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Abstract

The recent imaging of the M87 black hole at millimetre wavelengths by the Event Horizon Tele-
scope Collaboration has triggered a renewed interest in numerical models for the accretion of mag-
netized plasma in the regime of general relativistic magnetohydrodynamics (GRMHD). We have
investigated, for the first time by means of non-ideal axisymmetric GRMHD simulations, the mean-
field dynamo process operating in thick accretion disks around black holes, in the fully non-linear
regime. Combined with the differential rotation of the disk, the dynamo process is able to pro-
duce an exponential growth of any initial seed magnetic field up to the values required to explain
the observations,when the instability tends to saturate even in the absence of artificial quenching
effects. Before reaching the final saturation stage we observe a secondary regime of exponential
growing, where the magnetic field increases more slowly due to accretion, which is modifying the
underlying equilibrium. In the stationary state characterized by the saturation of the magnetic field
growth, the dynamo is able to remove the angular momentum and trigger the accretion. Finally,
we show that it is possible to reproduce the main diagnostics present in the literature by starting
from very unfavorable initial configurations, such as a purely toroidal magnetic field with negligible
magnetization. In parallel, we present the contribution to the code Comparison Project that aims
to compare ideal GRMHD solutions for the evolution of a magnetized accretion flow in two distinct

regimes where turbulence is promoted by the magnetorotational instability.
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Chapter 1

Introduction

The baryonic matter of the Universe is found almost entirely in the form of plasma, or ionized
gas where the moving charges interact with each other through the self-generated currents and the
related magnetic fields within a highly conductive material. The energy contained in the plasma
in terms of the magnetic field is usually comparable to the kinetic and/or thermal energy of the
plasma itself, and many violent observed phenomena are attributable to the sudden release of
magnetic energy, for example flares (Moore et al., 2001), coronal mass ejections (Antiochos et al.,
1999) small-scale heating events that maintain the high temperatures of the corona (Heyvaerts
and Priest, 1984; Longcope and Tarr, 2015) produced by magnetic reconnection, gamma-ray bursts
(Kumar and Zhang, 2015; MAGIC-Collaboration, 2019), the huge flares observed in gamma rays
in neutron stars (Thompson and Duncan, 1995; Palmer et al., 2005), the relativistic jets in active
galactic nuclei (AGN) (Asada and Nakamura, 2012; Lister et al., 2016; Walker et al., 2018; Qian
et al., 2018; Nakamura et al., 2018).

Since the Universe may not have formed magnetized, a natural question one needs to answer
is what processes can lead to a weak magnetic field, from zero initial fields. Battery-like mecha-
nisms, where separation of charges induce the presence of electric fields produced by kinetic effects
(Biermann, 1951; Weibel, 1959; Fried, 1959), are needed to create primordial extragalactic fields
(Kronberg, 1994), which may be amplified to higher values by plasma advection, rotation and col-
lapse to values appropriate for stellar magnetism (Mestel, 1999), up to B ~ 10'2 G, the field of a
standard neutron star, a value required to power the surrounding young supernova remnant, when
present, as recognized even before the actual discovery of pulsars (Pacini, 1967). Most of these bat-
teries lead to field strengths much weaker than the observed field. So some way of amplifying the
field is required. This is probably accomplished by the conversion of kinetic energy into magnetic
energy, a process generally referred to as a dynamo. The basic principles of the dynamo can be well
understood by linear theory, however, since all astrophysical dynamos develop in a regime in where
the fields are dynamically important, kinematic theory cannot be considered complete. In recent
years, our understanding of the nonlinear properties of dynamo is greatly improved. This is due
in large part to the use of new high-resolution numerical simulations that produced further steps
forward in the analytical approach.

Magnetic fields of small scale and large scale components are observed in various astrophysical
settings. While the small scale field could always be explained by turbulence and convection that

shreds and concentrates the field into isolated flux bundles, large scale components are more difficult
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to describe comprehensively from a theoretical point of view. The Sun has a large-scale magnetic
field with intensity peaks of ~ 2 kG that manifests itself in sunspots variable in number over a
period of ~ 11 year cycle and migrating towards the equator and the poles from the mid latitudes
but it has also a turbulent component in the deeper convection zone (Galloway and Weiss, 1981;
Stenflo, 1988, 1994; Spruit and van Ballegooijen, 1982). Cyclic variations in the magnetic field with
average intensity up to 2 kG are also observed in late-type stars who have outer convection zones
with magnetic fields whose strength tends to increase with their angular velocity (Baliunas et al.,
1995; Johns-Krull et al., 1999).

A system of gas rotating around a central object is extremely frequent in any astrophysical context.
In AGNs, Faraday rotation measure maps (Zavala and Taylor, 2003) and theoretical motivations
suggest that such environments must be magnetized. The near-horizon emission from low-luminosity
active galactic nuclei is produced by synchrotron radiation that peaks from the radio through the far
infrared and it may be produced either in the accretion flow (Narayan et al., 1995), the jet (Falcke
et al., 1993), or both (Yuan et al., 2002). These astrophysical sources have masses in the range
105 — 10° M, reside at centers of our and other galaxies and are the most powerful steady energy
sources known in the universe with their brightness can be up to 100 times greater than brightness of
an ordinary galaxy. In fact, in falling through the steep gravitational potential of supermassive black
hole (BH), roughly 10% of the accreted rest-mass energy may be converted into radiation. Thus
accretion is a process that can be considerably more efficient than many other commonly invoked
mechanism in astrophysics (e.g. nuclear fusion). To explain the high accretion rates required to
justify emissions from these high-energy sources, some physical mechanism is required to transport
angular momentum outwards. In this context, magnetic fields are the key to explain how disks can
get rid of their angular momentum through the magnetorotational instability (MRI) (Balbus and
Hawley, 1991, 1998). The presence of large-scale magnetic fields is also required to explain how
Poynting-dominated relativistic jets may be launched due to rotational energy extraction inside the
ergosphere (Blandford and Znajek, 1977; McKinney and Gammie, 2004), though even the rotation
of the disk itself is known to be able to drive centrifugally driven polar outflows (Blandford and
Payne, 1982). We observe that, while disks around protostars are formed in already magnetized
environments, in AGNs the magnetic field may either be dragged in from large radii or it may be
regenerated locally by dynamo action.

In a wider context, large scale magnetic field can be seen inside galaxies and clusters of galaxies.
In galaxies, the existence of magnetic fields is mainly proven by radio observations of synchrotron
emission. The latter also depends on the numerical density of electrons and therefore it is usually
assumed that the energy density of the particles and the field are at the equipartition. In spiral
galaxies with this assumption it is derived that the mean equipartition strength of the magnetic
field varies in range 4 — 15 uG (Beck, 2004). Polarized radiation maps also show that these fields are
ordered over several kpc (Laing, 1981). Structures of this type can be described in dynamo models
by modes of different azimuthal and vertical symmetry (Ruzmaikin et al., 1988). Ordered magnetic
fields with intensities similar to those observed in spirals are detected in irregular galaxies while
there is little evidence on the nature of magnetizing matter in elliptical galaxies. Finally, there is
evidence, again coming mainly from radio observations, of magnetic fields of ~ (0.1 — 10) uG in
clusters of galaxies (Allen et al., 2001; Taylor et al., 2001; Feretti, 2002), the largest bound system

in the Universe. Faraday rotation studies indicate they have coherence scale in the range 5 — 10
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kpc (Taylor and Perley, 1993; Enflin and Vogt, 2003; Vogt and Enflin, 2003). These fields, if they
are not maintained by some mechanism, will evolve following the decay of MHD turbulence that
we can estimate to occur in an Alfvén time ~ 108 yr, much less than the age of the cluster. Also in
these context is therefore possible for a dynamo mechanism to come into action.

In most cases an amplification of the magnetic fields may occur also by instabilities capable of
converting kinetic energy into magnetic energy. Under certain conditions, within the ideal magne-
tohydrodynamical regime (MHD), both Kelvin—Helmoltz and Rayleigh-Taylor instabilities are able
to provide such effect, and these have been studied also in the relativistic environment of Pulsar
Wind Nebulae (Bucciantini et al., 2004; Bucciantini and Del Zanna, 2006). A very efficient and
ideal process is the MRI mentioned above that provide a local mechanism, efficient for a wide range
of magnetic field strength, which leads to a growth on dynamical time-scales of linear perturbations
and naturally develops MHD turbulence. The only necessary condition for its onset is the presence
of a differentially rotating fluid threaded by a weak magnetic field. In the context of the accretion
disk MRI has been studied by both analytical and numerical studies, both through local shearing
box simulations and global models; while the former consider a small slice of plasma, the latter
evolve the system in its entirety. Both approaches are useful because they allow to obtain local
information on the growth and saturation of instability and global effects such as interaction with
other phenomena. About the latter, we can mention the work Bugli et al. (2018), where the interac-
tion between MRI and the fluid, nonaxisymmetric Papaloizou-Pringle instability (PPI) (Papaloizou
and Pringle, 1984) has been investigated. Three-dimensional general relativistic magnetohydrody-
namics (GRMHD) simulations show that in a magnetized torus around a Schwarzschild black hole,
PPI large-scale modes are suppressed by the development of MRI, which is then to be considered
the main driver for accretion on to supermassive black.

However, in typical astrophysical plasmas, the amplification of the magnetic field is a non-ideal
process due to the non-linear coupling of small-scale velocity and magnetic field fluctuations, possi-
bly caused by the MRI. The result of this correlation leads to the creation of an electromotive force
capable of amplifying magnetic fields. This process is known as mean-field dynamo (Moffatt, 1978;
Krause and Raedler, 1980; Cowling, 1981; Roberts and Soward, 1992; Brandenburg and Subrama-
nian, 2005) and has been applied to a large number of astrophysical contexts, from the Sun to explain
the 11 year cycle (Parker, 1955), to cosmological fields (Kulsrud et al., 1997). Anticipating some de-
tails that will be discussed later, in axisymmetric and differentially rotating systems, the combined
action of turbulent coupling and differential rotation supports the amplification of magnetic fields
according to the mechanism known as a — €2 dynamo. As far as compact objects are concerned,
this dynamo may be responsible for the amplification of fields up to B ~ 10~ G in magnetars
during the proto-neutron star phase. If the initial rotation period is less than 1ms, the field can
be amplified either by differential rotation, magnetic instabilities, and the dynamo effects described
above (Duncan and Thompson, 1992; Bonanno et al., 2003; Burrows et al., 2007; Obergaulinger
et al., 2014; Guilet and Miller, 2015; Mosta et al., 2015; Raynaud et al., 2020; Reboul-Salze et al.,
2020). The intense magnetic fields that form can be so strong to cause quadrupolar deformations
in the star, that in some cases are able to radiate gravitational waves (Dall’Osso et al., 2009; Pili
et al., 2017) and guide relativistic outflows capable of powering gamma-ray bursts (Usov, 1992;
Bucciantini et al., 2009; Metzger et al., 2011; Bucciantini et al., 2012; Pili et al., 2016). Certainly
amplification and supplying of the magnetic field plays a key role in the accretion around the black
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holes of AGNs. From a theoretical point of view it is believed that disks are threaded by magnetic
fields allowing MRI to operate, leading to a redistribution of angular momentum and to MHD turbu-
lence. MRI works for both ordered and disordered fields, though this mechanism alone is inefficient
in compensating the turbulent decay if the initial fields are too weak or too incoherent (Bhat et al.,
2017). In these cases a genuine dynamo process would be actually needed to amplify the initial
fields to higher values. Amplification of magnetic fields due to a mean-field dynamo and/or MRI is
also important in other scenarios of high-energy astrophysics, like neutron star mergers (Rezzolla
et al., 2011; Giacomazzo et al., 2015)) and tidal disruption events (Sadowski et al., 2016; Bonnerot
et al., 2017).

Currently, GRMHD simulations of MRI-induced accretion on to rotating black holes are being
receiving considerable attention due to the success of the Event Horizon Telescope (EHT) collabora-
tion, capable of imaging the emission and the shadow around the event horizon of a black hole for the
very first time (EHT-Collaboration, 2019¢). The comparison between data and numerical models
has allowed to infer the main physical quantities of the compact object (EHT-Collaboration, 2019e).
The observed source has been the nucleus of the elliptical galaxy M87, but research is ongoing for
the main target Sgr A*, the compact radio source located at the centre of our Milky Way. The
most recent study on polarized emission of M87* (EHT-Collaboration, 2021b) has made it possible
to obtain more precise estimates of the quantities of interest as well as to direct attention to an
accretion model characterized by a high magnetization that creates a highly turbulent environment,
so a turbulent dynamo mechanism can fit perfectly into this context.

The aim of this thesis work is to provide an alternative numerical accretion modelling to the
ideal one in which the initial magnetic field has a well-defined poloidal structure and an intensity
not exactly negligible. The a — £ dynamo allows us to investigate the possibility of producing
poloidal field necessary for the development of MRI and the launch of jets even starting from the
most unfavorable condition, that is an initial toroidal field with extremely lower magnetization than
those used in ideal GRMHD simulations. The numerical tool we chose is the ECHO code (Del Zanna
et al., 2007) updated from its original version to include non-ideal effects such as resistivity and
a mean-field dynamo mechanism (Bucciantini and Del Zanna, 2013). The first study is due to
Bugli et al. (2014) that characterized the exponential growth of the magnetic field under the action
of the a — Q dynamo in accretion disks with the hypothesis of kinematic regime, i.e. evolving
only Maxwell’s equations. In Tomei et al. (2020) we generalize Bugli’s work by investigating the
completely self-consistent and non-linear regime (dynamic regime) during the accretion phase. The
linear growth of the fields cannot reasonably continue for an arbitrarily long time, and it is expected
to be quenched naturally by the feedback on the disk. Our goal is to see how the transition to the
non-linear phase occurs, to investigate the interplay with MRI, and the effect of accretion on the
dynamo process itself, for a given disk model and a variety of dynamo parameters. Once the
saturation was characterized, we studied more rigorously the possibility of reproducing with our
model the physical quantities of observational interest by making a precise comparison with the
recent literature (Tomei et al., 2021).

At the same time we participated with our ECHO code in the Code Comparison project (Porth
and EHT-Collaboration (2019), Olivares et al. in prep.) with the aim to provide support to the
EHT collaboration for the creation of ideal GRMHD libraries that allow us to make a comparison

with the observations. Some standard accretion problems are studied by different codes in order to
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test which techniques are the most effective. The convergence on the results obtained represents a
point of reference and synthesis in the vast world of numerical simulations of accretion disks and
can allow the development of more accurate models such as the case of the mean-field dynamo.
The thesis work is organized as follows: in Chapter 2 we present the relevant aspect of the
theory of the accretion disks around black holes including the mean-field dynamo mechanism. Then
we introduce the GRMHD formalism and the disk models used in our simulations in Chapter 3
while Chapter 4 describes the structure of the code ECHO. In Chapter 5 we discuss the results
of the ideal simulations of the first part of the Code Comparison Project. We also present some
preliminary results obtained relating to the second part. In Chapter 6 we present and discuss the
first global results of the mean-field dynamo GRMHD simulations in accretion disks. Finally, we

present conclusions and future developments in Chapter 7.




Chapter 2

Some aspects of the theory of the thick

accretion disks

The study of the complexity that characterizes the accretion disks around black requires both
theoretical models and simulations. Following the review of Abramowicz and Fragile (2013) we can

schematize that three generic types of physical processes occur in black hole accretion disks:

e dynamic processes (gravity, pressure and rotation forces) that develop on a time scale of

tayn ~ 1/Qaisk where Qqjqx is a typical value of the angular velocity;

e thermal processes with a characteristic time-scale ¢y, ~ cg / VQ?hSk where c; the sound speed

and v is the kinematic viscosity;

e viscous processes with a characteristic time-scale tyis ~ R?hsk /v where Rgiskis the radial dis-

tance from the black hole.

Typically, one accepts that tqyn < tin < tvis and it is therefore reasonable to consider only the
dynamic structure of the disk as a first approximation. Depending on the importance of each of
the components that contribute to the dynamic structure, we can classify discs into the following

classes:

e Thin Disk: they are fully supported by the Keplerian rotation and the contribution due to the
pressure is negligible. The geometric structure and the kinematics are greatly influenced by the
dynamics: the vertical height is much smaller than the radial extension and the rotation speed
is highly supersonic. The low radial velocity implies that advection is an inefficient energy
transport mechanism and accretion rate is small, M ~ 10_1MEdd, with MEdd = 10Lpqq/ c?
Eddington rate where Lgqq is the Eddington luminosity, that is the maximum value of an
accreting source’s luminosity beyond which the outgoing radiation pressure is strong enough
to counteract the gravitational force. We specify that here, in the definition of Eddington rate

MEdd, we are assuming that the accretion disk has a nominal radiative efficiency of 10%.

e Thick Disk: in these disks the radial pressure gradients are no longer negligible they contribute
significantly to the disk support and therefore the vertical size of the disk increases signifi-
cantly. Mass accretion can be very high, M > Mpqq although they are radiatively inefficient

due to the lack of an efficient radiative cooling mechanism.
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e Advection Dominated Accretion Flow (ADAF): geometrically thick accretion flows (for this
reason often included in the literature in the generic category of "thick disks"), characterized
by a large pressure and a low rotation speed so that the accretion is similar to a Bondi
accretion. Energy transport is dominated by advection and radiative cooling is negligible so

that efficiency is very low. Mass accretion rate is very low, M < Mgqq

The accretion of EHT targets, SgrA* and M87*, occurs at very low Eddington rate, respectively
M/MEdd < 107% (Marrone et al., 2007) and M/MEdd < 107° (Kuo et al., 2014), and therefore
they can be modeled as ADAF disks. The renewed interest in these sources, due to the recent
observations of EHT, has pushed the community of numerical codes to study ever more refined
ADAF modeling. In this chapter we make an overview of some general aspects concerning the
accretion theory including in particular the Advection Dominated Accretion Flow theory (more
details in the reviews of Narayan and McClintock (2008); Yuan and Narayan (2014)), while in
Chapters 5 and 6 we show some of our numerical simulations of two configurations belonging to

this regime.

2.1 One-dimensional equilibrium models and radiation

2.1.1 The self-similar solutions

ADAFs were formally introduced in the Newtonian limit by Narayan and Yi (1994, 1995a,b) followed
by Chen et al. (1995); Abramowicz et al. (1995). In order to describe the key properites of ADAFs
consider first a generic steady axisymmetric non-magnetized accretion flow in the Newtonian limit
and get the fundamental equations of conservation of mass, radial momentum, angular momentum
and energy following the works of Pringle (1981) and Yuan and Narayan (2014).

In a cylindrical coordinate system (R, z, ¢) centered on the black hole of mass M, we consider
a annulus of the disk located at a distance of R, having thickness AR, mid-plane density p and
surface density ¥ = fzzo pdz. The mass contained in the ring is dM = 27 RAR>} and its angular
momentum is dL = 2r RARY R%Q), where (R) is the angular velocity. The rate of change of the

mass of the annulus is equal to the net flow of matter into it from neighboring annuli

OM _ dM(R) — dM(R + AR)

. 2.1
ot At (2.1)
We can rewrite the expression as
0
a(QTrRARE) = (URQWRE)R — (URQWRE)R+AR, (2.2)
where vg = AR/At is the radial velocity. Then taking the limit for AR — 0 by it becomes
ox 0
R— + —(RX =0. 2.3
-+ = (RSon) (23)

From Eq.(2.3) we get the conservation of the mass in a steady axisymmetric flow taking 9/9t = 0,

%(REUR) = 0. (2.4)




2.1. One-dimensional equilibrium models and radiation

Similarly conservation of angular momentum for the annulus yield the equation

;(%R%RZQ) = (2nR*ARYO) g — (2r R*ARYQ) ri AR + AG, (2.5)

with G momentum of the viscous force which can be written as G = 2rRvER(9Q/OR)R where
vY.R(02/OR) is the viscous force per unit of length. The kinematic viscosity coefficient v is usually
parameterized with the Shakura and Sunyaev (1973) prescription:

V= agsCsH, (2.6)

where the dimensionless parameter g is the Shakura-Sunyaev parameter and H is the vertical
scale height. Taking the limit AR — 0 in Eq. (2.5), we get the conservation law of the angular

momentum for a steady flow

0 1 0 o0
OR?) = ——( R3% . 2.
vRyR ) = RZ&R(R > (27)

Conservation law of radial momentum can be easily obtained in a reference frame co-rotating with

the plasma. In a steady flow we get

0 _ 2 2 10(pcf)
UR@’UR—QR Q aRv

(2.8)

where the contributions on the right side are due respectively to the centrifugal force, the Keplerian
gravitational potential (g is the Keplerian angular velocity) and the pressure gradient. In the last
term we considered the expression of the isothermal of the sound speed, ¢; = \/p/p.

Finally, conservation energy reads

s ds
pT v =qy —q—, 2.9
<6t+ RaR) 4+ —q (2.9)
where s is the specific entropy, 1" is the temperature and ¢y and ¢_ are the rates of energy gain
and loss per unit volume respectively. In particular ¢4 represents the energy per unit of time and

volume dissipated due to the viscous effects and it is given by

G G _, [00)?
T = 5rRH 0Q RVp(&R)’ (2.10)

where the vertical scale height can be expressed as H = ¥/p. The rate of energy losses ¢_ is the
cooling rate per unit volume. It is usually customary to define a parameter f that indicates the
fraction of advected energy: it is written as f = (¢+ — ¢—)/q+. Obviously, the quantity 1 — f

represents the fraction of radiated energy. Again, in the stationary case Eq. (2.9) reads

s o0\?
T 2 —q- = fq.. 2.11
pTorgs = Ry <8R> a- = fa+ (2.11)
Eqgs.(2.4),(2.7),(2.8),(2.11) are general and can be referred to all accretion models. Note, however,
that Eq. (2.4) implies the mass accretion rate, defined as M = 47 RYvp, is independent of radius.

While this may be a reasonable approximation for a thin disk wind, a more general discussion
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must include the possibility that the system produces outflows, causing the mass accretion rate
to decrease with decreasing radius. Therefore, assuming a power-law variation for simplicity, it is

useful to generalize equation as )
M = Mgy (R> 0, (2.12)
Rg
where Rg = 2GM/c? is the Schwarzschild radius of the black hole, Mgy = M (Rg) is the mass
accretion rate evaluated at R = Rg and s, < 1 is a measure of the strength of the outflow (Blandford
and Begelman, 1999).

The ADAF regime is defined when radiative cooling can be neglected as opposed to heat
advection, f — 1 and the accretion flow is underluminous MBH < MEdd or equivalently n =
L/(Mggc?) < 0.1, where 7 is the radiative efficiency and L is the luminosity. The first self-similar
solutions are obtained by Narayan and Yi (1994) for arbitrary viscosity parameter ags and adiabatic
index v, and assuming s, = 0. A more recent version of the self-similar solution including outflows
(so # 0) and magnetic field is due to Yuan et al. (2012):

v~ —1.1x 1070 agr Y2 em ™t s, (2.13)
Qr29x100m r3/257 1, (2.14)

A ~14x10°r tem?s72, (2.15)

ne &~ 6.3 x 10" a2 gy 327 em ™, (2.16)

B~ 6.5 x 108 (14 B) Y2 agem™ 2 ring)2 r=5/4+512 G, (2.17)
pr 1.7 %1000t m gy r 2 gem ™ s 72 (2.18)

where m = M /Mg, m = M/MEdd, r = R/Rg. Again with mpH we have indicated 1 evaluated
at R = Rs.
The self-similar solutions reveal the key properties of ADAFs that are:

e The accretion rate and the luminosity are lower than the typical values of thin disks.

e The sound speed is comparable to the Keplerian velocity, c¢s ~ vg, which means that the
temperature of the plasma is nearly virial, 7' ~ (10'2/R) K, consistently with the fact that

there is no cooling.

e Due to the high pressure the vertical height of the disc becomes comparable to the radius,

H ~ R.

e The strong radial pressure support causes the angular velocity to become sub-Keplerian,
Q< Qgk.
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e The radial velocity is high and consequently the accretion is very fast, only a few free-fall

times.

e The high radial velocity in a geometrically thick disk causes the density to be low for the

accretion rate to be sub-Eddington.

e The accreting gas in an ADAF has a positive Bernoulli parameter, defined as the sum of the
kinetic energy, potential energy and enthalpy (Narayan and Yi, 1994). Since the parameter is
conserved in an adiabatic flow, then, if it is positive, it is possible to imagine that the gas can
somehow flow adiabatically outwards and reach infinity with a positive net energy. Therefore,

winds, jets and other outflows may originate in ADAFs.

e Since the gas is heated but non efficiently cools, the entropy increases with the decreasing of

the radius. ADAFs can therefore transport energy via convection.

The regime described by these properties is sometimes referred to as a RIAF (radiatively inefficient
accretion flow), however, in this discussion, we adopt the term ADAF.

