spectrum is dominated by the emission of the disc, plus
a power-law tail from a very thin corona.

The main drawback of this model is that it cannot explain the transition to
the VH state that takes place when the accretion rate approaches the Eddington
limit. Esin et al. (1997) suggested that in the VH state other mechanisms of
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energy dissipation (magnetic reconnection, for example) might enhance the
radiative efficiency of the corona.

The model of Esin et al. (1997) does not address the role of jets. The radio
emission indicates that steady, compact jets are active during the LH state and
disappear in the HS state. Fender et al. (2004b) proposed that black hole XRBs
follow a cycle in which the dynamics of the disc, corona, and jets are coupled.
The right panel of Figure 2.9 is a hardness-intensity diagram of the cycle; each
phase is associated with a spectral state. The configuration of the accretion
flow and the jet during each phase is also sketched in the figure.

Steady jets are present during the quiescence and the LH states, or phase (i).
The luminosity rises until it peaks when the sources enters the VH/intermediate
state, or phase (ii). Phase (iii) starts still during the VH state, as the path in
the hardness-intensity diagram approaches the “jet line”. At this point the ejec-
tion velocity of the outflow suddenly increases. An internal shock propagates
when the high velocity plasma catches up with the slow jet. These shock waves
might be observed as advancing superluminal components. It is possible that
the ejected fast plasma is the corona itself, pushed by the accretion disc as it
approaches the black hole, giving rise to fast, large-scale events of magnetic
reconnection (de Gouveia dal Pino & Lazarian 2005). Finally the jet disappears
and the source enter the HS, or phase (iv). The source then returns to the LH
state. The transition HS-to-LH always occurs at lower luminosities than the
transition LH-to-HS.

The spectrum of jets during the LH state covers the radio band and con-
tinues up to a turnover at infrared/optical frequencies. There is, however, a
hint that it could extend, at least, up to the X-rays. A clear correlation between
the radio and the X-ray emission is observed during the LH state (Corbel et al.
2003, Gallo et al. 2003). The coupling can be parameterised as (Merloni et al.
2003, Falcke et al. 2004)

Lradio ∝ M0.8 L0.6
X . (2.20)
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This scaling law is known as the fundamental plane of black hole activity.6 It
remains valid up to very low accretion rates in quiescence state, but it does not
apply in the HS state (Gallo et al. 2003).

Two scenarios have been proposed to explain the radio/X-ray coupling. In
one case the radio emission originates in the jet and the X-rays in a radiatively
inefficient corona. The non-linear relation in Eq. (2.20) arises because of the
different scaling of the radio and X-ray luminosities with the accretion rate
(Merloni et al. 2003). The alternative is that the jets considerably contribute, or
even dominate, the X-ray emission. Markoff et al. (2001, 2003) have shown that
a single synchrotron component emitted by relativistic electrons in a jet, can
fit the simultaneous radio and X-ray data of the binaries XTE J1118+480 and
GX 339-4. This is an interesting possibility, since it implies that the jets carry
significant power in high-energy non-thermal electrons.

2.2.2 Differences between neutron star and black hole binaries

Low-magnetic field accreting neutron stars7 are classified according to the
shape of the path they follow in an X-ray colour diagram (e.g. van der Klis
2006). The two main types are the Z and the atoll sources.

The Z-type sources host neutron stars with magnetic fields . 109 G and
accrete at a rate close to the Eddington limit. These are the brightest persistent
X-ray sources observed. Z sources are also variable radio emitters; jets have
been imaged in two of them, Scorpius X-1 and Circinus X-1. Atoll-type sources
are low-mass X-ray binaries that accrete at lower rates than Z sources. They
are faint radio sources (∼ 30 times less powerful than black holes and Z-type
neutron stars); no jets have been detected in any atoll source.

A comprehensive study of the radiative properties of both accreting neutron
stars and black holes was carried out by Migliari & Fender (2006). Both types of
sources appear to produce steady jets during states of low-hard X-ray emission.
There are, however, some important differences. First, atoll-type neutron stars

6The fundamental plane can be also applied to X-ray observations of supermassive black
holes. Its universality, however, is far from being established. See for example Gallo et al. 2012
for a critical assessment of its validity in the case of XRBs.

7In neutron stars with very large magnetic fields such as X-ray pulsars (B & 1011 G), the
magnetic field disrupts the accretion flow far from the neutron star. These sources probably
do not produce jets.
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do not show a large suppression of the radio emission in soft state. Also no
transient ejections are seen during hard to soft state transitions in neutron
stars (see Miller-Jones et al. 2010 for the case of Aquila X-1). Second, the
correlation between the radio and X-ray luminosities is harder, Lradio ∝ L1.4

X .
And third, neutron star binaries are less powerful radio emitters than black
holes binaries for the same value of the ratio LX/LEdd; this might imply that
jets from neutron stars are less powerful than jets from stellar-mass black holes.
Jets from neutron star XRB, however, can be very relativistic. An example is
the jet in the microquasar Circinus X-1, with an inferred bulk Lorentz factor
≥ 10 (Fender et al. 2004a).

The nature of the compact object does not seem, then, to have a funda-
mental role in the formation of jets in XRBs. The launching of relativistic jets
depends, in principle, only on the presence of an accretion disc and rotating
compact object. Recently, Migliari et al. (2011) investigated if the spin of the
compact object may account for the observed differences between accreting
neutron stars and black holes. They found some hints that the value of the
spin might be correlated with the jet power, but the results are only prelimi-
nary.

2.2.3 Detections at high and very high energies

Gamma-ray astronomy has experienced a breakthrough during the past few
years, largely because of the improved capabilities of the new ground-based
and satellite-borne instruments presently available. The high-energy gamma-
ray band (HE, 30 MeV - 50 GeV) is explored with space-borne detectors. There
are several active gamma-ray satellites, like the Fermi Gamma-ray Space Tele-
scope, and the Astro-rivelatore Gamma a Immagini LEggero (AGILE). Observa-
tions at very high energies (VHE, > 50 GeV) are carried out with terrestrial
Cherenkov telescope arrays, mainly the Major Atmospheric Gamma-ray Imag-
ing Cherenkov Telescope (MAGIC, two telescopes in La Palma, Spain), the
High Energy Stereoscopic System (HESS, four telescopes in Khomas Highland,
Namibia), and the Very Energetic Radiation Imaging Telescope Array System
(VERITAS, four telescopes in southern Arizona, USA).

Up to date, five galactic XRBs have been detected at high or very high
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Figure 2.10: Artistic representation of a microquasar (left) and a pulsar/Be star binary
system (right). In high-mass microquasars the gamma rays are produced by non-
thermal particles in the jets. In pulsar/Be star binaries particles are accelerated where
the pulsar wind and the disc of the star collide. From Mirabel (2006).

energies (Holder 2009, Paredes & Zabalza 2010, Paredes 2011). All of them
are also radio sources and contain a massive companion star of type O or
B. There are at least three other sources - HESS J0632 + 57 (Aharonian et al.
2007, Jogler et al. 2011), 1FGL J1018.6 − 5856 (Corbet et al. 2011), and AGL
J2241 + 4454 (Lucarelli et al. 2010) - that are candidates to gamma-ray binaries;
see for example Casares et al. 2012 for evidence supporting this scenario in
HESS J0632 + 57 and AGL J2241 + 4454.

The identified gamma-ray binaries are (or are suspected to be) either high-
mass microquasars or systems formed by a Be star and a non-accreting pulsar.
Figure 2.10 shows a comparative sketch of the two types of binaries. In high-
mass microquasars, the gamma-ray emission is thought to originate from the
interaction of relativistic particles in the jets with the wind and the radiation
field of the companion star. In pulsar-driven binaries the high-energy emis-
sion is expected to be produced by particles accelerated at shocks that develop
where the pulsar wind and the stellar disc collide.

PSR B1259− 63 is a confirmed pulsar gamma-ray binary (Aharonian et al.
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2005). The sources LS I +61◦ 303 and LS 5039 have been detected at high and
very high energies (Albert et al. 2006, Acciari et al. 2008, Abdo et al. 2009b,
Jogler & Blanch 2011, Aharonian et al. 2006a, Abdo et al. 2009c), but in these
the nature of the compact object remains unknown (Casares et al. 2005a,b). It is
not clear either whether they are powered by accretion or pulsar-driven. Mod-
els based on both scenarios have been developed (Bosch-Ramon et al. 2006a,
Dubus 2006, Romero et al. 2007), but none can completely explain the observed
phenomenology. McSwain et al. (2011) searched for pulsed radio emission in
LS I +61◦ 303 and LS 5039 with negative results. Recently, Massi et al. (2012)
revisited radio observations of LS I +61◦ 303 and concluded that the morphol-
ogy of the emitting region is consistent with that of a precessing jet, and not
with the cometary tail of a pulsar.

The confirmed gamma-ray microquasars are Cygnus X-1 and Cygnus X-3.
In the former the compact object is a black hole, whereas in the latter it is yet
unidentified.

Gamma-ray emission at a few MeV from Cygnus X-1 was already observed
with the COMPTEL instrument on board the Compton Gamma-Ray Observatory
about a decade ago (McConnell et al. 2000). A very high-energy gamma-ray
flare (79 min) was detected with MAGIC in 2006 at a 4.1σ confidence level
(Albert et al. 2007). A longer (∼ 1 day) flare at > 100 MeV was observed with
AGILE in 2009 (Sabatini et al. 2010). The MAGIC detection occurred just before
superior conjunction. To avoid the strong absorption in the stellar radiation
field, the emission site must have been located at the border of the binary
system (Bosch-Ramon et al. 2008, Romero et al. 2010a). A possible origin of the
flaring emission is the interaction of relativistic protons in the jet with a clump
in the wind of the companion star. Romero et al. (2010a) estimated that the
time for the clump to cross the jet is of the order ∼ 104 s, consistent with the
rising time of the 2006 flare.

Cygnus X-3 has been detected with AGILE (Tavani et al. 2009, Bulgarelli
et al. 2012) and Fermi (Abdo et al. 2009d) as a transient source. The high-
energy emission detected by Fermi is modulated with the orbital period of
the binary (∼ 0.2 d), securing the association of the gamma-ray source with
Cygnus X-3. AGILE detected gamma-ray flares from Cygnus X-3 during the
X-ray soft state and a few days before episodes of strong radio emission. The
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radio outburst may be associated with the ejection of discrete jets, or jet-clump
collisions (Araudo et al. 2010).

2.2.4 Modeling the spectrum of microquasars

The radiation from microquasars covers the entire electromagnetic spectrum.
In the LH state the emission from radio to infrared/optical frequencies is firmly
associated with synchrotron radiation from the jets. The origin of the X-ray ra-
diation is not so certain. Classically, it has been attributed to an ADAF corona,
but the strong correlation between the radio and X-ray emission points to a
significant (or dominant) contribution from the jets, at least in some objects.

The most important implication of the detection of synchrotron radiation
from the jets is that these are particle accelerators. This is a strong reason to
maintain that jets can be as well gamma-ray emitters.

Models for the electromagnetic emission in microquasars are an indirect
way to investigate the physical conditions in the source. Comparing the the-
oretical spectrum with the observational data allows to constrain the charac-
teristic parameters of the model, expected to reproduce the conditions in the
emission region. Modeling the SED also serves to make predictions for unex-
plored energy bands, particularly gamma rays.

Usually, radiative jet models are divided into leptonic and hadronic. In lep-
tonic (hadronic) models the bulk of the gamma-ray emission is produced in
interactions initiated by relativistic electrons (protons).

In leptonic models (e.g. Markoff et al. 2001, Kaufman Bernadó et al. 2002,
Bosch-Ramon et al. 2005, Bosch-Ramon et al. 2006b, Khangulyan et al. 2008)
gamma rays are created by relativistic electrons in the jets mainly through
inverse Compton interactions. The most important target photon field in a
high-mass microquasar is the radiation field of the companion star. Inverse
Compton scattering against the internal radiation field of the jet is more effi-
cient in low-mass microquasars, where the donor star is in general too dim.

The interaction of relativistic protons in the jets with the wind of the com-
panion star can produce photons with energies above 1 GeV through proton-
proton inelastic collisions. This is the gamma-ray emission mechanism pro-
posed in hadronic models for high-mass microquasars (e.g. Romero et al. 2003,
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Romero et al. 2005). If a clump in the stellar wind crosses the jet, the tempo-
rary increase in the rate of proton-proton interactions might cause a gamma-ray
flare (Owocki et al. 2009, Romero et al. 2010a).

There is a key feature that distinguishes hadronic from leptonic models:
high-energy hadronic interactions lead to the production of neutrinos. Their
detection would definitely prove that microquasars can accelerate protons up
to relativistic energies. Detailed estimates for the flux of neutrinos from jets in
microquasars, however, predict that they would be undetectable with present
instruments (Reynoso & Romero 2009). The two largest and most sensitive
active neutrino detectors, ANTARES and IceCube, up to now have failed to
detect gamma-ray binaries or any other galactic source (Kappes 2011). The
search is ongoing. It is expected that the chances of detection will improve
significantly with the next-generation neutrino telescope KM3NeT, and future
upgrades of IceCube.

The injection of relativistic protons in the jets brings about yet other interest-
ing and unique effects. In general, protons reach higher energies than electrons
and easily produce gamma rays above 1 GeV. As well as gamma rays, proton-
proton and proton-photon collisions create energetic charged pions, muons,
and electron-positron pairs. These particles can produce significant, and per-
haps detectable, radiation from radio to X-rays.

2.3 scope of this thesis

In this work we develop a model for the electromagnetic radiation of jets in
microquasars that generalizes and improves those existing in the literature.
We seek to obtain a better understanding of the physical conditions in the jets
through the comparison of our results with observational data. In particular,
we focus on models for jets in low-mass microquasars. This is a topic that has
received little attention, overshadowed by the interest in explaining the origin
of the gamma-ray emission detected from binaries with massive companions.
Here we assess the detectability of low-mass microquasars at high and very
high energies with the instruments available now or in the near future. These
predictions are particularly relevant for the Cherenkov Telescope Array (CTA).

Under some basic suppositions, the model allows to characterize the jets in
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steady state. We estimate the value of the magnetic field and the density of
matter and radiation inside the jets. These fields are the targets for relativistic
particles. We explore a large number of possible scenarios by varying the
values of the parameters of the model.

The first generalization we introduce is that our model is lepto-hadronic:
both relativistic electrons and protons are injected in the jets. As we shall show,
the radiative contribution of both species of particles cannot be considered sep-
arately. The efficiency of proton interactions to produce gamma rays depends
in part on the radiative spectrum of electrons at lower energies. We do not deal
with the process of particle acceleration; instead, we just assume that some un-
specified mechanism injects relativistic particles. The steady-state distribution
in energy and space of the relativistic particles results from the interplay be-
tween energy losses, convection or escape from the source, and decay in the
case of unstable species. We consider all these effects by calculating the particle
distributions from an appropriate version of the transport (or kinetic) equation.

Along the thesis, two different versions of this equation are used. We start
by working in the one-zone approximation. In this approximation the region
of injection of relativistic particles is spatially narrow (compared to the length
of the jet) and homogeneous. We later refine this approach by adding a con-
vection term to the transport equation. This allows to study the injection of
relativistic particles in an extended, inhomogeneous region of the jet. We do
not include time dependence. The model cannot be applied to study transient
phenomena such as flaring emission (with typical durations of hours).

The outcome of our model are broadband electromagnetic spectra, from
radio to gamma rays. The total luminosity of the jet is the sum of many in-
dividual components that arise in the interaction of protons, electrons, pions,
muons, and secondary electron-positron pairs with all the target fields. Ra-
diation from pions and muons has been seldom or never studied before in
the context of galactic jets. Depending on the values of the parameters of the
model, the predicted spectral energy distributions take different and complex
shapes.

We implement specific applications of the model. The initial calculations
are general; we show that the observational characteristics of some unidenti-
fied high-energy sources may be reproduced by the model. Later we apply
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Chapter 2. Microquasars

it to fit the available broadband data from two transient8 low-mass micro-
quasars, GX 339-4 and XTE J1118+480. The model predicts that these sources
might emit high-energy gamma rays during outbursts. We expect these results
will be tested in the near future with new data from gamma-ray satellites and
Cherenkov telescopes.

8These sources remain in the LH state typically for periods of months. It is therefore valid
to apply the steady-state model developed here to study their radiative properties during this
spectral state.
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3
O N E - Z O N E L E P T O - H A D R O N I C M O D E L S . I . T H E O RY

3.1 jet model

The low-hard state of X-ray binaries is characterized by the presence of steady
jets. We assume that the jets are launched perpendicularly to the plane of the
accretion disc. We do not consider precessing jets here; the effects of preces-
sion and misalignment on the radiative spectrum of jets have been studied
elsewhere (e.g. Kaufman Bernadó et al. 2002, Romero et al. 2002, Romero &
Orellana 2005).

We adopt cylindrical coordinates. The z-axis is taken along the symmetry
axis of the jet, that makes an angle θjet with the line of sight (see Figure 3.1).
The base of the jet is at a distance z0 = 50Rgrav from the black hole, and the
initial radius of the jet is r0 = χ z0. The outflow expands initially as a cone of
radius

rjet(z) = r0

(
z
z0

)
. (3.1)

Following the “disk-jet symbiosis” hypothesis of Falcke & Biermann (1995)
(see also Mirabel et al. 1998 and Körding et al. 2006), the total power of each
jet is assumed to be proportional to the accretion power,

Ljet = qjetLaccr, (3.2)

where qjet < 1 is an adimensional parameter.

37



Chapter 3. One-zone lepto-hadronic models. I. Theory
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Figure 3.1: Left: components of a low-mass microquasar. Right: a detail, indicating
the relevant geometrical parameters.

At any distance z from the compact object, the total energy budget of the jet
can be roughly divided into magnetic energy, bulk kinetic energy, and particle
internal energy1

Ljet ≈ LB + Lk + Lm. (3.3)

Since the outflow is likely ejected by some kind of magneto-centrifugal mecha-
nism, we assume that the outflow is energetically completely dominated by the
magnetic field at the base. The value of the magnetic field B0 = B(z0) may then
be estimated equating the magnetic energy density at z0 with the total energy
density of the outflow once it has been set in motion with a bulk velocity vjet,

B2
0

8π
=

Ljet

πr2
invjet

. (3.4)

We take rin = r0 + ∆r ≈ r0. For z > z0 the magnetic field decreases as

1Strictly, Ljet > Ljet(z) since part of Ljet is dissipated as radiation.
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3.1 Jet model

B(z) = B0

(z0

z

)m
, (3.5)

with 1 ≤ m ≤ 2 (e.g. Krolik 1999).
Magnetic energy is converted into bulk kinetic energy and internal energy

of the plasma. The bulk Lorentz factor of the jet, Γjet, increases as the outflow
accelerates. The behaviour of Γjet with the distance to the black hole can be
studied both analytically and numerically using the equations of the MHD
(e.g. Lyubarsky 2010, Tchekhovskoy et al. 2008, 2010); a simpler approach is
presented in Reynoso et al. (2011). Here we simply adopt a constant value of
Γjet for all z larger than a certain zin ≈ z0.

The jet is dynamically dominated by thermal (cold) matter. If shock waves
propagate through some region of the outflow, the suprathermal tail of the
Maxwellian particle distribution may be accelerated up to relativistic energies
by diffusion across the shock front (see, for instance, Drury 1983 and references
therein). We assume that the total power Lrel injected in relativistic particles is
only a small fraction of the total jet power,

Lrel = qrelLjet, (3.6)

with qrel � 1. This power is shared between relativistic protons and leptons

Lrel = Lp + Le. (3.7)

We relate the energy budget of both species as

Lp = a Le. (3.8)

The parameter a remains free in our model but, as we are interested in jets
with a relevant hadronic content, we keep a ≥ 1 throughout.

The physical conditions for an efficient particle acceleration are not clear.
For the plasma to be mechanically compressible and allow the formation of
shocks, the magnetic energy density UB = B2/8π must be in sub-equipartition
with the bulk kinetic energy density Uk of the plasma (see Komissarov et al.
2007 for a discussion on this topic). Therefore, the base of the acceleration
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Chapter 3. One-zone lepto-hadronic models. I. Theory

region must be located at a distance zacc from the black hole such that

UB(zacc) < Uk(zacc). (3.9)

The kinetic energy density of the jet can be written as

Uk = n(z)Ekin
p , (3.10)

where n(z) is the density of thermal particles (e.g. Bosch-Ramon et al. 2006b)

n(z) ≈ Ljet

Γjetπr2
jetvjetmpc2

, (3.11)

and Ekin
p is the relativistic kinetic energy of a proton that moves with the jet

bulk velocity

Ekin
p = (Γjet − 1)mpc2. (3.12)

The presence of shocks may not suffice to accelerate particles efficiently.
According to Gaisser (1990), for diffusive shock acceleration to work, the ram
pressure in the acceleration region must dominate over the magnetic pressure.
This condition can be written as

UB(zacc) <
2
3

Um(zacc), (3.13)

where Um is the internal matter energy density. For a cold proton-dominated
jet, Um can be calculated as in Bosch-Ramon et al. (2006b)

Um = n(z)Ēkin
p . (3.14)

Here Ēkin
p is the classical kinetic energy of a thermal proton

Ēkin
p =

1
2

mpv2
p. (3.15)

The mean velocity of the particles is taken to be equal to the lateral expansion
velocity of the jet, vp = vexp = χvjet, that is of the order of the speed of
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3.2 Injection and energy distribution of relativistic particles

sound in the plasma in the comoving or jet reference frame.2 Condition (3.13) is
stronger than (3.9), in the sense that if the former is fulfilled, so is the latter. In
either case, the location of the innermost acceleration region can be determined
demanding that the appropriate condition is satisfied,

UB = ρ U(k,m), (3.16)

with ρ < 1.

3.2 injection and energy distribution of relativistic particles

The most energetic thermal particles in the jet may get accelerated up to rel-
ativistic energies by the action of one or more mechanisms. The protons and
electrons injected in this way are referred to as primary particles. The secondary
particles are the pions, muons, and electron-positron pairs injected as a result
of the interaction of primary particles with matter and radiation.3 The injec-
tion and cooling of primary and secondary particles occurs mainly in the same
region of the jet, that we call acceleration region.4

We do not model the acceleration process, but assume that it leads to an
injection spectrum of primary particles that is a power-law in energy. We pa-
rameterize the isotropic injection function (in units of erg−1 cm−3 s−1) in the
jet reference frame as

Q (E, z) = Q0 E−α z−β, (3.17)

with α, β > 0. The normalization constant Q0 is calculated from the total power
injected in each type of particle

L(e,p) =
∫

V
d3r

∫ Emax

Emin
dE E Q(e,p)(E, z), (3.18)

where V is the volume of the acceleration region.

2This is the reference frame attached to bulk motion of the outflow.
3And also the electron-positron pairs created by annihilation of two photons, see Section

3.4.1.
4Notice that protons can still cool significantly beyond this region; see Chapters 4 and 5.
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One of the problems of the theory of diffusive shock acceleration is that only
suprathermal particles (those with energies significantly above their thermal
energy) can cross the shock front and be efficiently accelerated. This means
that some mechanism of “pre-acceleration” must operate. To take this effect
into account, we adopt Emin ≥ 2mc2. Aside from this constraint, the minimum
energy of primary particles is a free parameter of the model.

The maximum energy that primary particles can attain is fixed by the bal-
ance of acceleration and energy losses. Particles can gain energy up to a certain
value Emax for which the total cooling rate equals the acceleration rate, i.e.

t−1
acc (Emax, z) = t−1

cool (Emax, z) . (3.19)

For diffusive shock acceleration, the time for a particle to reach an energy
E is approximately (e.g. Aharonian 2004)

tacc = 10
D(E)

v2
s

, (3.20)

where D(E) is the diffusion coefficient in the upstream (unshocked) region,
and vs the velocity of the upstream region in the reference frame of the shock
front. The diffusion coefficient is unknown, but it can be written in terms of
the minimum or Bohm diffusion coefficient DB as

D(E) = ξDB(E), (3.21)

where

DB(E) =
1
3

Ec
eB

, (3.22)

the electron charge is e, and ξ ≥ 1. A diffusion coefficient equal to the Bohm
value implies that the mean free path of a particle is equal to its gyroradius.
Replacing Eq. (3.21) into Eq. (3.20) gives

tacc =
10
3

ξ

(
c
vs

)2 E
eBc

. (3.23)
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Without entering into details about the value of the diffusion coefficient and
the shock speed, we parameterize the acceleration rate as

t−1
acc = ηeBcE−1, (3.24)

where the coefficient η < 1 characterizes the efficiency of the acceleration.

The total cooling rate is the sum of the individual contributions of all the
radiative and non-radiative processes of energy loss

t−1
cool = ∑

i

(
ti
cool

)−1
. (3.25)

The expressions for the radiative cooling rates are given in Section 3.3. The non-
radiative energy losses are due to the adiabatic work exerted by the relativistic
particles on the walls of the expanding plasma. The adiabatic cooling rate is
(e.g. Bosch-Ramon et al. 2006b)

t−1
ad =

2
3

vjet

z
. (3.26)

There is a further constraint on the maximum energy of the relativistic
particles, since these can only remain confined if their gyroradius rgy does not
exceed the size of the acceleration region. This condition is known as the Hillas
criterion (Hillas 1984). According to this criterion, we must then demand that

rgy =
E

eB(z)
< rjet(z). (3.27)

The value of the maximum energy is the minimum between those determined
from Eqs. (3.19) and (3.27).

