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“- What is it you would have me see?
- The way the world is made. The truth is all around you, plain to
behold. The night is dark and full of terrors, the day bright and
beautiful and full of hope. One is black, the other is white. There
is ice and there is fire. Hate and love. Bitter and sweet. Male and
female. Pain and pleasure. Winter and summer. Evil and good.
[. . . ] Death and life. Everywhere, opposites. Everywhere, the war.”

G.R.R. Martin

“Somewhere there is something incredible waiting to be known.”
Carl Sagan
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CHAPTER 1

Introduction

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

Victor Hugo

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

Because of their high energy, cosmic rays were the main tool physicists used to
discover new particles until the 1950s and the advent of particle accelerator facilities.
However, despite sixty years of intense developments, ground-based accelerators are
still orders of magnitude lower in energy than what the Universe is capable of. Fig-
ure 1.1 shows the cosmic ray spectrum which extends over more than 10 orders of
magnitude in energy, up to 1020 eV. The origin of these particles is still a puzzle.
Understanding the mechanisms producing such powerful particles will be a major
breakthrough in our understanding of the high-energy universe.
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Figure 1.1: The all-particle cosmic ray spectrum as a function of E (energy-per-nucleus) from ground-
based array, air shower and satellite measurements. Credits: W. Hanlon
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1.1 Accreting black holes: particle accelerators

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

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

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

1.1.1 The accelerator engine

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

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

3



1 Introduction

Figure 1.2: Artist impression showing the main components of an accreting black hole.
Credits: Astronomy Magazine/Roen Kelly

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

Ichimaru (1977) examined the explicit formulation of the viscous stresses in the
Shakura & Sunyaev model and found that the equations yield two distinct solutions:
an optically thin disc and an optically thick disc. The optically thin disc solution was
later rediscovered by Narayan & Yi (1994, 1995) and termed advection dominated
accretion flow (ADAF). Many variants of the original ADAF solutions have been
since developed, generally referred to as radiatively inefficient accretion flows (RI-
AFs; Blandford & Begelman, 1999; Quataert & Gruzinov, 2000b; Yuan et al., 2003):
the advection-dominated inflow-outflow solutions (ADIOS; Blandford & Begelman,
1999) and the convection-dominated accretion flow (CDAF; Quataert & Gruzinov,

4



1.1 Accreting black holes: particle accelerators

2000b; Narayan et al., 2000) are examples. The Shakura & Sunyaev disc model is
only valid at sub-Eddington mass accretion rates. Other groups (Paczyńsky & Wi-
ita, 1980; Abramowicz et al., 1988) investigated disc solutions at super-Eddington
and Eddington rates, which resulted in the expression of the thick disc and slim disc
models, respectively.

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

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

One way accreting black holes can dissipate their energy is in kinetic form, by
converting the infalling material into relativistic collimated outflows. These outflows
are usually bipolar jets, launched from the compact object in opposite directions.

5



1 Introduction

Despite years of observations and theoretical work, the source of energy of these jets
remains unknown.

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

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

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

1.1.2 The accelerator emission

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

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

6
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Figure 1.4: Opacity of the Earth atmosphere as a function of wavelength. Credits: NASA/IPAC

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

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

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

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

7



1 Introduction

~B

γ

(a) Synchrotron emission

electron

low-energy γ

upscattered γ

(b) Inverse-Compton emission

p

p p

π0

γ

γ

p

(c) proton-proton interaction

γ

p
n

π+

µ+

νµ

ν̄µ

νee+

(d) proton-photon interaction

Figure 1.5: Emission processes

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

Psyn =
4
3
σT c UB β

2 γ2 (1.1)

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

8π the magnetic energy, β = v
c and

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

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

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

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

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

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

1.2 Summary of this thesis

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

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

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

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

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

Unravelling the origins of the high energy emission from jets will shed some
lights on the processes producing the most energetic particles in the Universe. With
future facilities, like CTA, expanding the observation domain to the TeV regions, we
will probe the acceleration and the cooling mechanisms of jets.
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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) numer-
ical 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. But above this limit, we show
that radiative losses should be taken into account as significant differences appear 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 param-
eter study of axisymmetric gas accretion around the supermassive 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 studied 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 magnetic field.
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2.1 Introduction

Super-massive black holes (SMBHs) of millions to billions of solar masses are be-
lieved to exist in the centre of most galaxies. The Galactic centre black hole candi-
date, 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, observations
have constrained important parameters of Sgr A∗, such as its mass and distance, esti-
mated 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 argu-
ments (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. 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 radio
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 in-
frared (IR; e.g., Schoedel 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 Hori-
zon Telescope” (Doeleman et al., 2008, 2009; Fish et al., 2011) thanks to the capabili-
ties of very long base interferometry 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 Hori-
zon Telescope, however, we need to have reliable models for the plasma conditions
and geometry in the accretion (in/out)flow. For example, Straub et al. (2012) gives an
analytical prediction of the black hole silhouette in Sagittarius A* with ion tori. Gen-
eral 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., 2010; 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 erg/s in the 0.5
to 10 keV band, where LEdd is the Eddington luminosity; Baganoff et al. 2003), is

18



2.2 Numerical Method

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 ap-
proximation, 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 paper 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 paper is organized as follows: In Section 2.2 we describe the new version 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 param-
eter 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 configu-
ration 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 Section 2.6 we
end with our conclusions and outlook. The spectra generated from these simulations
are analysed in detail in a companion paper (Drappeau et al., submitted, hereafter
referred to in the text as Chapter 3).

2.2 Numerical Method

2.2.1 GRMHD Equations

Within Cosmos++ we solve the following set of conservative, general relativistic
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 equa-
tions

∂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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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 con-
straint ∂ 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 Newto-
nian 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 et al. (1996),
which includes treatments of bremsstrahlung, synchrotron, and the inverse-Compton
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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 inverse 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 constant ion-to-electron tem-
perature ratio, Ti/Te, (fixed for each simulation) and calculating 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 function 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 paper.
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
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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 “representa-
tive” 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 paper we only include spectra computed over the inner 15 Rg of the sim-
ulation 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 par-
tially 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 '

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
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2 General relativistic MHD simulations of accretion around Sgr A∗

(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 magne-
torotational 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 simulations
do not reach a saturated (magnetically arrested or magnetically choked) state (Igu-
menshchev et al., 2003; Igumenshchev, 2008; Tchekhovskoy et al., 2011; McKinney
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.

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
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Figure 2.1: Initial magnetic field configuration for the single and four poloidal loop cases.

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 com-
ponents of vector quantities are evolved in a single azimuthal slice, although sym-
metry 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-
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
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2 General relativistic MHD simulations of accretion around Sgr A∗

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 reflecting
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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B4S9T3M7C as a function of time.

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 dy-
namo 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 dramatically (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.

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 = 2 π (gtφ` −

gφφ)/(gtt`− gtφ) = 1.67× 104 s. For these three simulations, the target accretion rates
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2.4 Results: The importance of including cooling losses

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 paper, 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 paper is to assess the importance of in-
cluding 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 impor-
tance 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 ac-
cretion 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 tar-
get 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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2.4.1 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 dynamically 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 simu-
lations: 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 paper. The
close agreement between the non-cooling simulations and simulation B4S9T3M9C
(target Ṁ ≈ 10−9M� yr−1) suggests that at this level of accretion, radiative 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 sug-
gests that only for the very lowest luminosity AGN (Sgr A∗ being the only known
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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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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.

candidate example at this time) is it reasonable to neglect radiative cooling losses in
numerical simulations. Figure 2.9 demonstrates the dramatic difference in tempera-
ture, 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 cool-
ing is turned on, the lost radiation pressure results in a thinner disk, and this in turn
compresses the gas and magnetic fields, so we end up with a thinner but denser disk
in the inner part of the disk, while the temperature is much cooler due to the radiative
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; Mościbrodzka
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Figure 2.10: Broadband spectra for simulations B4S9T3M9C, B4S9T3M8C, B4S9T3M7C and B4S9
(rescaled to three different accretion rates) with an inclination angle of 85 degrees. The median is taken
over the interval tmin − tmax, errors as described for Fig. 2.3.

et al., 2009; Dexter et al., 2010; Hilburn et al., 2010; Shcherbakov et al., 2010). 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 paper 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-
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Figure 2.11: Broadband spectra for simulations B4S9T3M9C and B4S9 (rescaled to fit the point
230 GHz, 3 Jy) with an inclination angle of 85 degrees. The median is taken over the interval tmin− tmax.
Observational data for Sgr A∗ are represented in red. (Falcke et al., 2000).

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 simulation
B4S9T3M9C is the most compatible with the observational data of Sgr A∗ (see Fig-
ure 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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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 conclusions
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 & Blandford,
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 instantaneous 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∗

Table 2.2: Jet energies and efficiencies

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

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 contained
entirely within the disc, initially in the form of poloidal loops. We tested two differ-
ent configurations: a single set of poloidal loops centred on the pressure maximum
of the torus and following contours of pressure/density (an example is simulation
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 Table 2.1
for simulations B4S9T3M9C and B1S9T3M9C. The 1-loop simulation has a sub-
stantially higher average Ṁ, as well as much larger statistical fluctuations. This dif-
ference is likely a consequence of the axisymmetric nature of these simulations. In
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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 disk.

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 con-
figurations, 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 mod-
els of the accretion flow. The lack of a priori knowledge of the field configuration
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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.

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 accretion rate,
which is somewhat constrained, as well as the geometry of the accretion flow. Nev-
ertheless, spectral fitting of Sgr A∗ has already placed some meaningful constraints
on the value of a∗ (Broderick et al., 2011; Shcherbakov et al., 2010), although there
can be additional complicating factors, such as disk tilt (Dexter & Fragile, 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; Fish et al.,
2011; Broderick et al., 2011).
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Figure 2.14: The six data points represent the averaged jet energies for B4S9rT3M9C, B4S0T3M9C,
B4S5T3M9C, B4S7T3M9C, B4S9T3M9C, and B4S98T3M9C.

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 Disk Thickness

In all our simulations we started with the same disk thickness (∆r/r = constant ' 1)
in order to start with a thick disk, appropriate for the Galactic centre. Then the shape
of the disk is modified during the simulation and is especially sensitive to the cooling
as shown in Figure 2.6. We also investigated thinner disk simulation, the thinner disk
emit a little bit less that the thick disk 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 Mościbrodzka
et al. (2011)]. We show that radiative losses can affect the dynamics of the sys-
tem 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 dynam-
ical 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 ∼ 10−6MEdd
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 simu-
lations 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
sustains it requires access to non-axisymmetric modes that are obviously inaccessi-
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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

Submitted to Monthly Notices of the Royal Astronomical Society

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 pa-
rameters. 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 ini-
tial the 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); in fact we can strongly exclude
a < 0 for all accretion rates in the range suggested by polarization measurements
(∼ 10−9 − 10−7M� yr−1). The submillimeter peak flux seems largely independent of
initial conditions, while the higher energies can be very sensitive to the initial mag-
netic field configuration. Finally, we also discuss flaring features observed in some
simulations, that may be due to artifacts 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 supermas-
sive 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; Ghez et al.,
2008; Gillessen et al., 2009a,b; Bower et al., 2005; Marrone et al., 2007).