The ADAF disk is a pressure dominated gas where the temperature can approach 102 K at
small radii from the black hole. For such a hot accreting gas not to radiate effectively it is customary
to allow the ions and electron to have different temperatures (Narayan and Yi, 1995b). In fact the
gravitational energy is mainly transferred to ions that radiate ineffectively. This energy could be
exchanged with electrons through Coulomb interactions but in a very hot and low-density plasma
these interactions are slow. The ions therefore have an almost virial temperature while the electrons

are much colder. Typical ADAF temperatures scaling for protons and electrons are
T; ~ 10K, T, ~ min(T;,109 1K) (2.19)

Obviously it is crucial to know the precise form of the electron and proton distributions in order to
be able to compare the theoretical spectra with those observed. Mahadevan and Quataert (1997)
studied the energy distributions of the two species in ADAFs for normal mass accretion rates. They
showed that electrons can efficiently exchange energy both by Coulomb collisions and by absorption
and emission of synchrotron photons and therefore can thermalize; the electron energy distribution
may thus be Maxwellian for the bulk of the electrons, but power-law for a small population of
electrons at higher energies. Coulomb collisions are far too inefficient to thermalize the ions, so ions
retain whatever energy distribution they acquire through viscous dissipation and heating. Early
work on two-temperature ADAFs assumed that viscous heating acts primarily on the ions. We
can define a parameter ¢ that denotes the fraction of the viscously energy that directly heats
electrons: Narayan and Yi (1995b) took § = 0 while Esin et al. (1997) assumed § = m./m; ~ 1073.
However, the existence of neither a two-temperature plasma, nor a radiatively inefficient accretion
flow requires such a small value of §. By modeling astrophysical observations of Sgr A* and other
brighter sources, some constraints have been obtained on its value. Actually we can say that ¢ is
probably in the range 0.1-0.5. The work of Sharma et al. (2007) showed that § ~ (T./T;)"/?/3. At
large radii, where the plasma can be considered one-temperature, the formula gives § ~ 0.3, while

in the inner region, where the plasma is two-temperature, it gives § ~ 0.01 — 0.1. Taking these
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properties into account, the energy equation (2.11) can be replaced by two coupled equations

dei

C P = (1 — 8ot — oi° 2.20
T ( Jat —q", (2.20)
de X
€ _ 8¢ — §qt 4+ g — g 2.21
U = " +qd°—q, (2.21)

where e;, e, are the internal energies of ions and electrons per unit mass of the gas; ¢“¢, ¢®¢ are the
compression works done per unit volume; ¢*¢ is the rate of transfer of thermal energy from ions to

electrons via Coulomb collisions.

2.1.2 Global models and emissivity function

The self-similar solution presented above allows to understand the main properties of an ADAF
but, being scale-free, it is not appropriate near the inner or outer boundary of the flow. Therefore,
one must use global solutions especially for calculating the radiation spectrum, since most of the
radiation comes from the inner region. A global model is obtained by solving the equations presented

in 2.1.1 numerically. The main parameters of global models are:
e BH mass, M,
e accretion rate, Mp H;
e viscosity parameter, cug;
e beta plasma 3 = pgas/Pmag
e adiabatic index, ~,;
e viscous heating parameter, J;
e advection parameter, f;
e the wind parameter s,;

Actually, most of these parameters are constrained: M is usually known through observations, J is
discussed in 2.1.1, ags, B, S, are obtained from numerical simulations, while f can be obtained self-
consistently (Narayan and Yi, 1995b; Esin et al., 1997; Yuan et al., 2003); Mgy is a free parameter
which can however be fitted to observations of luminosity or spectrum of a source. The numerical
solution allows to obtain the radial distribution of the quantities v, €2, cs, p, T), Tt, Pgas, Pmag-
These global solutions agree with the self-similar solutions away from the boundaries, confirming
their validity (Narayan et al., 1997; Chen et al., 1997).

The fully general relativistic version of the global problem has been solved by many authors:
the first attempts are due to Abramowicz et al. (1996), but the first satisfactory solutions are found
in subsequent works by Abramowicz et al. (1997); Beloborodov et al. (1997); Gammie and Popham
(1998). The results show agreement with the Newtonian approximation for R > 10Rs, while the
effects of the Kerr metric are significant in the inner region.

Global models allow us to reproduce the spectrum of the sources. In a gas as hot as that of ADAF

disks, the dominant radiative processes are synchrotron emission and bremsstrahlung, modified by

11
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Comptonization. In order to explain the observed spectra Narayan (1996) first proposed a model
based on the transition from thin disk to ADAF that occurs starting from a certain transition radius,
Ry in the outer part is the thin disk, while for R < Ry, the thin disk is truncated and the region
is occupied by an ADAF. The transition radius depends on rhgy with the thin disk truncated at
Ri; ~ 10> —10*Rg when ripy < 1073, In general, the spectrum of a source is produced by the black
body contribution of the outer thin disk and by the comptonized synchrotron and bremsstrahlung
contributions of the ADAF in the inner region. In addition, the presence of a jet with non-thermal
electrons can enhance radio and infrared emission and smooth the inverse Compton bumps.

A useful expression for the emissivity produced by ultrarelativistic thermal electrons emitting
synchrotron radiation was provided by Leung et al. (2011). Let us consider a population of eletctrons
described by a phase space distribution function f = dn.dI'd(2,, where I' is the Lorentz factor and
d€, is the solid angle element in the moments space. The total emissivity per unit of frequency of

this distribution can be defined as

Jy = /dgpfnu, (2.22)

where dE
L= e 2.23
= dvdtd, (223)

is the emissivity per unit of frequency for a single electron. The function distribution relative to a

population of thermal electrons is given by

_me D(@Z-1)1/2 r
f= 0, K(1/0.) exp (—@e>, (2.24)

where ©, = KT,/ (m602) and K is a modified Bessel function of the second kind. In the ultrarela-
tivistic regime, I' > 1 and ©, >> 1, we can use the approximation Ks(1/0,.) =~ 20?2 and Eq. (2.24)

becomes

neJ? r
f =~ 5703 &P <—9>. (2.25)

The integral is evaluated using a standard approximation

3 .
/ 40, ~ V3B 50 F(V) (2.26)

MeC? Ver

where
Ver = (3/2)v,sin 012, (2.27)

V. is the electron cyclotron frequency eB/(2mmec) and the synchrotron function is defined as
o
F(z)= a:/ dtKs5(t), (2.28)
xT
with the following asymptotic limits

) 22/31(2/3)z/? + O(x) for r < 1, (229)
) = ]
(%) exp (—2)(1+ O(x™")) for 2> 1.
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2.2. Disk dynamics from numerical simulations

In Eqs.(2.28)-(2.29) we put = v/vs where the threshold frequency vy is defined as
vs = (2/9)1.0?%sin 6. (2.30)

In simulations of Chapters 5 and 6 we study the high-frequency limit (v > v;) of the thermal
synchrotron emissivity. In this regime the integrand of (2.22) is proportional to exp(—I'/0. — v/vc;),
where now v ~ I'?) so the peak emission is from electrons with I' ~ [0,/ (vesinf)]'/3. The

emissivity per unit frequency results

V2mrety,

“setc X exp(—X1/3). (2.31)

Jv > Ne
where X = v/v,. The emission obtained by integrating Eq. (2.31) over the volume also allow to

get a feeling for the predictive power of variability in a turbulent regime.

2.2 Disk dynamics from numerical simulations

Self-similar solutions and global models permit to capture the physics underlying the ADAF ac-
cretion problem. For greater realism, numerical magnetohydrodynamic simulations are the only
way since they allow to understand the three-dimensional structure of accretion flow and the fun-
damental role played by the magnetic field. Among these we distinguish between local simulations
(shearing box), where a small area of the disk is considered, and global simulations that allow a
more complete description of the accretion.

Here we describe one of the most studied phenomena through local simulations, namely mag-
netorotational instability. At the level of global simulations we focus on the description of the
ADAF accretion in the two best-known regimes: SANE (Standard And Normal Evolution) and
MAD (Magnetically Arrested Disk).

2.2.1 Magnetorotational instability

A key process of the accretion disks that must be studied through numerical simulations because
of its non-linearity is undoubtedly the magnetorotational instability (MRI). It is a fundamental
mechanism that allows the transport of angular momentum and can acts also as an effective dynamo.
It was first studied by Chandrasekhar (1960) in plasma physics but rediscovered in the context of
accretion disks by Balbus and Hawley (1991, 1998).

This ideal instability arises due to the action of a magnetic field in a system subject to differ-
ential rotation and can lead to large scale mixing and turbulence very quickly (tymgrr o< 1/€2). The

conditions necessary for MRI to develop are:
e weak poloidal magnetic field;
e disk with differential rotation and angular momentum increasing outwards.

To understand how MRI works, we can think of a mechanical analogy. Let us consider two fluid
elements connected by a spring in a differential rotation system such as the one shown in the Figure
2.1. In this model, the force produced by the magnetic field is schematized by the elastic force.

Intuitively the spring force is a stabilizing force but if differential rotation is present then it can lead

13



2.2. Disk dynamics from numerical simulations

Figure 2.1: Mechanical analogy showing the growth of MRI due to differential rotation.

to instability. To see it, suppose that the two particles are in a configuration like the one shown
at the time "a" of the Figure 2.1. Differential rotation increases the displacement between the
two particles because the inner particle rotates faster than the outer one. Therefore, the magnetic
tension increases and the inner particle is slowed down while the outer one accelerates. By slowing
down, the inner particle loses angular momentum and is forced to orbit at smaller radii, while the
outer particle moves outward (times "b" and "c"). This mechanism does not stop until the particles
are completely separated. However, it is important to point out that the magnetic field must not
be excessively strong otherwise the particles can only oscillate around their initial positions.

From the simulations of MRI, we can estimate the viscosity parameter ags and observe that there
is a discrepancy between the numerical results and the observations. The outbursts of the Soft X-
ray Transients and the dwarf novae accretion disks suggest, e.g., a value of the viscosity parameter
of ags ~ 0.1 — 0.4 (Dubus et al., 2001; Schreiber et al., 2003, 2004), while numerical shearing-box
simulations of MRI give lower values agss ~ 0.01 — 0.1 (Davis et al., 2010; Guan and Gammie,
2011; Simon et al., 2012; Hawley et al., 2013). The main limitations of these simulations concern
the impossibility of generating large-scale magnetic structures, both due to limited computational
resources and the limitations imposed by boundaries conditions (King et al., 2007). More recently,
some studies have tried to investigate possible mechanisms capable of producing a higher viscosity
parameter. Among them, Held and Latter (2018) showed that convection can effectively transport
angular momentum outward in disks and its interaction with the MRI, which is capable of being a
source of convection, could lead to an increase of an order of magnitude in the value of the viscosity
parameter (Held and Latter, 2021).

2.2.2 Global simulations: Standard And Normal Evolution and Magnetically
Arrested Disks

The first global MHD simulations in which the black hole was modeled via a pseudo-Newtonian
potential showed similar results to those of the shearing box simulations in terms of MRI-driven tur-

bulence development. Recently, simulations are carried out by general relativistic MHD (GRMHD)
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2.2. Disk dynamics from numerical simulations

codes that provide a better description of phenomena near the black hole. We discuss now the most
important features of the problem resulting from the simulations.

Since we focus on the targets of EHT, SgrA* and M87*, where the accretion rate is very sub
Eddington and the radiative cooling timescale becomes longer than the accretion timescale, purely
non-radiative GRMHD simulations ignoring cooling can be used to model the data. We specify
that radiative cooling is certainly negligible for SgrA* (Dibi et al., 2012), while it is probably not
for M87* (Chael et al., 2019).

The general morphology of thick disks derived from simulations is separated into the components

shown in Figure 2.2:
e the disk, which contains the bound matter;
e the evacuated funnel extending from the polar caps of the black hole;
e jet sheath, which is the remaining outflowing matter.

The blue line in Figure 2.2 demarcate the bound/unbound transition defined via the Bernoulli
criterion for which the relativistic hydrodynamic parameter is defined as Be = —hu; — 1 (Novikov
and Thorne, 1973) but here the geometric parameter, Be = —u; — 1, has been adopted so as to
have u; < —1 in the unbound region characterized by having Be > 0. The red contour demarcates
the funnel boundary, ¢ = 1, where ¢ = B2?/(pc?) is the magnetization, and the green contour
the equipartition 8 = 1 , which is close to the bound/unbound line along the disk boundary. In
McKinney and Gammie (2004) a disk corona was also introduced for the material with 1 < 8 < 3;
however, as this choice is arbitrary, there is no compelling reason to label the corona as a separate
entity in the ADAF scenario. Between the evacuated funnel demarcated by the funnel wall (red)
and the bound disk material (blue), there is a strip of outflowing material often also referred to as
the jet sheath: this flow emerges as plasma from the disk and it is driven against the centrifugal
barrier by magnetic and thermal pressure.

In ADAF accretion a key role is played by horizon penetrating magnetic flux ®gy normalized
by the accretion rate M, ¢ = ®py/ \/ﬁ . Tchekhovskoy et al. (2012) showed that a maximum for
the magnetic flux, ¢max exists depending only mildly on black hole spin, but somewhat on the disk
scale height, with taller disks being able to hold more magnetic flux. This parameter defines the

two accretion regimes:

o if ¢ < @Pmax the regime is known as SANE acronym that stands for standard and normal
evolution (Narayan et al., 2012; Sadowski et al., 2013);

o if ¢ ~ ¢max the regime is kwown as MAD acronym that stands for magnetically arrested disk
(Bisnovatyi-Kogan and Ruzmaikin, 1976; Narayan et al., 2003)).

In the first, magnetic fields are present but are not very intense and are largely absorbed by the black
hole. In the second mode of accretion the magnetic field is much more intense and the black hole is
not able to absorb everything that is transported over great distances. For this reason, a bottleneck
is created in the disk due to which the magnetic field accumulates and generates a pressure high
enough to significantly dampen the accretion rate, even managing to stop it temporarily.

One of the first quantitative comparisons between MAD and SANE was made by Sadowski et al.

(2013). The authors consider a initial torus of gas threaded either by multiple and counterorientated,
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Figure 2.2: Views of the radiatively inefficient turbulent black hole accretion problem against the
Kerr—Schild coordinates obtained from a simulation with BHAC (Porth et al., 2017). The black hole horizon
is the black disk and the ergosphere is shown as a black contour. Left: logarithmic rest-frame density and
rendering of the magnetic field structure using line-integral convolution, showing the ordered field in the fun-
nel region and turbulence in the disk. Center: the logarithm of the magnetization. The magnetized funnel
is demarcated by o = 1, (red lines), the disk is indicated by 8 = 1 (green lines), and the geometric Bernoulli
criterion (u; = —1) is given by the blue solid line in the region outside of the funnel. Right: schematic of
the main components. Figure of Porth and EHT-Collaboration (2019).

or single poloidal magnetic field loops for SANE and MAD models, respectively. The upper panel
of Left Figure 2.3 shows the mass accretion rate M and the bottom panel shows the evolution
of the magnetic flux ¢ where the solid and dotted lines correspond to MAD and SANE models,
respectively. While there is no clear difference between MAD and SANE in terms of mass accretion
rate, we can see how in the MAD runs the magnetic flux at the horizon always remains around
a value that corresponds to the maximum allowed and is higher than SANE runs. An important
feature of the ADAF concerns the development of powerful jets according to the Blandford Znajek
model (Blandford and Znajek, 1977) which predicts that the magnetic field lines threading a black
hole can extract its the rotational energy. Right Figure 2.3 shows the radial profile of efficiency of
the accretion flow (red lines), i.e. the energy that flows out to infinity normalized by the net mass
accretion rate, and the contributions of jet and wind. We see that SANE run has an efficiency of
a few per cent whereas the MAD run has a much larger efficiency greater than 50 per cent. Due
to the greater magnetic flux, the jets observed in the MAD models are therefore considerably more
powerful than those of the SANE disks.

To build an emission model it is necessary to provide the electronic temperature (7;) which is
not evolved in the simulations. We said that we expect that the electrons and protons in plasma
around the black hole are thermally decoupled. To account for the unresolved electron physics in
GRMHD simulations, detailed calculations of electron temperatures have been presented by some
authors (Ressler et al., 2015; Sadowski et al., 2017). It is found that thermal conductivity does
not have a significant effect on the electron temperatures. The most significant effect on electron
temperatures is imposed by a model of plasma heating resulting in a proton to electron temperature

ratio depending on the local plasma magnetization. This physics can be schematized by the formula
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Figure 2.3: Left: temporal evolution of the accretion rate into the BH (top) and magnetic flux at the BH
horizon (bottom) for SANE (dotted lines) and MAD (solid lines) models with different BH spins. Right:
radial profiles of the energy flux for SANE (top) and MAD (bottom) models. Figures of Sadowski et al.
(2013).

(Moscibrodzka et al., 2016):
T; B 1
= _Rh1gh1+ﬁ2 + 1+627

Te
where Ryigp is a free parameter which corresponds to the ratio, T; /Te, in the high beta regions of

(2.32)

the disk and it is chosen based on model fitting to the observational broadband Spectral Energy
Distribution data. In contrast, in the highly magnetized regions of the jet, beta is small and
T;/T. ~ 1. The electron temperature T¢ is obtained from the equation (2.32) once the proton
temperature T}, has been computed from the simulations. In particular there are several advanced
temperature models for the SANE models, while the temperatures of the MAD disks are much more
uncertain.

GRMHD simulations also allow to obtain information on variability as explained in Porth and
EHT-Collaboration (2019). Indeed, it is known that in Sgr A*, episodic flares are detected in X-ray
and nearinfrared (NIR) on a roughly daily basis and a low-level continuous variability is present in
NIR and radio. While the nature of the strong coincident X-ray and IR flares is most likely associated
with discrete events of particle heating or acceleration, weaker IR flares could also be caused by
lensed thermal plasma in the turbulent accretion flow, and flares in the submillimeter band can be
attributed solely to turbulent fluctuations in the accretion flow. On short timescales (below the
characteristic timescales 7 ~ 4 hr in IR and 7 ~ 8 hr in submillimeter), the continuous variability
is well described by a red-noise spectrum with power-law slope of ~ 2. For low-luminosity AGN,
it is found that the submillimeter characteristic timescale is consistent with a linear dependence

on the black hole mass as would be expected for optically thin emission in radiatively inefficient
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general relativistic models. Hence, in M87, the variability with its characteristic timescale of -
45fg}1 days can be obtained by scaling the Sgr A* result. More recently, the M87 data processed
by the EHT collaboration indicate intrinsic variability of compact structure on a timescale of days
confirming the previous results. To obtain detailed information on the timing scale of the variability,
a rigorous general relativistic radiative transfer calculation (GRRT) would be required that allows
the reconstruction of the photon trajectory in a curved space-time. In Chapter 5 an approximate
optically thin light curve is calculated as a volume integral of the emissivity defined by Eq. (2.31)

and a study is carried out to confirm that the variability is described by a power-law slope of ~ 2.

2.3 First Event Horizon Telescope results

The goodness of a model is certainly measured by a comparison with observations. The models that
predict dynamical and radiative properties of hot, magnetized, thick accretion disks are matched

with observational data by:

e fitting the synthetic broadband (radio-X-ray) spectral energy distribution to the fluxes ob-

served at various bands;

e modeling radio images at millimeter and radio wavelengths.

Recently, a big step forward in modeling techniques has been made thanks to observations of the
EHT which has mapped the central compact radio source M87* (M ~ 6.2-10° Mg, D ~ 16.9 Mpc)
at a wavelength of 1.3 mm (230 GHz) allowing to reconstruct the event-horizon-scale images of
the supermassive black hole. Here we show the main observational results obtained by EHT and
what they implied in the GRMHD modeling of thick accretion disks. The EHT is a Very Long
Baseline Interferometery (VLBI) experiment that directly measures the visibilities, i.e. the Fourier
components, of the radio brightness distribution on the sky. The EHT array that collected the first
data in 2017 is made by eight stations placed in six geographic locations. As the Earth rotates,
each telescope pair in the network samples many spatial frequencies creating a virtual telescope
that spans nearly the full diameter of the Earth. Image reconstruction from EHT data using the
radio interferometry approach took about two years and in April 2019 the images of M87* (Figure
2.4) were presented in a series of papers, EHT-Collaboration (2019a,b,c,d,e,f). The compact source
shows a central dark hole with a bright ring arising at ~ 5r because of strong gravitational lensing.
The observed peak brightness temperature is Tj 1, ~ 6 - 10° K which is consistent with past VLBI
measurements at 230 GHz and the total flux density in the image is in the range 0.2 — 1.2 Jy. We

can infer orders of magnitude of the quantities of interest by assuming n. ~ ny,, T; = 31,, § ~ 1:

ne ~2.9-10% cm™3, (2.33)
B ~49 G, (2.34)

T, ~6.25-10" K, (2.35)
m~2.0-1077. (2.36)
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Figure 2.4: First EHT image of M87* from observations on April 2017.

A model can be made by assuming that M87 contains a turbulent, magnetized accretion flow
surrounding a Kerr black hole. Several different codes evolved matching initial conditions using the
equations of ideal GRMHD to generate a simulation Library. All simulations were initialized with a
weakly magnetized torus of plasma orbiting in the equatorial plane of the black hole and driven to
a turbulent state by the MRI. The two key physical parameters were the black hole spin a and the
normalized magnetic flux ¢, that discriminates the SANE regime from MAD. The next step was
the creation of a large Image Library of synthetic images using the general relativistic ray-tracing.
In this phase, other free parameters were added: the observer inclination ¢ and the orientation of
the observer through the position angle PA and the parameter Ryign of Eq. (2.32).

The main results obtained can be summarized as follows:

e the observed image is consistent with expectations for the shadow of a Kerr black hole as

predicted by the theory of the general relativity;

e if the black hole spin axis is aligned with the large-scale jet, then the asymmetry implies that
the black hole spin is pointing away from Earth;

e models in the simulation library of non-spinning black holes are not consistent with the ob-

servations as they do not produce sufficiently powerful jets.

A further step forward in understanding the phenomenon of accretion was certainly made with
the study of the polarized image presented in 2021 in two papers EHT-Collaboration (2021a,b).
The polarimetric image obtained by processing the 2017 data shows a characteristic azimuthal

pattern with a region of higher polarization in the southwestern part of the ring, where the linear
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polarization fraction is < 10%. As it is known that synchrotron radiation should have a polarization
of 70%, it is thought that the polarization structure of M87* can be significantly influenced by two

factors:
e turbulent magnetic fields;
e internal Faraday rotation.

Faraday rotation is the phenomenon of the rotation of the polarization plane depending on the
intensity of the magnetic field along the direction of propagation of the light beam. This process can
lead to some degree of depolarization depending on the scale on which it develops. It is reasonable to
assume that there is an external Faraday rotation due to the accretion bulk which does not produce
any depolarization. On the other hand, the possible presence of an internal Faraday rotation, i.e.
localized in the emission region, would lead to a significant decrease in the observed polarization
fraction. It can be shown that, given n., T, and B from (2.33)-(2.35), the optical depth 7,, to
Faraday rotation at ~ 5r results 7,, ~ 5.2 > 2, indicating that Faraday rotation internal to the
emission region is an important effect and could thus explain the depolarization observed in M87*.
The constraint on 7,,,, combined with the two constraints coming from the observations from 2017
on the optical depth (7 < 1) and on the observed flux (0.2 < F,, < 1.2 Jy), allows to obtain a much

more precise estimate of the physical quantities of interest:

1019< 71, <1.2-10Y K, (2.37)
1<B<30G, (2.38)
10* < ne <107 em 3. (2.39)

The importance of the last two papers of the EHT collaboration is also due to the almost definitive
confirmation that the accretion in thick disks develops preferably following the physics of the MAD
regime rather than that of the SANE. Indeed, the magnetic field in the MAD models is very strong
and is capable of not being advected with the flux. This fact allows the formation of an intense
poloidal component which generates an azimuthal polarization pattern. Conversely, in SANE disks
the magnetic field, being weaker, follows the accretion flow and the resulting polarization pattern
tends to have a dominant radial component. The analysis that led to this interpretation involved
the comparison between observations and several images from the simulation library carried out
by varying the parameters listed above. By crossing the constraints imposed by the polarization

pattern with the jet power, only 15 MAD models with a # 0 and no SANE survive the selection.

2.4 Mean-field dynamo in accretion disks

The simulations employed by the EHT community and for the code comparison tests all rely on
initial magnetic fields with pressure which is one hundredth of the kinetic pressure. This value
corresponds to a subdominant field, but it is not far from the value needed to reproduce both the

dynamics needed to launch the polar jets and the non-thermal synchrotron emission. A more natural
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scenario would be the one in which a very low initial field is evolved and amplified by some kind of
dynamo process, so to reach self-consistently the correct threshold for MRI to induce accretion and
to reproduce the correct dynamical and emission properties.

The first relativistic models for mean-field dynamo effects in thick disks around Kerr black holes
were proposed more than two decades ago (Khanna and Camenzind, 1996; Brandenburg, 1996)
whereas the first implementation within a full GRMHD scheme (even including radiation) is due
to Sadowski et al. (2015), where the dynamo action in accretion discs was parametrized using the
results of local shearing box simulations of MRI, leading to the addition of both poloidal and toroidal
magnetic field components. Interestingly, the 2D axisymmetric simulations with the mentioned
dynamo recipes were able to produce the same kind of fields obtained in 3D simulations without
artificial terms, where the turbulent dynamo is fully operative. The first rigorous treatment of the
dynamo effects within (resistive) GRMHD was presented by Bucciantini and Del Zanna (2013) later
applied to the physics of accretion discs by Bugli et al. (2014) where the evolution of magnetic fields
was studied by in axisymmetry and in the kinematic regime, that is by solving Maxwell equations
alone not considering the feedback on the disk’s plasma.

