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CHAPTER 1

Introduction

Chose étrange à dire, le monde lumineux, c’est le monde invisible;
le monde lumineux c’est celui que nous ne voyons pas.
Nos yeux de chair ne voient que la nuit.

Victor Hugo

Between 1911 and 1912, Viktor F. Hess conducted a series of high-altitude bal-
loon flights to investigate the source of the ionization of the atmosphere which lead
to the discovery of the extraterrestrial origin of cosmic rays. Fourteen years later,
Bothe & Kolhörster (1929) showed that the main component of this cosmic radiation
was not γ-rays but highly energetic particles, of the order of 109−10 eV. It took a few
more years to identify these particles as being electrons, protons, and light and heavy
nuclei.

Because of their high energy, cosmic rays were the main tool physicists used to
discover new particles until the 1950s and the advent of particle accelerator facilities.
However, despite sixty years of intense developments, ground-based accelerators are
still orders of magnitude lower in energy than what the Universe is capable of. Fig-
ure 1.1 shows the cosmic ray spectrum which extends over more than 10 orders of
magnitude in energy, up to 1020 eV. The origin of these particles is still a puzzle.
Understanding the mechanisms producing such powerful particles will be a major
breakthrough in our understanding of the high-energy universe.
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Cosmic Ray Spectra of Various Experiments

Figure 1.1: The all-particle cosmic ray spectrum as a function of E (energy-per-nucleus) from ground-
based array, air shower and satellite measurements. Credits: W. Hanlon
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1.1 Accreting black holes: particle accelerators

The origin of ultra high energy cosmic rays (UHECR) is a continuing challenges for
astrophysical theories. Hillas (1984) presented, in the so-called Hillas diagram, active
galactic nuclei (AGN) as one of the potential particle acceleration sites. Before him,
Lovelace (1976) showed that a magnetized accretion disc surrounding a black hole
can act as an electric dynamo generating, in opposite direction, two collimated beams
of ultra-relativistic protons. Most recently, Waxman & Loeb (2009) investigated the
possibility of UHECRs produced by a new class of short duration AGN flares, yet to
be detected, resulting from the tidal disruption of stars or accretion disk instabilities.
All these studies suggest that jets from accreting supermassive black holes may hold
the key to understanding the origin of the most energetic particles in the Universe.

In recent years, there has been an increasing interest in their scaled-down cousins,
X-ray binary (XBR) jets. Jets from accreting stellar mass black holes may not pro-
duce particles as energetic as in AGN jets, they are nonetheless interesting objects
to explore. Recent observations indicate that X-ray binary jets may be promising
sources of galactic cosmic rays. Moreover their jets experience complete cycles of
launching and quenching phases on a time-scale of months which make them perfect
test sources to investigate the physics of life and death of jets.

Even though there is a important difference of scales between these two types
of objects, XRBs and AGN share a common mechanism to power their engine: gas
accreting onto a black hole. In fact, the most powerful phenomena in the Universe,
gamma-ray bursts, are thought to be powered by accreting black holes. Accreting
black holes consist of an accretion disc and a central black hole, associated sometimes
with relativistic outflows or jets (see Figure 1.2). Although the big picture seems
rather simple, the fine details of the accretion processes of the infalling gas as well as
the mechanism behind the launching of jets are far from being fully understood yet.
In fact, despite being the process powering the most powerful sources of emission
known in astronomy, the exact details of the mechanism controlling the central engine
are still unknown.

1.1.1 The accelerator engine

In the 1960s, the first quasars were discovered, with typical luminosity of 1044−47

erg s−1. Using the argument of gravitational energy as an origin of this emission,
Lynden-Bell (1969) was the first to model emission from AGN with material accret-
ing close to Eddington rate onto supermassive black holes. Before him, Salpeter
(1964) studied the growth in mass of a massive object in the centre of a galaxy by
accreting interstellar material, and the corresponding emission. Soon after, Pringle &
Rees (1972) and Pringle et al. (1973) applied Lynden-Bell’s model to XRB sources.
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Figure 1.2: Artist impression showing the main components of an accreting black hole.
Credits: Astronomy Magazine/Roen Kelly

In 1973, Shakura & Sunyaev presented what would become the standard accretion
disc model. They assumed that the angular momentum distribution of the material ac-
creting was Keplerian throughout the disc. Their model presents analytical solutions
of the structure, luminosity and temperature profile of the discs. It also introduces a
viscosity parameter α to parametrise the turbulences in the disc driving the transport
of angular momentum to larger radii.