The injection function and the maximum energy of the secondary particles
depend on the specific process by which they were created. The relevant for-
mulae are presented in Section 3.3.

A general expression for the equation that describes the evolution of the
distribution of relativistic particles N (~r, E, t) is given by (e.g. Ginzburg & Sy-
rovatskii 1964, Ginzburg & Ptuskin 1976, Aharonian 2004)
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∂N
∂t
−∇ · (D∇N) +∇ · (~vN) +

∂

∂E
(bN) = −pN + f [N] + Qinj. (3.28)

The second and third term on the left-hand side account for the particle trans-
port through diffusion and convection, respectively; D(~r, E) is the diffusion
coefficient and ~v the bulk velocity of the medium. The fourth term represents
the “continuous” energy losses; these are interactions in which the particle
only suffers a small change in its energy. The function b(~r, E) < 0 is the total
energy loss rate

b ≡ dE
dt

∣∣∣∣
cool

= −E t−1
cool. (3.29)

The first and second terms on the right-hand side are the “catastrophic” losses.
These are processes in which a particle disappears as such, or loses a significant
fraction of its initial energy in only one interaction. Particles can disappear, for
example, because they decay. If τdec is the mean lifetime of the particle in its
rest frame and γ its Lorentz factor, then

pdec =
1

Tdec
=

1
γτdec

. (3.30)

The functional f [N] accounts for the influx of particles because of catastrophic
interactions. It can be written as

f [N] = ∑
k

∫
Pk
(
E′, E

)
Nk
(
E′,~r, t

)
dE′, (3.31)

where Pk (E′, E) is the probability per unit time and unit energy, of the ap-
pearance of a particle with energy E in a collision of a particle of type k and
energy E′. Relativistic Bremsstrahlung and inverse Compton scattering in the
Klein-Nishina regime are examples of processes that lead to catastrophic en-
ergy losses.
Finally, the last term on the right-hand side is the particle injection function
Qinj (~r, E, t). This function must account for the injection of particles through
the acceleration processes, and also through the decay or annihilation of other
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3.2 Injection and energy distribution of relativistic particles

species. In a strict treatment, particle acceleration should be included sepa-
rately as extra terms involving energy derivatives of N (~r, E, t). In Eq. (3.28)
these terms are replaced by the effective injection function in Eq. (3.17).

We use a simplified form of Eq. (3.28) to calculate the energy distributions
of primary and secondary particles. The most important approximation we
introduce is that the acceleration region is spatially thin enough to ignore the
spatial derivatives in the transport equation. This is called the one-zone ap-
proximation. Physically, it means that the contribution to N(E, z) of particles
coming from other regions in the jet is neglected.

An effective term of the form

Qesc = −
N

Tesc
(3.32)

is added to account for the escape of particles from the acceleration region.
This approach is usually known as the “leaky box”. We consider a simple,
energy-independent, expression for the escape time

Tesc ≈
∆z
vjet

, (3.33)

where ∆z is the width of the acceleration region.
We also neglect catastrophic energy losses, so the second term on the right-

hand side of Eq. (3.28) is dismissed. See Khangulyan & Aharonian (2005) for a
discussion on this approximation in the case of inverse Compton energy losses.
Finally, throughout this thesis we are only interested in models for jets that are
globally in steady state.

Under the approximations described above, the transport equation reads

d
dE

(bN) +
N
T

= Qinj, (3.34)

with

T(E) =
[

1
Tesc

+
1

Tdec(E)

]−1

. (3.35)

The mean lifetime of protons and electrons/positrons is infinite, so the decay
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term only contributes when solving for pions and muons.
The general analytic solution of Eq. (3.34) is known (e.g. Aharonian 2004)

N(E) =
1

b (E)

∫ Emax

E
dE′ Qinj(E′) exp

[
−τ(E, E′)

T(E′)

]
, (3.36)

where

τ(E, E′) ≡
∫ E′

E
dE′′

1
b (E′′)

. (3.37)

A particular case of importance is that when energy losses dominate over par-
ticle escape and decay. The solution of Eq. (3.34) then reduces to

N(E) ≈
∣∣∣∣

1
b(E)

∣∣∣∣
∫ ∞

E
dE′ Qinj(E′). (3.38)

If the injection function and the total energy loss rate are described by power-
laws5 of spectral indices α > 1 and ε, respectively, then

N ∝ E−(α+ε)+1. (3.39)

The steady-state distribution of particles, therefore, does not reproduce the
energy dependence of the injection function, except when ε = 1.

3.3 radiative processes

3.3.1 General considerations

Relativistic particles interact with the magnetic field, radiation, and matter in
the jet to produce photons and secondary particles. For each radiative pro-
cess we calculate the specific luminosity Lγ(Eγ) (in units of erg s−1) at photon
energy Eγ. The total luminosity of the jet is the sum of these individual contri-
butions; it is a measure of the intrinsic radiative power of the jets, not affected
by inferred parameters such as the distance to the system.

5As we shall see, this is indeed the case for virtually all the processes considered in this
thesis.
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3.3 Radiative processes

Equation (3.34) yields the particle distributions in the jet frame, attached to
bulk motion of the outflow. Then, for convenience, we initially calculate the
luminosities in this reference frame. The jet frame moves with velocity vjet with
respect to the observer frame, the reference frame fixed to the accretion disc or
the compact object.

The luminosities in the observer frame are obtained applying an appropri-
ate boost, see for example Lind & Blandford (1985). Denoting the variables in
the comoving and the observer frame with primed and non-primed symbols,
respectively, the luminosity transforms as

Lγ(Eγ) = D2 L′γ(E′γ). (3.40)

Here

Eγ = DE′γ (3.41)

is the photon energy in the observer frame, and

D =
[
Γjet
(
1− βjet cos θjet

)]−1 (3.42)

is the Doppler factor for an approaching jet; θjet is the viewing angle (see Figure
3.1) and βjet = vjet/c.

The exception to this procedure is the calculation of the luminosity from the
decay of neutral pions created in proton-proton inelastic collisions. For this
process it is convenient to work directly in the observer frame, where some
useful parameterizations for the total inelastic cross section are available. It is
necessary, then, to convert the proton distribution obtained from Eq. (3.34) to
the observer frame. This can be done with the transformations given in Torres
& Reimer (2011). Using the same notation convention as before, the proton
distribution transforms as

Np(E) = N′p(E′)
(

p
p′

)(
E
E′

)
. (3.43)

The transformations for energy and momentum are
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E′ = Γjet
(
E− βjetcp cos θjet

)
(3.44)

and

p′2 = p2

[
sin2 θjet + Γ2

jet

(
cos θjet −

βjetE√
E2 −m2c4

)2
]

, (3.45)

where E2 = c2p2 + m2c4. Equation (3.44) reduces to Eq. (3.41) for a massless
particle. Notice that for the values of the jet bulk Lorentz factor and the view-
ing angle adopted throughout this thesis, the simpler transformation for the
particle distribution obtained in earlier works (e.g. Purmohammad & Samimi
2001) provides accurate results.

Some relevant formulae regarding the calculation of the cooling rates and
the luminosities are given below. A more detailed discussion about some in-
teractions is presented in Appendix A; see also the books by Aharonian (2004)
and Romero & Paredes (2011).

3.3.2 Synchrotron radiation

Charged relativistic particles emit synchrotron radiation as they move in the
magnetic field of the jet. For a particle of unit charge e, energy E, and mass m
in a random magnetic field, the synchrotron cooling rate is (e.g. Blumenthal &
Gould 1970)

t−1
synchr =

4
3

(me

m

)3 cσT UB

mec2
E

mc2 . (3.46)

Here me is the mass of the electron and σT is the Thomson cross section. The
mass ratio in Eq. (3.46) makes synchrotron cooling very efficient for light par-
ticles. In particular, for a proton and an electron with the same Lorentz factor,
the cooling rate is

(
mp/me

)3 ≈ 7× 109 times larger for the electron.
In the comoving reference frame, the synchrotron power per unit energy

radiated by a single particle is

Psynchr (Eγ, E, α,~r) =
√

3 e3B (~r)
4πmc2h

Eγ

Ec

∫ ∞

Eγ/Ec

dζ K5/3(ζ), (3.47)
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where Eγ is the energy of the emitted photon and K5/3(ζ) is a modified Bessel
function of the second kind.6 The variable α is the “pitch angle”, defined as the
angle between the magnetic field and the particle’s momentum. The function
Psynchr peaks sharply near the characteristic energy

Ec =
3heB sin α

4πmc

(
E

mc2

)2

. (3.48)

In general, the value of Ec is much smaller than that of the energy of the parent
particle.

The total synchrotron luminosity is calculated integrating Eq. (3.47) times
the distribution of particles over energy, pitch angle, and volume of the emis-
sion region

Lsynchr (Eγ) = Eγ

∫

V
d3r

∫

Ωα

dΩα sin α
∫ Emax

Emin
dE N(E,~r) Psynchr. (3.49)

A power-law distribution of particles yields a synchrotron spectrum that is also
a power-law. For N ∝ E−p, the synchrotron luminosity (in units of erg s−1) is
of the form Lsynchr ∝ E−l

γ with l = −(p− 3)/2.

3.3.3 Relativistic Bremsstrahlung

Bremsstrahlung radiation is produced when a relativistic charged particle is
accelerated in an electrostatic field. Bremsstrahlung losses are essentially catas-
trophic: the particle loses almost all its energy in one interaction, and most of
the emitted radiation is in the form of high-energy photons. We can, however,
introduce an average continuous cooling rate. For an electron of energy Ee in
a plasma of fully ionized nuclei of charge eZ and number density np,

t−1
Br = 4 αFS r2

e Z2cnp

[
ln
(

2Ee

mec2

)
− 1

3

]
. (3.50)

where αFS is the fine structure constant and re the classical electron radius.

6A very simple analytical approximation for the integral is given in Appendix A.
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The differential cross section for the emission of a photon with energy Eγ

by an electron of energy Ee � mec2 in the presence of a nucleus of charge eZ
is (e.g. Berezinskii et al. 1990)

dσBr

dEγ
(Eγ, Ee) =

4 αFS r2
e Z2

Eγ

[
1 +

(
1− Eγ

Ee

)2

− 2
3

(
1− Eγ

Ee

)]
×

{
ln
[

2Ee (Ee − Eγ)

mec2Eγ

]
− 1

2

}
.

(3.51)

The Bremsstrahlung luminosity can be directly calculated from the differential
cross section and the distribution of electrons as

LBr (Eγ) = cE2
γ

∫

V
d3r np(~r)

∫ Emax
e

Emin
e

dEe
dσBr

dEγ
(Eγ, Ee) Ne(Ee,~r). (3.52)

3.3.4 Proton-proton inelastic collisions

The inelastic collision of a relativistic proton with a low-energy proton yields
mesons. The reactions with the lowest energy thresholds correspond to the
creation of pions

p + p→ p + p + aπ0 + b
(
π+ + π−

)

p + p→ p + n + π+ + aπ0 + b
(
π+ + π−

)
(3.53)

p + p→ n + n + 2π+ + aπ0 + b
(
π+ + π−

)
.

The integers a and b are the pions multiplicities. They depend on the energy of
the relativistic proton approximately as a, b ∝ E−κ

p with κ ∼ 1/4 (Mannheim &
Schlickeiser 1994). The threshold energy for the production of a single neutral
pion is
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3.3 Radiative processes

Ethr = mpc2 + 2mπ0c2
(

1 +
mπ0

4mp

)
≈ 1.22 GeV, (3.54)

where mp and mπ0 are the mass of the proton and the neutral pion, respectively.

The cooling rate for a proton of energy Ep due to inelastic collisions with
a target field of low-energy protons with number density np is (e.g. Begelman
et al. 1990, Aharonian & Atoyan 2000)

t−1
pp ≈ cnpKppσpp

(
Ep
)

. (3.55)

Here σpp is the total inelastic cross section (see Appendix A) and Kpp ≈ 0.5 is
the total inelasticity of the interaction. Most of the energy lost by the relativistic
proton is transferred to only one or two “leading” pions. To calculate the
cooling rate of charged pions due to inelastic collisions with protons we use
that σπp ≈ 2/3 σpp. This approximation for the cross section was introduced by
Gaisser (1990), taking into account that the proton is formed by three valence
quarks whereas the pion only by two.

The main decay mode of the neutral pion is into two gamma rays7

π0 −→ γ + γ. (3.56)

Kelner et al. (2006) introduced an useful parameterization for the spectrum
of gamma rays due to the decay of neutral pions created in proton-proton
collisions. The formulae were obtained fitting the results of the code SIBYLL,
used to study atmospheric cascades at ultra-high energies (Fletcher et al. 1994).
Defining x = Eγ/Ep, the gamma-ray emissivity (in units of erg−1 cm−3 s−1) is
given by

q(pp)
γ (Eγ,~r) = c np (~r)

∫ Emax
p

Eγ

1
Ep

σpp
(
Ep
)

Np
(
Ep,~r

)
Fγ

(
x, Ep

)
dEp. (3.57)

7The mean lifetime of the neutral pion is τπ0 = (8.4± 0.4)× 10−17 s; the branching ratio
of the two-photon decay mode is (98.823± 0.034). Data from Nakamura et al. (2010), also
available online at http://pdg.lbl.gov/.
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The function Fγ

(
x, Ep

)
is the number of photons per unit energy created per

proton-proton collision; see Appendix A for its full expression.

Equation (3.57) is valid for Ep & 100 GeV. At lower energies, the gamma-ray
emissivity can be calculated to a good accuracy using the δ-functional formal-
ism (Aharonian & Atoyan 2000, Kelner et al. 2006). In this approximation all
the neutral pions carry a fixed fraction of the kinetic energy of the relativistic
proton, Eπ ≈ KπEkin

p . The injection function of neutral pions is then

Q(pp)
π0 (Eπ,~r) ≈ ñ

Kπ
c np (~r) σpp

(
mpc2 +

Eπ

Kπ

)
Np

(
mpc2 +

Eπ

Kπ
,~r
)

, (3.58)

where ñ is the number of neutral pions created per proton-proton collision.
The gamma-ray emissivity is directly calculated from Q(pp)

π0 as

q(pp)
γ (Eγ,~r) = 2

∫ Emax
p

Emin

Q(pp)
π0 (Eπ,~r)

√
E2

π −m2
π0c4

dEπ, (3.59)

with

Emin = Eγ +
m2

π0c4

4Eγ
. (3.60)

For a given value of Kπ, the value of ñ is fixed demanding continuity between
Eqs. (3.57) and (3.59) at Ep = 100 GeV.8 As demonstrated in Aharonian &
Atoyan (2000), taking Kπ = 0.17 (Gaisser 1990) provides a good agreement
with the results of simulations.

Once the gamma-ray emissivity is known, the luminosity is readily ob-
tained integrating over the volume of the emission region

Lpp (Eγ) = E2
γ

∫

V
d3r q(pp)

γ (Eγ,~r) . (3.61)

8It is assumed that ñ and Kπ depend only weakly on the energy of the proton.
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3.3 Radiative processes

3.3.5 Inverse Compton scattering

Low-energy radiation can be boosted to very high energies through inverse
Compton scattering off relativistic electrons9

e + γ −→ e + γ. (3.62)

The spectrum of photons scattered by an electron of energy E = γmc2 inter-
acting with an isotropic target radiation field of energy distribution nph(ε,~r) is
(e.g. Blumenthal & Gould 1970)

PIC (Eγ, E, ε,~r) =
3
4

cσT

γ2

nph (ε,~r)
ε

FIC (Eγ, E, ε) , (3.63)

where Eγ is the final energy of the photon and FIC is an adimensional function
given in Appendix A. Defining κ = εE/m2

e c4, the allowed energy range for the
scattered photons is

ε ≤ Eγ ≤
4Eκ

1 + 4κ
. (3.64)

The classical or Thomson regime corresponds to κ � 1. In this regime the
electron loses only a small fraction of its energy per collision. For κ � 1 -
in the quantum or Klein-Nishina regime - the electron transfers almost all its
energy to the photon. In spite of this, IC scattering in the Klein-Nishina regime
is not an efficient cooling process - the cross section drops abruptly for κ � 1,
strongly suppressing the rate of collisions.

To calculate the IC cooling rate, Eq. (3.63) must be integrated over the initial
and final energy of the photons:

t−1
IC =

1
E

∫ εmax

εmin

dε
∫ Emax

γ (κ)

ε
dEγ (Eγ − ε) PIC. (3.65)

In the Thomson limit it reduces to the well-known expression

9Inverse Compton scattering off protons can be treated in exactly the same way as lepton IC,
but we do not consider it here. Inelastic collisions with radiation are a more efficient cooling
mechanism than IC for protons and pions.
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t−1
IC,Th =

4
3

cσT Uph

m2
e c4 E. (3.66)

This is identical to the synchrotron cooling rate for an electron if the magnetic
energy density is replaced by the energy density Uph of the target photon field.

For an isotropic distribution of target photons, the total IC luminosity is
given by

LIC (Eγ) = E2
γ

∫

V
d3r

∫ Emax
e

Emin
e

dEe

∫ εmax

εmin

dε N (Ee,~r) PIC. (3.67)

In low-mass microquasars we expect that only the photon fields generated in-
side the jets provide relevant targets for IC scattering. Among these, the most
important is the synchrotron radiation field of primary electrons. We estimate
the energy distribution of synchrotron photons in the local approximation intro-
duced by Ghisellini et al. (1985)

nsynchr (ε, z) ≈
εsynchr (ε, z)

ε

rjet(z)
c

, (3.68)

where εsynchr (ε, z) is the synchrotron power per unit energy per unit volume.
In the particular case when particles scatter their own synchrotron radiation
field, the process is called synchrotron self-Compton (SSC).

3.3.6 Proton-photon inelastic collisions

The inelastic collision of a photon with a high-energy proton yields mesons
and leptons. The interaction channels with the lowest energy thresholds corre-
spond to the production of the lightest particles: pions (photomeson production)
and electron-positron pairs (photopair production).

Electron-positron pairs are directly injected through the reaction

p + γ→ p + e− + e+. (3.69)

In the rest frame of the proton, the photon threshold energy for the creation of
a pair is ε

′(e)
thr = 2mec2 ≈ 1 MeV.
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3.3 Radiative processes

Photomeson production becomes possible when the energy of the photon
in the rest frame of the proton is larger than

ε
′(π)
thr = mπ0c2

(
1 +

mπ0

2mp

)
≈ 145 MeV, (3.70)

There are two main channels of pion production:

p + γ→ p + aπ0 + b
(
π+ + π−

)
(3.71)

and

p + γ→ n + π+ + aπ0 + b
(
π+ + π−

)
. (3.72)

The integer coefficients a and b are, as before, the pion multiplicities.
The cooling rate for a proton of energy Ep = γpmpc2 in an isotropic photon

distribution nph can be conveniently parameterized as (e.g. Begelman et al.
1990)

t(i)−1
pγ =

c
2γ2

p

∫ ∞

ε
′(i)
thr /2γp

dε
nph (ε)

ε2

∫ 2εγp

ε
′(i)
thr

dε′ σ(i)
pγ

(
ε′
)

K(i)
pγ

(
ε′
)

ε′, (3.73)

where i = e, π denotes the interaction channel, and ε′ is the energy of the
photon in the rest frame of the proton. Simple parameterizations for the inelas-
ticities K(i)

pγ and the cross sections σ
(i)
pγ are presented in Appendix A.10 The cross

section for pair production is about two orders of magnitude larger than that
for pion production. The inelasticity K(e)

pγ , however, is very low, so the proton
only loses a small fraction of its energy per collision. As a result, the cooling is
completely dominated by pion production if the energy of the photons exceeds
ε
′(π)
thr .

Kelner & Aharonian (2008) provide simple analytical expressions for the
spectrum of gamma rays due to decay of neutral pions created in proton-
photon collisions. In terms of the distributions of relativistic protons and target

10To calculate the cooling rate of charged pions due to inelastic collisions with photons we
again assume that σπγ ≈ 2/3σpγ.
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photons, the gamma-ray emissivity can be written as

q(pγ)
γ (Eγ) =

∫ Emax
p

Emin
p

dEp

∫ ∞

ε
′(π)
thr /2γp

dε
1

Ep
Np(Ep) nph(ε)Φ (η, x) . (3.74)

Here η = 4εEp/m2
pc4 and x = Eγ/Ep. The function Φ (η, x) was obtained fit-

ting the numerical results of SOPHIA, a Monte Carlo code for the simulation of
photohadronic interactions (Mücke et al. 2000). The full expression for Φ (η, x)
is given in Appendix A.

Atoyan & Dermer (2003) found a simpler expression for the emissivity in
the δ-functional approximation. Using that Eγ ≈ 0.1Ep, the gamma-ray emis-
sivity results

q(pγ)
γ (Eγ) ≈ 20Np (10Eγ)ω

(π)
pγ (10Eγ) nπ0 (10Eγ) , (3.75)

where nπ0 is the mean number of neutral pions crated per collision (see Ap-
pendix A) and ω

(π)
pγ is the collision rate,

ω
(π)
pγ =

c
2γ2

p

∫ ∞

ε
′(π)
thr /2γp

dε
nph (ε)

ε2

∫ 2εγp

ε
′(π)
thr

dε′ σ(π)
pγ

(
ε′
)

ε′. (3.76)

The gamma-ray luminosity can be directly calculated from the emissivity
as

Lpγ (Eγ) = E2
γ

∫

V
d3r q(pγ)

γ (Eγ,~r) . (3.77)

3.4 absorption

3.4.1 Photon-photon annihilation

The production of electron-positron pairs by annihilation of two photons

γ + γ→ e+ + e−, (3.78)
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3.4 Absorption

plays a double role: it is a source of secondary pairs and a mechanism of
photon absorption. This process is possible only above the kinematic energy
threshold

εEγ(1− cos θ) ≥ 2m2
e c4, (3.79)

where Eγ and ε are the energies of the photons, and θ is the collision angle in
the observer frame. The annihilation cross section is (Gould & Schréder 1967)

σγγ(β) =
3

16
σT

(
1− β2

) [(
3− β4

)
ln
(

1 + β

1− β

)
− 2β

(
2− β2

)]
. (3.80)

Here β =
(
1− γ−2

e
)1/2 and γe is the Lorentz factor of the electron (positron) in

the center of momentum frame. It is related to the energy of the photons and
the collision angle as

(1− β2) =
2m2

e c4

(1− cos θ)εEγ
0 ≤ β < 1. (3.81)

We define the optical depth τγγ (Eγ, R) as the probability that a photon
of energy Eγ annihilates against another photon of the target radiation field
nph(ε,~r), after traversing a distance R. It is given by (e.g. Gould & Schréder
1967)

τγγ(Eγ, R) =
1
2

∫ R

0
d`
∫ ∞

εthr

dε
∫ umax

−1
du (1− u) σγγ(Eγ, ε, u) nph(ε,~r), (3.82)

where u = cos θ and ` is a spatial variable along the path of the photon. The
integration limits are

εthr =
m2

e c4

Eγ
, (3.83)

and

57



Chapter 3. One-zone lepto-hadronic models. I. Theory

umax = 1− 2m2
e c4

εEγ
. (3.84)

Because of the narrowness of the pair production cross section, a gamma ray
of energy Eγ can effectively be absorbed by photons with energy in a narrow
band centered at ε ≈ 4m2

e c4/Eγ.
The luminosities must be corrected to take into account the probability that

the photons are absorbed on their way to the observer. In the initial applica-
tions of the model we only consider the absorption due to photon-photon an-
nihilation in the internal radiation field of the jet, in particular the synchrotron
field of primary protons.11 The energy distribution of target photons is then
given by Eq. (3.68).

In order to obtain the corrected (or absorbed) luminosity, an overall coeffi-
cient is applied to the “primary” luminosity

Labs
γ (Eγ) = exp [−τγγ(Eγ)] Lγ (Eγ) . (3.85)

Here τγγ(Eγ) = limR→∞ τγγ(Eγ, R).
Notice that, although we do not consider it in this work, the absorption of

radiation by interaction with matter may also be of importance, specially for
extragalactic sources. At low energies (Eγ . 1 keV) the dominant mechanisms
of absorption are scattering off dust and, for Eγ > 13.6 eV, photoionization.
Direct Compton scattering and pair creation in photon-nuclei collisions become
relevant above Eγ ≈ 1 keV.

3.5 injection of secondary particles

We are interested in the radiative output of all species of secondary particles:
charged pions, muons, and electron-positron pairs. The corresponding lumi-
nosities are obtained with the formulae of Section (3.3), with the appropriate
changes in the values of the mass of the particles and, in some cases, the cross
sections. The missing piece of information are, then, the energy distributions of
the secondary particles. To calculate them it is necessary to know the injection

11In Chapter 5 we also include the radiation field of the accretion disc as a target.
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3.5 Injection of secondary particles

functions.
Proton-proton and proton-photon inelastic collisions inject charged pions.

