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Robert H. Brown (1916 - 2002) was one of the pioneer of radio astronomy. Coin-
cidently, his homonym Robert L. Brown is also a radio astronomer and is one of the
person that first observed the source I am studying in this thesis: the Galactic Center,
Sgr A∗. Over the course of my PhD, I passed across Robert H. Brown’s book untitled
“The Wisdom of Science - its relevance to Culture & Religion” 1986, that I found still
very relevant to our time. The citations bellow are from his book, except the very last
quote which is from our contemporary Bad Astronomer Phil Plait.

"Paradoxically, the popular, often self-righteous and apparently innocuous de-
mand that all research should be relevant to our social needs is one of the greatest
dangers to the advance of science, and hence to the long-term satisfaction of those
needs."

"Our view of science is still largely anthropocentric - just like the medieval uni-
verse. Copernicius may have removed the Earth from the center of the scene but
he didn’t remove us. We still see ourselves firmly in the center and Nature as being
there to serve our needs, and we like to see our scientists doing something useful
and socially responsible. One of the dangers of taking this view is that we might
forget that we have no real reason to assume that the Universe was designed with
our welfare in mind, and that perhaps the worst mistake we can make in our at-
tempts to understand it, is to assume that it was. If the future of science, and of our
material welfare, depends on our continued ability to increase our understanding
of Nature, then we must recognize that modern physics is telling us that the world
is so weird, so apparently alien to our classical ideas about Nature, that it cannot be
explored within the narrow context of utility but must be studied on its own terms."

"One of our most common intellectual sins is to confuse a concept [such as a phys-
ical law / model / theory] with the reality which it represents, and use it outside its
proper domain of validity; in religious language that is the sin of idolatry.”

"Our ideas about the world, and that includes our religious beliefs, can become
dangerous if they lose touch with reality; just as we use belief to illuminate knowl-
edge, so we must use knowledge to illuminate belief."

"There is more room for a god in science than there is for no god in religious
faith.”
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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∗).

6



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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1 Introduction

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)

9
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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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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-

11



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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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).

1
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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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Radiative GRMHD modelling of
Sgr A*
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CHAPTER 2

GRMHD simulations of accretion onto Sgr A∗: How important
are radiative losses?

S. Dibi, S. Drappeau, P. C. Fragile, S. Markoff and J. Dexter

Monthly Notices of the Royal Astronomical Society, 2012, 426, 1928

Abstract - We present general relativistic magnetohydrodynamic (GRMHD) nu-
merical simulations of the accretion flow around the supermassive black hole in the
Galactic centre, Sagittarius A* (Sgr A∗). The simulations include for the first time ra-
diative cooling processes (synchrotron, bremsstrahlung, and inverse Compton) self-
consistently in the dynamics, allowing us to test the common simplification of ig-
noring all cooling losses in the modelling of Sgr A∗. We confirm that for Sgr A∗,
neglecting the cooling losses is a reasonable approximation if the Galactic centre is
accreting below ∼ 10−8M� yr−1 i.e. Ṁ < 10−7ṀEdd. However, above this limit, we
show that radiative losses should be taken into account as significant differences ap-
pear in the dynamics and the resulting spectra when comparing simulations with and
without cooling. This limit implies that most nearby low-luminosity active galactic
nuclei are in the regime where cooling should be taken into account.
We further make a parameter study of axisymmetric gas accretion around the super-
massive black hole at the Galactic centre. This approach allows us to investigate the
physics of gas accretion in general, while confronting our results with the well stud-
ied and observed source, Sgr A∗, as a test case. We confirm that the nature of the
accretion flow and outflow is strongly dependent on the initial geometry of the mag-
netic field. For example, we find it difficult, even with very high spins, to generate
powerful outflows from discs threaded with multiple, separate poloidal field loops.
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2.1 Introduction

Super-massive black holes (SMBHs) of millions to billions of solar masses are
believed to exist in the centre of most galaxies. The Galactic centre black hole can-
didate, Sgr A∗, is the closest and best studied SMBH, making it the perfect source
to test our understanding of galactic nuclei systems in general. This compact object
was first observed as a radio source by Balick & Brown (1974). Since then, observa-
tions have constrained important parameters of Sgr A∗, such as its mass and distance,
estimated at M = 4.3 ± 0.5 × 106M� and D = 8.3 ± 0.35 kpc, respectively (Reid,
1993; Schödel et al., 2002; Ghez et al., 2008; Gillessen et al., 2009). The accretion
rate has also been constrained by polarisation measurements, using Faraday rotation
arguments (Aitken et al., 2000; Bower et al., 2003; Marrone et al., 2007) and is esti-
mated to be in the range 2×10−9 < Ṁ < 2×10−7M� yr−1. Other key parameters, such
as the spin, inclination, and magnetic field configuration, are still under investigation.

Multi-wavelength observations of Sgr A∗ have been performed from the ra-
dio to the gamma ray (see reviews by Melia & Falcke 2001; Genzel et al. 2010,
and references therein). More recently, important progress has been achieved in the
infrared (IR; e.g. Schödel et al. 2011) and sub-millimetre (sub-mm) domains. All
observations agree that Sgr A∗ is a very under-luminous and weakly accreting black
hole; indeed its accretion rate is lower than has been observed in any other accreting
system.

In the near future, the next milestone will be observing the first black hole
shadow from Sgr A∗ (Falcke et al., 2000; Dexter et al., 2010) with the proposed
“Event Horizon Telescope” (Doeleman et al., 2008, 2009; Fish et al., 2011) thanks
to the capabilities of very long base interferometry (VLBI) at sub-mm wavelengths.
Such a detection would be the first direct evidence for a black hole event horizon,
and may also constrain the spin of Sgr A∗. In order to make accurate predictions for
testing with the Event Horizon Telescope, however, we need to have reliable models
for the plasma conditions and geometry in the accretion (in/out)flow. For exam-
ple, Straub et al. (2012) gives an analytical prediction of the black hole silhouette
in Sagittarius A* with ion tori. General relativistic magnetohydrodynamic (MHD)
simulations offer significant promise for this class of study, as they can provide both
geometrical and spectral predictions.

Sgr A∗ has already been modelled in several numerical studies (e.g., Ohsuga
et al., 2005; Goldston et al., 2005; Mościbrodzka et al., 2009; Dexter et al., 2009,
2010; Hilburn et al., 2010; Shcherbakov et al., 2012; Shiokawa et al., 2012; Dolence
et al., 2012; Dexter & Fragile, 2012). All of these models consist of two separate
codes: a GRMHD code describing the dynamics, and then a subsequent code to
calculate the radiative emission based on the output of the first one. The under-
luminous and under-accreting state of Sgr A∗ (Lbol ' 10−9LEdd and LX−Ray ' 1033
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erg/s in the 0.5 to 10 keV band, where LEdd is the Eddington luminosity; Baganoff

et al. 2003), is the common argument given to justify ignoring the cooling losses and
simplify the description of Sgr A∗. Even though this approach seems reasonable,
especially for the peculiar case of Sgr A∗, we propose to quantify to what extent
it really applies. This question is especially important if one wants to extend these
studies to more typical nearby low-luminosity active galactic nuclei (LLAGN). An
important example is the nuclear black hole in M87, which is the other major target
for mm-VLBI and is significantly more luminous than Sgr A∗ (L/LEdd ∼ 10−6−10−4).

To test whether or not ignoring the radiative cooling losses is a reasonable
approximation, we need to take into account the radiative losses self-consistently in
the dynamics, which is now possible with the Cosmos++ astrophysical fluid dynamics
code (Anninos et al., 2005; Fragile & Meier, 2009). By allowing the gas to cool,
energy can be liberated from the accretion flow, potentially changing the dynamics
of the system. The basic result that we show in this Chapter is that cooling is indeed
negligible at the lowest end of the possible accretion rate range of Sgr A∗, but plays
an increasingly important role in the dynamics and the resulting spectra for higher
accretion rates (relevant for most nearby LLAGN and even at the high end of the
range of Sgr A∗).

This chapter is organized as follows: In Section 2.2 we describe the new ver-
sion of Cosmos++ used to perform this study. In Section 2.3 we present the initial
setup of the simulations. In Section 2.4 we show the importance of the accretion
rate parameter and assess the effect of including radiative cooling. In Section 2.5 we
perform a parameter survey to investigate the influence of the initial magnetic field
configuration and the spin of the SMBH (we also discuss the effect of a retrograde
spin on the dynamics) on the resulting accretion disc structure and outflow. In Sec-
tion 2.6 we end with our conclusions and outlook. The spectra generated from these
simulations are analysed in detail in a the next chapter (Chapter 3).

2.2 Numerical Method

2.2.1 GRMHD Equations

Within Cosmos++ we solve the following set of conservative, general relativis-
tic MHD equations, including radiative cooling,

∂tD + ∂i(DV i) = 0 (2.1)

∂tE + ∂i(−√−g T i
0) = −√−g T κ

λ Γλ0κ +
√−g Λ u0 (2.2)

∂tS j + ∂i(
√−g T i

j) =
√−g T κ

λ Γλjκ −
√−g Λ u j (2.3)

∂tB j + ∂i(B jV i − BiV j) = 0 (2.4)
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where D = Wρ is the generalized fluid density, W =
√−g u0 is the generalized boost

factor, V i = ui/u0 is the transport velocity, uµ = gµν uν is the fluid 4-velocity, gµν is
the 4-metric, g is the 4-metric determinant,

E = −√−g T 0
0

= −W u0 (ρ h + 2 PB) − √−g (P + PB) +
√−g b0b0 (2.5)

is the total energy density, h = 1 + ε + P/ρ is the specific enthalpy, ε is the specific
internal energy, P is the fluid pressure, PB is the magnetic pressure, T κ

λ is the stress-
energy tensor, Λ is the cooling function, and

Sµ =
√−g T 0

j = W u j (ρ h + 2 PB) − √−g b0b j (2.6)

is the covariant momentum density. With indices, Γ indicates the geometric connec-
tion coefficients of the metric. Without indices, Γ is the adiabatic index. For this work
we use an ideal gas equation of state (EOS),

P = (Γ − 1) ρ ε (2.7)

with Γ = 5/3.
There are multiple representations of the magnetic field in our equations: bµ is

the magnetic field measured by an observer comoving with the fluid, which can be de-
fined in terms of the dual of the Faraday tensor bµ ≡ uν∗Fµν, and B j =

√−gB j is the
boosted magnetic field 3-vector. The un-boosted magnetic field 3-vector Bi = ∗Fµi is
related to the comoving field by

Bi = u0 bi − ui b0 (2.8)

The magnetic pressure is PB = b2/2 = bµbµ/2. Note that, unlike in previous versions
of Cosmos++, we have absorbed the factor of

√
4 π into the definition of the magnetic

fields, so-called Lorentz-Heaviside units (BLH = Bcgs/
√

4 π).

2.2.2 GRMHD Solver

We note that the MHD equations as written are all in the form of conservation
equations

∂tU(P) + ∂iFi(P) = S(P) (2.9)

where U, Fi, and S represent the conserved quantities, fluxes, and source terms, re-
spectively. These are solved using a new High Resolution Shock Capturing (HRSC)
scheme recently added to the Cosmos++ computational astrophysics code (Anninos
et al., 2005). The new HRSC scheme is modelled after the original non-oscillatory
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2.2 Numerical Method

central difference (NOCD) scheme of Cosmos++ (Anninos & Fragile, 2003). It
also has many of the same elements as the publicly available HARM code (Gam-
mie et al., 2003; Noble et al., 2006), although with staggered magnetic fields (instead
of HARM’s zone-centred fields) and the inclusion of a self-consistent, physical cool-
ing model. More details of the new scheme are provided in a separate paper (Fragile
et al., 2012).

Briefly, as in other, similar conservative codes, the fluxes, Fi, are determined
using the Harten-Lax-Van Leer (HLL) approximate Riemann solver (Harten et al.,
1983)

F =
cmin FR + cmax FL − cmax cmin (UR − UL)

cmax + cmin
(2.10)

A slope-limited parabolic extrapolation gives PR and PL, the primitive variables at
the right- and left-hand side of each zone interface. From PR and PL, we calculate
the right- and left-hand conserved quantities (UR and UL), the fluxes FR = F(PR)
and FL = F(PL), and the maximum right- and left-going waves speeds, c±,R and
c±,L. The bounding wave speeds are then cmax ≡ max(0, c+,R, c+,L) and cmin ≡
−min(0, c−,R, c−,L).

For stability, the equations are integrated using a staggered leapfrog method
(2nd order in time). First a half-time step, ∆t/2, is taken to project the conserved
variables Un forward to n + 1/2. From these, a new set of primitives Pn+1/2 can be
computed. These intermediate primitives are then used in calculating the fluxes and
source terms needed for the full time step, ∆t. To find the new primitive variables, P,
after each update cycle, we use either the 2D or 1DW numerical methods of Noble
et al. (2006).

Along with the evolution equations, we must also satisfy the divergence-free
constraint ∂ jB j = 0. To accomplish this, Cosmos++ now has the option to use a
staggered magnetic field with a Constrained-Transport (CT) update scheme akin to
the Newtonian version described in Stone & Gardiner (2009).

2.2.3 Cooling

In the present work, we assume the whole system is optically thin, i.e. radiation
escapes freely from the system. However, for the calculation of the radiation we
consider the appropriate optical depth of the gas at a given location and time, which
depends on the state. This approximation takes into account the optical depth without
performing radiative transfer, and is valid as long as the (assumed thermal) peak of the
radiating particle distribution corresponds to energies greater than the self-absorption
frequency, which is almost always the case for the regions under study.

The radiative cooling term, Λ, in equations (2.2) and (2.3), is the cooling
function introduced to Cosmos++ in Fragile & Meier (2009) and is based on Esin
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2 General relativistic MHD simulations of accretion around Sgr A∗

et al. (1996), which includes treatments of bremsstrahlung, synchrotron, and the
inverse-Compton enhancement of each of these. Since Sgr A∗ is optically thin,
we do not need to worry about multi-scattering events in the treatment of the in-
verse Compton emission. The cooling function is calculated locally in each zone
from the fluid density, electron temperature, magnetic field strength, and scale height
[Λ = Λ(ρ,Te, b2,H)]. The local electron temperature is recovered by assuming a con-
stant ion-to-electron temperature ratio, Ti/Te, (fixed for each simulation) and calcu-
lating the ion temperature from the fluid variables Ti = µmH P/kB ρ, where µ = 1.69
is the mean molecular weight (appropriate for Solar abundances), mH is the mass of
hydrogen, and kB is Boltzman’s constant. The temperature scale height is defined as
H ≡ T 4

e /|∇(T 4
e )|. Our modifications to the original Esin et al. (1996) cooling func-

tion are described in Fragile & Meier (2009) and are also described in more detail in
Chapter 3.

In taking the ion and electron temperatures to be held in a fixed ratio, we are
assuming there is some efficient coupling process at work between the ions and elec-
trons. The same was done in Esin et al. (1996) and Fragile & Meier (2009), except
here we relax the assumption somewhat so that the coupling does not have to be ex-
act (Ti/Te can be greater than 1). This procedure is not entirely self-consistent since
the expression for ion-electron collisions in bremsstrahlung cooling [Equation (17)
of Fragile & Meier (2009)] assumes the ions and electrons have the same temper-
ature. Therefore, whenever Ti > Te, we are actually underestimating the amount
of bremsstrahlung cooling. However, because bremsstrahlung is such a minor con-
tributor to the cooling, this omission is not significant in the context of our current
work. Obviously, assuming a fixed ratio of Ti/Te is not likely to be physically accu-
rate. However, it is the current standard in most simulations (e.g. Mościbrodzka et al.,
2009; Dexter et al., 2010) and recent comparisons with more sophisticated treatments
has so far not shown large discrepancies (Dexter, Quataert, priv. comm.).

Because the cooling time of the gas, tcool = ρ ε/Λ, can sometimes be shorter
than the MHD timestep, ∆tMHD ∼ ∆x/V , where ∆x and V are the characteristic
zone length and velocity, respectively, we allow the cooling routine to operate on its
own shorter timestep (subcycle), if necessary. To prevent runaway loops inside the
cooling function, we limit the cooling subcycle to 4 steps, with a maximum change to
the specific internal energy each subcycle of ∆ε = 0.5ε. Even with these restrictions,
the cooling has the potential to decrease the internal energy (and hence temperature)
by up to nearly 95% each MHD cycle.

2.2.4 Spectra

Our method for generating spectra is described in detail in Chapter 3. However,
we want to mention one important point related to how we present spectra in this
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2.3 Simulation Setup

chapter. MHD simulations of accretion discs, such as the ones used in our work,
generically show significant variability due to the stochastic nature of MRI-generated
turbulence and magnetic reconnection. Together, these effects can sometimes lead to
large flares, similar to those observed in the solar corona. Since our goal is to depict
“representative” spectra, we have to make a choice about what to consider “typical”
behaviour. One option would be to produce many simulations using the same initial
setup, but with different random seeds, and then select only those simulations that
give desirable results. This was the procedure in Mościbrodzka et al. (2009).

We have instead chosen a different approach, in that we perform only one sim-
ulation for each set of parameters, and then present the median spectrum for each
simulation as the representative one. By choosing the median value of all spectra,
we minimize the impact of “extreme” episodes, especially a few very brief syn-
chrotron/inverse Compton flares that appear to be attributable to numerical limita-
tions of the simulations, most particularly the forced axisymmetry. For error bars,
we give the “1σ” variation about the median, i.e. the limits within which 68% of
the spectra fall. For example, if we have 50 individual spectra (corresponding to 50
different simulation times), as is typically the case in this work, then for each spectral
energy bin, we drop the 8 highest and 8 lowest data points. In fact dropping just the 4
highest and lowest data points already gives similar results, but we use the 1σ values
throughout.

In this chapter we only include spectra computed over the inner 15 Rg of the
simulation domain. We have confirmed, via comparison with spectra computed using
the entire simulation domain, that most of the emission comes from this inner region.
The emission from the jets in our simulations is completely negligible because of
their extremely low density. This extreme level of magnetic domination is likely
partially a byproduct of adhering to ideal MHD, where matter cannot effectively load
the jets. We hope to explore the jet contribution to the spectrum more in future works.

2.3 Simulation Setup

2.3.1 Initial State

We start each simulation with a torus of gas around a compact object situated
at the origin. The mass of the central compact object is set to the mass of Sgr A∗

(MBH = 4.3 × 106M�), and the initial density profile inside the torus is chosen to
produce a desired mass accretion rate, somewhere in the range 10−9 and 10−7M� yr−1

(depending on the simulation) at the inner grid boundary.
The free parameters that describe the torus are the black hole spin a∗ = a/MBH =

cJ/GM2
BH (where J is the angular momentum of the black hole and Rg = GMBH/c2 '
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2 General relativistic MHD simulations of accretion around Sgr A∗

6.35×1011cm ' 2.06×10−7pc ), the inner radius of the torus (rin = 15 Rg), the radius
of the pressure maximum of the torus (rcenter = 25 Rg), and the power-law exponent
(q = 1.68) used in defining the specific angular momentum distribution,

` = −uφ/ut ∝
(
− gtφ + `gtt

`gφφ + `2gtφ

)q/2−1

(2.11)

We then follow the procedure in Chakrabarti (1985) to solve for the initial inter-
nal energy distribution of the torus ε(r, θ). This sets its initial temperature profile,
T0 = (Γ − 1) (µmH/kB) ε. For the purpose of initialization, we assume an isen-
tropic equation of state P = ρ ε (Γ − 1) = κ ρΓ, so that now the density is given by
ρ = [ε (Γ − 1)/κ]1/(Γ−1). We can then use the parameter κ to set the density (and mass)
normalization of the initial torus.

The torus is seeded with weak poloidal magnetic field loops to drive the mag-
netorotational instability (MRI) (Balbus & Hawley, 1991). The non-zero spatial com-
ponents are Br = −∂θAφ and Bθ = ∂rAφ, where

Aφ =

{
C (ρ − ρcut)2 sin

[
4 N log(r/S )

]
for ρ ≥ ρcut

0 for ρ < ρcut
(2.12)

N is the number of field loop centres, and S = 1.1 rin. In this work we consider con-
figurations with N = 1 and 4, as illustrated in Figure 2.1, in order to investigate the
effect of changing N. The parameter ρcut = 0.5 ρmax,0 is used to keep the field a suit-
able distance inside the surface of the torus initially, where ρmax,0 is the initial density
maximum within the torus. Using the constant C, the field is normalized such that
initially βmag = P/PB ≥ βmag,0 = 10 throughout the torus, where PB is the magnetic
pressure. This normalization is to ensure that the initial magnetic field is weak. This
way of initializing the field is slightly different than what other groups have done, e.g.
Beckwith et al. (2008), who used a volume integrated βmag, or McKinney & Bland-
ford (2009), who used βmag = Pavg/PB,avg, to set the field strength (see McKinney
et al., 2012, for a discussion of the different methods). We also tested one simulation
with βmag,0 = 50. The higher β case ends up with a density (over r < 15 Rg) that is
about a factor of 2 higher, a temperature that is 30-50% colder, a scale-height that is
about 40% thinner, and a magnetic pressure that is about 50% smaller. The higher
β case contributes ∼70% more flux in the infrared waveband, and ∼86% more in the
X-ray band, compared to the weaker case (see Chapter 3).

The fact that βmag,0 affects our final result is not surprising since our simula-
tions do not reach a saturated (magnetically arrested or magnetically choked) state
(Igumenshchev et al., 2003; Igumenshchev, 2008; Tchekhovskoy et al., 2011; McK-
inney et al., 2012). Our resulting field strength is dictated by how much magnetic
field is made available to the black hole through our initial conditions.
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Figure 2.1: Initial magnetic field configuration for the single and four poloidal loop cases.

In the background region not specified by the torus solution, we set up a low
density non-magnetic gas. Numerical floors are placed on density and energy density
with the following forms: ρfloor = 10−4 ρmax,0 r−1.5 and efloor = ρ ε = 10−6 ρmax,0 r−2.5.
These floors are never applied within the disc, nor in most of the background region.
They are only seldom applied very close to the outer boundary (the few last external
cells), and more frequently along the vertical axis in the funnel region. The most
commonly applied floor is that on the ratio (ρ + ρ ε)/PB. Whenever this quantity
drops below 0.01 (almost always within the jets), both ρ and ρ ε are rescaled by a
factor appropriate to maintain this ratio.

2.3.2 Grid

All of the simulations are performed in 2.5 spatial dimensions (all three spatial
components of vector quantities are evolved in a single azimuthal slice, although
symmetry is assumed in the azimuthal direction) using a spherical polar coordinate
grid. The grid used in the majority of the simulations consists of 256 radial zones and
256 zones in polar angle.

In the radial direction, we use a logarithmic coordinate of the form η ≡ 1.0 +

ln(r/rBH), where rBH = Rg(1+
√

1 − a∗) is the radius of the black hole horizon; there-
fore, ∆r/r = constant. The inner and outer radial boundaries are set at 0.9 rBH and
120 Rg, respectively. Note that, because we use the Kerr-Schild form of the Kerr met-
ric, we are able to place the inner radial boundary some number of zones (usually 4)
inside the black hole horizon. In principle, this choice should keep the inner boundary
causally disconnected from the flow, since MHD signals cannot physically radiate out
from within the event horizon. This situation is preferable to having the inner bound-

29



2 General relativistic MHD simulations of accretion around Sgr A∗

ary of the grid outside the event horizon, which can lead to artificial behaviour within
the flow. The spatial resolution near the black hole horizon is ∆r ≈ 0.023 Rg; near the
initial pressure maximum of the torus, it is ∆r ≈ 0.45 Rg. We use outflow boundary
conditions at both the inner and outer boundaries (the MHD primitive variables are
copied from interior zones into ghost zones, except the radial velocity component,
which is zeroed out if it would lead to inflow onto the grid).

Since we consider a fairly small radial range, there is some concern that our
jets (discussed in Section 5.1) might be affected by reflections of waves off the outer
boundary of the grid. To test this, we performed one simulation, B4S9T3M9Ce, that
used an extended radial grid with rmax = 1.1× 104 Rg. We found that most properties
of this simulation were very similar to the corresponding results done on the smaller
(default) grid. The deviations were consistent with those expected from using a dif-
ferent random perturbation seed, as was the case here since the new simulation used
a different processor distribution which affects the random seeding.

In the angular direction, we include the full range 0 ≤ θ ≤ π, with reflect-
ing boundary conditions applied at the poles (meaning that the MHD primitive vari-
ables are copied from interior zones into ghost zones, with the sign reversed on the
θ component of all vector quantities, plus the staggered magnetic field component
zeroed out at the pole). We use a concentrated latitude coordinate x2 of the form
θ = x2 + 1

2 (1 − h) sin(2 x2) with h = 0.3, which gives us a better resolution near the
midplane (rcenter ∆θ = 0.1 Rg). Figure 2.2 shows the initial state of the simulation
together with the grid resolution.

Our choice of resolution is sufficient to ensure that the fastest growing poloidal
field MRI modes are well resolved [λMRI ≡ 2 π vAz/Ω & 10 ∆z (Hawley et al., 2011)]
for at least the first few orbits of the simulation. We also confirm that αmag =

−BrBφ/PB ≈ 0.3, as expected (Hawley et al., 2011). We also performed select simu-
lations at one-half and at double our default resolution to directly test the numerical
convergence of our results (simulations B4S9l and B4S9h in Table 2.1). We find very
little variation between our default resolution (such as in simulation B4S9) and its
higher resolution counterpart (B4S9h), suggesting our results are well converged.