Here, we briefly introduce the classical theory of mean-field dynamo starting from the limit of
the laminar approach to show the need to assume the presence of turbulence. Generalization in the
context of GRMHD is described in Chapter 3, while Chapter 6 shows the first numerical studies of

the GRMHD dynamo in accretion disks in dynamic regime.

2.4.1 Limits of the laminar dynamo theory

The operational definition given by Moffatt (1978) states that a velocity field of a fluid is acting
as a dynamo if it is able to maintain a finite magnetic energy density for ¢ — co. However, there
are a number of theorems that exclude the possibility of dynamo action in a series of particular
symmetries. Among these the most famous is certainly Cowling’s anti-dynamo theorem (Cowling,
1976) elegantly illustrated by Boyd and Sanderson (2003). Using a simple argument he showed
that no axisymmetric magnetic field can be maintained stationary through the dynamo action of
axisymmetric currents. In the case that he considered both the flow and the field lines are in a
meridional plane through the axis of symmetry. In any such plane the field lines must be closed
curves enclosing at least one neutral line as shown in Figure 2.5. Let us consider the Ohm’s law for
a resistive plasma and integrate it around this line (from now we use units G = ¢ = 1 and make use

of the Lorentz-Heaviside notation for the electromagnetic quantities). We get

nny-dl—j{E-dH}[(UxB)-g; o)

= |[(VXxE).-dS=—- | —-dS=0

[ xE) =

where 7 is the resistivity, J is the current density, U is the velocity of the plasma and E and B are
the electric and magnetic fields. The integral of the convection term vanishes on account of the fact
that B = 0 along the neutral line and the final integral vanishes because of the stationarity. But
(2.40) implies that J4; = 0 which is clearly incompatible with Ampere’s law and the contradiction

proves the theorem. The physical interpretation of the theorem is that while the convection term can
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2.4. Mean-field dynamo in accretion disks

neutral line

Figure 2.5: Geometry of field lines in Cowling’s theorem (Boyd and Sanderson, 2003).

transport the field lines in the meridional plane it cannot create new field lines to replace those that
diffuse through the plasma and disappear at the neutral point. The proof of Cowling’s theorem can
be extended to include an azimuthal component of the magnetic field. In this case (U x B)-dl =0
on the neutral line since B and dl are parallel. The conclusion is that although a system such
as an accretion disk around a black hole (but also a star or planet) may have a dominant axially
symmetric dipole field at its surface, the magnetic field within the body must be considerably more
complicated if it is to be maintained by dynamo action. In the most general terms, as shown in the

next paragraph, differential rotation and turbulent convection are required.

2.4.2 Turbulent mean-field dynamo theory

Let us consider a classical plasma in a flat space-time. We assume a velocity field U and a magnetic

field B that have a large-scale average component and a small-scale variable component:

U=U+u, (2.41)

B = Bj+b, (2.42)

where u and b are the stochastic fluctuations with zero time average on an intermediate scale. The
classical induction equation is defined by

0B

5 TV (U x B) = nV*’B. (2.43)
Substituting the expressions (2.41) and (2.42) in the equation (2.43) we get

9 2
a(Bo +b) =V x[(Up+u)x(By+b)]+nV*(By+b). (2.44)
The induction equation (2.44) may be separated into its mean and fluctuating parts:
0By

5 =V x (Uox Bo) +V x €+ nV2By, (2.45)
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2.4. Mean-field dynamo in accretion disks

?;:Vx(onb)—l—Vx(uxB0)+VxQ+nV26 (2.46)

where
E=(uxb), (2.47)
G=uxb—(uxb) (2.48)

The contribution of fluctuations to the large-scale evolution of the magnetic field is clearly un-
derstood: a macroscopic electromotive force € which can greatly influence the magnetic field is
induced. In order to build a theory of mean field dynamo it is necessary to express £ in terms
of known quantities and statistical properties of the fluctuations. The term V x (u x By) in Eq.
(2.46) acts as a source term generating the fluctuating field b. If we suppose that b = 0 at some
initial instant ¢ = 0 then the linearity of Eq. (2.46) guarantees that the fields b and By are linearly
related. It follows that the fields £ and By are likewise linearly related, and since the spatial scale
of By is by assumption large we may reasonably anticipate that this relationship may be developed

as a rapidly convergent series of the form

OBy; 0% By,
& = o Boj + BijkTm + Yijki 2,02) + ... (2.49)
where the coefficients a;j, 35k, ... depends on Up, u and 7. We specify that terms involving time

derivatives OBy /0t, 0> By/0t? may also appear in the expression for £. Such terms may however
always be replaced by terms involving only space derivatives by means of Eq. (2.45).
Let us first consider the zero-order term

S(O) = aijBOj- (250)

7

The tensor «;; can be decoupled in its symmetric and antisymmetric part as o;; = ozz(;) — €ijkAk,

where ap = —1/2€mpounm and €, is the Levi-Civita antisymmetric symbol. If we insert this

expression for «;; into Eq. (2.49) we obtain

The effect of the antisymmetric component a is to introduce a correction to the mean flow velocity

Ujp and lead to an effective velocity Uy + a. However, this contribution can usually be neglected in
(s)
(]
assume u to be isotropic and homogeneous. In this case also «;; is isotropic, hence we can set

the situations of interest for us. The role of the symmetric component «; ;' can be understood if we

Qg5 = aéij, (2.52)

a=0, (2.53)
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where the scalar parameter « derives from the statistical properties of the velocity fluctuations.
Inserting Eq. (2.52) into Eq. (2.50) we obtain

eO) = aB, (2.54)

which inserted into Ohm’s equation E = —U x B+ndJ leads to a contribution to the current density
equal to

Jo_lgo_2p (2.55)
n n

This expression reveals the existence of an electric current parallel to the mean magnetic field, which
is in strong contrast with the usual situation where the induction current (U x B)/n is perpendicular
to the magnetic field. This phenomenon, known in the literature as a-effect, is at the core of the
mean-field dynamo theory.

Let us now consider the first-order term in Eq. (2.49):
(2.56)

Assuming that velocity w is isotropic, the tensor f;j is also isotropic (see also Rincon (2019) for

further information) and we can write
EWN = _BV x By = —J,. (2.57)
The contribution in the induction equation for the mean magnetic field is
Vv x €M = V2B, (2.58)

It is evident from a comparison with Eq. (2.45) that the effect of the induced electromotive force £
is to enhance the effective value of the magnetic resistivity with n — 7 = n 4+ 8. This phenomenon
describes the turbulent resistivity: magnetic field lines with opposite polarities are entangled by
turbulent motions, which leads to their diffusion and consequently to a decrease of the mean field.

The final form of the induction equation with the inclusion of the two effects reads

B
a@to =V x (Uy x By) + V x € + V2B, (2.59)

where

E = aBo — 5V X Bo. (260)

Eq. (2.59) can be also reformulated in terms of an effective large scale electric field Ey as

0By
— == E 2.61
a1 V x 0 ( 6 )
where
Ey=-Uy x By +nJy — aBy, (262)

with Jop = V x By. Eq. (2.62) is a generalization of resistive Ohm’s law that includes mean-field

dynamo effects.
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2.4. Mean-field dynamo in accretion disks

To better understand how the dynamo cycle works also in an axisymmetric configuration of an
accretion disk, it can be useful to rewrite the induction equation decomposing the fields into their
poloidal and toroidal components,

U=U,+Ur, (2.63)

B =B, + Br, (2.64)

where for convenience the subscript 0 that characterizes the macroscopic quantities has been abol-

ished. In a cylindrical coordinate system (R, z, ¢) let us consider

UT = RQ(R, Z)i¢, (2.65)
BT = B(R, Z)’l:¢, (2.66)
Bp =V x A(R, Z)i¢, (2.67)

where Q(R, z) is the angular velocity of the plasma and A = A(R, 2)i4 is the vector potential.
Substituting these expressions in Eq. (2.45) we obtain

0A 1 1
—_— 4 = . A=aB+7(Vi-—=]A 2.
5 +R(Up V)R o —i—n(V RQ) , (2.68)
B B 1
a——FR(UP-V) — ) =R(Bp-V)Q+[V x (aBP)]‘i¢+ﬁ VR — B, (2.69)
ot R R?
where we use the vectorial relations
. 1
1
Up X (V X A) = —E<Up . V)RA (2.71)

The first term to the first member of the Eqgs. (2.68) and (2.69) is the Euler derivative of the
components of the field, while the second term represents their advection with the flow. On the
right side of Eq. (2.69), the first term shows how an angular velocity shear along a line of force
of Bp can produce a toroidal field. This process is known as -effect and it is a fundamental
phenomenon in the systems where differential rotation is present. The first term of Eq. (2.68) and
the second term of Eq. (2.69), on the other hand, are source terms of toroidal and poloidal fields
respectively related to the a-effect. Usually the rotation term is dominant with respect to the alpha
effect term, for which Eq. (2.69) becomes

0B B 1
(o V)<R> - R(Bp~V)Q+77<V2 - 2)3. (2.72)
The two Egs. (2.68) and (2.72) describe a mechanism that provides a way to close a dynamo cycle

by generating poloidal magnetic fields starting from a toroidal field. In fact, such a field would
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2.4. Mean-field dynamo in accretion disks

lead, according to Eq. (2.55), to a toroidal current, which consequently would generate a poloidal
magnetic component. The latter then allows the amplification of the toroidal field through the -
effect, i.e. in presence of differential rotation. In such a system, called a — {2 dynamo, it is possible
to have a steady amplification of magnetic field. The individual efficiency of the Q-effect and the
a-effect in generating magnetic field against dissipation can be estimated a priori by their relative
Reynolds dynamo numbers. These parameters (widely used in the literature) are defined in a disk

as (Brandenburg and Subramanian, 2005)

ao[H _ aoH?
dR| n n

Cq= R‘ (2.73)
@
n
where H is the scale height of the disk. We can observe from Eq. (2.54) that « has the dimension

of a velocity and therefore can be interpreted as a characteristic velocity of turbulent motions that

Co = H|—|, (2.74)

we denote by v,. On the other hand, we can identify the term n/H with the dissipation velocity
of the magnetic field denoted by v,. The meaning of the dynamo numbers is therefore clearer if we

express them in terms of velocity ratios

Cp =22, (2.75)
Un
Vo
= 2.
Ca= 3 (2.76)

where vg ~ HS is a typical rotational velocity. We observe that by setting o = 0 in Eq. (2.68),
the laminar dynamo limit is recovered and the effects of Cowling’s theorem can be seen: the term
source in the equation is reduced to an exclusively dissipative contribution which leads to a decay
of the poloidal field not allowing the maintenance of a stable configuration of the magnetic field.
Here we have presented a classic discussion of the mean-field dynamo theory. In the next
Chapter, we show how it is possible to generalize Eq. (2.62) in GRMHD to study this phenomenon
in the context of accretion disks around black holes. The main advantage of this approach is to be
able to model turbulence effects by adjusting the two arbitrary free parameters n and a. We specify
that in the absence of explicit dynamo terms, an amplification process is expected to naturally
take place due to the MRI: both local shearing box simulations (Brandenburg et al., 1995; Ziegler
and Riidiger, 2001; Davis et al., 2010) and global models (Hawley et al., 2011, 2013) studied the
saturation of the MRI in order to characterize the « coefficients; further studies have also considered
the effect of the anisotropic nature of the MHD turbulence (Gressel and Pessah, 2015; Dhang et al.,
2020), i.e. without the two hypotheses (2.52) and (2.57). However, the introduction of explicit
dynamo terms allows for regulating the growth of selected field components in different spatial

regions of the source, while MRI is more limited by the initial magnetic configuration.
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Chapter 3

(zeneral relativistic

magnetohydrodynamics

This chapter presents the (ideal and non ideal) General Relativistic Magnetohydrodynamics GRMHD
equations that are solved by the ECHO code (Del Zanna et al., 2007). Initially, a brief description
of the equations is made using the covariant approach, to then move on to the formulation in the
so-called 3 + 1 formalism characterized by a separation between the spatial and temporal coordi-
nates. This second approach, in addition to being more easily interpretable, is more advantageous
from a numerical point of view because it allows to develop conservative schemes that are more

robust than non-conservative ones.

3.1 Covariant approach

We begin with a brief presentation of the GRMHD equations in the covariant formalism considering
an ideal fluid interacting with an electromagnetic field. The equations of relativistic hydrodynamics

are:
V. (pu) = 0, (3.1)

VT =0, (3.2)

where V, represents the covariant derivative. Eq. (3.1) is the well-known law of conservation
of rest-mass, where p is the rest-mass density measured in the comoving reference with the fluid
moving with the four-speed u#. Eq. (3.2) is the conservation law of the four-momentum, where the
energy-momentum tensor TH” can be splitted into two contributes, one due to matter and one to

the electromagnetic field:

T =Ty + T, (3.3)
with
TE = phutu” + pgh” (3.4)
and )
Tl = FLF — (P30, (35
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3.2. 3+1 formalism

where h = 1+ € + p/p is the specific enthalpy, € is the specific internal energy, p is the thermal
pressure, g"¥ is the metric tensor and F*¥ is the antisymmetric tensor of the electromagnetic field.
The metric follows the signature (—, +, +, +) and Lorentz-Heaviside notation is adopted (¢ = 1 and

VA4m — 1). Maxwell’s equations can be written as

VW = 1", (3.6)

Y, F# =0, (3.7)

where I* is the four-vector of the density current, F** =1/ 2eMAR Fy - is the dual of the electromag-
netic field tensor and e*** = (—g)~1/2[uwAk] is the Levi-Civita space-time tensor where g = detg,,
and [uvAk] is the completely antisymmetric Levi-Civita symbol with convention [0123]|=+1.
In a perfect conductor, ideal Ohm’s law is obtained by imposing the cancellation of the comoving
electric field
FFu, = 0. (3.8)

This means that the charges in the plasma can move freely in order to effectively shield any locally
electric fields. We note that this condition makes Eq. (3.6) redundant and the density current I*
becomes a derived quantity as in classical MHD.

To close the GRMHD system of equations it is necessary to specify the equation of state p =

p(p, €). In our simulations the equation of state of perfect gas is assumed

plp,€) = (5 — 1)pe, (3.9)
which, using the previous definition of specific enthalpy, can be expressed as

h=1+—L

p
- 3.10
1) (3.10)
where 4 is the adiabatic index.

Finally, if the considered fluid is ideal (absence of shocks or other sources of dissipation), the

law of conservation of total energy is equivalent to the adiabatic equation
Vu(psu?) =0, (3.11)
with s proportional to the specific entropy, and for an ideal gas we have

5= . (3.12)

3.2 3+1 formalism

It is known that the laws of large-scale physics suggest a distinction between spatial and temporal
coordinates. 3-+1 formalism is an approach to the theory of general relativity and Einstein’s equa-
tions based on the division of four-dimensional space-time into three-dimensional hyper-surfaces.
It was born in the 1920s and has become a fundamental tool since the 1970s, a period in which

numerical relativity began to spread. Today, most of the numerical codes that solve Einstein’s
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3.2. 3+1 formalism

equations are based on the 3+1 formalism, including the ECHO code. More information can be
found in Rezzolla and Zanotti (2013) and references therein.
The four-dimensional space-time is foliated in time-like, non intersecting hyper-surfaces 3,

defined as the iso-surfaces of a time scalar function t. We denote as

n, = —aVt, (3.13)
with « constant known as lapse function. We also impose the condition

n,nt = —1. (3.14)

We note that the minus sign in the (3.13) is chosen so that the vector n* is directed towards the
future. It is clear from the definition that the four-vector n* can be interpreted as the four-velocity
of an observer known as Eulerian observer. The worldlines of the Eulerian observer are orthogonal
to the hyper-surfaces. Any vector V# (or tensor) can be decomposed into its temporal and spatial
components, applying operators —n,n” and g}, + n#n, respectively. The spatial projection operator
applied to the metric tensor g"” allows also to obtain the spatial metric 7, induced on X; by the
four-dimensional metric:

Y = Guv + NpNy (315)
We can now introduce a coordinate system (z%) = (¢, 2%) which adapts to the foliation ;. Then it
is possible to express the line element in the so-called ADM form (Arnowitt et al., 1962):

guvdatda” = —a?dt* + v;j(dx’ + B'dt)(da? + fdt), (3.16)

where B* is referred to as shift vector, which is an arbitrarily spatial vector. In this coordinate

system the components of the unit vector are

ny, = (—a, 0;) (3.17)

nt = (1/a, —f"/a) (3.18)

and any purely spatial vector (or tensor) V# will necessary have a vanishing contravariant time
component, i.e. V! = 0, while the covariant time component will be given by V; = gutVH = BiVi,
and will in general be different from zero. Also the gradient of the unit vector can be decomposed
in time and space components

Vun, = =K, —nuay, (3.19)

where K, is the extrinsic curvature of the metric (a symmetric spatial tensor), and a, is the
acceleration of the Eulerian observer (also a spatial vector). It is then possible to demonstrate that
a, =nt'V,n,. (3.20)

We can now decompose all the quantities in the GRMHD equations into their time and space
components
ut =T'n# 4+ T, (3.21)
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T = WH 4+ SEn” +nhSY + Entn”, (3.22)
FHW = phEY — EFpY 4 " Byn,,, (3.23)
F*W = ptBY — BFnY — " By, (3.24)

I" = gn* 4+ J*, (3.25)

where all the newly introduced vectors and tensors are purely spatial and correspond to the usual
observables measurable in the 3-dimensional space by the Eulerian obeserver. In fact v* is the fluid

velocity with Lorentz factor I', so that

= — 4+ 5 (3.26)

r Q
[ =au' = (1-0?)"12 (3.27)
with v? = v*v; and where we used the normalization condition uyu? = —1. The decomposition of

the stress energy tensor instead provides: the momentum density,
S = phT%v' + €9 B, By, (3.28)

where the 3D Levi-Civita tensorial density is given by e = e n, = €k so that 9% =
~~1/2[ijk] and €ijk = ~/2[ijk] with the completely antisymmetric Levi-Civita symbol [ijk] with

convention [123] = +1; the spatial stress tensor of the plasma
W4 = phT?v'vd + py' + L(E* + By — E'E! — B'B’, (3.29)
and the energy density
& = phI? — p+ 3(E? + B?). (3.30)

The electric and magnetic field spatial vectors are defined as E* = n, F* and B* = n,F*" so
their components are given by

E' = aF", (3.31)

B! = aF*", (3.32)

The electric charge density is denoted with ¢ and the spatial conduction current with J#, both
measured in the frame of the Eulerian observer. By applying the usual covariant derivation rules
and splitting the time and space components of Eq. (3.1), Eq. (3.2), Eq. (3.6), Eq. (3.7) we obtain
the GRMHD equations in the following form

(—9) " 20u[(~9)?put] = 0, (3.33)
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(—9) 1 20,l(—9)"*T)"]) = $T 039y, (3.34)
(=)™ 20ul(=9)" /T 0, ) = TV (3.35)
(—9)"?0ul(—g)'*F*] =0, (3.36)
(=9)"?0,l(~=9)'*F*) = ¢B'Ja = T, (3.37)
(=9) " 20ul(=9) " F*] = —q/a, (3.38)
(—9)?0ul(—g) /2] = 0. (3.39)

We can decompose the source terms on the right-hand sides of Eq. (3.34) and Eq. (3.35) as

ST 9,9, = AW*0;7,, + a15,0;8' — £0;Ina, (3.40)

TV iy, = —Ki; W9 4+ 579, In av. (3.41)

The extrinsic curvature in Eq. (3.41) can be provided in terms of the covariant derivatives of the

shift vector components. In the case of a stationary metric we get
aK; ;W9 = LW R0y, + W0 (3.42)

The final form of the GRMHD equations in terms of purely 3D spatial quantities is obtained using

all the previous decompositions. It reads:

0:(y'/*D) + Ok["/*(aw* — B¥)D] = 0, (3.43)

O(vV/28)) + B[y (oW — BS))] = 2 [3aW R0, + 89,87 — £;a], (3.44)
(v 7€) + B[y 2 (S — BE)] = A2 (AW BE Oy + W98 — S'B;cx), (3.45)
0 (v PE") — 42 €9%0;(aBy — epmB'E™) = =y (]’ — ¢ (3.46)

8 (Y'2B") + 412 €948, (a By + epm B B™) = 0, (3.47)

v 120,(y' PEY) = q, (3.48)
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120,42 BY) =0, (3.49)

where v = det{~;;} is the determinant of the spatial metric, related to the four dimensional one by
()2 = a2,

Eq. (3.43) describes the continuity equation for D = pI', i.e. the mass density measured by the
Eulerian observer; Eq. (3.44) is the momentum equation, containing the divergence of the stress
tensor W;; and its last term with the lapse function gradient reduces to the usual gravitational
force in the Newtonian limit; Eq. (3.45) is the energy equation (note that the total energy density
is £+ D); finally, Eqs. (3.46) and (3.47) are the general relativistic extension of the induction
equation and Ampere’s law respectively while Egs. (3.38) and (3.39) are the two constraints on the

electromagnetic field.

3.2.1 The dynamo closure in GRMHD

Eqgs. (3.43)-(3.47) are valid regardless of the particular form of Ohm’s law, that is, how the conduc-
tive medium reacts to the presence of an electric field. To obtain a generalized Ohm’s law it is first
convenient to decompose the quantities related to the frame comoving with the fluid within the 3

+ 1 Eulerian split of time and space, namely

et = T[Elvn* + T(E* + v, By), (3.50)
W = T[Blvn# + T(B* — e v, E)), (3.51)
i* = (g — qol')n* + J* — goI'v*, (3.52)

where go = I'(¢ — J'v;). Bucciantini and Del Zanna (2013) describe the three possible choices for

Ohm’s law:

e [deal GRMHD.
In an ideal conductor the electric field in the moving reference system must be zero, that is

et = 0. Taking the spatial projection, we get
E' + €%y By = 0, (3.53)

which is the well-known usual ideal MHD assumption.

e Resistive GRMHD.
If a finite conductivity is present, the comoving electric field is assumed to be proportional to
the conduction current, e = nj* where 7 is the reistivity measured in the comoving system.

Taking the spatial projection, we get

L(E"v;) = 1(g — o), (3.54)
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which may be used to express ¢ in the spatial component. The result is
T[E® 4 €%y By — (EPv;)v'] = n(J* — qv') (3.55)

e Resistive GRMHD + dynamo.
The natural extension of the mean-field dynamo equation (2.62) with the inclusion of the
alpha effect can be obtained by imposing that the electric field in the fluid reference system
is given by
et =nj* + Eb, (3.56)

where we put £ = —« to avoid misunderstandings with the lapse function. This expression
was first introduced by Bucciantini and Del Zanna (2013) and it is the first example in the
literature of an attempt to include mean-field dynamo processes in the context of GRMHD.