Their mean decay channels are

π+ → µ+ + νµ, (3.86)

π− → µ− + νµ,

with a branching ratio (99.98770± 0.00004) (Nakamura et al. 2010). Muons
decay with a probability almost equal to unity into a neutrino, an antineutrino,
and an electron/positron:12

µ+ → e+ + νe + νµ (3.87)

µ− → e− + νe + νµ.

We do not study the emission of neutrinos. For detailed predictions of the
neutrino flux from microquasars the reader is referred to Reynoso & Romero
(2009).

If the cooling of pions and muons before decay is neglected, the injection
function of electron-positron pairs can be easily estimated in the δ-functional
approximation as in Atoyan & Dermer (2003). Assuming that each charged
pion takes an energy Eπ ≈ 0.2Ep, and that this energy is equally distributed
among the decay products, the energy of each electron/positron is Ee ≈ 0.05Ep.
The injection function of pairs is then

Qe± (Ee±) = 20Np (20Ee)ω
(π)
pγ (20Ee) nπ± (20Ee) , (3.88)

where nπ± is the mean number of charged pions created per proton-photon
collision and ω

(π)
pγ is the collision rate.

12The decay of charged pions and muons is a weak process. The mean lifetime of these
particles - τπ± = (2.6033± 0.0005) × 10−8 s and τµ = (2.197034± 0.000021) × 10−6 s - is
then several orders of magnitude larger than that of the neutral pion, whose decay is purely
electromagnetic.
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When the conditions in the jet are such that the characteristic timescales of
energy loss are shorter than the decay time, the cooling of pions and muons
cannot be ignored. As a result, the injection spectrum of their decay products
is modified with respect to that calculated ignoring the cooling. Then, for
example, to calculate the injection function of muons we must first obtain the
energy distribution of charged pions from Eq. (3.36). This, in turn, requires the
knowledge of the pion injection function. The same applies to the calculation
of the spectrum of electron-positron pairs injected in the decay of muons. Some
relevant expressions are given below.

The injection function of charged pions in proton-proton collisions is given
in Kelner et al. (2006),

Q(pp)
π± (Eπ,~r) = c np(~r)

∫ 1

Eπ/Emax
p

dx
1
x

Np

(
Eπ

x
,~r
)

σpp

(
Eπ

x

)
F(pp)

π

(
x,

Eπ

x

)
.

(3.89)

The function F(pp)
π (see Appendix A) is related to the number of pions per unit

energy interval created per proton-proton collision

dNπ =
1

Ep
F(pp)

π

(
x, Ep

)
dEπ = F(pp)

π

(
x, Ep

)
dx, (3.90)

where x = Eπ/Ep.

The injection function for charged pions created in proton-photon interac-
tions was estimated by Atoyan & Dermer (2003) in the δ-functional approxi-
mation. Assuming that each pion takes an energy Eπ ≈ Ep/5, the injection
function results

Q(pγ)
π± (Eπ,~r) ≈ 5Np (5Eπ)ω

(π)
pγ (5Eπ) nπ± (5Eπ) . (3.91)

As in Eq. (3.75), ω
(π)
pγ is the collision rate and nπ± the mean number of charged

pions produced per proton-photon collision.

The injection of muons through the decay of charged pions was studied, for
example, by Lipari et al. (2007). The spectra of left-handed and right-handed
µ− created in the decay of a π− are
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3.5 Injection of secondary particles

dnπ−→µ−L
dEµ

(Eµ, Eπ) =
rπ(1− x)

Eπ x(1− rπ)2 H[x− rπ] (3.92)

dnπ−→µ−R
dEµ

(Eµ, Eπ) =
(x− rπ)

Eπ x(1− rπ)2 H[x− rπ], (3.93)

where x = Eµ/Eπ, rπ = (mµ/mπ)2 and H is the Heaviside function. Because
of CP invariance

dnπ−→µ−R
dEµ

=
dnπ+→µ+

L

dEµ
(3.94)

and

dnπ−→µ−L
dEµ

=
dnπ+→µ+

R

dEµ
. (3.95)

The muon injection function is then

Qµ−L ,µ+
R
(Eµ) =

∫ E(max)

Eµ

dEπ

Tπ±
dec(Eπ)

{
Nπ−(Eπ)

dnπ−→µ−L
dEµ

(Eµ, Eπ) +

Nπ+(Eπ)
dnπ+→µ+

R

dEµ
(Eµ, Eπ)

}
,

(3.96)

where Nπ± are the pion energy distributions and Tπ±
dec is the decay time of

the charged pions in the jet frame, respectively. Using Eq. (3.95), Eq. (3.96)
simplifies to

Qµ−L ,µ+
R
(Eµ) =

∫ E(max)

Eµ

dEπ
Nπ(Eπ)

Tπ±
dec(Eπ)

dnπ−→µ−L
dEµ

(Eµ, Eπ), (3.97)

where Nπ = Nπ+ + Nπ− . Analogous considerations lead to

Qµ−R ,µ+
L
(Eµ) =

∫ E(max)

Eµ

dEπ
Nπ(Eπ)

Tπ±
dec(Eπ)

dnπ−→µ−R
dEµ

(Eµ, Eπ). (3.98)
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To calculate the spectrum of electron-positron pairs from muon decay we
follow Schlickeiser (2002). For an electron (or positron) of energy Ee the injec-
tion function is

Q(µ)
e± (Ee) =

mec2

2

∫ E′max
e

mec2
dE′e

P(E′e)√
E′2e −m2

e c4

∫ E+
µ

E−µ
dEµ

Qµ(Eµ)√
E2

µ −m2
µc4

. (3.99)

Here Qµ is the total muon injection function, E′e is the energy of the electron
(positron) in the rest frame of the muon, and P is the decay spectrum (particles
per unit energy) in the same frame

P(E′e) =
2E′2e

(E′max
e )3

[
3− 2E′e

E′max
e

]
. (3.100)

The maximum energy of the electron (positron) is E′max
e = 104mec2; the other

integration limits are

E±µ =
mµ

m2
e c2

(
Ee E′e ±

√
E2

e −m2
e c4
√

E′2e −m2
e c4
)

. (3.101)

We consider two process of direct creation of electron-positron pairs: pho-
topair production and photon-photon annihilation.

The direct injection of pairs in proton-photon collisions was studied, for
example, by Chodorowski et al. (1992), Mastichiadis et al. (2005), and Kel-
ner & Aharonian (2008). An expression for the pair injection function in the
δ-functional approximation is given in Mastichiadis et al. (2005)

Q(pγ)
e± (Ee) ≈ 2

mp

me
Np

(
mp

me
Ee

)
ω

(e)
pγ

(
mp

me
Ee

)
, (3.102)

where ω
(e)
pγ is the reaction rate, see Eq. (3.76).

The latter source of electron-positron pairs is the annihilation of two pho-
tons. Under the conditions ε� mec2 . Eγ, the pair emissivity that results from
the interaction of two isotropic photon distributions nγ and nph can be approx-
imated by the following expression (Aharonian et al. 1983, see also Böttcher &
Schlickeiser 1997)

62



3.6 Overall picture

Q(γγ)
e± (Ee) =

3
32

c σT

mec2

∞∫

γe

dεγ

∞∫

εγ
4γe(εγ−γe)

dω
nγ(εγ)

ε3
γ

nph(ω)

ω2

{
4ε2

γ

γe(εγ − γe)
×

ln
[

4γeω(εγ − γe)

εγ

]
−8εγω +

2(2εγω− 1)ε2
γ

γe(εγ − γe)
−
(

1− 1
εγω

)
ε4

γ

γ2
e (εγ − γe)2

}
.

(3.103)

Here γe = Ee/mec2 is the Lorentz factor of the electron, and εγ = Eγ/mec2 and
ω = ε/mec2 are the adimensional photon energies. The spectrum is symmetric
around Ee = Eγ/2. For εEγ � m2

e c4 the interaction is catastrophic: one of the
produced particles takes most of the energy of the gamma ray.

3.6 overall picture

Before proceeding to the applications, we briefly review the overall picture
developed in the previous sections. Figure 3.2 shows a general sketch of the
situation.

Two jets are launched from the surroundings of a black hole, perpendicu-
larly to the plane of the accretion disc (z = 0). They expand as a cone as they
propagate; the symmetry axis of the cone (the z−axis) makes an angle θjet with
the line of sight of the observer.

The outflows are magnetically dominated near the base, at z ∼ z0. As they
propagate, the bulk kinetic energy of the plasma increases at the expense of
the magnetic energy density. We estimate the value of the magnetic field at
the base of the jet assuming that the outflow is magnetically dominated in the
launching region.

At some distance z = zacc from the black hole shock waves develop in
the jets. In this region, a fraction of the thermal plasma - both electrons and
protons - is accelerated up to relativistic energies, likely by a diffusive mech-
anism. The particle spectrum at injection is a power-law in energy. The total
power injected in relativistic particles is Lrel = qrelLjet, with qrel � 1. This
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Figure 3.2: Sketch of the jet at different spatial scales.

power is shared between protons and electrons, Lrel = Le + Lp, with Lp = aLe

and a ≥ 1, since we are interested in jets with a high content of relativistic
protons.

The steady-state distribution of relativistic particles depends on the injec-
tion spectrum, on the cooling processes (radiative and non-radiative), and the
rate of escape from the acceleration region (and the rate of decay for the unsta-
ble species). We calculate the particle distributions solving a simple version of
the kinetic equation that takes all these effects into account.

The interaction of the primary protons and electrons with the thermal parti-
cles (through proton-proton inelastic collisions and relativistic Bremsstrahlung),
photons (through proton-photon collisions and inverse Compton scattering),
and magnetic field (through synchrotron radiation) in the jet produce electro-
magnetic radiation. Hadronic interactions also inject charged pions, muons,
and electron-positron pairs. We calculate the steady-state energy distribution
and the radiative spectrum of all these particles in the same manner as for
primary protons and electrons.

The final product of our calculations are broadband spectral energy distri-
butions, duly corrected by absorption. In the next chapters we present some
general results and apply the model to reproduce the observational spectrum
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of specific sources, also making predictions for their gamma-ray emission.
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4
O N E - Z O N E L E P T O - H A D R O N I C M O D E L S . I I .
A P P L I C AT I O N S

4.1 general models

As an initial application of the model presented in the previous chapter, we
explore the parameter space with the aim of studying the cooling of particles
and to obtain some general spectral energy distributions. The values adopted
for the basic parameters of the model are listed in Table 4.1.

The accretion power is Laccr = Ṁc2 ≈ 1.7× 1039 erg s−1; this corresponds
to a mass accretion rate Ṁ = 3× 10−8M� yr−1, as estimated by Markoff et al.
(2001) for the low-mass microquasar XTE J1118+480. A fraction qjet = 0.1 of
the accretion power goes to the outflows. The jets are injected at a distance
z0 = 50Rschw from the black hole, with an initial radius r0 = 0.1z0. The value
of the magnetic field at z0 is high, B0 = 2× 107 G.

We assume that the acceleration region is located close to the base of the
jet, so zacc = z0. It extends up to zmax = 5zacc. The magnetic energy density in
this region is in equipartition with respect to the bulk kinetic energy density,
so the constraint in Eq. (3.16) is not fulfilled. Particle acceleration through a
Fermi-like mechanism, however, may still take place under these conditions al-
though likely not mediated by diffusion through shock fronts but by magnetic
reconnection events, see e.g. de Gouveia Dal Pino et al. (2010) and Kowal et al.
(2011). This process also leads to a power-law energy distribution of particles
at injection.

In the acceleration region, a fraction qrel = 0.1 of the jet power is transferred
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to relativistic particles. We consider several values for the proton-to-lepton
power ratio and the acceleration efficiency, a = 1− 103 and η = 10−4 − 10−1,
respectively. The injection function for primary particles is given by Eq. (3.17)
with β = 1 and α = 1.5 (hard injection) or α = 2.2 (soft injection). Values
of the spectral index in the range α = 2.0− 2.2 are predicted by the theory
of acceleration in strong (with high Mach number), non-relativistic shocks (e.g.
Drury 1983). Spectral indices α ≈ 1.5 or harder may arise as a result of diffusive
acceleration mediated by relativistic shocks (e.g. Stecker et al. 2007, Summerlin
& Baring 2012). As it has been shown by Drury (2012), hard particle injection
spectra (as hard as α ∼ 1 for a test particle) may also be produced by a Fermi-
like acceleration mechanism at magnetic reconnection sites.

Table 4.1: Values of the parameters for some general models.

Parameter Symbol Value
Mass of the black hole MBH 8M�
Accretion power Laccr 1.7× 1039 erg s−1(1)

Disk-jet coupling constant qjet 0.1
Jet bulk Lorentz factor Γjet 1.5
Viewing angle θjet 30◦

Base of the acceleration region zacc 1.18× 108 cm
End of the acceleration region zmax 5 zacc
Magnetic field at z0 B0 2× 107 G
Magnetic field decay index m 1
Fraction of jet power in relativistic particles qrel 0.1
Hadron-to-lepton power ratio a 1− 103

Particle injection spectral index α 1.5/2.2
Acceleration efficiency η 10−4 − 0.1
Minimum energy of primary particles Emin

(p,e) 2− 100 m(p,e)c2

(1) Typical value for the LMMQ XTE J1118+480 in outburst (Markoff et al. 2001).

We do not take into account neither the cooling nor the radiative contri-
bution of pions and muons, but we do include that of electron-positron pairs
created in proton-photon collisions. The injection function of pairs directly cre-
ated in photopair interactions is given by Eq. (3.102). Since the energy losses
of pions and muons are ignored, for the injection of pairs in photomeson inter-
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actions we use Eq. (3.88).
Figure 4.1 shows the cooling rates for protons and electrons at the base of

the jet for a set of representative parameters. The main cooling channel for elec-
trons is always synchrotron radiation; for protons, adiabatic losses dominate at
low energies and synchrotron losses above ∼ 100 TeV. For comparison, we plot
the cooling rates for a = 1 (equal power in protons and electrons) and a = 103

(proton-dominated case). Notice that the proton-photon and the IC cooling
rates increase as a decreases, because the target photon field - the synchrotron
field of electrons - is more dense.

The maximum energies are fixed by the balance of the acceleration and
cooling rates, without any constraint due to the size of the acceleration region.
Depending on the value of η, the maximum energy of electrons is in the range
100 MeV - 5 GeV, and that of protons approximately between 5× 1014 eV and
1016 eV. As it can be seen from Figure 4.2, which shows the evolution of Emax(z),
particles cool rapidly after leaving the acceleration region.

Figure 4.3 shows the energy distributions of protons and electrons in a
model with a = 1, η = 0.1, and α = 2.2. Synchrotron losses are absolutely
dominant for electrons. Since t−1

sy ∝ E, the spectral index of the electron distri-

bution is softer than that of the injection function: Ne ∝ E−(α+1)
e as predicted by

Eq. (3.39). The adiabatic cooling rate does not depend on energy, so the proton
distribution repeats the behaviour of the injection function, Ne ∝ E−α

p . Notice
that, strictly, for η = 1 adiabatic losses dominate over synchrotron losses for
Ep . 103 TeV. A change in the slope of the distribution from α to α + 1 occurs
around this energy, but it is hardly noticeable in Figure 4.3 because the break
energy is very near the cutoff.

Figures 4.4 and 4.5 show the spectral energy distributions calculated for
different values of the model parameters. In Figure 4.4 the spectral index of
the injection function has the canonical value α = 2.2, whereas in Figure 4.5
we consider a harder injection with α = 1.5. For each case, we show four rep-
resentative spectra obtained by varying the value of the remaining parameters
within a physically reasonable range. The main contributions to the SEDs are
always due to synchrotron radiation of leptons and protons. The relative im-
portance of each contribution depends on the value of the ratio a = Lp/Le.
The proton synchrotron spectra are hardly affected by changes in a, peak-
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Figure 4.1: Acceleration and cooling rates at the base of the jet for protons (left) and
electrons (right), for α = 2.2, a = 1 (top) and a = 103 (bottom). The proton-photon
(pγ) cooling rate is the sum of the photomeson and photopair cooling rates.

ing at ∼ 1035−36 erg s−1 for Eγ ∼ 108−9 eV; electron synchrotron luminosities
range from ∼ 1034 erg s−1 for a completely proton-dominated jet (a = 103) to
∼ 1037 erg s−1 in the case of equipartition (a = 1). In fact, synchrotron energy
losses are so strong that the electrons radiate almost all their available energy
budget.

The efficiency of the acceleration η fixes the maximum particle energy and
therefore has a direct effect on the high-energy cutoff of the SEDs. Synchrotron
spectra extend up to Eγ ∼ 1012 eV in the case of protons, and up to Eγ ∼ 109 eV
in the case of leptons, for η = 0.1; when a poor acceleration efficiency η = 10−4

is considered, only energies of about three orders of magnitude smaller are
reached. In the same way, modifying the minimum particle energy accordingly
changes the low-energy cutoff of the spectra.
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Figure 4.2: Evolution of the maximum kinetic energy of protons (left panel) and elec-
trons (right panel) with the distance z to the compact object. Outside the acceleration
region particles cool rapidly due to adiabatic and synchrotron losses.

The IC contribution is always negligible, and for a > 1 IC luminosities
are below ∼ 1030 erg s−1 as the leptonic content of the jet is reduced. The
gamma-ray luminosity due to the decay of neutral pions created in proton-
photon collisions yields a very hard energy tail to the SEDs, peaking at ener-
gies Eγ ∼ 1014−15 eV. The peak value of this component is sensitive to a, since
the target photons for pγ collisions are provided by the electron synchrotron
radiation field. Luminosities as large as 1035−36 erg s−1 can be reached at very
high energies. Synchrotron radiation from electron-positron pairs produced in
pγ interactions can be important in those models with relatively low hadronic
content, as it can be seen from the different SEDs in Figures 4.4 and 4.5. In
general, these contributions have luminosities not too different from those ob-
tained from the decay of neutral pions, but they cover a lower energy range.

Internal photon-photon absorption might be important in some of the mod-
els. In particular, TeV gamma rays can be efficiently absorbed by infrared
synchrotron photons. This might initiate an electromagnetic cascade in the
emission region in those cases where there are significant photon fields at low
energies, as it may happen in blazars (e.g. Blandford & Levinson 1995). In
microquasars, however, a strong magnetic field can quench a pure IC cascade.
This is because the synchrotron losses for the first few generations of pairs
are so strong, that they cannot produce photons energetic enough to sustain
the electromagnetic avalanche (Khangulyan et al. 2008, Pellizza et al. 2010).
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Figure 4.3: Energy distributions of primary particles at the base of the jet, for a = 1,
η = 0.1, and α = 2.2. The proton distribution keeps the spectral index of the injection
function, but the electron distribution is softer due to the strong synchrotron losses.

The photon absorption, nonetheless, might change the gamma-ray spectrum
depending on the specific model. This, in turn, can yield a variety of slopes
in the spectra observed by Fermi, AGILE, or other instruments sensitive in the
MeV-GeV energy range (see, e.g., Aharonian et al. 2008 for a discussion in the
context of extragalactic jets).

We calculate the attenuation factor exp(−τγγ) for a photon emitted at the
base of the acceleration region at an angle θjet with the line of sight, in the differ-
ent models presented above. The target photon field is the synchrotron photon
field of primary electrons. Some results are shown in Figure 4.6. In all cases
with significant leptonic synchrotron emission, the radiation is completely sup-
pressed above 10 GeV.1 For proton-dominated models, which are characterized
by a prominent proton synchrotron peak, the attenuation is quite moderate.

In Figure 4.7 we present two spectral energy distributions modified by the
effects of photon-photon absorption. The top panel corresponds to a case
with strong attenuation (a = 1). The internal opacity to gamma-ray propaga-
tion results in a significant softening of the spectrum between ∼ 10 MeV and
∼ 10 GeV, with a cutoff beyond the latter energy. This is consistent with the

1Notice, however, that neutrino propagation is not affected by absorption effects.
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Figure 4.4: Spectral energy distributions for different values of the parameters in the
case of a particle injection index α = 2.2. Top left: Emin = 2mc2, η = 0.1, a = 1. Top
right: Emin = 2mc2, η = 0.1, a = 103. Bottom left: Emin = 100mc2, η = 0.1, a = 100.
Bottom right: Emin = 100mc2, η = 10−4, a = 100.

type of very soft spectra observed by EGRET in some variable halo sources (e.g.
Thompson et al. 2000, Grenier 2001, Romero et al. 2004). In the bottom panel of
the same figure, we show the SED for a proton-dominated microquasar, which
is basically not modified by absorption effects.

In all cases, the emission at TeV energies is either suppressed or relatively
weak. The detection of these sources with current Cherenkov telescopes ap-
pears possible for nearby objects (∼2-6 kpc), see Figure 4.7, or if very high
acceleration efficiencies could be achieved in proton-dominated cases.2

From our results it is clear that proton low-mass microquasars can be sig-

2A high acceleration efficiency would move the high-energy cutoff of the synchrotron peak
into the TeV regime.
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Figure 4.5: Spectral energy distributions obtained for different values of the parame-
ters in the case of a particle injection index α = 1.5. Top left: Emin = 2mc2, η = 0.1,
a = 1. Top right: Emin = 2mc2, η = 0.1, a = 103. Bottom left: Emin = 100mc2, η = 0.1,
a = 100. Bottom right: Emin = 100mc2, η = 10−4, a = 100.

nificant gamma-ray sources in the MeV-GeV range, and perhaps in some cases
even at TeV energies. According to the ratio a of primary protons to leptons,
we obtain different types of low-energy counterparts. Such counterparts range
from sources with radio luminosities of 1029 − 1030 erg s−1 and strong X-ray
emission (e.g. the model shown in the left upper panel of Figure 4.5), up to
sources with weak luminosities dominated by proton synchrotron emission be-
tween 100 MeV and 100 GeV (e.g. the model shown in the right upper panel of
Figure 4.5). The satellites Fermi and AGILE, with energy windows in the range
100 MeV − 300 GeV and 30 MeV − 50 GeV, respectively, are especially suit-
able for the detection of these objects. Actually, we suggest that many of the
unidentified EGRET sources detected off the galactic plane around the galac-
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Figure 4.6: Attenuation factor for a photon emitted at z = zacc at an angle θjet with the
line of sight, for different models of a proton microquasar. In all cases the acceleration
efficiency is η = 0.1, and the minimum particle energy is indicated in units of the rest
mass.

tic center, might be proton microquasars. Variability, one of the outstanding
properties of these sources (Nolan et al. 2003), can be easily introduced in our
model through a variable accretion rate, precessing jets, or internal shocks (in
this latter case, there would be very rapid variability, superposed to longer
variations with timescales from hours to days). Low-threshold, ground-based
gamma-ray Cherenkov telescope arrays like HESS II, MAGIC II, or the future
CTA, could also detect hadronic LMMQs at E ≥ 100 GeV. In particular, the tail
of the proton synchrotron peak from models with large values of a might be de-
tectable, displaying a soft spectra. So, observations of LMMQs with Cherenkov
telescopes can be useful to constrain the parameter a.

An additional prediction of our model is the production of high-energy
(E > 1 TeV) neutrinos, with luminosities in the range 1033− 1035 erg s−1. In the
cases of the highest luminosities, if the microquasar is located not too far away
(say, around 2 kpc as it is the case of XTE J1118+480) the expected flux could
be similar to those estimated for HMMQs (e.g. Levinson & Waxman 2001,
Romero et al. 2003, Christiansen et al. 2006, Aharonian et al. 2006b). We notice
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Figure 4.7: Spectral energy distributions attenuated by internal absorption in two
different jet models with Emin = 2mc2 and η = 0.1. Top panel: α = 2.2 and a = 1.
Bottom panel: α = 1.5 and a = 103. In the case a = 1 the emission above ∼ 10 GeV is
completely suppressed. On the contrary, for a = 103 the production SED is basically
unmodified. The sensitivities of Fermi (5σ, one-year sky survey exposure), HESS (5σ,
50 h exposure), MAGIC II (50 h exposure), and the predicted for CTA (50 h exposure)
are indicated. In the bottom panel, the HESS and MAGIC II sensitivity curves are
plotted for sources at 2 kpc (higher sensitivity) and 6 kpc (lower sensitivity).
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that heavily absorbed sources are precisely those with the highest neutrino
luminosities, so a correlation between gamma-ray and neutrino fluxes should
not necessarily be expected.