The above constraints make Sgr A∗ the perfect candidate to test theoretical mod-
els of the accretion processes at low accretion rates. In particular, high precision 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 telescopes, 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 (ADIOS; Blandford &
Begelman, 1999), convection-dominated accretion flow (CDAF; Quataert & Gruzi-
nov, 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 ad-
dress the role played by the magnetic field in the dynamics of accretion disc via the
magnetorotational instability (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

48



3.2 Observational constraints

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 a companion paper (Dibi et al., 2012, hereafter 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 ra-
diative 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 ne-
glected. However, the effects of cooling at higher accretion rates (relevant for most
nearby LLAGN) are not negligible.

In this paper, we describe the implementation and results from the cooling rou-
tines used in the simulations of Sgr A∗ presented in Chapter 2, and present the first
self-consistently calculated spectra 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 wave-
lengths. This change implies that the radio emission and the submm bump originate
from distinct but contiguous regions in the system. Very long baseline interferom-
etry 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 polar-
ization and the constraints on the Faraday rotation currently limit the mass accretion
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.
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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 (Mościbrodzka
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 central 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
originally 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 (equa-
tion (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 follow-
ing 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 contribu-
tion 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. There-
fore, rather than using them to account for the synchrotron contribution to the spec-
trum, we decided to start from first principles to express a more general expression of
the synchrotron emissivity. Following Rybicki & 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 ra-

diation fields, Is(ν) and Ic(ν), leads to the synchrotron cooling rate, with the Compton
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 trans-
fer 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 beam-
ing 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, 2006) in the form given in Fuerst & Wu (2004) using the code grtrans (Dexter,
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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 tempera-
ture 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 cal-
culation 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 re-
connection, MHD simulations of accretion discs can show significant variability. In
addition, our axisymmetric simulations show violent flaring events triggered by re-
connection. 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 (Chapter 2). To reproduce the quiescent
state of Sgr A∗, we take the median value of the 50 individual spectra in this interval.
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Table 3.1: Free parameters explored in the simulations

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◦

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 pa-
rameters: 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 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 there-
fore impose boundaries of 2 × 10−9M� yr−1 and 2 × 10−7M� yr−1 to our correspond-
ing 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 de-
cided 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 be-
tween 1 (efficient coupling between electrons and ions) and 10 (relatively inefficient
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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).
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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).
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coupling), which is the same range explored in earlier works.
Throughout this paper, we follow the same naming convention defined in Chap-

ter 2 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 configuration.
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 equilibrium
are strongly dependent on the arbitrary, initial conditions. However, 2D simulations
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 selection 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 re-
gions 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 (Chapter 2). 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 simu-
lations 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.

Next, we have naturally focused our attention on how varying the mass accre-
tion 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 3.7, 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
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 3.8 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 config-
uration model in the initial accretion disc affects the resulting emission, in the case
of Sgr A∗. Figure 3.9 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.
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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-
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 3.10 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
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Figure 3.11: 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.

not necessary to consider radiative processes when simulating accretion onto Sgr A∗

because of its exceptionally low accretion rate.
Our favored target mass accretion rate is consistent with the lower limit imposed

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 3.11 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 description 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 favored 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 electrons.
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 temper-
ature ratio of 3 which suggests that the processes coupling the ions to the electrons
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 in-
clination 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
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Figure 3.12: 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.

in the plane of the Galaxy.
A further interesting point is that the X-ray emission is very sensitive to the 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 con-
strain 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 3.12 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 3.13, our preferred simulation (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 3.14, 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 3.15 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 sim-
ulated 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 radi-
ation are not. Somewhat surprisingly, and encouragingly, this study produces results
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Figure 3.15: 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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which corroborate the findings of a great deal of the previous work in this field, sug-
gesting 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 ac-
cretion 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 increas-
ing importance of a self-consistent treatment for radiative cooling losses in GRMHD
simulations, with increasing mass accretion rates. This result supports Chapter 2’s
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 radiative 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 polarised 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 pre-
sented here are axisymmetric (2.5D). Axisymmetric simulations cannot sustain tur-
bulence 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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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 parameters
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 reality, and
Dexter & Fragile (2012) show that spectral fits can change dramatically even for tilts
as small as 15◦.

3.6 Summary

This paper presents 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 suggestes 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) reported
in Chapter 2, where self-consistent treatment of cooling losses in GRMHD simula-
tions becomes important. Above this limit, spectra generated from GRMHD sim-
ulations where radiative losses are not taken into account can be potentially 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 simulation.
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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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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CHAPTER 4

A new multiwavelength lepto-hadronic model of astrophysical
jet emission

S. Drappeau, S. Markoff, S. Corbel, J. Rodriguez, M.A. Nowak, J. Wilms, F. Rahoui
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Abstract - We present a new spectral model which calculates continuum emission
from thermal and non-thermal lepto-hadronic processes occurring in jets of accret-
ing black holes. This model is based on successful work fitting the lower energy,
broadband spectra of X-ray binaries (XRBs) in the compact jet-dominated state. Pro-
tons and electrons are accelerated throughout the jets and cool via radiation and
inelastic collisions, we then calculate spectral energy distributions including both
hadronic and leptonic induced processes. We revisit the high-mass X-ray binary
source Cygnus X-1 by analysing quasi-simultaneous observations of radio to the soft
γ-rays. We also discuss the possibility to use the spectral model analyse multiwave-
length observations of low-luminosity and Fanaroff-Riley Type 1 active galactic nu-
clei.
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4.1 Introduction

The origin of ultra high energy cosmic rays (UHECR) is a continuing challenge for
astrophysical theories. Hillas (1984) presented, in the so-called Hillas diagram, ac-
tive galactic nuclei (AGN) as one of the potential particle acceleration sites. Before
him, Lovelace (1976) showed that a magnetized accretion disc surrounding a black
hole can act as an electric dynamo generating, in opposite directions, two collimated
beams of ultra-relativistic protons. Most recently, Waxman & Loeb (2009) investi-
gated the possibility of UHECRs produced by a new class of short duration AGN
flares, yet to be detected, resulting from the tidal disruption of stars or accretion disk
instabilities. All these studies suggest that jets from accreting supermassive black
holes may hold the key to understanding the origin of the most energetic particles in
the Universe. But AGN are not the only possible sites of particle acceleration with an
accreting black hole as the engine. Gamma-ray bursts (GRBs) are another one. How-
ever, recent advances suggest that jet physical properties scale with the central engine
(Jester, 2005; Körding et al., 2006; McHardy et al., 2006; Markoff et al., 2008). Thus,
studying AGN jets and their particle acceleration mechanisms is important not only
to understand AGN as sources of UHECR, but GRBs as well.

In recent years, there has been an increasing interest in the AGN scaled-down
cousins, X-ray binary (XRB) jets. While jets from accreting stellar mass black holes
may not produce particles as energetic as in AGN jets, they are nonetheless interest-
ing objects to explore. Recent observations indicate that X-ray binary jets may be
promising sources of galactic cosmic rays (Heinz & Sunyaev, 2002). Moreover their
jets experience complete cycles of launching and quenching phases on time-scales of
months, which make them perfect test sources to investigate the physics of the life
and death of jets (Esin et al., 1997; Meier, 2001; Fender et al., 2004; McClintock &
Remillard, 2006).

This increasing interest in XRB jets has been motivated by detections of several
sources associated with collimated outflows in the X-ray and gamma-ray bands. High
energy emission is at the heart of our understanding of the physics happening in these
accelerator engines. Polarized emission in these bands is a signature of energetic
charged particles gyrating in an ordered magnetic field, like the ones jets are made
of, and radiating energy away via synchrotron emission. At least two XRBs have
been detected at high energies, Cygnus X-1 (Albert et al., 2007; Del Monte et al.,
2010) and Cygnus X-3 (Fermi LAT Collaboration et al., 2009; Tavani et al., 2009).
Furthermore, reports of linear polarized emission in the hard X-ray/soft gamma-ray
bands from Cygnus X-1 with INTEGRAL (Laurent et al., 2011; Jourdain et al., 2012)
have confirmed jets as promising regions of important acceleration processes.

The content of jets remains an open question. Successful analyses of multiwave-
length observations, from radio to X-rays, of different sources with only leptonic
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radiative processes have made the leptonic jet model the most favoured jet emis-
sion model. Moreover, the jets produced in MHD simulations of accretion flows are
Poynting-flux dominated jets. These jets start as fluxes of electromagnetic field and
are afterwards loaded with electron-positron pairs generated by the field. However,
analyses of the cosmic ray spectrum show the proton as its dominant component,
which means that hadrons get accelerated in jets the same way the electrons are.
Hadrons may find their way into jets if these are fed with material from the accretion
disc. This result encourages us to revise the traditional leptonic model of emission
and to consider the contribution of hadronic processes to the overall radiation.

A large volume of published studies examine the contribution of hadronic pro-
cesses in AGN jet emission (e.g. Dermer, 1986; Begelman et al., 1990; Mannheim,
1993; Rachen & Biermann, 1993; Mahadevan et al., 1997; Mucke et al., 1999; Bosch-
Ramon, 2007). Over the past few years, several groups (e.g. Romero et al., 2003;
Bosch-Ramon et al., 2005; Orellana et al., 2007; Romero & Vila, 2008) have adapted
these hadronic models of AGN jets to XRB jets, investigated the emission produced
via hadronic processes and compared the resulting radiation to observational data.
Their models calculate emission from the initial electron and proton distributions as
well as from the secondary particles such as pions, muons and electron/positron pairs.
Radiation in these models is produced via bremsstrahlung, synchrotron, inverse-
Compton cooling, decay processes and inelastic collisions. These studies all share the
common approach of modelling only the non-thermal emission from the jet which,
in their models, corresponds to radiation from a region of the jet above the corona.

