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CHAPTER 1

Introduction

"Nature to be commanded must be obeyed"
. Francis Bacon

This thesis focuses on the physics of the material around the black hole located at the
center of our Galaxy: Sagittarius A*. This object is interesting not only because it is
our unique supermassive black hole, but also because it has a lot of things in common
with many many other objects in the Universe. In fact, as one cannot tell the number
of stars or the number of galaxies in the entire Universe, the number of black holes
might also be close to infinity (see Figure 1.1 to get a sense on the number of black
holes out there). I introduce black holes in general in part 1.1 and Sagittarius A*
(Sgr A∗) in particular in part 1.2. Then I talk about the physics of accretion flows in
part 1.3, that is occurring in the vicinity of all compact objects, and that I am studying
in detail for the case of Sgr A∗ using numerical simulations that I present in part 1.4.
Finally I introduce the time evolution of these objects with the typical different states
of accreting black holes in part 1.5, and the flare events that are occurring in Sgr A∗

in part 1.6. Part 1.7 gives a brief outline of this thesis.
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1 Introduction

1.1 Black holes

Black holes have been first discovered or invented using theoretical physics.
Any massive object exerts an attraction in such a way that one needs a high enough
velocity to escape it. The escape velocity depends on the mass and the radius of the
object:

Vesc =
√

2GM/R (1.1)

On Earth, the escape velocity is Vesc ' 40 296 km/h, independently of the mass that
is trying to escape. We can think of a compact object massive enough that its escape
velocity exceeds the speed of light c ' 109 km/h, then everything would be trapped
on it. This idea was proposed for instance by John Michell 230 years ago (Michell,
1784) or Pierre-Simon Laplace around the same time. However, if Newton’s law of
gravitation was well known to derive (1.1) easily, and think about black holes, it was
not known how to unify the electromagnetism with the gravitation theory to predict
the behaviour for massless photons. It is in 1915 that theoretical black holes became
robuster within Einstein theory of general relativity. The Schwarzschild solution of
Einstein equations is describing a non-rotating black hole with a coordinate singular-
ity and an event horizon i.e. a surface at which the escape velocity equals the speed
of light, located at the so-called Schwarzschild radius:

RS ch = 2GM/c2 (1.2)

Where G is the gravitational constant, M is the mass of the object, and c is the speed
of light. In 1931, Chandrasekar calculated that above a certain mass, a body of
electron-degenerate matter (i.e. of density so high that matter becomes a gas where
electrons are all stripped from their parent atoms) has no stable solution. In 1939,
Robert Oppenheimer and others predicted that neutron stars (extremely compact stars
composed of nuclear matter, which is predominantly a neutron-degenerate gas) above
about three solar masses would collapse into black holes (Oppenheimer & Volkoff,
1939; Oppenheimer & Snyder, 1939). For details on the physics of compact objects,
I recommend reading the book “Black Holes, White Dwarfs and Neutron Stars” by
Shapiro & Teukolsky (1983) republished in 2008.

Figure 1.1 is showing some optical photographs of the sky taken by the Hubble
Space Telescope. On the left is a crowded region of the sky in the direction of the
center of our Galaxy showing few of the 300 billion stars that our Galaxy is made
of. Black holes are the inevitable ending point of large stars dying in supernova
explosions while smaller stars end their life in white dwarf or neutron stars, which
are not massive enough to trap light. Roughly one out of every thousand stars that
form is massive enough to become a black hole. Therefore, our Galaxy must contain
some 300 million stellar-mass black holes. On the right is an “empty” small region
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1.1 Black holes

(a) (b)

Figure 1.1: (a): Small patch of our Milky Way Galaxy (the image is 1.8 arcminutes across) in the
direction of the Sagittarius constellation. Our Galaxy contains about 300 billion stars.
Credit: NASA and The Hubble Heritage Team (STScI/AURA)
(b): This is what we saw pointing the Hubble Space Telescope at nothing in a very tiny part of the dark
sky (the image is ∼ 40 arcseconds across) in December 1995 in the direction of Ursa Major the Great
Bear. Most observations in this picture are distant galaxies revealed by several days of exposure, as the
telescope was intentionally avoiding Milky Way’s stars.
Credit: Robert Williams and the Hubble Deep Field Team (STScI) and NASA

of the sky that was surprisingly full of galaxies. Each galaxy probably contains a
supermassive black hole and millions of stellar-mass black holes.