4.2 on the nature of the agile transient galactic sources

The Gamma-Ray Imaging Detector (GRID) aboard the satellite AGILE has de-
tected several non-identified variable sources likely of galactic origin (Pittori
et al. 2009). These include the strong source 1AGL J2022+4032 (formerly AGL
J2021+4029) located in the Cygnus region, with the center of gravity of the er-
ror box at l = 78.37◦ and b = 2.04◦ (Longo et al. 2008), the variable source
1AGL J1412-6149 in the Musca region (error box centered at l = 312.3◦ and
b = −0.43◦; Pittori et al. 2008), and the high galactic latitude transient AGL
J0229+2054, with the error box centered at l = 151.7◦ and b = −36.4◦ (Bulgare-
lli et al. 2008).3

1AGL J2022+4032 showed some significant re-brightening after its discov-
ery (Chen et al. 2008, Giuliani et al. 2008, Tavani et al. 2008). Simultaneous
X-ray observations with the instrument SuperAGILE did not show any coun-
terpart in the 20-60 keV band. A steady and weak source was detected within
the large error box by Swift/BAT (15-55 keV, see Ajello et al. 2008), but there
is no clear relationship. Additional X-ray observations have been performed
with XMM-Newton, without adding new clues (Pandel et al. 2008). Radio obser-
vations with the Very Large Array have shown no clear counterpart (Cheung
2008a,b), either. VERITAS detected no emission above 300 GeV after 7 hours of
exposure in 2009 (Hui 2010), supporting the hypothesis of the transient nature
of the source.

Concerning 1AGL J1412-6149, a potential archival X-ray counterpart has
been claimed on the basis of BeppoSAX observations dating from January 2001
(Orlandini et al. 2008). Also a high-mass pulsar X-ray binary, MAXI J1409-619,
is located within the AGILE error box of 1AGL J1412-6149 (see Orlandini et al.
2012 and references therein).

3For 1AGL J2022+4032 and 1AGL J1412-6149, the coordinates of the center of the error box
have been updated to the values reported in the First AGILE catalogue of high-confidence
gamma-ray sources (Pittori et al. 2009).
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The gamma-ray transient AGL J0229+2054 might be a halo galactic source
or a blazar (the AGN 1ES 0229+200 is at 61.3 arcmin from the GRID error
box centroid). There is also a radio source, CRATES J023030+211241, within
the AGILE error box. No follow-up of the AGILE observation of this source
is reported in the literature, except for a negative detection at X-ray energies
(2-10 keV) with the Rossi X-ray Timing Explorer (RXTE) (Markwardt & Swank
2008). AGL J0229+2054 is not included in the First AGILE catalogue of high-
confidence gamma-ray sources (Pittori et al. 2009).

The fact that these sources are highly variable implies that the high-energy
radiation should be produced in a compact region. The absence of detection
with SuperAGILE means that the ratio of gamma-ray to X-ray luminosities
should be Lγ/LX � 1. These characteristics recall those of the population of
variable EGRET sources found in the galactic plane and in the galactic halo
(Romero 2001, Grenier 2001, 2004, Nolan et al. 2003). Actually, the AGILE de-
tections in the Cygnus region and the Musca region partially overlap with the
location error box of the sources 3EG J2020+4017 and 3EG J1410-6147, respec-
tively. It has been proposed that the unidentified variable gamma-ray sources
sources at MeV-GeV energies might be high-mass microquasars with the emis-
sion dominated by inverse Compton up-scattering of UV stellar photons from
the hot donor star (Kaufman Bernadó et al. 2002, Bosch-Ramon et al. 2005).
The donor star on the galactic plane could be strongly obscured, rendering
difficult its detection. These models, however, predict a significant production
of X-rays, something that is at odds with the new AGILE/GRID and SuperAg-
ile observations. Grenier et al. (2005) proposed that the variable high-latitude
unidentified sources might be old, low-mass microquasars expelled long ago
from the galactic plane or from globular clusters (see Mirabel et al. 2001). They
also showed that external Compton models cannot account for the energetics
required by the observations. As we have shown in Section 4.1, “proton” mi-
croquasars with low-mass donor stars might explain the halo EGRET sources
through proton synchrotron radiation and photomeson production.

In what follows we explore the possibility that microquasars with proton-
dominated jets can produce spectral energy distributions that satisfy all the
constraints imposed by the AGILE observations. The model is the same as for
the general applications presented in Section 4.1, but now we include proton-
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proton interactions and the cooling and radiative contribution of pions and
muons.

The values of the characteristic parameters of the jet are listed in Table 4.2.
The jet power is Ljet = 1037 erg s−1; a 10% of this power is transferred to the
relativistic particles. As before, the acceleration region is thin and located at
the base of the jet.

Table 4.2: Values of the parameters for a microquasar model of the AGILE transient
sources.

Parameter Symbol Value
Mass of the black hole MBH 10M�
Jet power Ljet 1× 1037 erg s−1

Jet bulk Lorentz factor Γjet 1.5
Viewing angle θjet 30◦

Base of the acceleration region zacc 7.5× 107 cm(∗)

End of the acceleration region zmax 5 zacc
Magnetic field at z0 B0 8× 106 G
Magnetic field decay index m 1
Jet content of relativistic particles qrel 0.1
Hadron-to-lepton power ratio a 103

Particle injection spectral index α 1.5
Acceleration efficiency η 0.01− 0.1
Minimum energy primary particles Emin

(p,e) 2m(p,e)c2

(∗) zacc = z0 = 50Rgrav.

The magnetic field in the acceleration region is high, B0 ≈ 107 G. This
produces the immediate cooling of primary electrons and significant cooling
of protons. In Figures 4.8 and 4.9 we show the cooling rates for both primary
electrons and protons at the base of the acceleration region, as well as the
cooling and decay rates of secondary muons and pions in the jet frame. The
maximum energies of the primary particles are obtained equating the cooling
rates and the acceleration rate. For comparison, we adopt two different values
for the acceleration efficiency, η = 0.1 and η = 0.01. We see that electrons,
even for such a high acceleration efficiency, reach only energies below 10 GeV,
whereas protons can attain much higher energies, well into the PeV band.
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Figure 4.8: Acceleration and cooling rates at the base of the jet for primary protons and
electrons in a proton-dominated microquasar model for the AGILE transient sources,
calculated for a = 1000 and α = 1.5. The value of the magnetic field is B0 = 8× 106 G
and the acceleration efficiency η is indicated.
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The calculated total luminosity of the jet includes the contributions of syn-
chrotron emission from all types of primary and secondary particles, IC emis-
sion from all leptons in the electron synchrotron radiation field of the emission
region, photopair and photomeson production by both protons and pions, in-
elastic collisions between relativistic protons in the jet and the cold material
that forms most of the same outflow, and relativistic Bremsstrahlung from elec-
trons and muons.

Figure 4.10 shows the spectral energy distribution calculated for a proton
dominated jet with a = 1000 and a hard particle injection function with spectral
index α = 1.5. We show the different contributions from all significant cool-
ing processes for primary and secondary particles, in the case of two different
acceleration efficiencies η = 0.1 (top panel) and η = 0.01 (bottom panel). Syn-
chrotron radiation is the dominant cooling channel for leptons; Bremsstrahlung
and IC losses are negligible. In both cases the peak of the SED is determined
by proton synchrotron radiation, followed by pion synchrotron emission. For
the higher efficiency the synchrotron peak is sharper, reaching almost 1035 erg
s−1. In the case of a lower efficiency, the peak is slightly above 1034 erg s−1.
In the first case most of the emission is concentrated in the range 108 − 1012

eV, whereas in the second it is between 108 and 1010 eV, with a soft slope be-
yond 109 eV. In both cases there is a high ratio Lγ/LX, in accordance with
what is inferred from AGILE observations. Soft X-rays, due mainly to electron
synchrotron radiation, are at the level of 1032 erg s−1. The hard X-ray compo-
nent is dominated by muon synchrotron emission. Contrary to models with
equipartition (a = 1) in relativistic particles, photomeson production is not
significant in strongly proton-dominated jets, since the synchrotron field is rel-
atively weak. Internal photon absorption and the injection of secondary pairs
through photon-photon annihilation are also negligible for the same reason.

The quoted luminosities correspond to the flux reported by AGILE and the
upper X-ray limits of SuperAGILE, for a source at a distance of the order of
∼ 0.3 − 0.4 kpc. An accurate determination of the distance can be used to
constrain the energy budget of the jets. Depending on the position of the
cutoff of the proton synchrotron luminosity, sources with these characteristics
would be easily detected with a very soft spectrum at TeV energies by HESS,
MAGIC II, or CTA.
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Figure 4.10: Spectral energy distributions in a proton-dominated microquasar model
(a = 1000) for the AGILE transient sources. Each panel corresponds to a different accel-
eration efficiency (η = 0.1 on the top, η = 0.01 on the bottom). The integral sensitivities
for a source at 0.3 kpc of Fermi (5σ, one-year sky survey exposure), AGILE/GRID (2
d exposure), SuperAGILE (2 d exposure), HESS (5σ, 50 h exposure), MAGIC II (50 h
exposure), and the expected for CTA (50 h exposure) are indicated.
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A crucial feature of a synchrotron proton-dominated jet is that a very strong
magnetic field is necessary to produce detectable radiation in gamma rays.
This means that the acceleration region should be located very close to the
compact object (at ∼ 108 cm in our models). Intrinsic absorption is then not
very important since the low energy fields, which are responsible for the opac-
ity to gamma-ray propagation, are weak. In models with a high content of
primary electrons these effects, at the base of the jet, are very significant lead-
ing to a complete suppression of all emission above ∼ 100 GeV, as seen in
Section 4.1. Such models produce a huge amount of X-rays, something that is
not observed in the unidentified MeV-GeV sources.

We introduce a hard injection spectrum in order to achieve a strong contrast
between leptonic and hadronic peaks. A softer injection would reduce the
Lγ/LX ratio. We notice that the losses in the high magnetic field strongly affect
the overall leptonic particle spectrum. Observations with the LAT instrument
of the Fermi satellite may allow to determine the photon spectrum of these
sources in the range 100 MeV − 100 GeV.

In summary, we propose that lepto-hadronic jets from nearby low-mass
microquasars can explain the unidentified variable AGILE sources. This model
assumes a strong component of relativistic primary protons and takes into
account all radiative processes that might occur at the base of the jets. The
predicted SEDs are in accordance with what we know about these objects. The
jet model is independent of the nature of the donor star, so it could explain
both low- and high-latitude galactic sources.4 Fermi observations will allow us
to better constrain the spectral features, then making it possible to infer more
accurately the actual conditions in the sources.

POST SCRIPTUM Since we proposed the association of the AGILE source
1AGL J2022+4032 with a proton microquasar (Romero & Vila 2009), a gamma-
ray pulsar, LAT PSR J2021+4026, was detected with Fermi inside the AGILE
error box (Abdo et al. 2009a). Initially, the association between the two sources
was considered highly unlikely by Chen et al. (2011), on the basis of a vari-

4Although in a high-mass binary the interaction of relativistic protons with the radiation
field and the wind from the companion star may modify the high-energy region of the SEDs
with respect to the results presented here.
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ability analysis performed on the AGILE data. Gamma-ray emission variable
on timescales from weeks to months in the range 100− 400 MeV had never
been observed before in pulsars, and appeared difficult to be explained by the-
oretical models. Chen et al. (2011) favoured instead the model presented here.
Shortly afterwards, however, gamma-ray flares (lasting from days to weeks)
were observed for the first time in the Crab pulsar with AGILE and Fermi (Abdo
et al. 2011, Tavani et al. 2011). The flares are not associated with the pulsed
emission but with the emission of the pulsar wind nebula. No simultaneous
variations in the X-ray flux were observed with SuperAGILE. These discover-
ies add support to the possible association between LAT PSR J2021+4026 and
1AGL J2022+4032. To the knowledge of the author of this thesis, however, there
is no definite identification to date neither of 1AGL J2022+4032, nor of the other
two AGILE sources considered here.

4.3 a model for the broadband emission of the microquasar gx

339-4

4.3.1 Characterization of the source

The low-mass microquasar GX 339-4 was discovered in 1972 by the satellite
OSO–7 (Markert et al. 1973). Since then, it has been extensively observed at
all wavelengths from radio to X-rays and detected in all the canonical spectral
states of X-ray binaries.

Little is known with certainty about the characteristics of the binary sys-
tem. Based on modulations in the optical photometry, Callanan et al. (1992)
inferred an orbital period of 14.8 h, later confirmed by Buxton & Vennes (2003).
Optical spectroscopic measurements and the analysis of long-term X-ray light
curves showed no evidence of this modulation, revealing instead a periodic-
ity of ∼1.75 days (Hynes et al. 2003, Levine & Corbet 2006). The first esti-
mates of the distance to GX 339-4 placed the system at d ∼ 1.3− 4 kpc, see
Zdziarski et al. (1998) and references therein. This result was later revised by
Zdziarski et al. (2004), who concluded that the minimum distance lay in the
range 6.7 kpc ≤ dmin ≤ 9.4 kpc. They favoured a location in the galactic bulge
at ∼ 8 kpc. A distance as large as d > 15 kpc, however, cannot be completely
ruled out (Hynes et al. 2004).
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The emission in the optical band is dominated by the accretion flow (Ima-
mura et al. 1990), preventing direct observation of the secondary star even
when the system is going through the very low X-ray luminosity state. The
first detection of the companion star was made by Hynes et al. (2003) during an
X-ray outburst in 2002. The mass and spectral type have not been firmly estab-
lished yet. According to Hynes et al. (2004), an orbital period of ∼1.7 days im-
plies a companion with a low density of ∼ 0.06 g cm−3. This may correspond
to a low-mass subgiant of spectral type G or F, depending on the assumed
distance. Muñoz-Darias et al. (2008) suggested that the star is in particular a
“stripped-giant”, in which mass loss is due to the burning of a Hydrogen shell.
This model predicts that its mass is in the range 0.166M� < M2 < 1.1M�.
The mass of the compact object is then constrained to be MBH > 6M� or even
MBH > 8.6M�, for a mass of the secondary near the lower or upper limit, re-
spectively. These values strongly support the idea that the compact object is a
black hole (see also Hynes et al. 2003).

GX 339-4 has been observed in radio, infrared, optical, and X-ray wave-
lengths, sometimes simultaneously or quasi–simultaneously (Hannikainen et al.
1998, Wilms et al. 1999, Nowak et al. 2002, Homan et al. 2005). The source goes
through all the spectral states of X-ray binaries: low-hard, high-soft, very high,
intermediate state, and quiescence. It frequently displays outbursts associated
with state transitions, episodes during which the X-ray luminosity can reach
peaks of LX = 1037−38 erg s−1 for an assumed distance of 6 kpc (Homan et al.
2005, Yu et al. 2007). It was after the X-ray outburst of 2002 that Gallo et al.
(2004) imaged for the first time a relativistic radio jet on ∼ 103 AU scales in the
system (see also Corbel et al. 2000). The detection of the jet confirmed that GX
339-4 is a microquasar.

There is some evidence supporting the presence of a hot corona in GX 339-4,
in particular the possible detection of the Fe Kα line; see for example Dunn
et al. (2008). Corbel et al. (2003), however, found that the radio and X-ray
fluxes display a tight correlation of the form FR ∝ F0.7

X . This suggests that the
emission in both bands might have a common origin in synchrotron radiation
produced by non-thermal electrons in the jet, and not in the corona (Corbel
& Fender 2002, Corbel et al. 2003). This idea was explored by Markoff et al.
(2003, 2005), who applied a purely leptonic jet model to fit the observations.
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They showed that synchrotron radiation of relativistic electrons in the base of
a jet can explain both the radio and X-ray spectra, and reproduce the observed
correlation.

4.3.2 Broadband observations and constraints on the model parameters

We apply the lepto-hadronic, one-zone jet model presented in the previous
chapter to fit the broadband electromagnetic spectrum of GX 339-4. As before,
we take into account the cooling and radiative contribution of all species of
secondary particles. We introduce some changes with respect to the model
used to study the AGILE transient sources. Now we parameterize the jet power
directly in terms of the Eddington accretion power as

Ljet =
1
2

qjetLEdd, (4.1)

where LEdd ≈ 1.3× 1038(MBH/M�) erg s−1. The factor 1/2 accounts for the
existence of a counterjet of equal power. We also consider different values
m =1.2, 1.5, 1.8, and 2 for the decay index of the magnetic field, see Eq. (3.5).

The most important modification concerns the location of the acceleration
region. Instead of placing it at the base of the jet, we determine zacc demanding
that the magnetic energy density is in sub-equipartition with respect to the bulk
kinetic energy density or the matter internal energy density of the outflow; see
Eqs. (3.9) to (3.16). Then, once a value for ρ < 1 is chosen, zacc is calculated
from the condition

UB(zacc) = ρ U(k,m)(zacc). (4.2)

GX 339-4 was extensively observed simultaneously in radio and X-rays dur-
ing the low-hard state in 1997, 1999, and 2002.5 For some of these observations,
simultaneous near infrared (NIR) and optical data are also available. The 1997
and 1999 radio observations were carried out with the Australia Telescope
Compact Array (ATCA) and the Molonglo Observatory Synthesis Telescope

5A new outburst occurred in 2010. Simultaneous broadband data taken during this episode
are presented, for example, in Cadolle Bel et al. (2010, 2011), and Gandhi et al. (2011). These
data are not analysed here.
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(MOST), and are described in detail in Corbel et al. (2000). The radio, NIR
and optical data from 2002 are presented in Homan et al. (2005). The X-ray
data were collected with RXTE and are compiled in Wilms et al. (1999), Nowak
et al. (2002), Corbel et al. (2003), and Homan et al. (2005). We refer the reader
to these works for model assumptions and other details of the data extraction
in each case; no further data reductions were performed here.6−7 Additional
information on each particular data set is presented in Table 4.3.

Obs1, Obs2, and Obs5 in Table 4.3 correspond to the end of the low-hard
state, when the source was highly luminous. Assuming a conservative value
d = 6 kpc for the distance, the observed X-ray fluxes yield luminosities of up to
LX ≈ 1037 erg s−1. This places some constraints on the value of the parameters
that determine the energetics in our model. Only a small fraction of the jet
power is carried by relativistic particles, otherwise the outflow could not be
confined; we fixed qrel = 0.1 in Eq. (4.1). In a model with equipartition between
hadrons and leptons (a = 1), half of this energy is given to relativistic electrons.
If the observed X-ray flux is due to electron synchrotron radiation, this implies
at least a total jet power Ljet ≈ 2× 1038 erg s−1. This is a significant fraction
of the Eddington luminosity of a black hole of MBH = 6M�, LEdd ≈ 7.8× 1038

erg s−1. If part of the accretion power is radiated outside the jet and part
advected onto the black hole, the accretion rate required to account for the
observations must be very near the Eddington limit.

An accretion model that could apply to powerful sources or high luminos-
ity states has been proposed by Bogovalov & Kelner (2005, 2010). They showed
that, along with the standard thin disc solution of Shakura & Sunyaev (1973),
there exists another accretion regime in which the accretion disc is radiatively
very inefficient, even for high accretion rates. In this solution, known as the
“dissipationless disc model”, a magnetized plasma falls onto a central object.
Angular momentum is removed from the system not by viscosity effects, but

6The data were extracted with the help of the ADS’s Dexter Data Extraction Applet and a
script prepared by the author.

7Calibration and data reduction algorithms have been updated since the data presented
here were reduced. Reprocessing the data might result in changes in the slope of the X-ray
spectrum. However, we do not intend to perform detailed fits to the spectrum but to show
that the observations can be accounted for by a lepto-hadronic jet model, as an alternative to
purely leptonic models. Using the same data allows to compare the results of our model with
those of previous works.
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it is carried away by matter itself (see also the ADIOS model of Blandford &
Begelman 1999 for early ideas regarding this accretion regime). In fact, the
dissipationless disc model predicts that the mass advection rate vanishes at
the position of the compact object, and so all the infalling matter is ejected.
In this way, most of the accretion power could be directly channeled into the
jets. This model could account for the observations of very powerful jets and
low-luminosity discs in extreme systems such as SS 433 or M87. Other radia-
tively inefficient models, such as ADAFs and MDAFs, are more suitable for
low accretion rates.

GX 339-4 was also detected during the low luminosity phase of the low-
hard state in 1999 (Obs3 and Obs4). The X-ray luminosity is LX ≈ 1034 erg s−1.
Applying the same energetic considerations as above, the minimum jet power
required is now Ljet ≈ 2× 1035 erg s−1, a fraction qjet ≈ 3× 10−4 of the Edding-
ton luminosity of the black hole.

The observed spectrum in the X-ray band is quite hard, LX ∝ E−l
γ with

l ≈ 0.3. If the X-rays originate in electron synchrotron radiation, from the
slope of the observed spectrum it is possible to estimate the spectral index p of
the steady-state parent particle distribution, N ∝ E−p. They are related as

l = − p
2
+

3
2

. (4.3)

This yields p ≈ 2.4. Since particles cool, the index p is not the same as that of
the electron injection function, Q ∝ E−α. In particular p = α + 1 in the case of
dominant synchrotron losses. The particle injection spectrum must therefore
be quite hard, with a power-law index smaller than the typically assumed
α = 2.0− 2.2 predicted by the theory of acceleration in strong, non-relativistic
shocks. Here we fixed α = 1.5, consistent with relativistic shock acceleration.

The values of the relevant parameters of the model are summarized in Table
4.4. We performed least-squares fits to the observational data. The parameters
qjet, a, η, Emin, and ρ were allowed to vary subject to the constraints discussed
above, whereas the rest of the parameters were kept fixed. The quality of the
fits was quantified through the value of its chi-squared
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χ2 = ∑
(Fobs − Fm)2

∆F2
obs

. (4.4)

Here Fobs is the observed flux, Fm is the value predicted by the model, and
∆Fobs is the uncertainty associated with every observational point. The best fit
for a given set of fixed parameters was found minimizing χ2.

The fits were performed applying the Pattern Search algorithm (Audet &
Dennis 2003, Kolda et al. 2003). This algorithm does not require the explicit
calculation of derivatives and is relatively robust. It is also a convenient method
since it allows to impose constraints on the search domain; in this way we could
restrict the solutions to the physically meaningful range of values of the free
parameters as discussed above. The Nelder-Mead method (Nelder & Mead
1965, Lagarias et al. 1998) was used to accelerate convergence. Special care
was taken to avoid local minima by restarting the optimization process from
multiple initial values of the free parameters in the allowed domain.

Table 4.4: Values of the parameters in a model for the microquasar GX 339-4.

Parameter Symbol Value
Distance d 6 kpc
Black hole mass MBH 6M�
Viewing angle θjet 30◦

Jet bulk Lorentz factor Γjet 2
Jet injection point z0 4.5× 107 cm(∗)

Ratio r0/z0 χ 0.1
Ratio 2Ljet/LEdd qjet ≥ 10−4

Ratio Lrel/Ljet qrel 0.1
Ratio Lp/Le a ≥ 1
Magnetic field decay index m 1− 2
Ratio UB/Uk at zacc ρ 0.1− 1
Particle injection index α 1.5
Minimum particle energy Emin ≥ 2 mc2

Acceleration efficiency η 10−4 − 0.1
(∗) z0 = 50Rgrav.
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4.3.3 Best-fit spectral energy distributions

Figures 4.11, 4.12, and 4.13 show the best fits obtained for two sets of simul-
taneous radio and X-ray data taken on February 3rd 1997 and April 2nd 1999
(Obs1 and Obs2 in Table 4.3, respectively), when the source was in a luminous
low-hard state. In Figures 4.11 and 4.12 the location of the acceleration region
zacc was determined demanding that UB = ρUk, whereas in the case of Figure
4.13 the condition UB = ρUm was applied. The values of the best-fit parameters
are listed in Table 4.5.

Each SED corresponds to a different value of the magnetic field decay index
m. This parameter strongly determines the shape of the spectrum, since it fixes
the value of the field along the jet and consequently zacc. Larger values of m
yield zacc closer to the jet base where the magnetic field is stronger.

The SEDs in Figures 4.11 and 4.12 all correspond to Obs1. The best fit is ob-
tained for m = 1.2. The X-ray data range is always covered by the synchrotron
emission of primary electrons, but as m grows, synchrotron radiation of sec-
ondary pairs begins to dominate at radio wavelengths. This diminishes the
quality of the fit. The slope of the X-ray spectrum also gets worse modelled
as m increases, indicating that the injection index should be harder than the
assumed value α = 1.5.