Up until a decade ago, and the discovery that radio and X-ray emission were
intrinsically linked to each other in XRBs, accretion flows and collimated outflows
were thought to radiate in different energy bands and therefore to be two distinct phe-
nomena, somehow connected by a coronal zone. Years of simultaneous observations
in the radio and X-ray bands have confirmed the existence of a non-linear correlation
between radio luminosity and X-ray luminosity (Merloni et al., 2003; Falcke et al.,
2004; Plotkin et al., 2012). This empirical correlation not only holds for accreting
stellar mass black holes but also for accreting supermassive black holes, when in-
troducing a mass scale correction factor. The correlation, called the fundamental
plane of black hole accretion, indicates that the processes happening very close to
the central black hole and the processes occurring far out in the jets are intimately
connected. Moreover, works based on GRMHD simulations support this idea that
accretion discs, bases of jets and jets themselves are all connected, forming one in-
flow/outflow system (McKinney, 2006; McKinney & Narayan, 2007; Beckwith et al.,
2008; Dibi et al., 2012). To understand the power in jets and their content, and to
model multiwavelength observations of accreting black holes, it is therefore essential
to study the system as a whole, thermal and non-thermal sources of emission from
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the accretion disc and the jets altogether.
The aim of this paper is to present a new spectral model which calculates con-

tinuum emission from lepto-hadronic processes occurring in jets. Our work is based
on a leptonic jet model which has been successful in fitting the lower energy, broad-
band spectra of XRBs in the compact jet-dominated state as well as spectra of low-
luminosity (LL) and Fanaroff-Riley Type 1 (FR I) AGN (Markoff et al., 2005, 2008;
Maitra et al., 2009, 2011). In our model, protons, which were only kinetic carriers in
the leptonic model, are now accelerated along with the electrons throughout the jet
and cool via synchrotron radiation and inelastic collisions. These inelastic collisions
consist of proton-proton (p-p) and proton-photon (p-γ) interactions producing, via
pion decay, γ-rays, secondary electrons and positrons, and neutrinos. These second
generation leptons then undergo synchrotron and inverse-Compton cooling, as for the
initial distribution of electrons and positrons.

Our work consists of revisiting the high-mass X-ray binary (HMXB) source
Cygnus X-1. This object has previously been analysed with the leptonic jet model
(Markoff et al., 2005) and the goal now is to analyse it in the context of a lepto-
hadronic model. Cygnus X-1 features polarized high energy emission which makes
it an exciting source to investigate. We analyse quasi-simultaneous observations of
Cygnus X-1 from the radio to the soft γ-rays by fitting the data with this new model.
This work is still in progress and therefore the results discuss in this paper are pre-
liminary.

Section 4.2 presents Cygnus X-1 and its physical properties known from previous
studies. In Section 4.3, we describe the spectral model, with an emphasis on the
hadronic interactions component and its resulting emission. Section 4.4 presents the
analysis of the multiwavelength spectra of the source and the results obtained. Finally
in Section 4.5, we summarise and discuss our results. We end this paper by exploring
how this new spectral model could be used to open the door to multi-messenger
(photons and neutrinos) analysis of galactic sources.

4.2 Cygnus X-1

Cygnus X-1 is one of the brightest X-ray sources in the sky (Bowyer et al., 1965) and
the best established candidate for a stellar mass black hole. It consists of a 14.8 ±
1.0 M� black hole, orbiting around a O9.7 Iab companion star of mass 19.2± 1.9 M�
(Orosz et al., 2011) in a circular orbit of 5.599829±0.000016 days (Brocksopp et al.,
1999). The source is located at 1.86+0.12

−0.11 kpc from Earth (Reid et al., 2011) and its
orbital plane has an inclination angle of 27.1 ± 0.8 deg to our line of sight (Orosz
et al., 2011).

Cygnus X-1 spents most of its time in two distinct spectral states (e.g. Tananbaum
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et al., 1972): a faint, hard state and a bright, thermal state. The hard state is char-
acterized by a hard power-law X-ray component and is associated with the presence
of a quasi-steady radio jet. In the thermal state, the emission is dominated by ther-
mal radiation from the accretion disc. A long-term spectral evolution between 1999
and 2004 showed that Cygnus X-1 spends most of its time in the hard state (Wilms
et al., 2006). Moreover, its companion is a massive star which has a strong radia-
tively driven wind. Gies et al. (2008) even suggest the mass transfer in Cygnus X-1
is dominated by the wind flow focused towards the accreting black hole. All these
properties make Cygnus X-1 a perfect source to test lepto-hadronic jet models.

The data we use in the present work are part of a multi-wavelength study of
Cygnus X-1 published in Rahoui et al. (2011), in which they were labelled as Obs. 1;
we therefore refer to the aforementioned reference for a detailed description of the
reduction process. The data consist of a set of quasi-simultaneous observations per-
formed on 2005 May 23 with (1) the Spitzer/InfraRed Spectrograph (IRS; Houck
et al., 2004) in the mid-infrared (5.2–38 microns), (2) the RXTE/Proportional Counter
Array (PCA; Jahoda et al., 2006) and High Energy X-ray Timing Experiment (HEXTE;
Rothschild & Blanco, 1998) instruments (3–150 keV) and, (3) the Ryle radio tele-
scope at 15 GHz. During the observations, Cygnus X-1 was in the hard state and
exhibited a steady radio activity consistent with the presence of compact jets. The
mid-infrared spectrum of the source was found to be fairly variable and the author ar-
gued that it stemmed from a combination of thermal emission from the O9.7Iab super
giant companion HD 226868, thermal bremsstrahlung from the stellar winds, as well
as optically thick synchrotron emission from the compact jets. Table 4.1 summarises
this set of data. The set is completed with data obtained by the Imager on Board the
INTEGRAL Satellite (IBIS; Ubertini et al., 2003), in the so-called Compton specific
mode. This mode makes use of photons Compton scattered by the ISGRI layer of
IBIS on the second PiCSIT detector. These soft γ-ray data are obtained by combin-
ing all the IBIS observations of the source between 2003 and 2010 (Laurent et al.,
2011). While the observations are dominated by the hard state during this period,
and despite the fact that Cygnus X-1 is fairly stable during its states, the question of
variability in the data is asked. To answer it, the observations are being analysed to
produce individual spectra in each state.

4.3 Spectral model of jets

The lepto-hadronic spectral jet model used in this work is based on a leptonic jet
model developed by Markoff et al. (2005) (see also Falcke & Biermann, 1995; Fal-
cke, 1996; Falcke & Markoff, 2000). The continuous expansion of multiwavelength
observations to higher energies in the gamma-ray band challenges the traditional lep-
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Table 4.1: Observations of Cygnus X-1. From Rahoui et al. (2011).

IRSa RXTEb

53513.0399839−53513.0544390 53513.0433283−53513.2142542
Ryleb Ryle fluxes (mJy)c Φd

53513.0398560−53513.0546265 5−28 0.426
aDay of observation in MJD.
bDay of simultaneous coverage with RXTE and the Ryle telescope.
cat 15 GHz
dOrbital phase, calculated from the ephemeris given in Brocksopp et al. (1999).

tonic model of jets. Moreover, the large proton-to-electron ratio in the composition
of the cosmic ray spectrum strengthen the idea that hadrons get accelerated in jets.
Accelerated protons interacting with their surroundings naturally produce photons
with energies in the gamma-ray range. With the development of gamma-ray obser-
vatories, we have the opportunity to test the nature of accreting black hole jets by
comparing the resulting emission from leptonic versus lepto-hadronic models. And
so, we modify the original leptonic model to incorporate additional physics. These
modifications allow us to investigate the contribution of each population of particles
in the jet to the overall emission in general, and to the gamma-ray band in particu-
lar. The additional physics also allow us to estimate neutrino fluxes. The study of
neutrino emission from X-ray binary sources is the focus of a following paper.

The details of the physics and the description of the main parameters of the orig-
inal leptonic model are presented in the appendix of Markoff et al. (2005). Only a
brief summary is given here, with a focus on the modifications made to incorporate
the treatment of hadronic emission.

In our model, the jets are launched perpendicularly to the plane of the accretion
disc, as shown in Figure 4.1. In cylindrical coordinates, the z-axis is taken as the
symmetry axis of the jet and θ is the angle this axis makes with the line of sight. A
nozzle of constant radius r0 and height h0 acts as the base of the jet. Beyond, the
jet expands sideways adiabatically, until a maximum height zmax. The model does
not explicitly treat particle acceleration. Instead, it assumes a location zsh along the
jet beyond which a significant fraction of the leptons and hadrons are accelerated to
a power-law energy distribution. The radius r0 and the height h0 of the nozzle, and
the location zsh are some of the seven main parameters determining the properties of
the jet. The others are the input jet power Nj, the temperature Te of the relativistic
thermal electrons entering the base of the jet and the equipartition factor k, repre-
senting the ratio between magnetic and particle energy densities. The ion-to-electron
temperature ratio Ti/Te completes this list.
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zmax

h0

Figure 4.1: Sketch presenting the different elements and relevant geometrical parameters of the jet
model. Some material accretes onto the black hole, and forms an accretion disc. Jets are launched
perpendicularly to the plane of that accretion disc. The primary particles, electrons and protons, are
injected at the base of the jet with thermal distributions. zsh represents the location in the jet beyond
which a fraction of these primary particles are accelerated into a power-law distribution.

The lepto-hadronic spectral jet model has in total 27 parameters, summarized in
Table 4.2. These are classified in three categories: 7 physical parameters, 6 model pa-
rameters, and 14 free parameters. The physical parameters are fixed by observations,
while the model parameters are fixed by the assumptions used to model a source. Fi-
nally, 7 of the free parameters determine the properties of the jet, as explained above.
The 7 additional parameters describe the lepton and hadron power-law distributions
as well as the accretion flow and the shock propagation mechanism.
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Table 4.2: Description of jet model parameters.

Physical Parameters (fixed by observations) Symbol Units
Mass of the black hole mbh M�
Inclination angle θ degrees
Distance to the source d kpc
Radius of companion star r? R�
Temperature of the companion star T? K
Separation distance d? R�
Stellar mass loss rate ṁ? M� yr−1

Model Parameters (fixed by the model’s assumptions) Symbol Units
Maximum height of the jet zmax log10(cm)
Outer radius of accretion flow rout Rg
Temperature of accretion disc Tin K
Wind index βwind
Wind initial velocity v0 cm/s
Wind terminal velocity vterm cm/s
Free Parameters Symbol Units
Input jet power Nj LEdd
Energy equipartition ratio κ

Position of the shock zsh Rg
Radius of the base of the jet r0 Rg
Height of the base of the jet h0 r0
Temperature of primary electrons Te K
Proton-to-electron temperature ratio Ti/Te
Electron power low index α

Proton’s power-law index αp
Proton’s power-law energy cut-off pccutoff TeV
Fraction of electron accelerated pl f rac
Fraction of protons accelerated pl f racpro
Inner radius of accretion flow rin Rg
mean free path diffusive scattering f sc

4.3.1 Hadronic emission

Protons were already present in the original version of the leptonic model, however
they did not contribute to the radiation and were merely kinetic carriers. New obser-
vations like the detection of linear polarisation emission in the hard X-ray/soft γ-ray
of Cygnus X-1 with INTEGRAL (Laurent et al., 2011; Jourdain et al., 2012) suggest
that some processes in the jet accelerate the electrons to very high energy. These re-
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sults naturally raise the question of the effect of such powerful accelerating processes
on the primary distribution of protons.