The time projection is now
D(E'v;) = n(q — qol) + ET(B"vs), (3.57)
which, again used to express qg in the spatial component, provides

T[E* 4 €%y, By — (E70;)v'] = n(J* — qu') + €T (B — ¢7%u; By, — (BIvj)v'] (3.58)

In relativistic MHD only in the ideal case it is possible to neglect the displacement current. In the
relativistic non-ideal regime, on the other hand, the electric field must be evolved using Eq. (3.46).
Ohm’s law provides an expression for the density current, while the constraint on the charge is given
by Eq. (3.48). In the more general case of resistive GRMHD dynamo, the electric field evolution

equation is given by:

V71/28t('yl/2Ei) — eijkaj(aBk — €mBE™) + (av® — ) =

i ijk j i i ijk ] i (3'59)
— ol /n[E" + €7%v; B, — (Ev;)v'] + &l /n[B" — €7 v B — (Blvj)v")]

3.3 Classical and relativistic MHD limits

We illustrate first the weak gravity limit and a flat Minkowski metric can be assumed. Now o = 1,
B =0 e v is the 3 x 3 identity tensor. Egs. (3.43) - (3.49) become:

oD + 9;(Dv') = 0, (3.60)
&S + O, W =0, (3.61)
OE +0;8" =0, (3.62)
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o o (3.63)
¢ /(B — €9%0; By — (Blvj)v'],
OB’ + €959, Ey, = 0, (3.64)
9,E" =q, (3.65)
9B =0, (3.66)

It can be seen that the source terms related to the curvature of the metric have disappeared.
The limit of classic MHD can instead be obtained by requiring I' — 1, p < p, p < pe, E < B e

B? < p. The equation of mass and momentum become

Orp + 0;(pv') = 0, (3.67)

A (pv') + 9;(pv"v! + py + 3B+ — B'B7) = 0. (3.68)

To obtain the energy equation it is necessary to subtract the continuity Eq. (3.60) to Eq. (3.62)

and consider the approximation
phT? — pI = pI'(hI — 1) ~ 1/2p0 +4/(5 — 1)p, (3.69)
con '~ 1+ 1/2v% We get
0(1/2p0% +p/ (5 — 1) + B/2) + Bilus(1/2p0 +3p/ (3 — 1)) + BB =0, (3.70)
Dynamo Ohm’s law is obtained by applying the limit MHD to Eq. (3.58). We get
E' + 9y By = nJ' + B, (3.71)
which replaced in Eq. (3.64) allows to obtain the induction equation

B+ 0;(v B! —v'BI) = nV?B® — £J' — €*[(9;n) Jy + (9;€) By]. (3.72)

3.4 GRMHD disks

We now present in more detail an analytical stationary solution for the GRMHD equations (3.43) -
(3.49) which describe the models used in our simulations. After showing the characteristics of Kerr’s
space-time we describe two important analytical and axisymmetric solutions for a non-magnetized
torus in such a gravitational field. Finally, we show the first numerical results of kinematic dynamo
in thick disks.
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3.4.1 Kerr spacetime

Let us consider a rotating black hole of mass M and angular momentum per unit of mass a = J/M

and adopt the Boyer-Lindquist coordinates (¢; 7; 8; ¢). The line element is expressed as
ds? = gudt® + 2g14dtde + grdr? + goed” + goed?, (3.73)

where the coefficients are given by

2Mr
git = —<1 - 2 >, (374)
%
2M arsin® 6
gtd) = - 2 ) (375)
0
2
C
Grr =K (3.76)
go0 = 0, (3.77)
Gp = w?, (3.78)
with the following definitions
A =7r?—2Mr+ a?, (3.79)
0? =12+ a?cos? b, (3.80)
Y2 = (r* + a*)? — a*Asin? 0, (3.81)
by
w = 2 sin 6. (3.82)

In these equations it is important not to confuse the geometric factor o with the mass density p.
Considering the 3+1 decomposition and comparing Eq. (3.73) with Eq. (3.16) we can represent the
corresponding 3D spatial metric tensor v;; as a diagonal matrix with coefficients

2
0
Yrr = Z? Y60 = Q27 f)/(ﬁgﬁ = WQ (383)

while the shift vector and the lapse function are respectively given by

2Mar 0
= (0,0~ ), a=_oAY2 3.84
o= (0.0.-25") a=g (3.50)
This solution of the Einstein field equations due to Kerr (1963) shows that the metric retains the
stationary and axisymmetric character of the mass distribution that generates it, i.e. a rotating

black hole with constant mass and spin. When a = 0, the limit of the stationary and spherically
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symmetric Schwarzschild metric of a non-rotating black hole is obtained

2M oM\
ds? = — (1 — >dt2 + (1 - ) dr? + 1r2d6? + r? sin? 0d¢?®. (3.85)
T r
The Kerr metric is singular when ¢ = 0 and A = 0. The first condition gives rise to the so-
called naked singularity, a physically unacceptable solution because it would imply the possibility

of observing an infinite density. From the second relation we obtain
re =M+ (M?—a?)'/2, (3.86)

It is understood that, in order for an event horizon capable of hiding the naked singularity to be
present, one must necessarily have a® < M? implying the existence of an upper limit for the angular
momentum per unit of mass, a = M; in this case the black hole is called maximally rotating. The
event horizon radius ranges between M and 2M depending on the value of a and it is given by the

greater of the two roots of Eq. (3.86),
=M+ (M? — a?)/? (3.87)

Let us now consider an external stationary observer orbiting around the black hole with angular

velocity
u¢
Q= e (3.88)
Developing the condition u#u, = —1 and using Eq. (3.88) we obtain
(u")*(gee + 2Q016 + V2ggp) = —1, (3.89)
which implies
gt + 2Qg55 + Vg < 0, (3.90)
i.e. the value of the observer’s angular velocity is in range [Q_, Q] where
p 1/2
Oy =w+ <w2 - “) (3.91)
9o
and where we defined w = —g;4/944- In those regions where g;; < 0 the observer’s angular velocity

can be zero (since 2_ < 0), but where gy > 0 there will be a minimum value Q_ > 0 below which
Q) cannot drop. The observer that in other circumstances would be at rest will be dragged by the
rotating spacetime. Such a region is referred to as the ergosphere. It is limited by the surfaces

where the coefficient gy is zero, i.e. at a distance from the black hole given by
Terg = M + (M? — a® cos? §)1/2. (3.92)

The importance of this region (schematized in Figure (3.1)), external to the event horizon (i.e.
Th < Terg), is related to one of the best known processes by which it is possible to extract energy
from a rotating black hole, namely the Blandford-Znajek mechanism (Blandford and Znajek, 1977).

In fact, although the process was initially conceived as a mechanism that extracts energy directly
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Side view
Top view

Figure 3.1: The ergosphere of a Kerr black hole is the region between the static limit (the flattened outer
surface defined by Eq. (3.92)) and the event horizon defined by Eq. (3.87) (Shapiro and Teukolsky, 1986).

from the black hole, recently it has been shown that only the magnetic field lines threading the
ergosphere of the black hole rotate due to the frame dragging effect, whether or not they cross the
horizon (Komissarov, 2004, 2005). These twisted magnetic fields carry the energy of the relativistic
jet, which seems to come from the ergosphere.

From a numerical point of view it is problematic to deal with the singularity located at the
black hole event horizon due to numerical artifacts that could arise from the inner radial boundary.
For this reason we adopt in our simulations the so-called Kerr-Schild coordinates (KS) that allow
one to remove the unphysical singularity and place the domain’s inner boundary beyond it. This

formulation is described in the Appendix A.

3.4.2 Two analytical solutions

The simplest analytic model of a black hole accretion disk is the Polish doughnut, in which self-
gravity, the contribution due to viscous forces, the radiative effects are neglected and the support
against gravity is provided only by thermal pressure.

Let us consider a perfect non-magnetized fluid that orbits around a Kerr black hole along the

positive azimuth direction with the four-velocity u* = (u?,0,0,u?). The stress-energy tensor is
™ = wuru” + pg"” (3.93)
where w = ph is the fluid enthalphy density. We define the specific angular momentum as

U
l=——. 3.94
- (3:99)
This is the most natural and reasonable choice because it satisfies the properties of being a constant
of motion and besides generating a simple stability criterion (Kozlowski et al., 1978). From the

definitions (3.88) and (3.94) it follows that

Q

| — _M7 (3.95)
gt + 9ipS2

0= _M' (3.96)
9o + Gl
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Let’s briefly summarize the steps that allow us to derive the fundamental equation that determines
the equilibrium. First Eq. (3.2) is contracted with the projection operator h%, = 8% + uu,. Using

the assumptions of stationarity and symmetry we obtain
wu, Vyut +Vyp = 0. (3.97)

Combining Egs. (3.95), (3.96), (3.97) and the normalization u,u* = —1 we obtain

Vip
Vi(lnfue]) = 7= Vi +— =0, (3.98)
where
L
=/ =, 3.99
|t 1 (3.99)
where
L = gis — gugoo (3.100)

is the relativistic generalization of the distance from the black hole rotational axis and
A= gos + 21gis + Pgu. (3.101)

The algebraic steps leading to Eq. (3.98) are described in detail for a magnetized disk in the appendix
of Komissarov (2006). It is sufficient to set b* = 0 to obtain the equations of the hydrodynamic
equilibrium we have considered here.

The assumption of a barotropic equation of state now allows us to rewrite Eq. (3.98) as

P dp Q
dll — | = ——dL. 3.102
ot )= 2 i

This equation implies that = (I): the surfaces with constant [ and 2 coincide and are called

von Zeipel’s cylinders (Kozlowski et al., 1978). By integrating Eq. (3.102) we get

P d
ln]ut\—i-/ L /1_Qldl (3.103)

The integration constant K is easily obtained by imposing the conditions p = 0, u; = u!™, | = l;p,

on the internal radius of the disk r;, on the equatorial plane (0 = 7/2). We get

n [u"| / "y (3.104)
= 1n|u — .
¢ 0o 11—

Substituting the value of the constant in the Eq. (3.103) we get

l
, Q P dp
In |ug| — In |ug” —/ dl+ [ —=0. (3.105)
e e

It is convenient at this point to introduce the potential W defined as

l
oo Q
:1 .1
W n]ut\—l—/l —7 . (3.106)
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3.4. GRMHD disks

where [ is the value of the angular momentum evaluated at » — oo, such that u® = —1 and
Ws = 0. This potential in the Newtonian limit is reduced to the sum of the centrifugal and
gravitational contributions. We can now rewrite Eq. (3.105) as
P d
W—Wm+ [ L=o0. (3.107)

0o W
We now give the explicit solutions satisfying two von Zeipel’s relations.

e The first solution we consider is

[ = const. (3.108)

This solution was introduced by introduced by Abramowicz et al. (1978) and it is important
for two physical reasons: first, because such configurations are stable to axisymmetric pertur-
bations; second, the region near the inner edge is well approximated by (3.108). The potential
is given by

W =—-In

1
5 , (3.109)

A
e The second important solution is
[/(1 —Ql) =, = const. (3.110)

On the contrary, the solution (3.110), used for the first time by Fishbone and Moncrief (1976),
does not have strong physical motivations but it is widely used in recent literature. Now, the
potential is given by

W = In|A.| + LQ. (3.111)

where
A = ub = (g + 2Q0:5 + gos?) V2, (3.112)

is called the redshift factor.

Assigned [ or [, the potential W is defined in each point of space and matter fills every closed
equipotential surface, i.e. the surfaces where W < 0 (see Figure 3.2). To understand how the values
of the angular momentum of the disks are assigned, we first refer to the Figure 3.3 which shows the

radial distribution of the specific angular momentum defined by

r2 — 2ar1/? 4 ¢2
r3/2 —2rl/2 4 g

Iy = (3.113)
and the horizontal line corresponding to a constant value of specific angular momentum, ly. Fur-
thermore, the values of [ at the radii of the marginally bound and marginally stable orbits (7,
and 7,) are indicated with [,,; and l,,,5 respectively. In particular, if l,,s < lo < I, it is possible
to define two geometric points called cusp (located at radius 7,) and center (located at radius )
which respectively represent the innermost and outermost point where the constant angular mo-
mentum [y takes the Keplerian value. The disk models considered in the simulations of Chapters 5

and 6 are initialized according to the procedure illustrated in Del Zanna et al. (2007).

o We assign the black hole parameters that define the metric: the mass M and angular momen-

39



3.4. GRMHD disks

W= s < U<l

w)o

Figure 3.2: Equipotential surfaces for a disk orbiting around a Schwarzschild black hole (Abramowicz et al.,
1978).

Figure 3.3: Location of disk’s center and its cusp (Abramowicz et al., 1978).
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3.5. Kinematic o — ) dynamo in axisymmetric thick disks

tum per unit of mass a.
e We assign the cusp r;;, and the center of the disk 7.

o We evaluate [y = li(r.) and we put | = lp for Abramowicz’s disks and I, = lp/(1 — Q(lp)lp) for

Fishbone and Moncrief’s.
e The potential W can be defined in each point of space.

e By adopting a polytropic EoS, p = Kjw?, the potential become

W — Wi+ ——L2 =, (3.114)
¥—1w
or equivalently
h = hzn exp(W - Wzn) (3115)

The constant K7 is obtained by assigning the central enthalpy density w. and deriving the
central pressure p. from Eq. (3.114).

e We can compute enthalpy density as

Win — W 1/4-1

while pressure is defined immediately from the EoS. Mass density is obtained from

p. (3.117)

3.5 Kinematic a — ) dynamo in axisymmetric thick disks

In this section we briefly show the results of the first application of the GRMHD equations with
dynamo closure to thick disks. The simulations, described in detail in Bugli et al. (2014), are re-
stricted to the kinematic regime in which the fluid quantities are kept fixed, i.e. the back-reaction
of the evolution of the e.m. fields on them is neglected.

The initial model is an axisymmetric magnetized thick torus, similar to the first solution described
in paragraph 3.4.2 but also including magnetic pressure as a contribution to equilibrium (see Komis-
sarov (2006) for more details). The disk orbits around a Kerr black hole of mass M and spin a = 0.99
and its inner edge and center are located at r;, = 3M and r. = 5M respectively. Configurations
with both toroidal and poloidal initial magnetic fields are studied, while the resistivity and dynamo

profiles are initialized as

N(r,0) = NmaxSp(1,0),  &(r,0) = EmaxSe(r, 0) (3.118)
where /P g
£ — 4/ Pmin P COS
Sp(r,0) = ,  Se(r,0) = ——— 3.119
77( ) v/ Pmax — y/Pmin 5( ) (p COS 0) max ( )

with pmin is the density minimum reached in the atmosphere and nmax and Epax are free parameters

that allow us to adjust the intensity of the alpha effect and the dissipation of the magnetic field. The
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Magnetic Field Exponential Growth
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Figure 3.4: Exponential growth of the maximum values of By and Bp (Left) and butterfly diagrams
(Right) of Model 1 in Bugli et al. (2014).

authors have built several models that differ by the values of 1 and £. In all cases, the magnetic field
evolves rapidly towards an eigenstate of the system characterized by a dynamo wave propagating
away from the equatorial plane (£ > 0) or towards the equatorial plane (§ < 0). This migration was
characterized for each run by a butterfly diagram considering the value of the toroidal field along
the trajectories of its maxima at different times. Besides this drifting, the amplitude of both the

toroidal and poloidal components, defined as

Br =/BsB®, Bp=+/B.B" + ByB’, (3.120)

grows exponentially over time.

Here we report the results that refer to the Model 1 which presents an initial toroidal field and
the resistivity and dynamo parameters are nymax = 1072 and &pax = 1073, Figure 3.4 (Left) shows
the time evolution with exponential growth of the maximum values of the toroidal an poloidal
components of the magnetic field. The dynamo mode patterns are shown in Figure 3.5: after an
initial transient, all three components present an oscillatory pattern that drifts from the equatorial
plane towards higher latitudes. The periodicity and length-scale of the eigenmodes selected by the
system are quantified by the butterfly diagram (Figure 3.4 Right) obtained by plotting the value
of Br as a function of a parameter s with respect to which two almost vertical half-lines starting
from a point on the equatorial plane are parameterized. The migration of the toroidal field from
the equatorial plane towards higher latitudes is evident.

The work of this paper which characterized the GRMHD mean-dynamo in thick disks represents
the starting point for a generalization to the dynamic regime in which the effects of Lorentz force
on the charged particles that constitute the plasma can no longer be neglected. In Chapter 6 we
show some advances in the study of o — £ dynamo in disks, also focusing on the main diagnostics

of accretion.
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Time [P.] = 11.
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Figure 3.5: Cartesian maps of the magnetic field components after 11 central disk periods of Model 1 in

Bugli et al. (2014).
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Chapter 4

The ECHO code

In this chapter we describe the numerical methods and algorithms used to perform our disk accretion
simulations. We used the ECHO code (Eulerian Conservative High Order scheme) (Del Zanna and
Bucciantini, 2002; Del Zanna et al., 2003, 2007) specifically developed to treat magnetohydrodynam-
ics problems in a generic metric even in the presence of discontinuities. After a brief introduction
to the original scheme used to solve the ideal GRMHD equations, we describe the changes made to
adapt the code to include non-ideal effects such as resistivity and mean-field dynamo (Bucciantini

and Del Zanna, 2013) and also chiral anomaly (Del Zanna and Bucciantini, 2018).

4.1 ECHO’s original version

The first version of the code allowed the integration of ideal GRMHD equations. Consider first
Egs. (3.43) - (3.47), postponing the discussion of the constraints on the electric and magnetic fields
(3.48) and (3.49). Assuming a stationary metric and expanding the covariant derivation operators,

it is possible to rewrite them as (Del Zanna et al., 2007):

0 o
— - = 4.1
(%Ll + 8x’F S (4.1)
, where U, F* and S are defined as
D]
Sj
U=~721¢c| i=1,..d, (4.2)
Ei
BJ
D(av' - ) ]
aW? — pis;
Fi=A1/2 St — £ ; (4.3)

[jik)(—y~2aBy, + [kim]B' E™)
| ikl (v Y2aEy, + [kim]G'B™) |
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0
%aW’ik@j%k + 5183,81 — 58ja
S = ")/1/2 %Wikﬁjf)j%k + WZ]E)]B’ — Sjaja . (4.4)
g —aJ!
L 0 -

Eq. (4.1) is a set of hyperbolic partial differential equations where the elements of the vector U are
referred to as the conservative variables, since their time evolution is controlled by a conservation
law with fluxes F and source terms &. We note that for convenience in the relativistic numerical
simulations of the most recent version of ECHO, instead of energy &, the quantity 7, defined as
T=E& — D, is evolved.

The starting point is to discretize Eq. (4.1). Let us consider, for the sake of simplicity, the
unidimensional case, d = 1 and divide the domain defined by the interval [a,b] in N cells I; =
[Zi—1/2: Tix1/2)- Let us assume that the intervals have equal length Az = (b —a)/N and are each
centered at the grid point

ri=a+ (i—1/2)Az; i=1,...,N. (4.5)

Calling r the spatial accuracy order, the point value of a generic quantity g(x) at a given time ¢
is gi = g(w;) + O((Az)") and its interface values are g;+1/9 = g(zi1+1/2) + O((Az)"). We are now
looking for a spatial discretization of Eq. (4.1) on this grid. For the moment we neglect the source
terms, since they will not need to be discretized but they are computed at the cell centers x;. The
discretization scheme implemented in ECHO is a so-called finite difference one. To calculate spatial

derivatives of a flux we expand it into a Taylor series

OF Fi ~ Fi
5 (o) = = 1 o((Aw)?), (4.6)

and express Eq. (4.1) as
oUu; Fivie —Fioa)2

ot Ax ’ (4.7)

A

where F; /o represents an approximation of the primitive of physical flux function F(x) at the
right (left) interface of the i-th cell. This means that the cell averages of F must coincide with
the point value F; of the flux F(z), to the given accuracy. This simple discretization provides a

2" order accuracy. To achieve higher orders it is necessary to consider further terms

scheme of
in the expansion in Eq. (4.6). Once the quantities are known, it is possible to perform the time
integration as described in Eq. (4.7), but it is clear from Eq. (4.3) that to compute the fluxes it is

necessary to calculate the so-called primitive variables
,P:{p”l}]?p?Ej’B]}’ (4'8)

where p, v and p are respectively the rest mass density, the velocity, and the pressure of the fluid,
while E and B are the usual electric and magnetic fields. Since the code evolves the conservative
variables U, one has first to invert the relation between U and P by using Eqgs.(3.28) - (3.30). The
interface value of the primitive variables can be retrieved by means of polynomial interpolation

during the reconstruction phase of the algorithm. As a consequence there will be in general two
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different states at both sides of each cell interface (as the fluid equations allow for discontinuous
solutions) and at the lowest order we can identify them with ’PiL_H /2 = P; and ’Pﬁl /2 = Pir1.
To achieve a higher accuracy it is necessary to compute the left and right states using stencils of
grid points centered respectively at x; and z;11. In this way the interface values are computed
with high order accuracy in the sufficiently smooth regions of the computational domain, while in
the presence of strong gradients the algorithm has to limit the interpolation to 15 order to ensure
stability and avoid spurious oscillations. The ECHO code, in the original implementation, allows

for a large number of different reconstruction schemes to be used, such as
e 2" order like-TVD reconstructions (Total Variation Diminishing);
e 3" order CENO (Convex Essentially Non-Oscillatory, Liu and Osher (1998));
e 3% order PPM (Piece-wise Parabolic Method, Colella and Woodward (1984));
e 5" order MP5 (Monotonicity Preserving, Suresh and Huynh (1997).

The discontinuities at the cell interfaces define a set of local Riemann problems. To better describe

the structure of this problem, let us consider Eq. (4.1) rewritten as

u oru "
which is a hyperbolic system of n PDEs (where n coincides with the number of conservative variables)
whose solution requires the computation of n real and distinct eigenvalues of the Jacobian 0F /0U
(which in general depends on both the primitive and conservative variables). The eigenvalues are
referred to as the characteristic velocities of the system, as they represent the speeds at which
the information is transported by the fluid fluxes through the characteristic waves of the system,
i.e. the eigenvectors. Although there are algorithms that provide a numerically exact solution to
this problem, their computational cost makes them unsuitable for the GRMHD context. A far
more appropriate and affordable choice is the approximate Riemann solver HLL (Harten et al.,
1983) implemented in ECHO, since it only calculates the fastest and slowest characteristic velocity
(respectively a™ and a™). It is still necessary though to ensure that the information propagates in
the correct direction, a property that makes a scheme to be called upwind. The application of the
HLL solver finally provides with the value of the flux at the cell interface (Londrillo and Del Zanna,
2004)

L _ a*F o FR —ata~ (UR - UY)

at +a~

(4.10)

Finally we are ready to perform the time-integration of the conservative quantities, for instance

with a 3" order explicit Runge-Kutta scheme

U =un + AtLu™, (4.11)
U@ =3y 4+ 1y ® 4 Iaecu™), (4.12)
Ul — 1y 4 %U(Q) + %Atﬁ[u@)], (4.13)
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where the n index denotes the time step iteration, UV and U?) are intermediate states, and L[U]

is the member on the right-hand side of Eq. (4.7) plus the source term S.

4.2 Upwind Constrained Transport

Contrary to the other variables evolved in time, the magnetic field B has also to fulfill at all times
the constraint given by Eq. (3.49), which formally could be regarded as an initial condition: the
structure of the induction equation guarantees the analytical null divergence of B. From a numerical
perspective this is in general not true, since for upwind schemes the derivations in different directions
are no longer commutable, so that spurious magnetic monopoles can appear during the computation.
To properly deal with this problem the Upwind Constrained Transport scheme (UCT, presented by
Londrillo and Del Zanna (2004)) was implemented in ECHO. For this method it is convenient to

introduce the quantities

B =~Y2pB", (4.14)
E=aFE; + EijkﬁjBk, (4.15)
to rewrite Eq. (3.47) and Eq. (3.49) as
OB’ + [ijk)0;E, = 0, (4.16)
B! = 0. (4.17)

We now integrate over the cell I; j;, with center at the point P, = (xi,y;,2), apply Stoke’s
theorem and assume for simplicity a 2nd order accuracy, obtaining for the component B,
dB, AE, ALy

T v v (4.18)

where B, is evaluated at the middle of the interface between cell I; ;1 and I;yq ;5 (i.e. point
Pii1/2,k), while &, and &, are evaluated respectively at Piii/2 1124 and Piyq/ k4172 The
operator A, centered at P, ;1 is defined by

[Asflijk = fivr/250k — fim1/2,5 k- (4.19)

Extending this calculation to the remaining two components of the magnetic field defined by Eq.

(4.14) and considering the time derivative of the spatially discretized solenoidal constraint, we obtain

d (AB, A A.B,
( B yBy+ B>:07 (4.20)

dt\ Az + Ay Az

which guarantees Eq. (4.17) to be algebraically satisfied for all times, assuming that the magnetic
field at the initial time is divergence free. For this reason the quantities evolved in time with the

CT method (Constrained Transport) are the staggered components

(Bzliv1/2,5.k [Bylij1/2, [Bzli j k1725 (4.21)
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which represent the point values of the components of the magnetic field evaluated respectively at
Piv12jks Pijr1/2k0 Pijr1/2, 1.6, the centers of the interfaces orthogonal to the corresponding
magnetic field component.

It can be shown (Londrillo and Del Zanna, 2004) that the staggered components have the
important property of being continuous along the normal to the interface on which they are defined.
Hence, the left and right states coincide and need not to be reconstructed as the other variables
for the fluxes calculation. The obvious drawback is that when the values of the magnetic field
components are required at the cell center P; ;j (for instance, when the data are written into an

output file) they can be retrieved only by an interpolation step.

4.3 IMEX schemes for the treatment of the non-ideal terms

The introduction of resistive and dynamo terms in the GRMHD equations entails the need to
modify the original algorithm. In fact, if we consider the evolution time scale of the terms of Eq.
(3.59) we observe that non-ideal contributions evolve inversely to resistivity 7. For this reason it is
possible that in areas of high (low) conductivity the evolution times of these so called stiff terms
are considerably large (small) compared to the advection times and the evolutionary times of the
sources. This fact can represent a problem for the stability of the code: it is known that a necessary
condition for stability is the so-called Courant-Friedrichs-Lewy (CFL) which is based on the idea
that the propagation velocity of any perturbation must always be smaller than the numerical velocity
defined as ANy = Az /At, where Az and At are the spatial and temporal discretizations. Basically,
satisfying the CFL condition does not allow a physical signal to propagate for more than a fraction
of the numerical grid during a single time step. However, the presence of stiff terms results in
a significant reduction in the maximum time interval necessary to ensure stability, significantly
increasing the calculation times.

In order to integrate a system of stiff differential equations using time steps that guarantee
both stability and reasonable computation times, the explicit third-order Runge-Kutta algorithm
has been replaced with an IMplicit-Explicit (IMEX) Runge-Kutta (Palenzuela et al., 2009; Pareschi
and Russo, 2005). We now illustrate the main features of the algorithm introduced in ECHO for
the first time in the works of Bucciantini and Del Zanna (2013); Bugli et al. (2014). Let us consider
the system (4.1) and separate the variables U into two subsets {X,Y} = U, where X represents
variables whose evolution is governed by a stiff differential equation and Y stands for all other

variables. We get
Y =Qy(X.Y), (4.22)

where the operators Qy e Qx include both the spatial derivatives with respect to Y and X and
the non stiff source terms; the operator Ry contains the stiff source terms which regulate X'. In
the most general case of a resistive plasma with mean-field dynamo action, a comparison with Eq.