Between ∼ 1 GeV and ∼ 1 TeV, the emission is dominated by synchrotron
self-Compton radiation and synchrotron emission of protons and secondary
particles; at higher energies the contributions of proton-proton and proton-
photon interactions are the dominant ones. All these processes become more
relevant when zacc is nearer the jet base, since the magnetic field is stronger
and enhances the synchrotron radiation of protons, muons, and charged pi-
ons. Also the matter and photon densities are larger, providing denser targets
for proton-proton and proton-photon collisions, and SSC scattering. The con-
tribution of secondary pairs from photon-photon annihilation is significantly
increased for large values of m due to this effect as well.8 In all cases the best
fits favour large minimum particle energies, Emin ≈ 100mc2. A powerful jet
(qjet ≈ 0.8− 0.9) and equipartition of energy between primary protons and lep-

8We considered the synchrotron and the inverse Compton radiation fields of primary elec-
trons (both in the local approximation) as targets for photon-photon annihilation.
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Ṅ
e
+

χ
2ν

[m
c 2]

[R
grav ]

[G
]

[s −
1]

A
O

bs1
1.5

1.2
97.4

0.9
1.5

0.1
0.1

9.7×
10

4
8.4×

10
3

3.8×
10

38
1.42

B
O

bs1
1.5

1.5
99.2

0.8
1.4

0.08
0.75

1.4×
10

2
1.5×

10
7

8.6×
10

40
2.0

C
O

bs1
1.5

1.8
96.3

0.8
1.6

0.03
0.5

1.4×
10

2
1.4×

10
7

8.4×
10

40
3.1

D
O

bs1
1.5

2.0
92.4

0.75
1.4

0.03
0.75

85.5
2.3×

10
7

1.3×
10

41
3.3

E
O

bs1
1.5

1.8
15.0

1.00
1.5

0.1
0.1

1×
10

4
5.0×

10
3

4.5×
10

40
0.8

F
O

bs2
1.5

2.0
11.5

0.73
2.7

0.1
0.1

3.5×
10

3
1.2×

10
4

3.0×
10

40
0.98

G
O

bs3
1.5

2.0
2.0

6.4×
10 −

3
2.0

3×
10 −

3
0.4

3×
10

3
3.6×

10
3

1.4×
10

35
0.15

H
O

bs4
1.5

2.0
2.0

6.3×
10 −

3
2.0

1×
10 −

4
0.15

4.9×
10

3
1.4×

10
3

7.5×
10

34
0.15

I
O

bs3
2.2

2.0
25.2

6.6×
10 −

3
2.0

0.1
0.4

2×
10

2
3.1×

10
3

2.4×
10

37
0.8

J
O

bs5
1.5

2.0
92.7

1.0
1.0

0.1
0.1

6×
10

3
4×

10
3

1×
10

42
6.2

93



Chapter 4. One-zone lepto-hadronic models. II. Applications

-8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18
28

29

30

31

32

33

34

35

36

37

38

e p
e

e

p

Lo
g 1

0 
(L

 /e
rg

 s
-1

)

Log10 (E  /eV)

 Data
 Model
 Synchrotron
 Bremsstrahlung
 SSC
 pp
 p

e- Fermi

HESS
CTA

A

-8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18
28

29

30

31

32

33

34

35

36

37

38

e p

e

e
p

 

 

Lo
g 1

0 (
 L

 / 
er

g 
s-1

 ) 

Log10 (E  / eV) 

 Data
 Model
 Synchrotron
 Bremsstrahlung
 SSC
 pp
 p

e-

B

Figure 4.11: Best-fit spectral energy distributions for Obs1 of GX 339-4, for different
values of the magnetic field decay index: m = 1.2 (model A) and m = 1.5 (model B).
See Tables 4.4 and 4.5 for the values of the rest of the parameters. The position zacc
of the acceleration region was determined demanding that UB < Uk. The subindices
(γγ), (pγ), and (µ) indicate pairs created through photon-photon annihilation, pho-
topair production, and muon decay, respectively. The thick lines are the sensitivity
limits of Fermi (5σ, one-year sky survey exposure), HESS (5σ, 50 h exposure), and CTA
(50 h exposure).

94



4.3 A model for the broadband emission of the microquasar GX 339-4

-8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18
28

29

30

31

32

33

34

35

36

37

38

e p

e

e

p

e-

 Data
 Model
 Synchrotron
 Bremsstrahlung
 SSC
 pp
 p

Lo
g 1

0 (
L

 / 
er

g 
s-1

)

Log10 (E  / eV)

C

-8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18
28

29

30

31

32

33

34

35

36

37

38

e p

e

e

p

e-

Lo
g 1

0 (
L

 / 
er

g 
s-1

)

Log10 (E  / eV)

 Data
 Model
 Synchrotron
 Bremsstrahlung
 SSC
 pp
 p

D

Figure 4.12: Best-fit spectral energy distributions for Obs1 of GX 339-4, for different
values of the magnetic field decay index: m = 1.8 (model C) and m = 2.0 (model D).
See Tables 4.4 and 4.5 for the values of the rest of the parameters. The position zacc
of the acceleration region was determined demanding that UB < Uk. The subindices
(γγ), (pγ), and (µ) indicate pairs created through photon-photon annihilation, pho-
topair production, and muon decay, respectively. The thick lines are the sensitivity
limits of Fermi, HESS, and CTA, see Figure 4.11.
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Figure 4.13: Best-fit spectral energy distributions for Obs1 (Model E) and Obs2 (Model
F) of GX 339-4. See Tables 4.4 and 4.5 for the values of the parameters. The position
zacc of the base of the acceleration region is calculated from the condition UB < Um.
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tons (a ≈ 1) are also required, since the power injected in electrons needs to be
as large as possible to account for the X-ray observations.

Models E and F in Figure 4.13 correspond to fits of Obs1 and Obs2, respec-
tively. In both cases, zacc was calculated demanding that UB < Um. For the
same m and ρ, this condition gives larger values of zacc and weaker magnetic
fields. Now the best fits are obtained for large values of m. These sets of pa-
rameters reproduce the slope of the X-ray spectrum for the same value of the
injection index better than the models of Figures 4.11 and 4.12.

Figure 4.14 shows two model fits to low-luminosity low-hard state observa-
tions of GX 339-4, carried out in 1999 (Obs3 and Obs4). Simultaneous obser-
vations in the optical band are also available for Obs3, but we postpone the
analysis of these data until the next section. The radio and X-ray emission is
due to primary electrons; all radiative contributions of protons and secondary
particles are negligible. The jet power required to account for the data is now
only a fraction qjet ≈ 6× 10−3 of the Eddington luminosity. The best fit models
are obtained for low values of the acceleration efficiency and minimum particle
energy.

For each model we also calculate the synchrotron emission of thermal elec-
trons at the base of the jet. For an electron energy Ee ≈ 2mec2 and a magnetic
field B0 ≈ 106− 107 G, the peak of the spectrum is at Eγ ≈ 10 eV. The luminos-
ity of this component, however, is below or just above the jet emission. This
contribution is not significant in the relevant energy bands. The results of the
fits are therefore not affected.

4.3.4 Spectral correlations

The analysis of simultaneous radio and X-ray observations from 1997-1999, led
Corbel et al. (2003) to find that the fluxes in both energy bands are tightly cor-
related. In particular, the radio flux at 8.6 GHz is related the 3-9 keV integrated
X-ray flux as FR ∝ ∆Fδ

X, with δ ∼ 0.7. This correlation suggests a common ori-
gin in the jet9 (synchrotron radiation). According to Markoff et al. (2003), if all

9Alternative models to explain the radio/X-rays correlation have been suggested. Markoff
et al. (2005) presented fits to simultaneous radio and X-ray data of GX 339-4 obtained applying
a corona model. Furthermore, in Heinz & Sunyaev (2003) it is shown that for an ADAF-like
boundary condition, the radio flux from the base of the jet scales with the black hole mass and
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Figure 4.14: Best-fit SEDs for Obs3 (model G) and Obs4 (model H) of GX 339-4. The
decay index of the magnetic field is m = 2 and the position zacc of the acceleration
region was determined demanding that UB < Um. See Tables 4.4 and 4.5 for the
values of the rest of the parameters. The sensitivity limits of Fermi, HESS, and CTA
are indicated. Optical data in model G (not shown, see Figure 4.16) were not included
in the fit.
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model parameters except the jet power are kept frozen, the correlation index δ

is given by

δ =
17/12− 2/3δR

17/12− 2/3δX
. (4.5)

Here δX is the spectral index of the X-ray region of the synchrotron spectrum
(FX ∝ νδX) and δR that of the synchrotron radio flux (FR ∝ νδR).

In our model the radio and X-ray emission is due to synchrotron radiation
of electrons. We find a value of the radio spectral index δR ∼ 0.33, which
corresponds to the low energy part of the spectrum from a particle distribution
with a low-energy cutoff. The value of the X-ray spectral index is δX ∼ −0.8, as
expected for an injection function Qe ∝ E−1.5 (notice that electrons are strongly
cooled due to synchrotron losses after injection, see Section 3.3.2). These values
yield δ ∼ 0.6, in reasonable agreement with the result of Corbel et al. (2003).
Figure 4.15 shows the correlation curves predicted by our model for cases A,
E, F, and G, together with the data from Corbel et al. (2003). The model results
are in reasonable agreement with the observations.

Simultaneously with the radio and X-ray observations of Obs3 and Obs5,
GX 339-4 was also detected at NIR and optical wavelengths (Markoff et al.
2003, Homan et al. 2005). The NIR/optical flux is also strongly correlated to
the X-ray flux.

From the analysis of data from the same epoch as Obs5, Homan et al. (2005)
showed that the flux density in the NIR H-band and the 3− 100 keV bolomet-
ric X-ray flux correlate as FH ∝ ∆Fδ

X, with δ = 0.53. A similar correlation
was found between the optical V-band and I-band flux densities and the inte-
grated X-ray flux, with correlation indices δ = 0.44 and δ = 0.48, respectively.
These correlations disappear when the source leaves the low-hard state. The
H-band emission, however, rises and decays faster than the optical during the
transition, whereas the slope between the I and V bands remains constant. As
pointed out by Homan et al. (2005), this may indicate a different origin for the
NIR and optical emission during the low-hard state.

The correlations between the radio/X-ray and NIR/X-ray fluxes suggest
that the emission in the three ranges must originate in the jet. This is further

the accretion rate, independently of the assumed jet model.
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Figure 4.15: Radio/X-ray flux correlations in GX 339-4. The different curves corre-
spond to models A, E, F, and G. In each case, the slope was calculated as in Markoff
et al. (2003), and to determine the intercept we used corresponding SEDs in Figures
4.11, 4.12, 4.13, and 4.14. The model correlation index is δ ∼ 0.6, whereas that of the
1997-1999 observational data is δ ∼ 0.7 (Corbel et al. 2003).

supported by the fact that the NIR flux extrapolates back to the radio data
(see also Corbel et al. 2003). Direct or reprocessed emission from an accretion
disc can be ruled out due to the shape of the NIR/optical spectrum and the
short decay time scales. Furthermore, the NIR and radio fluxes are quenched
when the disc begins to contribute significantly to the X-ray emission. Homan
et al. (2005) conclude that the NIR emission probably originates in the jet, and
approximately coincides with the position of the break of the synchrotron spec-
trum. The optical flux may be due to thermal and/or non-thermal reprocessed
radiation from the accretion disc or star, or from a region of the jet different
from where the NIR emission is produced.

These ideas are further supported by the recent results of Coriat et al. (2009),
who presented an analysis of five years of observations of GX 339-4 (from 2002
to 2007, a period that comprises five outbursts). They found a strong IR/X-ray
correlation over four decades in flux during the low-hard state. The correlation
index, however, is not unique: a break appears at bolometric (3-100 keV) X-ray
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fluxes ∼ 1.1× 10−10 erg s−1 cm−2 (LX ∼ 6× 10−4LEdd for MBH = 6M� and
d = 6 kpc). Coriat et al. (2009) argue that this break can be explained attribut-
ing the X-ray emission to SSC radiation from the jet (see also Nowak et al. 2005,
where it is suggested that models more complex than a single jet synchrotron
component maybe needed to explain the correlations). They find no clear evi-
dence of a similar break in the V-band/X-ray correlation, and suggest that the
optical emission in the low-hard state is dominated by the outer part of the
accretion disc, and not by the jet.

This correlation is not peculiar of GX 339-4, but it seems to be a signature
of low-mass black hole X-ray binaries. Russell et al. (2006) analysed radio,
NIR, optical, and X-ray data from 16 sources (including extragalactic systems
in the Large Magellanic Cloud). Their results agree with those of Homan et al.
(2005) for GX 339-4. They estimate that the jet contribution to the NIR emission
during the low-hard state is ∼ 90%, but only ∼ 50% to the I and V bands.

We attempt to fit the NIR/optical data, when available, using our jet model.
Figure 4.16 shows the best-fit models obtained for Obs3 (the data in the op-
tical band are now plotted) and Obs5. In the case of Obs5, the radio, NIR,
optical, and X-ray data are reasonably well reproduced with a hard particle
injection spectral index α = 1.5. In the case of Obs3, the whole data set at
optical frequencies cannot be accounted for with a single synchrotron compo-
nent. However, adopting a softer particle injection spectral index α = 2.2, it
is possible to obtain models models where the synchrotron turnover occurs in
the optical.10 The rise in the spectrum at higher energies, however, cannot be
fitted. This emission must have a different origin, for example in an accretion
disc (Markoff et al. 2003).

4.3.5 Absorption effects

In order to assess the effect of photon self-absorption by photon-photon anni-
hilation, we calculated the attenuation parameter exp(−τγγ). As targets, we
considered the synchrotron and the inverse Compton radiation fields of pri-
mary electrons. As it can be seen from Figure 4.17, contrary to some of the
models in Section 4.1, internal attenuation is almost negligible. This is because

10Synchrotron radiation of thermal electrons from the base of the jet is not relevant in these
models either.
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Figure 4.16: Best-fit SEDs for Obs3 (model I) and Obs5 (model J) of GX 339-4. In model
I, the arrow indicates the only point in the optical band that was included in the fit.
The decay index of the magnetic field is m = 2. The position zacc of the acceleration
region was determined demanding that UB < Uk in Model I and UB < Um in Model
J. See Tables 4.4 and 4.5 for the values of the rest of the parameters. The sensitivity
limits of Fermi, HESS, and CTA are indicated.
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the volume of the emission region is larger, and so the density of the target
photon field is low. The production spectrum is not appreciably modified in
any case.
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Figure 4.17: Attenuation factor as a function of energy for a photon emitted at z = zacc
at an angle θjet with the line of sight, due to photon-photon annihilation in the internal
radiation field of the jet. Absorption is negligible in all cases and does not modify the
production spectrum.

4.3.6 Positron production rate

Measurements carried out with the INTEGRAL Spectrometer (SPI) instrument
of the INTEGRAL satellite have allowed to complete a detailed map of an ex-
tended region of emission line at 511 keV in the Galaxy (Weidenspointner et al.
2008, Bouchet et al. 2010), see Figure 4.18. These observations confirm the dif-
fuse (rather than point-like) distribution of the line, with bright emission from
the galactic bulge and a clear, extended (|l| . 200◦, |b| . 10◦) disc component.
The bulge-to-disc flux ratio is within the range 0.25− 0.7 (Bouchet et al. 2010).

The initial results of Weidenspointner et al. (2008) pointed to an asymmetry
in the disc component: the flux from the region of negative galactic longitudes
(−50◦ < l < 0◦) appeared to be 1.8 times larger than that from the corre-
sponding region of positive longitudes. Since the same type of asymmetry
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Figure 4.18: Spatial distribution of (a) the line emission at 511 keV and (b) of low-mass
X-ray binaries with emission above 20 keV, as seen by the instruments SPI and IBIS of
the satellite INTEGRAL, respectively. From Weidenspointner et al. (2008).

was observed in the spatial distribution of hard LMXBs (those that show ap-
preciable emission above 20 keV) detected with INTEGRAL, Weidenspointner
et al. (2008) suggested that LMXBs might be the main sources of positrons. As
new INTEGRAL observations became available, these results were revised by
Bouchet et al. (2010); they found no asymmetry in the line emission from the
galactic disc to within statistical errors.

Different types of positron sources have been suggested in the literature,
including pulsars, the massive black hole at the galactic center, microquasars,
nucleosynthesis events, and extended processes like cosmic ray nuclear reac-
tions and dark matter decay. The fact that both bulge and disc emission are
clear, seems to disfavour the latter two possibilities. Furthermore, Bouchet et al.
(2010) suggested that the widened longitudinal extension of the disc emission
points to a population of old stars as the main source of positrons in the galaxy.
Microquasars, in particular those with a low-mass donor star, appear then as
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an appealing possibility. Along with electromagnetic radiation, the creation
of electron-positron pairs is a necessary result of relativistic particle interac-
tions. As we have seen, they are injected, for example, through photon-photon
annihilation and as a by-product of hadronic interactions. The estimates of
Guessoum et al. (2006) already shown that the association between micro-
quasars and galactic positron sources is likely at least on energetic grounds.
Here, we explore the possibilities for electron-positron production in more self-
consistent models for microquasar jets.

We calculated the positron injection rate predicted by our model. According
to Heinz (2008), the number of injected positrons per unit time can be roughly
estimated as

Ṅe+ ≈
Le±

2Γjetγ̄emec2 . (4.6)

In this expression Le± is the total luminosity injected in pairs and γ̄e is the
mean Lorentz factor of the positrons when they leave the source.

It is reasonable to expect that positrons have almost completely cooled
when they reach the end of the jet, and thus γ̄e is of the order of the jet bulk
Lorentz factor, γ̄e ∼ Γjet = 2. In our case, the most relevant process of pair
production is photon-photon annihilation. The predicted positron injection
rates Ṅe+ are shown in Table 4.5; they range from ∼ 1035 s−1 to 1042 s−1 in
the models that correspond to the brightest X-ray luminosities. Bouchet et al.
(2010) estimate that the positron production rate required to account for the
observed flux from the disc is ∼ 0.8× 1043 s−1. There are about ≥ 100 LMXB
in the Galaxy (Liu et al. 2007) and, although not detected yet, possibly most of
them produce jets. Even if many of them are less powerful than the jet in GX
339-4, the added contributions might account for the observed flux at 511 keV.
Our estimations show that the proposed association between LMXB and the
annihilation line emission is indeed feasible at least in energetic terms. In this
way, there may be no need to resort to other more exotic explanations, such as
annihilation of dark matter.
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4.3.7 Conclusions

To sum up, we have shown that, under certain general conditions, the model
developed here is capable of explaining the observed radio and X-ray spectrum
of the low-mass microquasar GX 339-4. The data from high X-ray luminosities
states require a powerful jet with a large leptonic content. In fact, all the fits
yield a ∼ 1, what means that as much energy is given to the primary rela-
tivistic electrons as it is allowed by the constraints imposed. The hadronic
contribution to the spectrum in cases A and E is undetectable with the present
gamma-ray instruments. In the other models, synchrotron radiation of pro-
tons and secondary muons and pions, and at higher energies the contribution
of pp interactions, could be detectable by Fermi and HESS (and in the future
by CTA), respectively. For the low-luminosity observations (models G and
H), the predicted emission above ∼ 100 MeV is too faint to be detected with
the present gamma-ray telescopes. We have also calculated fits to simultane-
ous radio, NIR/optical, and X-ray observations from 1999 and 2002 (models
I and J). For these sets of parameters, the break in the synchrotron spectrum
occurs approximately in the NIR and the lowest-energy data were reasonably
fit. The rising shape of the spectrum at optical wavelengths, however, could
not be reproduced. This component is likely to originate mostly outside the jet,
probably in the accretion disc.

In all models the spectrum is essentially of leptonic origin. In this sense, the
results do not differ from those of previous works like those of Markoff et al.
(2003, 2005). Our model, however, besides making predictions for the emission
in the high and very high-energy bands, introduces some refinements over the
previous scenarios adopted for this source. The particle distributions are cal-
culated self-consistently taking into account the effect of energy losses on the
injection spectrum. We also calculate the radiation emitted by secondary parti-
cles produced in hadronic interactions, and that of the electron-positron pairs
from photon-photon annihilation. The importance of photon self-absorption
is assessed as well, although it turns out not to be relevant since the emission
region is in a zone of low radiation density.

We have also shown that the pair injection rate is significant enough, if this
kind of model is solid in general for low-mass microquasars, to account for
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the observed line emission at 511 keV, according to the lower limit given by
Bouchet et al. (2010). If the proposed association between hard low-mass X-ray
binaries and the electron-positron annihilation line flux can be proved, other
explanations such as annihilation of dark matter could result unnecessary.
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5
I N H O M O G E N E O U S J E T M O D E L

In this chapter, we generalize the one-zone jet model to treat the injection and
cooling of relativistic particles in a spatially extended, inhomogeneous region,
and study its consequences on the radiative output of the jet. We begin by pre-
senting some general results. Then, as an application, we fit the observational
data from the low-mass X-ray binary XTE J1118+480, a very well studied black
hole candidate in the galactic halo. The spectral energy distribution of this
source in the low-hard state displays a thermal component at UV frequencies,
attributed to the emission from an accretion disc. We then add a simple disc
model to our representation of the system. We also consider the radiation from
the disc as a target for inverse Compton scattering off relativistic electrons and
for photon-photon annihilation.

5.1 jet model

The basic jet model is the same as in Chapter 3; we briefly summarize it below.
We parameterize the accretion power Laccr in terms of the Eddington luminos-
ity of the black hole as

Laccr ≡ Ṁc2 = qaccr LEdd ≈ 1.3× 1038qaccr

(
MBH

M�

)
erg s−1, (5.1)

where Ṁ is the mass accretion rate, MBH is the mass of the black hole, M� is
the solar mass, and qaccr is an adimensional parameter.

A fraction of the accreted matter is ejected via two symmetrical jets, each
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carrying a power

Ljet =
1
2

qjet Laccr (5.2)

with qjet < 1. The outflows are launched at a distance z0 from the black hole,
and propagate up to z = zend with a constant bulk Lorentz factor Γjet. The sym-
metry axis of the jet makes an angle θjet with the line of sight of the observer.
Figure 5.1 shows a sketch of the situation.

z0

zacc

zmax

z

BH

zend

 jet

observer

Figure 5.1: Detail of the jet and the acceleration region (not to scale). Some relevant
geometrical parameters are indicated.

As before, the value of the magnetic field B0 = B(z0) is estimated assuming
that the flow is magnetically dominated in the launching region, see Eq. (3.4).
We apply the prescription in Eq. (3.5) with m > 1 to calculate B(z) for z > z0.

The region of the jet where the relativistic particles are accelerated extends
from z = zacc up to z = zmax. The position of the base of the acceleration region
is determined demanding that

UB(zacc) = ρ Uk(zacc), (5.3)
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5.1 Jet model

with ρ < 1. The fraction of the jet power that is transferred to relativistic
electrons and protons is qrel � 1; the ratio of the power injected in protons to
the power injected in electrons is a ≥ 1.

In the jet reference frame, we adopt an injection function for primary parti-
cles that is a power-law in energy times an exponential cutoff

Q(E, z) = Q0 E−α exp [−E/Emax(z)] f (z). (5.4)

The step-like function f (z) fixes the effective size of the acceleration region

f (z) = 1− 1
1 + exp[−(z− zmax)]

≈
{

1 z ≤ zmax

0 z > zmax.
(5.5)

The cutoff energy Emax(z) is calculated from the balance of the acceleration
and the cooling rates, and the normalization constant Q0 from the total power
in protons or electrons as in Eq. (3.18).

Since the acceleration region is extended, the simple version of the kinetic
equation in the one-zone jet model must be generalized to account for the
transport of particles and the spatial variation of the parameters that govern the
interactions (the magnetic field, the radiation fields, and the density of thermal
particles). We neglect diffusion, but add a convective term; the convection
velocity is of the order of the jet bulk velocity, ~vconv ≈ vjet ẑ. Under these
assumptions, Eq. (3.28) now reads

vconv
∂N
∂z

+
∂

∂E
(bN) +

N
Tdec

= Q. (5.6)

Notice that the convection term has replaced the effective term that represented
the removal of particles due to escape.

We solve Eq. (5.6) numerically by the method of finite differences. The
domain of the partial differential equation is discretized into a non-uniform
grid in order to accommodate the wide range of values of z and E. The linear
system of equations thus obtained is sparse, and can solved efficiently with
state of the art numerical routines (Davis 2004a,b).

The treatment of the cooling and radiation from primary and secondary par-
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ticles is identical to that in the previous chapters. Here, however, we add the
IC radiation field of primary electrons as an internal target for proton-photon
collisions and photon-photon annihilation. As we calculate the emission from
an extended region of the jet, the appropriate general expression for the lumi-
nosity corrected by absorption is

Lγ (Eγ) =
∫

V
d3r exp [−τγγ(Eγ,~r)] qγ (Eγ,~r) . (5.7)

5.2 accretion disc model

5.2.1 Basic model

We assume that the accretion disc is perpendicular to the jets and extends from
an inner radius Rin to an outer radius Rout about the plane z = 0; see Figure
5.2 for an scheme.

We adopt a radial profile for the temperature consistent with that of a stan-
dard optically thick, geometrically thin accretion disc (see Section 2.1.2)

T(R) =
Tmax

a0

(
Rin

R

)3/4
(

1−
√

Rin

R

)1/4

. (5.8)

The maximum temperature of the disc, Tmax, is reached at Rmax = (49/36)Rin,
and a0 = 63/2/71/4 ≈ 0.49.

Every annulus of the disc radiates as a black body at the local temperature
T(R). The observed flux at energy Eγ is then

Fd(Eγ) = 2π
cos θd

d2

∫ Rout

Rin

B(Eγ, R) R dR, (5.9)

where

B(Eγ, R) =
2

c2h3

E3
γ

exp [Eγ/kT(R)]− 1
(5.10)

is the Planck function and θd = θjet is the inclination angle of the disc with
respect to the line of sight. Both viewing angles are equal since we take the
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5.2 Accretion disc model

disc to be perpendicular to the jet.