It is only in the 1960’s that theoretical black holes became supported by an
observational fact when Schmidt (1963) detected some Quasi Stellar Objects (QSOs
or quasars). QSOs are not stars but very distant galaxies whose extreme luminos-
ity can be explained by the presence of massive black holes accreting matter that is
radiating (see part 1.3 for an introduction on accretion power from black holes). It
was then proposed that massive black holes might stand at the center of all galaxies,
including our own Milky Way, even if in most cases they are less active and luminous
than quasars (Lynden-Bell 1969; Lynden-Bell & Rees 1971). In 1967 theoretical
neutrons stars where observed by the discovery of pulsars (Hewish et al., 1968; Pilk-
ington et al., 1968) which are highly magnetized and rapidly rotating neutron stars.
This observation was also suggesting the existence of black holes as a logical further
collapse of neutron stars.

In this same decade Roy Kerr found the solution of the Einstein equations for a
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1 Introduction

rotating black hole. A general black hole solution can be completely described by the
three parameters of the Kerr-Newman metric: the mass, the angular momentum (or
spin), and the charge. This is the so-called “no-hair theorem”. In the late 60’s Roger
Penrose and Stephen Hawking proved that singularities appear generically, regardless
of the formalism used to describe the solution (Penrose, 1965; Hawking & Penrose,
1970), giving another argument for the real existence of it.

Black holes are not necessary big and massive, in fact a singularity is by defini-
tion infinitely small. If the Earth was a black hole, it would have the size of a peanut
(the size of a black hole is defined by its Schwarzschild radius) for a mass of only
∼ 6 × 1026 kilograms . Black holes can have all range of masses and the first strong
observational evidence of a black hole was the discovery of Cygnus X-1 (Bolton,
1972). Cygnus X-1 is a black hole located in our Galaxy (in the Cygnus constella-
tion) with a mass of about 15 solar masses (a solar mass is M� ' 2×1030 kilograms).
We are able to observe it because it has a companion star: a blue supergiant star is
orbiting around Cygnus X-1, and the stellar wind from this high mass star is accreted
onto the black hole creating an accretion disc that radiates mainly in the X-ray. Such
a system is called a high mass X-ray binary. Since then, hundreds of binary systems
have been observed in our Galaxy and even in distant galaxies. Most of them are
low mass X-ray binaries, meaning that the companion star is less massive and is di-
rectly transferring matter to the accretion disc because it falls into the gravitational
sphere of influence of the compact object. Deducing from observations whether the
compact object is a black hole or a neutron star is not always easy. Most stellar mass
black holes remain invisible to us and in our Galaxy only around twenty have been
identified.

Radio observation of one of the biggest nearby galaxy called NGC4258 or
Messier106 depending on the catalogue, using very long baseline interferometry,
showed some water maser emission (stimulated H20 emission line) tracing Keple-
rian motion. This gave strong evidence for the existence of a central massive black
hole (Miyoshi et al., 1995). Nowadays, we have subsequent observational data in
favour of black holes, and some of the strongest evidences are coming from intensive
observations of our Galactic Center Sgr A∗.

1.2 Sagittarius A*

In 1610 Galileo Galilei observed the white band across the dark sky with his
telescope and proved that it was made of a high concentration of stars. We realized
that they were many more stars in the sky than previously resolved, and that all of the
stars that we can see are part of the Milky Way. If we could look at the Milky Way
from above, we would see that it is a barred spiral galaxy measuring about 120,000
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1.2 Sagittarius A*

light-years long and 1,000 light-years thick. The Milky Way disc is in differential
rotation (things in the center are orbiting faster than things further away) around a
central part which is a very crowded region. Because the disc and the nucleus are
the highly populated regions of our Galaxy, it is impossible for us to look though
our disc to observe the nucleus in optical or ultraviolet as this one is completely
obscured by interstellar dust particles along the line of sight. Therefore we need to
observe the Galactic Center at other wavelengths. Figure 1.2 is a radio image of the
Galactic Center. At the very center is a compact radio source, Sgr A∗, that was first
observed by Balick & Brown in 1974. This source corresponds to the dynamical
rotational center of the Milky Way. The distance from us to Sgr A∗ is ∼ 8 kpc (Reid
et al., 2014; Ghez et al., 2008; Eisenhauer et al., 2003). Note that a parsec is the
distance that would be necessary to see the Sun to Earth separation as one arcsecond,
it corresponds to 1 pc ' 3.26 light-years.