Since our ultimate goal is to compare spectra from our simulations with actual
data, our true criterion for demonstrating reasonable convergence is to compare spec-
tra generated from simulations at different resolutions. Figure 2.3 demonstrates that
simulation B4S9, with a resolution of 256 × 256, gives a spectrum that agrees with
simulation B4S9h, with a resolution of 384 × 384, to within our error bars. On the
other hand, simulation B4S9l, with a resolution of 192 × 128, produces a markedly
different spectrum that diverges from the other two. Recently, Shiokawa et al. (2012)
confirmed that once a certain resolution is achieved, further increases in resolution
have little effect on the spectra.
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2.3 Simulation Setup

Figure 2.2: Initial setup of the simulation. The colour/saturation scales with the density. The number of
cells scales inversely with distance from the black hole and angle away from the equatorial plane. The
left panel shows the full computational domain while the right panel only shows the region of interest
closer to the central SMBH.
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Figure 2.3: Median broadband spectra taken from all timesteps in the interval 2.5-3.5 orbits for 3 sim-
ulations done at different resolutions. The error bars represent the 1 sigma limits about the median (see
text for more details). The spectra contain two components: the synchrotron component responsible for
the first bump, and the inverse Compton component at higher frequencies.
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2.3.3 Time interval

Because the simulations are performed assuming axial symmetry, the anti-
dynamo theorem stating that an axisymmetric magnetic field cannot be maintained
via dynamo action (Cowling, 1933), prevents the MRI from being self-sustaining.
After an initial phase of vigorous growth of the MRI channel modes, the turbulence
gradually dies out as the simulations progress. This 2D approximation is a main
caveat of the simulations we have run, and it is therefore important for us to carefully
choose the time interval that we wish to analyse. We want it to be after the initial
phase of MRI growth, but before the mass accretion has begun to decay too dramat-
ically (longer simulation times are not necessarily beneficial in 2D for this reason).
Since we have a target mass accretion rate in mind for each simulation, we can use
that as a guide for selecting our time interval.
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Figure 2.4: Mass accretion rate at the event horizon of simulations B4S9T3M9C, B4S9T3M8C, and
B4S9T3M7C as a function of time.

Figure 2.4 shows the variation of the accretion rate as a function of time for
three simulations that include cooling (B4S9T3M9C, B4S9T3M8C, and B4S9T3M7C).
We see that it takes roughly 1.5 orbits to have the accretion reach its peak value,
and that the accretion dies out (returns to the background rate) after about orbit
5, where we are referring to the circular orbital period at r = rcenter, i.e. torb =
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2 π (gtφ` − gφφ)/(gtt` − gtφ) = 1.67 × 104 s. For these three simulations, the tar-
get accretion rates were 10−9, 10−8, and 6 × 10−8M� yr−1, respectively. Figure 2.4
then suggests that an appropriate interval would be between 2.5 and 3.5 orbits. We
therefore use this as the standard time interval for analysis. In the rest of this chap-
ter, 2.5 torb = tmin ≤ t ≤ tmax = 3.5 torb. We confirmed that our region of interest
(r ≤ 15 Rg) has reached inflow equilibrium over this time interval, based, for instance,
on the mass flux being constant as a function of radius over this region. Therefore, we
can also be confident that our selected time interval is late enough not to be affected
by transient solutions.

2.4 Results: The importance of including cooling losses

As we have stated, our primary goal in this chapter is to assess the importance
of including radiative cooling losses self-consistently in numerical simulations of
LLAGN like Sgr A∗. We do this by comparing two types of simulations: those
that include radiative cooling losses self-consistently in the dynamics (indicated by
a “C” in the simulation name or cooling “ON” in Table 2.1) and those that neglect
them (no “C”, cooling “OFF”). We performed a set of 25 different simulations to
assess the importance of radiative cooling losses, as well as study the influence of
parameters such as the initial magnetic field configuration, the spin, the ion to electron
temperature ratio, and the mass accretion rate.

Table 2.1 summarizes all of the simulations performed. The name given to
each simulation is derived from its parameter choices in the order they appear in
the table. We also include the average and root mean square (rms) fluctuations of
the mass accretion rates actually measured in our simulations. This value is to be
compared with our target values of Ṁ. In simulations without cooling, this value is
arbitrary since the initial density (or mass) of the disc is a free parameter (other than
the requirement that the total mass of the disc Mdisc be negligible compared to MBH
since we ignore the self-gravity of the disc). Its choice does not affect the subsequent
evolution of the simulation, so can be freely rescaled after the fact. This freedom
does not extend to the simulations that include cooling, since the cooling function, Λ,
depends directly on ρ. Therefore, to test different mass accretion rates, it is sufficient
in simulations without cooling to do a single simulation and then simply rescale it
to each of the target accretion rates, whereas in the simulations with cooling, a new
simulation must be conducted for each new mass accretion rate. This physical scaling
is an important distinction between our work and that of previous authors – each of
our simulations with cooling has a real, physical mass accretion rate associated with
it; it is no longer a parameter that can be freely fit to the data. When comparing
simulations with cooling against those without, we always assume the same initial
accretion rate.
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2.4 Results: The importance of including cooling losses

2.4.1 Effects of the cooling losses on the dynamics

Since our cooling function Λ depends on ρ, Te, and b2 (as well as H), one
way to assess the importance of cooling in the simulations is to observe how these
quantities compare between simulations that include cooling and those that do not.
Differences would indicate that the simulations with cooling are adjusting dynami-
cally to the radiative losses. We present these comparisons in Figures 2.5 – 2.8.

Figure 2.5 shows the time- and shell-averaged density, ρ, for four different
simulations: B4S9T3M9C, B4S9T3M8C, B4S9T3M7C, and B4S9. The simulation
B4S9 has been scaled to three different accretion rates to be consistent with the three
simulations that include cooling. A clear trend is apparent in this figure: as the
mass accretion rate increases, the differences between simulations with cooling and
those without also increases. At our lowest accretion rate (Ṁ ' 10−9M� yr−1 '
10−8ṀEdd), the differences are relatively small (. 30%), while at our highest accre-
tion rate (Ṁ ≈ 2π × 10−8M� yr−1 ' 6.6 × 10−7ṀEdd), they become more substantial
(∼ 50 − 70%). Note that the apparent “bump” in density at r ≈ 15 Rg is simply
indicating that the initial mass reservoir (torus) has not fully redistributed itself by
this time in the simulation (as rin = 15 Rg). The enhanced density associated with
the cooling simulations can also be seen in Figure 2.6, which compares simulations
B4S9 and B4S9T3M7C. With the cooling losses included, we end up with a thinner,
denser disc.

In Figure 2.7 we show a similar plot for the density-weighted magnetic field
magnitude, b2. Again the trend is that the differences between simulations with and
without cooling become more pronounced at larger accretion rates even-though the
trend is less obvious. We have a perfect match for cooling vs non cooling at the lowest
accretion rate for the inner part of the disc, while the curves are distinct for the higher
accretion rates. Also, the overall normalization of the magnetic field increases with
mass accretion rate, which makes sense since the magnetic field is, roughly speaking,
normalized by the mass density of the fluid. Further, since we are assuming ideal
MHD, the magnetic field is trapped in the fluid, so as the torus spreads into a disc, the
magnetic flux will be carried with it. Therefore, it is not surprising that the differences
in Figure 2.7 are not as large as in Figure 2.5 for ρ.

The density-weighted temperature (representative of the disc temperature) is
shown in Figure 2.8, which helps illustrate one of our main conclusions in this
chapter. The close agreement between the non-cooling simulations and simulation
B4S9T3M9C (target Ṁ ≈ 10−9M� yr−1) suggests that at this level of accretion, ra-
diative losses are not important. However, for Ṁ & 10−8M� yr−1 i.e. Ṁ & 10−7ṀEdd,
the differences in temperatures of the discs dramatically increases, with the highest
Ṁ simulation almost an order of magnitude colder than the lowest, at small radii.
This result suggests that only for the very lowest luminosity AGN (Sgr A∗ being the
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Figure 2.5: This figure illustrates the relative importance of radiative losses on disc density. The
plot shows the averaged density for simulations B4S9T3M9C, B4S9T3M8C, B4S9T3M7C and B4S9
(rescaled to three different accretion rates). A time average is taken over the interval tmin − tmax, and at
each radius we take an average over the shell.

Figure 2.6: Time-averaged matter density (in g/cm3) of the system for simulations B4S9 and
B4S9T3M7C, respectively. The simulations are initially identical; differences in the images are due
entirely to cooling losses, included in the simulation in the right panel. The time average is taken over
the interval tmin − tmax.
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Figure 2.8: Plot illustrating the relative importance of radiative losses on disc temperature. The plot
shows the averaged temperature for simulations B4S9T3M9C, B4S9T3M8C, B4S9T3M7C and B4S9
(rescaled to three different accretion rates). A time average is taken over the interval tmin − tmax, and
at each radius we take a density-weighted average over the shell. Because the temperature does not
change when the density is rescaled, the three non-cooling curves (pink, blue, and orange) are exactly
on top of each other whether Ṁ = 10−9, 10−8, or 10−7 M� yr−1
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2 General relativistic MHD simulations of accretion around Sgr A∗

only known candidate example at this time) is it reasonable to neglect radiative cool-
ing losses in numerical simulations. Figure 2.9 demonstrates the dramatic difference
in temperature, up to 2 order of magnitude in the region of interest (the inner disc),
between our highest accretion rate simulation, B4S9T3M7C, and a simulation that
neglected cooling (scaled to the same accretion rate). Note, especially, that only with
cooling does any gas with T < 3 × 1011 K reach the black hole event horizon. When
cooling is turned on, the lost radiation pressure results in a thinner disc, and this in
turn compresses the gas and magnetic fields, so we end up with a thinner but denser
disc in the inner part of the disc, while the temperature is much cooler due to the
radiative losses.

Figure 2.9: Time-averaged temperature (in Kelvin) of the system for simulations B4S9 and
B4S9T1M7C, respectively. The simulations are initially identical; differences in the images are due
entirely to cooling losses, included in the simulation in the right panel. The time average is taken over
the interval tmin − tmax. Note that the system is very dynamical, with many different time scales playing
themselves out. Even averaging over an orbital period does not give a perfectly symmetric system as
analytic models would predict.
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2.4 Results: The importance of including cooling losses

2.4.2 Effects of the cooling losses on the resulting spectra

Using numerical simulations together with spectral modeling codes to fit Sgr A∗

has already been considered by many authors (e.g. Goldston et al., 2005; Mości-
brodzka et al., 2009; Dexter et al., 2010; Hilburn et al., 2010; Shcherbakov et al.,
2012). What is new about our work is that it is the first that a numerical study of
Sgr A∗ includes the effects of radiative cooling self-consistently.

In Chapter 3, we present the details of producing broadband spectra from our
simulations, together with a parameter study that we use to constrain the physical
environment of Sgr A∗. In this chapter we focus on how including cooling affects the
dynamics within the simulations more generally, using sample spectra to illustrate
the results. As in the previous section, we consider three different target accretion
rates.

Figure 2.10 shows the median broadband spectral energy distribution for four
different simulations: B4S9T3M9C, B4S9T3M8C, B4S9T3M7C, and B4S9. The
simulation B4S9 has been scaled to three different accretion rates to be consistent
with the three simulations with cooling. The spectra represent the synchrotron and
inverse Compton emission of the system at each frequency. They also include all
special and general relativistic effects via general relativistic ray tracing using the
codes geokerr (Dexter & Agol, 2009) and grtrans (Dexter, 2011). We can see that
for the low accretion rates (Ṁ ∼ 10−9M�/yr = 10−8ṀEdd), the spectra of simula-
tions B4S9T3M9C and B4S9 are nearly indistinguishable, while for the high accre-
tion rates (Ṁ & 10−8M�/yr = 10−7ṀEdd), the spectra obtained without including
the cooling losses self-consistently in the simulation are quite different than the ones
where they are included. Thus, in the regime Ṁ & 10−7ṀEdd, we conclude that
simulations which do not take cooling losses into account are likely not providing a
realistic representation of the physics occurring during the accreting process. In this
case, fitting for parameters such as spin, temperature ratio, magnetic filed configu-
ration, inclination, and accretion rate is likely to yield incorrect results. This would
seem to apply to all known LLAGN except perhaps Sgr A∗.

Of the different simulations considered in this work, the spectra of simula-
tion B4S9T3M9C is the most compatible with the observational data of Sgr A∗ (see
Figure 2.11). Note that we are not trying to fit the lowest energy data, as the radio
emission is believed to be emitted from a region much further out than the radial ex-
tent of our simulation domain. In contrast, the so-called “sub-mm bump” (see, e.g.,
Melia & Falcke 2001) is expected to originate from quite close to the black hole, i.e.
the region represented by our simulation.
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2.5 Results: parameter study

To provide concrete values allowing comparison with other works, we find
that we can fit the Sgr A∗ data at 230 GHz, which has a value of 3 Jy, or ν Lν ∼
4×1035 erg/s, with an accretion rate of 2.60±1.54×10−9M�/yr via the non-scalable,
cooled simulation B4S9T3M9C (see Table 2.1). To fit this data with the correspond-
ing non-cooling simulation B4S9, we must scale the simulation to have an accretion
rate of 2.95 ± 0.87 × 10−9M�/yr at the BH horizon. These values are statistically
consistent, confirming our earlier point that, at the currently best fit accretion rate,
it is not necessary to consider radiative cooling processes when simulating accretion
onto Sgr A∗. For a complete parameter study and the best fits to Sgr A∗ with our
models, see Chapter 3.

2.5 Results: parameter study

Because we have considered a fairly large parameter space in our study, we
briefly report how our simulations are affected by each of these. Many of the conclu-
sions reached in this section confirm results of earlier studies by other authors. We
include them again here (with references to the earlier works) for completeness and
to allow comparison.

2.5.1 Influence of the initial magnetic field configuration

As noted in previous studies (e.g. Beckwith et al., 2008; McKinney & Bland-
ford, 2009), the initial magnetic field configuration has a major influence on the
launching and continued powering of jets in numerical simulations. Although our
study is more focused on the disc than the jets, we did make a measure of the instan-
taneous energy carried in the fluid and magnetic components of the jets (defined as
material with b2/ρ > 1) at the time of each data writeout from our simulations. The
fluid and magnetic energy of the jet are defined as

EFL,jet(t) =

∫ [√−g (ρ h u0u0 + P)
]

dr dθ dφ (2.13)

and

EEM,jet(t) =

∫ √−g
(
2 PB u0u0 + PB − b0b0

)
dr dθ dφ (2.14)

Table 2.2 shows these quantities, averaged over the usual interval (tmin − tmax), for
a subset of our simulations. Note that since the jets extend beyond the outer radial
boundary of our simulations, we are not reporting the total energy carried within
them, but only that amount which is contained within the first 120 Rg. We also
report the same measure of jet efficiency as Tchekhovskoy et al. (2011), namely
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2 General relativistic MHD simulations of accretion around Sgr A∗

Simulation EFL,jet (erg) EEM,jet (erg) η

B4S9rT3M9C 3.43 × 1038 6.23 × 1038 0.225
B4S0T3M9C 1.40 × 1039 1.88 × 1039 0.0625
B4S5T3M9C 7.23 × 1039 9.80 × 1039 0.120
B4S7T3M9C 5.50 × 1039 1.07 × 1040 0.161
B4S9T3M9C 1.03 × 1040 2.19 × 1040 0.464
B1S9T3M9C 1.07 × 1041 6.47 × 1041 0.559
B4S98T3M9C 1.72 × 1040 7.60 × 1041 0.525

Table 2.2: Jet energies and efficiencies

η = (Ṁ − Ė)/〈Ṁ〉, where

Ṁ(t) = −
∫ √−g ρ ur dθ dφ (2.15)

is the mass accretion rate and

Ė(t) =

∫ √−g T r
t dθ dφ (2.16)

is the energy flux, both taken at the black hole event horizon rBH. Angle brackets
indicate a time-averaged quantity. The negative sign in equation (2.15) indicates that
the mass flux is positive when rest mass is transported into the black hole. Similarly,
Ė is constructed such that a positive value indicates a net flux of energy into the black
hole.

In our models we start with a relatively weak (≤ 17.5G) magnetic field con-
tained entirely within the disc, initially in the form of poloidal loops. We tested two
different configurations: a single set of poloidal loops centred on the pressure max-
imum of the torus and following contours of pressure/density (an example is simu-
lation B1S9T3M9C) and four sets of poloidal loops spaced radially, with alternating
field directions in each successive loop (an example is simulation B4S9T3M9C).

The 1-loop configuration yields a significantly more energetic outflow (mostly
associated with the “jets”) – more than an order of magnitude stronger than for the
more complex, though perhaps more realistic, configuration consisting of 4 initial
loops. We have confirmed that, as expected, the overall power of both components
scales roughly linearly with the mass accretion rate, meaning the efficiencies of the
outflows are not strongly effected by the cooling.

Aside from the outflow, the initial magnetic field configuration also has a
strong influence on the accretion rate as seen by comparing the measured Ṁ in Ta-
ble 2.1 for simulations B4S9T3M9C and B1S9T3M9C. The 1-loop simulation has a
substantially higher average Ṁ, as well as much larger statistical fluctuations. This
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2.5 Results: parameter study

Figure 2.12: Density (in g/cm3) of the system for simulations B1S9T3M9C and B4S9T3M9C at the
same time step (t= 3 orbits). The two simulations started with the same initial torus configuration as
shown in Figure 2.2. The only initial difference between the two models is that the left panel started
with a single magnetic loop configuration (as shown in the bottom panel of Figure 2.1), while the right
panel started with a 4 magnetic loop configuration (as shown in the top panel of Figure 2.1). We can
see that in the case of the single initial magnetic loop, the channel solution extends through the entire
disc, resulting in a higher mass accretion rate at the black hole horizon and a more extended disc.

difference is likely a consequence of the axisymmetric nature of these simulations.
In our simulations, accretion is driven by the MRI. For the 1-loop case, the dominant
channel solution is able to disrupt nearly the entire disc, driving large amounts of
material onto the black hole in multiple short, intense episodes. In the 4-loop cases,
the channel solutions are restricted in their radial range and can not disrupt the disc as
effectively; accretion proceeds more smoothly, and at an overall lower normalization.
[The channel solution (Hawley & Balbus, 1992) is a particularly violent form of the
poloidal MRI and is characterized by prominent radially extended features.] These
effects are illustrated in Figure 2.12.

Figure 2.13 compares the spectra for the two different initial magnetic field
configurations, the “1-loop” configuration (in black), and the “4-loop” configuration
(in red). It is clear that the magnetic field configuration has a strong influence on
the resulting spectra and is therefore one of the big uncertainties affecting all such
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Figure 2.13: Broadband spectra for simulations B4S9T3M9C, B4S9T3M9, B1S9T3M9C, and
B1S9T3M9. The median is taken over the interval tmin − tmax.

models of the accretion flow. The lack of a priori knowledge of the field configuration
introduces an effective error in all simulation conclusions that is comparable to the
difference introduced by including cooling. Thus, while we can treat the cooling
losses self-consistently, it is difficult to overcome the variations that different choices
in initial magnetic field configurations will introduce.

2.5.2 Influence of the Spin

Via its formation and accretion history, Sgr A∗ is likely a rotating SMBH, but
as with all black holes it is currently difficult to reliably determine its spin. Although
the observed spectrum should depend on spin, it also depends on the mass accre-
tion rate, which is somewhat constrained, as well as the geometry of the accretion
flow. Nevertheless, spectral fitting of Sgr A∗ has already placed some meaningful
constraints on the value of a∗ (Broderick et al., 2011; Shcherbakov et al., 2012), al-
though there can be additional complicating factors, such as disc tilt (Dexter & Frag-
ile, 2011, 2012). Other methods of inferring the ISCO, and then the spin, such as
observing relativistically-broadened line profiles or modelling the thermal emission
from the disc, require the presence of a geometrically thin, optically thick disc, which
is not observed at the low accretion rates of Sgr A∗. The ultimate determination of
spin will likely require future observations from mm-VLBI (Doeleman et al., 2008;

44



2.5 Results: parameter study

 38

 38.5

 39

 39.5

 40

 40.5

 41

-1 -0.5  0  0.5  1

lo
g

(E
F

L
,j

e
t 
[e

rg
])

Spin

(a) Jet fluid energy as a function of spin

 38

 38.5

 39

 39.5

 40

 40.5

 41

 41.5

 42

-1 -0.5  0  0.5  1

lo
g

(E
E

M
,j

e
t 
[e

rg
])

Spin

(b) Jet magnetic energy as a function of spin

Figure 2.14: The six data points represent the averaged jet energies for B4S9rT3M9C, B4S0T3M9C,
B4S5T3M9C, B4S7T3M9C, B4S9T3M9C, and B4S98T3M9C.

Fish et al., 2011; Broderick et al., 2011).
We investigated the spin dependence of our results by performing simulations

at six different values of a∗: -0.9, 0, 0.5, 0.75, 0.9, and 0.98, where the minus sign
indicates retrograde rotation (disc and black hole rotating in opposite senses). We
will discuss the effects of spin on our spectral fits in Chapter 3. Concerning the disc
evolution, there does not seem to be any clear trend in Ṁ, see Table 2.1. If anything
there appears to be a peak in the distributions, with the highest mass accretion rates
occurring at intermediate spins, 0.3 . a∗ . 0.7. The outflow power on the other hand,
shown in Table 2.2, reveals a clear trend with spin, as expected based on theoretical
grounds (e.g. Blandford & Znajek, 1977; Tchekhovskoy et al., 2010) and from pre-
vious numerical work (De Villiers et al., 2005; Hawley & Krolik, 2006; McKinney,
2006; Tchekhovskoy & McKinney, 2012). This trend is seen in both the fluid and
magnetic components of the outflow and the correlations are shown in Figure 2.14a.

The effect of spin on jet power is a question that has been debated recently
in the literature, specifically using claimed spin observations from black hole X-ray
binaries. So far the observational results are not definitive (see, e.g., the opposing
conclusions found in Fender et al. 2010 and Narayan & McClintock 2012). Our
results, while focusing on SMBHs, would be predicted to scale to smaller mass black
hole systems via the Fundamental Plane of BH accretion relation (Merloni et al.,
2003; Falcke et al., 2004). Semi-analytical models for the compact jets observed in
weakly accreting systems predict a dependence of radio luminosity on total jet power
of ∼ Q1.4

j (e.g., Falcke & Biermann, 1995). Thus if we consider the total power as the
sum of the fluid and magnetic components in Figure 2.14b, we would also predict a
correlation between observed radiative power and spin.
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2 General relativistic MHD simulations of accretion around Sgr A∗

2.5.3 Disc Thickness

In all our simulations we started with the same disc thickness (∆r/r = constant '
1) in order to start with a thick disc, appropriate for the Galactic centre. Then the
shape of the disc is modified during the simulation and is especially sensitive to the
cooling as shown in Figure 2.6. We also investigated thinner disc simulation, the thin-
ner disc emit a little bit less that the thick disc but they could be compatible within
one sigma.

2.6 Conclusions

For the first time we have been able to assess the importance of the radiative
losses in numerical simulations of LLAGN, specifically Sgr A* [see also Mości-
brodzka et al. (2011)]. We show that radiative losses can affect the dynamics of
the system and that their importance increases with accretion rate. We set a rough
limit of Ṁ & 10−7ṀEdd, above which radiative cooling losses should be included
self-consistently in numerical simulations. Otherwise, many important derived dy-
namical quantities, such as density, magnetic field magnitude, and temperature, may
be off by an order of magnitude or more, especially when the accretion rate reaches
Ṁ ' 10−6ṀEdd, which correspond to 10−7M� yr−1 for Sgr A∗. Since several recent
works suggest that accretion physics is similar across the mass scale, this accretion
rate in Eddington units should likely be an important limit for all black holes. Thus,
we predict that the inclusion of self-consistent radiative cooling above ∼ 10−6ṀEdd
should be important for LLAGN in general.

Overall, this study allows us to have a more consistent model of accretion,
even for the well-studied and under-luminous source, Sgr A*. Not only do we have a
more realistic model by including the physics of radiative losses, but we are also able
to show the influence of the accretion rate on the resulting spectra.

The spin of the central black hole and the initial magnetic field configuration
of the torus also have important consequences on the dynamics of the system and the
resulting spectra. By including the cooling losses in our study, we can discuss the
influence of these free parameters with more accuracy. For instance, initial magnetic
field configurations consisting of a single set of poloidal loops result in significantly
more powerful outflows than the four-loop cases, and we find that the jet power in-
creases with the spin of the central black hole.

As mentioned in Section 2.3.3, there is concern as to whether or not our sim-
ulations have run long enough to reach meaningful equilibrium states. This concern
is especially pertinent for our case using 2.5D simulations, as these can never truly
reach a steady state. The reason is that, after a period of initial vigorous growth, the
MRI in 2.5D simulations steadily decays because the dynamo action that normally
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2.6 Conclusions

sustains it requires access to non-axisymmetric modes that are obviously inaccessi-
ble. We, therefore, chose a time interval for analysis when the mass accretion rate
closely approximated our target value for most simulations. Clearly simulations in
3D with a longer duration (to ensure a proper equilibrium is reached) would be ben-
eficial for comparison.

One other concern with only performing 2.5D, axisymmetric simulations is
that it precludes the possibility of exploring the effects of misalignment between the
angular momentum of the gas and the black hole. In reality, most supermassive black
holes are unlikely to be accreting from matter sharing the same orbital plane as the
black hole spin. Dexter & Fragile (2012) recently showed that accounting for such a
“tilted” accretion flow can dramatically alter the best-fit characteristics of Sgr A∗ and
produce important new features in the spectra.