The power per unit area emitted by a black body is D(R) = σSBT(R)4. The
total luminosity of the disc is then calculated integrating D(R) over the two
faces of the disc,

Ld = 2× 2πσSB

∫ Rout

Rin

T(R)4 R dR ≈ 4π

3
σSB

(
Tmax

a0

)4

R2
in. (5.11)

The approximation is valid for Rout � Rin.

In steady state, a half of the gravitational energy lost by the infalling matter
is radiated in the disc, so

Ld =
1
2

GMBHṀ
Rin

=
1
2

Rgrav

Rin
Ṁc2. (5.12)

Eqs. (5.11) and (5.12) provide an estimation of the accretion power

Ṁc2 =
8π

3
σSB

(
Tmax

a0

)4 R3
in

Rgrav
. (5.13)

5.2.2 Interaction with the disc radiation field

The radiation field of the disc provides a target for IC scattering off the rela-
tivistic leptons in the jet. Besides, the high-energy photons emitted in the jets
can be absorbed by disc photons to create electron-positron pairs.

The radiation field of the disc is not isotropic in the jet frame. The photon-
photon optical depth and the spectrum from IC interactions must be calculated
using the full cross sections (not averaged over the collision angle), and taking
into account the geometry of the disc-jet system.

To calculate the IC luminosity we must start from the most general expres-
sion for the emissivity per unit solid angle Ωs in the jet reference frame
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qIC
γ (Eγ, Ωs,~r) = 2πc

∫ Rout

Rin

R dR
∫ ∞

0
dε
∮

dΩ
∫ Emax

Emin
dE

∮
dΩe (1− β cos ψ) ×

N (E, Ωe,~r) nph (ε, Ω,~r, R)
dσIC

dEγdΩs
.

(5.14)

Here dσIC/dEγdΩs is the double differential IC cross section, ψ is the collision
angle between the particle and the disc photon, N (E, Ωe,~r) is the particle en-
ergy distribution, and β =

√
1− 1/γ2, where γ is the Lorentz factor of the

particle. The function nph (ε, Ω,~r, R) (in units of erg−1 cm−3 cm−2) is the num-
ber density of disc photons per unit energy at position~r, that were emitted per
unit area of the disc at radius R around the solid angle Ω.

Equation (5.14) can be simplified under some appropriate assumptions, see
for example Dermer & Schlickeiser (1993). We develop them in Appendix A.
Here we only present the details of the calculation of the disc radiation field.

q
*

x

z

j

R

Rin

Rout

g(disc)

l

Figure 5.2: Sketch of the accretion disc. Some geometrical parameters relevant to the
calculation of the inverse Compton emissivity with the disc radiation field as target
are indicated.

We are interested in the number density of photons per unit energy per
unit solid angle at height z on the jet axis, that were emitted per unit area at
radius R in the accretion disc. In a reference frame fixed to the disc (where the
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5.2 Accretion disc model

variables are denoted with starred symbols), this quantity can be written as

nph (ε
∗, Ω∗, z, R) =

1
π`2c

ṅph (ε
∗, R)

1
2π

δ (µ∗ − µ̄∗) . (5.15)

Here `2 = z2 + R2 and µ̄∗ = cos θ∗ = z/`, see Figure 5.2. The delta functional
appears because the polar angle of the direction of motion of the disc photon
is fixed once the values of R and z are chosen. The emissivity of photons per
unit disc area at radius R is ṅph (ε

∗, R).
To insert it in the expression for the IC emissivity, Eq. (5.15) must be first

transformed to the jet frame. The transformation is easily done using that the
ratio nph/ε2 is a relativistic invariant. This yields

nph (ε, Ω, z, R) =
1

2π2`2c
ṅph (ε

∗, R) δ (µ− µ̄) , (5.16)

where the photon energy and the cosine of the polar angle in both frames are
related as

ε∗ = Γjetε
(
1 + βjet µ

)
(5.17)

and

µ̄ =
µ̄∗ − βjet

1− βjet µ̄∗
. (5.18)

Finally, we must provide an expression for ṅph (ε
∗, R). To keep the calculations

as simple as possible, we approximated the radiation field of the disc at fixed
R as monoenergetic at energy ε̄∗ = 2.7kT(R). This is the mean energy of
the photons emitted by a black body of temperature T(R). Then, the disc
emissivity per unit area can be estimated as

ṅph (ε
∗, R) ≈ 1

ε∗
D(R) δ(ε∗ − ε̄∗) =

1
ε∗

σSBT(R)4 δ(ε∗ − ε̄∗). (5.19)

The optical depth due to photon-photon absorption in the radiation field
of the disc is given by the generalized form of Eq. (3.82) that includes the full
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angular dependency of the parameters. For a photon with energy Eγ emitted
at height z on the jet axis with polar angle Φ

τγγ(Eγ, z, Φ) =
∫ ∞

0
dλ
∫ ∞

εthr

dε
∮

dΩ (1− cos θ) σγγ(Eγ, ε, θ) nph(ε,~r, Ω).

(5.20)

Here nph is the energy distribution of the disc radiation (that we approximate
as monoenergetic as before) and σγγ is the annihilation cross section, see Eq.
(3.80). The variable λ is the length of the path traversed by the jet photon until
the interaction point and θ is the collision angle. These and other relevant
geometrical variables are indicated in Figure 5.3.

q

x

z

j

R

Rin

Rout

h

g(jet)

g(disc)

l

l

F

Figure 5.3: Sketch of the accretion disc. The geometrical parameters relevant to the
calculation of the optical depth in the radiation field of the accretion disc are indicated.

It is convenient to perform the integration over the surface of the disc in-
stead that over the solid angle. The differential dΩ is related to the differential
of area dA = RdRdϕ on the disc as

dΩ =
cos η R dR dϕ

`2 . (5.21)

After some lengthy algebra, the variables `, cos η, and cos θ can be written in
terms of R, ϕ, z, and λ. The expressions are given, for example, in Becker &
Kafatos (1995); we develop them in further detail in Appendix A.
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5.3 general results

We present the results of four representative models with different values of
some of the parameters. These general models do not include the accretion disc.
In all cases we fixed MBH = 10M�, z0 = 50 Rgrav, r0 = 0.1 z0, zend = 1012 cm,
θjet = 30◦, qaccr = 0.1, qjet = 0.1, qrel = 0.1, η = 0.1, and Emin = 10 m(e,p)c2. The
parameters specific to each model are listed in Table 5.1.

5.3.1 Cooling rates

In Figures 5.4 and 5.5 we plot the cooling rates for primary electrons and pro-
tons in Model A of Table 5.1. They are calculated at z = zacc (base of the
acceleration region), z = zmax (top of the acceleration region), and z = zend

(“end” of the jet).
Synchrotron radiation dominates the cooling of electrons near the base of

the acceleration region. Further away from the black hole this process grad-
ually becomes less relevant at lower energies. The maximum energy of elec-
trons, however, is always determined by the balance of the synchrotron cooling
rate and the acceleration rate. Synchrotron self-Compton energy losses are in
general much smaller and the cooling due to relativistic Bremsstrahlung is
negligible.

Adiabatic energy losses are the most important for protons all along the
jet. Notice that the cooling due to proton-photon interactions is completely
negligible at large z because the density of the target photon field is very low.

5.3.2 Particle injection and energy distributions

Figure 5.6 shows the dependence of the injection function on energy and z
for primary electrons and protons in Model A. The injection is confined to the
region z < zmax = 1010 cm. As expected from the cooling rates in Figures 5.4
and 5.5, protons reach energies much higher than electrons. The maximum
energy of electrons is determined by the synchrotron losses, and so it grows
with z as the magnetic field decreases. For protons adiabatic losses are the
main cooling channel, and the maximum proton energy decreases with z.

The steady state particle distributions calculated from Eq. (5.6) are plotted
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Table
5.1:V
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Figure 5.4: Cooling and acceleration rates for relativistic electrons for Model A (see
Table 5.1) at the base (top) and the top (center) of the acceleration region, and at the
“end” of the jet (bottom).
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Figure 5.5: The same as in Fig. 5.4 but for relativistic protons. The abbreviations “pp”
and “pγ” stand for proton-proton and proton-photon, respectively.
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in Figure 5.7. Notice that the most energetic electrons quickly disappear after
the injection is switched off - they cool and accumulate at lower energies. Since
the cooling times are much longer for protons than for electrons, the behaviour
of the proton distribution is quite different. The number of the most energetic
protons also decreases for z > zmax, but there are plenty of high-energy protons
outside the acceleration region. It is interesting to note that in one-zone models
(where there is no convection term in the transport equation, or it is replaced
by an escape term) the particle distributions would be zero in those regions
where Q(E, z) ≈ 0.

5.3.3 Spectral energy distributions

Figures 5.8 and 5.9 show the spectral energy distributions obtained for the four
models of Table 5.1. Very different spectral shapes result.

In Model A the power injected in relativistic protons is large (a = 1). The jet
emission up to ∼ 1 TeV is synchrotron and IC radiation of primary electrons,
reaching luminosities of ∼ 1036 erg s−1 at ∼ 10 MeV. The very high-energy tail
of the spectrum is due to proton-proton and proton-photon interactions.

In Model B most of the energy is transferred to relativistic protons (a = 100).
The synchrotron radiation of primary electrons is greatly reduced, and so are
all other interactions that have this photon field as target (proton-photon colli-
sions and IC scattering). Furthermore, in this model m = 2 and the magnetic
field strength decreases rapidly with z. This also contributes to quench the
synchrotron emissivity. Notice that the radiative output of proton-proton colli-
sions is only slightly affected compared to that of Model A.

The only difference between Model C and Model A is the extent of the
acceleration region. In Model C the base of the region is shifted to slightly
larger z and extends up to 1011 cm. This “spread” in the spatial distribution
of the relativistic particles affects the proton-proton gamma-ray spectrum. The
more extended the acceleration region, the less radiatively efficient this process
is.

Finally, in Model D the injection spectral index of the relativistic particles
is changed from α = 1.5 to α = 2.2. This turns the electron synchrotron
spectrum from hard to relatively soft. The same happens with the emission
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Figure 5.6: Injection function of relativistic electrons (top) and protons (bottom) for
Model A (see Table 5.1). All color maps are chosen to have monotonous luminance
(McNames 2006, Green 2011) in order to ease interpretation.
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Figure 5.7: Energy distribution of relativistic electrons (top) and protons (bottom) for
Model A (see Table 5.1).
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Figure 5.8: Spectral energy distributions for models A and B of Table 5.1. The various
curves labelled “synchr.” correspond to the synchrotron radiation of primary electrons
(the most luminous component), protons, and secondary particles (pions, muons and
electron-positron pairs).
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Figure 5.9: Same as in Figure 5.8 for models C and D.
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due to proton-proton collisions.
Bremsstrahlung and synchrotron radiation of secondary particles do not

contribute significantly to the SED in any model.
The total luminosity corrected by absorption in the internal radiation field

of the jet is also plotted for every model in Figures 5.8 and 5.9. The effect of
absorption is only noticeable at very high energies in Models A and D, where
the acceleration region is less extended and the photon density is larger.

These four models do not exhaust the possible parameter space that can be
explored. To calculate the SEDs of Models A to D, we chose a set of fixed pa-
rameters and studied the effects of varying the rest of them. Modifying other
parameters, such as qaccr or η, would introduce further interesting changes in
the spectrum, including higher gamma-ray luminosities. This is clearly exem-
plified by the SEDs calculated to fit the spectrum of XTE J1118+480 presented
below.

5.4 the low-mass microquasar xte j1118+480

5.4.1 Characteristic parameters and observations

XTE J1118+480 is an X-ray binary in the galactic halo. It hosts a low-mass
donor star (M∗ ≈ 0.37M�) and a black hole of mass MBH ≈ 8.53M� (Gelino
et al. 2006).

The estimated distance to XTE J1118+480 is d ≈ 1.72 kpc (Gelino et al. 2006).
The source is located at high galactic latitude (b = +62◦) in a region of low
interstellar absorption along the line of sight. This peculiarity of its position
allows to obtain very clean observations. It is possible that the system was born
in the galactic plane and received a kick during the supernova explosion that
led to the formation of the black hole, or it could have formed in a globular
cluster in the halo and ejected later (Mirabel et al. 2001).

XTE J1118+480 is a transient XRB, spending long periods in quiescence.
Since it was first detected in 2000 (Remillard et al. 2000), two outbursts have
been observed: at the time of its discovery and in 2005. The source was ex-
tensively monitored at different wavelengths during the two episodes, and on
both occasions the spectrum showed the characteristics of the low-hard state.
No outflows have been directly imaged, but the presence of jets can be inferred
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from the radio-to-infrared/optical emission (Fender et al. 2001).
The outburst of 2000 lasted for ∼ 7 months. Observational data with very

complete spectral coverage are presented and analysed in Hynes et al. (2000),
McClintock et al. (2001), Esin et al. (2001b), and Chaty et al. (2003). As shown
in Chaty et al. (2003), the SED did not change significantly over a period of
about 3 months. The second outburst started in January 2005 (Zurita et al.
2005, Pooley 2005, Remillard et al. 2005) and lasted for 1-2 months (Zurita et al.
2006). Radio-to-X-rays data from this epoch are presented in Hynes et al. (2006)
and Zurita et al. (2006).

The radio-to-X-rays spectrum of XTE J1118+480 in outburst has been ex-
plained as the sum of the black body emission of a thin accretion disc and
synchrotron radiation from non-thermal electrons in a jet. See, for example,
the works of Markoff et al. (2001), Maitra et al. (2009), and Brocksopp et al.
(2010). Other authors replace the contribution of the jet by that of a hot, opti-
cally thin ADAF, see Esin et al. (2001b) and Yuan et al. (2005). ADAF models,
however, underpredict the observed radio and UV emission.

We apply our inhomogeneous jet model to fit the broadband data from
the two known outbursts of XTE J1118+480. Differentiating from previous
works, we explore the consequences of the injection of non-thermal protons
and secondary particles in an extended region of the jet. We also consider the
effects of internal and external absorption on the jet emission.

Table 5.2 shows a brief log of the observations used for the fits. The data
from the 2000 outburst are taken from McClintock et al. (2001), whereas for
the 2005 outburst we use the data published in Maitra et al. (2009).1 We refer
the reader to these works for details on the instrumental techniques and the
reduction process. The UV/X-ray spectrum of the 2000 outburst displays a
“dip” in the energy range 0.15-2.5 keV. According to Esin et al. (2001b) this
feature might be caused by absorption in a region of partially ionized gas
interposed in the line of sight. We exclude this energy band from the fits.

1The data were extracted with the help of the ADS’s Dexter Data Extraction Applet and a
script prepared by the author.
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Table 5.2: Log of the observational data of XTE J1118+480 used in the fits.

Observation date Instrument Range

2000 April 18 Ryle Telescope 15.2 GHz

UKIRT(a) 1-5 µm

HST(b) 1155-10250 Å

EUVE(c) 0.1-0.17 keV
Chandra 0.24-7 keV

RXTE - PCA(d) 2.5-25 keV

RXTE - HEXTE(e) 15-200 keV

2005 January 23 Ryle Telescope 15.2 GHz
UKIRT J, H, K-band
Liverpool Telescope V, B-band
RXTE 3-70 keV

(a) United Kingdom Infrared Telescope
(b) Hubble Space Telescope
(c) Extreme Ultraviolet Explorer
(d) Rossi X-Ray Timing Explorer - Proportional Counter Array
(e) Rossi X-Ray Timing Explorer - High Energy X-ray Timing Experiment
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5.5 fits of the sed of xte j1118+480 in low-hard state

5.5.1 Parameters of the model

In Table 5.3 are listed the values of the model parameters that were kept fixed
during the fit. Some of them, as the black hole mass and the distance to Earth,
were inferred from observations; we took their values from the literature on
the source. The rest are parameters we have no information about for XTE
J1118+480 (such as the bulk Lorentz factor), or they are specific to our model.
For them we adopt typical values for other microquasars, or simply estimates.

The parameters in Table 5.4 were varied to obtain the best fits. The inner
radius Rin and the temperature Tmax determine the spectrum of the accretion
disc and the value of qaccr, that follows from Eqs. (5.2) and (5.13). The rest
of the parameters of the jet model (see Table 5.5) are calculated from the fixed
and free parameters using the equations of Section 5.1.

5.5.2 Best-fit spectral energy distributions

Figure 5.10 shows the best-fit SEDs for the 2000 and 2005 outbursts of XTE
J1118+480. We obtained χ2

ν = 1.99 and χ2
ν = 0.56 for the chi-squared per

degree of freedom, respectively.2 The best-fit parameters are listed in Tables
5.3 to 5.5.

The value of the maximum temperature of the disc is in agreement with
previous works, see for example McClintock et al. (2001), Markoff et al. (2001),
Chaty et al. (2003), and Maitra et al. (2009). In the case of the 2000 outburst
Tmax is tightly constrained by the data, that clearly indicates the position of the
peak of the multicolor black body component. There is no agreement in the
value of the inner radius of the disc reported in the literature. This parameter
is not well constrained by the observations, and depends on other details of
the model as we discuss below.

We emphasize that our disc model is simple. We do not include effects such
as irradiation of the outer disc (e.g. Dubus et al. 1999) or the transition to an
ADAF in the surroundings of the black hole. We do not attempt, therefore, to
constrain tightly any characteristic parameter of the disc, but just to account

2We applied the same optimization methods as in Chapter 4.
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Figure 5.10: Best fit SEDs for the outbursts of 2000 (top) and 2005 (bottom) of XTE
J1118+480. The various dotted curves labelled under the legend “synchr.” correspond
to the synchrotron radiation of primary electrons (the most luminous component),
protons, and secondary particles (pions, muons and electron-positron pairs). The
dash-dotted curves labelled “IC” correspond to the SSC luminosity of primary elec-
trons (red), and the external IC luminosities of primary electrons (violet) and muons
(magenta). Also shown are the sensitivity curves of Fermi-LAT (1 yr exposure, 5σ),
MAGIC II (50 h exposure), and CTA (50 h exposure).
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Table 5.3: Values of the fixed parameters in an inhomogeneous jet model for the
microquasar XTE J1118+480.

Parameter Symbol Value

Distance to Earth d 1.72 kpc(a)

Black hole mass MBH 8.5M�(a)

Disc outer radius Rout 7× 104Rgrav
(b)

Jet viewing angle θjet 30◦

Jet bulk Lorentz factor Γjet 2
Jet injection distance z0 50Rgrav

Jet termination distance zend 1012 cm
Jet initial radius r0 0.1z0

Ratio Lrel/Ljet qrel 0.1
Magnetic field decay index m 1.5
Particle injection spectral index α 1.5
Acceleration efficiency η 0.1

(a) Gelino et al. (2006)
(b) Chaty et al. (2003)

roughly for the thermal component observed in the SED.
The typical accretion power of XRBs in the LH state is Laccr ≈ 0.01− 0.1LEdd.

The value of qaccr ≈ 0.08 we obtain from for the 2005 outburst is within this
range. It is higher for the 2000 outburst, qaccr ≈ 0.22, mainly because the
disc inner radius is larger. Once Tmax and θd are fixed, Rin determines the
normalization of the spectrum. The maximum temperature of the disc for the
2000 outburst is well constrained; the inclination angle, however, is unknown.
The best-fit value of Rin then depends on the value chosen for θd, that we took
equal to 30◦.3 Given the strong dependence of the accretion power on Rin (see
Eq. 5.13), small variations in this parameter yield significant changes in qaccr.

3There are estimates of the orbital inclination for XTE J1118+480, see e.g. Gelino et al. (2006).
However, there is no compelling reason to assume that the disc lies in the orbital plane of the
binary. See, for example, Maccarone (2002), Butt et al. (2003), and Romero & Orellana (2005)
for a discussion on misaligned microquasars.
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Table 5.4: Best-fit values of the free parameters in an inhomogeneous jet model for the
microquasar XTE J1118+480.

Parameter Symbol Value

2000 2005

Disc inner radius Rin 164 Rgrav 44 Rgrav

Disc maximum tempera-
ture

Tmax 22.4 eV 46.5 eV

Ratio Ljet/Laccr qjet 0.16 0.16
Ratio UB/Uk at zacc ρ 0.5 0.85
Ratio Lp/Le a 12.2 25.5
End of acceleration region zmax 8.2× 109 cm 1.5× 1010 cm
Minimum energy primary
protons and electrons

Emin 86 m(p,e)c2 150 m(p,e)c2

According to our modeling, there are no great differences in the physical
conditions in the jets during the two outbursts. The radio and X-ray emission
is fitted by the synchrotron spectrum of primary electrons, plus some con-
tribution at low energies of secondary pairs created through photon-photon
annihilation. The IR-optical-UV range has significant contribution from the
accretion disc. The synchrotron emission of secondary particles is negligible
(except in the case mentioned above), as well as Bremsstrahlung radiation of
primary electrons. The IC scattering off the jet photon field by primary elec-
trons contributes in a narrow energy range about ∼ 10 GeV in the case of the
2000 outburst. The SED above ∼ 1 GeV is completely dominated by gamma
rays from the decay of neutral pions created in proton-proton collisions.

The attenuation factor e−τγγ as a function of energy and z is plotted in
Figure 5.11. The main source of absorbing photons is the accretion disc. The
internal radiation field of the jet only adds a “bump” at high energies, mainly
due to absorption in the synchrotron field of primary electrons, see Figure 5.12.
The optical depth is large only near the base of the acceleration region. Gamma
rays with energies 10 GeV ≤ Eγ ≤ 1 TeV are mostly absorbed in this zone. The
development of electromagnetic cascades, however, is suppressed by the high
magnetic field, see Pellizza et al. (2010).
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Figure 5.11: Total attenuation factor exp(−τγγ) due to photon-photon annihilation for
the best-fit SEDs of the 2000 (top) and 2005 (bottom) outbursts of XTE J1118+480.
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Table 5.5: Best-fit values of the free parameters in an inhomogeneous jet model for the
microquasar XTE J1118+480 (continued).

Parameter Symbol Value

2000 2005

Accretion power Laccr 2.6× 1038 erg s−1 9.9× 1037 erg s−1

Jet power Ljet 2.1× 1037 erg s−1 8.1× 1036 erg s−1

Power relativistic pro-
tons

Lp 1.9× 1036 erg s−1 7.8× 1035 erg s−1

Power relativistic elec-
trons

Le 1.6× 1035 erg s−1 3.1× 1034 erg s−1

Magnetic field jet base B0 1.3× 107 G 7.9× 106 G
Base of the acceleration
region

zacc 2.8× 108 cm 1.6× 108 cm

The total luminosities are unmodified by absorption. The reason is that
there are many high-energy protons that produce gamma rays through proton-
proton collisions outside the acceleration region. This radiation escapes unab-
sorbed since the density of disc photons is low at high z.

The sensitivity curves of Fermi-LAT, MAGIC II, and the predicted for CTA
are also plotted in Figure 5.10. According to our results, a future outburst of
the source with emission levels comparable to those of 2000 and 2005, would
be detectable in gamma rays by ground-based observatories like MAGIC II
and CTA. In the context of the model presented here, observations at very
high energies would help to constrain the hadronic content of the jets, since
above ∼ 100 GeV the predicted emission is completely due to proton-proton
interactions.

The detectability in the Fermi band depends basically on the position of
the synchrotron cutoff. We fixed η = 0.1 for the acceleration efficiency; this
yields a large maximum energy for the electrons, and the synchrotron emission
extends into the MeV energy range. Observations with Fermi, then, could help
to investigate the efficiency of particle acceleration in jets of microquasars like
XTE J1118+480.
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Figure 5.12: Total attenuation factor exp(−τγγ) due to photon-photon annihilation in
the radiation field of the accretion disc (top) and the internal radiation field of the jet
(bottom), for the best-fit parameters of the 2000 outburst of XTE J1118+480.
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6
C O N C L U S I O N S

The important thing is not to stop questioning. Curiosity has its
own reason for existing.

Albert Einstein

In the last ten years there has been a major breakthrough in observational
gamma-ray astronomy. The volume and quality of the data have substantially
increased since the deployment of the present generation of gamma-ray satel-
lites and terrestrial Cherenkov telescopes. The number of high and very high
energy sources (many of unidentified type) has grown from the < 300 listed
in the Third EGRET Catalog (Hartman et al. 1999) to about 2000, over 1800
of them in the Second Fermi-LAT Catalog (Nolan et al. 2012, see also Vanden-
broucke 2010). This calls for an effort to build models to explain, at least,
which type of particle interactions yield the observed spectra, reproduce their
characteristics, and, through it, gain insight into the physical conditions in the
sources. Such has been the fundamental motivation of this thesis, in what
concerns relativistic jets.

Along this work we developed a lepto-hadronic model for the radiation
from jets in microquasars. We adopted the following general conceptual pic-
ture of the source. Two mildly relativistic jets are launched from the vicinities
of an accreting stellar-mass black hole. The ejection mechanism is of magne-
tohydrodynamical origin, so the outflows are energetically dominated by the
magnetic field near the launching region. Magnetic energy gradually converts
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into bulk kinetic energy as the jets propagate. At some distance from the
central engine, shock waves develop in the jet. These shocks mediate the ac-
celeration of a fraction of the thermal electrons and protons up to relativistic
energies. The acceleration of protons is efficient, and at least as much power
is injected in relativistic protons as in electrons. Non-thermal protons and
electrons (as well as the charged by-products of hadronic collisions) cool by
interaction with matter, photons, and magnetic field, emitting electromagnetic
radiation at all energies from radio to gamma rays. The produced electromag-
netic spectrum might be modified by absorption before reaching the observer.
Within this global picture, we explored a large number of particular scenarios
and obtained broadband electromagnetic spectral energy distributions with
very different characteristics.