Figure 1.2: Radio image of the Galactic Center. Sgr A∗, is located at the edge of the extremely bright
object labelled Sgr A where lies the 4.3 million solar mass black hole. The galactic plane runs diagonally
through the image where we can see clouds of gas energized by hot stars and round-shaped supernova
remnants, hallmarks of a violent and energetic cosmic environment. Many arcs, threads, and filaments
of uncertain origin are also observed in this scene.
Image courtesy of NRAO/AUI and N.E. Kassim, Naval Research Laboratory.
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1 Introduction

The density of stars increases inward from a scale of tens of parsecs to within
the central parsec and the central parsec diameter region is mostly ionized (Beck-
lin & Neugebauer, 1968; Catchpole et al., 1990). Many B stars (hot and luminous
stars that only live for a relatively short time) are observed in the central arcsecond,
centered on Sgr A∗. As illustrated on Figure 1.3, they are precise measurements of
the orbits of several stars around Sgr A∗, including a follow-up during the complete
orbit for S0-2. These orbits are eccentrics but at perigee some stars are within tens of
light hours away from Sgr A∗, moving with a speed of few thousands kilometres per
second. These infrared observations of the motion of stars and the radio interferom-
etry observations of Sgr A∗ are showing that Sgr A∗ is not moving and is located at
the center of mass. To explain these observations with Keplerian motion, the central
mass associated with Sgr A∗ must be equal to ∼ 4 × 106 solar masses. This mass
must be contained in a very small area, for instance it has to be contained within the
pericenter of the star S0-2 from Figure 1.3, which corresponds to 125 Astronomical
Units (1 AU = distance from Earth to Sun ' 150 000 000 km). This implies a mini-
mum density of 5 × 1015M� pc−3 giving some firm evidence that it must be a black
hole as no other known object could have this extreme values without collapsing.
The apparent size of the radio source is very compact (< 1AU only) and it decreases
with decreasing wavelength. At 1.3 mm the source size is 37 µarcseconds, which is
only few times the size of the black hole event horizon. Improving the capability of
very long baseline interferometry at short wavelengths, Sgr A∗ is the right object to
directly probe the event horizon, and a “black hole shadow” should be observed in
the next coming years. (Falcke & Markoff, 2013; Kamruddin & Dexter, 2013; Fish
et al., 2011; Doeleman et al., 2008).

Sgr A∗ spectrum peaks in the sub-mm wavelength, where the emission is due
to synchrotron emission in transition from being optically thick (attenuated by the
medium) to optically thin (transparent medium). Synchrotron radiation is generated
by the acceleration of relativistic charged particles through magnetic fields as illus-
trated in Figure 1.4a, it is polarized in the plane of motion. In astrophysics, syn-
chrotron radiation was first detected by Geoffrey Burbidge in 1956 in a jet emitted
by M87 (see Figure 1.4b) and is a common feature of fast outflows from black holes.
The radio and submm emission from Sgr A∗ is variable at a level of few percent to
twenty percent increasing with frequency (Falcke et al., 2009). Even though it is very
faint, Sgr A∗ has also been observed at X-ray wavelength thanks to the launch of the
Chandra X-ray satellite in 1999. Chandra discovered some thermal extended emis-
sion from the accreting material and roughly daily flares localized very close to the
black hole event horizon. Thanks to adaptive optics Sgr A∗ has then been detected in
the infra-red (IR) where it harbours similar flare events as in the X-ray (see part 1.6
for an introduction on flare emission from Sgr A∗).
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1.2 Sagittarius A*

Figure 1.3: Infrared image of the orbit of stars within the central arcseconds of the Galactic Center.
This plot has been made with 17 years of observations following the stars. These observations provide
the strongest evidence for the existence of a 4 million solar mass black hole at the center.
Image credit: Ghez et al. (2005).

(a) (b)

Figure 1.4: (a): Schematic representation of the synchrotron radiation process.
Image credit: Jon Lomberg/Gemini Observatory.
(b): Hubble Space Telescope image of Messier 87’s energetic jet. The blue light from the relativistic jet
emerging from the bright Active Galactic Nucleus core, towards the lower right, is due to synchrotron
radiation. Size of the jet ∼ 1.5 kpc (5 kly).
Image credit: NASA and The Hubble Heritage Team (STScI/AURA)
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Compared to other galactic nucleus, Sgr A∗ is extremely faint at all wave-
lengths, however in the submm it has strong linear polarization with the strongest ro-
tational measure (RM) ever observed in any source (Marrone et al., 2007; Macquart
et al., 2006). When light is linearly polarized and propagates towards us, the angle of
oscillation of the electric field Θ is changing according to ∆Θ = RM × λ2 where λ is
the wavelength. The rotational measure RM depends on the amount of material along
the line of sight and on the magnetic filed: RM = 8×105