Ichimaru (1977) examined the explicit formulation of the viscous stresses in the
Shakura & Sunyaev model and found that the equations yield two distinct solutions:
an optically thin disc and an optically thick disc. The optically thin disc solution was
later rediscovered by Narayan & Yi (1994, 1995) and termed advection dominated
accretion flow (ADAF). Many variants of the original ADAF solutions have been
since developed, generally referred to as radiatively inefficient accretion flows (RI-
AFs; Blandford & Begelman, 1999; Quataert & Gruzinov, 2000b; Yuan et al., 2003):
the advection-dominated inflow-outflow solutions (ADIOS; Blandford & Begelman,
1999) and the convection-dominated accretion flow (CDAF; Quataert & Gruzinov,
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2000b; Narayan et al., 2000) are examples. The Shakura & Sunyaev disc model is
only valid at sub-Eddington mass accretion rates. Other groups (Paczyńsky & Wi-
ita, 1980; Abramowicz et al., 1988) investigated disc solutions at super-Eddington
and Eddington rates, which resulted in the expression of the thick disc and slim disc
models, respectively.

All the viscosity-driven accretion flow models face the problem of explaining
the exact cause of this viscosity that supposedly transports the angular momentum
of infalling material outward in the disc. Moreover, none of these models can accu-
rately address the role played by the magnetic field in the dynamics of an accretion
disc. Balbus & Hawley (1991) addressed this question and showed that magnetized,
differentially rotating plasmas are subject to a powerful linear instability. This mag-
netorotational instability (MRI) would lead to efficient angular momentum transport
in discs. With the development of fast computer power, fully general relativistic (GR)
and magneto-hydrodynamic (MHD) treatments of accretion flows around black holes
have slowly converged towards maturity and now allow the investigation of accreting
black holes in extensive fluid simulations.

Figure 1.3: Radio image of the galaxy M 87, taken with the Very Large Array (VLA) radio telescope in
February 1989, shows giant bubble-like structures where radio emission is thought to be powered by the
jets of subatomic particles coming from the galaxy’s central black hole. The false colour corresponds
to the strength of the radio luminosity being emitted by the jet. Credits: National Radio Astronomy
Observatory/National Science Foundation

One way accreting black holes can dissipate their energy is in kinetic form, by
converting the infalling material into relativistic collimated outflows. These outflows
are usually bipolar jets, launched from the compact object in opposite directions.
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Despite years of observations and theoretical work, the source of energy of these jets
remains unknown.

Blandford & Znajek (1977) and Blandford & Payne (1982) present two ways
to produce jets from an accreting black hole. On the one hand, Blandford & Znajek
(1977) show that energy and angular momentum can be extracted electromagnetically
from a rotating accreting black hole whose ergosphere is threaded with magnetic field
lines. On the other hand, Blandford & Payne (1982) examine the formation of jets as
the focusing and acceleration of a MHD disc wind.

The source of energy of the jets is not the only element puzzling astrophysicists.
The content of the jets is another one. Jets can be of two types: Poynting-dominated
jets and hadronic jets, or of any combinations of these two. The former is a jet
dominated in energy by Poynting flux and in mass by electron/positron pairs or elec-
tron/proton plasma. The latter is a jet that has equal Poynting and rest-mass fluxes
and is dominated in mass by protons.

GRMHD simulations are a powerful tool to examine the dynamics of the flow
surrounding an accreting black hole. These extensive numerical simulations allow
studies of the evolution of the accretion disc as well as of the magnetic field behaviour
in the vicinity of a black hole. However they cannot be the only tool to investigate
the mechanism of jets. Semi-analytical spectral models are another powerful tool
to do so. They decrypt the physical processes responsible for the emission detected
from these accreting sources. Semi-analytical models of jets are needed to fully
grasp this phenomenon by providing a tool to analyse the intensive multiwavelength
observation campaigns and thus to understand the processes of emission occurring in
the accelerator engine.