As a final note, one can justify neglecting full radiative transfer in simulations
of Sgr A∗ and likely most other weakly accreting LLAGN because the inner regions
are generally thought to be optically thin. However, to treat the outer regions of the
accretion flow, or higher luminosity sources, a more thorough treatment of radiative
transfer will need to be implemented into the simulations. Similarly, to approach
important questions such as the mass loading and particle acceleration in the jets,
likely resistive (non-ideal) MHD will need to be considered. We see this work as an
important step towards these next technological “horizons”.
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CHAPTER 3

Self-consistent spectra from radiative GRMHD simulations of
accretion onto Sgr A∗

S. Drappeau, S. Dibi, J. Dexter, S. Markoff, and P. C. Fragile

Monthly Notices of the Royal Astronomical Society, 2013, 431, 2872

Abstract - We present the first spectral energy distributions produced self-consistently
by 2.5D general relativistic magneto-hydrodynamical (GRMHD) numerical simula-
tions, where radiative cooling is included in the dynamical calculation. As a case
study, we focus on the accretion flow around the supermassive black hole in the
Galactic Centre, Sagittarius A* (Sgr A*), which has the best constrained physical
parameters. We compare the simulated spectra to the observational data of Sgr A*
and explore the parameter space of our model to determine the effect of changing the
initial magnetic field configuration, ion to electron temperature ratio Ti/Te and the
target accretion rate. We find the best description of the data for a mass accretion
rate of ∼ 10−9M� yr−1, and rapid spin (0.7 < a∗ < 0.9). The submillimeter peak
flux seems largely independent of initial conditions, while the higher energies can
be very sensitive to the initial magnetic field configuration. Finally, we also discuss
flaring features observed in some simulations, that may be due to artefacts of the 2D
configuration.
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3 Self-consistent spectra from radiative GRMHD simulations of accretion onto Sgr A∗

3.1 Introduction

The best studied low-luminosity active galactic nucleus (LLAGN) is the super-
massive black hole in the centre of the Milky Way, Sgr A∗, discovered originally via
its strong radio continuum emission by Balick & Brown (1974). Sgr A∗ is a unique
system because of its proximity compared to the centres of other galaxies, and a mul-
titude of intensive single- and multi-wavelength campaigns having been conducted
from the radio through high-energy γ-rays over the last decades (see references in
Melia & Falcke 2001 and Genzel et al. 2010). These studies provide remarkably
stringent constraints on Sgr A∗’s properties. The current best mass, distance and
mass accretion rate values are M = 4.3 ± 0.5 × 106M�, D = 8.3 ± 0.4 kpc, and
2 × 10−9M� yr−1 < Ṁ < 2 × 10−7M� yr−1, respectively (Reid, 1993; Bower et al.,
2005; Marrone et al., 2007; Ghez et al., 2008; Gillessen et al., 2009).

The above constraints make Sgr A∗ the perfect candidate to test theoretical
models of the accretion processes at low accretion rates. In particular, high preci-
sion data from close to the event horizon allow us to study the detailed physics of
the accretion flow and potential jet launching, in the extreme regime where gravity is
important. Furthermore, because Sgr A∗ is representative of the majority of SMBHs
today, often lurking below the detection threshold of even our most sensitive tele-
scopes, we can use it to get a handle on the contribution from these very weak AGN
to their host galaxies.

In the attempt to understand the nature of accretion flows, many semi-analytical
models have been developed. Accretion disc models like the thin disc developed by
Shakura & Sunyaev (1973), advection-dominated accretion flow (ADAF; Narayan
& Yi, 1994), advection-dominated inflow-outflow solutions (Blandford & Begelman,
1999), convection-dominated accretion flow (Quataert & Gruzinov, 2000b; Narayan
et al., 2000) or Bondi accretion (Melia, 1992, 1994) have been successful at fitting
data from many sources. However, by nature of the semi-analytic approach which
cannot model turbulence, none of these models can accurately address the role played
by the magnetic field in the dynamics of accretion disc via the magnetorotational in-
stability (MRI; Balbus & Hawley, 1991).

Recent breakthroughs in parallel numerical simulations now allow extensive
fluid simulations with full general relativity (GR) and magneto-hydrodynamic (MHD)
treatment in reasonable timescales. Such simulations have finally provided the op-
portunity to study the dynamical properties of an entire system in a complementary
manner to the semi-analytical models. In particular, various GRMHD codes have
been employed by several groups over the past few years, in order to perform detailed
theoretical studies of the accretion flow around Sgr A∗ (e.g. Dexter et al., 2009; Moś-
cibrodzka et al., 2009; Dexter et al., 2010; Hilburn et al., 2010; Shcherbakov et al.,
2012; Mościbrodzka et al., 2011; Dexter & Fragile, 2012; Dolence et al., 2012), with
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the goal of reproducing Sgr A∗’s spectra. These studies all share a common approach
in which the radiative losses are not included in the simulations themselves, but rather
first a dynamical model is calculated in GRMHD, and then the final outputs are fed
into a separate post-processing routine to calculate the resultant spectrum. These
studies justified ignoring the inclusion of cooling because Sgr A∗ is so underlumi-
nous that radiative losses are likely not strong enough to affect the dynamics of the
system.

In the previous chapter (Chapter 2) we assess for the first time the importance
of the radiative cooling in numerical simulations of Sgr A∗ by using Cosmos++,
an astronomical fluid dynamics code that takes into account 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 this Chapter, we describe the implementation and results from the cooling
routines used in the simulations of Sgr A∗ presented in Chapter 2, and present the first
self-consistently calculated spectra in order to explore the new parameter space. We
examine the influence the spin and the initial magnetic field configuration have on the
simulated 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.

Section 3.2 describes the observational constraints on Sgr A∗. In Section 3.3,
we present the derivation of emissivity expressions that generate the cooling rates
employed in Cosmos++. We also discuss numerical limitations of our simulations,
as well as the assumptions made when generating the spectra. In Section 3.4, we
present the results obtained by comparing our spectra to observational data, and in
Section 3.5 we discuss them. Finally, in Section 3.6, we summarise our conclusions
and suggest future improvements.

3.2 Observational constraints

The radio spectrum of Sgr A∗ (Serabyn et al., 1997; Falcke et al., 1998; An
et al., 2005) shows a slight change in the spectral index above 10 GHz (Falcke et al.,
1998), peaking in a so-called submillimeter bump. Aitken et al. (2000) reported the
detection of linear polarisation from this submm bump, that is not observed at longer
wavelengths. This change implies that the radio emission and the submm bump orig-
inate from distinct but contiguous regions in the system. Very long baseline interfer-
ometry measurements have limited the size of the submm-emitting region to be ' 4
Schwarzschild radii (Doeleman et al., 2008).
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3 Self-consistent spectra from radiative GRMHD simulations of accretion onto Sgr A∗

Limited angular resolution and sensitivity in the far- and mid-infrared bands
makes it impossible to distinguish between the emission from Sgr A∗ and the sur-
rounding sources, resulting in no observations in the far-infrared band and only
upper-limits on the flux in the mid-infrared (Schödel et al., 2011). Detections in
the near-infrared (e.g., Davidson et al., 1992; Herbst et al., 1993; Stolovy et al., 1996;
Telesco et al., 1996; Menten et al., 1997; Schödel et al., 2007, 2011) and in the X-ray
(Baganoff et al., 2003; Bélanger et al., 2006), show a quiescent state lower in flux
than the submm bump, where the radiation power peaks. However, a few times a day,
Sgr A∗ experiences rapid increases in the near-infrared flux (Hornstein et al., 2002;
Genzel et al., 2003; Ghez et al., 2004; Eckart et al., 2006, 2008; Yusef-Zadeh et al.,
2008; Dodds-Eden et al., 2011; Haubois et al., 2012), where brighter flares (> 10
mJy; Dodds-Eden et al., 2011) are often associated with simultaneous X-ray flares
(Baganoff et al., 2001; Goldwurm et al., 2003; Porquet et al., 2003; Bélanger et al.,
2005; Porquet et al., 2008).

These multi-wavelength observations provide tight constraints on the physics
of Sgr A∗. Shakura & Sunyaev (1973) type radiatively efficient, thin disc models
are excluded as they predict an observed infrared flux several orders of magnitude
higher than the upper-limits obtained (Falcke & Melia, 1997). The presence of linear
polarization and the constraints on the Faraday rotation currently limit the mass ac-
cretion rate of Sgr A∗ to be much smaller than the Bondi accretion rate, of the order
of ∼ 10−8M� (Aitken et al., 2000; Bower et al., 2003; Marrone et al., 2007). Such a
low accretion rate in fact excludes the “classical” ADAF (Narayan et al., 1998) and
Bondi (Melia, 1992) accretion models for Sgr A∗, as these models invoke higher ac-
cretion rates (see, e.g., Agol, 2000; Quataert & Gruzinov, 2000a). In the meantime,
many other models have been developed that are still consistent with the current lim-
its. Radiatively inefficient accretion flow models (RIAF; Blandford & Begelman,
1999; Quataert & Gruzinov, 2000b; Yuan et al., 2003) argue that the submm emis-
sion is produced via synchrotron radiation from a thermal distribution of electrons,
in the innermost region of the accretion flow, which could also be synonymous with
the base of the jets (Falcke & Markoff, 2000; Yuan et al., 2002). This synchrotron
emission is then inverse Compton upscattered by these same electrons, resulting in
a second peak that contributes to the X-ray emission during flares. The radio emis-
sion can originate from either a non-thermal tail of electrons produced in a RIAF
(Yuan et al., 2003) or from predominantly thermal electrons within a mildly relativis-
tic jet (Falcke & Markoff, 2000). Based on observations with Chandra (Baganoff

et al., 2003), Quataert (2002) argues that the faint quiescent X-ray emission is from
thermal bremsstrahlung, originating in the outer region of the accretion disc.

While successful at producing a general description of the data, all the above
semi-analytical models lack a self-consistent MHD description of the accretion flows.

52



3.3 Methods

Although they invoke a viscosity to account for the outward angular momentum
transport, in the accretion discs, they do not explicitly calculate it, nor do they ac-
count for the presence of magnetorotational instability driven accretion processes
(Balbus & Hawley, 1991). GRMHD simulations are thus an ideal framework to ex-
amine the nature of accretion flows around black holes, and to test the above scenarios
for Sgr A∗’s emission in particular.

The GRMHD simulations presented in this work model only the innermost part
of the accretion flow around Sgr A∗, where the submm bump is produced. Therefore
the radio (jets or outer accretion inflow) and X-ray (outer regions of the accretion
disc) emission cannot be fitted by this present work and we focus our results on
fitting the submm emission of Sgr A∗ in the quiescent state. However, we use the
IR/X-ray emission as upper limits to define the feasibility of our fits.

3.3 Methods

The general setup of our simulations is similar to that of other groups (Moś-
cibrodzka et al., 2009; Hilburn et al., 2010; Mościbrodzka et al., 2011) in order to
facilitate comparison. The simulations start with an initial torus of gas, seeded with
a magnetic field, around a compact object situated at the origin. The mass of the cen-
tral object is set to the mass of Sgr A∗ (MBH = 4.3 × 106 M�) and the initial density
profile inside the torus is chosen to produce the target mass accretion rate at the inner
grid boundary. We let the simulation evolve until inflow equilibrium is established
in the inner disc, where a jet, along the rotation axis, and an outward flowing wind,
which we call the corona, over and under the accretion disc, are formed. See Chapter
2 for more details.

To generate spectra, we had to ensure that the radiative emissivities used were
physically accurate and, when integrated, produce the same cooling functions as orig-
inally included in Cosmos++. We thus consider the following cooling processes:
bremsstrahlung, synchrotron and inverse-Compton. Since we are investigating phys-
ical processes occurring very close to a black hole, we also must include special and
general relativistic effects on the radiative emission. In the following, we describe
the adopted emissivity expressions.

3.3.1 Radiative cooling

Cosmos++ uses as a cooling function the following total cooling rate for an
optically thin gas (Fragile & Meier 2009, also see Esin et al. 1996):

Λ = ηbr,C q−br + ηs,C q−s , (3.1)
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3 Self-consistent spectra from radiative GRMHD simulations of accretion onto Sgr A∗

where q−br and q−s are respectively the bremsstrahlung and synchrotron cooling terms
and ηbr,C and ηs,C are Compton enhancement factors. These η factors are modified
exponential function of the Compton parameter y (Esin et al., 1996).

The bremsstrahlung cooling rate is taken from Esin et al. (1996) (equations (7)
to (9) in this paper)

q−br = q−ei + q−ee + q−± (3.2)

where q−ei, q−ee and q−± represent the cooling due respectively to electron-ion and
positron-ion, electron-electron and positron-positron, and electron-positron processes.

The synchrotron cooling rate is a sum of optically thick and thin emission
(equation (14) in Esin et al. (1996))

q−s =
2 π k T
H c2

∫ νc

0
ν2 dν +

∫ ∞

νc

εs(ν) dν (3.3)

where k is the Boltzmann constant, T is the temperature of the electrons, H is the local
temperature scale height, c is the speed of light, νc is the critical frequency at which
the optically thick and thin emissivities are equal and εs(ν) is the total angle-averaged
synchrotron emissivity (Fragile & Meier, 2009).

The cooling rates are important to evaluate the radiative losses at each time
step of the simulation.Whereas the emissivities, from which these cooling rates are
derived, are the critical quantities we need to produce the spectra.

Bremsstrahlung

Similar to Esin et al. (1996), we used Stepney & Guilbert (1983) expression
for the thermal relativistic electron-ion bremsstrahlung emissivity

dEep

dVdtdw
= Npc

∫ ∞

1+w
w

dσ
dw

βNe(γ)dγ (3.4)

where w = hν/mec2 is the dimensionless photon energy, Ne(γ) = Neγ
2β exp(−γ/θ)/θK2(1/θ)

is the Maxwellian-Jüttner electron energy distribution, θ = kT/mec2 is the dimension-
less temperature, and K2 is a modified Bessel function. Ne and Np are the electron
and proton number densities, respectively.

The electron-ion cross-section needed in equation (3.4) can be expressed fol-
lowing Blumenthal & Gould (1970)

w
dσ
dw

=
16
3

Z2 α r2
0

1 − w
γ

+
3
4

(
w
γ

)2 ×
ln 2

(
γ2 − γw

)
w

− 1
2

 (3.5)
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where Z is the ion’s atomic number, α is the fine structure constant and r0 = 2.8179×
10−13 cm is the Compton radius.

Combining equations (3.4) and (3.5) gives the following expression for electron-
ion bremsstrahlung emissivity

dEep

dVdtdw
= Ne Np c

16
3

Z2 α r2
0

∫ ∞

1+w
β2

(
γ2 − γw +

3
4

w2
)

×
ln 2

(
γ2 − γw

)
w

− 1
2

 e−γ/θ

θ K2( 1
θ )

dγ (3.6)

Integrating equation (3.6) over frequencies leads to the bremsstrahlung cooling
rate described by equation (3.2).

In the region of interest in our numerical simulations (i.e. r < 15 Rg, see
Section 3.4.1), bremsstrahlung as well as Comptonization of bremsstrahlung have a
smaller contribution to the overall emission in comparison with both the synchrotron
and the synchrotron self-Compton processes. Bremsstrahlung and Comptonization
of bremsstralhung have thus been neglected in our work. However, although in the
case of Sgr A∗ bremsstrahlung emission is negligible, it will have an important con-
tribution to the spectra of other LLAGN.

Synchrotron and synchrotron self-Compton

The total angle-averaged optically thin and thick synchrotron emissivities given
by Fragile & Meier (2009) are only valid within a certain range of temperatures.
Therefore, rather than using them to account for the synchrotron contribution to the
spectrum, we decided to start from first principles to express a more general expres-
sion of the synchrotron emissivity. Following Rybiki & Lightman (1986) and de Kool
et al. (1989), we have:

Is(ν) =
ην
µν

(
1 − exp(−µν R)

)
(3.7)

where ην is the emission coefficient, µν is the absorption coefficient and R is the size
of the homogeneous emitting volume.

Knowing the synchrotron radiation field Is(ν) and following Chiaberge & Ghis-
ellini (1999), the synchrotron self-Compton emissivity, in units of erg/cm3/s/Hz/st
can be expressed as

εc(ν1) =
σT

4

∫ νmax
0

νmin
0

dν0

ν0

∫ γ2

γ1

dγ
γ2β2 N(γ) f (ν0, ν1)

ν1

ν0
Is(ν0) (3.8)
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where ν0 is the frequency of the incident photons, ν1 is the frequency of the scat-
tered photons, f (ν0, ν1) is the spectrum produced by the single electron, scattering
monochromatic photons of frequency ν0, β = v

c , νmin
0 and νmax

0 are the extreme fre-
quencies of the synchrotron spectrum, and γ1 and γ2 are

γ1 = max

( ν1

4ν0

)1/2

, γmin

 (3.9)

γ2 = min
[
γmax,

3
4

mec2

hν0

]
. (3.10)

The mean free path of inverse Compton scattering being larger than the simulation
region in all our cases, we ignore multiple scatterings along the line of sight.

For the synchrotron self-Compton radiation field from a homogeneous volume
of size R, equation (3.8) leads to the following emissivity expression:

Ic(ν1) = εc(ν1)R (3.11)

In the framework of the simulation, R represents the size of a zone.
Integrating, over frequencies, the synchrotron and synchrotron self-Compton

radiation fields, Is(ν) and Ic(ν), leads to the synchrotron cooling rate, with the Comp-
ton enhancement factor ηs,C q−s .

These expressions integrate to exactly the formulae used for the cooling rates
within Cosmos++.

3.3.2 General Relativistic Radiative Transfer

The synchrotron emission and absorption coefficients (equations (4)-(5) in de
Kool et al. 1989), and the synchrotron self-Compton emission coefficient (equation
3.8) describe the emitted spectrum from any zone in the simulation. A radiative
transfer calculation is necessary to transform this into the spectrum as seen by a
distant observer. Due to both strong gravitational lensing and redshifts, and Doppler
beaming in the vicinity of the black hole where most of the luminosity is produced,
this calculation must be done in full GR.

The GR calculation is done using ray tracing. Starting from a distant observer’s
hypothetical detector, rays are traced backwards in time toward the black hole assum-
ing they are null geodesics (geometric optics approximation), using the public code
geokerr described in Dexter & Agol (2009). In the region where rays intersect the
accretion flow, the radiative transfer equation is solved along the geodesic (Broder-
ick & Loeb, 2006) in the form given in Fuerst & Wu (2004) using the code grtrans
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(Dexter, 2011), which then represents a pixel of the image. This procedure is repeated
for many rays to produce an image, and at many observed frequencies to calculate
the spectrum.

Both gravitational redshifts and Doppler shifts lead to differences between ob-
served and emitted frequencies. Emission and absorption coefficients are then inter-
polated both spatially between neighbouring zones to points on the geodesic, but also
logarithmically in frequency to the emitted frequency corresponding to the desired
observed frequency.

3.3.3 Assumptions and numerical limitations

All of our models assume a thermal plasma. This plasma is described with
a Maxwell-Jüttner energy distribution with temperature Te, characterised by a fixed
fraction of the ion temperature Ti. This approach is standard for MHD simulations
since it would be difficult computationally to simulate two interacting plasmas. The
ion temperature is calculated via the ideal gas law. Since the internal energy of the
plasma is dominated by the ions, the cooling function used in the simulation is that of
the ions. The assumption is made that the temperature of the electrons, Te, needed in
the calculation of the cooling rate (since the cooling processes that we are considering
all involve electrons), is simply related to Ti by a fixed factor. To get Te, we assume
that some process is coupling the two temperatures. In the case where the ratio is 1,
we assume that the two temperatures are coupled via a perfect process. When Ti > Te
this process is assumed to be imperfect. There is no reason why the plasma remains
at a fixed temperature ratio throughout its evolution. However, studies have shown
that allowing this ratio to be space- and time-dependent do not dramatically change
the resulting simulations (based on unpublished work by J. Dexter).

We also assume that the radiation escapes freely from the system. The whole
system is optically thin to synchrotron self-Compton emission while, for the calcu-
lation of the synchrotron, we consider the appropriate optical depth of the gas at a
given location and time, which depends on the state of the plasma. This approxima-
tion takes into account the optical depth without performing radiative transfer, and
is valid as long as the (assumed thermal) peak of the radiating particle distribution
corresponds to energies greater than the self-absorption frequency, which is almost
always the case for the regions under study.

Numerical caps and floors are a necessary limitation of most MHD simulations
to prevent the codes from crashing in regimes where the values are too large/small.
In our simulations, floors have been applied on the matter and energy density values
a zone is allowed to reach. Their respective forms are: ρfloor = 10−4 ρmax,0 r−1.5

and efloor = ρε = 10−6 ρmax,0 r−2.5. These floors are applied very close to the outer
boundary and along the vertical axis in the funnel region. In addition, a cap has been
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imposed on the magnetization of the fluid, as measured by (ρ + ρε)/PB, where ρ is
the density, ε is the internal energy and PB is the magnetic pressure. Whenever this
ratio drops below 0.01 (almost always within the jets), both ρ and ρε are rescaled by
a factor appropriate to maintain the ratio. We have applied the same numerical floors
when post-processing the simulations. Emission from regions of simulation that have
reached these numerical floors are set to zero and are therefore not included in the
spectral calculations.

The final assumption used in our work is on the target mass accretion rate we
want our simulation to reach. We choose an initial torus density with the goal of
reaching a certain mass accretion rate. In principle, to reach the exact mass accretion
rate we are targeting, we should check what mass accretion rate has been reached
with this initial torus density, slightly change the density and re-run the simulation
in an attempt to reach a better match. However we are aiming to match at a factor 2
level, which is accurate enough to notice the difference between order of magnitude
changes in the mass accretion rate.

3.3.4 Magnetic field configuration

Magnetorotational instabilities in MHD simulations are driven by weak poloidal
magnetic field loops seeded in the initial torus. However not much is known about
the magnetic field configuration in accretion discs around black holes. In the case of
Sgr A∗, most groups model it with one loop across the initial torus. In our work,
we tested the results using two different configurations: a single set of poloidal
loops (hereafter the 1-loop model) centred on the pressure maximum of the torus
and following contours of pressure/density; we also run simulations with four sets
of poloidal loops (hereafter the 4-loop model) spaced radially, with alternating field
directions in each successive loop (see Section 5.1 of Chapter 2).

Because of the stochastic nature of MRI-generated turbulence and magnetic
reconnection, MHD simulations of accretion discs can show significant variability.
In addition, our axisymmetric simulations show violent flaring events triggered by
reconnection. The impact of such events on the emission can be extreme, especially
for a few very brief X-ray flares (see 3.5.3).

3.3.5 Spectral Energy Distribution

We let our simulations run for 7 orbits, where we refer to the circular orbital
period at r = rcentre or torb = 1.67 × 104 s (torb = 788.39 M). The simulations reach
their targeting mass accretion rates, after their peak value and before returning to
their background rates, between 2.5 and 3.5 orbits (see section 2.3.3 of Chapter 2). To
reproduce the quiescent state of Sgr A∗, we take the median value of the 50 individual
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Figure 3.1: Broadband spectra of the reference simulation B4S9T3M9C computed from all time steps
in the interval 2.5-3.5 orbits. Time-averaged values (blue, dash-dash) are compared with median values
(black, solid). The flaring events we see in our simulation have too much weight in the time-averaged
values, which is why we have chosen to use median values to represent typical flux densities. Shadows
represents the 1σ variability of the simulated data (see Section 3.3.5). Observation data of Sgr A∗ (pink)
show average quiescent spectrum published in Melia & Falcke (2001), submm data from Muñoz et al.
(2012) and mean infrared from Schödel et al. (2011). The X-ray is an average quiescent flux from
Baganoff et al. (2003).

spectra in this interval. We do not use a time averaged SED, in order to not overweight
the likely unphysical flaring episodes. Figure 3.1 shows that a simple time-average
gives too much weight to the flaring events, increasing the flux up to an order of
magnitude in the X-ray, compared to the median. The shadow region is the “1σ”
variation about the median. It represents the limits within which 68% of the spectra
fall. For each 50 individual spectra, the eight highest and the eight lowest data points
in each spectra energy bin have been dropped.

Figure 3.2 presents a sample simulated broadband spectra of Sgr A∗. The first
bump from the submm band to the near-infrared band is due to thermal synchrotron
radiation while the second bump in the X-ray is from upscattered submm seed pho-
tons via Inverse-Compton process.

3.3.6 Parameter-space

Each model used to simulate Sgr A∗ is described in terms of the following five
parameters: the configuration of the magnetic field B, the spin of the black hole a∗,
the ion-to-electron temperature ratio Ti/Te, the mass accretion rate Ṁ and enabling
(C) or disabling the cooling function. A sixth parameter, the inclination angle i at
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Figure 3.2: Broadband spectra of the B4S9T3M9C simulation presenting the synchrotron (orange,
dash-dot-dot) and the synchrotron self-Compton (blue, dash-dash) components of the radiation and the
resulting total emission (black, solid).

Parameter Values
B loops (N) 1, 4
Spin (a∗) -0.9, 0, 0.5, 0.7, 0.9, 0.98
Ti/Te 1, 3, 10
Target Ṁ[ M� yr−1] 10−9, 10−8, 10−7

Cooling function ON (C), OFF
Inclination angle i [deg] 5◦, 45◦, 85◦

Table 3.1: Free parameters explored in the simulations

which the system is viewed from Earth is used in the ray-tracing program and has
been also studied. Low inclination angle corresponds to a face-on situation while
high one is edge-on. Table 3.1 presents our parameter-space.

As explained in Section 3.2, there are tight observational constraints on the
mass accretion rate from linear polarisation measurements in the submm band. We
therefore impose boundaries of 2 × 10−9M� yr−1 and 2 × 10−7M� yr−1 to our corre-
sponding parameter. On the other hand, despite all the data that have been gathered
on Sgr A∗ over the years, its spin is still an unknown parameter. Therefore we have
decided to explore a wide range of possible spin values, from a non-spinning black
hole case (a∗ = 0) to a maximum spinning (a∗ = 0.98), as well as a retrograde-
spinning (a∗ = −0.9) one. Finally we allow the ion-to-electron temperature ratio vary
between 1 (efficient coupling between electrons and ions) and 10 (relatively ineffi-
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cient coupling), which is the same range explored in earlier works.
Throughout this Chapter, we follow the same naming convention defined in

the previous Chapter to designate simulations. Each simulation name refers to the
parameter-space explored in that model. For example, B4S9T3M9C means that the
initial torus is seeded with a 4-loop poloidal magnetic field, the spin of the black hole
is set to a∗ = 0.9, the ion-to-electron temperature ratio to 3, the mass accretion rate to
Ṁ = 10−9M� yr−1 and the cooling function is enabled. Table 3.2 presents a overview
of all of our simulations.