∫
B(s)ne(s)ds rad m−2. This

effect called “Faraday rotation” can therefore be used to deduce the amount of mass
accreted onto the central black hole, and this rate is constrained between 10−9 and
10−7 solar mass per year (Shcherbakov et al., 2012; Marrone et al., 2007; Macquart
et al., 2006). This is a very low rate, meaning that our Galactic Center is not very
active, maybe just because it is starving. Compared to all other black holes and su-
permassive black holes we know of, Sgr A∗ is the most quiet one! But of course this
peculiar fact is more likely bias by our observations, as it is much easier to spot the
active objects than the very calm ones, especially if they are far away. So, even though
we don’t know any similar black hole yet, our Galactic Center black hole may not be
the unique one eating at such a low rate. Moreover it may have been more active in
the past, launching jets (such as seen from M87 in Figure 1.4b) as indicated for in-
stance by the so-called “Fermi bubble”. The “Fermi bubble” are two large structures
observed in gamma-ray by the Fermi satellite above and below the Galactic center.
They were likely created by a past activity of Sgr A∗ few Myr ago. (Yang et al., 2013;
Guo & Mathews, 2012; Zubovas et al., 2011; Su et al., 2010). Today Sgr A∗ is very
faint and quiet, but in 2012 an object called “G2” was discovered falling onto Sgr A∗

(Gillessen et al., 2012) with a very close encounter around spring 2014 (Gillessen
et al., 2013). This event could have provide some feeding material for the black hole
to become a bit more active, but nothing spectacular has been observed.

My thesis focuses in particular on the Galactic Center Sgr A∗ but in many cases
the physics studied can be generalized to other accreting systems. Sgr A∗ is by far
the closest supermassive black hole, therefore it is our best opportunity for study-
ing physical processes and phenomena that may be occurring in many other galactic
nuclei. Moreover, its proximity and its size makes it the perfect test to understand
accretion flows in general.

1.3 Accretion flows

Accretion is inevitably happening close to a compact object due to the gravi-
tational force of the black hole. It is believed to be the main source of power in the
universe and is responsible for high-energy radiations that are observed from many
systems. As a simple approximation, if a mass m falls onto a black hole of mass M,
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1.3 Accretion flows

using the gravitational law of Newton, it has a potential energy:

4E = GMm/r (1.3)

at the event horizon r = 2GM/c2 and we have 4E = 1
2 mc2. This means that the

mass m can releases half if its mass energy! As a comparison, when hydrogen atoms
emit energy via fusion into helium (what is happening in the nuclear burning of a star
like the Sun) the energy budget is 4E = 0.007mc2, converting less than one per cent
of its mass into energy. But for any compact object, the luminosity and properties
of the accretion flow depend on the matter that is accreted in the surrounding, and
the speed at which it is accreted: the mass accretion rate Ṁ. In the case of Sgr A∗

the accreted matter is mainly hydrogen (which is the most abundant and common
element in the visible universe) and the gas is fully ionized, meaning that electrons
are free from the atoms H+ creating a hot plasma of protons and electrons. As a
good approximation, we can say that the protons are entirely responsible for the mass
(mp ' 1836 me) while the electrons are responsible of the radiation. Protons are
falling onto the black hole because of the gravitational force Fg = GMmp/r2. This
force is much weaker for electrons, but electrons are following the protons inward
because of the attractive electrostatic Coulomb force. However electrons are affected
by the radiative force: they scatter the flux coming from the luminosity L, leading
to an outward radial force Frad = σT × L/(c × 4πr2), where σT is the Thomson
cross section. This force is negligible for the protons as they have too small a scat-
tering cross section to absorb the photons’ momentum, but they follow the electrons
outward because of electrostatics. As a result, the net force in the electron-proton
pair is

(
GMmp − σT × L/(c × 4π)

)
/r2. There is a limiting luminosity for which this

expression vanishes, which is called the Eddington limit:

LEdd = 4π G M mp c/σT ' 1.3 × 1038(M/M�) erg s−1 (1.4)

The Eddington luminosity is a theoretical limit which corresponds to the maximum
luminosity we can have from accretion, as higher luminosity would stop the accret-
ing process. It is easy to compute the numerical value of LEdd for Sgr A∗ considering
the mass of the central black hole, we find LEdd = 5.6 × 1044 erg s−1. Observations
of the Galactic Center tell us that the bolometric luminosity detected can be as low
as several 1035 erg s−1, about nine orders of magnitude bellow Eddington which is
very under-luminous! The luminosity is an energy per unit time, so if all the gravi-
tational potential energy were converted into luminosity at the Schwarzschild radius,
we would have from equations (1.3) and (1.2), Lacc = GMṀ/R = 0.5Ṁc2. But of
course radiation can take place before the Schwarzschild radius or not happen at all
and disappear into the hole, slightly adding to its mass. Because of this uncertainty
we write

Lacc = ηṀc2 (1.5)
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1 Introduction

where η is a parameter that measures how efficiently the rest mass energy of the
accreted material is converted into radiation. For Sgr A∗, considering a bolometric
luminosity of ∼ 1036erg s−1 and an accretion rate of ∼ 10−9M� yr−1, we find η '
0.017. For the entire discussion on accretion power in astrophysics, I recommend
reading the book with this same title by Frank et al. (2002).