We have attempted to add as much detail and self-consistency to the model
as possible. The model contains a number of parameters that determine the
physical conditions in the jets and the distribution of relativistic particles. For
these parameters we took, when available, estimates inferred from observa-
tions. The values of other parameters (such as the position of the acceleration
region and the spectral index of the particle injection function) were chosen
to account, in an affective manner, for the main constraints imposed by the
physics of particle acceleration and the dynamics of the outflow. Our model-
ing of the source is, nevertheless, by no means free of limitations. The most
important one is, perhaps, related to the magnetic field. This is a key feature
of the model, and many of the results depend on our assumptions about the
value of the magnetic field in the jet launching region and how it decays further
away from the compact object. We have made simple and reasonable assump-
tions on this point, but they might require further refinement in the light of
future insights and observational data.

The model was developed in stages of increased complexity. We gradually
generalized some assumptions, refined the treatment of particle transport, and
included new interaction processes. The initial models were “one-zone”; the
compact, homogeneous acceleration region was placed at the base of the jet.
We later considered a location further away from the black hole, in regions
where the kinetic energy density dominates over the magnetic energy density.
Magnetohydrodynamical models predict that this condition favours the forma-
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tion of shock waves. Finally, we progressed to study the injection and cooling
of relativistic particles in a spatially extended, inhomogeneous region of the
jet. This implied the introduction of a more general version of the transport
equation that accounted for particle convection.

The very first one-zone models did not include interactions with matter;
this was added for the applications in Chapter 4 starting with the model for
the AGILE sources. At this stage we also included the radiative contribution of
charged pions and muons. For the model of GX 339-4, we calculated as well
the synchrotron radiation of pairs injected in proton-proton collisions, muon
decay, and photon-photon annihilation. As the model was conceived for jets
in low-mass microquasars, throughout the thesis we neglected the interaction
between the jet and the radiation and the wind from the companion star. For
the modeling of the SED of XTE J1118+480 in Chapter 5, however, we added
the radiation field of the disc as a target for inverse Compton scattering and
gamma-ray absorption.

In its current version, the model is suited to the study of low-mass micro-
quasars, but there are a number of specific improvements that would allow a
broader application. For example, by considering the interaction between the
relativistic particles in the jets with the radiation and the wind from the com-
panion star (see for example Perucho & Bosch-Ramon 2012),1 the model could
be applied to high-mass microquasars.

With some further modifications, the same jet model can be also applied to
active galactic nuclei and gamma-ray bursts. The main modifications concern
the calculation of the particle distributions. These sources have outflows with
very high bulk Lorentz factors, so all the relativistic effects must be carefully
taken into account. The transport equation, for example, must be modified
to a covariant version. Besides, in environments where the radiation field is
ultra dense (like in the jets of long gamma-ray bursts), the coupling among
the kinetic equations for particles and photons cannot be ignored. A further
generalization of the transport equation includes time dependence, allowing
the study of flares.

We have shown that the spectral energy distributions from microquasar jets
might be complex and take a variety of shapes depending on the conditions in

1This would require, as well, the introduction of a model for the stellar wind.
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the source. We have tried to cover a large number of scenarios, always within
a physically meaningful range for the values of the model parameters.

The general results of this thesis can be summarized as follows:

• Relativistic jets from low-mass X-ray binaries with a content of non-thermal
electrons and protons radiate along the whole electromagnetic spectrum. Un-
der some particular conditions, they might emit high and very high energy
gamma rays at levels detectable with presently operative instruments.

• From radio to X-rays the emission is of leptonic origin, predominantly due to
synchrotron radiation. In the context of our model, the synchrotron luminosity
is a good proxy for the power injected in relativistic electrons, since these cool
almost completely through this channel. It also provides information about the
acceleration mechanism, because the spectral index and the maximum energy
of the particles can be inferred from the slope and the cutoff energy of the
synchrotron spectrum.

• In particle “equipartition” models (a ∼ 1) with a high acceleration effi-
ciency (η = 0.1), there is significant synchrotron self Compton emission be-
tween ∼ 1 MeV and ∼ 0.1 TeV.

• In proton-dominated models (a > 1), the spectrum above ∼ 1 GeV is of
hadronic origin.

• If the acceleration region is near the base of the jet (where the magnetic field
is stronger), the synchrotron radiation of relativistic protons is significant at
energies ∼ 1− 10 GeV. The peak luminosity of this component may be as large
as 1034 − 1036 erg s−1. The position of the proton synchrotron peak depends
on the acceleration efficiency parameter η.

• The radiation above ∼ 10 GeV is emitted by the products of proton-proton
and proton-photon inelastic collisions: neutral pions that decay into two gamma
rays and energetic secondary electron-positron pairs that cool by synchrotron
radiation.

• Proton-proton and proton-photon inelastic collisions inject charged pions
and muons. For values of the magnetic field as those we adopted (∼ 106 − 107 G
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at the base of the jet), the cooling of these particles before decay cannot be ne-
glected. We have shown in Chapter 4, Section 4.2, that muons in particular can
produce significant synchrotron radiation at X-ray energies.

• The strong cooling of pions and muons modifies their energy distribution
at decay, consequently affecting the energy spectrum of their decay products.
This is particularly relevant when making predictions for the neutrino emission
from microquasars, as demonstrated by Reynoso & Romero (2009).

• The high and very high energy gamma-ray spectrum, although of hadronic
origin, is coupled to the leptonic content of the jets. This is because the ef-
ficiency of photohadronic interactions and the optical depth due to photon-
photon annihilation depend on the density of the electron synchrotron radia-
tion. This photon field plays in our model a role similar to that of the radiation
field of the companion star in models for high-mass microquasars.

• Gamma rays can escape the source without significant absorption if the emis-
sion region is located in a zone of the jet where the internal radiation field has
low density. In one-zone models this is possible if the relativistic particles are
injected at large distances from the black hole, where the magnetic field is sig-
nificantly lower that in the jet base and the internal radiation field is diluted
because the outflow has expanded. In models for extended jets, absorption
can be avoided even if the acceleration region is relatively near the jet base. As
we have shown in Chapter 5, leptonic emission is confined mostly to the ac-
celeration region; the most energetic electrons rapidly cool where the injection
vanishes. Plenty of energetic protons, however, leave the acceleration region
and inject gamma rays (by decay of neutral pions created in proton-proton
collisions) in zones with low internal (and eventually external) photon density.

We performed three concrete applications of the jet model. Two of them
are fits to observations of very well studied low-mass microquasars, GX 339-4
and XTE J1118+480. We make predictions for the high and very high energy
gamma-ray spectrum during outbursts, a question not addressed in previous
works about these sources. From the three applications of the model we con-
clude:
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• Low-mass microquasars might be the counterpart of some of the galactic
transient gamma-ray sources detected with the satellite AGILE. A salient char-
acteristic of the observed spectra, namely the lack of simultaneous detection at
X-rays with SuperAGILE, can be reproduced in proton-dominated jet models.
The luminosities predicted by these “X-ray quiet” models are of the order of
the measured with AGILE (∼ 1034 erg s−1 at ∼ 100 MeV) if the sources are
nearby, at distances of ∼ 300− 400 pc. In such case, the results of the models
indicate that these systems would be readily detected at high and very high en-
ergies, although this could be complicated because of their variable behaviour
on timescales of 1-2 d.

• The broadband spectral energy distribution of the low-mass microquasar
GX 339-4 may be satisfactorily reproduced by the model, both during out-
burst and low-luminosity hard X-ray states. The radio-to-X-ray emission is
synchrotron radiation from non-thermal electrons, in agreement with the re-
sults of previous works (e.g. Markoff et al. 2003, 2005) and as inferred from the
spectral correlations (Corbel et al. 2003). The model predicts detectable gamma-
ray emission during outbursts with similar characteristics to the observed in
the past. The typical duration of these episodes was of some months, so ob-
servations with Cherenkov telescopes are feasible. GX 339-4 entered again in
outburst in 2010; we expect to count with data at gamma rays from this event
in the very near future.

• The existence of a population of positrons in the galactic halo is revealed by
the detection of the annihilation line at 0.511 MeV with the satellite INTEGRAL.
Adopting the same values of the model parameters that provided the best fits
to the observed SED of GX 339-4, we estimated the positron production rate of
jets from microquasars. The results indicate that the added contribution of all
low-mass microquasars might be enough to account for the minimum positron
injection rate necessary to explain the observed flux at 0.511 MeV. Please note
that this conclusion is based on estimates of the positron injection for a source
with a luminosity similar to that of GX 339-4 in outburst, and assuming that a
large fraction of the known low-mass XRBs are able to produce jets.

• The broadband spectral energy distribution of the halo low-mass micro-
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quasar XTE J1118+480 during the outbursts of 2000 and 2005, may be satisfacto-
rily reproduced by the model as well. Simultaneous data from radio to X-rays
are well explained as the sum of synchrotron radiation from non-thermal elec-
trons in the jet and the emission of an optically thick accretion disc. According
to our results, a luminous outburst of this source may be detected with Fermi
and MAGIC, and in the future with CTA.

• Interestingly, in the three applications of the jet model a hard particle in-
jection was required to reproduce the characteristic of the observed spectrum
of the sources. Values of the injection spectral index α = 1.5 − 1.8 such as
those we adopted, are expected to arise from diffusive acceleration mediated
by relativistic shocks.

To date, no low-mass X-ray binaries have been detected at high-energies.
There is one Fermi gamma-ray source, 1FGL J1227.9-4852, that might be the
counterpart of the bright low-mass X-ray binary XSS J12270-4859, but the as-
sociation is still unclear (Falanga et al. 2010, Hill et al. 2011). No low-mass
X-ray binaries have been detected with Cherenkov telescopes, either. Their ob-
servation is further complicated because in general they are transient sources.
Negative detections of four low-mass microquasars with HESS are reported in
Chadwick et al. (2005). Three of them, however, were in the high-soft state;
there are no available simultaneous X-ray data for the fourth source, GX 339-4,
but it was apparently in a low-luminosity state.

We expect that this situation changes in the very near future. The detec-
tion (or not) of low-mass XRBs at high and very high energies will provide
very valuable information. The most favourable situation would be, undoubt-
edly, to have at our disposal simultaneous observations in X-rays and high and
very high energy gamma rays. We have shown that the same observational
data may be satisfactorily reproduced adopting different values of the model
parameters. For example, proton-dominated as well as lepton-dominated jets
might yield SEDs with similar characteristics at ∼ 0.1− 10 GeV. Observations
with Fermi and AGILE, then, would be most useful to put constraints on the
model parameters when complemented with data from Cherenkov telescopes.
Such simultaneous spectral coverage is nowadays possible. Together with the
much improved quality of the data, it will allow to remove part of the inherent
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degeneracy of the modeling.
In this context, and in spite of its limitations, the type of models developed

in this thesis are timely. We expect that, when confronted with observations,
they result adequate to reproduce the radiative spectrum from microquasar
jets and contribute to a better understanding of these objects.
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A
R A D I AT I V E P R O C E S S E S

This appendix contains a more extensive discussion on some of the radiative
processes introduced in Section 3.3. All the missing formulae relevant to the
calculation of the luminosities are also collected here. The reader interested
in more details is referred to Vila & Aharonian (2009) and Romero & Paredes
(2011).

a.1 synchrotron radiation

A simple analytical expression for the synchrotron power per unit energy is
given in Melrose (1980). The integral in Eq. (3.47) can be approximated as

x
∫ ∞

x
dζ K5/3(ζ) ≈ 1.85 x1/3e−x. (A.1)

As seen in Figure A.1, this approximation is in excellent agreement with the
exact expression over the range 0.1 ≤ x ≤ 10.

In general, the energy of the synchrotron photons is much lower than the
energy of the parent particle. But in certain astrophysical environments, such
as pulsar magnetospheres, synchrotron radiation can take place near the quan-
tum threshold. In this limit, the production of electron-positron pairs in a
magnetic field by high-energy photons

γ + B −→ e+ + e−. (A.2)

is also possible (e.g. Anguelov & Vankov 1999). The classical treatment of
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Figure A.1: Synchrotron power radiated by a single charged particle. Solid line: exact
calculation. Dashed line: approximation of Eq. (A.1).

synchrotron radiation (e.g. Blumenthal & Gould 1970) is valid only in the
regime

E
mec2

B
Bcr

<< 1, (A.3)

where Bcr = m2
e c3/eh̄ ≈ 4.4× 1013 G is the critical value of the magnetic field,

above which quantum effects become relevant.

a.2 proton-proton inelastic collisions

Inelastic collisions of protons and nuclei yield pions, kaons, and hyperons, that
then decay to produce high-energy photons and leptons. The main channel of
gamma-ray production is the decay of neutral pions

π0 → γ + γ. (A.4)

The number of photons per unit energy injected by the decay of a monoener-
getic distribution of neutral pions of energy Eπ is a constant
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A.2 Proton-proton inelastic collisions

dNγ

dEγ
=

2√
E2

π −m2
π0c4

. (A.5)

The allowed interval of photon energies is centered around Eγ = 0.5mπ0c2,

mπ0c2

2

√
1− βπ

1 + βπ
≤ Eγ ≤

mπ0c2

2

√
1 + βπ

1− βπ
. (A.6)

Here βπ = vπ/c and vπ is the velocity of the π0 in the laboratory frame. For
an arbitrary energy distribution of neutral pions, the gamma-ray spectrum is
the superposition of contributions given by Eq. (A.5) for different values of
Eπ. This results in a spectrum with a maximum at Eγ = 0.5mπ0c2 ≈ 67.5 MeV,
independently of the shape of the pion distribution and, therefore, that of the
parent protons.

Kelner et al. (2006) presented simple analytical formulae for the cross sec-
tion and energy spectra of the products of inelastic proton-proton collisions,
obtained fitting the results of simulations performed mainly with the SIBYLL
code. For a proton of energy Ep, the number of photons per unit energy created
per collision can be parameterized as

Fγ

(
x, Ep

)
= Bγ

ln x
x

[
1− xβγ

1 + kγxβγ
(
1− xβγ

)
]4

×

[
1

ln x
− 4βγxβγ

1− xβγ
− 4kγβγxβγ

(
1− 2xβγ

)

1 + kγxβγ
(
1− xβγ

)
]

,

(A.7)

where x = Eγ/Ep. For proton energies in the range 0.1 TeV≤ Ep ≤ 105 TeV, fits
to the results of SIBYLL yield
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Bγ = 1.30 + 0.14L + 0.011L2, (A.8)

βγ =
(

1.79 + 0.11L + 0.008L2
)−1

, (A.9)

kγ =
(

0.801 + 0.049L + 0.014L2
)−1

, (A.10)

where L = ln
(
Ep/1 TeV

)
. The function Fγ

(
x, Ep

)
includes, along with the

contribution to the gamma-ray spectrum from the π0 decay, that from the decay
of the η-meson. Around x ∼ 0.1, the contribution to the gamma-ray spectrum
from the η-mesons is about 25%.

From Eq. (A.7) it is possible to obtain the gamma-ray emissivity from Eq.
(3.57). The inelastic proton-proton cross section σinel

(
Ep
)

can be accurately
approximated as (Kelner et al. 2006)

σinel
(
Ep
)
=
(

34.3 + 1.88L + 0.25L2
) [

1−
(

Eth

Ep

)4
]2

mb, (A.11)

where Eth = mp + 2mπ + m2
π/2mp = 1.22 GeV is the threshold energy of the

proton for the production of a single π0. As seen in Figure A.2, this expression
correctly describes the cross section near the threshold and fits the experimen-
tal data and SIBYLL simulations up to at least Ep ∼ 104 TeV.

Equation (3.57) is valid for Ep & 100 GeV. To calculate the emissivity of low-
energy photons, Kelner et al. (2006) suggested a simple approach based on the
δ-functional approximation (see also Aharonian & Atoyan 2000). It is assumed
that the neutral pion takes a fixed fraction Kπ ≈ 0.17 of the kinetic energy of
the relativistic proton. The injection function of neutral pions is then given by

Q(pp)
π0 (Eπ) = ñ c np

∫
δ (Eπ − KπEkin) σpp

(
Ep
)

Np
(
Ep
)

dEp

=
ñ

Kπ
c np σpp

(
mpc2 +

Eπ

Kπ

)
Np

(
mpc2 +

Eπ

Kπ

)
,

(A.12)
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σinel = (34.3 + 1.88L+ 0.25L2)×

1−

(
Eth

Ep

)4


2

, mb

Figure A.2: Inelastic cross section for proton-proton collisions. The filled circles are
experimental data and the empty circles the results of the code SIBYLL. From Kelner
et al. (2006).

where ñ is the number of neutral pions created per proton-proton collision. The
gamma-ray emissivity is then calculated from Eq. (3.59). Since for Ep . 100 GeV
the cross section is essentially constant, the shape of the photon spectrum in the
δ-functional formalism is similar to the shape of the parent proton spectrum,
shifted in energy by a factor Kπ.

Kelner et al. (2006) also obtained an expression for the injection function of
charged pions in proton-proton collisions, see Eq. (3.89). The mean number
of charged pions with energy Eπ± created per collision is given by Eq. (3.90),
where the function

F(pp)
π

(
x, Ep

)
= 4αBπxα−1

(
1− xα

1 + rxα(1− xα)

)4

×
(

1
1− xα

+
r(1− 2xα)

1 + rxα(1− xα)

)(
1− mπc2

xEp

)1/2

. (A.13)

Here x = Eπ±/Ep, Bπ = a′ + 0.25, a′ = 3.67 + 0.83L + 0.075L2, r = 2.6/
√

a′,
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and α = 0.98/
√

a′.

a.3 inverse compton scattering

In the rest frame of the electron, the exact differential cross section for inverse
Compton scattering is given by the Klein-Nishina formula (e.g. Blumenthal &
Gould 1970)

dσ

dΩ
=

1
2

r2
e

(
ε′γ
ε′

)2(
ε′

ε′γ
+

ε′γ
ε′
− sin2 θ′

)
. (A.14)

Here ε′ and ε′γ are the photon energies before and after the scattering in the
electron rest frame, respectively, and θ′ is the angle between the momenta of the
incident and scattered photon in the same reference frame.1 The final photon
energy is fixed by ε′ and θ′,

ε′γ =
ε′

1 + (ε′/mec2) (1− cos θ′)
. (A.15)

Figure A.3 shows the angle-averaged total cross section σIC in the laboratory
frame. It depends only on the product of the energies of the colliding particles
κ0 = εEe/m2

e c4 (e.g. Coppi & Blandford 1990),

σIC =
3σT

8κ0

[(
1− 2

κ0
− 2

κ2
0

)
ln (1 + 2κ0) +

1
2
+

8
κ0
− 1

2 (1 + 2κ0)
2

]
. (A.16)

In the non-relativistic regime (κ0 � 1) it reduces to the Thomson cross sec-
tion, σIC ∼ σT(1− 2κ0), whereas in the ultra-relativistic or Klein-Nishina limit
(κ0 � 1) it decreases abruptly, σIC ∼ (3σT/8)κ−1

0 ln(4κ0).
According to Blumenthal & Gould (1970), the spectrum of photons scat-

tered by an electron of energy Ee = γemec2 in an isotropic target radiation
field of density nph(ε) is

1In this section, primed symbols indicate quantities measured in the rest frame of the inci-
dent electron.
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Figure A.3: Total cross section for inverse Compton scattering in an isotropic radiation
field.

PIC (Eγ, Ee, ε) =
3σTc
4γ2

e

nph(ε)

ε
FIC (q) . (A.17)

Here σT is the Thomson cross section and the function FIC (q) is given by

FIC (q) = 2q ln q + (1 + 2q) (1− q) +
1
2
(1− q)

(qΓe)
2

(1 + Γeq)
, (A.18)

where

Γe =
4εγe

mec2 (A.19)

and

q =
Eγ

ΓeEe (1− Eγ/Ee)
. (A.20)

The limit Γe � 1 corresponds to Thomson scattering, but Eq. (A.17) is valid for
all Γe - even deep into the Klein-Nishina regime - as long as γe � 1. In terms
of the parameter Γe, the allowed range of energies for the scattered photons is

ε ≤ Eγ ≤
Γe

1 + Γe
Ee. (A.21)
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When the target radiation field (and/or the electron distribution) is not
isotropic, to calculate the inverse Compton emissivity (number of photons with
energy εs scattered into solid angle Ωs per unit volume per unit time) in the jet
frame we must start from the most general expression,

qγ (εs, Ωs,~r) = c
∫ ∞

0
dε
∮

dΩ
∫ Emax

Emin
dE

∮
dΩe (1− βe cos ψ)

dσ

dεsdΩs
×

N (E, Ωe,~r) nph (ε, Ω,~r) . (A.22)

Here N (E, Ωe,~r) and nph (ε, Ω,~r) are the electron and photon distributions (in
units of erg−1 cm−3 sr−1), respectively, dσ/dεsdΩs is the double differential IC
cross section, and ψ is the collision angle. In terms of the angular coordinates
of the direction of motion of the colliding particles, cos ψ may be written as

cos ψ = µ µe +
(

1− µ2
)1/2 (

1− µ2
e

)1/2
cos (φ− φe) , (A.23)

where µ = cos θ and µe = cos θe.

Equation (A.22) can be simplified introducing some approximations. In the
rest frame of the electron, the directions of motion of the incident photons are
confined to a cone of half-angle ∼ 1/γe along the direction of motion of the
electron, where γe is the Lorentz factor of the electron in the jet frame. When
γe � 1, µ′ ≈ βe ≈ 1, so the collision is almost head-on in the rest frame of
the electron. Furthermore, in the jet frame the scattered photons are beamed
into a cone of half-angle ∼ 1/γe along the direction of motion of the electron.
Then, for relativistic electrons Ωs ≈ Ωe. Under these approximations, the
double differential cross section in the jet frame can be written as (Dermer &
Schlickeiser 1993)

dσ

dεsdΩs
= δ (Ωs −Ωe)

πr2
e

γe ε′

(
y +

1
y
+

ε2
s

γ2
e ε′2y2 −

2εs

γeε′y

)
, (A.24)

where

ε′ = γeε (1− βe cos ψ) (A.25)
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is the energy of the incident photon in the rest frame of the electron, the vari-
able y ≡ 1− εs/E, and the energy of the scattered photon is in the range

ε′

2γe
≤ εs ≤

2γeε
′

1 + 2ε′/mec2 . (A.26)

Inserting Eq. (A.26) into Eq. (A.22) yields

qγ (εs, Ωs,~r) = c
∫ Emax

Emin
dE

∮
dΩ

∫ εmax

εmin
dε (1− βe cos ψ)

dσ

dεs
×

N (E, Ωs,~r) nph (ε, Ω,~r) . (A.27)

Now

cos ψ = µ µs +
(

1− µ2
)1/2 (

1− µ2
s

)1/2
cos (φ− φs) , (A.28)

and we have defined

dσ

dεs
=

πr2
e

γe ε′

(
y +

1
y
+

ε2
s

γ2
e ε′2y2 −

2εs

γeε′y

)
. (A.29)

The integration limits εmax,min are fixed by Eq. (A.25)

εmin =
2εs

(1− βe cos ψ)
, (A.30)

εmax =
εs/2γe

(γe − εs/mec2)(1− βe cos ψ)
. (A.31)

If the system has azimuthal symmetry we can fix φs = 0; furthermore, if
the electron distribution is isotropic in the jet frame, N (E, Ωs,~r) = N (E,~r) /4π.
Then,

173



Appendix A. Radiative processes

qγ (εs, Ωs,~r) =
c

4π

∫ Emax

Emin
dE

∮
dΩ

∫ εmax

εmin
dε (1− βe cos ψ)

dσ

dεs
×

N (E,~r) nph (ε, Ω,~r) , (A.32)

where

cos ψ = µ µs +
(

1− µ2
)1/2 (

1− µ2
s

)1/2
cos φ. (A.33)

As we discussed in Chapter 5, the number density of photons per unit
energy per unit solid angle at height z on the jet axis, that were emitted per
unit area at radius R in the accretion disc, can be written as

nph (ε
∗, Ω∗, z, R) =

1
π`2c

ṅph (ε
∗, R)

1
2π

δ (µ∗ − µ̄∗) . (A.34)

This expression is valid in a reference frame fixed to the disc, where the
variables are denoted with starred symbols. The variables `2 = z2 + R2 and
µ̄∗ = cos θ∗ = z/` are defined in Figure A.4.

q
*

x

z

j

R

Rin

Rout

g(disc)

l

Figure A.4: Geometrical parameters relevant to the calculation of the inverse Compton
emissivity with the disc radiation field as target.