As already noted, the model does not explicitly treat particle acceleration. It
assumes that beyond a location zsh in the jet, a fraction of the thermal Maxwell-
Boltzmann distribution of protons is accelerated to a power-law distribution. Follow-
ing the findings of Dermer (2012), we inject a power-law distribution in momentum
instead of energy. These accelerated protons can reach a maximum momentum given
by the balance of acceleration and cooling losses. By equating the acceleration rate
and the cooling rate, we express the maximum momentum pcmax a proton can get
accelerated to in the jet

t−1
acc(pcmax) = t−1

cool(pcmax) (4.1)

Begelman et al. (1990) provides expressions for proton acceleration time-scale as
well as cooling rate. Accelerated protons in jets mainly cool via inelastic collisions
with matter and radiation. Synchrotron and Compton cooling can also be consid-
ered, although, in the present version of the code, these interactions have not been
implemented yet for the protons. Protons have another constraint on the maximum
momentum they can attain which is given by the Hillas criterion (Hillas, 1984). The
criterion stipulates that only protons with gyroradius rgy not exceeding the size of the
acceleration region remain confined in the jet. Therefore, the maximum momentum
attained by the accelerated protons in the jet is the minimum between the momentum
given by the Hillas criterion and Equation 4.1.

Accelerated protons interacting via inelastic collisions with matter and radiation
fields, create secondary particles. Equations 4.2 and 4.3 present the different particles
created during these inelastic collisions.

p + p→ p + p + aπ0 + b(π+ + π−) (4.2)

→ p + n + π+ + aπ0 + b(π+ + π−)

p + γ → n + π+ + aπ0 + b(π+ + π−) (4.3)

→ p + aπ0 + b(π+ + π−)

where a and b represent the pion’s multiplicities.
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The pion’s dominant decay modes produce eventually γ-rays, secondary elec-
trons/positrons, and neutrinos.

π0 → γ + γ

π+ → µ+ + νµ

π− → µ− + ν̄µ (4.4)

µ+ → e+ + νe + ν̄µ

µ− → e− + ν̄e + νµ (4.5)

Several groups have worked on expressing the resulting spectrum of secondary
particles in proton inelastic collisions. Kelner et al. (2006) provide useful parametri-
sation of energy spectra of all secondary particles produced in proton-proton interac-
tions. Their results were obtained by fitting the spectra of secondary particles pro-
duced in proton-proton inelastic collisions simulated by the SIBYLL code. However,
their simple analytical approximation is only valid for energies above 100 GeV. Ka-
mae et al. (2006) (and its extension Karlsson & Kamae, 2008) present parametrised
formulae allowing the calculation of cross-sections as well as spectra of stable sec-
ondary particles of proton-proton interactions for proton energies from the pion pro-
duction threshold up to 105 GeV. Again, up-to-date Monte-Carlo simulations have
been used to derive these parametrisations. Figure 4.2 compares both parametrisa-
tions of the proton-proton cross-section. The work of Kamae et al. (2006) improves
the parametrisation of the cross-section near the pion production threshold by incor-
porating two baryon resonance excitations: the ∆(1232) resonance and the resonances
around 1600 MeV/c2, res(1600). Figure 4.3 shows the γ-ray spectrum, from proton-
proton interactions, obtained using the three different parametrisations available to
us.

Because it models the cross-section more accurately near the pion production
threshold, we chose to use the parametrisations of Kamae et al. (2006), and its exten-
sion Karlsson & Kamae (2008), to model the proton-proton interactions occurring in
our jets. Finally, to express the energy distribution of photons, electrons and neutri-
nos produced in interactions of relativistic protons with a radiation field, we use the
simple analytical parametrisations provided by Kelner & Aharonian (2008).

One major modification done to the leptonic version of the jet model consists
of determining the steady-state energy distributions of the secondary electrons and
positrons to calculate their synchrotron and inverse-Compton scattering radiation.
These steady-state energy distributions Ne±(E) are calculated solving the transport
equation (Ginzburg & Syrovatskii, 1964)

∂

∂E

(
dE
dt

∣∣∣∣∣
total

Ne±(E)
)

+
Ne±(E)

tesc
= Qe±(E) (4.6)
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(a) Proton-proton inelastic cross-section
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(b) Zoom of Fig. 4.2a on lower energies.

Figure 4.2: Comparing the proton-proton inelastic cross-section parametrisation of Kelner et al. (2006)
(red) to the one of Kamae et al. (2006) (black). The parametrisations diverge as proton energy goes
down to the pion production threshold. The different components of the parametrisation of Kamae et al.
(2006) are shown: nondiffractive (green), diffractive (blue), ∆(1232) resonance (yellow) and res(1600),
representing the resonances around 1600 MeV/c2 (brown).
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Figure 4.3: γ-ray spectra, from proton-proton interactions, obtained using three different parametrisa-
tions: Kelner et al. (2006), Kamae et al. (2006) and Karlsson & Kamae (2008). The semi-analytical
formula of Kelner et al. overlaps with the parametrisation of Karlsson & Kamae at low energies and
with that of Kamae et al. at high energies. These spectra are calculated using the following incident
proton power-law distribution: Jp(Ep) = A

E−αp
× exp−

( Ep
E0

)β
.

where dE
dt

∣∣∣
total represents the total cooling rate, tesc the escape time-scale from the

acceleration region and Qe±(E) the energy distributions of secondary electrons and
positrons from proton-proton and proton-photon interactions. The distributions are
assumed to be isotropic.

All the calculations of energy distributions and luminosities are done in the jet
frame, except in the case of proton-proton interactions. In this case, it is important
to derive the proton distribution in the jet as seen by the observer, when we calculate
secondary particle distributions. This is due to the fact that the parametrisations of
the interaction cross-section and decay functions are expressed in the observer frame.
Torres & Reimer (2011) give some useful relations to convert the proton distribution
from the jet frame to the observer frame. Following the convention where variables
in the jet and observer frame are respectively noted with primed and non-primed
symbols, the distribution transforms as

n(E,Ω) = n′(E′,Ω′) ×
(

p
p′

)
×

( E
E′

)
(4.7)
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with

E
E′

=
1

Γ

(
1 − β cos(θ)

√
1 − m2c4

E2

) (4.8)

p
p′

=
1[

sin2(θ) + Γ2(cos(θ) − βE/
√

E2 − m2c4)2
]1/2 (4.9)

These relations are not only used to transform the proton distribution from the jet
frame to the observer frame, they are also used to transform the source distributions
of the secondary electrons/positrons from the observer frame back to the jet frame,
where their radiation from cooling losses is calculated.

While the accelerated protons can interact with radiation fields naturally provided
by leptonic interactions, stellar or disc emission, accreting black holes need an ex-
ternal source of thermal protons to give rise to γ-ray emission from proton-proton
interactions. High-mass X-ray binaries are ideal candidates for this situation. The
stellar wind of their massive companion star can be strong enough to reach and inter-
act with the jets. The thermal protons of the wind interact with the relativistic protons
in the jets, producing γ-ray photons with energy above the GeV range. If the wind is
clumpy, the rate of proton-proton interactions may increase temporarily, resulting in
γ-ray flares (see e.g., Owocki et al., 2009; Araudo et al., 2009; Romero et al., 2010;
Perucho & Bosch-Ramon, 2012). However, our work focuses on the steady-state
emission of an accreting black hole in a weakly accreting state, we thus choose to
model the stellar wind of the companion star by a stationary spherically symmetric
wind (Lamers & Cassinelli, 1999)

n(z) =
ṁ?

4 πmp
(
z2 + d2

?

) v0 + (v∞ − v0)
(
1 − r?√

z2+d2
?

)β
(4.10)

where n(z) is the thermal proton number density hitting the jet at a position z, ṁ? the
companion star mass loss rate, d? the distance separating the companion star from the
central black hole, v0 the initial velocity of the wind, v∞ its terminal velocity, r? the
radius of the companion star and β the parameter describing how steep the velocity
law is.

To summarise, based on useful parametrisations by Karlsson & Kamae (2008)
and Kelner & Aharonian (2008), we have developed routines that calculate the spectra
of photon, electron/positron and neutrino secondary particles from proton-proton and
proton-γ interactions. Figure 4.4 presents the outputs of these routines, in the case of
proton-proton interactions. Then, we have implemented these routines in a modified
version of the original leptonic model (Markoff et al., 2005; Maitra et al., 2009),
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Figure 4.4: Spectra of secondary particles from proton-proton interactions. The same incident proton
power-law distribution as in Figure 4.3 has been used. The thermal proton target density is 1 cm−3. For
clarity, the spectra of electrons and positrons are not shown here.

where the protons are now accelerated alongside the electrons in the jets. We have
also added a simple stellar wind model to account for cases where the companion star
produces a powerful wind which interacts with the jets. Finally, the new jet model
produces steady-state spectral energy distributions which include both hadronic and
leptonic induced processes from secondary electrons and positrons as well as primary
particles.

It is worth noting that, under certain conditions, other processes may also con-
tribute to the total radiation. Although they may not be main components, future
improvement of the model has to investigate radiative emission from the protons as
well as from the intermediate secondary particles in proton-proton and proton-photon
interactions, the pions and muons. Furthermore, another improvement of the model
is the treatment of bremsstrahlung radiation, as it may be non-negligible in the case
of HMXBs as sources of radiation from the stellar wind (Wright & Barlow, 1975;
Panagia & Felli, 1975).
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Figure 4.5: A preliminary model for Cygnus X-1 multiwavelength observations with the lepto-hadronic
jet model. The different components of the model are shown: synchrotron emission from the primary
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(brown) black body emission from the accretion disc and the companion star (pink), inverse-Compton
scattering of disc and synchrotron radiation field by the primary electrons (orange), and the γ-ray emis-
sion from proton-proton interactions (blue). The red curve represents the total emission. The black
crosses are data points.