In principle, matter is attracted and falling onto the black hole from any direc-
tion. But because of the rotation of the central object (the spin of the black hole) and
the angular momentum of the infalling material itself, accretion is hardly spherically
symmetric but instead rotating accretion discs are formed in a preferred plane. The
rotation of the disc prevents the matter from falling onto the black hole because of the
centrifugal forces. The disc of gas is not rotating rigidly but has a circular velocity
that depends on the distance r around the central object. The matter closer in (with
smaller r) is going faster according to V =

√
GM/r. In this differentially rotating

Keplerian disc case, the outward centrifugal force exerted on a mass m of circular
velocity V is Fc = mV2/r. If the angular momentum of a particle r×mV is conserved
as it should be according to Noether’s theorem, then it cannot fall onto the black hole
as Fc gets more important than Fg. Therefore matter must lose angular momentum in
order to be able to move inward and release gravitational binding energy. The process
by which angular momentum is lost is an important question of black hole accretion
theory (see for instance review by Blaes 2013).

One standard model is an accretion disc in which the rotating flow loses angu-
lar momentum by viscous transport. This thin disc model was developed in the 1970s
by Shakura & Sunyaev (1973). The gas temperature of this model is cold (between
104 and 107 K) compared to the virial temperature. The virial temperature is the tem-
perature satisfying the virial theorem first derived by Clausius (1870), stating that in
a dynamically stable system, the average gravitational potential energy is twice the
average kinetic energy of the system. By thermodynamics the kinetic energy of the
gas is liked to the temperature, and we have Tvir ∝ GM/kr, where M is the mass
of the black hole and k is the Boltzman constant. The geometry of the disc is thin,
while the gas is optically thick and radiates thermal blackbody-like radiation, i.e. a
body that absorbs all radiation and re-emits a characteristic spectrum that depends
only on its temperature with an emitted power per unit area proportional to the fourth
power of the temperature. The disc viscosity can be estimated as ν = αcsH where cs
is the sound speed, H is the disc height, and α is a free parameter between zero (no
accretion) and one. Typically this model and process is used to describe and predict
cold accretion flows with relatively high accretion rates.

Another standard model is the hot accretion flow model described by Shapiro
et al. (1976) where the gas is optically thin and the temperature close to virial. In the
low density plasma, the ion temperature can be much hotter than the electrons that are
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1.4 Numerical simulations

cooling faster and are more relativistic. The energy dissipated by viscosity is going
into heating the accretion flow instead of being radiated away (Ichimaru, 1977; Rees
et al., 1982), leading to an advection dominated accretion flow (ADAF) with a thick
geometry (see Narayan & Yi 1994, 1995). This is an appropriate model for Sgr A∗

(Narayan et al., 1998; Narayan & McClintock, 2008) with its low mass accretion
rate. Because of the optically thin gas, the emitted radiation is not blackbody but is
dominated by processes like synchrotron (see Figure 1.4a), bremsstrahlung (electro-
magnetic radiation produced by the deceleration of a charged particle when deflected
by another charged particle) and inverse Compton scattering (when a charged particle
transfers part of its energy to a photon). For more details about the different accretion
flows models with a focus on the hot flows, see review by Yuan & Narayan (2014).

The physical effect that can be responsible for the viscosity and thus angular
momentum transport, is the magnetorotational instability (Balbus & Hawley, 1991,
1998). Magnetorotational instability (MRI) is a small perturbation in the magnetic
field of the accretion disc that is amplified exponentially and creates magneto hydro-
dynamic turbulence.

1.4 Numerical simulations

The equations describing the accretion disc and the plasma can be solved to
find physical solutions and explain successfully observations with analytical models.
However solving the full problem is possible up to a certain point where numerical
simulations become necessary in order to extend the detailed modelling of non-linear
physical processes. If the system is set correctly, numerical techniques can give us
some more precise results on the behaviour of a system by making use of computa-
tional power to take into account the complexity. Moreover we can test the effect of
different parameters by running and analysing multiple models.