1.1.2 The accelerator emission

Observations of the sky in the optical domain have existed as long as Humanity. It is
only in the 19th century and the discovery of infrared emission by William Herschel
that astronomy has opened up to another observational window. It then took a century
and Karl Jansky’s serendipitous discovery of radio emission from the densest part of
the Milky Way, in the constellation of Sagittarius, to drive astronomy into the radio
domain. The ultraviolet, the X-ray and the γ-ray windows became available a few
years after that. Figure 1.4 presents the whole spectrum available to astronomers to
observer the Universe, and the associated atmospheric opacity.

Accreting black holes emit across the full range of the electromagnetic radiation
spectrum, from radio to γ-rays. The source of this emission is however not fully
resolved. Particularly in the high-energy domain (X-rays and beyond), the leptonic
or hadronic origin of the emission is still a source of controversy. On the bright side,
the main physical processes responsible for the emission in accretion discs and jets
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Figure 1.4: Opacity of the Earth atmosphere as a function of wavelength. Credits: NASA/IPAC

are well-understood, thanks to extensive studies of particle interactions by particle
physicists. These processes include synchrotron radiation, inverse-Compton process
and inelastic collisions.

Synchrotron emission was first discovered in the 1940s as radiation emitted, in
form of an intense polarized light, by high energy electrons accelerated in facilities
called synchrotrons. Schwinger (1949) is the first to investigate the theory of this
radiation and to derive the emitted spectrum. A few years later, Shklovskii (1953)
showed that synchrotron radiation could explain the radio emission from the Crab
nebula.

Synchrotron emission is the radiation emitted by charged particles moving in a
magnetic field. The movement creates a Lorentz force q~v × ~B which constrains the
particles to gyrate and to follow a helical trajectory along the magnetic field lines, as
shown in Figure 1.5a. The gyration motion accelerates the charged particles, which
then emit the synchrotron radiation.

Extremely sensitive to the direction of the magnetic field, the presence of syn-
chrotron cooling processes in a source can be confirmed via polarization measure-
ments of the source’s radiation. However, in many synchrotron sources turbulence
can destroy the polarization of the emission by disordering the magnetic field lines.
Therefore, while the detection of a polarized radio emission indicates the presence
of synchrotron radiation, the absence of polarization does not require the absence of
synchrotron processes. Detection of synchrotron emission is an important feature of
astrophysical observations as they imply the presence of acceleration processes in the
sources. Moreover, the higher the frequency of the observed synchrotron emission is,
the more energetic these acceleration processes are.
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Figure 1.5: Emission processes

The power emitted by a charged particle undergoing synchrotron losses has a
quadratic dependence on the Lorentz factor γ of that particle:

Psyn =
4
3
σT c UB β

2 γ2 (1.1)

where σT is the Thomson cross-section, UB = B2

8π the magnetic energy, β = v
c and

c the speed of light. The more energetic a charged particle is, the more drastic syn-
chrotron losses are. Moreover, the synchrotron cooling process also depends strongly
on the mass of the charged particle, because γ = E

m c2 . As consequence of this de-
pendence, the emission of electrons via synchrotron radiation dominates the one of
protons at the same energy.
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1.1 Accreting black holes: particle accelerators

Compton scattering is the quantum version of Thomson scattering. In the Comp-
ton effect, a high energy photon interacts with matter and loses some of its energy by
transferring it to an electron or a proton. On the contrary, when a low energy photon
is upscattered by a relativistic electron to higher energies, as shown in Figure 1.5b,
the process is called inverse-Compton scattering. Inverse Compton scattering is im-
portant whenever high energy electrons propagate through a radiation field and is
therefore an important process of emission in high-energy astrophysics. In accreting
black holes, the synchrotron photons emitted by relativistic electrons are upscattered
by these same electrons, producing the synchrotron self-Compton emission. In fact,
any sources of low energy 1 photons in the surroundings of the relativistic electrons
are potential sources of inverse-Compton emission. The energy loss rate of the elec-
trons by the inverse-Compton process has, like the synchrotron process, a quadratic
dependence on the energy of the particle and depends on the energy density of the
radiation field penetrated by the electrons.