4.4 Results

The result obtained from the analysis of Cygnus X-1 multiwavelength observations
with our new jet spectral model is presented in Figure 4.5. Although preliminary,
this result is quite revealing in several ways. First, since hadronic interactions in jets
emit at energy above 1 GeV (∼ 2.4 × 1023 Hz), it is clear that data are necessary
in the GeV-TeV energy range in order to determine any constraints on the physical
processes happening in jets regarding the accelerated protons. Second, as suggested
by the linear polarisation measurement of INTEGRAL, synchrotron radiation from
the relativistic electron distribution in the jets can account for the radio emission as
well as extend up to the soft γ-rays. Finally, we consider the emission from the
companion star to fit the mid-infrared data. We model this emission with a simple
black-body spectrum, using a recent estimate of the temperature of the star, derived
by Caballero-Nieves et al. (2009).
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Table 4.3: Values of the parameters in a preliminary model for Cygnus X-1.

Physical Parameters Symbol Values
Mass of the black hole mbh 14.8 M�
Inclination angle θ 27.1◦

Distance to the source d 1.86 kpc
Radius of companion star r? 18 R�
Temperature of the companion star T? 28000 K
Separation distance d? 41 R�
Stellar mass loss rate ṁ? 3. × 10−6 M� yr−1

Model Parameters Symbol Values
Maximum height of the jet zmax 1. × 1017 cm
Outer radius of accretion flow rout 1000 Rg
Temperature of accretion disc Tin 1 × 106 K
Wind index βwind 0.8
Wind initial velocity v0 1. × 105 cm/s
Wind terminal velocity vterm 1.6 × 107 cm/s
Free Parameters Symbol Values
Input jet power Nj 0.002 LEdd
Energy equipartition ratio κ 7
Position of the shock zsh 35 Rg
Radius of the base of the jet r0 10 Rg
Height of the base of the jet h0 2 r0
Temperature of primary electrons Te 5. × 1010 K
Proton-to-electron temperature ratio Ti/Te 3
Electron power low index α 2.2
Proton’s power-law index αp 2
Proton’s power-law energy cut-off pccutoff 1. × 103 TeV
Fraction of electron accelerated pl f rac 0.3
Fraction of protons accelerated pl f racpro 0.7
Inner radius of accretion flow rin 10 Rg
mean free path diffusive scattering f sc 1. × 10−2

4.5 Discussion

This paper presents a new spectral model which calculates the continuum emission
from thermal and non-thermal lepto-hadronic processes occurring in jets from accret-
ing black holes. Our work consisted of modifying a successful leptonic jet model, to
account for proton acceleration along the jet and its resulting emission. One of the
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modifications done to the leptonic jet model was to calculate the steady-state energy
distribution of the protons along the jets. The distribution of primary protons was then
fed to hadronic routines we developed and implemented in the model. These routines
calculate the energy distributions of the photons, electrons, positrons, and neutrinos
from proton-proton and proton-photon interactions. Their kernels are based on two
useful parametrisations of the spectra of secondary particles from hadronic interac-
tions available in the literature. Finally, the steady-state energy distributions of the
secondary electrons and positrons are derived to calculate their contribution to the
overall spectrum. Our goal is to use this new spectral model to analyse broad-band
spectra from radio to γ-rays of X-ray binary as well as LLAGN and FR I sources.

We start our analysis with Cygnus X-1, as this object represents the most promis-
ing source of high energy particles from a galactic accreting black hole. It also is a
representative of the HMXB class of X-ray binaries, which makes it interesting as
test source for our model in the case where proton-proton interactions dominate the
proton cooling processes. Unfortunately, we are at the beginning of this analysis,
and no strong constraints on the physical processes happening in this source can be
placed yet. Nonetheless, two points can already be drawn from these preliminary
results. First, it is necessary to detect persistent emission in the γ-ray range for this
source to better constrain the physical processes affecting the accelerated protons in
the jets. Transient γ-ray emission from Cygnus X-1 has been detected by MAGIC and
AGILE (Albert et al., 2007; Sabatini et al., 2010) and upper-limits on the continuum
emission have been obtained. However, while these upper-limits have been claimed,
they have not been confirmed yet. Future facilities like CTA will expand the obser-
vational domain to TeV regions and will improve the coverage of Cygnus X-1 in the
high energy band. The second point is that while non-thermal synchrotron emission
from jets mainly radiates in the radio, the signature of their emission can extend up
to the soft γ-rays. This is a sign that jets can indeed be powerful particle accelerator
engines.

The lepto-hadronic model has been developed as a stand-alone program, used to
obtain the preliminary model shown in this paper. We are currently developing an in-
tegrable version of the model for the standard spectral analysis software ISIS (Houck
& Denicola, 2000), which will be used to perform further analyses on Cygnus X-1.

To conclude, unravelling the origins of the high energy emission from jets will
shed some light on the processes producing the most energetic particles in the Uni-
verse. Future facilities like CTA will help probe the acceleration and the cooling
mechanisms of jets. Moreover, understanding the physical processes in play in the
vicinity of an accreting black hole will help answer one of the puzzling questions
regarding jets that still remains unclear: what are jets made of? On this issue,
neutrinos may hold the key to the answer. Being only produced in hadronic inter-
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actions, neutrinos are the smoking gun to confirm the hadronic contribution to the
high-energy emission of jets. The detections of neutrinos from astrophysical sources
such as accreting black holes will help discriminate between theories of Poynting
dominated jets made exclusively of electron/positron pairs, and heavy jets, made of
electron/proton plasma. Finally, the new methods developed by Polko et al. (2013) to
model the acceleration of relativistic jets will improve the present spectral model by
reducing the number of free parameters.

Acknowledgements

S.D. and S.M. acknowledge support from a Netherlands Organisation for Scientific
Research (NWO) Vidi Fellowship. We thank SARA Computing and Networking
Services (www.sara.nl) for their support in allowing us access to the Computational
Cluster.

Bibliography

Albert J., Aliu E., Anderhub H., Antoranz P., 2007, ApJL, 665, L51
Araudo A. T., Bosch-Ramon V., Romero G. E., 2009, A&A, 503, 673
Beckwith K., Hawley J. F., Krolik J. H., 2008, ApJ, 678, 1180
Begelman M. C., Rudak B., Sikora M., 1990, ApJ, 362, 38
Bosch-Ramon V., 2007, Ap&SS, 309, 321
Bosch-Ramon V., Aharonian F. A., Paredes J. M., 2005, A&A, 432, 609
Bowyer S., Byram E. T., Chubb T. A., Friedman H., 1965, Science, 147, 394
Brocksopp C., Tarasov A. E., Lyuty V. M., Roche P., 1999, A&A, 343, 861
Caballero-Nieves S. M., Gies D. R., Bolton C. T., Hadrava P., Herrero A., Hillwig

T. C., Howell S. B., Huang W., Kaper L., Koubský P., McSwain M. V., 2009, ApJ,
701, 1895

Del Monte E., Feroci M., Evangelista 2010, A&A, 520, A67
Dermer C. D., 1986, A&A, 157, 223
Dermer C. D., 2012, Physical Review Letters, 109, 091101
Dibi S., Drappeau S., Fragile P. C., Markoff S., Dexter J., 2012, MNRAS, 426, 1928
Esin A. A., McClintock J. E., Narayan R., 1997, ApJ, 489, 865
Falcke H., 1996, ApJL, 464, L67
Falcke H., Biermann P. L., 1995, A&A, 293, 665
Falcke H., Körding E., Markoff S., 2004, A&A, 414, 895
Falcke H., Markoff S., 2000, A&A, 362, 113
Fender R. P., Belloni T. M., Gallo E., 2004, MNRAS, 355, 1105
Fermi LAT Collaboration Abdo A. A., Ackermann M., 2009, Science, 326, 1512

98



BIBLIOGRAPHY

Gies D. R., Bolton C. T., Blake R. M., 2008, ApJ, 678, 1237
Ginzburg V. L., Syrovatskii S. I., 1964, The Origin of Cosmic Rays
Heinz S., Sunyaev R., 2002, A&A, 390, 751
Hillas A. M., 1984, ARAA, 22, 425
Houck J. C., Denicola L. A., 2000, in Manset N., Veillet C., Crabtree D., eds, Astro-

nomical Data Analysis Software and Systems IX Vol. 216 of Astronomical Society
of the Pacific Conference Series, ISIS: An Interactive Spectral Interpretation Sys-
tem for High Resolution X-Ray Spectroscopy. p. 591

Houck J. R., Roellig T. L., van Cleve J., 2004, ApJS, 154, 18
Jahoda K., Markwardt C. B., Radeva Y., Rots A. H., Stark M. J., Swank J. H.,

Strohmayer T. E., Zhang W., 2006, ApJS, 163, 401
Jester S., 2005, ApJ, 625, 667
Jourdain E., Roques J. P., Malzac J., 2012, ApJ, 744, 64
Kamae T., Karlsson N., Mizuno T., Abe T., Koi T., 2006, ApJ, 647, 692
Karlsson N., Kamae T., 2008, ApJ, 674, 278
Kelner S. R., Aharonian F. A., 2008, PhRvD, 78, 034013
Kelner S. R., Aharonian F. A., Bugayov V. V., 2006, PhRvD, 74, 034018
Körding E. G., Jester S., Fender R., 2006, MNRAS, 372, 1366
Lamers H. J. G. L. M., Cassinelli J. P., 1999, Introduction to Stellar Winds
Laurent P., Rodriguez J., Wilms J., Cadolle Bel M., Pottschmidt K., Grinberg V.,

2011, Science, 332, 438
Levine A. M., Bradt H., 1996, ApJL, 469, L33
Lovelace R. V. E., 1976, Nature, 262, 649
Mahadevan R., Narayan R., Krolik J., 1997, ApJ, 486, 268
Maitra D., Markoff S., Brocksopp C., Noble M., Nowak M., Wilms J., 2009, MN-

RAS, 398, 1638
Maitra D., Miller J. M., Markoff S., King A., 2011, ApJ, 735, 107
Mannheim K., 1993, A&A, 269, 67
Markoff S., Nowak M., Young A., Marshall H. L., Canizares C. R., Peck A., Krips

M., Petitpas G., Schödel R., Bower G. C., Chandra P., Ray A., Muno M., Gallagher
S., Hornstein S., Cheung C. C., 2008, ApJ, 681, 905

Markoff S., Nowak M. A., Wilms J., 2005, ApJ, 635, 1203
McClintock J. E., Remillard R. A., 2006, Black hole binaries. pp 157–213
McHardy I. M., Koerding E., Knigge C., Uttley P., Fender R. P., 2006, Nature, 444,