Global simulations are describing the accretion flow system on a scale of few
tens of gravitational radii solving the physical equations with a scheme in many
different cells. In smoothed-particle hydrodynamics (SPH) simulations (Gingold &
Monaghan 1977) the flow is described by the Lagrangian method with coordinates
following the fluid elements. The flow is divided into evolving “particle” of fluid
element according to local conditions such as density to describe the entire system.
For examples of SPH simulations of accretion discs around black holes see Nixon
& King (2012); Lodato & Price (2010). In grid based general relativistic magneto-
hydrodynamics (GRMHD) simulations, such as the one I used to model Sgr A∗ in
the first part of this thesis, the space is divided into cells and the solutions are com-
puted in each of them to describe the entire system as this one evolves. The cells are
adapted to the complexity of the system and become smaller in the regions of inter-
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1 Introduction

ests for higher resolution. Simulations can be done in 2D or in 3D; if 3D simulations
are the realistic ones, they take much longer to run and in general it is not possible to
probe the parameter space in 3D. However 2D simulations are limited geometrically
and cannot treat fully the magnetorotational instability because of the antidynamo
theorem (Cowling, 1933), that states that MRI cannot be sustained in 2D. Therefore
we have to carefully select a period of time that is representative of the full devel-
opment of 3D turbulences. For examples of GRMHD simulations of accretion onto
black hole see the next two chapters or McKinney et al. (2013). Even if equations
are solved precisely for each small part of the system, these global simulations are
usually still limited by simplification assumptions such as:

• Ideal MHD approximation assuming that there is no viscosity and no resistivity
which significantly simplify the MHD equations and “freeze” the plasma to the
magnetic field lines in a sense that matter cannot cross the field lines.

• One flow approximation assuming for instance that ions and electrons are cou-
pled in a simple way through the system and through time, avoiding to deal
with the exact equations of particle interactions.

• Simple and arbitrary set up of the initial magnetic field configuration.

• Cooling losses neglected or radiative transfer not fully considered.

Local shearing box simulations are studying the system in a much smaller scale
but can overcome the previous limitations. As its name says, this kind of simulation
is limited into a box and therefore do not reproduce the geometry of a real system
but focus on studying the plasma effects in more details. While this approach seems
more realistic, as opposed to the previous one it is difficult to compare its result with
real observational data that are coming from large scale objects.

SPH simulations are very efficient but require a lot of assumptions with regard
to the disc parameters while GRMHD simulations are including the full general rel-
ativistic equations together with the magnetic treatment. Ideally we would like to
include the precise physics of local sharing box simulations into global simulations.
A lot of efforts are currently going on in this direction to overcome the main limita-
tions listed above (see Fragile 2013 for a review on the status of simulations). The
simulations performed in the thesis are GRMHD including the cooling losses, which
was a step forward in dealing with an extra physical process self-consistently. Several
groups are currently working hard on implementing the physics of radiative transfer
into grid based simulations and I expect a global simulation with full radiative trans-
fer to be possible in the next coming years. A global simulation dealing accurately
with a two flow plasma and even a self-consistent generation of the magnetic field
seems much further away in the future. However when I started my PhD, GRMHD
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1.5 Black hole states

models with full radiative transfer seemed impossible to achieve in the near future,
not mainly because of the complexity but also because of the computational power
required. As an example, running the Cosmos++1 code in 2D without cooling on
the LISA computer cluster of Amsterdam using 4 nodes and 8 cores (32 processors)
would typically take a few hours. When including the cooling losses in the code, the
simulation takes more than ten times longer, i.e. several days. Computational power
is a real challenge when dealing with micro and macro-physics and modelling small
to large scale systems as we are really limited by time constraints. A combination of
analytical studies and numerical studies with different limitations can give us an idea
of the general picture through their complementarity.

1.5 Black hole states

To date 21 stellar mass black holes have been confirmed by observations (Orosz
et al., 2014), they are all in binary systems and experiencing X-ray activity which is
the reason why they have been discovered. Because of this strong observational bias,
they are not necessary representative of all stellar mass black holes (among which few
hundred millions should lie in our Milky Way galaxy). Nevertheless observations of
their activity have revealed some typical behaviour in the accretion and emission pro-
cesses. Black hole binaries are evolving on short enough time scales that it is possible
to follow their evolution. They can be found in several different states that are shown
in Figure 1.5b and that I will describe in a simplified way by the for corners of plot
1.5b starting on the right bottom side:

• The low-hard state: The X-ray luminosity is low and dominated by non thermal
power-law emission. Persistent radio emission is also detected.

• The high-hard state: The X-ray intensity is higher with a power-law component
steeper than in the low-hard state, with also small thermal component. Quasi
periodic oscillations are observed.

• The high-soft state: High X-ray luminosity dominated by thermal emission.
The power-law component is faint and steep. No radio detection.

• The low-soft state: The X-ray luminosity is low but still dominated by thermal
component.