The emissivity of photons per unit disc area at radius R is ṅph (ε
∗, R). Ap-

proximating the disc emission as monoenergetic at energy ε̄∗ = 2.7kT(R), we
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A.4 Proton-photon inelastic collisions

obtain

ṅph (ε
∗, R) ≈ 1

ε∗
σSBT(R)4 δ(ε∗ − ε̄∗). (A.35)

Before inserting it in Eq. (A.32), the radiation field of the disc must be trans-
formed to the jet frame. The transformation is done using that the ratio nph/ε2

is a relativistic invariant. This yields

nph (ε, Ω, R) =
1

2π2`2c
ṅph (ε

∗, R) δ (µ− µ̄) , (A.36)

where the photon energy and the cosine of the polar angle in both frames are
related as

ε∗ = Γjetε
(
1 + βjet µ

)
, (A.37)

µ̄ =
µ̄∗ − βjet

1− βjet µ̄∗
. (A.38)

Inserting Eq. (A.36) into Eq. (A.32), the final result is

qγ (εs, Ωs,~r) =
c

4π

∫ Emax

Emin
dE

∫ 2π

0
dφ
∫ Rmax

Rmin

R dR (1− βe cos ψ)
dσ

dεs
N (E,~r)×

σSBT4(R)
2π2`2c

1
ε̄∗Γjet

(
1 + βjetµ̄

) , (A.39)

with

cos ψ = µ̄ µs +
(

1− µ̄2
)1/2 (

1− µ2
s

)1/2
cos φ. (A.40)

a.4 proton-photon inelastic collisions

The cross sections for interactions of high-energy hadrons with photons are
small compared to those of matter-matter interactions. However, in some as-
trophysical environments, radiation density is larger than matter density and
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photohadronic processes may become relevant.

The production of mesons in proton-photon interactions has been studied
in detail by Mücke et al. (2000), who developed the Monte Carlo code SOPHIA
to simulate photohadronic collision events. Atoyan & Dermer (2003) intro-
duced a simplified approach, in which the cross section and the inelasticity in
the proton rest frame are written as the sum of two steps functions,2

σ
(π)
pγ (ε′) ≈





340 µbarn 200 MeV ≤ ε′ ≤ 500 MeV

120 µbarn ε′ > 500 MeV

K(π)
pγ (ε′) ≈





0.2 200 MeV ≤ ε′ ≤ 500 MeV

0.6 ε′ > 500 MeV,

where ε′ is the photon energy in the rest frame of the proton. These two energy
ranges correspond to the single-pion and multiple pion production channels,
respectively. The spectra are calculated in the δ-functional approximation in the
energy of pions and photons. In the single-pion production channel, each π0

is produced with an energy Eπ ≈ K1Ep and this energy is equally distributed
among the products of its decay, thus yielding

Eγ ≈
1
2

K1Ep = 0.1Ep. (A.41)

In the multiple-pion production channel almost all the energy lost by the pro-
ton is equally distributed among three leading pions π0, π+, and π−. The
mean energy of each pion is then Eπ ≈ K2Ep/3, and the energy of the photons
results the same as in the single-pion production channel.

If p1 and p2 = 1− p1 are the probabilities of the pγ collision taking place
through the single-pion and multiple-pion channel, respectively, and ξpn ≈ 0.5
is the probability of conversion of a proton into a neutron per interaction, the
mean number of neutral pions created per collision is

nπ0 = p1
(
1− ξpn

)
+ p2. (A.42)

2See Begelman et al. (1990) for a more accurate approximation.
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A.4 Proton-photon inelastic collisions

We can define define a mean inelasticity

K(π)
pγ

(
γp
)
=

1

t(π)
pγ

(
γp
) ω

(π)
pγ

(
γp
)

, (A.43)

where the cooling time and the collision rate are given in Eqs. (3.73) and (3.76),
respectively. Then the probabilities p1,2 can be calculated from the relation

K(π)
pγ

(
Ep
)
= p1K1 + (1− p1)K2. (A.44)

The emissivity of π0 in the δ-functional approximation is

Q(π)
π0 (Eπ) =

∫
dEp Np

(
Ep
)

ω
(π)
pγ

(
Ep
)

nπ0
(
Ep
)

δ
(
Eπ − 0.2Ep

)

= 5Np (5Eπ)ω
(π)
pγ (5Eπ) nπ0 (5Eπ) , (A.45)

where Np is the energy distribution of relativistic protons. Taking into account
that each neutral pion gives two photons, the photon emissivity results

qγ (Eγ) = 2
∫

dEπ Q(π)
π0 (Eπ) δ (Eγ − 0.5Eπ)

= 20Np (10Eγ)ω
(π)
pγ (10Eγ) nπ0 (10Eγ) . (A.46)

If the energy losses of charged pions and muons are neglected, the emissiv-
ity of secondary pairs can be estimated in the same way. Both in the single-pion
and in the multiple-pion channel each charged pion has an energy Eπ ≈ 0.2Ep.
This energy is equally distributed among the products of meson decay, hence
the energy of each electron (positron) is, on average, Ee± ≈ 0.05Ep. The mean
number of charged pions created per proton-photon collision is

nπ± = ξpn p1 + 2p2, (A.47)

and since only one lepton is produced in each decay, the emissivity of pairs is
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approximately given by

Qe± (Ee±) = 20Np (20Ee±)ω
(π)
pγ (20Ee±) nπ± (20Ee±) . (A.48)

Kelner & Aharonian (2008) introduced new simple analytical parameteri-
zations for the gamma-ray spectrum from photohadronic interactions. Given
the distributions of relativistic protons Np(Ep) and target photons nph(ε), the
gamma-ray emissivity can be written as

qγ (Eγ) =
∫ Emax

p

Emin
p

dEp

∫ ∞

ε
′(π)
thr /2γp

dε
1

Ep
Np(Ep) nph(ε)Φ (η, x) . (A.49)

Here η = 4εEp/m2
pc4 and x = Eγ/Ep. Using numerical results obtained with

the code SOPHIA, the function Φ (η, x) can be approximated with an accuracy
better than 10% by a simple analytical formula. Let us define x± as

x± =
1

2(1 + η)

[
η + r2 ±

√
(η − r2 − 2r) (η − r2 + 2r)

]
. (A.50)

Then, in the range x− < x < x+,

Φγ (η, x) = Bγ exp

{
−sγ

[
ln
(

x
x−

)]δγ
}[

ln
(

2
1 + y2

)]2.5+0.4 ln(η/η0)

, (A.51)

where

y =
x− x−

x+ − x−
(A.52)

and

η0 = 2
mπ

mp
+

m2
π

m2
p
≈ 0.313. (A.53)

For x < x−, the spectrum is independent of x,
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A.4 Proton-photon inelastic collisions

Φγ (η, x) = Bγ [ln 2]2.5+0.4 ln(η/η0) , (A.54)

and finally Φγ (η, x) = 0 for x > x+. The parameters Bγ, sγ and δγ are
functions of η. For values of 1.1 η0 < η < 100 η0, these functions are tabulated
in Kelner & Aharonian (2008).

At energies below the threshold for photomeson production, the main chan-
nel of proton-photon interaction is the direct production of electron-positron
pairs. The cross section for pair production is often referred to as Bethe-Heitler
cross section. Useful approximations for this cross section are given in Maxi-
mon (1968) (see also Chodorowski et al. 1992)

σ
(e)
pγ (x′) ≈





2π

3
αFSr2

e

(
x′ − 2

x′

)3 (
1 +

1
2

η +
23
40

η2 + . . .
)

x′ . 4

αFSr2
e

{
28
9

ln (2x′)− 218
27

+

(
2
x′

)2 [
6 ln (2x′)− 7

2
+ . . .

]}
x′ & 4.

(A.55)

Here η = (x′ + 2)/(x′ − 2) and x′ = ε′/mec2. Analytical fits for the inelasticity
are given in Begelman et al. (1990). For x′ < 1000,

K(e)
pγ (x′) ≈ me

mp

4
x′
[
1 + 0.3957 ln

(
x′ − 1

)
+ 0.1 ln2 (x′ − 1

)
+ 0.0078 ln3 (x′ − 1

)]
,

(A.56)

whereas for x′ > 1000,

K(e)
pγ (x′) ≈ me

mp

4
x′

[
−8.78 + 5.513 ln (x′)− 1.612 ln2 (x′) + 0.668 ln3 (x′)

3.1111 ln (2x′)− 8.0741

]
.

(A.57)

The cross section in Eq. (A.55) is two orders of magnitude larger than that
for pion production, but only a small fraction of the proton energy (≤ 2me/mp)
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is lost in the interaction. Instead, in the pion creation channel, the proton trans-
fers a 10% or more of its energy to the secondary products. As a result, despite
having a smaller cross section, π-meson production becomes a more important
channel of cooling for protons with energies above the corresponding energy
threshold.

The spectrum of pairs created through photopair production has been stud-
ied, for example, by Chodorowski et al. (1992) and Mastichiadis et al. (2005).
The emissivity of pairs in the δ-functional approximation is calculated as before.
In this case the inelasticity can be approximated by its value at the threshold,
K(e)

pγ = 2me/mp . Therefore, the pair injection function results

Q(pγ)
e± (Ee) = 2

∫
dEpNp

(
Ep
)

ω
(e)
pγ

(
Ep
)

δ

(
Ee −

me

mp
Ep

)

= 2
mp

me
Np

(
mp

me
Ee

)
ω

(e)
pγ

(
mp

me
Ee

)
. (A.58)

See also Kelner & Aharonian (2008) for a more detailed treatment.

a.5 optical depth by photon-photon annihilation in the radi-
ation field of the accretion disc

The general expression for the optical depth for a photon with energy Eγ cre-
ated at an arbitrary position~rγ = (Rγ, ϕγ, zγ) due to photon-photon annihila-
tion is given by

τγγ(Eγ,~rγ) =
∫ ∞

0
dλ
∫ ∞

εthr

dε
∮

dΩ (1− cos θ) σγγ(Eγ, ε, θ) nph(ε,~r, Ω).

(A.59)

Here nph is the energy distribution of the target radiation field (the accretion
disc radiation field in the case we are interested in) and σγγ is the annihilation
cross section. The variable λ is the length of the path traversed by the jet
photon until the interaction point and θ is the collision angle. All the relevant
geometrical parameters are defined in Figure A.5.
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A.5 Optical depth by photon-photon annihilation

It is convenient to perform the integration over the area of the disc instead
of over solid angle. The relation between the element of solid angle and the
element of area dA = R dR dϕ in cylindrical coordinates is

dΩ =
cos η R dR dϕ

`2 . (A.60)

Here η is the angle between the normal to the disc and the direction of motion
of the disc photon, and ` is the distance between the interaction point and the
point of emission of the disc photon.
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Rin

Rout

h

g(jet)

g(disc)

zg

Rg

l

Figure A.5: Sketch of the accretion disc. The geometrical parameters relevant to the
calculation of the optical depth in the radiation field of the accretion disc are indicated.

Since the system has azimuthal symmetry, we can assume that the jet pho-
ton propagates in the (x, z) plane (so ϕγ = 0) and its trajectory makes an angle
Φ with the z-axis. In this case, the variables `, cos η, and cos θ can be written
as (e.g. Becker & Kafatos 1995)

`2 = ρ2 + R2 − 2ρR sin δ cos ϕ, (A.61)

cos θ =
ρ cos (δ−Φ)− R cos ϕ cos Φ

`
, (A.62)
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cos η =
ρ cos δ

`
. (A.63)

The parameters ρ and δ are related to zγ, Rγ, Φ, and λ as

ρ2 = R2
γ + z2

γ + λ2 + 2λ (Rγ sin Φ + zγ cos Φ) , (A.64)

sin δ =
Rγ + λ sin Φ

ρ
, (A.65)

cos δ =
zγ + λ cos Φ

ρ
. (A.66)

For simplicity, we calculated the optical depth for photons created on the jet
axis, so we set Rγ = 0.
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B
N O N - T H E R M A L R A D I AT I O N F R O M B L A C K H O L E
C O R O N A E

As discussed in Chapter 2, the hard X-ray emission from X-ray binaries is gener-
ally thought to originate in a corona of hot plasma that surrounds the compact
object, and partially overlaps spatially with the accretion disc. The hard X-rays
are produced by the Compton up-scattering of photons from the accretion disc
off the thermal electrons in the corona. This mechanism satisfactorily explains
the hard power-law shape of the SED up to energies of ∼ 100− 200 keV. Fur-
ther evidence of the presence of the corona is the detection in some XRBs of
the Fe Kα emission line at ∼ 6.4 keV.

In microquasars, the radio/X-rays correlations observed in some sources
suggest a significant (possibly dominant) contribution of synchrotron radiation
from the jets to the hard X-ray spectrum. In this PhD thesis we adopted the
view that the broadband SED of microquasars is dominated by non-thermal
emission from the jets,1 and largely explored the predictions of this scenario.

The corona, however, might also be a site of efficient particle acceleration.
This is interesting, since it implies the possibility of non-thermal radiation from
XRBs that do not produce jets. A suggested mechanism to heat the corona is
the magnetic reconnection of field loops attached to the accretion disc (Galeev
et al. 1979). Violent reconnection may lead to the formation of shocks, as in the
solar corona. A non-thermal particle population might then arise in the corona
as the result of diffusive shock acceleration (e.g. Spruit 1988, Schneider 1993).
Direct Fermi acceleration by converging magnetic winds is also a possibility

1Plus thermal radiation from an accretion disc, if observed.
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Appendix B. Non-thermal radiation from black hole coronae

(Tsuneta & Naito 1998, Kowal et al. 2011). This is interesting, since it implies
the possibility of non-thermal radiation from XRBs that do not produce jets.

The effects of a non-thermal population of electrons in a hot corona were
considered, for example, by Kusunose & Mineshige (1995) and more recently
by Belmont et al. (2008) and Vurm & Poutanen (2009). The results of the injec-
tion of non-thermal protons and secondary pions and muons in a magnetized
corona has not been comprehensively studied so far. Here we present detailed
calculations of the radiative output of non-thermal particles in a simplified
model of magnetized corona. The reader is referred to Romero et al. (2010b)
for the full version of the work, and to Vieyro (2012) for further refinements
and expansion of the model.

Figure B.1 shows a sketch of the main components of the system. We as-
sume a spherical corona with a radius Rc and an accretion disc that penetrates
the corona up to Rp < Rc. For simplicity, we consider the corona to be homo-
geneous and in a steady state.

Accretion
disk

Corona

Donor
star

Black
hole

Rd

Rc

Rp

Figure B.1: Sketch of the corona, the accretion disc, and the donor star (not to scale).
The author thanks Florencia Vieyro for the picture.

We take the luminosity of the corona to be 1% of the Eddington luminosity
of a 10 M� black hole; this yields Lc = 1.3× 1037 erg s−1. For the remaining
parameters of the model we adopted typical values inferred for Cygnus X-1
in low-hard state, see Poutanen et al. (1997). The complete list of parameters
(adopted and derived) is shown in Table B.1.

The jet power in microquasars is related to the magnetic field at the base
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Appendix B. Non-thermal radiation from black hole coronae

of the jet, since the jet launching mechanism is likely of magnetic origin. The
corona and the jet launching region are thought to be regions with similar
properties in the standard jet-disk symbiosis model (Malzac et al. 2009). In
fact, the corona itself might be ejected in form of discrete outflows during a
spectral transition (Rodriguez et al. 2003). For Cygnus X-1 and similar systems,
the jet kinetic power is of the same order of the luminosity of the corona. Then,
to obtain an estimate of the mean magnetic field B in the corona, we demand
equipartition between the magnetic energy density UB = B2/8π, and the en-
ergy density of the radiation field (see e.g. Bednarek & Giovannelli 2007 and
references therein)

B2

8π
=

Lc

4πR2
cc

, (B.1)

where Lc is the total luminosity of the corona. For Lc = 1.3× 1037 erg s−1 and
Rc = 5.2× 107 cm, we obtain B = 5.7× 105 G.

ADAF models predict that the corona consists of a two-temperature plasma,
with an electron temperature Te ≈ 109 K and an ion temperature Ti ≈ 1012 K
(Narayan & Yi 1995a,b). The kinetic energy density of the thermal component
of the corona is then

Uth =
3
2

nekTe +
3
2

nikTi, (B.2)

where ni and ne are the ion and electron number densities, respectively. We
assume equipartition between the magnetic and the thermal kinetic energy
densities to estimate the density of the thermal plasma. From Uth = UB, we
obtain ni ∼ ne = 6.2× 1013 cm−3 for a corona mainly composed of hydrogen.

The hard X-ray emission of the corona is characterized by a power-law with
an exponential cutoff at ∼ 100− 200 keV, as observed in several X-ray binaries
in the low-hard state; see Chapter 2, Section 2.2.1. We parameterize the photon
energy density (in units of erg−1 cm−3) for this spectral component as

nph(E) = AphE−δe−E/Ec . (B.3)

In accordance with the well-studied case of Cygnus X-1 (e.g. Poutanen et al.
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1997), we adopt δ = 1.6 and Ec = 150 keV. The normalization constant Aph can
be obtained from Lc,

Lc

4πR2
cc

=
∫ ∞

0
E nph(E)dE. (B.4)

The total power injected in relativistic protons and electrons is a fraction of
the luminosity of the corona, Lrel = Lp + Le = qrelLc, with qrel = 10−2. For
these species, we adopt an injection function that is a power-law in energy

Q(E) = Q0 E−α exp
(
− E

Emax

)
(B.5)

with a canonical spectral index α = 2.2. As explained for the jet model, the
normalization constant Q0 can be obtained from the total power injected in
relativistic protons or electrons. We consider proton-dominated models with
Lp/Le = a = 100, and equipartition models with a = 1.

The maximum energy Emax is calculated from the balance of the total cool-
ing rate and the acceleration rate (we took η = 10−2 for the acceleration ef-
ficiency parameter). For electrons (and also muons and secondary electron-
positron pairs) the radiative cooling is due to synchrotron radiation, relativis-
tic Bremsstrahlung, and inverse Compton scattering. For protons (and pi-
ons) is due to synchrotron radiation, and proton-proton (pion-proton) and
proton-photon (pion-photon) inelastic collisions. We get maximum energies
of E(e)

max ≈ 7.9× 109 eV and E(p)
max ≈ 8.0× 1014 eV for primary electrons and pro-

tons, respectively. These values are compatible with the Hillas criterion, given
the size of the corona.

We consider two target photon fields for IC and proton-photon interactions:
the power-law photon field of the corona and the radiation field from the disc.
The latter can be represented by a black body of temperature kTd = 0.1 keV
(Poutanen et al. 1997). The radiation field in the corona is diluted to account
for the solid angle subtended by the disc as seen from the corona. This is
performed by means of a parameter D, that represents the fraction of the radi-
ation emitted in the disc that irradiates the corona, and the parameter S, that is
the ratio of intrinsic seed photon production in the corona to the seed photon
luminosity injected from outside. We take the estimates of D and S given in
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Appendix B. Non-thermal radiation from black hole coronae

Poutanen et al. (1997) for the low-hard state of Cygnus X-1. For additional
details the reader is referred to Poutanen et al. (1997), and to Done et al. (2007)
for a general picture of the Comptonization process.

Since the corona is considered homogeneous, we use the transport equation
in the one-zone version to calculate the energy distributions of all non-thermal
particle species,

d
dE

(bN) +
N
T

= Q, (B.6)

where b(E) = dE/dt is the total energy loss rate. The rate of catastrophic losses
is the sum of the decay rate (when it corresponds) and the rate of particle
escape from the corona,

1
T(E)

=
1

Tesc
+

1
Tdec(E)

. (B.7)

We consider two types of corona, each with one relevant mechanism of particle
escape. One is an ADAF-like corona, where matter is advected onto the black
hole. This model was discussed in detail for Cygnus X-1 by Dove et al. (1997)
and Esin et al. (1998). In this case, particles fall onto the compact object with
a mean radial velocity of the order of the free-fall velocity v ≈ 0.1c (Begelman
et al. 1990). The characteristic advection timescale is then

Tadv =
Rc

v
. (B.8)

The other model considered here is a static corona (e.g., supported by magnetic
fields, see Beloborodov 1999) where the relativistic particles can be removed by
diffusion. The diffusion coefficient in the Bohm regime is D(E) = rgyc/3,
where rgy = E/(eB) is the gyroradius of the particle. The diffusion timescale
is

Tdiff =
R2

c
2D(E)

. (B.9)

Figure B.2 shows all the contributions of non-thermal particles to the total
luminosity for a = 100 and different escape regimes - advection or diffusion.
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The luminosities produced by hadrons and muons are higher in models with
a static corona and diffusion of the relativistic particles. This is because, in
models with diffusion, the time it takes for protons and pions to leave the
corona is longer, and they can cool significantly. In models with a = 100, the
non-thermal emission at Eγ > 1 MeV is dominated by synchrotron and IC radi-
ation of secondary pairs. At very high energies, the main contributions to the
spectrum are due to photomeson production in all models. We note that below
∼ 150 keV the source will be totally dominated by thermal Comptonization
(not shown in these plots for clarity, see the right panels of the same figure).

There are two parameters that determine the relevant radiative processes:
the hadronic content in the plasma and the advection velocity. If the hadronic
content is high (a = 100 as shown here), then a large number of secondary
particles are expected to increase the emission at high energies. Advection,
however, also has an important role, because a significant part of the proton
content will be engulfed by the black hole reducing the emission. The overall
SED is then the result of the balance between the effect of these two parameters.

The total luminosities corrected by photon-photon absorption in the power-
law radiation field of the corona (orange curves in Figure B.2, see Eq. (B.3)) are
also shown. For 10 MeV < Eγ < 1 TeV, almost all the non-thermal emission is
absorbed.

Finally, we applied the non-thermal corona model to Cygnus X-1. Cygnus
X-1 is a very bright X-ray binary, formed by a black hole of (14.8± 1.0) M�2

and a companion O9.7 Iab star of (19.2± 1.9) M� (Orosz et al. 2011), at an
estimated distance of ∼ 1.86 kpc (Reid et al. 2011). The X-ray emission al-
ternates between soft and hard states. The spectrum in both states can be
approximately represented as the sum of a black body and a power-law with
an exponential cutoff (e.g. Poutanen et al. 1997). During the soft state, the
black body component is dominant and the power-law is steep, with a photon
spectral index ∼ 2.8 (e.g. Frontera et al. 2001). During the low-hard state more
energy is in the power-law component, that is hard with a spectral index ∼ 1.6
(e.g. Gierlinski et al. 1997).

2The results of Orosz et al. (2011) are very recent; here we used a previous estimate of
∼ 10.1 M� (Herrero et al. 1995) for the mass of the black hole. In Vieyro & Romero (2012) the
new values are adopted.
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Figure B.2: Primary and absorbed spectral energy distributions obtained for a = 100,
in a model with diffusion (top) or advection (bottom).

McConnell et al. (2000) reported a high-energy tail in the low X-ray state
of Cygnus X-1, extending from 50 keV to ∼ 5 MeV. The data at MeV ener-
gies, collected with the COMPTEL instrument of the Compton Gamma-Ray Ob-
servatory, can be described as a power-law with a photon spectral index of
3.2. Observations with the satellite INTEGRAL have confirmed the existence
of a supra-thermal tail in the spectrum (Cadolle Bel et al. 2006). So-called hy-
brid thermal/non-thermal models have been applied by Poutanen & Svensson
(1996) and Coppi (1999) to fit the observed spectrum. These models consider
a hybrid pair plasma with a thermal and a non-thermal component. In par-
ticular, using the EQPAIR code, McConnell et al. (2000) concluded that either
the magnetic field in Cygnus X-1 is substantially below equipartition (at least
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to within an order of magnitude), or the observed photon tail has a different
origin than that related to locally accelerated electrons.
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Figure B.3: Spectral energy distribution of Cygnus X-1 predicted by the non-thermal
corona model, for different values of the parameters. Observational data from Mc-
Connell et al. (2000). The sensitivity curves of Fermi (green), MAGIC (red), and CTA
(blue) are also plotted.

Figure B.3 shows the predictions of our corona model for Cygnus X-1. All
the models assume equipartition magnetic fields. As expected, the emission
in the MeV range is dominated by products of hadronic interactions and sec-
ondary pairs. The best fits are for a model with a = 100 and little or null
advection, with absorption playing a major role in shaping the spectrum. At
high-energies Eγ > 1 TeV, a bump produced mainly by photomeson interac-
tions appears. It might be easily detectable in the near future with CTA, if
Cygnus X-1 is within its declination range.

The flares at gamma-ray energies detected with MAGIC (Albert et al. 2007)
and AGILE (Sabatini et al. 2010) were likely produced in the jet of Cygnus
X-1 (e.g. Bosch-Ramon et al. 2008). In our corona model, even if large mag-
netic reconnection events were to modify the non-thermal population on short
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Appendix B. Non-thermal radiation from black hole coronae

timescales, the GeV emission would be totally suppressed by photon annihi-
lation in the thermal bath of the corona. Gamma-ray flaring events at GeV
energies, then, cannot arise from a strongly magnetized corona, at least in sys-
tems with luminous donor stars.
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