B4S9T3M9C at an inclination angle of 85◦ is the closest solution to those
found by previous works when attempting to fit Sgr A∗’s data with simulated SEDs,
except for the enabling of the cooling function, and the initial magnetic field con-
figuration. In the following we have chosen this set of initial parameters to be our
reference simulation, from which we have explored our parameter space.

3.4 Results

3.4.1 Geometry

To compute our spectra, we had to ensure that only regions of the simulations
that have reached inflow equilibrium are contributing to the emission. The reason is
that properties of the parts of the simulations that have not reached the inflow equi-
librium are strongly dependent on the arbitrary, initial conditions. However, 2D sim-
ulations never reach equilibrium. In order to ensure the closest conditions possible to
inflow equilibrium in our work, we imposed the following two criteria to our selec-
tion of region: firstly, we used the simulation once the initial transient from the MRI
had subsided, but before the turbulence had substantially decayed. Secondly, only
regions that have reached a constant mass flux, as a function of radius, close to the
chosen target mass accretion rate, are considered. As a consequence, only radiation
from a region lying between the event horizon and 15 Rg are accounted for in our
spectra. Fig.3.3 illustrates this selection. This geometrical restriction is consistent
with our aim to only fit the submm bump, which is believed to originate very close to
the black hole. Indeed, Figure 3.4 shows that this inner region of the accretion flow
accounts for the bulk of radiation in our simulation.

3.4.2 Exploring the parameter space

For the first time, we are able to generate consistent spectra from GRMHD sim-
ulations that can be compared to observations in a robust way, as no post-processing
scaling is possible when the cooling function is enabled. To assess the importance of
self-consistent treatment of radiative losses on the resulting emission, we have com-
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3.4 Results

Figure 3.3: Delimitation of the different regions of our simulations considered in the simulated spectra.
The limits of each region are: inner region [event horizon < r < 15 Rg] - disc [15 Rg < r < 70 Rg :
0.36π < θ < (1 − 0.36)π] - outer region [70 Rg < r < 120 Rg : 0.36π < θ < (1 − 0.36)π] - corona
[15 Rg < r < 120 Rg : 0.08π < θ < 0.36π] - jets [15 Rg < r < 120 Rg : 0.004π < θ < 0.08π]. The
corona and jet regions are symmetric with respect to θ = π/2.
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3.4 Results

pared SEDs from simulations with the same set of initial parameters (4-loop model,
a∗ = 0.9 and Ti/Te = 3), with and without radiative cooling. This comparison was
done for three different target mass accretion rates. Figure 3.5 presents the six spectra
obtained. When enabling the cooling function, there is a clear trend of increasing im-
portance of the effect with increasing mass accretion rate. While at a mass accretion
rate of 10−9M� yr−1, both spectra of cooling and non-cooling simulations are similar,
significant differences (up to two orders of magnitudes) appear at a mass accretion
rate of 10−8M� yr−1 and Ṁ = 10−7M� yr−1.

A question that can be asked is whether a spectrum from a non-cooled simula-
tion can be made to resemble a cooled simulation by increasing the temperature ratio.
To address this question, we generated a series of spectra from non-cooled simula-
tions with different temperature ratios and compared them with cooled simulations at
the same mass accretion rate, black hole spin and initial magnetic field configuration.
Figure 3.7 shows that when higher temperature ratios are applied, non-cooled simu-
lated spectra are roughly matching the cooled ones. For instance, to match the cooled
spectrum with Ṁ = 10−7M� yr−1, the temperature ratio was increased from 3 to 10.
These results are not surprising: without cooling, the only way to reduce the elec-
tron temperature is to increase the temperature ratio. If the response of the spectra
to changes in Ṁ and Ti/Te were linear at all energies, any spectra from a simulation
with cooling could be reproduced with a non-cooled one, by adjusting these two pa-
rameters. However, as seen in Figure 3.6 or Figure 3.9 for instance, the different parts
of cooled spectra do not respond linearly to changes of the mass accretion rate or the
temperature ratio. As the data improve, the range of possible models will narrow
and the requirement of a self-consistent treatment of cooling processes in GRMHD
simulations will become non-negligible.

Next, we have naturally focused our attention on how varying the mass ac-
cretion rate changes the resulting spectra. As shown in Figure 3.6, which compares
SEDs from simulations B4S9T3M9C, B4S9T3M8C and B4S9T3M7C, there is a sig-
nificant positive correlation between the mass accretion rate and the emission at all
wavelengths.

We also test the role of black hole spin a∗. As can be seen from Figure 3.8, the
luminosity rises from the case of a retrograde spinning black hole to the case of an
almost maximum prograde spinning one. Moreover, simulations from models with
spin a∗ = -0.9, 0, 0.5 and 0.98 seem to be more variable compared to models of spin
a∗ = 0.7 and 0.9, which lead to a higher variability in the resulting radiation. Finally
comparing emission from positive and negative spins reveals almost four orders of
magnitude difference between fluxes at same absolute spin value.

Regarding the ion-to-electron temperature ratio, it is straightforward to assess
how this parameter affects the radiation in non-cooling simulations, but it is not for
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Figure 3.7: Broadband spectra at three different mass accretion rates: 10−9 M� yr−1 (black), 10−8 M� yr−1

(blue), and 10−7 M� yr−1 (orange) of non-cooled simulations (dash-dot-dot) roughly reproducing spectra
of cooled simulations (solid). The non-cooled spectra are achieved via varying the temperature ratio.
Each model has the same set of initial parameters for the magnetic field configuration, the black hole
spin and the inclination angle (resp. 4-loop model, a∗ = 0.9, and i = 85◦). Emission from simulations
B4S9TxM8 and B4S9TxM7 have been respectively multiplied by 10 and 1000 to improve readability.
See text for a detailed discussion of the results shown here.

cooling ones. On one hand, in non-cooling simulations, the temperature of the ions
stays the same. So increasing the temperature ratio decreases the temperature of
the electrons and therefore the emission. On the other hand, in cooling simulations,
effects from radiative losses and from efficiency of cooling processes between ions
and electrons conflict and their results on spectra are not straightforward. Radiative
losses will lower the temperature of the electrons while increasing Ti/Te results in
having less efficient cooling processes, therefore less radiative emission from the
electrons and thus a higher electron’s temperature. Nonetheless Figure 3.9 shows
that in our specific case, increasing Ti/Te decreases the total emission. However, at
higher accretion rates this increase is less than the Fν ∼ Ṁ2 scaling without cooling.

Our work is one of the first to address the question of how magnetic field
configuration model in the initial accretion disc affects the resulting emission, in the
case of Sgr A∗. Figure 3.10 compares spectra from two magnetic field configurations:
the 1-loop and the 4-loop models. The figure shows that, while in the submm and the
near-infrared bands the emission is fairly independent of the model – both spectra are
within each others variability range – in the X-ray, the emission is very sensitive to
the initial configuration.

The inclination angle is the last parameter we tested. This parameter is only
used in the post-processing ray-tracing code grtrans. It defines the viewing an-
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Figure 3.11: Broadband spectra comparing the effect of varying the viewing inclination angle on the
emission of the reference simulation B4S9T3M9C.

gle of a distant observer on the system. Doppler shifts and optical depth are the
two significant changes induced by varying the inclination angle (e.g., Dexter et al.,
2009). For most observer inclinations, Doppler beaming is the predominant effect
from ray-tracing from Keplerian discs while at lower inclinations optical depth is the
main effect. Figure 3.11 shows that, at higher inclinations, Doppler beaming leads
to larger fluxes, and moves the peak of the spectrum to higher frequency. At lower
inclinations, the figure also shows that optical depth causes larger variability of the
overall fluxes.

3.5 Discussion

3.5.1 Preferred parameter space

The present study was designed to determine which set of parameters will
be the closest to reproducing the quiescent state of Sgr A∗. Our results show that
the most compatible spectra with the observational data are those of simulations
B4S9T3M9C and B4S7T3M9C. We find that we can fit the Sgr A∗ data at 230 GHz,
which has a value of 3 Jy, or νLν ∼ 5.6 × 1034 erg/s, with a mass accretion rate of
2.60±1.54×10−9M� yr−1 in simulation B4S9T3M9C and 5.38±4.06×10−9M� yr−1

in simulation B4S7T3M9C. These values confirm the conclusion of Chapter 2 that
it is not necessary to consider radiative processes when simulating accretion onto
Sgr A∗ because of its exceptionally low accretion rate.
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Figure 3.12: Broadband spectra of our preferred parameters fits. The models suggest that the mass
accretion rate at which Sgr A∗ accretes is around 10−9 M� yr−1 and the spin of the central black hole is
likely to be between a∗ = 0.7 and a∗ = 0.9.

Our favoured target mass accretion rate is consistent with the lower limit im-
posed by observations of linear polarisation in the submm bump. It is interesting
to note that, at this mass accretion rate, two models provide a good description of
the data, with their only difference being the spin parameter value. Figure 3.12
shows that our models with a∗ = 0.7 and a∗ = 0.9 match Sgr A∗ data at 230 GHz
and ∼ 5.6 × 1034 erg/s. These two models distinguish themselves only in the de-
scription of the near-infrared observations. Our results are consistent with the upper
limit of a∗ = 0.86 at 2σ significance given by Broderick et al. (2011) obtained with
millimetre-VLBI observations (Doeleman et al., 2008; Fish et al., 2011).

As reported in Dexter et al. (2010), the favoured ion-to-electron temperature
ratio depends strongly on initial conditions since the temperature of the ions scales
with the disc thickness. The real constraint is therefore on the temperature of the elec-
trons. Currently, our ability to constrain this parameter is only as good as the code
itself. Although our preferred parameter-space fits are found with a ion-to-electron
temperature ratio of 3 which suggests that the processes coupling the ions to the elec-
trons in the accretion disc are mildly inefficient, we would advise caution regarding
this conclusion. Similarly, no strong constraints can be drawn from our study of
the inclination angles. Our preferred parameters that gives a model consistent with
Sgr A∗ data, is obtained for an inclination angle of 85◦, which is expected given our
position in the plane of the Galaxy.

A further interesting point is that the X-ray emission is very sensitive to the
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Figure 3.13: Broadband spectra of retrograde spin simulations with the same set of initial parameters
(4-loop model, Ti/Te = 3 and i = 85◦) but at different mass accretion rates.

initial magnetic field configuration in our simulations, while the submm emission
is fairly independent. The X-ray upper limit of Sgr A∗’s data may be a promising
way to constrain the effect of magnetic fields. We only tested a limited set of initial
conditions, and in this context, we obtained our best fit when seeding the initial torus
with a four sets of poloidal magnetic field loops.

3.5.2 Cases of retrograde spin

Figure 3.13 shows the spectra of retrograde spin models at mass accretion rates
of 10−9M� yr−1 and 10−7M� yr−1. It is interesting to note that the spectral shapes of
these models are significantly different from the positive spin models. The most
notable difference is that the synchrotron emission peaks at higher frequency. This
peak originates from an emitting region inside 3 Rg, filled with material at a very high
temperature (∼ 1013 K). While this very high temperature and the displacement of the
synchrotron peak might be seen as criteria to exclude a∗ < 0 models for Sgr A∗, based
on the submm VLBI data, it is likely premature to draw any definite conclusions.
Further analysis is required to understand the origin of the very hot material and to
establish whether a retrograde spin model for Sgr A∗ with a high mass accretion rate
is viable.
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3.5.3 Flaring events

Although the main goal of our work was to reproduce the quiescent state of
Sgr A∗, we want to say a few words about the origin of flaring events leading to
fast variability within our spectra. As shown in Figure 3.14, our preferred simula-
tion (B4S9T3M9C) experiences a brief X-ray flare, with the emission in this band
increasing by three orders of magnitude over ∼ 20 minutes. It is apparent from
Figure 3.15, which presents the radial and the θ angle profile of the peak of the X-
ray emission, that this emission originates from a narrow region located between
2.3 rad < θ < 2.8 rad, composed of two blobs: the first situated around r = 5 Rg and
the second spreading between 10 Rg and 14 Rg.

To investigate the origin of the blobs, we examined temperature maps at each
time step of the simulation together with the evolution of its magnetic field lines.
Figure 3.16 presents four snapshots of the formation of the blobs. The initial state of
the flare region is a thin filament of coherent field starting at the event horizon and
extending out to r ∼ 15 Rg, which suggests that the simulation develops a channel-
mode solution (Hawley & Balbus, 1992) in this region.

These episodic flares in our 2.5D simulations are very similar to what Dodds-
Eden et al. (2010) report in their study of large, sporadic magnetic reconnection
events occurring near the last stable circular orbits in their 2.5D GRMHD simula-
tions. They suggest that because these events have timescales and energetics consis-
tent with Sgr A∗’s flares, they may represent actual physical mechanisms. However,
Sgr A∗’s X-ray flares always have a simultaneous infrared counter-part, while only
the largest infrared flares show X-ray flares in general (Eckart et al., 2006; Dodds-
Eden et al., 2011). Our simulated light curves do not show an infrared event corre-
sponding to the X-ray flare. Moreover, no similar behaviour has ever been reported
in 3D GRMHD simulations thus it is highly likely that these flaring events are nu-
merical artefacts rising from the two dimensional nature of the simulations when
magnetic reconnections occur near the event horizon of the black hole. By enforc-
ing axisymmetry, 2.5D simulations allow larger coherent magnetic field structures to
form, enhancing variability when these structures finally reconnect. We choose to
minimize the effect of these rare events on the final spectra by using median rather
than time-averaged spectra as discussed above.

3.5.4 Comparison with previous works

In the past few years, several groups have focused their analysis on comparing
simulated observation of Sgr A∗ to data. While the general setup of our simulations
are similar to that of other groups, the details of the code itself and the treatment
of radiation are not. Somewhat surprisingly, and encouragingly, this study produces
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Figure 3.16: Snapshots of a flaring event occurring in simulation B4S9T3M9C at different time t. Each
snapshot shows a map of the temperature (color) and magnetic field lines (black lines).
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3.5 Discussion

results which corroborate the findings of a great deal of the previous work in this
field, suggesting that all groups are converging on a consistent picture for conditions
around the supermassive black hole. In particular, our work is in agreement with the
findings of Mościbrodzka et al. (2009) which showed that a radiative model of Sgr A∗

with a mass accretion rate of 1.86×10−9M� yr−1, an ion-to-electron temperature ratio
of 3, a spin of a∗ = 0.94 and an inclination angle close to edge-on (85◦) fits Sgr A∗

observations.
These findings are also consistent with those of Dexter et al. (2009, 2010)

and further support the idea that the submillimeter bump in Sgr A∗’s data originates
from within the innermost region of an accretion disc, accreting on Sgr A∗ at a mass
accretion rate of ∼ 2 × 10−9M� yr−1. However, it is worth noting that all simulations
so far are finding the submm bump to be dominated by the emission from the inner
disc because the jets are not yet correctly physically described. Most importantly,
idealized MHD prevents realistic mass loading in the jet funnels, but the resolution
of the grid is often poor along the poles, and the numerical floors often dominate in
these regions of the simulations as well.

Another important result from this work is a quantitative measure of the in-
creasing importance of a self-consistent treatment for radiative cooling losses in
GRMHD simulations, with increasing mass accretion rates. This result supports our
previous conclusion that above a mass accretion rate of ∼ 10−8M�yr−1 (∼ 10−7ṀEdd),
a self-consistent treatment of the radiative losses in GRMHD simulations not only
affects the dynamics of the simulations, it also affects the radiative emission. This
conclusion will affect any previous works done on Sgr A∗ which neglected the ra-
diative losses and used a mass accretion rate higher than this limit. For example,
Shcherbakov et al. (2012) fits Sgr A∗ data in the submillimeter bump and uses po-
larised radiation to find a mass accretion rate of (1.4− 7.0)× 10−8M�yr−1. Our result
here implies that their final spectrum would be affected by cooling losses.

3.5.5 Limitations

The current study has significant limitations. All of the GRMHD simulations
presented here are axisymmetric (2.5D). Axisymmetric simulations cannot sustain
turbulence and so never reach a quasi-steady state. Axisymmetry also tends to exag-
gerate variability relative to the 3D case, and is likely responsible for the rare, large
amplitude flaring events seen in many of our simulations.

Another limitation of our study, shared in general by the current class of ideal
MHD simulations, is that the jets cannot be mass-loaded. Observations of flat/inverted
spectra from compact jets in LLAGN, indicate optical depth effects which the current
simulations cannot approach. Most likely once prescriptions for mass loading and
particle acceleration in the jets are included, emission from the base of the jets will
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3 Self-consistent spectra from radiative GRMHD simulations of accretion onto Sgr A∗

increase in the submm for Sgr A∗, and have some effect on our favoured parameter
space.

We have also simulated a limited set of initial conditions. We have found that
the initial magnetic field configuration can have an important effect on the resulting
spectra, especially at high energies, but a wider range of configurations should be
tried to fully explore this issue. For instance, McKinney et al. (2012) argue that the
initial condition used in these simulations artificially restricts the available magnetic
flux, and show that large amounts of coherent flux can significantly alter the dynamics
of the accretion flow.

Finally, this and almost all previous studies attempting to constrain the pa-
rameters of Sgr A∗ have assumed that the accretion flow angular momentum axis is
aligned with the black hole spin axis. However, this is unlikely to be the case in real-
ity, and Dexter & Fragile (2012) show that spectral fits can change dramatically even
for tilts as small as 15◦.

3.6 Summary

We presented for the first time self-consistent spectra from radiatively cooled
GRMHD simulations of the accretion flow around a black hole, in particular, Sgr A∗.
Although no statistical error bars can be claimed from our work, our study quali-
tatively suggests that the central black hole is most likely rapidly spinning (0.7 <

a∗ < 0.9). Our work also concludes that Sgr A∗ is accreting at a mass accretion
rate of ∼ 2 × 10−9M� yr−1. While no significant conclusions can be drawn from the
correlation between the resulting emission and the initial magnetic field configura-
tion model, we obtain our best description for the submillimeter data by seeding the
initial torus with a 4-loop poloidal magnetic field, suggesting that a more complex
morphology could be favoured. Finally no constraints on the inclination angle can be
derived from our work, but it is consistent with the general sense that Sgr A∗ should
be more edge on than face on.

Our work confirms the limit on the mass accretion rate (∼ 10−8M� yr−1) re-
ported in Dibi et al. (2012), where self-consistent treatment of cooling losses in
GRMHD simulations becomes important. Above this limit, spectra generated from
GRMHD simulations where radiative losses are not taken into account can be poten-
tially orders of magnitude too high. However, for other sources the exact limit may
vary with the mass and spin of the black hole as well as initial conditions of the sim-
ulation. Nonetheless, this result is very important to keep in mind for future studies
of more typical nearby LLAGN such as M81, M87, etc..

We showed that high energy emission from GRMHD simulations is sensitive
to the magnetic field configuration in the initial accretion disc. Further research re-
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3.6 Summary

garding the role of the magnetic field configuration in the dynamics and radiation of
GRMHD simulations may ultimately help distinguish between models for the origin
of the magnetic fields close to the black hole.

Recently there have been claims of a 3 pc-scale, jet-driven outflow from Sgr A∗

in the radio (Yusef-Zadeh et al., 2012) as well a large-scale jet feature in the Fermi
GeV γ-ray maps of the Galactic centre (Su & Finkbeiner, 2012). If one or both can be
confirmed, these features will provide valuable constraints for the next technological
development of GRMHD simulations, which is the inclusion of more realistic mass-
loading and particle acceleration in the jets. Similarly, the discovery of the G2 cloud
(Gillessen et al., 2012) on a collision course with Sgr A∗ for 2013 may provide new
tests of Sgr A∗’s emission at higher accretion rates, for comparison with our results
here.
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Exploring plasma evolution during Sgr A∗ flares

S. Dibi, S. Markoff, R. Belmont, J. Malzac, N. M. Barrière and J. A. Tomsick

Accepted for publication in the Monthly Notices of the Royal Astronomical Society,
March 2014

Abstract - We present a new way of describing the flares from Sgr A∗ with a self-
consistent calculation of the particle distribution. All relevant radiative processes are
taken into account in the evolution of the electron distribution and resulting spectrum.
We present spectral modelling for new X-ray flares observed by NuSTAR, together
with older observations in different wavelengths, and discuss the changes in plasma
parameters to produce a flare.
We show that under certain conditions, the real particle distribution can differ signif-
icantly from standard distributions assumed in most studies.
We conclude that the flares are likely generated by magnetized plasma consistent
with our understanding of the accretion flow. Including non-thermal acceleration,
injection, escape, and cooling losses produces a spectrum with a break between the
infrared and the X-ray, allowing a better simultaneous description of the different
wavelengths. We favour the non-thermal synchrotron interpretation, assuming the
infrared flare spectrum used is representative.
We also consider the effects on Sgr A∗’s quiescent spectrum in the case of a density
increase due to the G2 encounter with Sgr A∗.

81



4 Exploring plasma evolution during Sgr A∗ flares

4.1 Introduction

4.1.1 Sagittarius A*

Sagittarius A* (Sgr A∗) is the name given to the bright radio source of our
Galactic Center. It was discovered in 1974 by Balick & Brown (1974) using the
Green Bank 35 km radio link interferometer of the National Radio Astronomy Ob-
servatory. Stellar motion around the non-thermal radio source shows that Sgr A∗ is
highly compact (smaller than 0.01 pc i.e. 3 × 1011km) and that the stars orbit around
a point mass of 4.3± 0.5× 106M� (Eisenhauer et al., 2005; Melia, 2007). The stellar
orbits provide the strongest evidence yet for a supermassive black hole located in the
center of our Galaxy at a distance of 8.3±0.35 kpc (Reid, 1993; Schödel et al., 2002;
Ghez et al., 2008; Gillessen et al., 2009). Super-massive black holes (SMBHs) of
millions to billions of solar masses are believed to exist in the centre of most galax-
ies. Sgr A∗, in our own galaxy, is the closest and best studied SMBH, making it the
perfect source to test our understanding of galactic nuclei systems in general. But
among all galactic nuclei that we have observed so far, Sgr A∗ has the peculiarity
of being very faint in all wavelengths. Even though it may have been more active
in the past (Revnivtsev et al., 2004; Zubovas & Nayakshin, 2012; Ponti et al., 2012),
today Sgr A∗is one of the most under-luminous SMBHs we know, it is very faint with
Lbol ' 10−9LEdd (Narayan et al., 1998) and accreting at a very low rate. The accre-
tion rate has been constrained by polarisation measurements, using Faraday rotation
(Aitken et al., 2000; Bower et al., 2003; Marrone et al., 2007) and is estimated to be
in the range 2 × 10−9 < Ṁ < 2 × 10−7M� yr−1. Theoretical work suggest that Sgr A∗

is most likely accreting at the lower range of this interval (Mościbrodzka et al., 2009;
Drappeau et al., 2013). Dibi et al. (2012) have shown that for accretion rate above or
equal to 1 × 10−8 solar masses per year, the cooling losses become important in the
modelling of the accretion flow and the resulting spectrum. This result means that
Sgr A∗ is the only black hole source known where cooling could still be treated sep-
arately as a first approximation. Along the same lines, Yuan et al. (2004) had shown
that flare events, as these observed in the Galactic Centre, could not be detected if
the accretion rate increases by a factor 10 from its actual value, because synchrotron
self Compton emission from thermal electrons would increases substantially. This
would explain why Sgr A∗ is the only source known to exhibit flaring activity. Also,
Yusef-Zadeh et al., 2009 are reporting observational evidence for IR flaring activity
inversely proportional to the flux density.
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4.1.2 Multiwavelength observations

The faint emission from Sgr A∗ has been observed in different wavelengths
giving us a broad band spectrum of this object from the radio to the X-ray (see re-
views by Melia & Falcke 2001; Genzel et al. 2010; Morris et al. 2012, and references
therein). From a few GHz up to 100 GHz, the radio spectrum extends as a rough
power law Fν ∝ να with 0.25 ≤ α ≤ 0.33. Above 100 GHz there is evidence for
a millimeter/sub-millimeter (sub-mm) excess over the power law, extending almost
to 1000 GHz. The nature of this excess was discussed by Serabyn et al. (1997) and
Falcke et al. (1998) who excluded the possibility of dust emission. The size of pho-
tosphere is predicted to be the smallest around this wavelength of 1.3 mm, where the
excess is observed. And the black hole horizon, or its shadow (Falcke et al., 2000;
Dexter et al., 2010) could be detected for the very first time in the near future with
new, very long base interferometry facilities such as the “Event Horizon Telescope”
(Doeleman et al., 2008, 2009; Fish et al., 2011).

Important progress has been achieved in the mid-infrared (MIR) to near in-
frared (NIR) e.g. (NIR; e.g., Genzel et al., 2003; Ghez et al., 2005; Schödel et al.,
2011) and sub-mm domains. But in the optical and in the ultra-violet wavelengths,
the Galactic Center is heavily obscured by gas and dust with 30 magnitudes of vi-
sual extinction. This obscuring medium becomes partially transparent to the X-rays
at energies above 2 keV. Indeed, Sgr A∗ has a quiescent X-ray luminosity of a few
1033erg s−1 (Baganoff et al. 2003) which is about 1011 times lower than the Eddington
luminosity.