(3.59) provides the following form for the latter operator

Rb = —y2al{E" + €780, By — (E7vj)v’ — €[B' — €90, By, — (B7v;)o")]} /. (4.24)
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Each intermediate step of the IMEX Runge-Kutta method can now be divided in two parts:

1 First the explicit intermediate values are obtained at each sub-step. They are

i—1
YW=y Aty a;Qyu), (4.25)
j=1
' i—1 ‘ i—1 )
20 =2+ ALY @ QaUY] + ALY ai R U], (4.26)
j=1 Jj=1

where the index (i) is referred to the substep of the scheme, while the index n indicates the
step of the time discretization. It is essential that the summation extends up to the index 1 —1
so as to avoid the appearance of implicit terms in this passage. The matrices with coefficients
a;j e a;; have dimensions Nyypx X Nrypx where Nyypx is a number that refers to the

specific accuracy of the scheme and the number of intermediate steps.

2 Then we perform the implicit integration. The non-stiff variables can be regarded as com-

pletely evolved (as far as the intermediate step is concerned)
YO -yl (4.27)
while the stiff variables have to be integrated further

X(l) = XS}) + aiiAt'Rx(X(i); yil)> (4'28)

After computing in each intermediate step i the two vectors {X <i>,y<i>} the final value of the

conservative variable U at the time ¢ 4+ At is given by

NIMEX . NrivEX ‘
W=t Y w1 A Y wRxUY), (4.29)
=1 =1

where w; e w; constant coefficients that along with the matrices a;; and a;; completely define the
specific numerical scheme.

There are a large number of possible IMEX schemes in the literature, which differ in the number
of intermediate steps, and their spatial and temporal order of accuracy. In the case of ECHO we
implemented three different IMEX schemes of SSP type (Strong Stability Preserving), classified
with the notation SSPk(s, o, p), where k indicates the order of the scheme SSP, s is the number of
number of implicit steps, o is the number of explicit steps and p is the order of the IMEX scheme.
Usually the so-called Butcher tables (Butcher, 2016) are used to describe these schemes. They are
defined as

C; a; j C; a; 7

| (w)T | (@)

(4.30)

where the apex T indicate the transposed matrix and the coefficients ¢; and ¢; are given by

A i—1
C; = Zazj, Ei = Zdij. (4.31)
=1 i=1
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4.3. IMEX schemes for the treatment of the non-ideal terms

It can be demonstrated that these assumptions for the coefficients ¢; and ¢; are necessary to en-
sure consistency of the scheme. Here are the schemes used in ECHO (Pareschi and Russo, 2005)
SSP2(2,2,2)

e implicit part

% % 0
1—p|{1=2u p (4.32)
12 12
e explicit part
0| 0 0
11 1 0 (4.33)
1/2 1/2
SSP3(3,3,2)
e implicit part
% ju 0 0
1-— 1-2 0
K g K (4.34)
1/2 |1/2—p 0 p
|16 1/6 2/3
e explicit part
0 0 0 0
1 1 0 0
(4.35)
1/2]1/4 1/4 0
[1/6 1/6 2/3
SSP3(4,3,3)
e implicit part
e 0 0 0
0 | —« o 0 0
0 1-« a 0 (4.36)
/2§ ¢ 12-06—-C—a «
1/6 1/6 2/3
e explicit part
0 [0 O 0 0
0 (0 O 0 0
1 (0 1 0 0 (4.37)
/210 1/4 1/4 0
0 1/6 1/6 2/3
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4.4. Evolution of the electric field in the IMEX schemes

with

p=1-1/v2

a = 0.24169426078821
§ = 0.06042356519705
¢ = 0.12915286960590

(4.38)

4.4 Evolution of the electric field in the IMEX schemes

In this section we show how IMEX schemes are implemented in ECHO and how the inversion of the
relation (4.28) takes place, that is the most delicate aspect of the implicit step. From the inversion,
an explicit expression for the electric field as a function of the velocity and known quantities can

be derived as shown in Bucciantini and Del Zanna (2013)!. Here we choose to write it in the form

AoE" = fiEL 4+ A1 (B, i")i' + Aoe" iy B,

i ~k~i ilm ~ (4.39)
+ A3B' + A4(Bru™)u' + Ase" ™y By,

where all coefficients are function of the Lorentz factor I' (hence of the velocity) alone. See the
Appendix B for a derivation of the above equation and for the expressions of the coeflicients. It is
convenient to work with the new spatial vector %' = I'v* (not coincident with the spatial component
of the 4-velocity, unless 3¢ # 0 as in the Minkowski or Schwarzschild metrics), and @; = T'v;, so
that T? = 1 + @'%;. Above we have also defined EF = Xf/\ﬁ, where X* are the electric field
components, multiplied by /7, computed thanks to the previous explicit substeps j < i of the

IMEX scheme, or at the previous timestep when ¢ = 1. Moreover

_ o

7= a”/ N (4.40)
with j = i referring to the last, implicit substep. Notice that when n = 0 and & = 0 we recover the
ideal GRMHD case.

The relation (4.39) allows one to calculate the electric field as a function of the velocity and of
the magnetic field at the end of each substep. However, since the numerical scheme evolves in time
the conserved variables U, primitives variables such as the velocity are not readily available and the
implicit step must be nested in the non-linear iterative procedure which recovers primitive variables
from the above set of conservative ones. We describe in the following paragraphs the two inversion

algorithms used in ECHO in the non-ideal and ideal cases.

4.4.1 Recovery of primitive variables in non-ideal GRMHD

Starting with a straightforward guess for @/ (%), that is the value corresponding to the set of conserved

variables at the previous timestep, we proceed by adopting the following Newton-Raphson scheme:

e at any iteration (k), with a value @’ (k) for the velocity, work out the electric field given by
solving Eq. (4.39);

'Equation (35) in Bucciantini and Del Zanna (2013) contains an error in the purely resistive term, fortunately
not in the corresponding part of the code. The correct version can also be found in Del Zanna et al. (2016)
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4.4. Evolution of the electric field in the IMEX schemes

e cvaluate the function
fi(@) = @@ + eqmB'B™ — 5; (4.41)

where the modified enthalpy

T[& - 3(B* + E)| - D/%
2 =1/% ’

w=wl= (4.42)
obtained using w = ph and placing 71 = /(% — 1), is also given in terms of conservative

variables and velocity components alone;

e cvaluate the Jacobian

ofi i oW N OE!
== =Wy +Uis— T €
ol Yij 7 ilm

Jij 0w o

B™, (4.43)

where , .

ow (€ — 3(B?+ E?)i; /T — 2wi; — TE;(OE' /o))

. = = 5 (444)
ow’ 2 — 1/’71

and where we have used 9I'/0%/ = 1;/T". The expression for the Jacobian of the electric field
is more involved. Recalling that for any function f(I') we have df/du/ = f u;j /T, one can

write

AT (OE! /0 ) = (4.45)
—AoEiuj + AiTu' E,j + A3Biu; + AT B;
—l—(AlI‘vij + Ayuiug) (Egul) +€t™ (AT + Aswpu;) B
+(A4F7ij + A4uiuj)(Bkuk)+eilm(A5nylj + A5uluj)Bm

and the expressions for the derivative of the coefficients are reported in the Appendix. Once

the full Jacobian is known, we can finally update the velocity as

@ ) = g () _ [ 701 B, (4.46)

The iterations are repeated until the desired accuracy is reached, so that the primitive variables at
every substep j can be computed for the IMEX scheme.

The above 3-D Newton-Raphson scheme based on the vanishing of momentum equations and
using the 4, variables, first introduced by Bucciantini and Del Zanna (2013), has proved to be the
most robust one and has been recently adopted in other resistive relativistic MHD codes (Mignone
et al., 2019; Ripperda et al., 2019). The novel feature introduced here is the analytical calculation
of the Jacobian in Eq. (4.43), that appears to be more robust in critical situations and to require
10 — 20% less iterations compared to the approach in Bucciantini and Del Zanna (2013), where the

Jacobian was computed numerically, by evaluating the momenta twice for nearby values of /.

4.4.2 Recovery of primitive variables in ideal GRMHD

A significant improvement in the procedure for recovering primitive variables in ideal GRMHD

was achieved by the adoption of the scheme proposed by Kastaun et al. (2021). The strengths of
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4.4. Evolution of the electric field in the IMEX schemes

this work concern the mathematically demonstrated ability to always find a unique solution with
rigorously derived accuracy bounds. We show here the essential elements of the algorithm. Given

the conserved variables D, &, S;, we define:

1 2 2 i Rk
LB +E Si — e VB
g= T2 B HE) L SizanBlB (4.47)
D /D
S, B;
g=—, rm=—, b= (4.48)

5)
We also need to decompose the momentum r in parts parallel and normal to the magnetic field:

(blﬁ)bi
b2

i A
7‘” = TJ_ =T TH (449)
We note that the decomposition is undefined for the case of zero magnetic field, so we put rﬁ =0
when B? = 0. We now collect some definitions and fundamental relations in the construction of the

master function. First, we define two quantities that play a key role:

1 1
- - - 4.50
F=Tn "7 1y w2 (4.50)
with their ranges are limited to
O0<pu<1l/hy, O<z<l1 (4.51)

where hg is a positive lower bound for the enthalpy.
Then we remove the electromagnetic part of the conserved variables. From the ideal condition (3.53)
we get:

E? = 2?1 B%2? (4.52)

Fi = xrﬁ_ + rﬁ. (4-53)

This allows to compute the pure fluid part of the conserved variables. The corresponding quantities

relevant for our purpose can be written as

7 =a%? 4+ Tﬁ. (4.54)
— _12_}2%22 4
d=q b i pbr. (4.55)
2 2
We can now express the velocity as
v = pT. (4.56)

This expression does however not guarantee that v < 1. To avoid excessive speed values, the velocity

is required to be less than a threshold velocity vy which depends on zy = 7/hy,

20

V1428

Vo = (4.57)

93



4.4. Evolution of the electric field in the IMEX schemes

After obtaining velocity and Lorentz factor, we compute rest mass density and specific internal

energy using the expressions

p= DT, (4.58)
F2
62F(§—p?2)+v21+F. (4.59)
Pressure and enthalpy are evaluated from the EOS.
We can now define the master function f(u) as
f(p) = p— i), (4.60)
where .
fi(p) = V() +P2(0n (4.61)
with
v(p) = max(va(p), ve(u)), (4.62)
_ p(p) 1+ €(p)
oat) = [1+ st | s (469)
vB(p) = [1 + P(M)(Ii(i)e(ﬂ))] (1+q(p) — p7 (1)) (4.64)

Kastaun et al. (2021) showed that the master function has always a unique root in the interval

(0, 4], where py is the root of a smooth auxiliary function,

fa(p) = pr/ b +7(n) — 1, (4.65)

obtained by using a Newton-Raphson method. Instead, in order to find the root of the master
function our implementation uses a Newton/bisection hybrid method. We can now retrieve the
primitive variables.

The algorithm proved to be extremely efficient in MAD simulations where there is high magne-
tization in low-density regions and did not produce any errors during iterations in the primitive

recovery phase.
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Chapter 5

Numerical simulations: GRMHD Code

Comparison Project

In the previous Chapters, we have seen that it is possible to write GRMHD equations in a conser-
vative form that allows us to evolve them using techniques commonly adopted for the treatment
of non-relativistic magnetized fluids. Over the last decades, several GRMHD codes have been
developed, most using conservation form, and applied to a large variety of astrophysical scenarios.
The non-linear properties of the equations allow the formation of fundamental phenomena such
as turbulence and shocks but necessarily complicate their treatment. In the scenario of accretion
around black holes, there are two crucial phenomena in modeling. First, the turbulence seeded by
the magnetorotational instability provides a mechanism to transport the angular momentum of the
orbiting plasma and although the nature of the problem is inherently chaotic, it can be demonstrated
that certain global properties of the solutions exhibit signs of convergence. A second challenge is
the region of the funnel near the polar axis where low angular momentum material falls into the
black hole. A magnetized near-vacuum region forms in this area, traditionally difficult to model.
An interesting question undoubtedly concerns the validity and robustness of the results obtained
by the community of GRMHD codes, each of which is specialized with different numerical techniques
in dealing with an increasing application of simulations. The GRMHD Code Comparison Project
aims to compare GRMHD solutions and quantify the magnitude of systematic differences for the
evolution of a thick accretion disk from a set of GRMHD codes. The work is divided into two parts:
the first part is described in Porth and EHT-Collaboration (2019) and deals with the modeling of
a SANE disk and involves nine codes (Athena++, BHAC, Cosmos++, ECHO, H-AMR, iharm3D,
HARM-Noble, IllinoisGRMHD, and KORAL); the second, concerning the more interesting MAD

regime, is currently in preparation (Olivares et al. in prep) and involves thirteen codes.

5.1 First part: SANE

The recent observations by EHT have confirmed the idea that M87* and SgrA* sources accrete as
MAD disks. However, it was considered appropriate that the first part of the project concerned the
study of the SANE regime which is well known in the literature, in order to standardize the results
and prepare the codes to deal with the modeling of the MAD regime. We present here the results
shown in Porth and EHT-Collaboration (2019) focusing in particular on ECHO simulations.
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5.1. First part: SANE

5.1.1 Setup

As the initial condition for our 3D GRMHD simulations, a Fishbone and Moncrief torus in hydro-
dynamic equilibrium threaded by a single weak (8 > 1) poloidal magnetic field loop is considered.
The spacetime is a Kerr black hole with dimensionless spin parameter a = 0.9375. The inner radius
of the torus is set to riy = 6M and the density maximum is located at rpax = 12M. An ideal gas
equation of state is adopted with an adiabatic index of ¥ = 4/3 and a weak single magnetic field

loop defined by the vector potential
Ay o max(p/pmax — 0.2,0), (5.1)
is added to the stationary solution. The field strength is set such that 2pmax/B2 . = 100, where

max
2

= ax do not necessarily coincide.

the global maxima of pressure pmax and magnetic field strength B
With this choice of initial magnetic field geometry and strength, the simulations are anticipated to
progress according to the SANE regime, although this can only be verified a posteriori.

In order to excite the MRI inside the torus, the thermal pressure is perturbed by white noise of
amplitude 4%. More precisely,

p"=p(+Xp), (5.2)

and X, is a uniformly distributed random variable between —0.02 and 0.02.

To avoid density and pressures dropping to zero in the funnel region, floor models are custom-
arily employed in fluid codes. Each code had the freedom to adopt the strategies it deemed most
appropriate. In ECHO we adopted the following floor model:

pn=10"2r73/2 pg=1/3.107 77/ (5.3)

Thus, for all cells that satisfy p < pg and/or p < pg we set p = pg and/or p = pg. The floor defined
by the relations (5.3) also defines the initial static and non-magnetized atmosphere. In addition, to
avoid high Lorentz factor in the funnel, we enforce that it stay within reasonable bounds, that is,
'y = 50. This delimits the momentum and energy of faulty cells and thus aids in keeping the error
localized.

In terms of coordinates and grids, ample freedom is left to the various codes for two reasons:
first, in this way, the results inform us about the setups used with a particular code and can allow
us to make comparisons between the various methods; the second reason is purely utilitarian, as
settling for a common grid setup would incur extra work and likely introduce unnecessary bugs.

The domain of interest is:
r € [r,50], 6el0,x], ¢e]l0,2n], (5.4)

where ry, is the radius at the event horizon defined by (3.87), and three rounds of resolutions are
suggested in order to judge the convergence between codes. These are low-res: 963, mid-res: 1283,
and high-res: 1923, where the resolution corresponds to the domain of interest mentioned above.
Our simulations carried out with ECHO in Kerr—Schild coordinates adopt a numerical grid
logarithmically stretched in radius and uniform in both 6 and ¢, excluding from the polar angle

domain the regions close to the rotation axis to avoid excessively small time steps. At the radial and
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5.1. First part: SANE

polar boundaries, we impose outflow boundary conditions, i.e., we copy the value of the primitive
variables and set the velocity normal to the boundary to zero whenever it has a positive (negative)
value at the inner (outer) boundary.

The time integration performed in ECHO uses the third-order accurate IMEX strong-stability-
preserving scheme, which in the case of ideal GRMHD reduces effectively to a third-order Runge—-Kutta.
The upwind fluxes are computed with the HLL Riemann solver with PPM reconstruction, using
the UCT scheme for the treatment of the magnetic field. For the primitive variable recovery we
first use the three dimensional scheme described in paragraph 4.4.1, and in the case of failure we
attempt to retrieve the primitives using the advected entropy instead of the total energy. In case of
persisting failures, we finally reset the value of density and pressure to the atmospheric floor values

and set the Eulerian velocity to zero, without modifying the magnetic field.

5.1.2 Results

A consistent set of diagnostics focusing both on horizon scale quantities and on the global evolution
of the accretion flow is performed with all codes. We describe the quantifications and show the

results.

Horizon-penetrating fluxes

The relevant quantities: mass, magnetic, angular momentum, and (reduced) energy fluxes are

defined as follows:

. 21 T
N = /0 /0 pu” (—g)"/2d0do, (5.5)
_ 1 T *7t 1/2
o= [ [ 1) 2o (5.
27 T
L= 77 (—g)"/? :
/O /0 L (—g)2dodg, (5.7)

2 ™
S N \1/2
E_/o /0 (—=T7)(—g)/~dode, (5.8)

where all quantities are evaluated at the outer horizon ry with a cadence of 1M. In practice, these
quantities are nondimensionalized with the accretion rate, yielding, for example, the normalized
magnetic flux that we have defined in paragraph 2.2.2, ¢ = ¢pp/ \/]\7 , also known as the “MAD
parameter”. As we have already said, there is a critical value ¢n.x for the amount of magnetic
field that the black hole can absorb depending on the scale height and spin of the black hole. For
a = 0.9375 and torus scale height H/R ~ 0.3 the parameter has the critical value ¢max ~ 15.
Time series data of horizon-penetrating fluxes is presented in Figures 5.1-5.3 for low, medium,
and high resolutions respectively in which the results of our simulations performed with ECHO are
represented by light blue lines. Because the mass accretion governs the behavior of these fluxes, the
data have been appropriately normalized by the accretion rate. All codes capture accurately the
linear phase of the MRI leading to an onset of accretion to the black hole at ¢t ~ 300M. While there
is still a good correspondence of M for early times < 1000M, the chaotic nature of the problem

fully asserts itself after 2000M . At low resolution, there exist order of magnitude variations in the
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5.1. First part: SANE

data, most notably for the normalized horizon-penetrating magnetic fluxes and the energy fluxes.
Concerning our results, we can see how the magnetic flux and the angular momentum flux are
respectively lower and higher at the lower resolution compared to the high-resolution run. As
indicated by ¢ ~ 0.5 — 6 < ¢max, all simulations are in the SANE regime of radiatively inefficient
black hole accretion.

As a measure for the convergence and variance between the codes, the peak fluxes as well as the
average values far in the nonlinear regime are quantified in the table of Figure 5.4. Both average
and peak values show a tendency to converge to values common to all codes as resolution increases;
the agreement with very high resolution runs is also good. It is worthwhile to point out the good
agreement in angular momentum and energy fluxes at high resolution for the codes employing
spherical grids (Figure 5.3), where the highest average values differ from the lowest ones by 12%
and 40%. Because meshes with various amounts of compression in the midplane were employed by
the different groups, a comparison purely based on the number of grid cells is, however, hardly fair
even in the spherical cases. Hence, Figure 5.5 shows the data of Table in Figure 5.4 against the
proper grid spacing at the location of the initial density maximum, A#,: upon increased resolution,
the spread in the quantities decreases and one can make out a critical resolution Af, = 0.0125—0.25,
below which accretion rates and horizon-penetrating fluxes tend to converge to the same answer.
The accreted angular momentum flux L/ M is very well captured at all resolutions with minimal

spread.

Disk-averaged quantities

We compare averages of the basic flow variables ¢ € {p,p,u?, \/ b,bt, 371}, Hence, for a quantity
q(r,0,,t), the shell average is defined as

2 (B (1,6, 6, 1) (—g)/2d0d¢s

(@)(r,t) = S (— g)1/2d0dg

, (5.9)

which is then further averaged over the time interval txg € [5000,10000]M to yield (g)(r). The
limits Oyin = 7/3 and O,ax = 27/3 ensure that only material from the disk is taken into account in
the averaging.

The disk-averaged profiles of the relevant quantities ¢ are presented in Figures 5.6-5.8. At the
late times under consideration, viscous spreading and accretion have significantly transformed the
initial distributions; for example, the peak densities are now an order of magnitude below the initial
state. There is a fair spread in some quantities between codes, most notably in the profiles of
density and (inverse) plasma beta, while all codes capture very well the rotation law of the disk,

—175 somewhat steeper than the Keplerian

which can be approximated by a power law with slope r
case. Interestingly, the profiles of the magnetic field are also captured quite accurately and tend to
agree very well with a very high-resolution reference case computed with the H-AMR code (dashed
red curves). The approximate scaling of the disk magnetic field as r~! indicates a dominance of
the toroidal field component (e.g., Hirose et al. (2004)). Taking the inverse plasma [ (bottom-right
panel) as a proxy for the Maxwell stresses, the decrease in torus density is consistent with an increase
in the turbulent transport of angular momentum, due to the increase in magnetization. Turning to

the high-resolution data, the spread in all quantities becomes dramatically reduced. Starting at a
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Figure 5.1: Time series at the resolution of 963 in the domain of interest for all codes. From top to bottom,
the panels show the mass accretion rate, horizon-penetrating magnetic flux, accretion of angular momentum
and energy. The data in panels 24 have been nondimensionalized with the accretion rate M (Figure adapted
from Porth and EHT-Collaboration (2019)).
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Figure 5.2: As Figure 5.1 for the 1283 data. Cartesian realizations next to the medium-resolution cases are
added here. It should be kept in mind though that the resolution in the Cartesian cases is typically much
worse near the horizon but better at larger radii, which makes it hard to directly compare the simulations.
Qualitatively, there is very good agreement of the Cartesian runs with the spherical data in all quantities
except for the energy fluxes where BHAC Cart. is systematically higher and IllinoisGRMHD is slightly lower
than all spherical codes (Figure adapted from Porth and EHT-Collaboration (2019)).
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Figure 5.3: As Figure 5.1 for the 1923 data.
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Quantifications—Time Series Data

. Zan - . E-M E—M

Ny Code Mpea (M) VB [peak (@pu /M) L/M |pey {L/m) M lpeak &)

96 Athena++ 0.461 0.041 = 0.019 5.951 4.164 + 0.869 1.95 1.276 + 0.326 0.332 0.18 £ 0.044
BHAC 0.507 0.074 + 0.021 3.099 1.426 + 0.16 1.964 1.865 + 0.033 0.33 0.112 + 0.017
Cosmos++ 0.602 0.142 = 0.036 0.481 0.239 + 0.065 2.268 2207 £ 0.025 0232 0.025 += 0.009
ECHO 0.331 0.04 + 0.018 2949 2.021 + 0.377 2.005 1.211 + 0.289 0.33 0.124 +0.022
H-AMR 0.536 0.091 + 0.048 2.908 1.249 + 0.131 2.066 1.985 + 0.028 0.336 0.046 = 0.018
HARM-Noble 0.797 0.125 + 0.05 2236 0.786 = 0.119 2.206 1.964 + 0.051 0.327 0.067 + 0.017
iharm3D 0.645 0.136 £ 0.06 3.705 1.239 £ 0.346 2.083 1.958 + 0.087 0.331 0.067 £ 0.011
KORAL 0.738 0.157 £ 0.051 3.13 0.458 £ 0.072 2.1 2.027 £ 0.026 0.328 0.05 £ 0.007
max,/min 2.406 3.903 12.374 17.408 1.163 1.823 1.448 7.096

128 Athena++ 0.847 0.023 £ 0.012 5.385 2.995 + 0.694 2.082 1.743 £ 0.208 0.332 0.108 + 0.029
BHAC 0.66 0.078 = 0.046 2492 1.74 £ 0407 1.974 1.829 £ 0.074 0.331 0.123 £ 0.015
BHAC Cart. 0.57 0.163 + 0.091 2.137 1.123 £ 0.277 1.947 1.864 £ 0.061 0.331 0.097 + 0.009
Cosmos++ 0.642 0.177 &+ 0.045 0.484 0.245 + 0.032 2.133 2.073 £ 0.019 0.232 0.078 + 0.01
ECHO 0.507 0.059 + 0.021 1.575 1.056 + 0.182 2.028 1.876 + 0.083 0.331 0.073 £ 0.012
H-AMR 0.588 0.117 = 0.039 2.378 1.729 + 0.204 2.04 1.961 + 0.031 0.336 0.061 + 0.008
HARM-Noble 1.28 0.128 + 0.051 3.23 0.61 +£0.179 2.259 2.093 + 0.054 0.328 0.052 + 0.017
iharm3D 0.841 0.132 + 0.035 3464 1.019 + 0.135 2.089 1.964 + 0.037 0.325 0.076 + 0.01
I11inoisGRMHD 0.6 0.177 = 0.041 1.477 0.779 + 0.08 2.141 2053 £ 0.044 0.361 0.026 = 0.009
KORAL 1.221 0.199 = 0.062 2.351 0517 + 0.097 2.084 2017 + 0.025 0.332 0.056 + 0.008
max,/min 2.525 8.604 11.126 12.24 1.16 1.201 1.552 4.631

192 Athena++ 0.875 0.134 + 0.071 2.739 1.405 + 0.39 2.109 2,025 + 0.047 0.332 0.065 + 0.008
BHAC 0.825 0.238 + 0.042 2.754 0.773 + 0.107 2.121 2.072 £ 0.021 0.331 0.059 + 0.009
ECHO 0.843 0.167 £ 0.047 1.698 0.506 + 0.057 2.139 2.047 £ 0.033 0.332 0.05 £ 0.008
H-AMR 0.671 0.237 £ 0.104 2.798 0.691 + 0.049 2.086 2.019 £ 0.026 0.265 0.048 + 0.009
HARM-Noble 0.994 0.201 = 0.116 3.503 0.972 £ 0.216 2.224 2.097 £ 0.044 0.33 0.057 £ 0.013
iharm3D 1.106 0.18 &+ 0.091 3.161 1.292 + 0.19 2.066 1.871 + 0.046 0.32 0.057 + 0.01
KORAL 1.01 0.183 &+ 0.081 2.256 1.217 + 0.338 2.082 1.987 + 0.041 0.331 0.046 + 0.007
max,/min 1.649 1.772 2.116 2.777 1.077 1.121 1.25 1.405

256" BHAC 0.697 0.203 £+ 0.065 2.552 1.021 £+ 0.091 2.097 2.034 £ 0.019 0.332 0.064 + 0.007

384 BHAC 0.91 0.221 £ 0.067 3424 0.946 £ 0.128 2.12 2.043 £ 0.021 0.331 0.049 £+ 0.006

1056 H-AMR 1.143 0.152 = 0.056 2.324 1.341 + 0.068 1.975 1.901 + 0.028 0.336 0.05 + 0.006

Figure 5.4: Quantities in angular brackets (-) denote time averages in the interval ¢ € [5000, 10000] M with
error given by the standard deviation. For further convergence testing, another two BHAC runs (256* using
256 x 256 x 128 cells and 384 x 384 x 384 cells) and an H-AMR run with 1608 x 1056 x 1024 cells are listed
here (Figure adapted from Porth and EHT-Collaboration (2019)).
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Figure 5.5: Resolution dependence of the averaged quantities for all runs of Table of Figure 5.4. The figure
has been normalized to the mean of the distribution, allowing the overall spread to be judged, and errors
mark the standard deviation over the averaging interval.

few gravitational radii, the magnetization of the disk is nearly constant, with values in the range
0.04 —0.1. Here, the Cartesian runs are the exception (BHAC Cart. and IllinoisGRMHD in Figure
5.7); their magnetization decreases within r ~ 10M and reaches a minimum of ~ 0.01. We suppose
that this stems from increased numerical dissipation, due to the comparatively low resolution in the
inner regions of the Cartesian grids.