730
McKinney J. C., 2006, MNRAS, 368, 1561
McKinney J. C., Narayan R., 2007, MNRAS, 375, 513
Meier D. L., 2001, in Wheeler J. C., Martel H., eds, 20th Texas Symposium on rela-

tivistic astrophysics Vol. 586 of American Institute of Physics Conference Series,

99



4 A new multiwavelength lepto-hadronic model of astrophysical jet emission

Jet power and jet suppression: The role of disk structure and black hole rotation.
pp 420–425

Merloni A., Heinz S., di Matteo T., 2003, MNRAS, 345, 1057
Mucke A., Rachen J. P., Engel R., Protheroe R. J., Stanev T., 1999, PASA, 16, 160
Orellana M., Bordas P., Bosch-Ramon V., Romero G. E., Paredes J. M., 2007, A&A,

476, 9
Orosz J. A., McClintock J. E., Aufdenberg J. P., Remillard R. A., Reid M. J., Narayan

R., Gou L., 2011, ApJ, 742, 84
Owocki S. P., Romero G. E., Townsend R. H. D., Araudo A. T., 2009, ApJ, 696, 690
Panagia N., Felli M., 1975, A&A, 39, 1
Perucho M., Bosch-Ramon V., 2012, A&A, 539, A57
Plotkin R. M., Markoff S., Kelly B. C., Körding E., Anderson S. F., 2012, MNRAS,

419, 267
Polko P., Meier D. L., Markoff S., 2013, MNRAS, 428, 587
Rachen J. P., Biermann P. L., 1993, A&A, 272, 161
Rahoui F., Lee J. C., Heinz S., Hines D. C., Pottschmidt K., Wilms J., Grinberg V.,

2011, ApJ, 736, 63
Reid M. J., McClintock J. E., Narayan R., Gou L., Remillard R. A., Orosz J. A.,

2011, ApJ, 742, 83
Romero G. E., Del Valle M. V., Orellana M., 2010, A&A, 518, A12
Romero G. E., Torres D. F., Kaufman Bernadó M. M., Mirabel I. F., 2003, A&A,

410, L1
Romero G. E., Vila G. S., 2008, A&A, 485, 623
Rothschild R. E., Blanco P. R., 1998, ApJ, 496, 538
Sabatini S., Tavani M., Striani E., 2010, ApJL, 712, L10
Tananbaum H., Gursky H., Kellogg E., Giacconi R., Jones C., 1972, ApJL, 177, L5
Tavani M., Bulgarelli A., Piano G., 2009, Nature, 462, 620
Torres D. F., Reimer A., 2011, A&A, 528, L2
Ubertini P., Lebrun F., Di Cocco G., 2003, A&A, 411, L131
Waxman E., Loeb A., 2009, JCAP, 8, 26
Werner M. W., Roellig T. L., 2004, ApJS, 154, 1
Wilms J., Nowak M. A., Pottschmidt K., Pooley G. G., Fritz S., 2006, A&A, 447,

245
Wright A. E., Barlow M. J., 1975, MNRAS, 170, 41

100



CHAPTER 5

Conclusions and Outlook

Don’t set sail on someone else’s star.
African Proverb

5.1 The Ins and Outs of Emission from Accreting Black
Holes: Summary

Accreting black holes, from stellar masses to supermassive ones, are thought to be
powerful particle acceleration engines. Investigating the radiation emitted by these
objects provides a means to study and understand the physics occurring in the vicinity
of black holes as well as in jets, and thus, can shed light on the processes producing
the most energetic particles in the Universe.

The work presented in this thesis is focused on the investigation of the emis-
sion from accreting black holes using two powerful tools: GRMHD simulations of
accretion flows and semi-analytical spectral modeling of relativistic outflows. Nu-
merical simulations allow to examine the evolution and dynamics of accretion flow
onto black holes while semi-analytical spectral models provide a method to anal-
yse intensive multiwavelength observations and to help understand of the emission
processes occurring in the acceleration engine. With the development of computer
power, GRMHD simulations have converged towards maturity and are now entering
a new phase: the inclusion of self-consistent treatment of radiative losses in the sim-
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ulations. In a similar way, semi-analytical spectral models are entering as well a new
phase of development. The recent opening of the γ-ray window and the detection of
various sources at high-energies as well as the composition of the cosmic ray spec-
trum, dominated by the protons, invite us to revisit the leptonic jet model and raise the
question of the acceleration of protons in astrophysical objects and their contribution
to the overall radiation from these sources.

This thesis is divided in two parts. In Part I, we have investigated the importance
of radiative cooling in GRMHD simulations on the dynamics of the accretion flow
onto Sgr A∗ and the effects a self-consistent treatment of these radiative processes has
on simulated spectra. A majority of galaxies - if not all - harbour an accreting super-
massive black hole (SMBH) in their centre. Sgr A∗ is the supermassive black hole in
the centre of our Galaxy and the best studied low-luminosity active galactic nucleus
(LLAGN). LLAGN occur in up to half of all known galaxies, which makes Sgr A∗ a
representative of the majority of SMBHs. Moreover, because of its proximity com-
pared to the centres of other galaxies, and the multitude of intensive single- and multi-
wavelength campaigns conducted from the radio through high-energy γ-rays over the
last decades, Sgr A∗ is the perfect candidate to test theoretical models of the accretion
processes at low accretion rates. In Part II, we have studied the hadronic contribution
to the high-energy emission from accreting black holes by developing a new spectral
jet model. The content of jets is still an open question. MHD simulations of accretion
flows, which produce Poynting-flux dominated jets, and analyses of multiwavelength
observations, from radio to X-rays, favour a leptonic jet model. However, as previ-
ously noted, analyses of the cosmic ray spectrum show the protons as its dominant
component. This result means that hadrons get accelerated in astrophysical objects
along with the electrons. This result encourages us to revise the traditional leptonic
model of emission and to consider the contribution of hadronic processes to the over-
all radiation.

In Chapter 2, we designed a study to determine, for the first time, the impor-
tance of radiative cooling in GRMHD simulations of accretion flow onto Sgr A∗.
Using an astronomical fluid dynamics code that takes into account radiative losses
self-consistently in the dynamics, we showed that radiative losses affect the dynam-
ics of GRMHD simulations of accretion flows and that their importance increases
with the mass accretion rate. The research revealed a limit on mass accretion rate
(Ṁ & 10−7 ṀEdd). Above this limit, the effect of cooling has a significant impact
on the dynamics of GRMHD simulations. The results of this research support the
idea that while radiative losses can be neglected in GRMHD simulations of under-
luminous accreting black holes like Sgr A∗, they are not negligible for systems with
higher accretion rates, like most nearby LLAGN. These findings enhance our un-
derstanding of the role radiative processes have in GRMHD simulations. This work
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serves as a base for future developments of radiative GRMHD simulations.
In Chapter 3, our aim was to describe the implementations and the results from

the cooling routines used in the numerical simulations of Sgr A∗ presented in Chap-
ter 2. Intensive single- and multi-wavelength campaigns of observations of Sgr A∗

have been conducted over the last decades, providing constraints on Sgr A∗’s prop-
erties. 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, re-
spectively. These stringent constraints allowed us to present the first self-consistently
simulated spectra from radiatively cooled GRMHD simulations which remarkably
agreed with the data. The results of this work suggest that Sgr A∗ is accreting at
a mass accretion rate of ∼ 2 × 10−9M� yr−1 and that the central black hole is most
likely rapidly spinning (0.7 < a∗ < 0.9). Furthermore, we examined the influence the
spin, the initial magnetic field configuration and the mass accretion rate have on the
simulated spectra, and compared these simulated spectra to the previous non-cooled
calculations. We assessed the importance of a self-consistent treatment of radiative
losses in GRMHD simulations as it has an important effect on the obtained spectra,
and confirmed the limit on the mass accretion reported in Chapter 2. Above this
limit, spectra generated from GRMHD simulations, where radiative losses are not
taken into account, show fluxes, from radio to X-rays, that can be potentially orders
of magnitude too high.

Finally, in Chapter 4, we presented a new spectral model of relativistic outflows
and evaluated the importance of hadronic contribution to the high-energy emission
from accreting black holes. In the modified model, the protons (and the electrons)
are now accelerated throughout the jets and cool via radiation and inelastic inter-
actions. The new model calculates the continuum emission from thermal and non-
thermal lepto-hadronic processes occurring in jets from accreting black holes. The
model is based on an leptonic jet model which has been successful in fitting the
lower-energy, broad-band spectra of X-ray binaries in the hard state as well as spec-
tra of low-luminosity and Fanaroff-Riley Type 1 active galactic nuclei. We modified
the leptonic jet model to account for proton acceleration along the jet and its resulting
emission. Steady-state energy distribution of primary protons are fed to hadronic rou-
tines we developed and implemented in the model, routines that calculate the energy
distributions of the photons, electrons, positrons, and neutrinos from proton-proton
and proton-photon interactions. We also modified the original jet model to account
for the emission from the secondary electrons and positrons by deriving their steady-
state energy distributions and calculating their contribution to the overall spectrum.
Our work also led us to revisit the high-mass X-ray binary source Cygnus X-1, which
features polarized high energy emission and is therefore an exciting source to inves-
tigate. This object has previously been analysed with the original leptonic version of
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the jet model and our goal now was to analyse it in the context of a lepto-hadronic
model. Our preliminary analysis shows that the signature of non-thermal synchrotron
emission from jets, while mainly radiating in the radio, can extend up to the soft
γ-rays. This result indicates that jets can indeed be powerful particle accelerator en-
gines. The analysis also shows that persistent emission detection in the γ-ray range
of Cygnus X-1 is necessary to better constrain the physical processes affecting the
accelerated protons in the jets.

5.2 Future prospects

5.2.1 GRMHD simulations

3d grmhd simulations
All of the GRMHD simulations presented in this work are axisymmetric.

Axisymmetric simulations cannot sustain turbulence and so never reach a quasi-
steady state. Axisymmetry also tends to exaggerate variability relative to the
3D case, and is likely responsible for the rare, large amplitude flaring events
seen in many of our simulations. Moreover, the 2.5D nature of the axisymmet-
ric simulations preclude the possibility of exploring the effect of misalignment
between the angular momentum of the accretion disc and the black hole. A
straightforward but computationally very challenging solution to this limitation
is to perform 3D GRMHD simulations.

Full radiative transfer in grmhd simulations
Self-consistent treatment of radiative losses in GRMHD simulations is the

first step towards the development of fully radiative GRMHD simulations. Sgr A∗

being so underluminous, its inner region is generally thought to be optically thin
and therefore justifies neglecting full radiative transfer in its numerical simula-
tions. However, to treat the outer regions of the accretion flow, or higher lu-
minosity sources, a more thorough treatment of radiative transfer needs to be
implemented into the simulations.

