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Summary in English

The subject of this thesis are the most powerful and enigmatic objects in the Uni-
verse: accreting black holes. Research in this area helps us to better understand
physical processes occurring under extreme physical conditions of space-time, in the
surroundings of these objects; conditions impossible to reproduce on Earth.

My work consists in studying the emission produced by accreting black holes.
Specifically, I investigate the importance of radiative processes in general relativis-
tic magneto-hydrodynamic (GRMHD) simulations on the dynamics of the accretion
flow around Sgr A∗ in Chapter 2 and examine the effects a self-consistent treatment of
radiative cooling in GRMHD simulations has on the simulated spectra in Chapter 3.
In Chapter 4, I discuss the contribution of the protons to the high-energy emission
from accreting black holes and present a new semi-analytic spectral jet model. This
spectral model is then applied to analyse quasi-simultaneous observations from radio
to the soft γ-rays of Cygnus X-1.

Accreting black holes and their emission

Black holes are gravitational singularities that attract gas towards them and converts
its potential energy to kinetic energy. Simultaneously, the gas, or clouds of gas,
collide with each other, thus converting some of their kinetic energy into thermal
energy. The collisions result in the clouds of gas entering into an orbit around the
black hole. Further collisions between the gas clouds will tend to make their orbits
circular. The clouds being of finite size, their inner parts orbit faster than their outer
parts. The differential rotation and viscosity result in the clouds losing energy in the
form of heat and falling inwards to smaller orbits. This process leads to the formation
of an accretion disc around an accreting black hole.
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Figure 1: Artist impression showing the main components of an accreting black hole.
Credits: Astronomy Magazine/Roen Kelly

Accreting black holes comprise two classes: stellar mass and supermassive black
holes. Stellar mass black holes are formed from heavy stars. When these stars die,
their core collapses, producing a black hole. Supermassive black holes are formed
differently, probably from the merger of several smaller black holes in the early Uni-
verse and are growing over time by accreting the gas surrounding them. On one
hand, accreting stellar mass black holes are found in X-ray binary (XRB) systems,
which are a class of binary stars that is luminous in X-rays. On the other hand, ac-
creting supermassive black holes are found in the centre of galaxies and form active
galactic nuclei (AGN). Despite the important difference of scales between these two
types of objects, XRBs and AGN share a common mechanism to power their engine:
gas accretes onto a black hole, forming an accretion disc, and sometimes producing
relativistic outflows or jets (see Figure 1).

Friction in the accretion disc causes the gas to increase its temperature. In the
case of accreting black holes, the gas in the accretion disc reaches millions of de-
grees, producing heat that can be radiated away as electromagnetic emission. Be-
cause accretion discs have an embedded magnetic field and because the gas accreting
consists of charged particles (electrons and protons), accretion discs can also produce
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Figure 2: Opacity of the Earth atmosphere as a function of wavelength. Credits: NASA/IPAC

emission via radiation emitted by charged particles accelerated in a magnetic field,
or via particle interactions.

In addition to electromagnetic radiation from accretion discs, accreting black
holes systems can also emit from their jets. One way accreting black holes can dis-
sipate their energy is in kinetic form, by converting the infalling gas into relativistic
collimated outflows. These outflows are usually bipolar jets, launched from closely
around the black hole in opposite directions. The particles in the jets are then acceler-
ated and cool via physical processes, which result in electromagnetic radiation being
emitted from the outflows.

This collection of emission processes lead to accreting black holes emitting across
the full range of the electromagnetic spectrum, from radio to γ-rays (see Figure 2).

Tools to analyse accreting black hole emission

For consistency, we should take into account the cooling effect that radiation losses
have on the accretion flow. The resulting radiatively cooled 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 the magnetic field behaviour in the vicinity of a black hole.
Furthermore, they allow to produce self-consistent simulated spectra which can then
be compared to observations.

While less extensive compared to GRMHD simulations, semi-analytical spectral
models are another powerful tool to investigate accreting black holes. They decrypt
the physical processes responsible for the emission detected from these accreting
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sources and provide a method to analyse the intensive multiwavelength observation
campaigns.

To fully grasp the physical processes occurring in accreting black holes, and to
fully understand the emitting processes occurring in accretion discs and jets, we need
to make use of the complementary tools that are radiatively cooled GRMHD simula-
tions and semi-analytical spectral models.

This thesis

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.

First, I have studied the importance of radiative cooling in GRMHD simulations
on the dynamics of the accretion flow onto Sgr A∗ and the effects a self-consistent
treatment of these radiative processes has on simulated spectra. Sgr A∗ is the super-
massive black hole in the centre of our Galaxy and the best studied low-luminosity
active galactic nucleus (LLAGN). LLAGN occur in up to half of all known galaxies
which makes Sgr A∗ a representative of the majority of accreting supermassive black
holes. Moreover, because of its proximity compared to the centres of other galaxies,
and the multitude of intensive multi-wavelength campaigns conducted from the radio
through high-energy γ-rays over the last decades, Sgr A∗ is the perfect candidate to
test theoretical models of the accretion processes at low accretion rates.

In Chapter 2, I show that radiative losses affect the dynamics of GRMHD simu-
lations of accretion flows and that their importance increases with the mass accretion
rate, with the existence of a limit above which the effect of cooling has a significant
impact on the dynamics and radiative losses cannot be neglected.

In Chapter 3, I present the first self-consistently simulated spectra from radia-
tively cooled GRMHD simulations of accretion flows onto Sgr A∗ which agree re-
markably well with the data. This result suggests that our supermassive black hole is
accreting gas at a very low rate and is most likely rapidly spinning.

In Chapter 4, I present a new semi-analytical spectral model of relativistic out-
flows and evaluate the importance of the proton contribution to the high-energy emis-
sion from accreting black holes. I also revisit the XRB source Cygnus X-1. Cygnus X-1
is one of the few accreting stellar mass black holes that have been detected at very
high energy which makes it an interesting source to investigate. For this reason, I
analysed quasi-simultaneous observations of Cygnus X-1 from the radio to the γ-rays
by fitting the data with my new spectral jet emission model.

Finally, in Chapter 5, I summarise my conclusions and present possible prospects
in the field of accreting black holes.
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