The current standard model of accreting black hole emission is composed of the
electrons and positrons that are the main contributors to the radiation via synchrotron
and inverse-Compton processes, while the protons play the role of kinetic carriers.
However, despite the fact that the emission produced by protons cooling via syn-
chrotron and inverse-Compton processes is less important than the corresponding
emission from electrons, high energy observations are challenging this current lep-
tonic view of accreting black hole radiation. Accelerated protons can radiate high-
energy photons via inelastic collisions and the creation and following decay of new
particles such as π0 or π±. Figures 1.5c and 1.5d, respectively, present examples of
outcomes from relativistic protons interacting with thermal protons and with a photon
field. Besides the direct production of γ-ray photons via the decay of neutral pions,
hadronic interactions also contribute to the overall spectrum via the synchrotron and
inverse-Compton emission of secondary leptons from the decay of charged pions.

Synchrotron emission and inverse-Compton processes are important features of
high-energy astrophysics. These two radiative processes dominate the leptonic en-
ergy losses. Relativistic collimated outflows in XRBs and AGN are composed of
highly ordered magnetic field and energetic particles, which makes synchrotron emis-
sion the dominant radiative process in these sources and a signature of the presence of
jets in accreting black hole systems. However, the photon may not be the only mes-
senger we receive from these sources. Cosmic rays and neutrinos may be other means
we can use to study accreting black holes. In fact, claims of correlations between the
arrival directions of ultra-high energy cosmic rays and the positions of AGN have
been made (e.g. Pierre Auger Collaboration, Abraham et al., 2007). However the
multi-messenger approach is still a young research field. The number statistics of this

1compared to the relativistic electrons
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correlation are low and therefore the correlations still need to be confirmed. Nonethe-
less if such correlations prove to be correct, they will support the idea that protons
are more than simple kinetic carriers in jets and that accreting black holes are truly
powerful accelerator engines. Neutrinos are another important messenger we need
to study to fully understand accreting black hole sources. Being weakly interacting
particles, neutrinos, unlike cosmic rays, trace back to their source of origin with little
to no deflection. Moreover, being only produced in hadronic interactions, they are
the smoking gun to confirm the hadronic contribution in the high-energy emission of
jets. In addition they hold the key to answering the question of the content of the rel-
ativistic collimated outflows. The detections of neutrinos from astrophysical sources
such as accreting black holes will help discriminate between theories of Poynting
dominated jets made exclusively of electron/positron pairs, and heavy jets, made of
electron/proton plasma.

1.2 Summary of this thesis

The most extreme physical conditions of space-time in the Universe happen in the
vicinity of black holes, which make them the perfect laboratory for testing extreme
physics theories. The present thesis investigates accretion processes using radiation
as a tracer of the physics occurring very close to the accreting black holes as well
as far into the jets. It provides a means to understand the mechanism of the most
powerful accelerator engines known in the Universe.

This thesis consists of two parts: Part I (Chapter 2-3) investigates the impor-
tance of radiative processes in GRMHD simulations on the dynamics of the accretion
flow around supermassive black holes. Furthermore, it examines the effects a self-
consistent treatment of radiative cooling in GRMHD simulations has on the simulated
spectra. In Part II (Chapter 4), the hadronic contribution to the high-energy emission
from accreting black holes is discussed and a new spectral jet model is presented.