Mass loading and particle acceleration in the jets
Mass loading and particle acceleration in the jets formed in GRMHD simu-

lations are another limitation of our study, shared in general by the current class
of ideal MHD simulations. To address the questions of loading jets with mate-
rial, particle acceleration or reproducing the optical depth effects suggested by
observations, it is necessary to consider resistive (non-ideal) MHD simulations.

Initial magnetic field configuration
Finally, the work done with these GRMHD simulations has simulated a lim-

ited set of initial conditions. This work has found that the initial magnetic field
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configuration can have an important effect on the resulting spectra, especially at
high energies. Further investigation into a wider range of configurations should
be conducted to fully explore this issue.

5.2.2 Semi-analytical spectral model

Radiative processes
The new spectral model treats synchrotron and inverse-Compton cooling

processes for the primary and secondary electrons and positrons as well as in-
elastic interactions for the protons. However, other processes, although not as
main component, may also contribute to the total radiation. Future improve-
ment of the model has to investigate the synchrotron emission from particles
other than the electrons, like the protons as well as the intermediate secondary
particles in proton-proton and proton-photon interactions, the pions and muons.
Another step is to implement the treatment of bremsstrahlung radiation, which
may be important in the case of high-mass X-ray binaries as source of radiation
from the stellar wind.

Time-dependence
In its current version, the spectral model assumes steady-state distributions

of particles along the jets. Such models only allow one to analyse continuum
emission. However, many of the high-energy detections made so far are from
transient sources. These high-energy flares and bursts are also a means to exam-
ine the physics of accreting black holes. Developing our spectral model to allow
time-dependent studies of these transient sources would wider the range of tools
at our disposal to investigate the ins and outs of accreting black holes and un-
derstand the processes behind the production of the most energetic particles in
the Universe.

A multi-messenger approach: neutrinos and cosmic rays
The last decades, a new tool for exploring the Universe has emerged with

the construction of underground, deep under water and ice facilities. These new
types of telescopes search for neutrinos rather than photons. Being weakly inter-
acting particles, neutrinos point back to their sources. Detections of high energy
neutrinos from accreting black holes would confirm these objects as powerful
acceleration engines. These detections would also provide means to test fun-
damental physics related to neutrinos themselves. Neutrinos are by-products of
hadronic interactions in spectral jet models. With such models at our disposal,
predictions of neutrino fluxes can be done in correlation with the radiation as
well as the cosmic-rays fluxes. Thus, these models open the door to multi-
messenger analyses of accreting black holes.
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Het onderwerp van dit proefschrift zijn de meest krachtige en enigmatische objecten
in het heelal: accreterende zwarte gaten. Het onderzoeken van hun omgeving helpt
ons om de fysische processen die plaatsvinden onder extreme omstandigheden van
de ruimte-tijd beter te begrijpen; condities die op aarde niet na te bootsen zijn.

Mijn onderzoek bestaat uit het bestuderen van de straling die geproduceerd wordt
door deze accreterende zwarte gaten. In het bijzonder onderzoek ik het belang van
stralingsprocessen in algemeen-relativistische, magnetohydrodynamische (GRMHD)
simulaties op de dynamica van de accretiestroom in Sgr A∗ – het zwarte gat in het
centrum van onze melkweg – in hoofdstuk 2. In hoofdstuk 3 onderzoek ik welk
effect een zelfconsistente behandeling van koeling door warmtestraling in GRMHD
simulaties heeft op gesimuleerde spectra. In hoofdstuk 4 behandel ik de bijdrage van
protonen aan de hoogenergetische straling van accreterende zwarte gaten, en presen-
teer ik een nieuw semi-analytisch spectraal model voor de jet. Dit wordt vervolgens
toegepast om bijna-gelijktijdige waarnemingen in het golflengtegebied van radio- tot
zachte gammastraling te verklaren van Cygnus X-1.

Accreterende zwarte gaten en hun emissie

Zwarte gaten zijn singulariteiten in de zwaartekracht die gas uit de omgeving aantrek-
ken, en de potentiële energie daarvan omzetten in kinetische energie. Op hetzelfde
moment botst dit gas – of wolken van gas – met elkaar, en zetten zo een deel van
hun kinetische energie om in thermische energie. Deze botsingen resulteren in een
gaswolk die in een baan om het zwarte gat belandt. Verdere botsingen van deze gas-
wolken maken hun banen vervolgens cirkelvormig. Omdat de wolken een bepaalde
afmeting hebben, zullen de binnendelen sneller rond het zwarte gat draaien dan de
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buitendelen. Dit veroorzaakt wrijving, of viscositeit, tussen gas op verschillende ba-
nen. Een direct gevolg hiervan is dat deze wolken energie verliezen in de vorm van
warmtestraling, en dat ze naar het zwarte gat toe bewegen op steeds kleinere om-
loopbanen. Dit leidt tot de vorming van een accretieschijf rond een accreterend zwart
gat.

Er zijn twee soorten accreterende zwart gaten: stellaire en superzware. Stellaire
zwarte gaten worden gevormd door zware sterren. Wanneer deze sterren aan het
einde van hun leven komen stort hun kern in elkaar om een zwart gat te vormen. Su-
perzware zwarte gaten worden op een andere manier gevormd, waarschijnlijk door
het samensmelten van enkele kleinere zwarte gaten toen het heelal nog jong was, en
vervolgens in de loop van de tijd door te groeien door gas uit de omgeving op te
slokken. Accreterende stellaire zwarte gaten kunnen we aantreffen in röntgendubbel-
sterren (X-Ray Binaries of XRB’s), een klasse van dubbelsterren die voornamelijk
röntgenstraling uitzenden. Accreterende superzware zwarte gaten treffen we aan in
de kernen van melkwegstelsels; zij vormen actieve sterrenstelsels (Active Galactic
Nuclei of AGN’s). Ondanks het enorme verschil in afmeting tussen deze twee objec-
ten, gebruiken ze hetzelfde mechanisme om energie te produceren: gas valt naar het
zwarte gat toe, vormt een accretieschijf en produceert soms ook nog relativistische
straalstromen of jets (Zie Figuur 1).

Wrijving in de accretieschijf verhoogt de temperatuur van het gas. In het geval
van accreterende zwarte gaten bereikt het gas temperaturen van miljoenen graden, en
deze warmte wordt uitgestraald als elektromagnetische straling. Omdat deze schijven
een magnetisch veld bezitten en het gas bestaat uit geladen deeltjes (elektronen en
protonen), kunnen deze accretieschijven ook straling uitzenden door geladen deetjes
te versnellen in een magnetisch veld, of via interactie tussen de deeltjes zelf.

Afgezien van elektromagnetische straling uit de accretieschijf, kunnen accrete-
rende zwarte gaten ook energie uitzenden in hun jets. Een manier om energie kwijt
te raken is in de vorm van kinetische energie, waarbij het naar binnenstromende gas
wordt omgezet in een nauwe bundel naar buiten stromend relativistisch gas. Deze
stromen zijn meestal bipolaire jets, die dichtbij het zwarte gat in tegenovergestelde
richting gelanceerd worden. De deeltjes in de jet worden versneld en gekoeld via
verschillende fysische processen, wat er toe leidt dat deze elektromagnetische stra-
ling gaan uitzenden. De verschillende stalingsprocessen leiden ertoe dat accreterende
zwarte gaten waar te nemen zijn in het hele elektromagnetische spectrum, van radio-
tot gammastraling (Zie Figuur 2).

Middelen om accreterende zwarte gaten te analyseren

Om consistent te zijn moeten we het effect van koeling door de stralingsverliezen op
de gasdynamica in rekening brengen. De resulterende stralingsgekoelde GRMHD

108



Figuur 1: Artistieke impressie die de belangrijkste componenten van een accreterend zwart gat laat
zien.
Credits: Astronomy Magazine/Roen Kelly
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Figuur 2: Opaciteit van de aardatmosfeer als functie van golflengte. Credits: NASA/IPAC
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simulaties zijn een belangrijk middel om de dynamica van het gas rondom accrete-
rende zwarte gaten te onderzoeken. Deze uitgebreide numerieke simulaties maken
het mogelijk zowel de evolutie van de accretieschijf als het gedrag van het magne-
tische veld in de nabijheid van een zwart gat te bestuderen. Bovendien kunnen ze
gebruikt worden om gesimuleerde zelfconsistente spectra te maken die vergeleken
kunnen worden met waarnemingen.

Hoewel minder geavanceerd dan GRMHD-simulaties, zijn semi-analytische spec-
trale modellen een ander krachtig middel om accreterende zwarte gaten te onderzoe-
ken. Ze kunnen de verschillende fysische processen ontcijferen die verantwoordelijk
zijn voor de waargenomen straling van deze bronnen, en bieden tevens een manier
om uitgebreide waarneemcampagnes op verschillende golflengten te analyseren.

Om grip te krijgen op de fysische processen die plaatsvinden in accreterende
zwarte gaten, en om de emissieprocessen in jets en accretieschijven volledig te be-
grijpen, is het nodig om gebruik te maken van de elkaar aanvullende middelen van
stralingsgekoelde GRMHD simulaties en semi-analytische spectrale modellen.

Dit proefschrift

In dit proefschrift onderzoeken we de accretieprocessen die plaatsvinden zowel dicht-
bij een accreterend zwart gat in de accretieschijf als verderop in de jet, waarbij we
gebruik maken van straling om de fysica te bestuderen.

Als eerste heb ik het belang van stralingskoeling in GRMHD simulaties voor de
dynamica van de accretiestroom in Sgr A∗ en de effecten van een zelfconsistente
benadering van deze stralingsprocessen op de gesimuleerde spectra onderzocht. Sgr
A∗ is het superzware zwarte gat in het centrum van van ons melkwegstelsel, en het
best bestudeerde actieve sterrenstelsel met een lage lichtkracht. Dit type AGN’s komt
voor in bijna de helft van alle bekende melkwegstelsels, waarmee Sgr A∗ represen-
tatief is voor de meerderheid van de superzware zwarte gaten. Bovendien is Sgr A∗,
door zijn nabijheid in vergelijking met de kernen van andere sterrenstelsels, en de
hoeveelheid en intensiteit van waarnemingen op meerdere golflengten van radio- tot
gammastraling over de laatste tientallen jaren, de perfecte kandidaat om theoretische
modellen van accretieprocessen op lage accretiesnelheden te testen.

In hoofstuk 2 laat ik zien hoe energieverlies door straling de dynamica van
GRMHD simulaties van accretiestromen beïnvloedt, en hoe dit belangrijker wordt
naarmate de accretiesnelheid toeneemt. Er bestaat een limiet waarboven het effect
van deze koeling een significante invloed heeft op de dynamica, en energieverlies
door straling niet langer genegeerd kan worden.