We compute also the density scale height averaged over time:

027r foemn:x |7/2 — Oks|p(t,r, 60, d)(—g)'/2dd¢

H/R)(r,t) =
< / >( ) fger;nizxp(t77ﬂ79>¢)(_g)1/2d9d¢

(5.10)

A scale height of (H/R) = 0.25 — 0.3 between rgs € [10,50]M is consistently recovered with all
codes. As shown in Figure 5.9 The largest departures from the general trend are seen in the inner

regions for the Cartesian runs.

Emission proxy

We also integrate the pseudo-emissivity for thermal synchrotron radiation following an appropriate

nonlinear combination of flow variables:

2 Omax Tmax
C(t) = /0 / / J(B.p. p)(—g)"2dododr, (5.11)

emin
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Figure 5.6: Disk-averaged quantities at the resolution of 962 in the domain of interest for all codes. Data
have been averaged over the 6 and ¢ angles as well as over the time interval ¢ € [5000, 10000)M . For reference,

the H-AMR Ny = 1056 solution was added.
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Figure 5.7: As Figure 5.6 for the 1283 data.
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Figure 5.8: As Figure 5.6 for the 1923 data.
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Figure 5.9: Scale height profiles of the high-resolution models (Ny = 192) according to Eq. (5.10).
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Figure 5.10: Time series at the resolution of 96% of the pseudo-luminosity for all codes (Figure adapted
from Porth and EHT-Collaboration (2019)).
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Figure 5.11: As Figure 5.10 for the 1282 data (Figure adapted from Porth and EHT-Collaboration (2019)).

where again Onyin = 7/3, Omax = 27/3 and ryax = 50M. The emissivity j, is defined following the
description of the paragraph 2.1.2. In the dimensionless units adopted here, Eq. (2.31) integrated

in the frequencies can be written as

3 P2\
. -2
J=p°p “exp [_C<B_p2> ] (5.12)

The constant C is chosen such that the radiation is cut off after a few gravitational radii, resembling
the expected millimeter emission from the Galactic Center, that is, C' = 0.2 in geometrized units.
This emission proxy is optimized for the science case of the EHT where near optically thin syn-
chrotron emission is expected. Figures 5.10-5.12 show the time series: also in this case the spread

is smaller at high resolution.

t, ¢ averages

Finally, we compare temporally and azimuthally averaged data for a more global impression of the

disk and jet system:

Jlena [37 q(r,0,6,1)(—g) /2 dgdt
(a)(r,0) = ==

(5.13)

for density, inverse beta-plasma and magnetization, g € {p, 37,0}, in the time range delimited by
tmin = D000M and tpyax = 10000M.
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Figure 5.12: As Figure 5.10 for the 1923 data (Figure adapted from Porth and EHT-Collaboration (2019)).

To gain an overall impression of the solutions in the quasi stationary state, we compute averages
over the t— and ¢—coordinates in Figure 5.13. The different panels depict the rest-frame density,
inverse plasma [, and the magnetization obtained for ECHO at the highest resolution available.
Though qualitatively very similar between codes, the maps (in particular the maps of 37!) exhibit
spreads in the funnel region: depending on the pole treatment, the inverse plasma 3 decreases toward
the axis for some codes including ECHO, while others see an increase of 5! or a near-constant
behavior.

It is interesting to examine the jet—disk boundary defined as ¢ = 1 in more detail. Figure 5.14
illustrates that as the resolution is increased, the contour is more faithfully recovered across codes:
whereas some low-resolution runs do not capture the highly magnetized funnel, at high resolution,
all runs show a clearly defined jet—disk boundary. Despite the large variances in floor treatment, at
Ny = 192 cells, the difference is reduced to five degrees and the polar angle of the disk—jet boundary
ranges between 10° and 15° at » = 50M . For illustrative purposes, we also overplot flux-functions
of the approximate force-free solutions discussed in Tchekhovskoy et al. (2008) and Nakamura et al.

(2018): .
U(r,0) = <7“> (1 - cos). (5.14)
Th
In the recent 2D simulations of Nakamura et al. (2018), the jet boundary given by o = 1 was
accurately described by the choice x = 0.75 for a wide range of initial conditions, black hole spins,
and horizon-penetrating flux: ¢ € [5,10]. This results in a field line shape z oc R*®, which matches
well the shape derived from VLBI observations on the scale of 10 — 10°M (Asada and Nakamura,
2012; Hada et al., 2013). In our ECHO models, the line x = 0.75 is recovered at low resolution, and
the more collimated genuinely paraboloid shape k = 1 (z &< R?) resembling the solution of Blandford
and Znajek (1977) seems to be a better match for the funnel-wall shape at higher resolutions for
all codes. We suspect that the narrower jet profile compared to Nakamura et al. (2018) is due to
the lower ¢ ~ 2 — 3 of our benchmark configuration (at high resolution). We believe that in ECHO
the polar cutout coupled with low resolution can negatively affect a correct modeling of the funnel
magnetization.
Comparing the torus density in more detail, in Figure 5.15 we illustrate contours of (p)/{p)max
for the runs with Ny = 192 cells. Normalized in this way, the agreement in torus extent generally
improves as it compensates for the spread in peak densities (see Figure 5.8). Nonetheless, there

remains a large variance in the given contours.
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Figure 5.13: t— and ¢—averaged data. We show averages of the rest-frame density, inverse plasma 3, and
the magnetization o (Figure adapted from Porth and EHT-Collaboration (2019)).
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Figure 5.14: Contours of the jet—disk boundary ¢ = 1 for increasing resolution (left) and a zoom into
the region 6 € [0°,45°] (right). Only in the high-resolution case is the jet recovered with all codes. The
paraboloid curves according to Eq. (5.14), corresponding to z o« R? (k = 1, thin dotted black) and z < R
(k = 0.75, thin solid black) are also showed.
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Figure 5.15: Comparison of the density contours at fixed ratios of the peak value for the high-resolution
models. Contours are placed at (p)/{p)max € [0.0078125,0.125,0.5].
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Variability

In order to get a feeling for the predictive power of variability from GRMHD simulations in a
turbulent regime, we now compute the power-spectrum densities (PSDs) of the emission proxy L.
The data is presented in Figure 5.16 for all available resolutions. At low and mid resolution, all
light curves are compatible with a red-noise spectrum with 8 = 2, and we obtain a steepening near
f = 0.1M~! while for high resolution this break is less apparent. The same analysis is performed
also with the time series of M. The right panels of Figure 5.16 indicates that the low-frequency
power law seen in £ is not recovered in M. For frequencies f = 0.01M !, the power in all codes is
definitely shallower than f~2, approaching a flicker-type noise, f~', and indications for a spectral
break in the vicinity of the ISCO frequency are found.

Finally, the root mean square (RMS) of the accretion rate is computed after zeroing out all
Fourier amplitudes with frequency below 1/1000M . This serves as an effective detrending of the
low-frequency secular evolution. In order to avoid edge effects, the rms is computed in the region
t € [2500,7500]M. Exemplary data of the remaining high-frequency variability is shown for the
high-resolution runs in the left panel of Figure 5.17. The (normalized) rms values shown against
midplane resolution (right panel) quantify this further and indicate quite a universal behavior with
values in the range 1.2 — 1.6 across all codes and resolutions. With increased resolution, all codes
tend to be attracted to the point k& = rms(M)/(M) ~ 1.3. Repeating the same analysis with the
emission proxy yielded essentially the same outcome. This quite striking result (after all, there is
a scatter in mean accretion rates itself by a factor of ~8 in the sample) is a restatement of the
rms—flux relationship, which is a ubiquitous feature of black hole accretion across all mass ranges
(Uttley and McHardy, 2001; Heil et al., 2012). The quotient k& ~ 1.3 is consistent with the recent
simulations of Hogg and Reynolds (2016) who find an rms—flux relationship of the accretion rate
with k = 1.4+ 0.4.

5.2 Second part: MAD

The first part of the EHT GRMHD Code Comparison Project (Porth and EHT-Collaboration,
2019) showed that different simulations of a SANE accretion flow starting from the same initial
conditions produce outcomes that are consistent against the diversity of numerical methods and
implementations employed by codes in the community. However, while SANESs are relatively sim-
ple to simulate and have been widely discussed in the literature, the transition to a MAD state
introduces significant changes in the dynamics that can easily bring GRMHD codes to their limits.
Given the importance of MADs as viable models for the plasma surrounding M87*, it is essential
to assess the consistency of GRMHD codes also in this more challenging regime. As the work is in
progress, we show here only some results obtained with ECHO without making comparisons with

other codes.

5.2.1 Setup

The initial condition consists of a Fishbone-Moncrief torus around a Kerr black hole with dimen-
sionless spin parameter a = 0.9375. The inner radius of the torus is located at ry, = 20M, and its

pressure maximum at rp.x = 41M. An ideal gas equation of state is adopted with an adiabatic
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Figure 5.16: Periodograms, compensated with f~2, of the emission proxy L (left) and for the accretion
rate M (right) for increasing resolutions (top to bottom). Also, the PSD of a synthetic light curve at 230
GHz and inclination ¢ = 0 is shown in the lower panel (light gray curve). To better visually separate the
curves, they have been progressively shifted by factors of 10. The blue dotted vertical line denotes the orbital
frequency of the ISCO.
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Figure 5.17: Variability of the detrended accretion rates. The long time secular evolution has been removed
by zeroing out all Fourier amplitudes below 1/1000M. An example of the high-resolution data is shown in
the left panel. In the right, we compare the resolution dependence in the rms accretion rate normalized by
its mean value. We obtain a clear “rms—flux” relation in all codes with quotient converging to k& ~ 1.3.
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index of 4 = 13/9 and the magnetic field is given by the vector potential Ay oc max(q,0), where

3
1% r . 3 r
= — nfexp | —— ] —0.2 5.15
4 Pmax <T1n> . ¢ < 400> ’ ( )

and it is normalized in such a way that the ratio of the maximum gas pressure to that of the

maximum magnetic pressure in the disk (at different locations) is (pg)max/(Pmag)max = 100. To
trigger the MRI, the equilibrium configuration is perturbed by adding white noise to the fluid
pressure according again to the Eq. (5.2).

The initial atmosphere profile adopted in our simulation is given again by relations (5.3). During
evolution, ceilings are applied to the Lorentz factor I' the plasma magnetization o, and the ratio
between magnetic and fluid pressure 3 L Velocity is limited in such a way that the Lorentz factor
is at most I'y = 20 and matter or fluid pressure are added so that o < oq and 3, < (ﬁ; Dy =
(100q)7~1, with og = 100. The floors on density and pressure are therefore

2 2
pa = sﬂ P = %(10@)1—? (5.16)
For the present simulations at the two suggested resolutions, low (192x96x96) and high (384x192x192),
we have adopted the main numerical strategies adopted for the first part with the addition of the
scheme described in the paragraph 4.4.2 which turned out to be able to easily handle low-density
regions.

Like the first part, the grid is stretched logarithmically in the radial direction with r € [ry, —
Ar,;3000] M where Ar is chosen to have five radial grid points for r < r and uniform in the angular
directions. A small aperture cone is removed along the polar axis to avoid numerical problems.
Outflow boundary conditions are adopted in the radial direction, for both the inner and outer radii,
reflection conditions are applied at the polar axis whereas periodicity is assumed in the azimuthal

direction.

5.2.2 Results

We now briefly present some results obtained with ECHO: the main diagnostics are the same as in

the first part with the addition of a quantification used to estimate the power of the jets.

Horizon-penetrating fluxes

Figure 5.18 show time series of the radial fluxes defined in Section measured at the event horizon
(the blue line refers to low resolution and the red line to high resolution). Because the simulations
are scale free until the accretion rate is fixed, each of them has been been appropriately normalised
by the mass accretion rate M, similarly as in Porth and EHT-Collaboration (2019); however, due to
the larger variations in M that characterise the MAD state, here we have used the average value of
this quantity instead of pointwise values. Mass, magnetic and angular momentum flux rise during
a transient phase from roughly one orbital period of the original density maximum (=~ 1649.5) to
5500M , after which they reach a quasi-stationary state that lasts until the end of the simulations,
at ~ 10000M. For both runs the normalised magnetic flux saturates at a value close to ¢max ~ 15
which confirms that they are in the MAD regime. Note that both a and H/R are the same as in
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Figure 5.18: Horizon-penetrating fluxes as defined in Eqgs. (5.5)-(5.8) for the low (blue line) and high (red
line) resolution simulations, after normalization by the average of M over ¢ € [6000, 10000]M.

SANE project (see Figure 5.20 for scale height profile), so the critical value ¢y is again ~ 15.
In the low-resolution run we observe an episode of interruption of the accretion at ¢ ~ 7500M. It
could be due to a sudden accumulation of magnetic field that managed to inhibit all the accretion
channels at the same time. We note, however, that the accretion immediately restarts and the
magnetic flux manages to reach the critical value. The energy flux through the event horizon is

fairly constant and higher in the high-resolution run.

Disk-averaged profiles

Disk- and time-averaged profiles of several quantities of interest are shown in Figure 5.19 for the
simulations performed at low and high resolutions. The averages are also computed during the
interval ¢t € [6000,10000]M, when angular momentum has redistributed and the profiles of the
initial state is have been completely transformed into those of a new quasi-stationary state. A
first comparison of the codes (not reported here) shows a good agreement at high resolutions and
overall less spreads than SANE simulations. Figure 5.20 shows that the scale height profile of the
high-resolution model is ~ 0.25 like the previous disk model adopted for SANE.
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Figure 5.19: Disk-averaged profiles for the low (blue line) and high (red line) resolution simulations. The
quantities as been averaged over § and ¢ coordinates using the integral given in the Eq. (5.9) at every
snapshot, as well as over the time evolution over the interval ¢ € [6000, 10000]M .
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Figure 5.20: Scale height profile of the high-resolution model according to Eq. (5.10) and averaged in the
interval ¢ € [6000, 10000]M .
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t, ¢ averages

In order to study the flow configuration in the quasi-stationary state, we studied time- and ¢-
averaged quantities in the interval ¢ € [6000,10000]M . Figure 5.21 show these averages for rest-
frame density, inverse plasma 8 and magnetisation o for the run performed at highest resolution.
It is possible to see density rising and magnetization decreasing towards the pole probably due to

the effect of the reflecting boundary conditions.

Jet luminosity

Given its importance in identifying viable models for the EHT observations of M87*, we would
like to repeat one of the quantifications used in EHT-Collaboration (2019¢e) to estimate jet power.
However, to gain more information on the mechanisms of energy conversion in the jet and how
they are affected by floors, we split the energy momentum tensor into electromagnetic, particle
kinetic energy and thermal contributions, as done in McKinney et al. (2012). These are defined,

respectively, as:

(TEM ) (uu n ;65)62 v, (5.17)
(TPAREYE = (u,, + 69) put, (5.18)
(T*N)y = (pe + p)utu, + pét, (5.19)

so that the total energy-momentum tensor is

TH = (TEM)R 4 (TPAREYE o (TENYE 650 ptt, (5.20)

14

The diagnostics that we measure are the outgoing radial energy fluxes integrated over a mask used

to define the jet, at several times and radii:

Pen(r,t) = / / (TEMYE (—g)1/2d0d g, (5.21)
jet

Ppaxg(r,t) = / / (TPAREYE (_ ) 1/240d ¢, (5.22)
jet

Pen(r,t) = / / (TENYE (—g)1/2d0dg, (5.23)
jet

together with the outgoing mass flux integrated over the same mask:

Jet 7, t) //pu 1/2d6dq§ (5.24)

The total radial energy flux is given by Piotal(7,t) = Prm(r,t) + Ppakg(r,t) + Pen(r, t) + Met (r,t)
while the jet power is defined, consistently with EHT-Collaboration (2019¢) as Pie (7, t) = Piotal (1, t)—
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Miet (7, t). Finally, the jet mask is defined as the region where vI" > (vI')gy, where
_r\ 2
(vT)? = ( t> —1, (5.25)

and (vl')y, = 1. Figure 5.22 show the radial dependence of time-averaged fluxes of mass and
energy, subdivided in thermal, kinetic and electromagnetic contributions, as well as the total jet
power, for the high resolution simulation. Consistently with what has been observed by other
codes, the magnetic energy decreases at large radii favoring an increase in the thermal and kinetic
contributions. However, we observe a bump of Pgy close to 7 = 1000M which could be due to the
non-optimal treatment of the area near the edge in theta in which we have removed a slice probably

too large for correct modeling of the jet region; the role of the numerical resets in the atmosphere

could also be decisive.
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Figure 5.21: Axisymmetrized and time-averaged spatial distributions of p, 37! and ¢ over the interval
t € [6000,10000]M for the high resolution simulation.
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Chapter 6

Numerical simulations: GRMHD

mean-field dynamo in accretion disks

In the previous Chapter we showed the ideal GRMHD accretion simulations taken as a reference
to model EHT observations. However, it must be noticed that the simulations employed by the
EHT community and for the code comparison tests all rely on initial magnetic fields with pressure
which is one hundredth of the kinetic pressure. This value corresponds to a subdominant field, but
it is not far from the value needed to reproduce both the dynamics needed to launch the polar
jets and the non-thermal synchrotron emission (once a model for the distribution for the emitting
electrons has been established). A more natural scenario would be the one in which a very low
initial field is evolved and amplified by some kind of dynamo process, so to reach self-consistently
the correct threshold for MRI to induce accretion and to reproduce the correct dynamical and
emission properties. A promising mechanism is o — 2 dynamo described in the Paragraph 2.4.
Synthetically, a-effect is supposed to be given by the coupling between unresolved velocity and field
fluctuations while the Q-effect is due to the differential rotation of the disk.

The first mean-field simulations in resistive GRMHD applied to the accretion disks are found
in the work of Bugli et al. (2014) that we summarized in the Paragraph 3.5. As we have seen, it
characterizes the kinematic regime in which only the magnetic field evolves, growing exponentially.
However, to study consistently the accretion it is necessary to consider the feedback on the disk
due to the action of the dynamo. The new results obtained in the dynamic regime are published in
two works: Tomei et al. (2020, 2021). While the first work focuses on the characterization of the
saturation of the exponential growth of the magnetic field, the second reconnects to the diagnostics
analyzed in the Code Comparison Project with the idea of proposing a valid alternative to ideal 3D
GRMHD modeling.

6.1 First fully non-linear simulations

In the first paper (Tomei et al., 2020) we generalize our previous work on the mean-field dynamo
in accreting discs (Bugli et al., 2014) by investigating the completely self-consistent and non-linear
regime (dynamic regime) during the accretion phase. The linear growth of the fields cannot rea-
sonably continue for an arbitrarily long time, and it is expected to be quenched naturally by the

feedback on the disc. Our goal is to see how the transition to the non-linear phase occurs, to inves-
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aBH Tin | Tc | We AO Pmin | Pmin
09375 6 |12 1 [108]107* | 10°€

Table 6.1: Parameters of the initial equilibrium model.

tigate the interplay with MRI, and the effect of accretion on the dynamo process itself, for a given
disc model and a variety of dynamo parameters. Finally, on top of our GRMHD model based on
the dynamo action, we compute the local emissivity and integrated flux in the radio band (in the
approximation of an optically thin plasma), and we propose a comparison with observational data

for Sgr A*.

6.1.1 Disk model and numerical setup

The simulations are initialized with the hydrodynamical equilibrium solution for a differentially
rotating thick disk with [ = const described in the paragraph 3.4.2. A small magnetic field is then
introduced in such a way that the initial equilibrium is not affected by its presence (B? < w). In
particular, a large poloidal loop has been superimposed over the hydrodynamical torus, described
by the vector potential (Liska et al., 2018)

A= A0p2T3, (6.1)

where Ay is a constant. In Table 6.1 the parameters used to characterize the disk configuration are
shown. Lengths and times are expressed in units of r;, = GMpg/c? (the gravitational radius) and
rq/c, respectively. The mass density is normalized against py = ngm,, where ng is a reference peak
number density in the disk, whereas enthalpy, energy density and fluid and magnetic pressure are

2

normalized against pgc®. The spin parameter agp must also be provided in order to characterize

the Kerr-type metric, and here we choose the same value used in Porth and EHT-Collaboration
(2019).
Outside the disk we introduce a static, unmagnetized and tenuous atmosphere, with density and
pressure radial profiles given by
Patm = Pmin” /%, Patm = Pmint 2. (6.2)
In order to quantify the dynamo action, we can introduce the two characteristic numbers defined
by Egs. (2.73)-(2.74) that describe the importance of & dynamo and rotation with respect to the
dissipation of magnetic fields. The 1 and £ profiles are chosen so that the diffusion and dynamo
processes occur only within the disk. Starting from the maximum values &max and 7Mmax, those

actually entering the definition of the dynamo numbers, at each point of the domain we impose

n(r,0) = NmaxSy(r,0), (6.3)
with
Sy(r,0) = L= Lot ; iy (6.4)
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Figure 6.1: The time evolution of the average values of the toroidal By = /B?B, and poloidal Bp =

\/B? — B2 components of the magnetic field. Here, time is normalized with the initial central period,
P, = 268.

and
£(r.0) = EmaxSe(r,0), inside the disk, (6.5)
0 in the atmosphere,
with
Se(r,0) = [pcp;(;ﬁm, (6.6)

where the presence of an odd function with respect to the equator will lead to a symmetric dynamo
action. In Table 6.2 we show the models we have considered for our simulations. We have explored
different dynamo numbers C¢, starting from a reference value (Runl), in order to cover a significant
range in the parameter space. In the present analysis, we have chosen to leave the hydrodynamical
equilibrium, hence the €(r) profile, unchanged as well as a fixed fmax, so that C, has also been
kept constant.