In Chapter 2, we assess, for the first time, the importance of the radiative cooling
in GRMHD simulations of accretion flow onto Sgr A∗. Accretion discs are quasi-
stationary solutions of radiative MHD for a given initial configuration with sufficient
gas, angular momentum and magnetic fields, while jet structures naturally emerge
from GRMHD simulations. The future of accreting black hole modelling is via ex-
tensive numerical simulations in a radiative GRMHD scheme. However, while the
algorithmic treatment of GRMHD converges towards a mature state, the inclusion
of radiative processes in the simulations has been a big challenge. So far, groups
studying accretion discs around black holes, and in particular around our SMBH
Sagittarius A* (Sgr A∗; e.g. Dexter et al., 2009; Mościbrodzka et al., 2009; Dexter
et al., 2010; Hilburn et al., 2010; Shcherbakov et al., 2012; Mościbrodzka et al., 2011;
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Dexter & Fragile, 2012; Dolence et al., 2012), have all done so with non-radiative
GRMHD simulations. Their approach is to not include the radiative losses in the
simulations themselves but rather first calculate a dynamical model in GRMHD and
then feed the final outputs into a separate Monte-Carlo program calculating the resul-
tant spectrum. The assumption used is that in underluminous accreting black holes
like Sgr A∗, radiative losses are likely not strong enough to affect the dynamics of the
system. Using Cosmos++, an astronomical fluid dynamics code that takes into ac-
count radiative losses self-consistently in the dynamics (Anninos et al., 2005; Fragile
et al., 2012), we show that, for Sgr A∗, cooling effects on dynamics can indeed be
neglected. However, the effects of cooling at higher accretion rates (relevant for most
nearby LLAGN) are not negligible.

In Chapter 3, we describe the implementation and results from the cooling rou-
tines used in the simulations of Sgr A∗ presented in Chapter 2, and present the first
self-consistently calculated spectra. We examine the influence the spin of the black
hole and the initial magnetic field configuration of the accretion disc have on the sim-
ulated spectra, and compare to the previous non-cooled calculations. Although we
find that self-consistent treatment of radiative losses is not important for the case of
Sgr A∗, we demonstrate that it will be for most nearby LLAGN.

Chapter 4 presents a new spectral model which calculates the continuum emis-
sion from non-thermal lepto-hadronic processes occurring in jets and thermal lep-
tonic processes occurring at the base of the jets and in the accretion disc. There
is a large volume of published studies examining the contribution of hadronic pro-
cesses in AGN jet emission (e.g. Dermer, 1986; Begelman et al., 1990; Mannheim,
1993; Rachen & Biermann, 1993; Mahadevan et al., 1997; Mucke et al., 1999; Bosch-
Ramon, 2007). Over the past few years, several groups (e.g. Romero et al., 2003;
Bosch-Ramon et al., 2005; Orellana et al., 2007; Romero & Vila, 2008) have adapted
these hadronic models of AGN jets to XRB jets, investigated the emission produced
via hadronic processes and compared the resulting radiation to observational data.
Their models calculate emission from the initial electrons and protons distributions as
well as from the secondary particles such as pions, muons and electron/positron pairs.
Radiation in these models is produced via bremsstrahlung, synchrotron, inverse-
Compton cooling, decay processes and inelastic collisions. These studies all share the
common approach of modelling only the non-thermal emission from the jet which,
in their models, corresponds to radiation from a region of the jet above the corona.
However, GRMHD simulations indicate that accretion discs, bases of jets and jets
themselves are all connected, forming one inflow/outflow system. The processes
happening very close to the central black hole and the processes occurring far in the
jets are intimately connected. To understand the power in jets and their content, and
to model multiwavelength observations of accreting black holes, it is therefore es-
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sential to study the system as a whole, thermal and non-thermal sources of emission
from the accretion disc and the jets altogether. Our work is based on a leptonic jet
model which has been successful in fitting the lower energy, broadband spectra of
XRBs in the compact jet-dominated state as well as spectra of low-luminosity (LL)
and Fanaroff-Riley Type 1 (FR I) AGN (Markoff et al., 2005). In our model, pro-
tons, which were only kinetic carriers in the leptonic model, are now accelerated
along with the electrons throughout the jet and cool via synchrotron radiation and in-
elastic collisions. Our work consists in revisiting the high-mass X-ray binary source
Cygnus X-1. This object features polarized high energy emission which makes it an
exciting source to investigate. We analyse its quasi-simultaneous observations from
radio to the soft γ-rays by fitting the data with this new model.

Unravelling the origins of the high energy emission from jets will shed some
lights on the processes producing the most energetic particles in the Universe. With
future facilities, like CTA, expanding the observation domain to the TeV regions, we
will probe the acceleration and the cooling mechanisms of jets.
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