Sgr A∗ is quite variable and we observe fast activity (bursts or flares) in the
infrared and X-ray band emissions. A few times a day, Sgr A∗ experiences rapid in-
creases in the NIR flux (Hornstein et al., 2002; Genzel et al., 2003; Ghez et al., 2004;
Eckart et al., 2006, 2008; Yusef-Zadeh et al., 2008; Dodds-Eden et al., 2011; Haubois
et al., 2012), where brighter flares (> 10 mJy; Dodds-Eden et al., 2011) are often as-
sociated with simultaneous X-ray flares (e.g. Baganoff et al., 2001; Goldwurm et al.,
2003; Porquet et al., 2003; Bélanger et al., 2005; Porquet et al., 2008; Nowak et al.,
2012; Neilsen et al., 2013). The typical timescale for such events is few thousand
seconds, suggesting a common localized origin of the flares. The radio and sub-mm
emissions are more stable, i.e. they show less variability than the X-ray and NIR
(see for instance Marrone et al. 2008 for the sub-mm flares, and Yusef-Zadeh et al.
2010 for a study on the IR - sub-mm anti-correlation). The flat radio emission is most
likely the synchrotron emission originating from an outflow of Sgr A∗ the lower the
frequency, the further away we are in the outflow. So the radio wavelength, as well as
the quiescent X-ray emission are coming from extended regions around Sgr A∗ while
the sub-mm, MIR, and flaring X-ray emissions originate from a region very close to
the SMBH. This second region is the one we are interested in and we explore in this
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Chapter.
The MIR and NIR emission has been observed by the VLT and Keck (e.g.

Dodds-Eden et al. 2011; Schödel et al. 2011; Bremer et al. 2011; Witzel et al. 2012).
The X-ray variability has been observed by XMM-Newton, the Chandra X-ray ob-
servatory (e.g. Baganoff et al. 2001) and also by Swift (Degenaar et al., 2013). Many
new X-ray flares have been detected recently thanks to the Chandra 2012 Sgr A∗

X-ray Visionary Project1 . From this 3-Ms campaign, 39 X-ray flares are reported,
lasting from a few hundred seconds to approximately 8 ks, and ranging in 2–10 keV
luminosity from 1034ergs s1 to 2 × 1035ergs s1 (Nowak et al., 2012; Neilsen et al.,
2013). The new telescope NuSTAR (Harrison et al., 2013) has released recently new
X-ray flares data that we are using in our study (Barrière et al., 2014). Those show
that the 3–80 keV emission is compatible with a pure power-law spectrum.

4.1.3 Flare models

The fast variability indicates that the origin of the flares is as close as few
gravitational radii from the SMBH. However, the nature of the physical processes
responsible for the flares is still an open question. Different mechanisms have been
proposed such as events of magnetic reconnection or other acceleration processes
(e.g., Markoff et al. 2001; Yuan et al. 2003; Liu et al. 2004, 2006), infall of gas
clumps or disruptions of small bodies (Cadež et al., 2006; Tagger & Melia, 2006;
Zubovas et al., 2012), adiabatic expansion of hot plasma or hot spot models (Yusef-
Zadeh et al., 2008; Broderick & Loeb, 2006). By modelling the physical conditions
around Sgr A∗ and fitting the observational data, we also aim at giving a possible
interpretation of the phenomenon.

Several studies have been devoted to the modelling of Sgr A∗ flares. Some
models include a precise description of the flow geometry. For instance, the emis-
sion from Sgr A∗was interpreted in the framework of radiatively inefficient accretion
flows (Yuan et al., 2003). In this model, the matter properties (density, temperature,
etc.) are computed through hydrodynamical equations including radiative losses.
These properties depend on the distance to the black hole and each ring contributes
differently to the overall spectrum. The outer parts of the accretion flow contribute
significantly to the X-ray luminosity in the quiescent state (Quataert 2002; Baganoff

et al. 2003) with only about ten per cent of the quiescent X-ray flux coming from the
central part we are modelling (Wang et al. 2013; Neilsen et al. 2013).

However, even in models where the geometry is dealt with accuracy, most
of the emission originates from the very central parts of the accretion flow, both in
the quiescent sub-mm and NIR bands, and in the flaring sub-mm to X-ray bands.

1http://www.sgra-star.com/

84



4.1 Introduction

Moreover, the typical time scale of a flare (few thousand seconds, depending on the
flare) is of the order of the orbital period at the inner most stable orbit of Sgr A∗,
pointing again to a flaring region of only a few gravitational radii (rG = GM/c2).
Therefore, most attempts to model the sub-mm to X-ray spectrum of Sgr A∗ in the
quiescent and flaring states (excluding the radio emission) implicitly assume that the
emission originates from a single homogeneous, isotropic zone characterized by only
few parameters such as the average electron temperature and density, the magnetic
field intensity (e.g. Dodds-Eden et al. 2010; Liu et al. 2006). Here we use the same
approach.

Most models agree on the the fact that the small emitting region is weakly
magnetized (. few hundred Gauss) and faint (. 108 particles/cm3) which now ap-
pear as standard values (Dibi et al. 2012; Mościbrodzka et al. 2009; Dexter et al.
2009). These values are supported by observations that constrain the accretion rate
via Faraday rotation, to a maximum of Ṁ ∼ 10−7 solar masses per year. As a simple
check, taking this higher accretion rate limit and a “typical" bulk velocity at one or
two gravitational radii of 10% of the speed of light (as simulated in GRMHD models
of Sgr A∗), then ρmax ' Ṁ/(4πR2v) ∼ 108particle/cm3.

Whatever the details of the accretion flow and the radiative processes respon-
sible for the emission, the emitted spectrum depends drastically on the particle dis-
tribution. For the sake of simplicity, all models so far have assumed pre-determined
particle distributions (Maxwellian, power-law, broken power-law, or a combinations
of them) which are described by few parameters. The precise shape of the particle
distributions depends on the radiative and acceleration processes and can deviate sig-
nificantly from the assumed ones. The present work aims at dealing more precisely
with particle distributions. Fitting arbitrary distributions to the data is not possible
with current coverage and sensitivity of the instruments. Rather, the shape of the
particle distribution can be computed self-consistently with a Boltzmann equation
assuming a physics described by a few parameters. Such an approach is common
in the modelling of the high energy emission from X-ray binaries and other AGN
(e.g. McConnell et al. 2002; Rogers et al. 2006; Belmont et al. 2008) but has not
been applied to Sgr A∗ yet. In this Chapter, we present spectra obtained by solving
simultaneously an equation for particles and an equation for photons to produce self-
consistent particle distributions and spectra. These spectra are compared to broad
band data of Sgr A∗ to put constraints on the flare properties.

This Chapter is organised as follows: In Section 4.2 we present the micro-
physics and numerical method. In Section 4.3 we present the results and solutions
for the quiescent and flaring spectra from Sgr A∗. We study the plasma behaviour in
two kinds of models, namely in systems where matter is trapped in the emission re-
gion, and in systems where matter flows in and out of the emission region. In Section
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4.4 we end with our conclusions and outlook.

4.2 Method

The goal of this study is to model the plasma around Sgr A∗, and in particular
the particle distributions and the resulting spectra. In the following, we will note ν the
frequency of photons, γ the particles Lorentz factor , and p = (γ2 − 1)1/2 the particle
momentum.

We use the belm code (Belmont et al., 2008). This numerical tool solves si-
multaneously coupled kinetic equations for leptons and photons in a magnetized,
uniform, isotropic medium of typical size R. In all models presented here, this size
is set to R = 2 rG = 1.3 × 1012 cm based on the size derived from the flare time scale
variability (where rG = GM/c2 is the gravitational radius).

The implemented microphysics includes radiation processes as self-absorbed
radiation, Compton scattering, self-absorbed bremsstrahlung radiation, pair produc-
tion/annihilation, coulomb collisions, and prescriptions for particle heating/acceleration.

4.2.1 Radiative processes

Synchrotron radiation is produced by charged particles spiraling around mag-
netic field lines. It depends on the magnetic field B whose intensity is described by
the magnetic compactness:

lB =
σT R
mec2

B2

8π
(4.1)

where me is the electron mass, c is the speed of light, σT is the Thomson cross section,
and R is the size of the emission region. Synchrotron emission at frequency ν from a
single electron with momentum p is characterised by the emissivity js(p, ν) in erg s−1

Hz−1(Ghisellini et al., 1988, 1998; Katarzyński et al., 2006). Synchrotron emission
typically produces soft photons and cools the high energy emitting particles. The
cooling time of relativistic particles emitting at frequency ν is:

tsynch = 1.29 × 1012 × ν−1/2 × B−3/2 (s) (4.2)

For typical values of B, we have

t = 1.3 (ν/1018Hz)−1/2(B/100G)−3/2 s

This corresponds to very short time scales, and only particles emitting at frequency
lower than 1012 Hz cool on time scales comparable or longer than the duration of
a typical flare (1000s). These particles are not observed to contribute much to the
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total emission. Moreover in our study we are not modeling the emission bellow
1012Hz that is extended radio emission from outflow. Low energy particles can also
absorb photons through the synchrotron process. Such absorption is described by
the absorption cross section σs(p, ν) (Crusius & Schlickeiser, 1986; Ghisellini et al.,
1998). The joint effect of high energy particle cooling and low energy particle heating
tends to thermalize the particle distributions. It is called the synchrotron boiler effect
(Ghisellini et al., 1988).

Photons of the emission region can also be scattered by Compton interactions.
The scattering of isotropic photons of energy hν0 by isotropic particles of energy E0 =

γ0mec2 is characterized by the resulting distribution of scattered photons σc(p0, ν0 →
ν). The belm code uses the exact, Klein-Nishina cross section (Jones, 1968; Belmont,
2009). In the case of SgrA*, soft photons are up-scattered by high energy particles
which brings them to high energy. This also cools the scattering particles. From
equation (37) of Piran (2004), the typical inverse Compton cooling time is:

tcomp = 3.1 × 1010 × ν−1/4 × B−7/4 (s) (4.3)

Again, this time scale is much shorter than the flare duration.
The effect of self-absorbed bremsstrahlung radiation is also computed. How-

ever for the inner most regions of the accretion flow, bremsstrahlung emission is a
negligible component of the resulting spectra and it will not be discussed here.

Photon-photon pair production and pair annihilation are also implemented in
the code. However, we aim at modelling the emission from SgrA* only below 100
keV where these processes are negligible. They were disabled in order to reduce the
computation time.

Rather than computing the path of photons out of the emitting region with
Monte Carlo simulations, photons produced in-situ are assumed to escape with a
probability representative of the geometry. This probability depends on the photon
energy. For instance, high energy photons do not inverse Compton scatter and can
escape freely when the optical depth is large, low energy photons can be scattered
so much that they remain trapped in the system much longer. We use the escape
rate from Lightman & Zdziarski (1987); Coppi (2000) that reproduces well the re-
sults of Monte Carlo simulations in a spherical geometry. At low energy, synchrotron
and bremsstrahlung can absorb photons before they escape. This modifies the es-
cape probability in this energy range. We include the corresponding modifications to
escape probability derived from Sobolev (1957) (see also Poutanen & Vurm, 2009).

4.2.2 Particle acceleration and heating

The particle distribution depends on the above mentioned radiative processes
and on several additional processes.
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Coulomb collisions tend to thermalize the particle distributions. The belm code
include Coulomb cross sections derived from Nayakshin & Melia (1998). However,
the very low density inferred for Sgr A∗ make this process very inefficient. In all the
results shown in this Chapter, real Coulomb collisions are completely negligible.

In order to account for the observed high energy radiation, particles needs to be
heated/accelerated to high energy. Solving for the particle distribution thus requires
to address also the physics of particle acceleration/heating. Many processes have
been proposed to account for high energy particles (viscosity, reconnection, shocks,
first and second order Fermi processes, etc.). However, the precise process at work in
Sgr A∗ is still unknown. Moreover the physics of these processes is not constrained
well enough to have a precise modelling for their effect on the particle distribution.
Only stochastic acceleration by MHD waves can be implemented easily in a Boltz-
mann equation for the particle distribution (see Liu et al. 2006 for an application to
Sgr A∗). However, if particle escape is slow, it forms a quasi-Maxwellian distribution
and does not reproduce hard non-thermal distributions such as the one observed by
NuSTAR. If particle escape is efficient, it can produce power-laws only if the accel-
erating rate has the same energy dependence as the radiative cooling, which is very
unlikely (Katarzyński et al., 2006). Therefore we use very general, ad-hoc prescrip-
tions, inspired from what is done for the corona of accreting black holes (such as
Eqpair, Coppi 2000 ; or belm). We use two different channels to provide energy to
the particles.

• We mimic thermal processes by computing Coulomb collisions with a virtual
population of hot protons (with temperature kBTp = 40 MeV). Real collisions
are very inefficient and do no provide significant heating, whatever the pro-
ton temperature. Rather, this prescription aims at reproducing the effect of
anomalous processes (such as viscosity) on the lepton distribution. Therefore,
the heating efficiency is renormalised by an arbitrary constant so that to inject
power Lth (erg s−1) into the emitting region. In the following, this free pa-
rameter will be described by the compactness parameter lth = σT Lth/(Rmec3).
Such prescription not only heats the global distribution of particles. It also
thermalises it. As the efficiency of the virtual collisions is enhanced, the effi-
ciency of the associated thermalisation is also enhanced to an anomalous level.
Anomalous heating is a common feature of accreting systems, so such heating
is not surprising even though the origin is debatable.

• We model non-thermal processes by constantly injecting particles with a power-
law distribution N(γ) ∝ γ−s. This distribution is characterised by 4 parameters:
the slope s, the minimal and maximal energies γmin and γmax respectively, and
the normalisation. As we want this process to keep the number of particles con-
stant, the re-injected particles are taken from the lepton population itself, with a
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uniform probability, independent of their energy. In the following, the minimal
energy of the power-law will be set to γmin = 50 , so that particles are acceler-
ated from the bulk of the distribution. Indeed, the thermal peak of the spectrum
(around 1012 Hz) imply an electron temperature around 1011 K. And the maxi-
mal energy of accelerated particles will be set to γmax = 4.6×105, large enough
to reproduce the NuSTAR data. The high energy cutoff has not been confirmed
by NuSTAR observations (Barrière et al., submitted), and the possible physical
processes responsible for the non-thermal component (turbulent acceleration,
reconnection, weak shocks) can accelerate electrons to very high energies. The
normalisation is computed so that the non-thermal process injects into the re-
gion a power Lnth, described by the free parameter lnth = σT Lnth/(Rmec3). The
slope is also a free parameter of the model.

Such prescriptions compete with all other processes to produce complex distributions
of particles.

4.2.3 Modelling the particle dynamics

Although observational evidence clearly indicates that the sub-mm to X-ray
emission originates from a very small region close to the black hole, the dynamics
of the particles is very uncertain. Free, relativistic particles can travel though the
emitting region in a light crossing time:

t = R/c = 43 s (4.4)

which is much shorter than the flare duration.
However, the medium is magnetised so that particles are not free to move on

straight trajectories. Instead, they are bound to the magnetic field lines. For magnetic
intensity of 1-100 G, even X-ray emitting particles have gyro-radii orders of magni-
tude smaller than the emitting region. Therefore, if the medium is turbulent and the
magnetic field tangled, even the highest energy particles can be considered as trapped
in the main flow.

The detailed structure of the accretion flow and in particular the accretion ve-
locity are not known. Therefore we investigate two extreme scenarios.

The closed system approximation

On the one hand we consider that the accretion velocity is very small. In that
case, particles remain a very long period of time in the emitting region. Radiative and
acceleration processes set steady distributions of particles and spectra before particles
escape from the system.
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4 Exploring plasma evolution during Sgr A∗ flares

This model is characterised by 5 free parameters: the lepton density ne re-
lated to the Thomson optical depth τ by τ = neσT R, the magnetic field compactness
lB defined by Eq. 4.1, the power of the thermal heating and non-thermal acceler-
ation characterized by the compactness parameters lth and lnth respectively, and the
slope of the non-thermal heating process s. In this model without particle escape, the
particle distribution results from the balance between thermal heating, non-thermal
acceleration, and radiative cooling. At high energy, thermal heating is inefficient, and
the particle distribution results from the balance between radiative cooling and non-
thermal acceleration. In good approximation, Compton and synchrotron processes
have the simple cooling laws shown in Eq. 4.3 and 4.2. As acceleration tends to
produce an electron power-law distribution of index s, the steady distribution is also
a power-law with index s′ = s + 1. When synchrotron radiation is the dominant
process, this produces a synchrotron spectrum of spectral index α = s′/2. At lower
energy, the physics and the shape of the particle distribution are more complex. We
solve this model numerically for different parameter sets presented in Figure 4.1, 4.3,
and 4.4.

The open configuration

On the other hand, we also consider the extreme case where matter flows in and
out of the emitting region with an accretion velocity approaching the speed of light. In
that case, particles escape the emitting region on time scales comparable to the light
crossing time, i.e. comparable also to the radiative times scales. Escape can therefore
compete efficiently with radiation and acceleration processes. This model will be
referred to as the open configuration. The distribution of the matter entering the
emitting region needs to be given Ṅinj(γ). We assume that non-thermal acceleration
occurs only in the emitting region, so that particle entering this region have a thermal
distribution described only by 2 parameters: its temperature θinj = kBTinj/(mec2) and
its normalisation. The former is set to θinj = 13 in all models. The latter is described
by the injection compactness:

linj =
4π
3

R2σT

c

∫
γṄinjdγ ≈ 3θinj

R2σT

c
ṅinj (4.5)

where ṅinj is the total number of particles injected into the emitted region per unit
time, and the last equality holds for thermal distributions with relativistic temperature
(θinj >> 1). Once in the emitting region, particles are assumed to escape on a typical
time scale tesc = R/c, which corresponds to an escape probability pesc = R/(c tesc) =

1.
This model is described by 4 free parameters: the magnetic field compact-

ness lB, the non thermal compactness lnth and the slope of the power-law s, and the
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4.3 Sgr A∗ resulting spectra

injection compactness linj. The particle density is no longer a free parameter and re-
sults from the balance between injection and escape. When injected particles have a
relativistic temperature, the steady-state optical depth is:

τT =
1

4π
linj

θinj
(4.6)

In that model, the steady particle distribution results from the balance between
injection and non-thermal acceleration versus both escape and radiative cooling. In
this configuration, the shape of the steady state distribution is more complex than in
the closed system. At high energy, particles cool before they escape. As in the closed
system, the leptons form a power-law distribution of index s′ = s + 1, and emit a
power-law synchrotron spectrum of spectral index α = s′/2. At low energy, particles
escape before they cool and the steady state electron distribution is a power-law of
slope s′ = s. This produces a synchrotron spectrum of spectral index α = s/2. The
particle distribution and photon spectrum thus exhibit a break, whose energy depends
on the relative efficiency the cooling and escape. As far as synchrotron radiation is
the dominant cooling process, the break in the photon spectrum is:

νbreak = 2.97 × 1014
(

s − 1
3.6 − 1

)−2 (
Tesc

R/c

)−2 ( R
3 × 1012

)−2 ( B
50G

)−3
Hz (4.7)

Such a model was for instance proposed by Dodds-Eden et al. (2010) to explain the
flaring X-ray emission without violating the NIR upper-limits. They used a broken
power-law distribution. However, depending on the parameters, processes other than
synchrotron emission can contribute to the physics. Also, a self consistent cooling
break is not sharp and extend over a significant frequency range. Here we extend
their conclusion by solving self-consistently for the particle distribution.

4.3 Sgr A∗ resulting spectra

The flare duration varies but the typical time is about 3000 seconds. The radia-
tive time scales and the thermalisation time are much smaller than the flare duration.
The particle and photon distributions are in quasi steady state at each moment of the
flare, and the flare evolution is directly governed by the evolution of model parame-
ters, here namely the acceleration processes described here by the parameters lnth and
lth. Therefore we will mostly present and discuss the results from steady state sim-
ulations. I.e. we aim at reproducing separately the quiescent and flaring spectra by
changing the value of only few parameters. Doing so, we can say that the flaring state
is just a transition governed by the increase or decrease of few physical parameters.
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4.3 Sgr A∗ resulting spectra

What is driving these changes is subject to interpretation, but knowing what needs
to be modified should give us some good first insight into the physical processes at
work.

Table 1 summarises the characteristics of our different models.

4.3.1 Data

Sgr A∗’s spectral energy distribution is made of different observations that are
variable and in most cases have not been observed simultaneously in different wave-
lengths. We have chosen a set of data representative of the overall variation of the
spectrum. In all figures, the black radio points are from Falcke et al. (1998) and Zhao
(2003), the red radio points are recent ALMA observations from Brinkerink, Falcke
et al. (submitted). The black far IR upper limits are from Serabyn et al. (1997) and
Hornstein et al. (2002), the green MIR data are from Schödel et al. (2011), the pink
NIR lower point (in the quiescent spectra) and the cyan NIR upper point (in the flare
spectra) are from Ghez et al. (2004); Genzel et al. (2003), and Dodds-Eden et al.
(2011). The green “bowtie” is from Bremer et al. (2011) and is one of the few slopes
that has been observed so far in the IR. Several flare observations seem to be consis-
tent with this value of the NIR spectral index around −0.6 ± 0.2 (Ghez et al., 2005;
Gillessen et al., 2006; Hornstein et al., 2007; Bremer et al., 2011).

The black “bowtie” in the quiescent X-ray is from Baganoff et al. (2001, 2003)
and is an upper limit for the central emission because it is contaminated by thermal
bremsstrahlung from the outer accreting matter. The orange “bowtie” is a Chandra
flare from Nowak et al. (2012). Finally the blue data points (dark and light blue) are
two flares observed with NuSTAR on July 21st and October 17th 2012 respectively
(Barrière et al., 2014). Even-though the X-ray flares may seem different in shape and
slope, they are both acceptably fit by an absorbed power-law, and their photon indices
are not significantly different (2.23+0.24

−0.22 and 2.04+0.22
−0.20 for the July 21st and October

17th flares, respectively). Barrière et al. 2014, investigated the presence of a cutoff in
the October 17th flare, but found that it is not required by the data. The other wiggles
in this spectrum (one may see a "V" shape in the low energy part of the spectrum) are
not significant either. One need to keep in mind that the error bars show the 1-sigma
confidence range, which means that an acceptable fit does not need to go through
them all but 3 out of 9.

Three X-ray flares are shown on the first flaring spectra (Figure 4.3 and 4.4),
but then we consider only the modelling of one of the NuSTAR flares that extend to
higher energies. For a better reproduction of the spectrum, we need to move to the
“open configuration” where we present some possible spectra for the July flare or the
October flare.
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4 Exploring plasma evolution during Sgr A∗ flares

4.3.2 Sgr A∗ spectra from a closed region

Figure 4.1 shows a spectrum for the quiescent state of Sgr A∗ together with the
emitting steady state lepton distribution. For this first spectrum, we consider a density
of 4.6 × 106 particles per cubic centimetre (which corresponds to τ = 4 × 10−6) and
we keep this density to study the closed region, i.e. we consider that the number of
particles is kept constant in the quiescent and flaring states. In quiescence, the mag-
netic field is 154.3 Gauss, the plasma is magnetically dominated with εk/εb = 0.15.
The thermal heating is twice the non-thermal one and corresponds to 9.6 × 1035 erg
s−1 and 4.8 × 1035 erg s−1 respectively, so that the total emission reaches 1.4 × 1036

erg s−1 in quiescence. We can see in the resulting spectrum in Figure 4.1 that the non-
thermal component is not dominant, and this is not only due to the low value of lnth
but also because of the steep injected slope s = 3.6. Nevertheless, this non-thermal
component is important in order to reproduce the lower NIR data point. The thermal
part contributes mainly to the sub-millimetre bump. In this case, we can notice how
the thermal part of the lepton distribution differs from the standard Maxwellian shape
on the bottom panel of Figure 4.1. Indeed, for particle energies around p = 102mc,
the difference between the calculated distribution and the standard shape in dotted
line, can reach almost two orders of magnitude. The steady state particle distribution
is sharper than a pure Maxwellian. Above γ = 100, synchrotron cooling overcomes
the anomalous thermalisation, and the distribution cuts more sharply than a pure ther-
mal one. This also produces a sharper sub-mm bump as is illustrated in the resulting
spectrum (left panel of Figure 4.1). On Figure 4.2 we plotted the spectral shape re-
sulting from the dotted line of Figure 4.1. We can see that the quiescent spectrum
would be much wider, reaching the far-IR upper limits. The novelty of our work is
illustrated by the difference between Figure 4.1 and 4.2, that results from the careful
and detailed calculation of the lepton distribution.

Starting from similar conditions as in the quiescent state of Figure 4.1, Figure
4.3 shows a spectrum for the flaring state of Sgr A∗, together with the lepton distri-
bution. The spectrum is dominated by synchrotron self-Compton emission (red line),
even-though the non-thermal synchrotron (blue line) has a non negligible contribu-
tion to the total spectrum. The emitting region is the same as in the quiescent state
with the same density of particles. However the magnetic field has dropped from
154.3 to 48.8 Gauss, the plasma being now kinetically dominated with εk/εb = 6.3.
This dramatic change could be interpreted as being due to magnetic reconnection, a
physical process that could be at the origin of the flaring event. When the magnetic
field is rearranged, some magnetic energy is converted to kinetic energy, thermal en-
ergy, and particle acceleration. In this way we have a decrease of the magnetic field
strength and an increase of the two parameters lth and lnth representing the thermal
and non-thermal acceleration respectively. In this case, to have the Compton dom-
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Figure#1

Monday, February 24, 2014

Figure#1

Monday, February 24, 2014

Figure 4.1: Quiescent spectrum from Sgr A∗ (left panel) and the associated lepton distribution (right
panel) in a closed system configuration. On the spectrum, the black data points are taken from Yuan
et al. (2003) with the X-ray “bowtie” corresponding to an upper limit for the quiescent state of Sgr A∗.
The data points on the spectrum are described in details in section 3.1. The blue curve component of
the spectrum corresponds to the synchrotron process, while the red one corresponds to the Compton
process. The Bremsstrahlung contribution is not visible in the scale of this plot. On the electron
distribution, the solid line is the shape of the calculated distribution from which the spectrum comes
from, while the dotted lines indicate a pure Maxwellian plus power-law components for comparison.

.