This is a very rough description as each of these state has an intermediate state or
transitional state. For instance between the low-hard state and the high-hard state, it
is likely that the accretion rate increases and that the accretion disc gets closer to the

1(Anninos et al., 2005)
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black-hole. The transition between the high-hard state to the high-soft state marks
the quenching of the persistent radio emission with some unstable radio flash leading
to no radio detection at all in the soft state. Those states can be physically explained
by the accretion disc around the black hole moving further in and out together with
the formation and quenching of a jet following a cycle. A black hole binary spends
most of its time in quiescence (in a low state) but from time to time can experience
an outburst that makes it goes through the different states. The entire cycle can be
observed in a time scale of few months with some black hole binaries that are ex-
periencing outbursts regularly (every few years or so) while others have experienced
only one outburst. The states are not well defined by the luminosity as this cycle
seems to be happening at many different luminosities for different systems but also
for a given system. The black data points on Figure 1.5b are from the black hole
binary system GX339-4 which is the most standard and best observed binary as it
went through the entire cycle more than ten times already. Some binary systems can
have a different behaviour and remain stuck in a particular state for a longer period
of time but globally they all present the same pattern consisting of a “q” shape in the
hardness-intensity diagram. For more observational cycles of black hole binaries see
for instance Dunn et al. (2010).

If the physics scales with the mass, we expect supermassive black holes to
behave in a similar way as the stellar mass black holes but on a larger scale. The
accretion process on a supermassive black hole is different because of the origin
of the accreted matter. A stellar mass black hole feeds its accretion disc using the
material of its companion star only while a supermassive black hole at the center
of a galaxy certainly creates an accretion disc from various surrounding materials.
The scale of the system is at least six orders of magnitude bigger, so what would
take one year to happen in a stellar mass black hole binary system would take one
million years in a supermassive black hole system. Therefore we do not expect to
observe similar changing behaviour, and as a matter of facts AGNs (Active Galactic
Nuclei) are more stable. However as we have much more observed AGNs, we can
study them statistically. Indeed if we observe a large enough population we should
probe the different states, and coincidently the number of observed AGNs is roughly
six orders of magnitude larger than the number of observed stellar black holes (see
for instance Richards et al. 2009). The zoo of galactic nuclei have been classified
depending on the observational properties. For instance quasars (i.e. QSOs) are
AGNs that are very bright in optical wavelength, and they are divided into radio loud
and radio quiet quasars depending on their radio emission. The complex classification
of AGN types (Sy1, Sy2, FR1, FR2, QSOs, BLLacs, OVV, etc...) can be unified to
some extend by considering the geometry of the system and its inclination in the
sky (Urry & Padovani, 1995). For instance “Blazars” are AGNs whose jet emission
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(a) (b)

Figure 1.5: Hardness intensity diagrams for supermassive black holes and stellar mass black holes. The
horizontal axis is the hardness of the observed emission which is a measure of non thermal component of
the spectrum. The vertical axis is the luminosity. As the temperature of the accretion disc is related to the
black hole mass (for instance T ∝ M1/4 for blackbody emission) supermassive black holes luminosity
usually peak in the optical or ultra-violet wavelength whereas stellar mass black holes are observed
mainly in the X-ray. Plot (a) is made with a sample of many observed AGNs, each one giving a data
in a particular area of the image while plot (b) is made by only one object giving us many different
observational data. On plot (a) different kind of AGNs are covering different part of the diagram and
the similar “q” shape observed indicates that they might be in different states and evolve as the stellar
mass black holes. On plot (b), the red arrows indicate the observed movement of a stellar mass black
hole binary during an outburst. The red line in the middle of the plot is an indication of where the jet
disappears and usually this jet builds-up again at lower luminosity in the prolongation of this inclined
red line. Image credit: Körding et al. (2006), Dunn et al. (2010), and Catia V. J. Silva (master thesis, 2013).

is pointing towards us leading to enhanced observed emission, while the torus of
gas and dust around the central supermassive black hole can obscure some of the
emission and infer different observational properties depending on our line of sight.
But some differences are also due to the fact that they are observed at different states
of evolution with some looking intrinsically much more active than others. Low
luminosity AGNs (with luminosity smaller than 1% of the Eddington luminosity)
and FR1 (radio AGNs) can be associated with the hard state while the soft state
is associated with radio quiet quasars as illustrated in Figure 1.5a. FR2 which are
AGNs of higher radio luminosity and stronger optical emission lines than FR1 with
highly supersonic jets and hotspots are more representative of the intermediate state
with the radio loud quasars.
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Our supermassive black hole Sgr A∗ is a low luminosity AGN in the quiescent
state, as most galactic nuclei. However it has the particularity of being extremely
faint with a luminosity smaller than 0.000001% of the Eddington luminosity! This
peculiar fact probably allows for the observation of intriguing events that are not
observed in any other known accreting black hole: Sgr A∗ flares.

