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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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5 Conclusions and Outlook

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

104



5.2 Future prospects

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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