Figure#2

Monday, February 24, 2014

Figure 4.2: Quiescent spectrum from Sgr A∗ resulting from the“standard” distribution consisting of a
simple Maxwellian plus power-law (dotted line in the right panel of Figure 4.1).
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Figure#3

+

Monday, February 24, 2014

Figure 4.3: Flare spectrum from Sgr A∗ (left panel) and the associated lepton distribution (right panel)
in a closed system configuration. The data points on the spectrum are described in the beginning of
section 4.3. The blue curve corresponds to the synchrotron process, while the red corresponds to the
Compton processes. The Bremsstrahlung contribution is too small to be visible on this scale. On the
lepton distribution, the full line corresponds to the actual calculated distribution, while the dotted
line is a standard Maxwellian plus power law as a comparison. In all our models (except for Figure
4.2), the spectra result from the calculated particle distribution (full line), while the theoretical fixed
distribution (dotted line) is just shown as an illustration.

.

Figure#4

+

Monday, February 24, 2014

Figure 4.4: Flare spectrum from Sgr A∗ (left panel) and the associated lepton distribution (right panel)
in a closed system configuration. The data points on the spectrum are described in the beginning of
section 3. The blue curve corresponds to the synchrotron processes, while the red corresponds to the
Compton processes. It is the same as Figure 4.3, but for the case of a dominant synchrotron component
with respect to the Compton one. On the electron distribution, the full line is the shape of the actual
distribution from which the spectrum comes from, while the dotted lines are pure Maxwellian plus
power-law components as a comparison.
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inated spectrum in the flaring state (Figure 4.3), the thermal heating increases from
9.6 × 1035 erg s−1 to 3.4 × 1036 erg s−1, and the non-thermal one from 4.8 × 1035 erg
s−1 to 1.4 × 1036 erg s−1. The non-thermal component has also a much flatter distri-
bution in the flaring state, meaning that the high energies are more populated, while
s is steeper during quiescence. With this model, during the flare, the total luminosity
reaches 4.8 × 1036 erg s−1. Figure 4.4 shows another potential flare model, together
with its lepton distribution. This spectrum is similar to Figure 4.3 except that the
non-thermal synchrotron component is more important than the Compton one. The
radius of the emitting region is the same as well as the density of particles. The
magnetic field magnitude is also 48.8 Gauss. The difference comes from the balance
between thermal versus non-thermal heating. For this non-thermal synchrotron dom-
inated spectrum, the non-thermal contribution lnth is more important than previously
with a value of 1.9 × 1036 erg s−1 and a slope of 2.2. The total luminosity is similar
to the previous case with L=4.3 × 1036 erg s−1.

The quiescent state is very well reproduced by this closed region configuration
model, the sub-millimetre bump is clearly fitted by synchrotron emission which ex-
tends to the lower part of the variable MIR and NIR data, and we are not violating
the X-ray limit represented by the black “bowtie”. According to the new results from
Wang et al. (2013) and Neilsen et al. (2013) saying that the inner region is dominated
by non-thermal emission from combined weak flares that can contributes to 10% of
the quiescent X-ray, we could be even too low in the X-ray luminosity (lower than
10% of the observed flux). The flaring spectra are somewhat more marginal because
the sub-millimetre contribution is too high compared to two black data points that are
upper limits and end up below the spectra. On the other hand, the sub-mm part of
the spectrum is also variable on the order of 20% and considering that we don’t have
perfect simultaneous data, it still provide a close enough interpretation, meaning that
we are still within 20% of the actual data point values. In the MIR, the flaring spectra
shown in Figures 4.3 and 4.4 are in the right range of luminosity, and we can also
reproduce the X-ray flare fluxes. The NuSTAR (blue) and Chandra (orange) flare
slopes are respected, while the trend of one of the MIR flare (green “bowtie”) is not
well reproduced at all. We have to keep in mind that our data are not simultaneous
and slopes in the MIR have been observed only few times, but still in this case our
slope seems to be in contradiction with this observation.

Comparing models with observations, the “α” prescription from Shakura &
Sunyaev (1973) is still used to parametrize turbulence and quantify the angular mo-
mentum loss mechanism, and the process whereby gravitational binding energy is
converted into radiation. The best physical interpretation of this α parameter is given
by the mechanism of magneto-rotational instability (MRI). For instance, Hawley
et al. (1995) have performed three-dimensional magneto-hydrodynamic numerical
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simulations of an accretion disc to study the nonlinear development of the MRI, they
obtained that the time average of α is 0.6 for the vertical field runs. In the study
of advection-dominated accretion and black hole event horizon, Narayan & McClin-
tock (2008) argued that for an advection-dominated accretion flow, the theoretically
expected value of α is 0.1-0.3. We have the estimated numbers for α for the differ-
ent cases studied here. Assuming Keplerian assumptions, which is obviously a very
simplistic approximation close to the black hole but allows us to check roughly that
the orders of magnitude are not inconsistent with the first order α approximation, the
viscous heating Q is related to the “α” parameter by:

Q =
3
2
αP

(GM
R3

)1/2
(4.8)

where P is the pressure. Using the dimensionless constants from our model, the
viscous parameter is derived from the following formula:

α =
1
2

lth r1/2

τ Θe
(4.9)

with r=2rG, τ = neσT R, Θe = kTe/mec2. We find that the viscosity parameters α
resulting from models 4.1, 4.3, and 4.4 are 0.18, 0.18 and 0.16 respectively. These
values are in good agreement with the theoretical predictions described above which
illustrates that an anomalous thermal heating is common on the context of accretion
discs.

4.3.3 Plasma with escape and thermal injection

For comparison within the open configuration, we want to reproduce the qui-
escent spectrum with the assumption that particles flows in and out of the emitting
region. Figure 4.5 shows such a spectrum, which is similar to the simulated spectrum
in Figure 4.1. This spectrum is a realistic and acceptable solution for the quiescent
state of Sgr A∗. The magnetic field magnitude is 175 Gauss with a resulting plasma
density of 3.3 × 106cm−1 that is also magnetically dominated with εk/εb = 0.08. We
note that in this case, the thermal component does not really differ from the pure
Maxwellian distribution (see bottom panel of Figure 4.5). Indeed, in this range, ra-
diative cooling is negligible, so that the balance between the thermal particle injection
and the uniform particle escape produces a steady state distribution that is almost the
pure Maxwellian. The total luminosity of this spectrum is L = 1.0 × 1036 erg s−1,
also equivalent to the previous quiescent fit. From this quiescent spectrum we next
investigate the changes necessary in order to move to the flaring spectrum.

Figure 4.6 shows a spectrum for a flaring state of Sgr A∗, together with the lep-
ton distribution. The flaring spectrum is dominated by non-thermal synchrotron and

98



4.3 Sgr A∗ resulting spectra

Figure#5

Main Parameters: 

 ℓb=1.29 x 10-3  

⇒ B = 175.3 G

 ℓinj = 4.64 x 10-4

( ⇒ τ = 2.84 x 10-6 ⇒ ne = 

3.3 x 106 cm-3 )

 ℓnth = 1 x 10-5

 gamma_inj = 3.6

 p2 = 4.64 x 105

Monday, February 24, 2014

Figure#5

Monday, February 24, 2014

Figure 4.5: Quiescent spectrum from Sgr A∗ (left panel) and the associated lepton distribution (right
panel) with thermal injection and escape (open configuration). The data points are the same as in the
previous quiescent spectrum on Figure 4.1

Figure#7

Main Parameters: 

 ℓb=1.29 x 10-3  ⇒ B 

= 175.3 G

 ℓinj = 4.64 x 10-4

( ⇒ τ = 2.84 x 10-6 ⇒ ne = 3.3 

x 106 cm-3 )

 ℓnth = 9.82 x 10-5

 gamma_inj = 2.28

 p2 = 4.64 x 105

+

Monday, February 24, 2014

Figure#7

Tuesday, February 25, 2014

Figure 4.6: Flare spectrum from Sgr A∗ (left panel) and the associated lepton distribution (right panel)
in the open configuration. The data points are the same as in the previous spectrum on Figure 4.3.
The electron distribution shows also in dotted line, the pure Maxwellian and power-law curves as a
comparison.

reproduce the NuSTAR July flare as well as an IR flare with a slope closer to the usu-
ally observed one (flat to slightly rising in the power spectrum). As expected, cooling
breaks are observed in the lepton distribution and in the photon spectrum. These are
not sharp but span at least one order of magnitude in frequency. The emitting region
is the same as in the quiescent state and the magnetic field stays the same as well.
The amount of injected particles is the same as in quiescence leading to a constant
density. The only change in order to move from the quiescent to the flare spectrum
is on the non-thermal component: the heating parameter lnth is increasing by almost
one order of magnitude, and the slope becomes flatter (from 3.6 to 2.3 during the
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+

NuSTAR October 
flare:

Main Parameters: 

 ℓb=1.29 x 10-3  

⇒ B = 175.3 G

 ℓinj = 4.64 x 10-4

( ⇒ τ = 2.84 x 10-6 ⇒ ne = 3.3 

x 106 cm-3 )

 ℓnth = 1.14 x 

10-4

 gamma_inj = 2.13

 p2 = 4.64 x 105

Tuesday, February 25, 2014

NuSTAR October 
flare:

Main Parameters: 

 ℓb=1.29 x 10-3  

⇒ B = 175.3 G

 ℓinj = 4.64 x 10-4

( ⇒ τ = 2.84 x 10-6 ⇒ ne = 3.3 

x 106 cm-3 )

 ℓnth = 1.14 x 

10-4

 gamma_inj = 2.13

 p2 = 4.64 x 105

Tuesday, February 25, 2014
Figure 4.7: Flare spectrum from Sgr A∗ (left panel) and the associated lepton distribution (right panel)
with thermal injection and escape. The data points are the same as in the previous flare spectra on
Figures 4.3, 4.4, and 4.6. The calculated electron distribution (full line) and the theoretical one (dotted
line) as a comparison.

Figure#6

Main Parameters: 

 ℓb=5 x 10-5  ⇒ B = 

175.3 G

 ℓinj = 2 x 10-2

( ⇒ τ = 1.22 x 10-4 ⇒ ne = ? x 

108 cm-3 )

 ℓnth = 1 x 10-3

 gamma_inj = 2.6

 p2 = 4.64 x 105

+

Tuesday, February 25, 2014
Tuesday, February 25, 2014

Figure 4.8: Flare spectrum from Sgr A∗ (left panel) and the associated lepton distribution (right panel)
with thermal injection and escape. The data points are the same as in the previous flare spectra on
Figures 4.3, 4.4, 4.6, and 4.7. The calculated electron distribution (full line) and the theoretical one
(dotted line) as a comparison.

flare) meaning that we have more particles in the higher energy part of the electron
distribution. So, we must have some physical processes that accelerates the particles
more efficiently in the flaring state and creates a harder non-thermal distribution. As
a consequence the total luminosity increases, reaching 3.8 × 1036erg s−1.

We can do the same exercise to reproduce the October NuSTAR flare. This
is shown in Figure 4.7 for our best case scenario that is really similar to the model
on Figure 4.6 with non thermal synchrotron with a cooling break responsible for the
flare emission. This is not surprising as we explained earlier in the Data section 4.3.1,
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that both flares are not significantly different and should be modelled with a power-
law shape as a fit. As for the July flare, the trigger of the event is on the non-thermal
component of the lepton distribution that increases by a bit more than an order of
magnitude with a prescribed slope of 2.1 which is a bit flatter than for the July flare.
Beside that, the size of the emitting region, the magnetic field, and the density are the
same as for the other flare and the same as in quiescence. For the October flare model
we have a slightly higher non-thermal power with a slightly flatter prescription for
the acceleration, the total luminosity of this flare spectrum is 4.8 × 1036erg s−1

We investigated an alternative scenario where the X-ray flares would be pro-
duced by synchrotron self Compton (SSC) emission, however we found that models
that account for pure SSC as an emission mechanism have physical parameters that
are hardly compatible with what we know of the central region density. Moreover it
leads to a more complex scenario where the large scale magnetic field and the den-
sity of the medium need to be modified during the flare event. Nevertheless, inverse
Compton emission could still be a non-negligible component of the overall spectrum,
especially at high energies, assuming a weaker magnetic field during the flare and a
higher density medium. Figure 4.8 gives an illustration of some “power-law” shape
X-ray emission that would be a combination of synchrotron and SSC. In this case the
density has increased from 3×106 to 1×108 cm−1 and the magnetic field has dropped
from 175 to 35 Gauss moving to a kinetic dominated flow with εk/εb = 97.

We think that the best model for the flaring state of Sgr A∗ is the one pro-
duced by non-thermal synchrotron with a cooling break as seen on Figure 4.6 and
4.7 because the trends of the multi-wavelength data are reproduced and only very
few parameters need to be adjusted in order to move from the quiescent to the flar-
ing state. This is especially true if we consider that the green “bowtie” is a typical
IR slope. The non-thermal synchrotron emission is a simple and elegant solution of
the flaring event observed by Chandra and NuSTAR because the overall state of the
medium does not change dramatically (for instance the density and magnetic field
is kept constant). The acceleration of the electrons leading to the more important
and flatter non-thermal lepton distribution is the only modification, and this could be
triggered by some plasma instabilities that are not modelled in details here.

Even-though magnetic reconnections could also be the initial trigger, it can
happen on very small scales and does not necessary lead to a drop of the global
magnetic field magnitude. A possible sudden increase of the density (as in model 4.8)
can be interpreted as an accretion rate fluctuation, however such fluctuations of more
than an order of magnitude are most likely not happening every day in the Galactic
Center and would be difficult to interpret. The NuSTAR data being consistent with a
power-law shape to higher energies points also in favour of the synchrotron scenarios
as in models 4.6 and 4.7.
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Figure 4.9: NuSTAR X-ray light curve of the flare event of the 21st of July 2012. The black data points is
the unabsorbed flux between 3 and 79 keV. When the detection was not strong enough to be significant,
we have only plotted upper limits of three sigma (arrows). See Barrière et al. (2014) for the observed
light-curve. The red curve represents the X-ray light curve from our quiescent spectrum model in Figure
4.5 to the flare spectrum model in Figure 4.6.

The sub-millimeter part of the spectrum is really stable: comparing the quies-
cent state on Figure 4.5 with the sub-millimeter part of the spectrum on Figure 4.6
we have exactly the same contribution around 1012 Hz. This is mainly due to the fact
that the magnetic field is kept constant and the injected population is also constant.
This configuration gives us in return a constant density. We have to keep in mind
that the data are not simultaneous, nevertheless it is an interesting exercise trying to
model several wavelength observations in the same time. In the future simultaneous
observations are going to be very important for this kind of multi-wavelength study.

We then looked at the time evolution between Figure 4.5 and 4.6 to reproduce
the X-ray light curve of the July NuSTAR flare. Using our self-consistent calcula-
tions, we can also model the time-dependent particle evolution in order to reproduce
the flare light-curves. This approach has also been considered by Dodds-Eden et al.
(2010) in the one zone cell approximation but for a given power-law distribution. The
cooling time-scales being very short compared to the flare duration, the time evolu-
tion is entirely governed by the physics of the acceleration processes that are not
clearly defined. Figure 4.9 shows the reproduction of the X-ray light curve between
3 and 79 keV for the same parameter setting as for Figure 4.5 and 4.6. During the
flare, the non-thermal parameter lnth evolves linearly with time from the quiescent
value 10−5 to a maximum value, such that the averaged value over the flare duration
is 9.8×10−5 as in our flare spectrum 4.6. It reaches a maximum value at the peak, and
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decreases back immediately with a linear dependence. The slope of the accelerated
particles is set to 2.28 during the flare event as in our flare spectrum 4.6, and to 3.60
in quiescence. We note that before the flare event, Sgr A∗ is not detected by the X-
ray satellite NuSTAR because it is too faint, and embedded in the diffuse/unresolved
emission, in this case we simply plotted 3 σ upper limits.

4.4 Conclusion and Outlook

We are able to reproduce the quiescent spectrum of Sgr A∗ in two different sce-
narios: considering that the accretion process is very slow and that the same particles
remain a long period of time in the emitting region, and considering that the accretion
process is very efficient, with and accretion velocity close to the speed of light; so that
particles only remain in the emitting region on short time scales comparable to the
radiative time scales. To model the flaring state however, we favour the second sce-
nario, that allows a better interpretation of the sub-millimetre and infrared part of the
spectrum. The flaring state spectrum is best reproduced by a plasma that has the same
low magnetic field as in quiescent, and the same amount of injected particles. More
efficient non-thermal heating processes are responsible for the flaring event, and a
flatter non-thermal distribution of electrons is present. Besides this change, all other
parameters stay the same when moving from the quiescent to the flaring spectrum
(Figure 4.5 and 4.6). Our conclusions are in good agreement with (Dodds-Eden et al.,
2010) who also favoured non-thermal synchrotron processes and a cooling break in
order to explain the observed IR and X-ray flares. However, in our study we do not
make the hypothesis of magnetic reconnection as an energy power for the flares, and
our conclusions do not favour this particular hypothesis. As in our best case scenario
(Figures 4.5 and 4.6 or 4.7), the magnetic field is not required to drop significantly.
An important drop in the magnetic field amplitude has also important consequences
on the sub-millimetre and thermal part of the spectrum that we also model here, other
parameters have then to be carefully adjusted in order to maintain the sub-mm shape
in reasonable values, so we think other acceleration mechanisms are more likely to
be happening. Reconnection mechanisms could also occur in very localised regions,
and particles would diffuse away from the reconnection sites and radiate in a field
which has not reconnected, so we would not notice any significant global drop of the
magnetic field amplitude. In our study, we end up with a plasma density of 3.3 × 106

particles per cubic centimetre, which is a reasonable value according to observations
and theoretical work. But what would happen to the quiescent spectrum (Figure 4.1
or 4.5) if the density increases by a factor three as expected to happen now when the
cloud G2 is falling into the Galactic Center? As reported by Gillessen et al. (2012),
a dense gas cloud approximately three times the mass of Earth is falling into the ac-
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Figure 4.10: Quiescent spectrum from Sgr A∗ with the same conditions as in Figure 4.5 but assuming
an increase of the density by a factor three. All the observed data (of quiescent and flaring state) has
been kept on the figure. The associated lepton distribution is shown on the right panel.

cretion zone of Sgr A∗, but nothing noticeable has been observed yet from Sgr A∗.
Figure 4.10 represents such a prediction, it has exactly the same settings as the model
described on Figure 4.5 but the density is three time higher (we have more particle
injection). The model predicts a flux increase in the sub-mm bump (1012 – 1013 Hz),
however the current emission is not well constrained in this band. If the source stays
in quiescence, we do not expect a particular increase in the IR, and we have some
emission in the ultra-violet due to the first Compton component that is unfortunately
not detectable. Even in the X-ray, if the increasing density by a factor three does not
trigger a flare event, we do not expect a significant increase from the quiescent X-ray
level. Overall it could well be that we are not detecting any striking changes.
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CHAPTER 5

Multiple infrared and X-ray flare emissions from Sgr A∗:
description of the acceleration process

S. Dibi, S. Markoff, R. Belmont, and J. Malzac

To be submitted to the Monthly Notices of the Royal Astronomical Society, 2014.

Abstract - Using a self-consistent calculation of the lepton particle distribution to
reproduce the multiwavelength data of Sgr A∗ spectrum in the quiescent and flaring
state, we generate thousands of flare events in order to study Sgr A∗ general flaring
behaviour with a statistical approach. Observationally we now have enough data to
get some flare distributions in the infrared and X-ray bands that are telling us the flare
frequency as a function of flux. This flux histograms are providing useful information
and can be used as a tool to investigate the emission processes and the mechanisms
underlying flare events. In this Chapter we are studying how acceleration must be-
have over multiple of flare events in order to reproduce the observed distributions in
the IR and X-ray bands. With this statistical approach we move from the study of
single flares to series of flares. Because we are looking at general behaviours, we can
consider globally that the IR and in the X-ray bands are simultaneous. This study
is still under investigation, therefore we present the method and few examples that
should lead us to specific conclusions once the full analysis is done. We expect to be
able to provide some strong statements about the nature of the radiative emission and
to describe the underlying process responsible for the flare events.
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5 Multiple IR and X-ray flare emissions from Sgr A∗: on the acceleration process

5.1 Introduction

Sgr A∗ is our best opportunity to study black hole accretion because of its size
and proximity. This supermassive black hole is a faint source emitting at several
wavelengths. It was first seen in the radio wavelength by Balick & Brown 1974 and
named Sagittarius A* (Sgr A∗) by Robert Brown in 1982. Intensive observational
and theoretical studies have been performed, leading to some convincing facts about
Sgr A∗ physical properties. The mass of our central black hole has been estimated to
an increasingly high level of accuracy by tracking the path of the stars orbiting around
it (Schödel et al., 2002; Eisenhauer et al., 2005; Melia, 2007; Ghez et al., 2008;
Gillessen et al., 2009). The observed luminosity is very low, with a bolometric value
of only few hundred times the sun luminosity; for Sgr A∗ black hole mass of 4.3 ×
106 M�, this corresponds to ∼ 10−9 LEdd. Therefore the system is well explained by a
radiatively inefficient accretion flow of hot plasma (Narayan et al., 1998; Yuan et al.,
2003; Wang et al., 2013). Sgr A∗ is fed at a very low rate ( Ṁ < 2 × 10−7 M� yr−1)
as deduced from observations of polarization and Faraday rotation measurements
(Bower et al., 2003; Marrone et al., 2007), and as predicted by models who estimate
a rate of few times 10−9 M� yr−1 (Mościbrodzka et al., 2009; Drappeau et al., 2013).
The bulk of the emission from Sgr A∗ is observed in the radio and submillimeter band,
reaching maximum of about 1 Jansky at the peak of the spectrum (e.g. Falcke et al.
1998; Melia & Falcke 2001). The optical and UV bands are completely obscured by
extinction due to the interstellar medium between us and the Galactic Center, but it
is detected again in the infrared (IR) and X-ray wavelengths. The infrared emission
from the source itself is difficult to observe due to the contamination of many stars
emitting in IR in the central region. Stars can emit a stronger flux than Sgr A∗ and be
confused with the source because they overlap in projection. Even though Sgr A∗ is
the fainter black hole ever observed, the radiative losses could still play a role and be
significant for the dynamics of the system above an accretion rate of 10−8 M� yr−1

(Dibi et al., 2012). The extremely low luminosity of Sgr A∗ is also an opportunity to
observe intense and intriguing variability that is not observed in such a way in any
other black hole system.

5.1.1 Flare events

The variation of the spectrum in the radio and submillimeter wavelength is on
the order of 20% or less (Marrone et al., 2008; Yusef-Zadeh et al., 2010). However
in the IR and X-ray bands, the spectrum is highly variable on very short time scale.
The near infrared flares are very frequents and can be observed several times a day
during few thousands seconds by the VLT or the Keck telescopes with a luminosity
increasing up to two order of magnitudes above the quiescent level. (Schödel et al.,
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2011; Bremer et al., 2011; Dodds-Eden et al., 2011; Genzel et al., 2003; Ghez et al.,
2004). The strongest NIR flares are generally associated with an X-ray flare. On
average, X-ray flares are happening once a day with a luminosity reaching few times
1035 erg/s for the brightest flares, which also corresponds to few hundred times its
quiescent level. The quiescent X-ray emission can be observed by Chandra, and flares
are and have been observed by the Chandra X-ray visionary project, XMM newton,
Swift, or NuSTAR (Baganoff et al., 2001, 2003; Nowak et al., 2012; Degenaar et al.,
2013; Barrière et al., 2014).

The NIR emission is polarized which strongly suggest that synchrotron pro-
cess is responsible for the infrared emission (Eckart et al., 2006). Observations and
models agree on the fact that synchrotron emission by non-thermal relativistic elec-
trons can account for the IR part of the spectrum, but what exactly is triggering elec-
tron acceleration is not modelled in details and is therefore subject to interpretations
(Markoff et al., 2001; Yuan et al., 2003; Tagger & Melia, 2006; Yuan et al., 2009;
Dodds-Eden et al., 2010; Zubovas & Nayakshin, 2012; Dibi et al., 2014).

Weak flares seem more common than strong flares, and thanks to the increasing
number of observations we are now able to quantify and model this behaviour with
distributions of flare events as a function of fluxes.

5.1.2 Infrared distributions

Infrared distribution of flares have been study and reported by Dodds-Eden
et al. 2010 and Witzel et al. 2012.

In Dodds-Eden et al. 2010, they use some Ks band (λ = 2.18µm) observations
from the NACO/VLT taken between 2004 and 1009. They decided to exclude the
observations from 2003 because of contamination from the S2 star at that time, and
after additional quality cuts they have a total Ks data set of 6774 images. They find
that Sgr A∗ is always flaring and extremely variable in the IR. Lower flux flares can
be described by a log-normal distribution while higher flux flares can be described
by a power-law tail with index Γ = −2.7 ± 0.14 for the large data set. The transition
between the log-normal distribution and the power law tail is happening around 8
mJy. For observational reasons, the flux distribution starts above 3.5 mJy. They argue
that bellow about 5mJy, Sgr A∗ is in quiescent state while above it is in a flaring state.

In Witzel et al. 2012, they also use the Ks band observations from the NACO/VLT
taken between 2003 and 2010 but with a different reduction method. They used 10639
data points and found that the infrared flux distribution can be described by a single
power-law at all fluxes with a slope index of Γ = −4.2 ± 0.1 (see Figure 5.1). There-
fore they argue against the two states behaviour.

In the infrared, Sgr A∗ is constantly variable with the low fluxes always being
much more frequent than the higher fluxes but without observational evidences for
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Near-infrared properties of Sgr A* 11

severe limitation of the knowledge about the variability
of Sgr A* we are able to infer from our data. The rela-
tion of x0, xmin, x∗

min and the background flux density is
schematically shown in Fig. 11.

Of course we cannot prove that the flux density dis-
tribution is a strict power-law distribution. We only can
show that the observable intrinsic flux densities can be
well described by this model. This assumption is simpler
and needs less parameters than than the assumption of a
broken distribution. Nevertheless, it might well be that
the real distribution shows some structure at flux den-
sities below the detection limit. In particular it might
even follow a log-normal distribution (with a high mul-
tiplicative standard deviation to account for the linear
appearance in the log-log plot). The log-normal distri-
bution used in the model of Dodds-Eden et al. (2011)
and an evidence for a break in the distribution at an
observable flux density level, however, can be ruled out.