1.6 Flare events

As explained a little bit in previous sections, it is believed that the physics
we are studying around black holes can be scaled with the mass of the central black
hole. Since black holes are observed with masses from one solar mass to 109 so-
lar masses it is a really fundamental assumption allowing the generalization of our
knowledge through many orders of magnitudes. Size-wise it would be like having
the same theory for describing a human as for describing a DNA molecule. However
black holes are much simpler as according to the “no hair theorem” they are mainly
defined by their mass only (with usually a large angular momentum, and no charge).
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Figure 1.6: Black hole fundamental plane from Plotkin et al. (2012). The plot is comparing the simul-
taneous radio (horizontal axis) and X-ray (vertical axis) luminosities of several sources. The red data
points are black hole X-ray binaries in the hard state while the green, white, and blue points are some
supermassive black holes associated with the hard state as well. This very good correlation over many
orders of magnitudes is found when plotting in 3D the radio luminosity versus X-ray luminosity versus
black hole mass. It creates a plane that when projected in 2D show a simple linear correlation in log
scale, with the vertical axis showing the X-ray corrected for the black hole mass. Ignoring the uncertain-
ties, the estimated coefficients relating the values are: log(LX) = 1.45× log(LR)−0.88× log(MBH)−6.07
(Plotkin et al., 2012). Sgr A∗ is represented by the lower orange star and therefore does not fit on the
fundamental plane. Only when it experiences very bright flares, the non-thermal X-ray luminosity can
increases up to the correlation as illustrated by the top orange star.
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Therefore the differences should mainly be related to the mass, and once corrected
for this effect we should have comparable objects. Figure 1.6 is showing that there is
a fundamental plane relating stellar black holes to supermassive black holes. Sgr A∗

does not really fit on this fundamental plane, as most of the time it lies far below
the correlation. However Sgr A∗ is experiencing bright flares defined by a sudden
increase of the X-ray luminosity associated with an increase in the infrared. With the
telescopes pointing toward the Galactic Center regularly, it has been estimated that
on average Sgr A∗ is flaring once a day. The time scale for such flares is very short
(few thousand seconds) over which the luminosity can suddenly increase by two or-
ders of magnitude for the brightest flares and comes back to the more quiescent level.
The top orange star on the correlation corresponds to Sgr A∗ at the peak of one of its
brightest flare. The fact that it lies on the correlation during this brief period of time
could be a fundamental property of the black hole or a coincidence. In any case flares
are interesting events because they must be happening very close to the black hole
event horizon and can therefore probe the inner part of the accretion flow. Compared
to the size of the object, the duration of the flares are extremely short which tells us
that they originate from a very limited region close to the central source.

What is the origin of these flare events is still an open question even though
different studies are giving some possible interpretations (see Chapter 4 and 5). Most
of the time we are missing simultaneous IR and X-ray observations but the increas-
ing number of observations (the 3Ms campaign of Chandra X-ray visionary project
has triple the number of observed flares in 2012) allow for statistical study of the
phenomenon instead of focusing on only few observational flare events. Efforts are
currently done in order to obtain more simultaneous data by monitoring Sgr A∗ in the
IR and in the X-ray at the same time. This multiwavelength approach is essential to
our understanding as it gives us a more complete view of what is really happening
and therefore constrains better the theoretical models.

1.7 This thesis

This thesis is composed of four papers that I wrote during my PhD thesis. They
all treat the theoretical aspect of Sgr A∗’s physics. The two first papers (Chapter 2 and
3) are studying the accretion flow around Sgr A∗ using grid based simulations. The
main focus of these studies was to include the physics of radiative cooling into the
modelling to access its importance on general relativistic MHD simulations. Chapter
2 is presenting the different simulations performed while Chapter 3 explains how
to reproduce the spectra. In both papers we discuss the physical parameters of the
plasma accretion flow, comparing our results with other theoretical work and with
observations. We quantify the importance of the cooling losses which turned-out
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to be more significant than expected. The two last papers (Chapter 4 and 5) are
studying the flare events from Sgr A∗ by calculating the localized particle distribution
responsible for the emission. Chapter 4 is proposing a scenario that can reproduce
the multiwavelength data observations from Sgr A∗ in the quiescent and flaring state
while Chapter 5 uses this theory to model the statistical distributions of flares in IR
and X-ray.

Because these papers are published, or will be published for the last one that is
still a work in progress, in the “Monthly Notices of the Royal Astronomical Society”,
each Chapter is supposed to be self explanatory for any scientist to be able to read
them separately. This is the reason why a brief introduction will be given again at the
beginning of each Chapter.
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