We adopt here the horizon-penetrating Kerr-Schild metric (see section 3.4) and 2-D axisymmetric
spherical coordinates. The two-dimensional numerical domain extends in the regions delimited by
min = Tp — 0.3, inside the horizon r;, and ryax = 100 in the radial direction, and by 0.06 and
7 — 0.06 in the 0 direction. The grid (512 x 256) employed is uniform in 6 but not along the radial

direction, where points are defined by the nonlinear function

Tmax — Tmin

v

i = Pmin + tan(m; arctan W), (6.7)

with m; covering uniformly the range [0, 1] and ¥ a stretching factor fixed to 10 as in Bugli et al.
(2014). This choice allows to have a higher resolution in the inner region where larger gradients are

expected.
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Figure 6.2: Time evolution of pmas = %b2 and pgas = p, both evaluated where pp.s takes its maximum
value.

6.1.2 Results

In this section we show the results of o — €2 dynamo simulations. We start by defining the average

on the disk of any quantity f = f(r,0) as

T (4

() = Tf dr 012 df a /v f
T 6 )

fr12 dr 912 dé a/y

(6.8)

where r; = 4, ro = 30, ; = /3, and 02 = 27/3. The assumption of limiting the average in
this range is arbitrary, the reason behind this choice is to define a region of the disk in which the
quantities of interest are significantly appreciable. Note that because of the presence of the lapse
function « this is not a proper 3 4+ 1 spatial averaging, though the above formula is the one most
commonly adopted within the GRMHD community (Porth and EHT-Collaboration, 2019). The
time range of the simulations goes from 0 to 13P., where P. = 268 is the initial central period.
Figure 6.1 shows the time evolution of the average poloidal and toroidal components of the
magnetic field in the Runl. We can see that a toroidal field immediately arises due to the
effect and, after a transient, the mean-field a—dynamo starts as well and supports the exponential
amplification of the two components up to ~ 4.5 t/P,. This phase coincides with the kinematic
regime studied by Bugli et al. (2014), as there is there is no noticeable feedback on the disk and
the field grows following the normal modes of the dynamo, propagating towards the outer edge
of the disk. During this linear phase the toroidal fields remain always stronger than the poloidal
component. The new interesting aspect is represented by the situation around ¢ ~ 4.5F,, where the

linear dynamo action saturates. As shown in the Figure 6.2, the transition occurs when there are
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Figure 6.3: Color maps of the poloidal magnetic field Bp in logarithmic scale, for three different times
t/P. Black lines near the origin are the contours of the black hole’s ergosphere (dashed line) and horizon r,

(solid line).
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Timax Emax Ce Co 71 (Bp) Y1 (BT) v2(Bp) v2(BT)

Runl 1.0-10°° | 3.0-10-2 | 3.6-10% | 8.3-107 3.76 + 0.010 3.57 + 0.01 0.720 + 0.010 | 0.634 & 0.008
Run2 1.0-107% | 35.1072 | 4.2-10% | 8.3-10% | 4.19040.030 | 3.960 4 0.030 | 0.220 & 0.009 | 0.225 + 0.008
Run3 1.0-107% | 4.0-1072 | 4.8-10% | 8.3-10% | 4.93040.030 | 4.660 4 0.040 | 0.460 & 0.010 | 0.490 + 0.020
Rund | 1.0-1073 | 2.5.1072 | 3.0-10%2 | 8.3-10% | 2.980 +0.010 | 2.800 + 0.002 | 0.597 4+ 0.008 | 0.476 + 0.004
Run5 1.0-1073 | 2.0-1072 | 2.4-10% | 8.3-10% | 2.460 4 0.010 | 2.267 4 0.009 | 0.436 & 0.002 | 0.412 + 0.005
Runlq | 1.0-1072 | 3.0-102 | 3.6-10% | 8.3-10%2 | 3.450+0.010 | 3.200 +0.020 | 0.486 + 0.005 | 0.396 + 0.003
Run2q | 1.0-1073 | 3.5.1072 | 4.2.10% | 8.3-10%2 | 3.990+0.020 | 3.820 +0.030 | 0.513 + 0.006 | 0.449 + 0.004
Run3q | 1.0-1073 | 4.0-1072 | 4.8-10% | 8.3-10%2 | 4.760 £ 0.020 | 4.540 +0.040 | 0.570 + 0.003 | 0.526 + 0.003
Rundq | 1.0-103 | 2.5.1072 | 3.0-10% | 8.3-10%2 | 2.850+0.010 | 2.760 +0.010 | 0.408 + 0.006 | 0.352 + 0.004
Runbq | 1.0-10"3 | 2.0-1072 | 2.4.10% | 8.3-10%2 | 2.336 +0.007 | 2.220 +0.010 | 0.354 + 0.005 | 0.318 + 0.003

Table 6.2: Initialization parameters for the various runs and growth rates in the two phases. The reported
dynamo numbers refer to their maximum value. The initial plasma beta is 8 = 10° for all runs.

regions where the gas pressure locally equals the magnetic one
1 1
Pmag = §b2 = 5(32 - Ez)) (69)

and the sharp jump means that the most magnetized regions are no longer within the disk but
start to form in the low-density atmosphere, where accretion is taking place. This corresponds to
a change of slope in the growth of the magnetic field displayed in Figure 6.1: the dynamo action
is less strong, though a secondary linear phase can still be recognized, and the values for the two
magnetic field components are basically the same. After t ~ 8P, a second and definitive saturation
stage has been reached, the dynamo amplification slowly begins to decrease, and the magnetic field
approaches more or less to a constant value.

The three phases are more clearly apparent in Figure 6.3, where spatial maps of the (poloidal)
magnetic field are presented (in logarithmic scale) at three different times. In the upper panel we
are clearly still in the kinematic, linear phase of the dynamo. The magnetic field does not affect the
disk shape, magnetic islands corresponding to the linear dynamo modes migrate towards the outer
edge of the disk while growing in amplitude. In the middle panel the disk starts to be affected by the
presence of the growing field and dynamo waves are dragged towards the black hole by the accretion.
The accretion process is most probably triggered by MRI (see the discussion below), that also drives
turbulent motions. In this dynamic regime, magnetic structures tend to form low-pressure vortices
that drag matter away (bottom panel), that for high values of the magnetic field can even evacuate
the plasma locally (and safety floor density values can be required numerically, in order to limit
this effect). The dynamo modes are barely visible during the phase of the secondary growth (third
panel), and they seem to be localized only at the external boundary of the disk, where density and

the dynamo term & are lower (this point will be addressed in the next section).

6.1.3 Dependence on the a—dynamo number and on the quenching effect

We now investigate the dependence of the results on the a—dynamo number C¢ and on the employ-
ment of an explicit quenching effect (see below). The list of runs with the corresponding parameters
is reported in Table 6.2. In particular, Run2 and Run3 are characterized by increasing values of £
and C¢ with respect to our reference Runl values, whereas Run4 and Run5 by decreasing values
of the same parameters. Figure 6.4 shows the dependence of the exponential growth rates of the
kinematic (1) and dynamic (vy2) phases, respectively, with the dynamo number C¢. Growth rates
are measured for both the poloidal field component (blue triangles) and for the toroidal one (blue

circles), values also reported in Table 6.2. The red symbols indicate the corresponding quantities
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Figure 6.4: Dependence of growth rates v; and 7, on the dynamo number C¢. Triangles (circles) for the
poloidal (toroidal) field components, blue (red) color for runs without (with) quenching.
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for simulations where quenching is active (labeled with a ’q’ in the table of runs).

We observe that the rates 71 corresponding to the kinematic phase follow a linear trend, as
expected, whereas the rates 79, corresponding to the phase where accretion affects the dynamo
modes, show an unexpected drop at high values of ¢ (blue symbols). This may be due to the rapid
growth of the magnetic field, leading to values able to modify the fluid equilibrium itself. This
seems to prevent, or at least to lower, a subsequent amplification, as if a saturated state has been
reached.

In order to limit the dynamo action and to obtain a more regular growth it is possible to adopt
a technique, used in purely kinematic dynamo models to simulate dynamic effects, that is to impose
an explicit quenching in the dynamo term in situations when the field becomes comparable to the
equipartition value (Brandenburg and Subramanian, 2005, e.g.). This is obtained by introducing,

locally at any point, the replacement

§

§— 71+32/ng,

(6.10)
where we have considered an equipartition turbulent field defined as a given fraction of the thermal
pressure (Shakura and Sunyaev, 1973), ng = agjskp, with @ = 0.1. This value is the one most
commonly used to model the turbulent magnetic stresses in disks (King et al., 2007).

Here we want to check whether our GRMHD simulations without quenching lead to a turbulent
state with fluctuations of the required intensity. We thus compare this value with the coefficient

agisk defined by the averages

(W)
Odigk = ——, 6.11
disk <p +pmag> ( )
where, for rotating disks in GRMHD (e.g. Bugli et al., 2018)
W = [(w + p + b*)du"6u® — b"b]\ /Agon/Vrr (6.12)

is the 7, ¢ component of the stress tensor of fluctuations, based on the variations of the relevant
4-velocity components (compared to the equilibrium state at ¢ = 0) and on the growing fluctuations
of the magnetic 4-vector components (negligible at ¢ = 0). As shown in Figure 6.5, the choice of
the value @ = 0.1 for the quenching is reasonable, since all runs saturate towards average values of
Qgisk With this value, or slightly lower. This means that the introduction of the quenching effect is
not expected to affect the overall dynamics, but just to limit the growth of the field in localized,
critical zones.

The five runs have been repeated with identical parameters and the addition of the quenching
effect, labelled as Runlg-Run5q in Table 6.2. As expected, the dynamo growth rates are basically
unchanged in the quasi-kinematic phase. However, now the rates o appear to grow linearly with
C¢, exactly as rates 71, even in the phase where turbulence and accretion are present (see the red
symbols in Figure 6.4, for both v, and ~2). Notice that below C¢ = 400 the 72 values are lower
than the corresponding cases without quenching, as expected, but higher above that value, where
however the blue data looked pathological since no regular trend was followed. Four additional runs
with C¢ increasing from ~ 750 up to ~ 1800 have also been performed, again in presence of the
quenching term. The linear trend for ~s is less evident than what shown in Figure 6.4, though we

find a final value 9 ~ 1.5, that is more or less what one would expect from a linear extrapolation.
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Figure 6.5: The quantity aqisk defined in Eq. (6.11) as a function of time, for three runs with different

dynamo number C.
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Figure 6.6: Map of the poloidal field (in logarithmic scale) for ¢ = 6P, (Runlqg, with quenching), to be
compared with the third panel of Figure 6.3 (Runl, without quenching).
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Figure 6.7: Time series of the dynamo number C¢ averaged over the whole disk.

These results show that the dynamo appears to be the main mechanism for amplifying magnetic
fields even during the phase in which the disk starts to lose mass, which is accreting onto the
black hole. Furthermore, when quenching is activated, since a lower magnetic field is present, the
formation of vortices evacuating the plasma is inhibited and the dynamo structures evolve more
smoothly even in a turbulent environment, as clearly shown in Figure 6.6.

In order to better clarify why the secondary growth rate ~» is lower than the corresponding vy,
we plot in Figure 6.7 the time series of the spatial averages of the C¢ dynamo number. We clearly
see that, when the accretion begins and the first saturation phase starts, the quantity decreases for
all runs without the quenching term and for Run3q as well. This is due to the fact that during
accretion the density can be modified substantially, and (C¢) as well, and this effect is stronger for
higher magnetization levels. When the quenching term is present both magnetization and turbulence
are generally lower, the presence of the low-density vortices is avoided, and the overall dynamics
is certainly more regular. In any case, especially for runs with quenching, the lower values of o
cannot be attributed to correspondingly smaller values of (C¢), while migration of the plasma near
the border of the disk, where Cf is reduced, appears to be more important. In addition, when the
density is low, the other dynamo term, Cq, gets larger values, and for a constant C¢ the overall
growth rates are expected to be reduced (see Table 1 in Bugli et al., 2014).

A very interesting result is that the value of C¢ and the presence of quenching do not affect too
much the value of the quantities in the final saturation stage, as can be seen in Figure 6.8, where
the growth of the average strength of the magnetic field is plotted for our six reference runs. The
initial kinematic growth and also the first saturation phase clearly depend on Cg, as the fastest
growing mode occurs at a wavenumber ~ £/ (Brandenburg and Subramanian, 2005), with smaller
scales triggered by MRI leading to a turbulent cascade towards the dissipative scales. However,

the second and final saturation phase looks approximately independent on the C¢ value and on the
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Figure 6.8: Time evolution of the averaged intensity of the magnetic field, for three runs without and with
quenching.
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Figure 6.9: Time evolution of the magnetic flux &gy penetrating the horizon, divided by the accretion
rate, for the same six runs as in Figure 6.8.
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presence of quenching (all curves tend to the same value of < B > within a factor of ~ 3), hence
we deem that the accretion dynamics and the reached equipartition with the fluid component play
a major role at this final stage (see the similar behavior of agjgk)-

For completeness, the magnetic flux threading one hemisphere of the black hole horizon, ®py,
has been evaluated, a quantity which is very important because the rotational energy extracted, the
Blandford-Znajek power, is proportional to its square (Blandford and Znajek, 1977; Tchekhovskoy
et al., 2011). This is defined as

1 ™
dpy = 227r/ |B" |/~ d6, (6.13)
0

to be evaluated at the outer event horizon r,. Note that throughout the literature there are two
different definitions of the magnetic field components in terms of the dual of the Faraday tensor:
one as B = F*? (e.g. McKinney and Gammie, 2004), the other as B® = —n, F** = oF*% (e.g.
Del Zanna et al., 2007), where n* is the Eulerian observer unit vector (only this second one is a
proper spatial projection according to the 3+ 1 splitting). Figure 6.9 describes, for our six reference
runs, the time evolution of the MAD parameter ¢ = ®pp/ \/ﬁ . This quantity, as we said, is
commonly used to discriminate SANE evolution models from MAD ones (e.g. Porth and EHT-
Collaboration, 2019), depending whether its maximum value is below or above a certain threshold.
In our runs, in order to reach the typical SANE values we have of course to wait for the saturation
of the first magnetic field growth. However the comparison with the values obtained in the Code

Comparison Project is not possible here due to the different disk model adopted.

6.1.4 On the magnetorotational instability

In the non-linear regime it is interesting to investigate whether MRI is capable of affecting the
dynamo action or, more generally, of changing substantially the structure of the magnetic field.

It is custom to define the so-called MRI quality factor, a parameter that allows to establish if a
given simulation is able to resolve the characteristic MRI wavelength Aygi, precisely by measuring
the number of cells contained in Ayry, for a given direction. In our axisymmetric case the important

quality factor is the one along the direction 6, hence here we define

AMRLO 27r]v?4|

V30Dl Qe A0’

where v% = BY/v/w + B? is the f-component of the relativistic Alfvén velocity (here neglecting
the contribution by the electric fields). Values of Qg > 6 — 8 have been shown to be necessary to

Qo = (6.14)

capture locally the linear growth of MRI, while a threshold of (Jy > 10 can capture its nonlinear
growth (Noble et al., 2010; McKinney et al., 2012; Hogg and Reynolds, 2018).

Figure 6.10 shows the time evolution of the factor Qg, averaged over the whole disk, in the case of
Runl. Apparently the MRI instability could be resolved during the dynamical phase and therefore,
if present, it would be expected to play a role in the growth of the magnetic field, competing with
the ongoing dynamo process.

To investigate this aspect we have re-executed Runl twice, the first time by setting £ = 0 for
t/P. > 4.5, at the end of the first linear stage, and the second one for t/P, > 8.0, just before the

final saturation after the second linear phase. As we can see in Figure 6.11, the magnetic field
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Figure 6.10: Time dependence of the averaged MRI quality factor Qg, for Runl parameters. The two
horizontal lines are the thresholds for resolving the linear (dashed line) and nonlinear (dotted line) phases.
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Figure 6.11: Growth of the magnetic field components for Runl and for two additional runs with the
same parameters but switching off the dynamo (¢ = 0) for t/P. > 4.5 (dashed lines) and for ¢/P, > 8.0

(dot-dashed lines).

90



6.1. First fully non-linear simulations

components immediately start to decrease after the dynamo has been switched off, in both cases.
Notice that the poloidal component is the one suffering the fastest decrease, the toroidal one is
probably still supported by a residual amplification due to rotation (a purely Q effect).

This result means that the dynamo action is the main driver for magnetic field enhancement
in all phases, whereas MRI, which is surely present and resolved numerically in our simulations,
seems to be responsible mainly for triggering turbulence and driving the accretion. Amplification of
magnetic fields by MRI is instead less strong than the one due to the mean-field dynamo (we recall
that our simulations are 2D axisymmetric), and its effect is only visible in the final saturation stage,
where a faster decrease due to dissipation is inhibited. We conclude by saying that the adopted
resistivity value of = 1072 is still above the level of numerical dissipation, which is estimated to

be n ~ 1074 for the resolution employed.

6.1.5 Comparison with Sgr A* radio emission

Our GRMHD models based on the dynamo action will be used here to infer the synthetic emission
by the magnetized plasma of the accreting matter and to compare it with observational data. The
most straightforward targets are obviously the two sources observed by EHT, Sgr A* and M&7*,
i.e. the cores containing the super-massive black holes of our Galactic center and of the elliptical
galaxy M87. In the latter case the very first image of the emission from the regions around a black
hole’s event horizon has been recently taken (EHT-Collaboration, 2019a), whereas at the moment
work is in progress to reduce data in the case of Sgr A*.

Since our simulations are more focused on the plasma dynamics occurring inside the disk, with
the magnetic field growing from initial seed values, we choose here to compare our model with Sgr
A* data, as in the case of M87* a substantial fraction of the emission is known to come from the
polar jet. The structure of Sgr A* is rather uncertain because the source is hidden by optically
thick interstellar medium that surrounds it. For this reason models with or without a jet have been
built over the years to infer its emission properties (Moscibrodzka et al., 2009; Moscibrodzka and
Falcke, 2013; Moscibrodzka et al., 2014).

The radio emission in the mm band of the Sgr A* spectrum can be modelled by the radiation
produced by thermal synchrotron-emitting relativistic electrons in a ADAF model. As described in
chapter 2, most of the energy is stored in the thick pressure-supported disk and advected inwards
with high speed and efficiency. The large scale-height and accretion velocity makes the density low,
the gas cooling time long compared to advection times (the temperature of proton remains high,
T, ~ 10 — 1012 K), and the plasma is optically thin.

The total emissivity per unit frequency j, is given by Eq. (2.31). For an optically thin source,
like Sgr A*, the spectral luminosity is simply defined by

T2 02
L, = 277/ dr/ do/7 ju, (6.15)
Th 01

and the observed flux would be F, = L, /4rd?, where d = 7.86 kpc is the estimated distance of the
Galactic Center (Boehle et al., 2016).
In ADAF systems, as we said, electrons are cooled by synchrotron, inverse-Compton, and

magneto-bremsstrahlung emission losses, but ions maintain their high temperatures due to inef-
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Figure 6.12: Time evolution of the synthetic flux F,, computed on top of Runl (solid line), and of Runlq
(dashed line). The horizontal dashed lines represent the observed value at for the reference frequency
v = 230 GHz.

ficient thermalization, thus a two-temperature plasma where the electron temperature is much
lower than that of protons, T, < Tj,, is usually assumed. The ratio between proton and electron
temperatures is assumed to be given by Eq. (2.32).

In order compute the above emission quantities it is necessary to appropriately convert all

quantities from code units to the CGS system, hence

ne = np = (p/po)no, (6.16)

where we recall that ng is a free parameter providing the number density at the disk center, the
magnetic field in expressed in units By = \/4mpoc?, the normalized proton temperature is defined

as
KL, p/Po

myc? B p/po’

0, = (6.17)

whereas ©, can be inferred from Eq. (2.32). Reference units for length and time are determined
once the mass of the black hole has been assigned, for Sgr A* we assume Mpy = 4.02 x 10°M,
(Boehle et al., 2016).

In the following, we show that our model (we choose Runl and Runlq parameters) can predict
that the initial magnetic field (~ 10~* G) is amplified by the mean-field dynamo up to a level able
to explain the observed flux in the millimeter wavelengths. The three free parameters left, namely
v, Rpign and ng, are chosen as follows: v is set to 230 GHz, the same used for M87*, Ry;gy is
fixed to 20, a reasonable value in the disk and ng is chosen as the value that best reproduces the
observed flux of 2.64 + 0.14 Jy at 230 GHz (Moscibrodzka and Falcke, 2013; Moscibrodzka et al.,
2014; EHT-Collaboration, 2019b). Let us look at Figure 6.12. The predicted synthetic flux follows
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Figure 6.13: Time evolution of the maximum value of the magnetic field strength (upper panel) and of the
average electron temperature (lower panel) for Runl (solid line), and of Runlq (dashed line).
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Figure 6.14: Local emissivity map for Runl parameters in CGS units and logarithmic scale for ¢t/ P, = 6.0.
In the upper panel we show the situation without quenching and in the bottom panel with quenching. Values
on the color bar are chosen to be the same for ease of comparison, hence the highest values of j, in the upper
panel are actually saturated. (Figure not present in TO20)
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the average magnetic field trend, increasing until it reaches a quasi-stationary value. We perform a
time average in the range t/ P, = [7—13], obtaining a flux of 2.59 Jy consistent with the observations
when assuming ng = 6.5 - 107 em ™ for Runl and ng = 5.5 - 10 cm™ for Runlq.

In Figure 6.13 (upper panel) we show the time evolution of the maximum value of the magnetic
field in the disk, reaching Bpax =~ 3 — 4 kG at the saturation of the dynamo process. At the same
time, the average electron temperature reaches (T.) just below 10!* K (lower panel). Overall these
quantities result in agreement with the values obtained in the simulations of Moscibrodzka et al.
(2009); Moscibrodzka and Falcke (2013).

Finally, emissivity maps (Figure 6.14) show that in this model most of the emission comes from
the disk, as anticipated. In particular, significant emission comes from the very central accreting
region, and from the outer regions of the disk where the dynamo process is still at work, with the
same vortical structures observed for the magnetic field (much reduced in the case with quenching,

as well as part of the emission from the polar jets).

6.2 Are GRMHD Mean-Field Dynamo Models of Thick Accretion
Disks SANE?

The goal of the second paper (Tomei et al., 2021) is to extend the analysis of Tomei et al. (2020)
(TO20 from here on), recently confirmed by Vourellis and Fendt (2021) including the case of a thin
accretion disk, to a wider range of parameters and to much longer dynamical times and, above all,
to reproduce the relevant standard diagnostics of the Code Comparison Project, and hence also the
EHT observations, by using axisymmetric GRMHD simulations of accretion disks with mean-field
dynamo action. The main purpose is to show how we can correctly model the SANE accretion
scenario that, although SANE models now seem to be less favored compared to MAD models for
MS87* (EHT-Collaboration, 2021b), can still be considered an interesting case for other sources and
a perfect benchmark for GRMHD theoretical models. In particular we show how it is possible to
model this regime even adopting much cheaper 2D simulations, rather than 3D, and this can be
achieved by starting from a more agnostic, though very unfavorable, initial configuration of a very
weak (toroidal) magnetic field (oyax ~ 107%), which is to be naturally amplified in both the toroidal

and poloidal components by the action of the dynamo.

6.2.1 Disk Model and Numerical Setup

We consider the hydrodynamic torus described by the Fishbone-Moncrief’s solution (Fishbone and
Moncrief, 1976) commonly adopted in the literature, as well as in Porth and EHT-Collaboration
(2019). The space-time is determined by a Kerr black hole with dimensionless spin a = 0.9375.
The inner edge of the disk is localized at r;, = 6M, and the density has a maximum of p = p,
at 7. = 12M. We assumed an ideal gas equation of state with adiabatic index 4 = 4/3. Unlike
TO20, here, we chose to superimpose on the hydrodynamic torus an initial toroidal magnetic field
with negligible amplitude, so that the equilibrium is essentially preserved. Such a configuration
is the most unfavorable to reproduce the conditions observed in ideal GRMHD models, as they
generally assume large-scale poloidal magnetic fields. We take an initial magnetic field intensity

By o p as in Vourellis and Fendt (2021), with a maximum magnetization at the center of the torus
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of omax = 1076, The resistivity and dynamo profiles are similar to those in TO20, that is:

Mo\ P/Pe P > Pdisk

)= (6.18)
0 p < Pdisk;

0 costl  p > paisk

¢ = So(p/pe) p = pdis (6.19)
0 p < Pdisk;

where 1y and &) are the maximum values of the resistivity and dynamo coefficients at ¢t = 0 (note

that the density varies both in space and time), and pgix = 1073p, is the density threshold that

defines the boundary between disk and atmosphere. We also define the dynamo numbers as in

Vourellis and Fendt (2021):

Co=r

00| H?
87"77’ (6.20)

Ce=H §, (6.21)
n
where Q = u?/ul, and H ~ 0.25r is the scale height of the disk.

Using the horizon-penetrating Kerr—Schild coordinates, we carried out a series of axisymmetric
simulations, expanding the range of parameters with respect to TO20 (see Table 6.3). In order to
assess the validity of our results with respect to the diagnostics in the Code Comparison Project,
we adopted the same resolutions as the simulations of Porth and EHT-Collaboration (2019) (see

Table 6.4 for details). Unlike in TO20, here, we did not adopt any explicit dynamo quenching.