Fig. 12.— Flux density histogram like in Figure 5. The blue line
shows the extrapolation of the best power-law fit, the cyan line the
power-law convolved with a Gaussian distribution with σ = 0.32
mJy.

For the sake of comparability with other objects that
show log-normal distributions (e.g. Gaskell 2004) we
want to include here the best fit parameters for a simple
log-normal model. It is not easy to estimate the pa-
rameters (and their uncertainties) of a log-normal distri-
bution describing the intrinsic flux. The reason is that
due to the described instrumental effects we do not have
precise knowledge about the shape and position of the
intrinsic peak. This is a more severe restriction in the
case of a log-normal model that is characterized by its
intrinsic turnover than for the power-law model.15 Fit-
ting the linear histogram with a log-normal model as de-
fined in Equation (A4) convolved with a Gaussian (with
the width of the Gaussian as a free parameter) we ob-
tain a best fit for σ∗ = 1.00 ± 0.05, µ∗ = 0.12 ± 0.07,
xb = 3.38 ± 0.15, a width of the Gaussian distribution of
σ∗ = 3.38 ± 0.06 and a χ2/dof = 1.6. The given uncer-
tainties a larger then the formal uncertainties. In partic-
ular, they allow for larger deviations from the histogram
at low flux densities than implied by the statistical errors
of the bin. This accounts for the fact that the true in-
strumental effects are only approximately Gaussian (due
to the non-uniform white noise contribution in each night

15 The latter allows for a separation of the part of the histogram
that is assumed to represent the intrinsic distribution of flux den-
sities (> xmin) from the part dominated by instrumental effects.

and the epoch-wise correction for stellar confusion). The
intrinsic median flux density of the log-normal model is
4.51 ± 0.2 mJy and equal to the the corresponding value
for the power-law model of 4.47 ± 0.2 mJy (both for the
shifted distribution).

4. TIME SERIES ANALYSIS

In this section we investigate the nature of the already
mentioned time correlation of the flux density measure-
ments. In a more formal description: Assuming that all
measurements are samples of the very same random pro-
cess, and starting with the idea that this random process
is (weakly) stationary (for which the impression of a sta-
ble mean and variance is indicative), we consider the flux
density distribution of section 3 as the marginal proba-
bility distribution of the random process. Now we want
to find a characterization of the joint probability distri-
bution. Whereas in general ’red noise’ light curves16 only
can be considered as weakly non-stationary, the (weak)
stationarity for the underlying random process is a con-
sequence of the PSD break found by Meyer et al. (2009)
that is far shorter than the covered time period of 15 000
minutes.

A first, very simple approach for characterizing the
time behavior of the variability is the following: Let
us associate the average sampling (of the concatenated
light curve) of ∼ 1.2 minutes to every data point. In
this way we can relate the total time the source spent
in the range of a given flux density bin to the total time
covered by observations (∼ 15 000 minutes), and we get
a rough estimator for the fraction of time the source
spends at that flux density. For a more detailed analysis
we have to use standard time series analysis tools, like
periodograms as estimators for the power spectral den-
sity (PSD) of the process, Lomb-Scarle periodograms,
the autocorrelation function or the structure function
(Scargle 1982; Priestley 1982; Simonetti et al. 1985). As
Meyer et al. (2009) point out the given window function
(covering ∼ 3.6 ·106 min with a coverage fraction of only
∼ 0.4%) makes standard Fourier transform techniques
unsuitable (see Figure 13). Similarly the Lomb-Scargle
periodogram, generally suited as a PSD estimator for
non-equally sampled data, is based on the average sam-
pling, which in this case is > 3000 min. Do et al. (2009)
used the approach of comparing and averaging the Lomb-
Scargle periodograms of data subsets with similar length
and sampling to access the PSD of the higher frequencies.
In our case this approach again would probably intro-
duce selection effects, and we decided to generally follow
the method presented by Meyer et al. (2009), a Monte
Carlo (MC) approach, similar to the PSRESP method
by Uttley et al. (2002). Dodds-Eden et al. (2011) men-
tion that the MC simulation approach used in Do et al.
(2009) and Meyer et al. (2009) are based on a comparison
sample with a flux density distribution that is Gaussian,
and in particular allows negative values, questioning the
validity of the method. In the following we overcome
these concerns by developing an algorithm that allows
us to simulate time series with the flux density distribu-
tion we observe.

16 I.e., light curves with a time-correlation characterized by a
power-law like power spectral density

Figure 5.1: Flux density histogram of Sgr A∗ from Witzel et al. 2012, using infrared ESO archive data
from the VLT between 2003 and 2010. The best fit for the power-law slope is estimated at Γ = −4.2±0.1

two distinct states (Meyer et al., 2014).

5.1.3 X-ray distribution

The number of observations in the X-ray has been quite small compare to the
number of observations in the infrared. However, thanks to the Chandra 2012 X-ray
visionary project1 that was focussing on observing Sgr A∗, we have triple the number
of flare events observed and have now enough to deduce also the distribution. Neilsen
et al. 2013, are reporting 39 X-ray flares in the 2 to 10 keV band. To get the distri-
bution as a function of flux they consider the 2 to 8 keV band and assume that all the
flares have the same power-law spectral index of α = 2. They find that the averaged
flare luminosity is distributed as a power law with index Γ = −1.9+0.3

−0.4. However this
approach assumes a definition of what is exactly a flare event. The notion of flare
can be difficult to establish, even if the X-ray emission has two components. Another
approach is to consider all the fluxes, as done in the infrared. Doing so, the flux dis-
tribution gets steeper with a power-law index around Γ = −3 (Neilsen et al. 2014, in
prep.) Therefore with comparable distributions we should have an X-ray distribution
that is roughly one unit flatter than the infrared one, even though infrared flares are
more common than X-ray flares.

1http://www.sgra-star.com/
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5.2 Method

The goal of this study is to test and reproduce the different flare distributions
presented above in the infrared and in the X-ray to understand their origin and have
a general theory to describe the flaring behaviour from Sgr A∗. To do so, we start
our analysis from the flare models presented in Chapter 4 that can reproduce the
multiwavelength spectrum of Sgr A∗ from the calculation of the electron distribution
in a plasma that undergoes cooling, injection from the accretion flow, and escape.
We then simulate multiple flare events under reasonable physical assumptions and
compare the infrared and X-ray behaviour by extracting the fluxes and generating the
distributions.

5.2.1 The flare model

To reproduce a flare we consider that all the emission is coming from a very
small region of typical size R that we set to only 2 gravitational radii (i.e. R = 2 rG =

1.3×1012 cm). This assumption of a small, uniform, and isotropic region of emission
can be justify in first approximation by the very short time scale variability (' 1000s)
of the observed flares. We use the belm code (Belmont et al., 2008) that solves si-
multaneously coupled time-dependent kinetic equations for leptons and photons in a
magnetized plasma. The implemented microphysics includes radiation processes as
synchrotron, self-absorption, Compton scattering, self-absorbed bremsstrahlung ra-
diation, pair production/annihilation, Coulomb collisions, and prescriptions for par-
ticle heating/acceleration. See section 4.2 for a more detailed description of the flare
model.

The main parameters of the model are the value of the magnetic field B, the
injection of thermal plasma lin j into the emitting region to mimic the accretion flow,
and the prescription for particle acceleration that is described by the compactness
lnth and the slope s. The non-thermal process does not change the density of the
medium, as the accelerated particles are taken from the lepton population itself with
a uniform probability. The power associated with the non-thermal compactness is
Lnth = lnthRmec3/σT (erg s−1). This prescribed acceleration process has to compete
with injection, escape, and cooling losses to give the resulting particle distribution
form which the emission is calculated.

We assume that electrons are accelerated from the bulk of the distribution that
peaks at γ = 50 until a maximum energy of γ = 4.6 × 105, large enough to re-
produce the high energy X-ray flares observed by NuSTAR (Barrière et al., 2014).
These values are the same as in our models presented in Chapter 4 where we favour
a non-thermal synchrotron origin of the flare data. In our best case scenario that can
reproduce two different X-ray flares (see Figures 4.6 and 4.7 from Chapter 4), the
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non-thermal synchrotron emission has a cooling break between the infrared and the
X-ray due to the cooling losses being more important at higher energies while escape
dominates at lower energies. This solution seems to allow a better reproduction of the
observed trends in the infrared and in the X-ray simultaneously. However due to non-
simultaneity of most of the data, we cannot affirm that it should always be the case.
Looking at the problem statistically can shed light on whether synchrotron is really
the dominant emission mechanism while interpreting the overall flaring behaviour
from Sgr A∗.

5.2.2 Generation of flare distributions

We know that flares can happen at different fluxes as some of them are more
luminous than others. That is why there is a scattering in the infrared and X-ray data
that represent the variability of the emission process. For instance, in the previous
Chapter we were reproducing two flares: one observed on the 21st of July 2012 and
one observed on the 17th of October 2012. The October flare was more luminous
and the spectral index was slightly flatter than for the July flare. Thanks to the X-
ray satellite NuSTAR, observations can be extended to higher energies and Barrière
et al. (2014) are reporting a variation of the photon index between two distinct flares
from α = 2.84+0.64

−0.54 to α = 2.04+0.22
−0.20 at 95% confidence. This result illustrates the

variability of the flares themselves.
First we consider the non-thermal synchrotron scenario with the cooling break

as the main process responsible for the emission as favoured in Chapter 4. In this
scenario, particle acceleration is responsible for the transition between the quiescent
and flaring state without affecting the other plasma parameters. Therefore to simu-
late different flares, the power lnth given to the acceleration, as well as the slope s
of this acceleration process can be randomly distributed within the range needed to
reproduce various observations.

We first generated a table of models by running some simulations for multi-
ple values of lnth and s. We set the value of lnth between 1 × 10−5 and 1 × 10−3

and probe this interval with 100 values. The prescribed slope of the acceleration
is probing the interval between 2 and 3.6. This range of values have proven to be
promising and adapted in order to reproduce the multiwavelength spectra from the
quiescent state to the flaring state (see Table 4.1 in Chapter 4). The size of the emit-
ting region is set to R = 2 rG, the magnetic field magnitude to B = 175.3G, the
escape probability is 1, and the injection compactness of thermal plasma at temper-
ature θinj = kBTinj/(mec2) = 13 is lin j = 4.64 × 10−4, leading to a plasma density of
ne ∼ 3.3 × 106cm−3.

After producing these 10 000 different models corresponding to the different
values of the probed parameters, for each of them we extract the emitted flux in the
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infrared and in the X-ray band. For the infrared, we focus on the Ks band and generate
a table of fluxes at λ = 2.18µm for each combination of the parameters. For the X-
ray, we take the interval between 2 and 8 keV (i.e. 4.84 × 1017 and 1.93 × 1018 Hz)
to generate as well a 100 × 100 table of X-ray fluxes.

To construct the flux distributions from our sample of events, we need to as-
sume some behaviours for the acceleration process and slope of this process. For
instance we can assume that the weaker power are more likely than the stronger ones,
and that the parameter lnth is distributed according to a power-law distribution be-
tween the minimal and maximal value. Given this assumed behaviour for the accel-
eration power, we generate random values of the parameter lnth within the prescribed
probability. To be more specific, we write that the parameter lnth is distributed ac-
cording to a probability function pl(x) such that the sum of all pl(x) over the full
range of possible values for lnth is normalized to 1:∫ max

min
pl(x)dx = 1 (5.1)

Where min refer to the minimal value for lnth and max the highest possible value.
Therefore random values ξ between 0 and 1 gives us random values for the parameter
lnth according to: ∫ lnth

min
pl(x)dx = ξ (5.2)

We then assume a probability distribution pl(x) for lnth. As an example, we can as-
sume a power law pl(x) = Kx−α with K = (max1−α − min1−α/(1 − α))−1 to satisfy
equation (5.1). We solve equation (5.2) for lnth to derive multiple values of the pa-
rameter according to pl(x). Doing the same for the slope parameter s with different
values and assumptions for min, max, and ps(x), we have parameters that behave ac-
cording to given probabilities. Combining them, we generate randomly some lnth and
s couples, each one corresponding to an emission event in the context just described.

We typically generate 6774 events to mimic the infrared observational data.
The corresponding fluxes in the infrared and in the X-ray are given by the series
of models that were run previously probing the possible values for the parameters.
Looking in the 10 000 models we select the ones corresponding to the value of the
randomly generated couples lnth and s. If there is no perfect match, we pick the
closest parameter value above the randomly generated one. We then read the IR and
X-ray fluxes from the selected simulations. To plot the flare distributions, we divide
the flux interval in an optimized number of bins that are equally spaced in log space,
and place each flare event in the corresponding bin. We divide by the number of
events to normalize the distribution.

The big unknown of our study is the behaviour of particle acceleration. To
explain the observed distributions we have to make some guesses for pl(x) and ps(x).
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In practice we do few basic tests generating only ∼ 500 flare events to have fast re-
sults and a rough idea of what would be the predicted distributions before generating
them with the full 6774 events. In this Chapter we show only preliminary examples
describing the future work, as we still need to complete the analysis to be able to
draw our conclusions.

The general method used to generate flare distributions in the synchrotron self
Compton scenario will be very similar to the method described above. The main
difference is that the SSC scenario cannot be interpreted only with the non-thermal
component but also induces changes in the plasma parameters such as the magnetic
field and the density. For instance we can study the distributions in this scenario by
having some fluctuation in the injected plasma (i.e. accretion rate) lin j according to a
probability.

Observationally the flux distribution starts at the detection limit which is set
by the instrument. For instance in the infrared it is not possible to have reliable data
bellow 1.5 mJy and in the X-ray the low fluxes are described by a Poisson distribution
depending on the detector.

5.3 Results 1: predicted flare distributions dominated by
synchrotron emission

According to our previous detailed study on few particular flare events (Chap-
ter 4), in this section we assume that flare emission is most likely the result of non-
thermal synchrotron emission with a cooling break. We have shown in our best case
scenario that the prescription for non-thermal acceleration is likely to be the impor-
tant physical process behind a flare event, and should therefore be responsible for the
various observations at different wavelengths.

5.3.1 Results from non-thermal acceleration powers

In this section we investigate what would be the infrared and X-ray distribu-
tions if the different flares where to be the result of the different powers given to the
non-thermal acceleration process. To do so we consider that the slope s of the ac-
celerated electrons is constant and that only the power of this acceleration process is
distributed between a minimum and a maximum value according to a given proba-
bility. Note that even though our prescription for the acceleration process assumes
a slope s, this is not the final slope of the electron distribution from which the spec-
trum is derived, as the particle distribution is calculated from the balance between
acceleration, injection, escape, and cooling. If this scenario is correct, it would mean
that we have an acceleration process that is more or less efficient in the sense that it
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accelerates few or many electrons but always accelerates them in the same way.
We first assume that the power lnth is distributed as a power law of probability

pl(x) ∝ x−4.2 between a minimal value lnth = 1 × 10−5 and a maximal value lnth =

1×10−3. We further assume that the acceleration process tends to give to the electrons
a constant slope s = 2.3. The reasons to make these specific assumptions are twofold:
First, we know that the range [1×10−5 − 1×10−3] for lnth can reproduce the observed
fluxes of Sgr A* spectrum, and s = 2.3 for electron acceleration has proven to be
good in reproducing the multiwavelength data during a flare event (Dibi et al., 2014).
Second, the infrared and X-ray fluxes scale with lnth, meaning that with the other
parameters fixed, we expect a resulting distribution following the behaviour given to
pl(x). Therefore pl(x) ∝ x−4.2 should be a good guess trying to reproduce the infrared
distribution which has a slope of Γ = −4.2.

This first setting is a simplification as it is seriously limited by the fact that
the acceleration processes could well try to give to the electrons different slopes than
s = 2.3. A variation of the parameter s will be investigated in the next two sections.
Figure 5.2 and 5.3 show the resulting flare distributions as a function of flux in the Ks
band and 2-8 keV band respectively. Comparing our predicted infrared distribution
on Figure 5.2 with Figure 5.1 we find fluxes that are in good agreement with the
observations meaning that our models can reproduce the individual events. Note that
for the infrared we did not include the extra flux from the star S17 that was present in
the data and contributes to ∼ 3 mJy, and for all our simulated distributions we are of
course not limited by detection limits. The two predicted distributions in the infrared
and X-ray bands are showing the correct trend with highest frequencies at low fluxes.
We find a power-law distribution frequency in the infrared and in the X-ray with an
averaged slope of Γ = −4.2 which is reproducing well the observed infrared but is
steeper than the observed X-ray.

Our assumption on the slope s of the acceleration implies that we are mostly
modelling X-ray flare emission from Sgr A∗ as we are considering a value suitable
for reproducing the flare multiwavelength spectra. Therefore our distribution in the
X-ray starts at 1.2 × 1034erg s−1 because we are not getting the lower flux during
quiescence. Interestingly this value corresponds exactly to the break predicted by
Yuan et al. 2014 (in prep.). The highest flux reached is ∼ 5 × 1035erg s−1.

In this case the IR and X-ray distributions have the same slope of −4.2, fol-
lowing the behaviour of pl(x).

We conclude that although we can recover the infrared distribution, and we
could also recover the X-ray assuming pl(x) ∝ x−3, our assumptions are too simple
to reproduce both of them simultaneously. Particle acceleration is a complex process
and we should consider that different accelerations can give to the electrons various
non-thermal slopes instead of fixing s = 2.3 for all of them. To explain both the
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Figure 5.2: Infrared flux distribution from 6774 flare events with some non-thermal acceleration ran-
domly distributed into a power-law probability pl(x) ∝ x−4.2. The fluxes have been distributed into 32
intervals equally spaced in log space, as done in Witzel et al. 2012. The dotted curve is showing a
second result with the exact same settings to illustrate the variability and show the convergence of the
resulting slope.

Figure 5.3: X-ray flux distribution from 6774 flare events with non-thermal acceleration randomly
assumed to be distributed in a PL probability pl(x) ∝ x−4.2. The dotted curve is again a second simulated
result with the exact same settings to illustrate the variability and show the convergence of the resulting
slope.
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infrared and X-ray observations we certainly need to combine a behaviour for the
power with a behaviour for the slope of the acceleration process. However as we just
investigated the effect of pl(x) on the predicted distributions, we first investigate the
effect of ps(x) alone by fixing pl to a reasonable value. This approach should allow
us to understand better how acceleration is influencing the observations and to make
smarter choices to recover them.

5.3.2 Results from slope of the acceleration process

In this section we investigate what would be the infrared and X-ray distribu-
tions if the power given to all flare events was the same, and only the slope of the
acceleration process was changing. We fix the value of lnth to the averaged value
of 1 × 10−4 and distribute the slope of the acceleration process between s = 2 and
s = 3.6. The chosen value given to the power implies that we are still focusing mainly
on the flaring state of Sgr A∗. The effect of the shape of the acceleration on the final
result is less intuitive than the direct effect of the power, therefore as a test case and to
be able to compare with the effect of lnth from the previous section, we first assume a
similar distribution of the slopes with ps(x) ∝ x4.2. Note that in this case we change
the sign of the probability power-law index α to assume that steeper slopes are more
likely than flatter slopes in the particle acceleration process. With the fixed value
of lnth this assumption is logical and necessary in order to reproduce the observed
general trends which have higher frequencies at lower fluxes. Figure 5.4 and 5.5 are
showing the resulting flare distributions.

We can see that the probability distribution given to the slope of the accel-
eration process has much less influence than the one given to the power. We find
infrared and X-ray distributions that are different from one to the other but they are
not reproducing at all the observations. Moreover the X-ray frequency is decreasing
with increasing flux while the infrared distribution is flatter which is in contradiction
with the observed behaviour linking the two bands. Therefore we can say that our
assumptions on ps(x) are certainly not correct.

We conclude that we are able to recover the infrared and X-ray distributions
with the simple setting of section 5.3.1 but that we miss the complexity to explain
both observations by a common underlying behaviour of the acceleration. Section
5.3.2 fails at reproducing the distributions but show a more complex behaviour. We
obviously need to make different assumptions for ps(x). Instead of assuming that
acceleration can give to the electrons all possible slopes, we can assume a limited
number. However in this case fixing the value of lnth does not make sense and we
need to investigate an alternative scenario.
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Figure 5.4: Infrared distribution from 6774 flare events with the slope of the particle acceleration
randomly distributed into a power-law probability ps(x) ∝ x4.2.

Figure 5.5: X-ray distribution from 6774 flare events with with the slope of the particle acceleration
randomly distributed into a power-law probability ps(x) ∝ x4.2.
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5.3.3 Results from variation of acceleration power and slope

In this section we investigate what would be the infrared and X-ray distribu-
tions if the different flares where to be the result of both different powers given to
the non thermal acceleration process and different slopes. This section, as the previ-
ous one, is still under investigation by performing simple tests. Therefore we cannot
show yet any convincing results.

As an example we can assume that particle acceleration is a process that ac-
celerates electrons into a non thermal shape with only two possible variations of the
slope s. We remind that this slope is really related to the acceleration process only,
i.e. it is not necessary the resulting slope of the particle distribution (as this one
undergoes cooling and escape). This assumption should be more realistic than as-
suming all possible slopes for the acceleration and is motivated by two reasons: first,
the spectral slope variation in infrared flares is limited (Witzel, 2014) meaning that
the related particle distribution generating the emission must also have a constant
slope. Second, when reproducing the X-ray flare lightcuve in Figure 4.9, we had a
smooth variation of the non thermal power increasing to reach the highest flux and
decreasing back, but a sharp transition for s from steep to flatter. Therefore we could
set a step function for ps(x) with only 2 values and distribute the power smoothly in
the possible range of values.

However before investigating more this section that will hopefully lead us to
interesting results that can be interpreted and compared with observations, a deeper
analysis of section 5.3.2 is needed with more promising assumptions. Even in this
favoured scenario where we investigate only two parameters to reproduce all the flare
events, they are multiple possible scenarios for pl(x) and ps(x) that can lead to all kind
of distributions. The aim of this investigation is to find one that is close to reality.

5.4 Results 2: Predicted flare distributions dominated by
SSC emission

This second part of the study will predict the observed distributions in the
synchrotron self Compton scenario. We will use the same method to simulate the
emission and construct the distributions but the assumptions are different.

We need to generate a new table of models with suitable parameters for repro-
ducing the spectrum as seen in Figure 4.5 and 4.8. The size of the emitting region is
still set to R = 2 rG with a particle escape probability of 1. However the complexity of
the Compton scenario is that all the other parameters are contributing to the variation
of the emission during a flare event leading to a lot of freedom and possibilities. The
power of the non thermal acceleration lnth is still having an essential contribution and
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could be distributed between 1×10−5 and 1×10−3 while the slope of this acceleration
is slightly more restricted than in the synchrotron scenario with an interval between
2.6 and 3.6. The magnetic field magnitude can have multiple values from a few tens
to a few hundreds of Gauss, and the injection of thermal plasma can vary over two
orders of magnitudes (see Table 4.1).

The first step will be to study the influence of pl(x) and maybe ps(x) as well,
to be able to compare the resulting flux distributions with the synchrotron scenario
case. To make sure we probe the SSC flares we need to assume some appropriate
values for B and lin j, namely fixing B ' 35 G and lin j ' 2 × 10−2 while probing the
parameter space for lnth and s. Making similar assumptions for pl(x) and ps(x) as
in section 5.3 this approach should already shed light on the SSC general behaviour
compare to the synchrotron case.

Then we will extend the study to investigate how the magnetic field and the
injection compactness behave. To do so we will probe the possible values and make
tables of models to compare with and extract the fluxes from, and we will need to
make some assumptions on the distribution of the magnetic field pB(x), and the dis-
tribution of the injection pn(x) (the letter n is chosen because the parameter lin j is
related to the density of the medium).

As done in part 5.3 we will study each effect one by one before combining
them to be able to produce realistic distributions.

5.5 Future Work

As described in section 5.2, most of the method has already been developed
but we need to perform some more analysis to complete the results in the synchrotron
scenario case (part 5.3). So far we have only shown some preliminary distributions
to test the method but the results need to be improved and interpreted. We will be
looking more carefully at the resulting effects of the distributed parameters on the
flux distributions. By combining the acceleration power and slope behaviours we
will try to reproduce the observed distributions with a common underlying theory.

For the SSC scenario some part of the method still need to be developed but it
will be similar to what has been done for the synchrotron case. Then we will address
the differences with the synchrotron flux distributions and this should indicate which
emission process is more likely observed. We will investigate the behaviour of the
plasma magnetic field and density as well as particle acceleration to understand their
effects on the flux distributions. By combining them we will also try to propose a
theory that can reproduce the observed infrared and X-ray distributions.

Comparing the predicted distributions should tell us which scenario is more
likely happening. The description of the underlying assumptions needed to reproduce
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realistic results will give insight on the nature of the flaring processes.
The time scale to accomplish this work should be of a few months, and we

expect to deliver the results to the MNRAS journal this summer.

Acknowledgements

We acknowledge support from The European Community’s Seventh Frame-
work Programme (FP7/2007-2013) under grant agreement number ITN 215212 Black
Hole Universe. We also acknowledge support from the “Nederlandse Onderzoekschool
Voor Astronomie” NOVA Network-3 under NOVA budget number R.2320.0086.
RB and JM acknowledge financial support from both the french National Research
Agency (CHAOS project ANR-12-BS05-0009) and the Programme National Hautes
Energies.

119





CHAPTER 6

Conclusion

6.1 Summary

This thesis details four different studies of accretion and emission processes
around the Galactic Center Sgr A∗. We are studying Sgr A∗ in particular because
it is the closest supermassive black hole and therefore we have incomparable ob-
servational data to test our theories and predictions. However, as explained in the
introduction, the physics is certainly similar to that around other supermassive black
holes at the center of many other galaxies, and comparable as well to the accretion
and emission processes around hundreds of millions of smaller mass black holes that
are present in our Milky Way. It is interesting to understand what is happening around
compact objects like black holes, because they are at the origin of the most energetic
phenomena in the universe (such as jet launching) and therefore have an important
role in its evolution. Moreover physical conditions around a black hole are extremely
different to anything we can see and reproduce on Earth; Sgr A∗ is thus an excellent
laboratory to test the limits of our understanding of compact objects and phenomena
surrounding them.