In hoofdstuk 3 presenteer ik de eerste zelfconsistente gesimuleerde spectra van
stralingsgekoelde GRMHD simulaties van accretiestromen voor Sgr A∗, die opmer-
kelijk goed overeenstemmen met de waarnemingen. Deze resultaten suggereren dat
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ons superzware zwarte gat een heel lage accretiesnelheid heeft, en waarschijnlijk heel
snel om zijn as draait.

In hoofdstuk 4 presenteer ik een nieuw semi-analytisch model van relativisti-
sche straalstromen, en evalueer ik hoe belangrijk de bijdrage van protonen aan de
hoge-energie emissie is in accreterende zwarte gaten. Ik werp ook nieuw licht op de
röntgendubbelster Cygnus X-1. Dit is een van de weinige accreterende zwarte gaten
die is gedetecteerd in hoog-energetische straling, waardoor het een interessant object
is om te onderzoeken. Daarom heb ik bijna-gelijktijdige waarnemingen van Cygnus
X-1 in het golflengtegebied van radio- tot gammastraling geanalyseerd met behulp
van dit nieuwe spectrale jetmodel.

Uiteindelijk, in hoofdstuk 5, vat ik mijn conclusies samen en schets ik de voor-
uitzichten op het vakgebied van accreterende zwarte gaten.
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Résumé en français

Cette thèse traite des objets les plus puissants et énigmatiques que l’Univers contienne,
à savoir les trous noirs accrétants. Les travaux effectués dans ce domaine permettent
d’explorer les phénomèmes physiques aux abords des trous noirs, phénomèmes pro-
duits dans des conditions physiques extrêmes, impossibles à reproduire sur Terre.

Mon travail a consisté à mieux appréhender les émissions produites par les sys-
tèmes de trous noirs accrétants. Pour cela, j’ai analysé l’importance, dans les simula-
tions numériques de fluides magnétohydrodynamiques en relativité générale (GRMHD),
des processus radiatifs sur la dynamique des fluides s’accrétant sur le trou noir super
massif se trouvant au centre de notre Galaxie, Sgr A∗ (Chapitre 2). Dans le Chapitre 3,
j’ai étudié les effets qu’un traitement cohérent et interne des processus radiatifs dans
les simulations GRMHD a sur les spectres simulés. Enfin dans le Chapitre 4, j’ai exa-
miné la contribution des protons à l’émission à haute énergie des systèmes de trous
noirs accrétants. J’y présente aussi un nouveau modèle spectral semi-analytique de
jets. Ce modèle spectral est ensuite utilisé afin d’analyser des observations quasi-
simultanées, de la radio aux rayons γ mous, de la source Cygnus X-1.

Les trous noirs accrétants et leurs émissions

Les trous noirs sont des singularités gravitationelles qui attirent les gaz interstellaires
vers leurs centres et convertissent ainsi l’énergie potentielle de ces gaz en énergie
cinétique. Dans le même temps, ces gaz, ou nuages de gaz, se heurtent les uns aux
autres, ce qui a pour conséquence de convertir une partie de leur énergie cinétique
en énergie thermique. Dus aux collisions, ces nuages de gaz se retrouvent en orbites
circulaires autour des trous noirs. Les nuages étant de tailles finies, les gaz se trouvant
au plus proche du trou noir gravitent plus rapidement que ceux se trouvant au plus
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loin, créant ainsi une rotation différentielle. Cette rotation différentielle, ainsi que la
viscosité présente dans les nuages, font que les gaz perdent de l’énergie sous forme
de chaleur et s’accrètent autour du trou noir en des orbites de plus en plus proches.
Ce processus forme un disque d’accrétion autour du trou noir.

Deux types de trous noirs accrétants sont examinés dans cette thèse : ceux de
masse stellaire et ceux super massifs. Les trous noirs de masse stellaire se forment
à partir d’étoiles massives. Lors de leur mort, le coeur de ces étoiles s’effrondre,
produisant le trou noir. Les trous noirs super massifs se sont formés de façon dif-
férente, probablement lorsque l’Univers était très jeune, par l’agglomération de plu-
sieurs petits trous noirs, puis en s’accroissant par l’accrétion des gaz environnants.
Les trous noirs accrétants de masse stellaire se trouvent dans des systèmes nommés
systèmes binaires à rayons X (X-ray binaries ou XRBs). Ces XRBs sont une classe
d’étoiles binaires lumineuse en rayons X. Les trous noirs accrétants super massifs
se trouvent quand à eux aux centres des galaxies et forment ce que nous appelons
les noyaux actifs de galaxies (Active Galactic Nuclei ou AGN). Malgré l’énorme
différence d’échelle entre ces deux types de trous noirs accrétants, XRBs et AGN
partagent un mécanisme commun afin d’alimenter leur moteur central : du gaz s’ac-
crète autour du trou noir, formant un disque d’accrétion et éjectant, parfois, des jets
relativistiques (voir Figure 1).

Les frottements et frictions, ayant lieu dans le disque d’accrétion, ont pour consé-
quence l’échauffement du gaz. Dans le cas des trous noirs accrétants, le gaz consti-
tuant les disques d’accrétion peut atteindre le million de degrés Kelvin. Cette chaleur
est alors évacuée sous forme de rayonnement électromagnétique. D’autres proces-
sus d’émission sont aussi en jeu, comme les rayonnements de particules chargées,
accélérées dans un champ magnétique, ou encore d’interactions de particules.

Tous ces processus font que les trous noirs accrétants émettent dans tous les do-
maines du spectre électromagnétique, de la radio aux rayons γ (voir Figure 2).

Les outils d’analyses

Prenant en compte les processus radiatifs et leurs effets sur la dynamique des fluides
qu’ils simulent, les simulations GRMHD refroidies sont de puissants outils afin d’ana-
lyser les dynamiques des fluides au voisinage d’un trou noir accrétant. Ces vastes si-
mulations numériques permettent d’explorer l’évolution des disques d’accrétion ainsi
que des champs magnétiques à proximité des trous noirs. De plus, elles permettent
de simuler des spectres cohérents qui peuvent ensuite être comparés aux données
observationnelles.

Quoique bien moins vaste numériquement que les simulations GRMHD, les mo-
dèles spectraux semi-analytiques n’en restent pas moins de puissants outils d’ana-
lyses de trous noirs. Ils permettent de décrypter et d’appréhender les processus phy-
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Figure 1: Impressions d’artiste présentant les composants principaux d’un trou noir accrétant.
Credits : Astronomy Magazine/Roen Kelly
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Figure 2: Opacité de l’atmosphère terrestre selon la fréquence du rayonnement. Credits : NASA/IPAC
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siques responsables des émissions détectées depuis ces sources.
Il est important de tirer profit de la nature complémentaire de ces deux outils, afin

de pleinement comprendre les processus physiques se produisant dans les trous noirs
accrétants responsables des rayonnements observés.

La thèse

Le travail présenté dans cette thèse utilise les rayonnements comme marqueurs des
processus physiques se produisant à la fois au plus proche des trous noirs accrétants
et au loin dans les jets.

Pour cela, j’ai tout d’abord étudié l’importance qu’ont les processus radiatifs dans
les simulations GRMHD sur la dynamique des fluides s’accrétant sur Sgr A∗, ainsi
que les effets qu’un traitement cohérant et interne de ces processus a sur les spectres
simulés. Sgr A∗ est le trou noir super massif qui se trouve au centre de notre Galaxie
et c’est aussi le noyau actif de galaxie à faible luminosité (low-luminosity AGN ou
LLAGN) le mieux étudié. Les études les plus récentes indiquent que plus de la moitié
de toutes les galaxies connues à ce jour contiennent un LLAGN en leur coeur. Cela
fait de Sgr A∗ un représentant de la majorité des trous noirs accrétants super massifs.
De plus, de part sa proximité comparée aux autres centres de galaxies, et la multitude
de campagnes d’observations multi-fréquences effectuées de la radio aux très hautes
énergies de ces dernières décennies, Sgr A∗ est le candidat parfait afin de tester les
modèles théoriques de processus d’accrétion à faible taux d’accrétion.

Dans le Chapitre 2, je montre que les pertes radiatives ont une influence sur la dy-
namique des fluides dans les simulations GRMHD et que leur importance augmente
avec le taux d’accrétion. Une limite est trouvée sur ce taux, au-dessus de laquelle les
pertes radiatives ne peuvent plus être négligées, leurs effets sur la dynamiques des
fluides devenant important.

Dans le Chapitre 3, je présente le premier spectre simulé cohérent de simulations
GRMHD refroidies de fluides s’accrétant sur Sgr A∗ qui correspond remarquable-
ment aux données observées. Ce résultat suggère que notre trou noir super massif
accrète le gaz environnant à un taux d’accrétion très bas. Cela sous-entend également
que Sgr A∗ est un trou noir tournant rapidement sur lui-même.

Dans le Chapitre 4, je présente un modèle spectral semi-analytique de jets rela-
tivistes. J’y évalue, de plus, l’importance de la contribution des protons aux émis-
sions à haute énergie des trous noirs accrétants. Je revisite ensuite la source XRB
Cygnus X-1 avec ce nouveau modèle. Cygnus X-1 est l’une des rares sources de
trous noirs accrétants de masse stellaire qui a avoir été détectée à haute énergie. Cela
en fait une source extrêmement intéressante à étudier. Dans ce but, j’ai analysé des
données multi-ondes quasi-simultanées, de la radio aux rayons γ avec le nouveau
modèle, afin de trouver un ensemble de paramètres correspondant à ces données.
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Pour finir, je résume les conclusions principales de cette thèse dans le Chapitre 5
et conclut ce travail en présentant quelques perspectives de recherche dans le domaine
de l’étude des trous noirs accrétants.
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Summary in English

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

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

Accreting black holes and their emission

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

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

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

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

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

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

Tools to analyse accreting black hole emission

For consistency, we should take into account the cooling effect that radiation losses
have on the accretion flow. The resulting radiatively cooled GRMHD simulations are
a powerful tool to examine the dynamics of the flow surrounding an accreting black
hole. These extensive numerical simulations allow studies of the evolution of the
accretion disc as well as the magnetic field behaviour in the vicinity of a black hole.
Furthermore, they allow to produce self-consistent simulated spectra which can then
be compared to observations.

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

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

This thesis

The present thesis investigates accretion processes using radiation as a tracer of the
physics occurring very close to the accreting black holes as well as far into the jets.

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

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

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

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

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