Table 6.3: Maximum initial values of 1, £, Cq, and C¢ for each model.

Run Mo &o CE?,S“” CE,TOM
Eta-3Xi-3 1073 1073 8.2 x 10* 0.75
Eta-3Xi-2 1073 1072 8.2 x 10* 7.5
Eta-3Xi-1 1073 1071 8.2 x 10% 75
Eta-4Xi-3 1074 1073 8.2 x 10° 7.5
Eta-4Xi-2 1074 1072 8.2 x 10° 75
Eta-4Xi-1 1074 1071 8.2 x 10° 750

Table 6.4: Details on the numerical grid adopted. Here r;, ~ M is the event horizon radius.

Axis Grid Points Domain Stretching
192 (rp, — 0.25M,3000M) Logarithmic
192 (0.06, ™ — 0.06) Uniform

6.2.2 Results

We first describe the time evolution of the radial magnetic field in the torus driven by the mean-
field dynamo. The creation of a poloidal component within the disk begins from the earliest times,

as shown in Figure 6.15, where the temporal evolution of the disk-averaged (|b"|), with [b"| =
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Figure 6.15: Time evolution of |b"| averaged on the disk for each model.

VU gy, is plotted (we consider the comoving field). Here, the averaging operation of any quantity
q is defined as Eq. (6.8) in TO20, with r1 = rp,, ro = 50M, 61 = 7/3, 2 = 27/3.

The dependence on & (i.e., the dynamo « effect) is evident in the duration of the initial kinematic
phase, in the steepness of the curve, and in the maximum value that is reached: the higher the &,
the faster the evolution towards a higher radial magnetic field value. After a transient, there is a
saturation phase followed by a decrease in |b"| inside the torus. In particular, in the runs of strong
and intermediate dynamo, the saturation value is similar, while it is lower in models with weak
dynamo. As shown later, the low intensity of the initial dynamo in runs Eta-3Xi-3 and Eta-4Xi-3
seems not to be able to produce the turbulence needed to resolve the fastest growing mode of the
MRI, and thus, the accretion is entirely driven by the action of the weak dynamo.

The decrease of the amplification of the poloidal magnetic field in all simulations does not seem
to depend on an intrinsic decrease in dynamo action. Figure 6.16 shows that dynamo numbers
remain fairly constant over time. The most likely explanation is that the fragmentation of the
magnetic structures leads to a global loss of efficiency in the dynamo coupling mechanism, hence
leading naturally to a self-regulated quenching, as first observed by TO20 and later confirmed in
Vourellis and Fendt (2021).

In order to understand whether the accretion regime that is established in our dynamo runs is
consistent with 3D ideal GRMHD simulations of SANE disks, in the remainder of the paper, we

attempt to reproduce the main standard diagnostics as studied in Porth and EHT-Collaboration
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Figure 6.16: Time evolution of the dynamo numbers averaged on the disk for each model.

98



6.2. Are GRMHD Mean-Field Dynamo Models of Thick Accretion Disks SANE?

(2019).

Horizon Penetrating Fluxes

We briefly recall that the definitions of the mass, magnetic, angular momentum and energy fluxes

evaluated at the horizon (see Section 5.1.2) in the axisymmetric case are

M = 27r/ pu"/—gdb, (6.22)
0

dpy = w/ *EF"t\/—g db, (6.23)
0

L= 27r/ T35/ ~gdo, (6.24)
0

E=2n /OW(—nf)mde, (6.25)

where *F* is the Maxwell tensor, and T"" is the stress-energy tensor. Usually, the fluxes defined
by (6.22)-(6.25) are normalized with the accretion rate M. We also remember that the critical
value of the normalized magnetic flux is ¢max = 15 in the case of a black hole with spin a = 0.9375
and a disk with scale ratio H/R ~ 0.25

In the ideal simulations of Porth and EHT-Collaboration (2019), the accretion starts at ¢ ~ 300M
when the linear MRI, triggered by pressure perturbations, is captured. After the transient, ¢ reaches
the value ¢ ~ 1, typical of the SANE regime. Accretion rate, angular momentum flow, and net
energy flow efficiency also become stationary, with average values of M ~ 0.1, L/ M ~ 2, and
|E— M|/M ~ 0.05.

Figure 6.17 shows the time series of the normalized fluxes obtained in our dynamo runs. The evo-
lution clearly depends on the value of &y, while there is no substantial dependence on 7g. The two
runs with weak dynamo (Eta-3Xi-3, Eta-4Xi-3) produce low accretion rates and cannot be consid-
ered good SANE models. Instead, the two runs with intermediate dynamo (Eta-3Xi-2, Eta-4Xi-2)
show a very good agreement with the results shown in Figure 4 of Porth and EHT-Collaboration
(2019): the accretion starts at ¢ ~ 1000M, and after an initial transient, the accretion rate saturates
to the value of M ~ 0.1.

The magnetic flux and the angular momentum flux remain almost constant during the simula-
tion, ¢ ~ 1 and L/ M ~ 2. The trend in net energy flow efficiency, (E - M )/ M, differs slightly
from that of Porth and EHT-Collaboration (2019): in our dynamo models it can assume negative
values, although the final value is consistent with the one presented in the code comparison project,
(E — M)/M < 0.1. Finally, the two models with strong dynamo (Eta-3Xi-1, Eta-4Xi-1) show a
good agreement with Porth and EHT-Collaboration (2019), although with some differences com-
pared to the case of intermediate dynamo. The initial transient is characterized by a higher and
more impulsive accretion rate.

The magnetic flux in our models with £, = 0.1 is on average higher, with run Eta-3Xi-1 even
showing two intensity spikes approaching the critical threshold of ¢ = 15. The action of the stronger

dynamo seems to affect the evolution of the angular momentum flux, which is less smooth and has
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Figure 6.17: Time series of the horizon penetrating fluxes for each model (on the left panels, runs with
no = 1073; on the right panels, runs with ny = 1074).

values L / M < 2in the stationary phase. As for net energy flow efficiency, an initial phase dominated
by negative values is observed, except for the two positive bursts in run Eta-3Xi-1. The negative
contribution to the energy efficiency is given by the enthalpy term (McKinney et al., 2012). In our
simulations, we note that the contribution of enthalpy grows with &y, meaning that the black hole

is accreting more and more thermo-kinetically unbound matter.

MRI Quality Factors

The role of the MRI can be studied from the values assumed by the so-called quality factor. Along
the 0 direction, Qg is defined by Eq. (6.14). As in TO20, we considered (Qg) = 6 to be the threshold
for resolving the MRI. Figure 6.18 shows that there is an initial time interval in which (Qg) > 6
for runs Eta-3Xi-2, Eta-3Xi-1, Eta-4Xi-2, and Eta-4Xi-1. Then the dissipation stops the MRI and
the accretion is driven by the mean-field dynamo. Run Eta-3Xi-1 has a higher value of (Qy) and is
kept above the threshold for a longer time than the other runs, which is consistent with the higher
observed magnetic flux. Overall, according to what has been observed by TO20, it seems that
MRI cannot develop for a long time with an axisymmetric mean-field dynamo mechanism: while
in the initial transient, MRI and dynamo can coexist, the subsequent stationary phase seems to be

regulated exclusively by the self-quenched dynamo.

Time-Averaged Maps

To better appreciate the spatial structure of various quantities, a picture of the quasi-stationary state
can be obtained from the time averaged rest-frame density, inverse plasma 3, and the magnetization
o (Figures 6.20 and 6.21). We identify the disk with the regions occupied by bound denser and
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Figure 6.18: Time evolution of the @y quality factor averaged on the disk for each model. The dashed
black line indicates the minimum threshold for solving the linear MRI.
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Figure 6.19: Time evolution of the pseudo-luminosity for each model. In runs with strong and intermediate
dynamo, we see more noise than simulations of Porth and EHT-Collaboration (2019).

weakly magnetized plasma, the funnel by low-density and highly magnetized (Poynting-dominated)
plasma, and the jet sheath separating them and containing the larger part of the material outflows.
The time window [5000M, 10,0000 ] is chosen so as to cover the stationary state for all simulations,
and by adopting the same color scale used in Porth and EHT-Collaboration (2019), we will more
easily compare our results.

The dynamo action of the dynamo significantly changes the structure of the torus. By increasing
the parameter &), the disk evolves to a stationary state with lower density and pressure and has a
more flattened shape on the equatorial plane. The funnel and the jet sheath are progressively wider
as & increases, as the central and right panels in Figures 6.20 and 6.21 show. By increasing Cq by
a factor of 10 (i.e., reducing the resistivity), the contribution of the « effect of the dynamo during
the initial transient is probably less dominant, leading the torus to lose less matter and tend more

to the ideal case of Porth and EHT-Collaboration (2019) (Figure 6.21).

6.2.3 Synchrotron Pseudo-Luminosity

A further diagnostic is a proxy for the luminosity due to (thermal) synchrotron radiation defined as
in Section 5.1.2 by Eq (5.11). Again, the time series of the luminosity in Figure 6.19 shows the best
agreement with Porth and EHT-Collaboration (2019) in the two runs with intermediate dynamo,

where £/ M ~ 200 in the stationary phase. The strong dynamo produces lower luminosity because
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Figure 6.20: Time-averaged data for rest-mass density, inverse plasma 3, and magnetization for runs with
no = 1073, We indicate with (-); the time average in the range [5000M, 10, 000M].

103



6.2. Are GRMHD Mean-Field Dynamo Models of Thick Accretion Disks SANE?

logioipl: logio(B 1) logiolol:
-7-6-5-4-3-2-10 -2 -1 0 1 2 3 -3-2-1 0 1 2 3

—— ey -—————— ] ———

Eta-4Xi-3 Eta-4Xi-3 Eta-4Xi-3

40

rkscosB0ks[M]

rescosBxs[M]

Eta-4Xi-1

40 -

20 +

rgsCosBgs[M]
o

-20

0 20 40 0 20 40 0 20 40
FiessinB@gs[M] rkssinGgs[M] FissinGgs[M]

Figure 6.21: Time-averaged data for rest-mass density, inverse plasma 3, and magnetization for runs with
No = 10_4.
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the disk has lost more matter, while the weak dynamo fails to produce a magnetic field intense
enough to support this emission. This diagnostic shows greater variability than the ideal case due

to the presence of extra fluctuations in both the magnetic field and the mass accretion rate.
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Chapter 7

Conclusions

In this thesis work, we describe the non-ideal axisymmetric simulations, including both the resistive
effects and, above all, the mean-field dynamo action due to sub-scale, unresolved turbulence, applied
for the first time to black hole accretion disks in the fully non-linear regime. The work contained in
the paper Tomei et al. (2020) can be seen as a first follow-up of our previous analysis in the purely
kinematical regime (Bugli et al., 2014). Similar GRMHD simulations have been recently employed
to model the dynamics and emission of the central core of the galaxy M87 (EHT-Collaboration,
2019e), comparing with observational data including the very first image of the shadow of a black
hole’s event horizon (EHT-Collaboration, 2019¢). Contrary to the standard numerical initial set-
up, where subdominant but non-negligible magnetic field (pmag/p ~ 1072) is present in the disc
right from the start (e.g. Porth and EHT-Collaboration (2019)), here we initialize the simulation
with an extremely small magnetic field (pmag/p ~ 107?), which is later self-consistently amplified
during the evolution by the e — €2 dynamo process. A linear kinematic exponential growth, followed
by another one with a reduced rate when accretion becomes important, is observed for a variety
of dynamo parameters. Both rates increase linearly with the dynamo parameter at least for the
limited range explored here. The dynamo is clearly the main driver, with the second, reduced stage
due to the fact that due to accretion the density in the disc is modified and the non-dimensional
dynamo number C¢ reduces in time, especially for runs with a stronger dynamo. At later times the
accretion process and the stronger field are capable of affecting the overall structure of the disc itself
and the growth of the magnetic field ceases, reaching a saturation phase where the magnetic field
is approximately constant in time. The presence of an explicit quenching term in the a-dynamo
shortens the linear phase but seems not to affect the final saturation stage, occurring roughly for
similar values of the magnetic field strength (within a factor of three). The quenching also helps in
avoiding the formation of a few pathological structures with highly magnetized vortices evacuating
the plasma in the outer disc regions, and the overall dynamics is more regular. In spite of the widely
recognized importance of MRI for global simulation of discs around black holes (e.g. Bugli et al.
(2018), and references therein), and in spite of our simulations having the sufficient spatial accuracy
to resolve such instability (the MRI quality factor exceeds 10 after a few rotational periods), this
does not seem to play a major role here, if not as an initial trigger for the turbulent cascade and
accretion on to the black hole. We have tested this hypothesis by switching off the dynamo term
at the end of each growth phase (in different runs with otherwise the same parameters): the field

starts to decrease immediately, and MRI seems to be just capable of balancing dissipation at small
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scales, reaching a steady (turbulent) state at late times. By assuming the approximation of an
optically thin plasma, as expected for Sgr A*, the accreting supermassive black hole of our Galaxy,
we have computed on top of our simulations the expected emission, at millimetre wavelengths, for
such source. A two-temperature plasma and all the recipes commonly employed for ADAF systems
have been used, obtaining very reasonable results, compared to previous works (Moscibrodzka et al.,
2009, 2014). This confirms that the dynamo action, believed to occur in these systems due to small-
scale turbulence, is capable of amplifying the magnetic fields, in a self-consistent way, up to the
values required to reproduce the observations.

Recently our results have been confirmed by the & — {2 dynamo GRMHD simulations of Vourellis
and Fendt (2021) although the configuration of the torus and the initial magnetic field are differ-
ent from ours and this does not allow quantitative comparisons. The authors observe an initial
exponential amplification of the magnetic field and a mechanism of self-quenching that leads to
interrupting the growth. In accordance with our work, they also argue that the induced magnetic
field dynamo is strong enough to remove angular momentum from the disk, triggering accretion. In
agreement with Tomei et al. (2020), the authors also argue that that MRI, although detectable in
simulations, does not play a crucial role in determining the steady-state of accretion.

The second paper Tomei et al. (2021) was born with the idea of linking dynamo simulations
in a more quantitative way with the literature and can be considered an extension of our previous
work. We have reproduced some of the SANE disk diagnostics of the Code Comparison Project of
Porth and EHT-Collaboration (2019) by expanding the range of resistivity and dynamo parameters
compared to our previous paper. We have also extended the duration of simulations to investigate
the stationary regime in more detail. Our main purpose is to show that the approach of mean-field
dynamo in axisymmetric simulations is able to reproduce the amplification of the magnetic field due
to MRI-driven turbulence. Even when starting from initial conditions not particularly favorable,
such as a seed (toroidal) magnetic field with very low magnetization, our models can reproduce
the same results of expensive 3D GRMHD simulations after saturation and dynamical quenching of
the dynamo process, similarly to the simulated disks of Sadowski et al. (2015) exhibiting sustained
turbulence, with the poloidal and toroidal magnetic field components driven towards a state not
different to that seen in 3D studies. We observe that the action of a mean-field dynamo is able to
generate equipartition-like poloidal fields as already seen in Tomei et al. (2020) and later confirmed
by Vourellis and Fendt (2021). Then in our simulations, we find a considerable dependence on the
initialization value of the « effect. In particular, there is a minimum initial &y (= {max in Tomei et al.
(2020)) under which the dynamo is too weak to grow out the poloidal magnetic field significantly
within the duration of our runs. On the other hand, an excessively high value causes a rapid and
violent initial evolution, bringing a discrepancy of the diagnostics with the ideal three-dimensional
case. However, we find an intermediate range that has a good agreement in all the diagnostics
analyzed. The dependence from 7y (= Nmax in Tomei et al. (2020)) is less evident in the horizon
fluxes. However, the time averages in the stationary phase show that as 7y increases, the average
disk density decreases and the magnetization in the funnel increases. This is probably due to the
fact that the action of @ — 2 dynamo is stronger, and it more effectively influences the accretion
dynamics. Finally, we evaluated the time evolution of the #-quality factor to test the ability to solve
MRI in our simulations. In runs with intermediate and strong dynamo, the action of the dynamo

combined with the adopted resolution allows for resolving the characteristic MRI wavelength during
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the initial phase. If the dynamo is too low, the instability can never develop. This behavior is
confirmed by the fact that as &y increases, the accretion during the transient is progressively more
intense. On the other hand, the stationary regime seems to be regulated exclusively by the action
of the mean-field dynamo, as also stated by Vourellis and Fendt (2021). In conclusion, we believe
that the much more computationally convenient approach of mean-field dynamo in axisymmetric
simulations can reproduce SANE accretion disks whose properties are in accordance with the fully
three-dimensional ideal simulations present in the literature. This result opens up the possibility of
performing large parameter studies of axisymmetric thick disks to fit observational data and better
constrain the physical properties of the accretion flows.

Part of the thesis work included our participation with ECHO in the Code Comparison project
that aims to compare the results obtained by the various participating groups in some well-defined
black hole accretion tests. In the first part of the project, we studied the SANE configuration in the
paper Porth and EHT-Collaboration (2019). Each code was given ample freedom on the algorithm,
implementation and grid choice: the main similarities of ECHO with the other codes concern the
use of the PPM for spatial reconstruction and the Riemann solver HLL. The suggested resolution
is the one commonly adopted in the literature to study the black hole accretion. In general, the
level of concordance between the various codes improves as the resolution increases: for example,
the spread between the lowest and the highest value of the mean horizon fluxes decreases from
~ 3.9 to ~ 1.7 for the mass accretion rate. ECHO results follow the general trend: in particular,
we can see how the high spread of the magnetic flux and the flux of the angular momentum in
the low-resolution run is significantly reduced in the high-resolution runs. We observe that the
magnetic flux is the lowest among all the other high-resolution values. Similar considerations about
convergence apply to disk-averaged quantities and the contour of the jet-disk boundary. As for the
latter, the low-resolution run shows good agreement with the profile observed in the 2D simulations
of Nakamura et al. (2018), although the high-resolution simulations converge on a narrower jet
profile. The non-consistency with the other codes at low resolution is probably due to the polar
cutout adopted in our grids that generally leads to a decrease in magnetization in the funnel. By
increasing the resolution this effect becomes less important and the agreement with the other codes
is recovered. The comparison with light curves and their spectra shows good agreement between
all codes (including ECHO) at all resolutions. The Power Sectral Density of the light curves is
compatible with a red-noise spectrum up to 0.1M ~! where a steepening is observed indicating the
presence of an inner emission ring at or within the ISCO. Finally, the results of the convergence test
carried out are interesting, showing that there is a midplane resolution threshold A¢, ~ 0.25—-0.0125
beyond which the differences between the algorithms become less important and the scatter between
the results obtained decreases significantly.

The second part of the project concerning the MAD configuration is currently in progress and
although our results are ready, the comparison with the other codes involved has not yet been
completed. The initial difficulties in dealing with the modeling of the highly magnetized funnel led
us to modify the algorithm for the recovery of primitive variables. We currently believe that the
code has improved in terms of robustness. The preliminary results obtained in the MAD test show
a good agreement with the other codes except for the jets diagnostics probably due to the polar
cutout again.

As we have said, the polarized image of M87* seems to exclude that the accretion evolves in the
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SANE configuration, favoring the MAD models instead (EHT-Collaboration, 2021b). The future
development of this thesis work therefore naturally moves towards the search for efficient modeling
of this regime: on the one hand, through the completion of the ideal simulations and analyzes of
the second part of the code comparison project; on the other hand, through further advances in the
characterization of the dynamo mean-field mechanism, which can be even more crucial in MAD disks
than SANE disks due to the need to deal with more magnetized and turbulent environments. First,
it will be necessary to perform 3D GRMHD simulations since in axisymmetric MAD configurations
the intense magnetic field, not being absorbed by the black hole, completely inhibits the accretion at
almost regular intervals. In 3D configuration the situation is different because the magnetic field is
unable to inhibit all the accretion channels; matter falls into the black hole through irregular bursts
but never stops. The 3D simulations also allow studying possible interactions of the dynamo with
non-axisymmetric instabilities (Bugli et al., 2018). Furthermore, a more accurate prescription of the
spatial profile of resistivity could be crucial. In our study the regions of high magnetization coincide
with those of high density, hence the magnetic field dissipation was particularly effective. However,
there are shearing box studies that seem to indicate that the most dissipative regions are rather
the edges of the disk (Gressel and Pessah, 2015). For this reason, more accurate and consistent
implementation of resistivity and dynamo profiles could lead to increased dynamo amplification

action and reduced MRI damping.
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Appendix A

Kerr-Schild coordinates

The coordinate singularity at the event horizon in the Boyer-Lindquist coordinates can be removed

via the following integrable coordinate transformation (Komissarov, 2004), also singular at the event

horizon
dt — dt + G(r)dr, (A1)
d¢ — d¢ + H(r)dr, (A.2)
where 5
T a
G(r) = N H(r) = N (A.3)

The corresponding transformation matrix is

1 G 00
01 00
L
Aw=1o 0 1 0| (A.4)
0 H O 1

where the primed indices refer to the Boyer-Lindquist coordinates. This transformation relates

vector and tensor respectively

O VT
= Al (A.5)
™ = A‘;,.A’;,T“ v, (A.6)
The line element is expressed as

ds® = gudt?® + 2g14dtde + grrdr? + gaedd® + gppdd? + grpdrdg, (A7)

where the coefficients are given by
G = 2 — 1, (A.8)
gtT’ = Za (Ag)
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g1y = —zasin® 0, (A.10)
grr = 2+ 1, (A.11)
gro = —a(l + 2)sin? 6, (A.12)
goo = 0" (A.13)
Jpp = 52, (A.14)
where
z=2r/o (A.15)

and the Kerr-Schild shift vector and the lapse function are

z 1

We have to consider that Eulerian observers in the two coordinate systems are not identical in
general: if we want to derive the quantities measured by a Kerr-Schild Eulerian observer we cannot
apply the transformations (A.4) to the quantities measured by a Boyer-Lindquist Eulerian observer.
We follow the procedure described in Bugli et al. (2018):

e first consider the quantities measured by an Eulerian Kerr-Schild observer

vks = L (ks + Bks ) (A.17)
aKs \ Uks

Bis = axsFi4, (A.18)

Egs = axsFis; (A.19)

e we use Eq. (A.4) to transform the components of u%s, ngtsl, FI%S in BL coordinates;
e then, using Egs. (3.21), (3.23), (3.24), we write them in terms of U]Z;Lv B]éLv EIZ;L

The result gives the correct transformation rules:

1 [ AL (osLvly — Bh)
VKs = [ 7 + ﬁf(S:| ) (A'ZO)
QKS 1-— A?,,CMBLU%L
; aKS . / - aBL . .
s = 25 Bl - A% | Bl + R0 R - 05| (a2)

TBL
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s = 2l A2 | B — 0B - 5| . (A22)
BL YBL

131



Appendix B

The coefficients for the electric field and

for 1ts Jacobian

In the present Appendix we show how Eq. (4.39) has been derived and we provide the expressions
for the required coefficients of I' and of their derivatives, to be used in Eq. (4.45). Since we are
working with spatial vectors alone, involving the 3-D metric tensor 7;; (not diagonal in Kerr-Schild
coordinates), we use here for simplicity the standard vector notation, for which v is employed rather
than v*.

The implicit step of the IMEX scheme for the electric field can be written as

E=E, i 'T{E+vxB - (E-v)v

(B.1)
—¢{B—-vxE—(B-v)v|}

and after the introduction of @ = I'v, for which I'> = 1 + @2, we can rewrite the above expression

as

(T +#)E =iE, — @ x B+ (E-@)a,/T

(B.2)
+¢B—¢(ux E)—¢(B-ua)u/T.
The dot product with u allows one to write
(1+0I)(E - u) = il(Ey - w) + (B - ), (B.3)
whereas the curl with @ (necessary when £ # 0) leads to
(C+7)(ax E)=n(axE,)+(T?-1)B B4

— (B -a)a+¢(ax B)+£[(I* —1)E — (E - a)a).

Egs. (B.3 - B.4) can be plugged into Eq. (B.2) to derive an explicit expression for E. In a compact

form the required expression is

AoE:ﬁE*+A1(E*ﬁ)ﬁ+A21~I,XE*

(B.5)
+ A3 B+ Ay (B-u)u+ Asu X B,
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that is precisely Eq. (4.39), where we have defined six new coefficients, functions of I" alone, namely

A) = T+q+¢& F;J:nl (B.6)
Al = 4 jﬁf T 77;7(11 )’ (B.7)
Al) =~ (B.9)
A3(l) = flrf’;, (B.9)
Ayl) = ¢ (F1+_ﬁ7)7(21+—|—£;1“)’ (B.10)
As(I) = 1§2F£ﬁ. (B.11)
The derivatives of the above coefficients, to be plugged into Eq. (4.45), are
Ag() = 1+§2W, (B.12)
A = ! jmz €0 +ﬁj7(rr>22<_rl+)ﬁ>2’ (B.13)
Ay(T) = g(an)Q (B.14)
. 72— 1
A3(l) = SW, (B.15)
Ar) = g UET T 200, (B.16)
As(T) = —gz(rjﬁ)z, (B.17)

and thanks to the above expressions the Jacobian of the electric field can be computed.
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