The first chapter presents a brief history of black hole discovery, how we can now
assert their existence, and a description of Sgr A∗. This chapter introduces also the
basics of accretion onto a compact object, and the numerical methods used for mod-
eling these systems. Finally, the first chapter presents the temporal evolution of black
holes, with the different stages of long term evolution, and the short term variations
from Sgr A∗, called “flares”.
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The first part of this thesis consist of chapters 2 and 3, presenting a global study
of Sgr A∗.

Chapter 2 presents models reproducing the accretion disc around the super-
massive black hole of four million solar masses. The simulations used take into
account general relativity whose effects are obviously important near the black hole,
and calculate the conditions and evolution of the plasma around the black hole using
magneto-hydrodynamics. The novelty of our dynamical GRMHD (General Rela-
tivistic Magneto-HydroDynamic) models is the inclusion of the radiative processes.
Indeed for the case of Sgr A∗, which is not a very active black hole, the study of the
emission processes had usually been conducted independently from the study of the
dynamics of the system. Yet we know that the two are more or less related, radiative
losses affecting the physical state of the plasma, which can influence the dynamics of
the system, and in return the amount or nature of the radiative losses. Although we
obviously need to include the emission processes for a better description of reality,
incorporating them into a global simulation is difficult for various reasons. The code
we are using, presented in Chapter 2, can do so in a simplified way, i.e. assuming that
photons from these radiative processes escape from the medium. For physical rea-
sons, this approximation is reasonable for the central plasma orbiting Sgr A∗. Chapter
2 presents different GRMHD models of gas accretion onto Sgr A∗, and assesses the
importance of radiative losses by quantifying how they are related to the dynamics
of the system. By systematically comparing simulations where the dynamics only
is calculated ignoring the cooling losses, with those that take them into account, we
can conclude that in some cases they are not essential to the overall behaviour of
the system, but in other circumstances they exert significant influence and it is there-
fore important to take them into account. More precisely, the regime where radiative
losses influence the dynamics is related to the value of the accretion rate onto the
black hole. The higher the accretion rate, the more the medium is influenced by ra-
diative losses. For Sgr A∗ we find a significant influence above 10−8 solar masses per
year. Generalizing this result, it means that this effect must be taken into account in
the vast majority of black hole studies since Sgr A∗ has the lowest accretion rate of
all the known black holes.

Chapter 3 describes how to generate the spectra from the GRMHD models
with radiative losses. These spectra are essential for comparing our results with ob-
servations and thus to be able to interpret the data obtained from various telescopes
and satellites. In this chapter, the importance of the cooling losses is confirmed by
the prediction of the different spectra obtained. A study of the parameter space is
performed which, by comparison with actual data, suggests that Sgr A∗ is certainly
a black hole with a very high spin (i.e. high angular momentum) and that accretes
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surrounding material at a very low rate (∼ 10−9 solar masses per year).

The second part of this thesis is composed of chapters 4 and 5, and focuses on the
study of very localized phenomena from the central black hole Sgr A∗. Flares are
sudden changes in the luminosity of Sgr A∗, especially in the infrared and X-ray
wavelengths. On average once a day, we see a rapid and significant increase of the
emission lasting for a brief period of time (a few thousand seconds). For the size of
Sgr A∗, this variation is extremely fast, which means that it must come from a very
limited region, close to the black hole event horizon.

Chapter 4 presents a model that can reproduce the emission spectrum com-
ing from very localized regions close to the central black hole, i.e. the infrared and
X-ray flares as well as the submillimeter emission. In this study we calculate self-
consistently the particle distribution, which is at the origin of the various emission
processes. This novelty allows us to make less arbitrary assumptions about the energy
distribution of electrons since the shape of the distribution is calculated by taking into
account plasma injection into the system, radiative losses including emissions and ab-
sorptions processes, and the probability for particles to escape. We show that in some
cases, usual assumptions used for the electron distribution can be very different from
the distribution actually calculated. We propose a scenario that can reproduce the
multiwavelength observations during the quiescent and the flaring state. This study
is limited by the fact that the observational data are often not simultaneous. Although
X-ray flares are certainly accompanied by infrared flares at the same time, the vari-
ation and relationship between wavelengths seem to be complex. We conclude that
the emission responsible for the flare events is probably due to accelerated electrons
in a low magnetized plasma producing synchrotron radiation. The synchrotron emis-
sion spectrum has a break at a frequency between infrared and X-ray, which allows a
better reproduction of the data. This break is due to the fact that at high energies the
effects of cooling losses from radiative processes are more important than at lower
energies where particle escape dominates.

Chapter 5 uses the flare model of chapter 4 to study statistically the many flares
observed. The number of observations has become important enough to be able to
deduce the overall behaviour of flares in the infrared and the general behaviour in
X-rays as well. This approach somewhat compensates for the lack of simultaneous
observations and provides a better description of what causes these flares. To execute
this extensive study on thousands of flares we first had to make sure we had a good
model for a particular event, which we did in Chapter 3. Since in these models
we are calculating the electron distributions self-consistently, it allows us to make
our assumptions on the particle acceleration that is certainly responsible for the flare
events instead of doing them on the resulting energy distribution of electrons. We
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simulate several flares under realistic conditions, extract their radiative emission in a
given band, and derive the occurrence of the emission as a function of flux. These
flux density distributions are predicting the behaviour of the infrared emission at 1.2
micrometer, and between 2 and 8 keV in the X-ray band, to compare with actual data.
Flux distributions allow us to understand the relationship between the infrared and the
X-ray and to interpret the observations comparing our simulated distributions with
several years of data from the VLT (very large telescope) and the Chandra satellite.
Writing this thesis, the study of this chapter is still under construction, therefore the
method is presented with some examples of flux distributions but the final results are
not yet established. Once the work will be complete we expect to give some precise
statements about the description of the particle acceleration responsible for the flare
events; we should also be able to disentangle the complex relationship between the
infrared and X-ray emission; and finally bring stronger arguments supporting the
nature of the emission process.

6.2 Samenvatting

De vier hoofdstukken van dit proefschrift beschrijven verschillende onderzoe-
ken naar de accretie en emissie van processen rond het zwarte gat in het centrum
van onze melkweg, Sgr A∗. We bestuderen specifiek dit zwarte gat omdat het het
dichtstbijzijnde superzware zwarte gat is, en we daarom over ongeëvenaarde waar-
nemingsgegevens beschikken om onze theorieën en voorspellingen aan te toetsen.
Aan de ander kant is de fysica zeker vergelijkbaar met zowel die van andere super-
zware zwarte gaten in de kernen van vele andere melkwegstelsels als de accretie-
en emissieprocessen rond honderdmiljoenen zwarte gaten met een lagere massa die
zich in ons eigen melkwegstelsel bevinden. Het is interessant te proberen te begrij-
pen wat rond dit soort compacte objecten gebeurt, omdat ze aan de basis liggen van
de meest energetische fenomenen in het heelal (zoals bijvoorbeeld het uitstoten van
straalstromen), en daarom een belangrijke rol spelen in de evolutie ervan. Verder zijn
de fysieke omstandigheden rond het zwarte gat zeer verschillend van alles wat we op
aarde kunnen observeren en creëren; Sgr A∗ is daardoor een uitstekend laboratorium
om de grenzen van ons begrip van compacte objecten en de verschijnselen eromheen
te testen.

Het eerste hoofdstuk geeft een kort overzicht van de geschiedenis van de ontdekking
van zwarte gaten, hoe we nu hun bestaan kunnen bevestigen, en een beschrijving van
Sgr A∗. Dit hoofdstuk introduceert ook de beginselen van accretie op een compact
object, en de gebruikte numerieke methodes voor het modelleren van deze systemen.
Ten slotte beschrijft het eerste hoofdstuk de tijdsevolutie van zwarte gaten, met de
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verschillende stadia van de evolutie over langer tijd en de variaties van Sgr A∗ op
korte tijdsschalen, “vlammen” genaamd.

Het eerste gedeelte van dit proefschrift bestaat uit hoofdstukken 2 en 3, die een alge-
meen onderzoek naar Sgr A∗ beschrijven.

Hoofdstuk 2 beschrijft modellen die de accretieschijf rond het superzware
zwarte gat van vier miljoen zonsmassa’s reproduceren. De gebruikte simulaties ne-
men de algemene relativiteitstheorie in beschouwing, waarvan de gevolgen overdui-
delijk van belang zijn in de buurt van het zwarte gat, en berekenen de omstandigheden
en evolutie van het plasma rond het zwarte gat volgens de wetten van de magnetohy-
drodynamica. Het nieuwe van onze dynamische GRMHD (Algemeen Relativistische
MagnetoHydroDynamica) modellen bestaat uit de toevoeging van stralingsproces-
sen. Immers, voor het geval van Sgr A∗ , wat een niet uitzonderlijk actief zwart gat
is, werden de stralingsprocessen meestal onafhankelijk van de dynamica van het sys-
teem bestudeerd. Maar we weten dat de twee in meer of mindere mate gerelateerd
zijn, waarbij energieverliezen door straling een invloed hebben op de fysieke toe-
stand van het plasma, dat de dynamica van het systeem kan beïnvloeden, wat weer
gevolgen kan hebben voor de energieverliezen door straling. Hoewel het duidelijk
is dat we de stralingsprocessen moeten meenemen voor een betere beschrijving van
de werkelijkheid, het invoegen ervan in een globale simulatie is door verschillende
redenen geen makkelijke taak. De code die we gebruiken, beschreven in hoofdstuk 2,
kan dit op een gesimplificeerde manier, namelijk door aan te nemen dat alle fotonen
geproduceerd door deze stralingsprocessen direct, zonder interactie, het medium ver-
laten. Door fysische redenen is dit een redelijke benadering voor het centrale plasma
dat rond Sgr A∗ draait. Hoofdstuk 2 beschrijft verschillende GRMHD modellen van
accretie van gas op Sgr A∗, en laat zien hoe belangrijk de stralingsverliezen zijn door
hun relatie met de dynamica van het systeem te kwantificeren. Door het systematisch
vergelijken van simulaties waarin alleen de dynamica wordt berekend zonder de stra-
lingsverliezen, met simulaties die ze wel meenemen, kunnen we concluderen dat ze
in sommige gevallen niet essentieel zijn voor het algemene gedrag van systeem, maar
dat ze in andere gevallen significante invloed uitoefenen, waardoor het belangrijk is
ze mee te nemen in de berekening. Preciezer gezegd, het regime waarin stralingsver-
liezen de dynamica beïnvloeden, is gerelateerd aan de waarde van de accretiesnelheid
van het zwarte gat. Hoe hoger de accretiesnelheid, hoe meer het medium beïnvloed
wordt door stralingsverliezen. Voor Sgr A∗ zien we een significante invloed boven
10−8 zonsmassa’a per jaar. Als we dit resultaat veralgemeniseren naar andere stel-
sels, betekent het dat we dit effect in de studie van het overgrote gedeelte van alle
zwarte gaten moeten meenemen, aangezien Sgr A∗ de laagste accretiesnelheid van
alle bekende zwarte gaten heeft.
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Hoofdstuk 3 beschrijft hoe we spectra kunnen maken van de GRMHD simu-
laties met stralingsverliezen. Deze spectra zijn essentieel om onze resultaten met
waarnemingen te vergelijken en dus de gegevens vergaard door verscheidene telesco-
pen en satellieten te kunnen interpreteren. In dit hoofdstuk bevestigen we het belang
van stralingsverliezen door de voorspellingen van verschillende verkregen spectra.
We verkennen de parameterruimte, welke, door vergelijking met echte waarnemin-
gen, impliceert dat Sgr A∗ zeker een zwart gat is dat een hoge spin (dat is hoog
impulsmoment) heeft, en omliggend materiaal opslokt op een zeer laag pitje (∼ 10−9

zonsmassa’s per jaar).

Het tweede gedeelte van dit proefschrift bestaat uit hoofdstukken 4 en 5, en richt
zich op de studie van zeer gelokaliseerde verschijnselen van het centrale zwarte gat
Sgr A∗. Vlammen zijn plotselinge veranderingen in de helderheid van Sgr A∗, vooral
op infrarode en röntgengolflengten. Gemiddeld eens per dag zien we een snelle en
significante toename van de straling die slechts een korte periode aanhoudt (een paar
duizend seconden). Voor de grootte van Sgr A∗ is deze variatie extreem snel, wat
betekent dat het in een zeer klein gebied, dicht bij de waarnemingshorizon van het
zwarte gat, moet ontstaan.

Hoofdstuk 4 beschrijft een model dat het emissiespectrum dat van zeer geloka-
liseerde gebieden dicht bij het centrale zwarte gat komt, kan reproduceren, namelijk
de infrarode en röntgenvlammen alsmede de submillimeterstraling. In dit onderzoek
berekenen we de deeltjesverdeling, die de oorsprong vormt van verscheidene stra-
lingsprocessen, op een consistente manier. Deze noviteit staat ons toe om minder
arbitraire aannamen te maken wat de energiedistributie van de elektronen betreft,
aangezien de vorm van de distributie berekend wordt door de injectie van plasma in
het systeem, stralingsverliezen inclusief emissie- en absorptieprocessen, en de ont-
snappingskans van de deeltjes mee te nemen. We laten zien dat in sommige gevallen
de gebruikelijke aannames die voor de elektronendistributie worden gebruikt, zeer
verschillen van de echt berekende distributie. We stellen een scenario voor dat de
waarnemingen op meerdere golflengten tijdens de periode met vlammen en daarbui-
ten. Dit onderzoek wordt beperkt door het feit dat de waarnemingsgegevens vaak
niet gelijktijdig zijn verkregen. Hoewel röntgenvlammen zeker gelijktijdig worden
vergezeld door vlammen in het infrarood, lijken de variaties en de relatie tussen de
golflengten complexer te zijn. We concluderen dat straling verantwoordelijk voor de
vlam waarschijnlijk veroorzaakt wordt door versnelde elektronen die in een zwak-
gemagnetiseerd plasma synchrotronstraling produceren. Het synchrotronspectrum
heeft een knik op een frequentie tussen het infrarood en het röntgengebied, wat een
betere weergave van de waarnemingsgegevens toestaat. Deze knik komt voort uit het
feit dat op hogere energieën de gevolgen van de stralingsverliezen belangrijker zijn
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dan bij lagere energieën, waar de ontsnapping domineert.
Hoofdstuk 5 past het vlammodel van hoofdstuk 4 toe om de vele waargeno-

men vlammen te bestuderen. Het aantal waarnemingen is groot genoeg geworden
om het globale gedrag van vlammen in het infrarood alsmede het algemene gedrag in
het röntgengebied te kunnen afleiden. Deze benadering compenseert gedeeltelijk het
gebrek aan gelijktijdige waarnemingen en levert een betere beschrijving op van wat
deze vlammen veroorzaakt. Om deze studie van duizenden vlammen uit te voeren,
moesten we eerst zeker weten dat we een goed model voor een bepaalde gebeurtenis
hadden, wat we in hoofdstuk 3 hebben laten zien. Aangezien we in deze model-
len de elektronendistributie consistent berekenen, kunnen we onze aannames maken
wat betreft de aard van de deeltjesversnelling die zeker verantwoordelijk is voor de
vlammen. We simuleren verscheidene vlammen onder realistische omstandigheden,
berekenen hun straling in een bepaald golflengtegebied, en leiden het voorkomen van
de straling af als een functie van de flux. Deze fluxdichtheidsverdelingen voorspel-
len het gedrag van de infraroodstraling op 1,2 micrometer, en tussen 2 en 8 keV in
het röntgengebied, die we kunnen vergelijken met waarnemingen. Fluxverdelingen
staan ons toe de relatie tussen de infrarode en röntgenstraling te begrijpen en om
de waarnemingen te interpreteren door onze gesimuleerde verdelingen met jarenlang
waargenomen gegevens van de VLT (de Very Large Telescope) en de Chandra sa-
telliet te vergelijken. Tijdens het schrijven van dit proefschrift is het onderzoek in
dit hoofdstuk nog steeds een werk in uitvoering, waardoor de methode met een paar
voorbeelden van fluxverdelingen wordt getoond, maar de uiteindelijke resultaten nog
niet bekend zijn. Wanneer dit werk is afgesloten, verwachten we een paar precieze
uitspraken te kunnen doen over de beschrijving van de deeltjesversnelling die ver-
antwoordelijk is voor de vlammen; we zouden dan ook in staat moeten zijn om de
complexe relatie tussen de infrarode en röntgenstraling uit te pluizen; en uiteindelijk
sterkere argumenten over de aard van het stralingsproces te berde te brengen.

6.3 Résumé

Cette thèse présente quatre études sur les phénomènes d’accrétion et d’émis-
sion au centre de notre Galaxie, très proche du trou noir supermassif appellé Sagit-
tarius A* (Sgr A∗). Nous étudions ce trou noir en particulier car c’est le plus proche
objet compact de cette taille et nous possédons donc d’excellentes observations pour
pouvoir tester nos théories. Cependant, comme expliqué dans l’introduction, la phy-
sique en oeuvre est certainement similaire à ce qu’il se passe autour d’autres trous
noirs supermassifs au centre d’une multitude d’autres galaxies, mais aussi compa-
rable à l’accrétion et l’émission autour de trous noirs moins massifs qui sont présents
par centaines de millions dans notre Voie Lactée. Il est intéressant de comprendre ce
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qu’il se passe car les objets compacts (comme les trous noirs) sont au coeur des phé-
nomènes les plus énergétiques observés dans l’univers (comme par exemple l’émis-
sion de jets) et ont donc un rôle important dans l’évolution de celui-ci. De plus les
conditions physiques autour d’un trou noir sont extrêmement différentes de tout ce
que l’on peut reproduire sur Terre ; Sgr A∗est donc un excellent laboratoire pour tes-
ter les limites de notre compréhension des objet compacts et des phénomènes qui les
entourent.

Le premier chapitre présente brièvement l’historique de la découverte des trous noirs
et comment nous pouvons aujourd’hui affirmer leur existence. Une description de
Sgr A∗est ensuite donnée. Ce chapitre introduit aussi les bases du processus d’accré-
tion sur un objet compact, et les méthodes numériques utilisées pour leur modélisa-
tion. Enfin il présente l’évolution temporelle des trous noirs, avec les différents stades
d’évolution à long terme, et les variations observées à très court terme en provenance
de Sgr A∗, appelées “flares”.

La première partie de cette thèse est constituée des chapitres 2 et 3 portant sur l’étude
globale de Sgr A∗.

Le chapitre 2 présente des modèles reproduisant le disque d’accrétion au-
tour du trou noir supermassif de quatre millions de masse solaire. Les simulations
utilisées prennent en compte la relativité générale dont les effets sont évidemment
importants près du trou noir, et calculent les conditions et l’évolution du plasma
en utilisant la magnéto-hydrodynamique, quand celui-ci évolue autour du trou noir.
La nouveauté de nos modèles dynamiques GRMHD (Relativité Générale Magnéto-
HydroDynamique) est la prise en compte des phénomènes radiatifs. En effet pour
le cas de Sgr A∗qui est un trou noir peu actif, l’étude des processus d’émission a
toujours été menée indépendament de l’étude de la dynamique du système. Nous sa-
vons pourtant que les deux sont plus ou moins liés, les pertes radiatives influençant
l’état physique du milieu, qui peut influencer la dynamique du système, et en retour
le montant ou la nature de ces pertes radiatives elles-même. S’il est évident qu’il faut
inclure les processus d’émission pour une plus juste description de la réalité, les in-
corporer dans une simulation globale est difficile pour diverses raisons. Le code que
nous utilisons et présentons au chapitre 2 permet de le faire de façon simplifiée, c’est
à dire en supposant que les photons issus de ces processus radiatifs s’échappent du
milieu ambiant. Pour des raisons physiques, cette approximation est justifiée concer-
nant le plasma situé dans la partie centrale orbitant autour du trou noir supermassif.
Ainsi, le chapitre 2 présente différents modèles GRMHD reproduisant l’accrétion de
gaz sur Sgr A∗, et démontre l’importance des pertes radiatives en quantifiant la façon
dont elles sont liées à la dynamique du système. En comparant systématiquement des
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simulations où la dynamique seule est calculée en ignorant les processus d’émission
avec celles qui les prennent en compte, nous pouvons conclure que dans certaines
circonstances ils ne sont pas essentiels au comportement globale du système, mais
que dans d’autres circonstances ils exercent une influence non négligeable et qu’il est
dès lors important de les prendre en compte. Plus précisément, le régime dans lequel
les pertes radiatives influencent la dynamique est lié à la valeur du taux d’accrétion
sur le trou noir. Plus l’accrétion est importante, plus la dynamique est influencée par
les radiations. Pour Sgr A∗on trouve une influence non négligeable au dessus de 10−8

masse solaire par an. En généralisant ce résultat, cela signifie que cet effet doit être
pris en compte dans la grande majorité des études portant sur les trous noirs puisque
Sgr A∗est, de tous les trous noirs que l’on connait, celui qui a le plus faible taux
d’accrétion.

Le chapitre 3 décrit comment sont reconstruits les spectres d’émission à partir
des modèles GRMHD avec pertes radiatives. Ces spectres sont essentiels pour com-
parer nos résultats aux observations et pouvoir ainsi interpréter les données obtenues
par les divers télescopes et satellites. Dans ce chapitre, l’importance des pertes ra-
diatives est confirmée par la prédiction des différents spectres obtenus. Une étude
des paramètres du système est menée qui permet, par comparaison avec les données
réelles, de conclure que Sgr A∗est certainement un trou noir accrétant le matériel en-
vironnant à un taux très faible ( 10−9 masse solaire par an) et en rapide rotation sur
lui-même.

La deuxième partie de cette thèse est constituée des chapitres 4 et 5, et porte sur
l’étude de phénomènes très localisés en provenance du trou noir central Sgr A∗. Les
flares observés sont une variation soudaine de la luminosité de Sgr A∗, notamment
dans l’infrarouge et les rayons X. En moyenne une fois par jour, on observe une ra-
pide et importante (fois dix ou plus) augmentation de l’émission qui dure un bref
instant (quelque milliers de secondes). Pour la taille de Sgr A∗, cette variation est
extrênement rapide, ce qui signifie qu’elle doit provenir d’une région très réduite et
proche de l’horizon du trou noir.

Le chapitre 4 présente un modèle qui permet de reproduire les observations en
provenance de régions très localisées proches du trou noir, c’est à dire les flares en
infrarouge et en rayons X ainsi que le submillimétrique. Cette étude calcule de façon
cohérente la distribution des particules, notamment des électrons, qui sont à l’origine
des différents processus d’émission. Cette nouveauté permet de faire moins de suppo-
sitions arbitraires concernant la distribution énergétique des électrons puisque celle-ci
est calculée en prenant en compte l’injection de plasma dans la zone concernée, les
pertes radiatives comprenant émissions et absorptions, ainsi que la probabilité pour
les particules de s’échapper. Nous montrons que dans certains cas, les suppositions
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classiques utilisées pour la distribution des électrons peuvent être très différente de la
distribution réellement calculée. Nous proposons un scénario reproduisant les obser-
vations dans les différentes longueurs d’ondes hors état de flare et en période de flare.
Cette étude est limitée par le fait que les données observationnelles utilisées ne sont
souvent pas simultanées. Même si un flare en rayons X est certainement accompagné
d’un flare en infrarouge au même moment, la variation et le lien entre les longueurs
d’onde semblent être complexe. Nous concluons que l’émission à l’origine des flares
est probablement due à l’accélération d’électrons produisant du rayonnement syn-
chrotron. Le spectre d’émission synchrotron présente une rupture à une fréquence si-
tuée entre l’infrarouge et le X, ce qui permet une meilleure reproduction des données.
Cette rupture s’explique par le fait qu’ à hautes énergies les effets de refroidissement
(radiations) des électrons sont plus importants qu’ à plus basses énergies où les effets
d’évasion des particules dominent.

Le chapitre 5 utilise le modèle de flare du chapitre 4 pour étudier de façon sta-
tistique les nombreux flares observés. Le nombre d’observations étant devenu suffi-
samment important pour déduire le comportement global des flares dans l’infrarouge
et le comportement général aussi dans les rayons X, cette approche peut pallier le
manque d’observations simultanées et permettre de mieux décrire ce qui provoque
ces flares. Pour faire cette étude étendue sur plusieurs milliers de flares il fallait
d’abord s’assurer d’avoir un modèle qui fonctionne pour un évènement particulier,
ce que nous avons fait au chapitre 3. Puisque le modèle utilisé calcule la distribution
des électrons de façon cohérente, il nous permet de faire nos suppositions sur la na-
ture de l’accélération des particules qui est certainement à l’origine des flares plutôt
que sur la distribution énergétique des électrons. Ainsi nous simulons plusieurs flares
dans des conditions réalistes pour en déduire la fréquence d’émission en fonction du
flux. Ces distributions de densité de flux prédisent le comportement de l’émission
infrarouge à 1.2 micromètre, et de l’émission X entre 2 et 8 keV. Elles permettent
de relier l’émission dans ces deux bandes de fréquence et d’interpréter par compa-
raison les distributions obtenues par des années d’observations avec le VLT (very
large telescope) et le satellite Chandra. Ce chapitre étant encore en cours d’étude à
la rédaction de cette thèse, la méthode est présentée avec des exemples de génération
de distributions de flares en fonction du flux, mais les résultats définitifs ne sont pas
encore établis. Une fois le travail terminé nous pourrons certainement décrire l’accé-
lération des particules responsable des flares, nous devrions également être en mesure
d’expliquer la relation entre l’émission infrarouge et les rayons X, et enfin d’ apporter
des arguments plus solides quant à la nature du processus d’émission.
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